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ABSTRACT

The aim of this study was to investigate the feasibility of Quantum Dot Solar Concentrators
(QDSCs). Quantum Dots offer the advantages of having broad absorption spectra, tunable
emission and improved stability. A range of Cadmium Selenide/ Zine Suiphide Quantum
Dots were characterized in solution and composite form using time-resolved and steady
state spectroscopic techniques and the stability of the composite samples was investigated
over a 6-month period. A number of matrix materials were compared and the most suitable
type for fabrication of QDSCs was identified. Techniques for fabrication and
characterization of QDSCs were developed and a range of different QDSC types were
produced and electrically characterised. The power output and concentration factors of
QDSCs containing various QD concentrations, of different geometries and of varying
sample thickness were measured and compared. The use of near infrared QDs and the
mixing of different QD types were also investigated to extend the spectral range utilised by
the QDSC. Results indicate that Quantum Dots with higher quantum yields and increased

stability are required in order for QDSCs to become feasible.
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AM Atr Mass

AU. Arbitrary units

BIPV Building integrated photovoltaics
CdSe Cadmium Selenide

CdTe Cadmium Telluride

CIGSS Copper (Indium, Gallium)(Sulphur, Selemium)
CPC Compound Parabolic Concentrator
FWHM Full width at half maxinuin
HDA Hexadecylamine

InP Indium Phosphide

LSC Luminescent Solar Concentrator
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NIR Near Infrared
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PFCB Perfluorocyciobutane

PLMA Polylaurylmethacrylate

PMMA Polymethyl methacrylate

PV Photovoltaic

QDs Quantum Dots

QDSC Quantum Dot Solar Concentrator
QW Quantum Well

QY Quantum Yield
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Nomenclature:

n

P nax

Conversion efficiency

Power maximum

Area of PV cell

Incident Solar insolation

Short circuit current

Open circuit voltage

Refractive Index

Amount of light totally internally reflected
Critical Angle

Band Gap

Diameter
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Intensity of transmitted light

Absorption coefficient
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Optical efficiency
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Power density of reference PV cell
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Area of LSC illuminated by the light source
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Chapter 1

Introduction

1.0 Introduction

It is becoming increasingly urgent to develop alternative energy sources due to both the
effects of global warming and the increasing prices of fossil fuels. The looming oil crisis
and its financial impact on world economies should provide the necessary incentive to
advance new energy technologies in a way that a threat of global warming might not
achieve. Non-oil producing nations like Ireland need to reduce their dependence on
countries that provide them with fossil fuels at prices that are beyond their control. Fossil
fuels accounted for 96% of all energy used in Ireland in 2005 leading to a total energy
import dependency of 90% (Howley et al 2006). The 2007 white paper ‘Delivering a
sustainable energy futuwre for Ireland’ states that Ireland aims to achieve ‘...33% of
electricity consumption from renewable sources by 2020 through support for research,
development, commerctalization, and technology transfer as well as grid connections and
planning issues for off-shore wind, ocean technologies and biomass’ (DCMNR 2007).

In Ireland in March 2007, planning exemptions were put in place for the installation of
solar panels, heat pumps, wind turbines and wood pellet bumers of a certain size. These
changes along with government incentives like the Greener Homes Scheme help to

encourage the development of renewable energy generation in Ireland. Since 1990,



renewable energy has grown 133% in absolute terms, wind energy being the largest
contributor (Howley ef al 2006).

The EU is keen to develop renewable energy technologies in order to decrease import
dependency and to contribute to sustainable development. As well as reducing carbon
emissions, this will provide increased employment opportunities and diversify sources of
energy production. A EU directive (RES E directive) has set a target to increase the share
of renewable energy to 21% by 2010 for 25 member states and has also set individual
targets for each country. Projected figures indicate that this can be achieved with the major
increases resulting from wind, biomass, solar and tidal energy developments. The solar
energy aspect includes both solar thermal electricity and photovoltaic (PV) cells (Ragwitz

et af 2005).

1.1 Solar Energy

Solar energy technologies convert a percentage of solar radiation that reach the earth’s
surface into heat and electricity for use in domestic and commercial buildings (Norton
1992). In one hour, enough solar energy reaches earth to power the whole world for one
year (Markvart 1997). Solar energy resources are abundant and free, the difficulty is
developing technologies that will utilise this energy in an efficient and economic manner, It
has been calculated that 25,000 square miles of sotar arrays could supply the entire planet
with electricity (Leckie 2002). Although, due to high expenses and limitations of

efficiencies of solar cells such a large-scale solution is not realistic at this point. This thesis



is concerned with concentration of sunlight onto PV cells to produce electricity while

keeping costs to a minimum.

1.1.1 Photovoltaics

PV cells have developed rapidly in the past 50 years and continue to do so. Crystalline
silicon dominates the PV manufacturing industry accounting for over 90% of the total
volumne of the PV market (PV Technology Platform 2007). Multi-crystalline silicon is
cheaper and is therefore used more than mono-crystalline silicon. Amorphous silicon is
even cheaper but produces less efficient PV cells. Wafer based PV cells such as these have
become known as *first generation” solar cells and their efficiency to date is typically 13%,
reaching a maximum of 17% at best (PV Technology Platform 2007).

Further development has led to a second generation of cells which includes thin-film
technologies with low cost potential due to the small amount of high cost materials
required. There are three main types of inorganic thin film technologies;
amorphous/microcrystalline silicon (TFSi-13% efficiency), polycrystailine semiconductors
CdTe (16.5% efficiency) and Cu(In,Ga)(S,Se)s (CIGSS-19.5% efficiency). Thin-film
technologies currently have a market share below 10% but this is expected to rise in the
future (PV Technology Platform 2007). Tt is predicted that a third generation cell will
outperform the previous generations with high efficiency cells such as tandem cells (Green
2002). Tandem cells involve stacking PV cells with different band gaps allowing
conversion of different parts of the solar spectrum at maximum efficiency (Goetzberger

and Heibling 2000). A description of PV technology is provided in chapter 2.
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1.1.2 Solar Concentrators

Solar Concentration is used to reduce PV costs by reducing the amount of material required
by concentrating sunlight using, lenses or mirrors (imaging concentrators) or using optical
systems (non-imaging optics), onto a small PV cell area. The Luminescent Solar
Concentrator (LSC) is a type of non-imaging solar concentrator that has been studied since
the 1970s (Weber and Lambe 1976, Goetzberger and Greubel 1977, Rapp and Boling
1978). LSCs have advantages over other concentrator systems that make it attractive for
building integration, an increasingly popular feature due to the high cost of land space and
issues of planning permission. A description of LSCs and their advantages is provided in
chapter 2.

LSCs absorb both direct and diffuse radiation making tracking of the sun unnecessary. As
well as reducing system costs and allowing for building integration, the absorption of
diffuse radiation increases the amount of light harvested, especially in Northern European
climates where diffuse radiation makes up ~60% of incoming light (Goetzberger 1978).
They are highly versatile systems that could be incorporated into other types of solar
collectors to produce hybrid systems (Zastrow et al 1984). Problems arose during their
development due to dye instability and the limited absorption spectra of luminescent dyes.
Improved dyes and novel ideas to minimise system losses are bringing the
commercialization of LSCs closer to realization.

BASF® lumogen dyes were improved in the 1990s for use in LSCs and they are estimated
o have a ten-year lifetime with the presence of an ultraviolet (UV) absorbing layer
(Richards et al 2004). This layer limits the amount of incoming light absorbed by the LSC.

One possible solution to long-term stability is the use of liquid LSCs, allowing for easy

17



replacement of the dye solution upon degradation. However, the use of soltutions limits the
index of refraction of the matrix material thereby affecting the amount of light internally
reflected (Sholin et al 2007). Another solution is to protect the sensitive dye layer with a
UV absorbing layer that can utilize the incident UV light e.g. cerium doped glass (Richards
et al 2004). If this layer is connected to a PV cell, the UV light can also be utilized to
produce electricity. Stacking LSC plates with different absorption wavelengths is a
promising way of utilising the full solar spectrum (Goeizberger and Wittwer 1981).

Recent mnovations include the use of photonic layers that act as band stop filters on the top
surface of LSCs. It is claimed that they can increase the amount of light trapped in a LSC
and suppress re-emission (Raw et af 2005). High cost and varied performance with angles
of incidence introduce problems but improvements of up to 25% have been predicted
(Richards et al 2004). Other novel ideas being investigated currently include cylindrical
LSCs (Mclntosh et af 2007), the use of semiconducting polymers (Sholin e al 2007), bent

LSCs (El-Shaarawy et af 2007) and nanocomposite thin films (Schuler et al 2007).

1.2 Quantum Dot Solar Concentrators

This thesis investigates the feasibility of using Quantum Dots (QDs) instead of luminescent
dyes in LSC systems, creating a Quantum Dot Solar Concentrator (QDSCY Barnham et al
2000). QDs are novel, man-made, semiconductor nanocrystals. They are developing rapidly
due to their unique properties that make them suitable for a range of optical, biological and
electronic applications. Their broad absorption spectrum, size tunability, high quantum

yield (QY) (the ratio of absorbed to emitted photons) and increased stability make them



potential replacements for luminescent dyes. Their broad absorption spectrum utilizes a
larger amount of the solar spectrum and size tunability grants flexibility and control over
the emission wavelength of the QDSC plate. Greater stability is expected from QDs due to
surface passivation of QD cores with higher band gap material (Alivisatos 1997). QDSCs

and QDs are described in chapter 2.

1.2.1 Spectroscopic Studies

A range of commercial core-shell QDs were characterised using steady state spectroscopy.
The efficiency of the various QD types was quantified by the Intensity of their emission
spectra. Concentration dependence studies were also necessary to find the optimum
concentration for different QD samples. Transient spectroscopy was used to investigate the
fluorescence lifetime of QDs and the effects that re-absorption of light has on emission
spectra was studied. QD characterisation was continuous throughout this study and the
results are discussed in chapter 3,

It was necessary to identify a suitable host material for the QDs before QDSC fabrication
commenced. A material with high transparency, minimal effect on QD efficiency and the
ability to retain this efficiency over time was required. Seven different polymer materials
were compared and the material with the lowest absorption coefficient was identified. The
effect that encapsulation into each polymer had on QD etficiency and the efficiency over
time was investigated. The results are discussed in chapter 3 and the most suitable material

was identified.
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1.2.2 Quantum Dot Solar Concentrator Fabrication and Characterisation

The techniques for QDSC fabrication and characterisation are described in chapter 4.
Small-scale QDSCs containing a range of QD concentrations were fabricated using
different QD types. Electrical characierization showed the effect that QDs and the QD
concentration had on the electrical output of the systems.

In chapter 5, certain aspects of QDSC development were investigated with the aim of
optimizing QDSC efficiency. A number of reflective materials and the benefit of air gaps
were investigated and the optimum configuration was identified. Different QDSC
geometries were fabricated and their power outputs and concentration ratios were
compared. The results were compared with those predicted by a ray trace model.

To increase the percentage of the solar spectrum that is absorbed by a QDSC, near infrared
(NIR) QDs were examined over a range of concentrations and the feasibility of mixing
Q@Ds with different absorption features was investigated.

Finally, a comprehensive overview of the findings of this study is given in chapter 6,

tollowed by recommendations for future work.
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Chapter 2

Background

2.0 Introduction

This chapter provides a detailed description of PV technology as this thesis is concerned
with the concentration of sunlight onto PV cells. Solar concentration is discussed with
particular attention to non-imaging Luminescent Solar Concentrators (L.SCs), followed by
an introduction to Quantum Dot Selar Concentrators (QDSCs). Quantum Dots {(QDs) are
described in detail as they play a vital role in the developmient of QDSCs. A description of

QDs, their structure, synthesis and propetties is included.
2.1 Photovoltaics

The power output of PV cells can be enhanced by concentrating sunlight onto a small area
of PV material. PV cells convert incident sunlight into electricity by a process known as the
photovoltaic effect. The photovoltaic effect was first discovered in 1839 by Alexandre-
Edmund Becquerel, who noticed that an electric current was produced when sunlight stiuck
certain materials. His discovery was not further developed until 1876 when Adams and Day

observed the same effect in selenium. A better understanding of the photovoltaic effect



came with the development of quantum theory of solids in 1930 and in 1954 the first usable

solar cell was produced with 6% efficiency by Chaplin et al (Partain 1995).

2.1.1 The Photovoltaic effect

The photovoltaic effect occurs when incident photons of light create mobile charged
particles within a semiconductor that lead to the production of an electric current. To
explain the photovoltaic effect it is necessary to outline the energy band model. The energy
band model states that the energy of an electron in a crystal falls within well-defined bands.
The valence band is the lower band of states and in a semiconductor is almost full since
electrons tend to fill lower energy states. The conduction band is the next higher band of
states and it is separated from the valence band by an energy band gap (E,). The band gap
represents the amount of energy required to move an electron from the valence band into

the conduction band. When an electron is excited into the conduction band it leaves a hole

in the valence band and an electron-hole pair is created (see figure 2.1).

Conduction
e [P

Excited electron |j E,g

Valence band

Light photons

Figure 2.1: The energy band model

The hole in the valence band is mobile and behaves like a positively charged particle. At

the same time the electron in the conduction band behaves like a negatively charged
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particle and it is the movement of the electrons and holes that give rise to currents in
semiconductors (Neaman 2003). The ability of a material to conduct electricity depends on
the material’s band structure and based on this, solids can be classified into three

categories: conductors, insulators and semiconductors, illustrated in figure 2.2.

Partially filed Empty & Large band gap

AT TR

Conduction band

Small band gap

Thermal
» Excitation

Valence band

(a) Conductor  (b) Insulator  (c) Semiconductor

Figure 2.2 Band structure of (a) a conductor (b) an insulator and (c)a semiconductor

A conductor has a partially filled conduction band so when an electrical field is applied
these electrons are free to move about e.g. copper, gold and most metallic materials (figure
2.2 a). An insulator consists of a full valence band and empty conduction band separated by
a large band gap (see figure 2.2 b). The electrons in this material cannot move and therefore
there are no free electrons to allow a flow of electricity e.g. polyethylene and most
polymers. Semiconductors have a completely full valence band separated from an empty
conduction band at T= 0 K (see figure 2.2 ¢). At temperatures above 0 K a number of
electrons in the valence band gain enough energy to move into the conduction band thereby
allowing current to be generated e.g. silicon and germanium and compound semiconductors

such as gallium arsenide or indium phosphide.



2.1.2 P-N Junctions

A pure semiconductor containing no impurity atoms or defects is known as an infrinsic
semiconductor. In order to make intrinsic semiconductors better conductors, electrons
either need to be removed from the valence band or added to the conduction band. This is
achieved by a process known as doping ie. the addition of impurities to semiconductor
materials. After doping the semiconductor is then known as an extrinsic semiconductor.
Silicon is a group IV semiconductor so it requires 4 electrons to fili the valence band. If a
material with 5 valence electrons is added to the silicon mix e.g. phosphorous, four of the
five electrons will be used to fill the valence bands and the fifth eleciron will be promoted
to the conduction band. The silicon is now a conductor and since the current is carried by
negatively charged carriers it is known as an n-fype semiconductor,

If a group III element e.g. boron with 3 valence electrons is added to silicon, the dopant
atoms accept electrons from the valence band without generating electrons on the
conduction band. In this way holes are created in the valence band that act as positively
charged electrons. Therefore they are known as p-fype semiconductors. The n-type
impurities are often referred to as donors and the p-type impurities as acceptors.

When a p-type and an n-type semiconductor are brought into contact with each other a p-n
junction is created. Such junctions consist of a crystal that is doped in one region with
donor atoms to create the n region and the other region is doped with acceptor atoms (o
create the p region. The area between both regions is known as the depletion region (see

figure 2.3)(Markvart 1997).
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Figure 2.3 Band diagram of a PV cell

This junction contains a strong electric field due to the opposing charges of the ions. When
a p-n junction is illuminated light photons are absorbed and they excite electrons from the
valence band to the conduction band. These electrons flow from the n-type region to the p-

type region while the holes flow in the opposite direction (see figure 2.4).

Incident light

Figure 2.4: A photovoltaic cell showing movement of electrons and holes

These generated charge carriers are swept from the junction by the electric field producing
a current across the device. Any current generated by the device is extracted by metal
contacts in the form of thin strips on the front surface and a larger bus bar at the rear of the

cell (Neaman 2003). This principle is the basis of a photovoltaic cell.
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The efficiency of a PV cell is defined as the maximum power produced by the cell under
standard test conditions. These conditions are usually 1000 W/m”, Air Mass 1.5 spectrum
and 25°C (Markvart 1997). PV cells are rated by their conversion efficiency (n) given by:

n= Pn (Eqn. 2.1) (Partain 1995)

T EXA

P.= Power maximum (W)
E= Incident solar irradiation (W/m?)

A= Area of PV cell (m?)

2.1.3 Limitations of Photovoltaic cells

In 1961 Shockley and Queisser calculated the maximum efficiency of a PV cell, regardless
of improvements in materials, to be 30% (Shockley and Queisser 1961). To date the
highest efficiency achieved in a laboratory is 18.1% for a large area multi-crystalline
silicon solar cell and it is predicted that 17.6% is achievable in industry with existing
techniques or 18% with innovation (McCann et af 2006). These limitations are due to the
absorption capabilities of semiconductor materials. A semiconductor will only convert light
with energy in excess of its band gap into electricity. Any light below the band gap energy
will not be absorbed and is therefore wasted. Energy in excess of the band gap is also lost
in the form of heat after an electron-hole pair has been generated. Crystalline silicon has a
band gap of 1.12 eV corresponding to a spectral range of 400-1200 nm (Goetzberger and
Hoffman 2005). Silicon PV cells can therefore only convert about two thirds of the solar
spectrum (Markvars 1997). This is why new materials with different band gaps are being

investigated e.g. GaAs with a band gap of 1.42 eV. The concept of stacking PV cells of



different band gap materials allows the maximum efficiency of 30% to be surpassed. Such
cells are known as multi-junction cells and the highest efficiency achieved to date is 32.5%

(Dimroth et al 2007).

2.2 Optical Solar Concentrators

Due to the high cost of PV materials, it is desirable to concentrate solar radiation onto small
areas of PV cells. In order to be worthwhile, the concentrator needs to be cheaper and more
efficient than the equivalent area of PV cells (Markvart 1997). Optical Solar concentrators

can be divided into imaging and non-imaging devices.

2.2.1 Imaging Concentrators

Imaging concentrators use lenses or mirrors to focus parallel rays onto a point or a line.
Since they only focus direct sunlight they require tracking systems to follow the path of the
sun throughout the day and frequent direct sunlight conditions. Fresnel lenses, as illustrated
in figure 2.5, and parabolic mirrors are good examples of non-imaging concentrators. They
present problems of non-uniform illumination of the PV cells and, in the case of mirrors,

cooling systems are required due to heat generation (Markvart 1997, Ry et al 2006).
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Figure 2.5: Example of an imaging concentrator using a fresnel lens

2.2.2 Non-imaging Concentrators

In the case of non-imaging concentrators the suns rays are focused onto the PV cell but no
image of the sun is produced. They have the advantage of using both direct and diffuse
radiation and no expensive tracking systems are required. The compound parabolic
concentrator (CPC) is an umportant type of non-imaging concentrator. It consists of two
reftective parabolic surfaces each having its focus point at opposite ends of the PV cell.
Rays entering the system within a range of critical angles are focused onto the PV cell area

(see figure 2.6)
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Figure 2.6: Schematic of a compound parabolic concentrator



2.3 Luminescent Solar Concentrators (LSCs)

LSCs are non-imaging devices that were first proposed in the 1970s (Weber and Lambe
1976, Goetzberger and Greubel 1977). Originally designed for use as greenhouse glazing,
they have not been fully developed due to a number of limitations that will be discussed in
this section.

A LSC consists of a flat plate of glass, plastic or liquid doped with a luminescent dye
(Mansour 1998). Reflective material is situated on three of the plate edges and the back

surface of the plate and a PV cell is placed on the fourth edge as illustrated in figure 2.7.
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Figure 2.7: Schematic of a LSC

Incident solar radiation enters the system through the exposed upper surface and light of
particular wavelengths is absorbed by the luminescent dye and re-emitted isotropically. A
percentage of this emitted light will be trapped inside the plate by total internal reflection
(TIR). TIR occurs as light passes from a medium with a high refractive index (17) (e.g.
plastic/glass) into a medium with a low » (e.g. air). If the light strikes the plastic-air

interface at an angle greater than the critical angle, it will be refracted into the plastic
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medium, while if the angle is smaller than the critical angle it will be lost. The amount of
emitted light that will be totally internally reflected (L) is determined by the # of the matrix

material by:

ER O
L= u (Equation 2.2}
n

For a material with » =1.5, 74.5% of emitted light would be trapped inside the plate

(Goetzberger and Wittwer 1979). The critical angle (&) is determined by:

< |

8 =gin’l Li (Equation 2.3)
.

For a plastic material withn= 1.3, & = 42°
LSCs potentially have many significant advantages over alternative concentrating systems.

These advantages are:

I- LSCs absorb both direct and diffuse radiation. This means that no expensive
tracking system is required thus reducing system costs. These systems are suitable
for the typical northern European climate where there are limited periods of high
intensity illumination and diffuse radiation comprises 60% of global radiation on a
tlat surface (Goetzberger 1978).

2- The narrow band of luminescence produced by the luminescent dye can be matched
to the maximum spectral response of the PV cell.

3- Infrared light and heat energy lost by red-shifting incident radiation is dispersed
throughout the LSC plate and therefore does not reduce the PV cell efficiency

(Rapp and Boling 1978). PV cells only absorb above band gap light so the PV cells



operate cooler and more efficiently than a standard PV module (Richards et af
2004).

4. LSCs also offer many possibilities for incorporation into hybrid systems with solar
thermal collectors. For example, a L.SC plate could be used as a second cover on a
thermal flat plate collector and its electrical output could power the water
circulation pup (Zastrow et al 1983). This could be used as a stand-alone system
in a remote area with no power supply.

5- LSCs offer the possibility of separating the solar spectrum and concentrating
different parts simultaneously. This can be achieved by stacking plates containing
dyes with different absorption characteristics.

6- Due to their static nature, LSCs are well suited for building integrated photovoltaics
{(BIPV). They could be incorporated into buildings as skylights, shading devices or
attractive building facades.

LSCs have not yet been fully developed due to a number of problems. Luminescent dyes
suffer from photo-degradation and so have a limited lifetime (Hermann 1982). Re-
absorption is also a major problem with LSCs- many dyes have a small Stokes shift i.e. the

difference between the absorption peak and the emission peak as shown in figure 2.8.
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Figure 2.8: Stokes shift between absorption and emission peaks

Overlap of the absorption and emission spectra leads to emitted light being re-absorbed by
the dye molecules. In addition, the narrow absorption band of dyes limits the percentage of

the solar spectrum that can be utilized by a LSC.

2.4 Quantum Dot Solar Concentrators

A QDSC is based on the LSC concept but the luminescent dyes are replaced with QDs in
an attempt to solve the problems presented by dyes (Barnham et al 2000). QDs offer the
advantages of having tunable emission, broad absorption spectra, high emission intensity
and increased stability. These characteristics are discussed in detail in the following
section. Figure 2.9 shows a diagram of a QDSC. Air gaps are included in this diagram as
they were found to increase the efficiency of QDSC plates. This will be discussed in more

detail in chapter 5.
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Figure 2.9: Schematic of a QDSC

2.4.1 Quantum Dots

Quantum Dots (QDs), also known as nanocrystals are semiconductor nanocrystals that
range from two to tens of nanometers in diameter. They are man-made structures often
composed of compound semiconductors e.g. Cadmium Selenide (CdSe) or Lead Sulphide
(PbS) that possess unique properties compared to their bulk form.

QDs are often characterised by their emission wavelength, which is determined by their
size. Their size dependence is a result of the quantum confinement of electrons in QDs in
all 3 dimensions. When an electron hole pair is formed in a QD, the electron and hole are
attracted by Coulomb force to form an exciton (Weisbuch and Vinter 1991). The average
distance between an electron and hole in an exciton is known as the Bohr radius, as shown
in figure 2.10. As the dimensions of the QD approaches the size of the Bohr radius,

quantum confinement effects alter the bandgap of the material.
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Figure 2.10: Exciton Bohr Radius of a QD

The result of quantum confinement is the formation of discrete energy levels rather than the
quasi-continuous valence and conduction bands found in bulk materials. The band gap (E,)

of QDs is inversely proportional to the square of the diameter (d) of the QD;

(Equation 2.4)

As the diameter of a QD decreases the band gap increases. This means that smaller QDs
will emit photons with higher energy at shorter wavelengths and larger QDs will emit
photons with lower energy at longer wavelengths. Figure 2.11 shows simplified band
energy diagrams of two different sized QDs, where E,"= valence band containing holes and
E *=conduction band containing electrons. It can be seen that the QD with the larger

diameter has a smaller band gap.

ZnsS Cds ZnS ZnS Cds ZnS
A —
4 Eq®
E A E®
Eq Eq
—— ¥ Jep
J —_—
d d

Figure 2.11: Band energy diagrams of two different sized QDs



The correlation between band gap and quantum dot size is depicted in figure 2.12 with the
band structure of a bulk semiconductor and an indication of the spacing of energy levels in

the valence and conduction bands included.
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Figure 2.12: Size dependency of QDs

There are two main types of QDs: core QDs and core-shell QDs. Core QDs consists only of
a core of semiconductor material e.g. Cadmium Telluride (CdTe) or Indium Phosphide
(InP). Due to their high surface to volume ratio, QDs are sensitive to surface defects or
impurities that can act as traps for electrons and holes. These traps can lead to non-radiative
recombination of the electron hole pairs and therefore degrade the optical and electrical
properties of the QD.

In order to produce more efficient QDs it is necessary to passivate the QD core with a shell
of higher band gap material (see figure 2.13). Passivation of a core QD increases the

quantum yield (QY) (the ratio of absorbed to emitted photons), by reducing the effects of
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defects on the core surface that can lead to non-radiative recombination and by terminating

loose bonds on the core surface (Alivisatos 1996).

Core

Shell

Capping Ligand

Figure 2.13: A Core-shell Quantum Dot

The surface atoms of QDs are highly reactive and can lead to agglomeration. For this
reason, and for increased stability, the QDs are passivated or capped with organic ligands
(Pickett 2001). The capping ligands also provide increased solubility in organic solvents.
The most commonly used capping ligands are hexadecylamine (HDA) and tri-n-

octylphosphine (TOPO).

2.4.2 Quantum Dot Synthesis

There are numerous methods available for QD synthesis including epitaxy and chemical
(colloidal) methods. Epitaxially grown QDs are suited to electronic applications that
require connections to be attached while colloidal synthesis is better suited for large-scale
QD production (Ouellette 2003). The main techniques for QD synthesis are described in the

following section.
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e Epitaxial Growth

Epitaxial growth is a process of depositing a thin layer of single-crystal material onto a
substrate of another or the same single-crystal material There are several well-known
methods of epitaxy including, molecular beam epitaxy, chemical vapour deposition and
metal-organic chemical vapour deposition.

Self-assembled QDs grow when a thin layer of material is deposited onto a substrate that is
lattice mismatched (see figure 2.14 (1) and (2)). The strain that this creates causes islands
to form on top of a ‘wetting layer’ and these island can then be buried to form quantum

dots (see figure 2.14 (3)).This method is known as Stranski-Krastanov growth.

Quantum Dots

GaAs
(1) Substrate (2) Wetting Layer (3) Island formation

Figure 2.14: Stranski-Krastanov growth of QDs

QDs can also be formed by growing a two dimensional structure (quantum well)(QW) and
then by using ion or electron beam techniques. The quantum wells are confined in the third
dimension to produce QDs (Woggan 1996). Overall, epitaxial growth is an expensive
technique that is not suitable for mass production of QDs, it is better suited to single

particle analysis.

e Colloidal Methods
Colloidal synthesis is a chemical preparation method that involves the mixing of two

. . o NN 94 L.
compounds, one containing metal ions (e.g. Cd™, Zn"') and the second containing
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chalcogenide ions (e.g. £, Sez'). Covalent bonding creates the semiconductor compounds
e.g. CdSe or ZnS (Woggan 1996).

Organometallic reagents are very efficient carriers of the chalcogenide ions and they are
also able to carry capping molecules that can terminate the growth of the QDs. Synthesis
was initially a two-step process but in recent years one-step procedures have been
developed using single source precursors. A typical reaction involves the injection of
precursors into a vigorously stirred flask containing a hot coordinating solvent where

thermolysis occurs (see figure 2.15).
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Figure 2.15: Colloidal synthesis of Quantum Dots

Once the precursor and solvent are mixed, nucleation occurs and QD growth begins. The
solvent stabilises the QD surface as it grows and prevents aggregation. The size of the QDs
is determined by the growth time (Knight et al 2004). Another common colloidal method
involves aqueous solutions using thiols as stabilizers (Talapin 2001).

Once the QDs are grown it is then necessary to carry out size fractionation of the colloidal

solution to enhance monodispersity. A broad range of QD sizes result in inhomogenous
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broadening of the absorption and emission spectra and thus increased re-absorption

problems (Weller 1993).

¢ Electron Beam Lithography
The first lithographic QDs were made in 1987 using a semiconductor containing a buried
layer of Quantum well (QW) material (Reed 1993). Pillars of quantum well material were
created using advanced lithographic techniques and the surrounding material was etched
away except for a part that is covered in metal. The remaining part is a QD created by

confining a QW in three dimensions.

2.4.3 Quantum Dot Properties
(QDs exhibit unique properties that make them versatile and efficient and thus an attractive
replacement for traditional semiconductors and luminescent dyes in numerous applications,

These properties are:

¢ Broad Absorption Spectrum
QD optical absorption spectra consist of a series of peaks. Each peak corresponds to an
energy transition between the discrete energy levels. Photons with a longer wavelength
than the first absorption peak (the absorption peak at the longest wavelength) are not
absorbed. The wavelength of the first absorption peak is determined by the size of the QD
and in this way it is tunable e.g. a smaller QD will have a first absorption peak at a shorter
wavelength (Norris and Bawendi 1993, 1996). The absorption spectrum of an ideal single
QD would appear as a series of narrow lines at separate wavelengths representing different

energy levels. An ensemble of QDs generally has a degree of size distribution and this



causes broadening of the absorption spectrum. Figure 2.16 shows the absorption spectra of
(a) an idealized single QD, (b) a QD ensemble with a small size distribution and (¢) a QD

ensemble with a typical size distribution.
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Figure 2.16: Absorption spectra of (a) an idealised QD (b) a QD ensemble with a small

size distribution (c) a typical QD absorption spectrum

The broad absorption spectrum of QDs offers the advantage that the QDs can be excited by
broadband light e.g. daylight and several different sized QDs can be excited simultaneously

by a single light source.

¢ Tunable Emission
The emission spectrum of a QD ensemble is a Gaussian lineshape that occurs at a longer
wavelength than the first absorption peak. The difference between the absorption peak
wavelength and the emission wavelength is known as the Stokes Shift. Smaller QDs have a

larger band gap and therefore absorb higher energy photons, resulting in a shorter emission
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wavelength. Larger QDs have more energy levels, packed closely together and so they can
absorb lower energy photons, leading to emission spectra at longer wavelengths. Emission
tunability is an attractive feature for applications that require narrow band emission for

example light-emitting diodes or lasers.

¢+ High Quantum Yield

QD efficiency is characterised by the quantum yietd (QY). QY is defined as the percentage
of absorbed photons that result in a photon being emitted (Lakowicz 1999). QY is a
function of the relative influences of radiative and non-radiative recombination. The
surface of a QD plays an important role in determining the QY-defects and free electrons
can create hole traps that lead to non-radiative transitions. The addition of a higher band
gap shell minimises these problems and leads to an increase in QY (d/ivisatos 1998).

It is desirable for a QD to have a large Stokes Shift (see figure 2.8) i.e. for the emission
peak to be as far from the absorption peak as possible. In the region where the absorption
and emission overlap, re-absorption occurs /.e. emitted photons are re-absorbed by the QD
ensemble thereby reducing the overall emission intensity. QDs are said to have high QYs

comparable to those of luminescent dyes (Knight et al, 2004).

* Stability
QDs are expected to be able to retain their QY over time. Passivation of core QDs with
higher band gap shells make the QDs more resistant to chemical and photochemical
degradation (d/ivisatos 1997). There have been reports on spectral diffusion (blueshift of
emission) and bleaching (decrease in emission) of QDs after exposure to oxygen (Van Sark

et al 2002), these effects are caused by etching of the QD shell. Oxidation rates are reduced
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with thicker shells by slowing down the diffusion of oxygen to the QD core (Van Sark
2002, Knight et al 2004,Gallagher et al 2007). Generally, a core-shell QD with a higher
band offset between the core and shell material will display higher efficiency and stability
(Xie er al 2004). Recent developments in QD fabrication have led to core-multisheil QDs
whereby the composition of the shell is gradually changed from the core to shell material
e.g. a core of CdS is passivated with Zngs Cdos S followed by an outermost shell of ZnS
(Xie et al 2004). This reduces the strain caused by lattice mismatches therefore preventing
the formation of defect sites. Such QDs were found to be highly luminescent and display

superior stability.

¢ Fluorescence Lifetime
QDs typically have fluorescence lifetimes of tens of nanoseconds (ns), which is long
compared to luminescent dyes or cellular autofluorescence -so QDs are easily distinguished
from other fluorescent bodies in lifetime measurements (Evident Technologies 2007). QDs
with high QYs display longer fluorescent lifetimes due to a reduction of non-radiative

decay, which is known to have faster decay time (Wuister 2003).

¢+ Molecular Coupling
QDs can be attached to a broad range of capping ligands e.g. thiols, amines, phosphines
making them soluble in a large number of solvents. They can be capped in siloxane to

make them water-sotuble and therefore suitable for biological applications.
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2.5 Conclusions

This *Background’ chapter has provided a description of photovoltaics including the band
structure of different materials, the photovoliaic effect and p-n junctions. The inherent
limitations of PV cells and the highest efficiencies achieved to date were outlined. Imaging
and non-imaging concentrators were briefly described followed by a description of LSCs.
The advantages of LSCs and the problems that hindered their development were discussed
and this led to the introduction of the QDSC. The band structure and various types of QD
were described followed by an overview of prevailing QD synthesis techniques. Finally, a
description of the unique properties of QDs that make them suitable for application in solar

concentration was given.
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Chapter 3

Spectroscopic Studies

3.0 Intreduction

The steady state spectroscopic techniques used to characterise QDs, matrix materials and
QD composites throughout this study are described in this chapter. The results of the

characterisation of various QDSC components are then described as follows:

o Quantum Dots

o Quantum Yield: It was necessary to identify the QD type with the highest
QY. A number of commercially available QDs were characterized
spectroscopically and the most efficient type was identified.

o Fluorescent Lifetimes: The fluorescent lifetime of two QD samples were
compared over a range of temperatures. The effect that low temperature and
QY has on fluorescent lifetimes was investigated.

o Re-absorbance: The effect that re-absorption has on emission spectra was

studied and the results were compared to those predicted by a ray trace

54



model. It was also seen that high QD concentrations lead to increased re-

absorption.

¢ Matrix Absorption

In a QDSC system it is important to employ a matrix material with a low absorption
coefficient in order to minimise the absorption of light by the QD host material. Various
casting resins were investigated and the material with the lowest absorption coefficient was

identified.

o QD Composites

The host material must have minimal effect on the efficiency of QDs following
encapsulation. QDs composites were produced using seven types of host material and the
emission intensity of each sample was measured. The sample with the least detrimental

effect on QD efficiency was identified.

s Stability

It is imperative that QD composites retain their efficiency over time and under illumination.

The stability of QDs in the host materials was studied by comparing the samples emission

spectra over time. The host material that provided the most stable sample was identified.
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3.1 Spectroscopic Techniques for Quantum Dot Characterisation

QDs are available commercially from a growing number of companies with many founded
in the last 10 years e.g. Applied Nanoworks (2004), Evident Technologies (2000) and Qdot
Corporation (1998). This recent surge of nanotechnology corporations highlights the
potential that QD development holds for the future. The majority of these companies offer
QDs for biomolecular detection, where QDs have special coatings and conjugates that are
used to bind the QDs to target cells and tissues. This makes them unsuitable for the
application of this thesis.

Nanoco Technologies Ltd. in Manchester (UK) supplied the majority of the QD types used
throughout this stady. Several different QD types were also purchased from Evident
Technologies Inc., (New York, USA). Water soluble CdTe QDs were purchased from
PlasmaChem (Germany) and ZnS QDs were purchased from Applied Nanoworks (New
York, USA). All QDs characterised in this study will be discussed in the next section.

The QDs were characterised using steady-state spectroscopic techniques to measure their
absorption and emission spectra. The efficiency of the QDs was interpreted from this data.
Firstly, the absorption and emission processes within QDs will be discussed. When light is
absorbed by a QD, electrons are excited from the ground state up to an excited state.
Recombination can be radiative with light emitted by the QD or non-radiative with no light
being emitted. Non-radiative emission is generally caused by imperfections on the surface
of the QD acting as traps for the charge carriers. Figure 3.1 shows both recombination

processes in a QD.
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Figure 3.1: Non-radiative (1) and radiative (2) recombination in a QD

When emission does occur it is always at a longer wavelength than the absorbed light, this
is due to rapid decay of the carriers to lower levels with the loss of excitation energy

generating heat (Lackowicz 1999).

3.1.1 UV-VIS Spectroscopy

UV-VIS Spectroscopy was used to measure the absorption characteristics of the QDs
investigated in this study. Matched optical glass cuvettes were used and toluene, water or
chloroform were used as solvents depending on the QD type. Background measurements
were taken with two reference samples of the solvent only in glass cuvettes.

The UV/VIS/NIR Spectrometer used throughout this study was a Perkin Elmer Lambda

900, shown in figure 3.2 and figure 3.3.



Reference channel

Integrating Sphere
Sample channel

Figure 3.3: Sample holders and the integrating sphere in a Perkin Elmer Lambda 900

The Perkin Elmer Lambda 900 is a double beam, double monochromator ratio recording
spectrometer which uses tungsten halogen and deuterium lamps as sources that cover a
range of wavelengths from 175 to 3300 nm. The broadband light source is first passed
through a grating monochromator, producing narrow band radiation that is divided by a
beam-splitter. The beams travel through the sample and reference channel as shown in
figure 3.4. The spectrometer measures the amount of light transmitted by the sample

relative to that transmitted by the reference sample (Focas 2005).
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Figure 3.4: Schematic of a UV/VIS Spectrometer

The UV/VIS Spectrometer determines the absorbance of a sample from:

4= —logu{fi] (Equation 3.1)
0
A= absorbance of a sample

Iy = incident intensity

[ = intensity of the transmitted light

In some cases it was necessary to calculate the absorption coefficient of samples. The
absorption coefficient (¢1) of a material is a measure of light absorbed per unit distance in a
material (Duffie and Beckman 1991):

I'=1e™ (Equation 3.2)

x = pathlength in sample

Some of the experimental work required a different setup for absorption measurements, one
that reduced scattering effects. Scattering is the redirection of light photons by
inhomogeneties within a sample. Scattering can have no effect on light energy (elastic

scattering) or it can reduce the light energy (inelastic scattering). Light can be scattered by



random changes in refractive index or by tiny molecules of dust, air bubbles or impurities.
Scattering effects can be distinguished from QD absorption in an absorption spectruim by
their characteristic wavelength dependence.

It was possible to take absorption measurements with samples placed directly in front of the
integrating sphere of the UV/VIS spectrometer to minimise the measurement of scattered
light. Figure 3.5 shows the normal sample arrangement and figure 3.6 shows the sample

positioned in front of the integrating sphere.
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Figure 3.5: Schematic of normal absorbance measurement

Detector

Samiple

Integrating Sphere

Figure 3.6: Schematic of absorbance measurement using integrating sphere

As explained in chapter 2, QD absorption spectra consist of a series of overlapping peaks.
The most important one is the longest wavelength peak. A QD sample will not absorb any

light at longer wavelengths than this peak. Figure 3.7 shows a typical absorption specirum.
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This particular QD (Nan550) has an absorption peak of 324 nm and higher energy peaks

can be seen at 450 nm and 390 nin,
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Figure 3.7: Absorption spectrum of Nan 550 QDs showing 3 energy levels

3.1.2 Fluorescence Spectroscopy

A Perkin Elmer LS55B Luminescence spectrometer was used to measure entission spectra
by optically pumping samples using a high intensity light source. The LS55B uses a pulsed
Xenon discharge lamp to provide its light source, passing through a Monk-Gilleson type
monochromator before exciting the sample. The monochromator has a range of 200-800
nm. Light emitted by samples passes through an emission monochromator with a range of
200-900 nm (Focas 2003). Filtering of the emission controls the wavelengths reaching the
detector and eliminates scatter and background radiation. A schematic of the operational

setup of a luminescence spectrometer is shown in figure 3.8.
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Figure 3.8: Schematic diagram of a luminescence spectrometer

The two basic types of fluorescence measurements were carried out using the luminescence
spectrometer: (1) emission measurement and (2) excitation measurement.

(1) Emission measurement: the excitation wavelength was fixed and a range of emission
wavelengths was scanned. The resultant emission spectrum showed the wavelength
distribution of the emission, measured at a single constant excitation wavelength. Figure

3.9 shows an emission spectrum of Nan550 QDs excited at 450 nm.
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Figure 3.9: Emission spectrum of Nan350 QDs

(2) Excitation measurement: one emission wavelength was monitored while the sample was
excited by light of a range of wavelengths. The spectrum displays the dependence of the
emission intensity upon the excitation wavelength (Lakowicz, 1999). The highest peak on
an excitation spectrum indicates the optimum excitation wavelength for that sample and
corresponds closely to the absorption peaks of that QD. Figure 3.10 shows an excitation

scan of the Nan350 QDs, it can be seen that the peaks seen in the excitation spectrum

match the absorption peaks of figure 3.7.
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Figure 3.10: Excitation spectrum of Nan550 QDs

Excitation scans can also be used to confirm if a feature in a QD absorption spectrum is QD
related. If excitation at the wavelength of that feature does not produce a signal in an
excitation scan, this would indicate that the absorption feature was not related to the QD.
The intensity of an emission spectrum is determined by the efficiency of the QD. Low QY
indicates that non-radiative recombination is occurring possibly due to surface defects or
other traps. An emission spectrum is also characterized by its full-width at half maximum
(FWHM). It gives an indication of the size distribution of QDs within a sample. A FWHM
of ~30 nm indicates a size distribution of approximately 5% (Evident 2006). Broadening of

an emission spectrum due to size distribution is known as inhomogenous broadening

(Redigolo et al 2003).

64



3.2 Quantum Dot Characterisation

The aim of this study was to identify the QD type with the highest QY. This was achieved
by finding the QD type that produced the highest emission intensity. Eighteen different
QDs were characterised throughout this study. Nanoco Technologies Ltd. and Evident
Technologies were the main suppliers and two CdTe QD samples were purchased from

PlasmaChem GmBh. Table 3.1 shows the details of all QDs characterised in this study.

Table 3.1: Description of QDs characterised in this study including label, supplier, QD

type and emission peak.

QD label Supplier QD Type Emission
Maximum {nm)
Nan 438A Nanoco Technologies Ltd. CdSe/ZnS 490.5
Nan 488B Nanoco Technologies Ltd. CdSe/ZnS 481.0
Nan 488C Nanoco Technologics Ltd. CdSe/ZnS 487.5
Evi 520 Evident Technologies CdSe/ZnS 5225
Plas 520 PlasmaChem GmbH CdTe 566.5
Nan 540 Nanoco Technologics Ltd. CdSe/ZnS 543.5
Evi 540 Evident Technologies CdSe/Zns 556.0
Evi 5408 Evident Techmologies CdSe/Zns 551.5
Nan 550 Nanoco Technologies Ltd. CdSe/ZnS 550.5
Nan 536 Nanoco Technelogies Lid. CdSe/ZnS 3615
Nan 560 Nanoco Technelogies Litd. CdSe/ZnS 560.0
Evi 380 Evident Technologies CdSefZnS 387.5
Evi 600 Evident Technologies CdSefZnS 606.5
Lvi 600B Evident Technologies CdSe/ZnS 606.5
Plas 610 PlasmaChem GmbH CdTe 624.5
Nan 620 Nanoco Technologies Ltd. CdSe/ZnS 6295
Evi 620 Evident Technologies CdSe/ZnS 623.0
Evi900 Evident Technologics PbS 906.5
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3.2.1 Comparison of Quantum Dot Solutions of equal concentration

QD quantum vyield is the ratio of the number of photons absorbed to the number of photons
emitted and high QY values result in bright emission spectra. The emission intensity of the
individual QD solutions was used as a marker of QD efficiency.

Initially QDs were compared in equal mass/volume concentrations. A 0.5 mg/ml toluene
solution was prepared and measured for each QD type. The absorbance and emission

spectra for 8 QD samples purchased from Nanoco Technologies Ltd. are shown in figures

3.11 and 3.12.
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Figure 3.11: Absorbance spectra of Nanoco QDs

66



Nand8eE ,l'\ — — —  Nan488A (divided by 2)
40 { —— Nan 48sC
Nan 540
Nan 550

—=—=— Nan 560
—— Nan 556
=== Nan620

20 4

Emission a.u.

700

Wavelength /nm

Figure 3.12: Emission Spectra of Nanoco QDs
Due to its high emission intensity, the emission spectrum of Nan488A was halved for
display purposes (figure 3.12). It was clearly the most efficient QD sample provided by
Nanoco. It was not possible to purchase additional Nan488A QDs from Nanoco- instead
Nan488B and Nan488C were sent as alternatives. It can be seen in figure 3.12 that
Nan488C were the next most efficient QDs when compared in equal concentrations.

The absorbance and emission spectra of the 0.5mg/ml solutions of Evident QDs are shown

in figures 3.13 and 3.14.
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Figure 3.13: Absorbance spectra of Evident QDs
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Evi540B and Evi600B were second versions of the original Evi540 and Evi600. It is clear
in figure 3.13 that the second versions displayed much higher absorbance values. In the
case of Evi540B, higher emission intensity accompanied this increased absorption (see
figure 3.14). The emission spectra for Evi540 and Evi5340B have been reduced by a factor
of ten to fit the scale of the other QD samples. Evi540B displayed the highest emission

intensity of the evident samples, followed by Evi540.
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Figure 3.14: Emission Spectra of Evident QDs

The emission wavelength of the NIR QDs from Evident was outside the range of the
luminescence spectrometer and therefore had to be characterised using a different
instrument (Raman spectrometer). The results are shown in chapter 5 section 5.5 where the
NIR QDs are encapsulated into QDSC systems.

The QDs from PlasmaChem GmbH were water-soluble CdTe core QDs. There was
difficulty in dissolving the QDs properly in water however and settling occurred rapidly.
The absorbance and emission spectra for the Plas520 and Plas610 QDs are shown in figure
3.15. The emission intensity was extremely low making these QDs unsuitable for this

application.
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Figure 3.15: Absorbance and emission spectra of CdTe QDs from PlasmaChem

Of all the QD samples characterised in this comparison the Nan488A QDs appeared to be
the most efficient. Following this, the Evi540B QDs displayed the second highest
efficiency. This characterisation of the QDs was not comprehensive because a 0.5 mg/ml
solution of one QD type will not contain the same number of QDs as another type, due to
the different QD sizes. This means it is not sufficient to compare QDs based on equal

mass/volume concentration alone.

3.2.2 Absorbance matching of Quantum Dot solutions

The quantum efficiency or quantum yield of a QD ensemble is defined as the ratio of the
number of emitted photons to the number of absorbed photons. It is usually measured by
comparing the emission of the QD sample to that of a substance with a known QY e.g. a
luminescent dye with a similar emission wavelength to the QD being measured. Accurate
characterisation requires the QD and dye solution to have equal absorbance values at their
excitation wavelength, so that both samples absorb an equal amount of light when the

emission is being measured. In this case, QD types with a range of absorption
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characteristics were to be compared and it proved to be difficult to chose an excitation
wavelength that would suit alt the QD types. Difficulty also arose in matching their
absorbance values at a single wavelength. The approach taken was to measure the relative
emission intensities of the different QD types with their absorbance values matched at thetr
respective peak excitation wavelengths. This eliminated the need to match individual dyes
to the emission wavelength of each individual QD type. The next section describes this QD
characterisation that was carried out on six QD types.

QDs that displayed the highest emission intensity in the previous study were characterised
in this study, Nan488B, Nand88C, Nan330, Nan360, Evi 540B and Evi 600B. Excitation
scans were carried out to identify the optimum excitation wavelength for each QD type and
the concentration was adjusted until all solutions had an absorbance value of 0.25 at their
excitation wavelength, The concentrations that produced the required absorbance value at

their respective excitation wavelengths are shown in table 3.2.

Table 3.2: Description of the six QD types characterised by absorbance matching

QD label  Excitation A (nm)  Emission A (nm)  Conc. (mg/mi)

Nan488B

Nan488C 392 490 0.38
Nan550 440 545 0.11
Nan560 395 561 0.17
Evi540B 476 555 0.06
Evi600B 500 605 0.03
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Figure 3.16 shows the emission spectra for each of the six QDs. It can be seen that the
Nan488B QDs produced the highest emission intensity, indicating that they were most
efficient QD type characterised in this study. The Nan488C QDs displayed similar

emission intensity.
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Figure 3.16: Emission Spectra of 6 QDs with absorbance values matched at excitation
wavelengths
It appeared that the larger QDs with longer emission wavelengths were less efficient. This
has been observed before and was attributed to the longer exposure to high temperatures
required for fabrication of larger QDs, this was found to lead to increased surface

degradation and lower QY (Knight et al 2005).

3.2.3 Fluorescent Lifetime Spectroscopy

Time-resolved (transient) fluorescence spectroscopy is a technique used to measure the
distribution of times between the electronic excitation of a fluorescent body and the

radiative decay of the electrons from the excited state. It was used in this study to assess the
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balance between radiative and non-radiative processes and provide further information on
the efficiency of QDs. The lifetime (t) of a QD is the average amount of time it remains in
an excited state following excitation (Lakowicz 1999). Fluorescence lifetimes were
measured using a computer controlled Time Correlated Single Photon Counting (TCSPC)
Spectrometer FL900 from Edinburgh Instruments. A nanosecond nF900 flashlamp
excitation source using deuterium gas at a pressure of ~0.40 bar provided the fluorescence
excitation pulses at 300 nm. Two QD samples with different QYs (Nan350 and Nan 560)
were measured at a range of temperatures. Since it is expected that non-radiative effects
may be reduced at low temperatures (Weisbuch and Vinter 1991), comparing the QD
lifetimes at different temperatures provided an insight into the amount of non-radiative
recombination that occurred at room temperature. Measurements were taken at the
following temperatures; 290 K, 250K, 211K, 125K and 77K. Due to the low temperatures it
was necessary to prepare QD composite samples in epoxy (described in section 3.3) since
toluene has a freezing point of 178.5 K. QD composite samples of the concentrations used
in the previous characterisation were prepared in PMMA cuvettes. Based on the results of
the QD efficiency characterisation, these two QD samples would facilitate an investigation
of the correlation between QY and lifetime and the effect of temperature on QDs of higher
and lower efficiency. The emission spectra of the Nan 550 and Nan560 composites
measured using the Perkin Elmer LS55B Luminescence spectrometer described in section

3.1.2 are shown in figure 3.17.
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Figure 3.17: Emission spectra of QD composites characterised using TCSPC
The decay profiles of each sample at 77K can be seen in figures 3.18 & 3.19. Both samples
produced decay curves that showed a non-exponential character. This is evidence of the
presence of multiple decay times and a double exponential decay function was used as a
best fit. This tail fitting technique allowed the calculation of both lifetimes present in the

sample.
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Figure 3.18: Decay profile for 0.017 mg/ml Nan560 composite at 77K
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Figure 3.19: Decay profile for 0.11 mg/ml Nan550 composite at 77K

In both cases it was found that both a short (1)) and a long (1) fluorescence lifetime
existed. It has been documented that fluctuations in the environment surrounding the
quantum dots induce a broad distribution of non-radiative decay channels, hence explaining
the non-single exponential decay (Lodahl et al 2004).

The Nan560 and Nan550 composites were found to have room temperature fluorescence
lifetimes of 13.4 ns and 8.45 ns respectively, when considered over the shorter window of

~20ns. The fluorescence lifetimes of Nan560 and Nan550 at each temperature are shown in

figures 3.20 and 3.21 respectively.
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Figure 3.21: Lifetimes of 0.11mg/ml Nan550 composite

Long lifetimes are correlated with high QY (Fan Sark et al 2002) and shorter lifetimes

indicate rapid non-radiative decay. It is apparent that as the temperature is increased a



systemic decrease in the shorter fluorescence lifetime is observed in both quantum dot
samples. This is caused by an increase in non-radiative processes at higher temperatures
(Weisbuch and Vinter 1991). The values for both exponential decay components can be

found in table 3.3.

Table 3.3: Lifetimes of Nan560 and Nan550 composites

Nan 560 Nan 550
Temp. (K) T (ns) Ty(ns) T\(ns) To(ns)
77 15.83 68.15 12,68 31.23
125 14.70 58.72 11.76 38.63
211 14.39 53.04 10.05 39.80
250 14.64 48.29 9.68 39.26
300 13.40 38.22 8.45 36.55

The shorter lifetime (1) of Nan360 is longer than that of Nan550 at every temperature. This
is expected due to the higher QY of the Nan360 QDs. This longer lifetime is explained by a
reduction of fast non-radiative decay (Wuister et al 2003).

The lifetime of Nan560 was 15% longer at lower temperatures (77K) and the lifetime of
Nan550 was 33% longer at 77K. If the QY at room temperature was very low due to
thermally activated non-radiative effects then a significant change in lifetime would be
expected at lower temperatures. The greater change in lifetime (33%) for Nan550

represents the lower QY of this sample relative to Nan560.

3.2.4 Re-absorbance Study and Ray Trace Model

As noted previously, a large Stokes shift is desirable since overlap of the absorption and

emission specira leads to a decrease in emission intensity. Re-absorption of light emitted in
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the overlap region causes emission spectra to shift to longer wavelengths. Therefore it is
difficult to quantify the overlap of QD samples because the measured emission spectra
have already been reshaped by re-absorption. An emission spectrum that has been red-
shifted by re-absorption could appear to have a larger Stokes shift.

An investigation into the effects of re-absorption was carried out, by measuring the light
emitted from the edge of a QD composite plate. The front of the plate was excited by a
laser and emission measurements were taken as the laser was placed at increasing distances

from the edge. A schematic diagram of the experimental setup is shown in figure 3.22.
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Figure 3.22: Schematic of edge emission measurements

A 6 x 6 x 0.3 cm QD composite plate containing a 0.05% (m/v) concentration of Nan 550
QDs was used, the fabrication methods used will be described in sections 3.3 and 4.1. The
sample was excited at seven positions ranging from 5 mm to 50 mm from the edge of the
sample using the 457 nm line of an argon ion laser. The edge emission was measured using

an Instruments S.A. Labram 1B Raman spectrometer, a confocal Raman imaging
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microscope system. A decrease in emission intensity with increasing distance from the
sample edge was expected, accompanied by a red-shift of the emission peak due to re-
absorption effects (Chattan 2004).

The results are compared to those predicted by a ray trace model, which uses Monte Carlo
ray trace modeling to predict the efficiency of QDSC devices (Kennedy 2007). Photons
entering the device perpendicular to the top surface of the plate are represented by ray
vectors that travel through the device until they are lost from the system or transmitted to
the PV cell.

The loss mechanisms included in the model are escape-cone losses, matrix attenuation
losses, quantum dot (QD) quantum efficiency (QE) losses, side mirror reflection losses, and
losses due to initial reflection from the top surface (Kennedy 2007).

As expected, a reduction in emission intensity and a red-shift of the emission peak was
observed. The measured emission spectra are shown in figure 3.23a and the spectra

predicted by the model are shown in figure 3.23b.

8000 —_—
—5mm
7000 — /\ T ——10mm |
6000 1— \ — 15mm
. / \ 20 mm A
3 5000+ —wom| 3
24000 | / \ =40 mm _ 2
E —50 mm a8
£ 3000 /\ - £
2000 =
04 —
510 530 550 570 590 610
Wavelength (nm) Wavelength (nm)

Figure 3.23: (a) Measured edge emission spectra of 0.05% (m/v) QD plate (b)

Predicted edge emission spectra of 0.05% (m/v) QD plate (Kennedy 2007)
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The agreement between the measured and predicted spectra is depicted in figures 3.24 and

3.25. The peak wavelength values for each measurement are shown in figure 3.24 and the

relative integrated intensity values are shown in figure 3.25. The results are close in each

case indicating good agreement between the experimental and the ray trace model.

580

575

570

Measured Peak

‘= — Predicted peak —

565

560

555

Peak Wavelength (nm)

550 -

545

540
0

10 20 30 40 50

Laser input position (mm from edge)
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These results elucidate that re-absorption occurs as light traverses QD composite samples.

Nan 550 QD composite plate was also measured at a range of distances from the PV edge

to investigate how QD concentration influences re-absorption effects. Figure 3.15 shows

the edge emission spectra of the 0.0125% (m/v) QD plate.

1200 -
— 5mm
1000 {—— 10 mm
I 15 mm
3 800 {——20mm —
[+
2> =30 mm
2 600 7 40 mm
&
£ 400
200
0 i
500 520 540 560 580 600

Wavelength (nm)

Figure 3.26: Measured edge emission spectra of 0.0125% (m/v) QD plate

The spectra shown in figure 3.26 did not appear to decrease or red-shift as dramatically as

those for the 0.05% (m/v) QD composite plate (in figure 3.23). Figure 3.27 shows the peak

wavelengths for each distance measured for the 0.05% and 0.0125% samples.

580

575 -

570

560

555

550

Peak wavelength (nm)

545

540

565 |

0.05%
0.0125%

10 20 30 40 50 60

Laser input position (mm from edge)

Figure 3.27: Peak wavelengths for 0.05% (m/v) and 0.0125% (m/v) QD samples
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It is clear that the 0.05% (m/v) sample has red-shifted to longer wavelengths than the
0.0125% (m/v) sample and continues to red-shift further at increasing distances from the
PV edge. These results confirm that re-absorption effects are enhanced in samples of higher
QD concentration.  This effect can also be observed in QD concentration dependence
studies, where solutions of higher concentrations have emission peaks at longer

wavelengths due to re-absorption by other QDs within the sample.

3.3 Quantum Dot Composites

QD composites are produced by encapsulating QDs into a polymer matrix (PMMA,
Polystyrene etc.) to form a solid material. QD composites are being widely investi gated as
they broaden the application range of QDs into solid-state devices e.g. LEDs, PV cells. Past
attempts to incorporate QDs into monomers such as styrene and methylmethacrylate, which
were subsequently polymerized, have shown limited success due to the effects of
polymerization (Knight et al 2004,Pang et al 2005). Large blue-shifts and the appearance
of broad peaks at shorter wavelengths indicated damage to the QDs. The possible causes
included thermal damage, oxidation and damage from radicals produced during
polymerisation (Knight et al 2004). Aggregation of the QDs was also found to cause
luminescence quenching. When QDs are situated close together in a highly concentrated
sample, the likelihood of energy transfer to a non-luminescing QD is increased (Chang et
al 2005). In this application, QD encapsulation was central to the development of a QDSC
and 1t was essential to find the most suitable polymer material. The characteristics that were
considered when choosing a suttable resin for QDSC development are outlined in the next

section,
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3.3.1 Details and comparison of matrix materials

It 1s essential that the carrier material is highly transparent. The transparency of each resin
is determined by their absorption coefficients. The absorption coefficient of a material is
defined as the fraction of light absorbed per unit distance in a material. A resin should be
free of structural defects e.g. air bubbles or tiny particles because collision of light photons
with such particles quenches the photons energy. In a QDSC system this effect would
decrease the amount of light reaching the PV cell and therefore the electrical output of the
system,

A suitable resin should be able to combine with QDs and have a minimal effect on their
efficiency /e the QDs should retain high emission intensity after encapsulation. The
efficiency of a QDSC is affected greatly by the emission intensity of the QDs, therefore this
factor 1s considered most important when choosing a host matrix.

Once the QDs are incorporated into a resin, it is vital that they retain their efficiency over
time. When a large-scale system is produced, it must be a long-term device that does not
degrade. The stability of the emission intensity of QD composites is investigated in this
study. Seven different casting resins were compared, the details of each are shown in table

3.4
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Table 3.4: Details of casting resins investigated

Number Name Composition Supplier

Biothan Clear casting resin Canonbury Arts. UK.
2 Alumilite Urethane Alumilite Corp. U.S.A.
3 Clear Cast Epoxy Resin Epoxy ABL Stevens, U.K.
-+ Plexit 55 PMMA Carl Roth GmbH & Co KG
5 Crystal Clear 200 Polyurethane RPM Supplies, Dublin
6 Walter Clear 781 Polyurethane BJB Enterprises Inc. U.S.A.
7 Water Clear 782 Polyurethane BIB Enterprises Inc. U.S.A.

The casting procedure was carried out in a fume cupboard and PMMA cuvettes were used
as moulds in each case as they provided samples suitable for spectroscopic measurements.

The setup is pictured in figure 3.28.
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Figure 3.28: Setup for casting procedure
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All resins had two parts that were combined at a ratio specified by the manufacturer. Most
of the resins’ manufacturers recommend placement in a vacuum chamber for various
lengths of time in order to degas the sample and prevent the formation of bubbles during
curing. When left in the vacuum chamber for periods of 10 minutes or more some samples
hardened or became too sticky to pour into a cuvette e.g Alumilite. Tf not degassed

sufficiently some resins bubbled up while curing overnight (see figure 3.29).

Biothan  Alumilite Plexit 55 Crystal Clear

Figure 3.29: Resin samples containing bubbles

The following resins were characterised:

(1) Biothan is a casting resin composed of sugar-, Caprolacton- and OLEO- polyols with
several proprietary natural additives. It has no safety labeling requirements, a long pot life
and 1s toxicologically harmless to use (Canonbury Arts 2004).

(2) Alumilite is a water clear, urethane casting system that produces a high impact rigid
material with good weatherability and exceptional clarity (dlumilite 2004).

(3) Epoxy resin is a clear rigid epoxy resin that is totally clear and UV stabilised giving
excellent optical properties (4BL Stevens, 2004). Longer cwring time than was
recommended was necessary because the samples were still in a liquid state after 24 hours.

Samples were fully hardened after 48 hours,
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(4) Plexit 55 is a Methylmethacrylate (MMA) that requires exposure to UV light to induce
polymertsation (Forjahn,B., 2004). Problems encountered include the mixture hardening
inside the vacunm chamber and cuvettes cracking during the curing process due to 14%
shrinkage of the resin,

(5) Crystal Clear 200 is one of a range of rigid urethane casting compounds that differ only
in working and de-mould times. The cured castings are UV resistant and are not brittle
(Smooth-On 2004).

(6/7) Water Clear 781/782 are both polyurethane resins, which boast exceptional clarity,
good impact resistance and good weatherability. WC782 has a 15-minute working time,
while WC 781 has a longer working time of 30 minutes (BJB Enterprises Inc., 2004).

Table 3.5 shows the toxicity, pot life and cost/kg of each resin.

Table 3.5: Toxicity, pot life and cost per kg of each casting resin

Resin Toxicity Pot Life (mins)  Cost per kg(€)

Biothan Non-Toxic 40-180 293
Alumilite Toxic 6 225
Epoxy resin Toxic 600 24.6
Plexit 55 Toxic 4 243
CcCc200 Toxic 20 47.3
W78 Toxic 30 37.5
WC782 Toxic 15 375

Table 3.5 shows that Biothan is the only resin that was toxicologically harmless. The

Epoxy resin has the longest pot life (the amount of time availabie for handling the resin



before curing begins). UV light was required to cure Plexit however it was found that
curing began after degassing and the material became difficult to work with. With regards
to cost, Alumilite was the cheapest followed by the epoxy resin.

A cuvette sample of each resin type was cast into a PMMA cuvette. Once resin samples
were cured, they were placed in a UV-VIS Spectrometer to measure their absorbance. No
reference samples were used. The reflection losses were subtracted from the absorbance

values and absorption coefficient values were calculated.
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Figure 3.30: Absorption coefficient of each resin

Figure 3.30 shows the absorption spectra of each resin. CC200 begins to absorb at
approximately 425 nm, if this resin was used in a QDSC it would limit the amount of light
entering the device below 425 nm and would lead to a decrease in overall efficiency.
WCT782 begins absorbing at the shortest wavelength. The Alumilite sample has the highest

absorption coefficient and the Epoxy resin has the lowest, followed by WC782. From the
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absorption measurements, it appeared that WC782 and the Epoxy resin would be the most

suitable carrier materials for a QDSC (Gallagher et al 2005).

3.3.2 Quantum Dot composite comparison

The effect of each resin on the efficiency of QDs was the most important factor to consider
in this evaluation. It was crucial that the QDs maintained their high emission characteristics
after incorporation into a QD composite.

QD composites containing an equal concentration of Nan488A QDs were prepared (0.02%,
mass/volume %). A solution of the same concentration was prepared on the day of casting
for comparison with the QD performance after casting. A photograph of the samples is

shown in figure 3.31.
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Figure 3.31: All resins containing 0.02% of 488A QDs

87



0.4
WC782
Biothan
WC781
Epoxy
CC200
Plexit
Alumilite
——— Solution

0.3

N

Absorbance

00 T T T T
420 440 460 480 500 520 540 5860 580 600
Wavelength /nm

Figure 3.32: Absorbance of 0.02% QD composites taken using an integrating sphere

The absorbance spectra of the 0.02% QD composites are shown in figure 3.32. It is clear
from this graph and from the photographs in figure 3.31 that the casting procedure affected
the QDs differently in each case. A QD composite with an absorption curve similar to that
of the solution is desirable, where the peak is well defined and the absorption curve falls to
zero at the longer wavelength side of the peak. Tails of absorption following the absorption
curve lead to increased re-absorption and are therefore undesirable. The graph shows that
the Biothan and Epoxy samples appeared to be the most suitable for use in a QDSC.

QD absorption peaks of the Plexit, Epoxy and Biothan samples blue-shifted with respect to
the 0.02% QD solution, the absorption peaks with respect to the solution peak are shown
clearly in table 3.5. A possible explanation of these blue-shifts is that they were caused by
the QDs decreasing in size, causing them to absorb and emit at shorter wavelengths. This

shrinking has been previously observed in CdSe QDs in solution and was attributed to
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etching of the QD surface by photo-oxidation (Knight et al 2004). Plexit was the only resin
that required photo-polymerisation and it showed the greatest blue-shift. It could be the
exposure of the QDs to UV light that caused increased degradation leading to a larger blue-
shift.

Another possible explanation for the blue-shifts is that the larger QDs were ceasing to
function. If smaller QDs had larger protective shells they would be more resistant (o
oxidisation, while larger QDs would degrade faster due to their thinner shell. At this point,
information on the likehhood of this situation was not available and it requires further
analysis.

The shifts observed in absorption could also be caused by scattering losses. It was evident
that there were scattering losses occwring in the resin samples as some of them had a
cloudy appearance. When compared to the absorption spectriun of the solution, most QD
composites showed a clear background absorption that appeared to be wavelength
dependant. This background absorption may have caused a shift in the QD absorption peak.
Increased scattering would cause a blue-shift of the absorption peak and decreased
scattering would cause a red-shift. It was not possible at this point to say what was
responsible for the shifts in absorption, although scattering seemed to be the most likely
explanation.

Red-shifts of the absorption peak have been observed and attributed to agglomeration of
QQDs within the matrix, the QD clusters could behave like larger QDs and absorb at longer
wavelengths (Knight et af 2004). In this case there was no evidence for agglomeration.

Future investigation in this area would be of benefit.
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Figure 3.33: Emission spectra of 0.02% (m/v) Quantum Dot composites.

The emission spectra of all samples are shown in figure 3.33. The error in the emission
intensity is +/- 0.3.

The emission intensity decreased in all samples when compared with the solution. In some
cases it reduced significantly, e.g. Alumilite and WC781 emission intensity reduced by
~95%, while the two samples with the highest emission intensities, Epoxy and Plexit
reduced by 22.5% and 35% respectively.

The values for the emission peaks and their change with respect to the solution emission

can be seen in Table 3.6, a minus sign indicating a blue-shift while a plus sign indicates a

red-shift.
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Table 3.6: Absorption and emission shifts of the 0.02% QD composites, Stokes

shift and integrated emission values

Absorption Emission Stokes Intcg.
Sample
(i) {(nm) Shifi (nm) Emission
Solution 467 491.5 24 2825
Biothan -1 +3 29 1240
Alumilite +1 +7.5 25 115
Epoxy -1 -4.5 24 2189
Plexit -10 -8.5 27 1832
CC200 +2 +6 27 656
WC781 -4 +3 29.5 322
WC782 -1 +11 35 652

Most of the samples showed a red-shift of the emission wavelength relative to the
solutions” emission wavelength. The two resins with the highest emission intensity (Epoxy
and Plexit) showed a blue-shift of the emission curve relative to the solution.

Alumilite had the lowest emission intensity of all the samples and it did not show a clear
absorption peak (see figure 3.32), this indicated that the Alumilite resin had an extremely
negative effect on the QDs and was not suitable for this application. Table 3.6 includes
integrated emission values for each sample. It shows that the epoxy sample exhibited the

highest emission intensity followed by Plexit and Biothan (Gallagher et al 2006).
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3.3.3 Stability of QD composites

It is important for this application that the QD composites retain their efficiency following
encapsulation. Absorption and emission spectra of the QD solution during week 1 and after

23 weeks are show in figure 3.34.
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Figure 3.34: Absorbance and emission spectra of 0.02% (m/v) QD solution at week 1

and week 23.

A blue-shift of both spectra and a 70% decrease in emission intensity was observed, this
was due to degradation of the QDs efficiency by oxygen and light (Fan Sark et al 2002).
This indicated that QDs were not displaying the stability that was expected from their core-
shell structures and inorganic composition. Absorbance and emission measurements were
carried out on the 0.02% (m/v) QD composites after 6, 12, 14 and 23 weeks. The spectra

for the QD composite samples over 23 weeks are shown in the figures 3.35 to 3.41.

92



12

Abs Stant — Em Stat

06 - ADs Bweeks —— Em 6 wesss L 10
—=—=— Abs 12weeks Em 12weess |
— Abs 14 weeks
———  Em 14 weeks L 8

——— Abs 23 weeks
—— Em 23 weeks

Absorbance
Emission a.u.

420 440 460 480 500 520 540 560 580

Wavelength /nm

Figure 3.35: Absorbance and emission spectra of CC200 over 23 weeks

The CC200 sample (figure 3.35) showed ~20% reduction in emission intensity after 23
weeks. The Alumilite QD composite (figure 3.36) displayed a clear drop in emission over
time. The absorption spectrum became less defined indicating that the QDs had ceased to
function as emitters. It was clear that significant degradation had occurred in this sample

and therefore it was not a suitable carrier material for a QDSC.
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Figure 3.36: Absorbance and emission spectra of Alumilite over 23 weeks
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Figure 3.37: Absorbance and emission spectra of Biothan over 23 weeks

Figure 3.37 shows that after 23 weeks the Biothan sample displayed a decrease in
absorbance and emission intensity over time and blue-shifted in each case. It was clearly

degrading over time.

06 1
—— Epoxy Absorbance E _—
— poxy Emission
Abs. 6 weeks Em. 6 weeks
051 —— Abs. 12 weeks L 30
—— Em. 12 weeks
—— Abs. 14 weeks / )\
0.4 4 \ o Em, 14 weeks

Abs. 23 waeks/

—— Em. 23 weeks

0.3 4 K

Absorbance
Emission A.U.

0.2 1
r 10

0.1 4

0.0 : T T : T — 7 -0
420 440 460 480 500 520 540 550 580

Wavelength /nm

Figure 3.38: Absorbance and emission spectra of Epoxy over 23 weeks
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After 6 weeks the Epoxy resin (figure 3.38) showed an increase in absorption and emission
intensity. After this time the absorption remains stable and the emission intensity fluctuated

to a small extent but retained high emission intensity.
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Figure 3.39: Absorbance and emission spectra of WC781 over 23 weeks

Figure 3.39 shows the spectra for WC781, it can be seen that the absorption peak became
less defined while the emission degraded gradually over 23 weeks. This indicates

significant degradation had occurred.
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Figure 3.40: Absorbance and emission spectra of Plexit over 23 weeks
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The Plexit sample (figure 3.40) showed the most dramatic changes, there was an overall
blue-shift and decrease in absorbance after 14 weeks and after 23 weeks the absorption
peak had diminished. The emission intensity decreased initially but after 12 weeks it
showed a blue-shift, a broadening of the peak and an increase in emission intensity. These
effects have been observed by others and were attributed to photo-annealing, the re-
arrangement of surface atoms upon exposure to light (Knight et al 2004). If photo-
annealing was responsible it would have occurred earlier in the experiment. The blue-
shifting of the absorption spectrum over time could be caused by the larger QDs ceasing to
function as discussed in section 3.3.2. This could have led to a decrease in re-absorption

effects leading to an increase in emission intensity.
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Figure 3.41: Absorbance and emission spectra of WC782 over 23 weeks

The WC782 sample (figure 3.41) showed the same changes as WC781, the absorption peak

diminished and the emission intensity decreased gradually.
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In summary, the behaviour of the QDs after incorporation into the casting resins was
variable. It was seen that the QDs did not maintain their efficiency in Alumilite, Biothan,
WCT781 and WC782. The Epoxy resin and CC200 could maintain sufficient QD efficiency
for the work intended in this project. Due to the low emission intensity of the CC200
sample, the epoxy sample was considered the most suitable.

The most important factors to consider when comparing the QDs performance in resin
materials are the emission intensity and sample stability. It is clear in Table 3.6 and figure
3.38, that the Epoxy resin had the highest emission intensity, with an integrated emission
77.5% the intensity of the solution. Plexit had the second highest emission intensity with
65% the intensity of the solution, followed by Biothan with 43.9%. Of the three resins with

the highest emission intensities, the Epoxy resin was the most stable.

3.3.4 Investigation of the Photo-stability of QD composites

In order to observe the effects of light exposure on the stability of the QD composites,
0.02% (m/v) QD composites were prepared using the three resins that displayed the highest
emission intensities in the previous experiment (Epoxy, Plexit and Biothan). Nan488A QDs
were incorporated into the resins and two cuvette samples were prepared in each case. One
of each sample was stored in darkness and the second was exposed to daylight. Absorption
and emission measurements were taken after 2, 4 and 12 weeks. Figure 3.42 shows the
absorbance and emission of the 0.02% (m/v) Biothan sample that was exposed to light. It
can be seen that both the absorption and emission curves blue-shifted after 12 weeks and

there was a decrease in intensity.
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Figure 3.42: Absorbance and emission of Biothan sample exposed to light

The absorption and emission of the Biothan sample stored in darkness are shown in figure
3.43. After 12 weeks there was no shift in the absorption or emission peaks only a small

decrease in emission intensity. This indicated that photo-oxidation was responsible for

degradation in the Biothan sample.
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Figure 3.43: Absorbance and emission of Biothan sample stored in darkness
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In figure 3.44 it can be seen that the Plexit sample exposed to light showed an overall rise

in absorption and the peak became difficult to identify. The emission showed a large blue-

shift accompanied by a rise in intensity.
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Figure 3.44: Absorbance and emission of Plexit sample exposed to light

The Plexit sample stored in darkness (figure 3.45) showed a reduction and a blue-shift in

absorption and emission after 2 weeks and remained stable after this time. This was further

evidence for photo-degradation.
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Figure 3.45: Absorbance and emission of Plexit sample stored in darkness
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A similar trend can be seen with the epoxy sample in figure 3.46. It can be seen that the
emission intensity of the sample exposed to light decreased dramatically after 12 weeks,
while in figure 3.47 it can be seen that the sample stored in darkness remained stable. The
emission intensity of the sample exposed to light after 2 weeks is higher than the sample
stored in darkness, this could be due to photo-annealing of the QDs whereby a re-
arrangement of the surface structure due to light exposure leads to a temporary

improvement in QD efficiency (Van Sark et al 2002).
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Figure 3.46: Absorbance and emission of Epoxy sample exposed to light
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Figure 3.47: Absorbance and emission of Epoxy sample stored in darkness
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3.4 Conclusions

The aims of this chapter were to determine;

(1) The Quantum Dot with the highest Quantum Yield

The initial comparison of QD efficiencies in solutions of equal concentrations found
Nan488A and Evi540B to be the most efficient QD types. As this type of comparison was
not comprehensive, a further characterisation was carried out on six QD types by matching
the absorbance values of each sample at their respective excitation wavelengths. This

comparison found Nan488B to be the most efficient QD followed by Nand88C.

(2) Fluorescent Lifetimes of Quantum Dots

An investigation of the fluorescent lifetime of two QD types showed that QDs with higher
QYs had longer lifetimes due to reduced effects of non-radiative decay. It was also
concluded that lifetimes increased at lower temperatures due to a reduction in non-radiative
processes. The improvement was minimal which suggests that non-radiative processes do

not increase significantly at room temperature.

(3) Re-absorption effects

The effect that re-absorption of emitted light has on emission spectra was established using
experimental results and those predicted by a ray trace model. Red-shifting of the emission
peak and decreases in emission intensity were observed. It was also shown that increased
path length through a QDSC plate and high QD concentrations caused increased re-

absorption effects.
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(3) Matrix Material with lowest absorption coefficient

Seven different matrix materials for QD encapsulation were selected with the aim to
identify the material with the highest transparency. This was established by measuring the
absorption coefficient of each material and it was found that the epoxy resin had the lowest

absorption coefficient followed by WC782.

(4) Matrix Material with least effect on Quantum Dot efficiency

[t was necessary to find the matrix material that had the least detrimental effect on QD
efficiency following QD encapsulation. QD composite samples of equal concentration were
fabricated and their emission characteristics were examined. The QD composite made

using the epoxy resin produced the highest emission intensity.

(5) Most stable Quantum Dot composite

A stability study carried out over 23 weeks showed that the epoxy resin retained its
emission intensity while other samples changed significantly. These results clearly
indicated that the epoxy resin was the most suitable matrix material for use in QDSC
systems. An investigation into the effects of light exposure on sample stability showed that

photo-oxidation played a major role in sample degradation.
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Chapter 4

Fabrication and Characterisation of Quantum Dot

Solar Concentrators

4.0 Introduction

Efficiencies achieved by LSCs containing luminescent dyes are most often determined by
their optical efficiency (7,,,) defined as the ratio of the total emitted optical power to the

total incident optical power (Kondepudi and Srinivasan 1990) usually expressed as;

P
oy = —2 é (Egn 4.1} (Salem et al 2000)

rof
P.ge=Power density of PV cell at edge of LSC
Prer= Power density of reference PV cell
G= Geometric Gain
Geometric gain (G) is defined as the ratio of the surface area of a LSC plate to the area of

the PV edge:

G =—~* (Egn 4.2)

edye

Ap= Surface area of LSC

Acage=Area of collecting edge
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To date optical efficiencies for single sheet LSCs of various geometries have ranged from
1.8-18.8% (Friedman 1981, Withwer et al 1981, Roncali and Garnier 1984, Kondepudi et
al 1990, Resifeld et al 1994, Mansowr ef al 1998, Salem et af 2000). For stacked LSCs,
optical efficiencies up to 15.8% have been recorded (Withwer et al 1981, Wittwer et al
1984, Zastrow ef al 1984).

A recent study compared the optical efficiency of hiquid LSCs containing different types of
dye, semiconducting polymers and CdSe/ZnS QDs. The maximum optical efficiency
(3.4%) was achieved with a semiconducting polymer (red polyflucrene) and the CdSe/ZnS
QDs had an optical efficiency of 0.3% (Sholin et al 2007). These efficiencies will be
compared with those achieved in this study in section 6.6.

In this chapter the techniques used to fabricate Quantum Dot Solar Concentrator
plates, mould construction, casting procedure and polishing of the QDSC plate edges are
described. The elecirical characteristics are defined and the experimental setup for
electrical measurements is described. Following this, the results of fabrication and
characterisation of five sets of QDSCs are shown.

The first three sets were not electrically characterised but led to improvements in the
fabrication technique. The fowrth set of QDSCs containing a range of concentrations of
Nand88C QDs were electrically characterised and the results are shown. The fifth set of
QDSCs was removed from the moulds due to problems with flaking of reflective material
from the mirrored acrylic sheets and to eliminate absorption of light by the top mould

plates. This set of QDSCs contained a range of concentrations of Evi540b QDs.
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4.1 Fabrication of Small Scale Quantum Dot Solar Concentrators

This section describes the techniques used to fabricate small-scale QDSCs. Throughout the

study these techniques are adjusted in order to improve the electrical output of systems.

4.1.1 Mould construction

QDSC moulds were constructed by securing an acrylic plate cut to the required QDSC
plate dimensions between two solid acrylic sheets (see figure 4.1). The lower plate
consisted of mirrored acrylic which provided the reflective backing for the QDSC and self-
adhesive reflective material placed around the inner surface of the middle sheet provided
the mirrored edges. The middle and top plates were both cut to the required dimensions
from 0.3cm clear extruded acrylic sheets and the lower plates were cut from 0.3 cm
mitrored acrylic sheets.

The moulds were made with an extra 0.5 cm in length to allow for cutting and polishing
which was necessary to provide a clear and smooth edge for PV cell attachment. Tensol 70
adhesive was used to attach the plates together. Tensol 70 is a two-component system that
provides a good structural bond for acrylics for external applications. The ratio of Part A:B
was 20:1 and once combined the mixture was used immediately as it cured rapidly. The
middle plate was attached to the lower mirrored plate first and was left to harden for at least
1 hour to ensure a strong airtight bond. The top plate was then attached and the mould was
left to harden overnight. Care was required to avoid excess glue seeping into the mould

cavity.
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4.1.2 Casting Procedure

Based on the results discussed in section 3.3, a clear cast epoxy resin was used for QD
encapsulation. The required mass of QD material was diluted in 0.5 ml toluene before
being added to the epoxy mixture. It was necessary to use as little solvent as possible
during encapsulation as it is known to have a detrimental effect on plastic materials. A
10ml disposable plastic syringe was used to transfer the QD/epoxy mixture into the moulds

to mininmise the mtroduction of bubbles to the mixture.

4.1.3 Post-cure treatment of QDSCs

In order to produce samples of the desired dimensions with smooth edges for PV cell
attachment, approximately 0.4 cm was cut from the top of the QDSC plates and the
exposed surface underwent a grinding treatment followed by polishing. Six different grades

of silicon carbide abrasive paper pads ranging from 80-1200um were rotated on a Struers
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grinding machine (see figure 4.2 a). Following this treatment, 3um and 1um water based
diamond suspensions were used on the rotating plates of a Struers Diamond Paste polishing
machine (see figure 4.2 b). It was important to keep the sample edge flat on the rotating

polishing pads as any tilting of the sample led to an uneven finish.

Diamond suspensions

Grinding Pads

(a) I

Figure 4.2 (a) Struers grinding machine (b) Struers polishing machine

4.2 Electrical characterisation of QDSCs

To electrically characterise the QDSCs, a range of Current (I) and Voltage (V) values were
measured. These measurements were taken manually using a voltmeter, an ammeter and a
variable resistor while the samples were illuminated by a suitable light source. A circuit
diagram of the setup is shown in figure 4.3.

Should probably give details of the instruments
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Figure 4.3: Circuit diagram of experimental setup for electrical measurements

4.2.1 Current and Voltage Measurements

The I-V data was then used to determine the following characteristics:

* Short-circuit current (Ic) — the current produced when the positive and negative

terminals of the cell are short-circuited, the voltage between the terminals is zero.

This corresponds to a load resistance of zero.

¢ Open-circuit voltage (Vo) — the voltage across the positive and negative terminals

under open circuit conditions, the cumrent is zero. This corresponds to a load

resistance of infinity.

e Maximum power point (P.,,) the point where curent-voltage product is a

maximuin.



o Conversion Efficiency (1) - Ratio of the optimal electric power, Py, delivered by

the PV cell to the area of the cell, A, and solar irradiation E, received. (Partain

1995)
P
=" Egn.4.4)(Partain
7 AE (Eq
1995)

The conversion efficiency of a solar cell is the amount of the solar energy incident on the

PV device that is converted into electricity:.

o Concentration Factor- Ratio of the power maximum achieved by the PV cell to that

achieved with by the PV cell attached the QDSC plate

4.2.2 Experimental setup for electrical characterisation

A 1200W high efficiency metal halide discharge lamp (illustrated in figure 4.4a) was used

as the radiation source for electrical measurements.

gy Lightoutput

(b)
Figure 4.4: (a) 1200W Metal halide discharge lamp (b) PV mount and QDSCs position

during I-V testing with discharge lamp
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The lamp was mounted on an optical bench and it required vertical mounting of the
QDSCs. This was undertaken using optical equipment to hold the samples in position. A
photograph of the arrangement is shown in figure 4.4b. The spectral power distribution of

this lamp 1s shown in figure 4.5.
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Figure 4.5: Spectral power distribution of the discharge lamp

Integrated radiation intensity measurements were taken using a Kipp and Zonen
pyranometer. While certain pyranometers are intended for cutdoor use, it was sufficient to
provide relative intensity values prior to each electrical measurement. The intensity was
approximately 1000 W/m” in each case, normalisation of the electrical data eliminated the
effects of intensity variation.

PV cells were not permanently attached to each concentrator. Instead, one PV cell was
attached to a mount comprised of three rectangular sheets of acrylic glued together. The
back of the PV cell was affixed to the middle plate of this stack keeping the PV cell in a

position that corresponded to the QD matrix layer when a QDSC was placed against it (see

114



figure 4.6). The pyranometer was placed in the same position as the QDSCs and enabled

radiation intensity readings to be taken before each set of I-V measurements.

Figure 4.6: Mount used to hold PV cell in position for electrical measurements

4.3 Characterisation of Quantum Dot Solar Concentrators

The first four sets of QDSCs produced were made using the mould type described in
section 4.1.1. With each QDSC that was produced, a PMMA cuvette was filled with the
same QD resin mixture to provide a suitable sample for spectroscopic measurements. The

following section includes details and results of the different QDSC systems produced.

4.3.1 Fabrication of two 6 cm® QDSCs (QDSC1)

In order to establish a reliable encapsulation procedure, two practice QDSC samples were
produced, one containing epoxy only (QDSC1.1) and the other containing a 0.02% (m/v)
concentration of the Nan488A QDs. (QDSC 1.2).

Due to improper adhesion of the mould plates QDSC 1.1 leaked and cured only half-full.
Following this, all moulds were checked before use by filling them with water. QDSC 1.2
was used to practice the grinding and polishing process. This caused a size reduction of the

sample to 6 x 5.3 cm. Photographs of samples 1.1 and 1.2 are shown in figure 4.7.
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Figure 4.7: (a) QDSC 1.1 Epoxy only (leaked) (b) QDSC1.2 0.2% (m/v) 488A

4.3.2 Fabrication of four 6 cm* QDSCs containing Nan 550 QDs (QDSC2)

The second set of QDSCs produced included a range of QD concentrations of the Nan 550
QDs; 0.012% (m/v) (QDSC2.2), 0.025% (m/v) (QDSC2.3), 0.050% (m/v) (QDSC2.4) and
a reference sample of epoxy only (QDSC2.1).

It was not possible to purchase the Nan488A QDs from Nanoco as they had not succeeded
in reproducing these QDs with quantum efficiency equal to their first batch. Therefore it
was necessary to identify the QDs with the next highest emission intensity. Figure 4.8a and
4.8b show the emission spectra of the 5 QD types that were available at the time. A
solution containing 0.5 mg/ml of each QD type was prepared. They include Evi 560, Nan
550 and Nan 488B and two QD samples that were given by Imperial College London Nan
620 and Nan 540. It was necessary to display the emission curves on two separate graphs
because the low emission intensity of the Nan 540 and Nan 620. It can be seen in figure

4.8b that the Nan 550 QDs display the highest emission intensity.
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Figure 4.8: (a) Emission of 0.5mg/ml solutions of Nan540 and Nan620 QDs and

(b)Emission of 0.5 mg/ml solutions of Nan550, Evi 560 and Nan488B QDs.

Once filled with the QD and resin mixture, the QDSC moulds and cuvettes were placed in

an oven at 60 ° C for 15 hours as recommended by the Epoxy resin manufacturer. This

“quick cure” would allow for electrical measurements to be taken as soon after casting as

possible.

The QDSC and cuvette samples had an opaque appearance once they were cured, this was

thought to be due to the oven curing procedure as it had not occurred with previous QD

composite samples cured at room temperature. Although the cuvette samples are not of the

same dimensions as the QDSC samples, they do provide an indication as to how the QD

efficiency has been affected by the casting procedure. Figure 4.9 shows the absorption and

emission spectra for the QDSC 2 cuvette samples.
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Figure 4.9: Absorption and emission spectra of QDSC2 cuvette samples

It can be seen in figure 4.9 that the emission from each of the QDSC 2 cuvette samples is
very low due to the cloudiness of the samples due to scattering effects.

Another problem encountered with these samples was flaking of the reflective material on
the back of the moulds. As this did not occur with QDSC 1.2, it was possible that the oven
curing process might also be responsible for weakening of the bond between the acrylic
sheet and the mirrored backing. This was investigated in the next batch of concentrators,
QDSC 3 (see section 4.2.3) where samples with different curing techniques were

compared. Details and photographs of the QDSC 2 samples are shown in table 4.1.

118



Table 4.1: Details and photographs of QDSC2

Sample Number

QD Concentration

Mass-Volume %

Photograph

2.1 0

22 0.012

23 0.025 i
2.4 0.050

4.3.3 Investigation of the effects of oven curing using two 6ecm’ epoxy plates

(QDSC3)

To investigate whether the oven curing process caused the cloudy appearance of the
samples or not, two QDSCs were cast containing epoxy resin only. One sample was cured
in a fume cupboard at room temperature for 24 hours (QDSC 3.1) and the other was cured
in the oven at 60 °C for 15 hours (QSDC 3.2). The following day it was clearly visible that
the oven curing procedure was responsible for clouding of the epoxy resin (see figure 4.10).
Both samples showed flaking of the reflective material as a result of the grinding treatment.

This indicated that a different technique was required or an alternative type of reflective

backing.
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Figure 4.10: QDSC 3 (a) oven cured (b) cured at room temperature

4.3.4 Characterisation of seven 4 cm”> QDSCs containing a range of quantum dot
concentrations

Cuvette samples of equal concentration were made with Nan 550, Nan 488B and Nan 488C

QDs in epoxy and in solution. Results showed that the Nan 488C QDs produced the highest

emission intensity at this concentration in both solid and solution (see figure 4.11).
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Figure 4.11: Absorbance and emission spectra of 0.02% (m/v) samples of Nan 550,

Nan 488 B and Nan 488C QDs
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Before casting the 488C QDs into the QDSCs, a concentration dependence study was

carried out in solution. The resultant emission spectra can be seen in figure 4.12.
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Figure 4.12: Emission spectra of different concentrations of Nan 488C QDs

The inlay in figure 4.12 shows the changes in emission intensity with increasing
concentration. It shows that there was an increase in emission intensity as the concentration
increased until a concentration of 1 mg/ml is reached. At this point there was a decrease in
intensity and a red-shift of the emission peak. As explained in the previous chapter (section
3.2.4), this indicated that re-absorption of emitted light was occurring due to the high
concentration of QDs. Based on the concentration dependence study it was decided to
fabricate QDSCs of each of the measured concentrations excluding the highest

concentration of 4 mg/ml since it caused a decrease in emission intensity. The aim was to



find an optimum QD concentration for this QD type in QDSCs of dimensions of 4 x 4 x 0.3
cm. Table 4.2 shows QDSCs produced with Nan488C QDs in 4 x 4 x 0.3 cm moulds,

where corresponding cuvette samples were produced for each concentration.

Table 4.2: Details and photographs of QDSC 4 samples

QD Qb
Sample Sample
Coilc. Photograph conc. Photograph
Number Number
% (m/v) Yo(m/v)
4.1 0 4.5 0.05
4.2 0.012 4.6 0.10
43 0.025 A 4.7 0.20
4.4 0.037
4 30
—— Abs 0.0125% — Em 0.0125%
— Abs 0.025% —— Em 0.025%
——— Abs0.0375% Em 0.0375% k25
Abs 0.05% —— Em 0.05%
34 ——— Abs01% — EmO0.1%
—=— Abs0.2% —— Em0.2% , - 20
" =)
8 -
8 (=]
g %
3 5
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Wavelength /nm

Figure 4.13: Absorbance and emission of QDSC 4 cuvette samples



Absorption and emission spectra of the QDSC 4 cuvette samples are shown in figure 4.13.
There was a decrease in emission intensity of approximately 60% compared to the solution
samples of the same concentrations shown in figure 4.12. The QD composite samples
displayed the same pattern in emission intensity i.e. rising intensity with increasing
concentration until 0.2% (m/v)was reached, at which point there was a decrease in intensity
and a red-shift of the emission peak. This indicated that the QDs were exhibiting similar
behavior in solid as in solution, although at a lower efficiency. Electrical measurements
were taken using the setup described in section 4.2.2 of this chapter.

[-V curves for each of the QDSC 4 samples are shown in figure 4.14 and the power curves
are plotted in figure 4.15. The epoxy only sample (sample 4.1) is used as a reference

sample in each case.
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Figure 4.14: I-V curves for QDSC 4 samples
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Figure 4.15: Power curves for QDSC 4 samples

Table 4.3: Results of electrical characterisation of QDSC 4 samples

Sample - QD cone. % 1B, Power per unit area Conc:

Number (m/y) (mW) (mW/em?) Factor

PV cell - 6.15 5.125 -
4.1 0 0.553 0.034 0.089
4.2 0.012 0.713 0.045 0.116
4.3 0.025 0.492 0.030 0.079
4.4 0.037 0.555 0.035 0.090
4.5 0.050 0.476 0.030 0.077
4.6 0.100 0.582 0.036 0.095
4.7 0.200 0.585 0.036 0.095
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The concentration factor of a QDSC system is the ratio of the power output of the PV cell
measured under direct illumination to the power output of the PV cell measured at the
QDSC edge. The results shown in table 4.3 indicate that QDSC 4.2 had the highest
concentration factor (0.116) and the highest power maximum value of 0.713 mW, this is
higher relative to the output of the reference sample (0.553mW). These results indicated
that lower concentrations of QDs produced the highest electrical output. The increase in
efficiency due to the presence of QDs in this case is minimal even at the optimum
concentration. The bar chart in figure 4.16 presents the power maximum values including

error bars with values of +/-11 %.
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Figure 4.16: Power maximum values for QDSC 4 measured

Figure 4.16 shows that the power output of all QDSCs except QDSC 4.2 are within the
error range. In addition, the trend seen in the emission spectra of the solution and cuvette
samples was not observed in the power output of the QDSC plates. This may be due to the
longer path length the light had to travel through the QDSC plate than in the cuvette. In a

QDSC, successive reflection and emission events increase the chances of re-absorption



occurring. The low concentration factors of the QDSC plates could be due to limited
utilisation of the spectral range of the incident radiation (Rowan ef af 2006a).

In order to further investigate the effect of QD concentrations, the QDSC 4 samples were
characterised using the 457 nm line of an argon ion laser. Electrical measurements were
first taken in ambient light and then taken under laser illumination. The results are shown in

figure 4.17.
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Figure 4.17: Power maximum points for QDSC 4 samples with laser off (blue square)

and laser on (red crosses)

As expected, QDSC 4.1 (epoxy only) showed no increase in power output when excited
with the laser as it did not contain any QDs. QDSC 4.2 showed a minimal increase,
possibly due to the low concentration of QDs and samples 4.3 to 4.7 all showed a
significant increase in power output when excited with the 457 nm laser line, the effect
increasing with higher QD concentrations. This confirmed that the QDs were active within
the concentrators when suitably excited and it indicated that higher QD concentrations

produce higher power outputs.
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Optical efficiency (y7o) values (equation 4.1) were calculated for each sample using short
circuit current values (Kennedy et al 2007). The calculated values were compared to those
predicted by the ray trace model using three different QY values for the Nand488C QDs.
The ray trace model developed at Dublin Institute of technology predicts optical
efficiencies of QDSCs using Monte Carlo ray trace modelling. The model calculates the
amount of incident rays that will reach the PV edge of a QDSC system by taking into
account the various loss mechanisms, from this information the efficiency of QDSCs can
be calculated. Various parameters can be altered to observe the effect on system efficiency,
for example, the quantum yield of the QDs, refractive index of the matrix material, size and
shape of the system and the configuration and type of reflective materials. The results of

the QY study are shown in figure 4.18.
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Figure 4.18: Measured and predicted I, values for QDSC 4 with three different QY

values (Kennedy et al 2007)



In the modelled results, a QY of 10% gives the closest match to the measured values. This
work gives us a good estimation of the QY of Nan488C QDs. This low QY value provides
an explanation for the low concentration factors achieved by the QDSC 4 samples.

Due to the flaking of the mirrored acrylic and absorption of light by the top acrylic sheet in
the first mould design, it was decided that in future the QD plate should be removed from
the mould. This was achieved by attaching the mould sheets temporarily using silicone

seal. Once the QD mixture was cured, the plate could be easily removed from the mould.

4.3.5 Characterisation of nine rectangular QDSCs and one triangular QDSC

containing a range of concentrations of Evi 540 QDs

Evi540B QDs were purchased from Evident Technologies, the manufacturers quoted a QY
between 30-30%. They were chosen due to their longer emission wavelength and higher
quoted QY. Their emission peak was closer to the peak efficiency of a PV cell therefore
they absorb a larger percent of the solar spectrun due to their broad excitation spectrinn.
Before casting the QDs into QDSC moulds, a concentration dependence study was
completed to give an indication of the range of QDSC concentrations to be fabricated.
Eight solutions were made containing QD concentrations ranging from 0.005% up to

(0.385%. The absorbance and emission spectra are shown in figwre 4.19.
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Figure 4.19: Absorbance and emission spectra of different concentrations of Evi 540B
QDs in toluene solution
It can be seen that the emission intensity of the samples increased with increasing
concentration until a peak was reached at 0.046%. After this the emission intensity
decreased as the concentration rose. The rising absorbance that is seen caused re-absorption
of emitted light and therefore a red-shift and reduction in the emission spectrum. Nine 4 x 4
x 0.3 cm QDSCs were fabricated containing this range of concentrations, a 0.046% right-
angled triangular QDSC was also made. Following an initial set of I-V measurements that
showed improved output with increased QD concentration, a 0.770% sample was added to
the set. Each QDSC was made with both side and back air gaps and a white diffuse
reflector was used as the rear reflector, the reasons for this mirror configuration are given in

chapter 5. Details of each QDSC can be seen in table 4.4.
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Table 4.4: Details and photographs of QDSC 5 samples

QD conc. QD conc.
Sample Sample
Mass-Vol Photograph Mass-Vol Photograph
Number Number
% %
5.1 0 5.6 0.090
52 0.005 \ S 0.190
5.3 0.011 \ 5.8 0.385 i)
|
5.4 0.023 f' \ 5.9 0.770
5.5 0.046 5.10 0.046

The surface area of each QDSC varied slightly due to the formation of air bubbles at the
exposed upper surface during curing. They were caused by shrinkage of the epoxy resin
and were removed by grinding of the QDSC plate to a point below the air bubble. The
performance of the plates was analysed in terms of power per cm® to eliminate the effect

caused by size variation. The [-V and power curves are shown in figures 4.20 and 4.21.
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Figure 4.21: Power curves for QDSC 5 samples
Figures 4.20 and 4.21 show how the three lowest concentrations did not perform better than
the reference sample (5.1). All QDSCs show an increase in output with increasing
concentration except for QDSC 5.5, which performs almost as well as QDSC 5.7. The
QDSC with the highest output is sample 5.9 containing the highest concentration of QDs
(Rowan et al 2006b). The power maximum values, power/cm” and concentration factors are

shown in table 4.5.
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Table 4.5: Results of electrical characterisation of QDSC 5 samples

QD co 0 ) | 0
PV celi - 5.86 4.88 -
5.1 0 1.58 0.132 0.27
5.2 0.005 1.34 0.093 0.23
5.3 0.011 1.23 0.087 0.21
5.4 0.023 1.44 0.102 0.25
5.5 0.046 2.01 0.144 0.34
5.6 0.090 1.88 0.134 0.32
5.7 0.190 2.07 0.148 0.35
5.8 0.385 2.46 0.181 0.42
5.9 0.770 2.49 0.173 0.42
510 0.048 1.77 0.412 0.30

It is interesting to note the performance of the triangular QDSC (5.10) containing 0.046%
QDs. It has an area less than one third the size of the rectangular QDSCs and therefore
contained the equivalent amount of QDs as a 0.015% square QDSC. Since it produced a
higher output than QDSCs 5.3 and 5.4 (0.011% and 0.023%), it can be deduced that it
performed better than a rectangular QDSC containing 0.015% QDs. This implies that
triangular geometries could be superior to rectangular QDSCs. This is supported by the
power/cm’ values, the trianguiar QDSC (5.10) has a value of 0.412 mW/em?, this is more
than double the highest achieved by the rectangular QDSCs (0.173 mW/em® for QDSC
5.9). In triangular systems the number of sides is reduced therefore reflection losses at the
side mirrors are minimised. This geometry was investigated further and the results are

shown in the next chapter. Figure 4.22 shows the power maximum values of each QDSC.
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Figure 4.22: Power maximum values of QDSC 5 samples

The general trend indicates that there is an overall rise in efficiency as QD concentration
increases (from sample 5.2 up to sample 5.9). QDSCs containing higher QD concentrations
showed visible clusters of QD material (see figure 4.23). The absorption spectra of the

plates are shown in figure 4.24.

(b)

Figure 4.23: QD clusters (a) QDSC 5.7 and (b) QDSC 5.8
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Figure 4.24: Absorbance spectra of QDSC 5 plates

It is clear from figure 4.24 that as the QD concentration increases, there is an increasing
wavelength dependant background absorbance. This type of background is characteristic of
scattered light and indicates that clusters of QD material are dispersing incident radiation.

Therefore scattered light is making a contribution to the efficiency of the QDSCs of higher

QD concentration.

4.4 Conclusions
In this chapter the refinement of QDSC fabrication and characterisation techniques were

described. Oven curing was found to cause cloudiness in the epoxy resin, so oven curing

was omitted from future samples. It was decided to remove the plates from their moulds
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due to flaking of the reflective material and to reduce absorption of incident light by the
mould plates.

The highest efficiency of the QDSC 4 samples was achieved by the QDSC containing the
lowest concentration of QDs, it had a concentration factor of 0.116. The ray trace model
provided an indication of the QY of the Nan488C QDs in the QDSC 4 plates. A QY value
with an upper limit of 10% explains the low concentration factors achieved.

A higher power output than the PV cell facing the light source was not achieved i.e. there
was no concentration factor above 1. The highest concentration factors in QDSC 3 were
obtained with the higher concentrations of Evi540B QDs (0.05% (m/v) and 0.1% (m/v)).
The concentration factor was 0.42 for both samples.

The highest power density (mW/cm?) was achieved by the triangular QDSC in QDSC 5. It
also produced a higher output than a rectangular QDSC coniaining an equal mass of QDs
would have. This prompted a further investigation into triangular geometries. This is

discussed in chapter five along with circular geometries and other aspects of QDSC design.
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Chapter 5

New Directions for Quantum Dot Solar

Concentrator Development

5.0 Introduction

This chapter explores various aspects of system design and their effect on system losses
with the aim of minimizing their effects. The factors affecting QDSC efficiency that were

investigated in this chapter are outlined below:
o Reflective Materials

Critical cone losses account for approximately 25.5% of incident light being lost in a
system with a refractive index of 1.5 (Goetzberger and Wittwer 1979). Specular reflection
off the back mirror in a QDSC system could account for a large percentage of this loss.
This effect could be minimised by using a diffuse reflector to reflect light isotropically
thereby increasing the possibility of the light striking the plate-air boundary at an angle

outside the critical cone. This theory is investigated in section 5.1.



o Reflection from PV cell

In order to minimise reflection from the air-semiconductor interface it was necessary to use
a material with a similar refractive index to couple the light efficiently onto the PV cell.
Silicon oil was identified as a suitable material for optical matching. A comparative study
shows that the use of silicon oil doubled the electrical efficiency in most cases, this is

shown 1n section 5.2.

o QDSC Geometry

The aim tn QDSC design is (o construct a system that produces the highest possible power
output while keeping material costs low. One way of altering costs and efficiencies is
through utilizing different QDSC geometries. Initial QDSC systems were quadratic in
shape but the optimum configuration could involve alternative geometries. Smaller
geometries have the potential to minimise system costs and the pathlength of light to the
PV edge.

A range of different sized QDSC geometries were fabricated and electrically characterized.
The results were compared to those from a ray trace model (section 5.3). In addition to

varying plate geometry, plates of different thickness were compared.

o Utilisation of the solar spectrum

It 1s desirable to have a QDSC system with a broad absorption spectrum to utilize as much

of the solar spectrum as possible. One of the advantages QDs have over fluorescent dyes is
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their broad absorption spectrum. Near Infrared (NIR) QDs are investigated due to their
broad absorption and long emission wavelengths. Following this, mixing QDs with

different absorption features together in a single solution is investigated.

5.1 Comparison of reflective materials (QDSC 6)

Two rectangular QDSC plates were fabricated for a comparison of different reflective
materials and to investigate the potential benefits of side air gaps. An air gap provides
another refractive index boundary for total internal reflection to occur thereby increasing
the amount of light trapped inside the plate.

Two 4 x 3.5 x 0.3 ecm QDSCs, both containing 0.0125% (m/v) concentration of Nan488C

QDS were made, QDSC 6.1 and 6.2 are presented in figure 5.1.

(a) (b)

Figure 5.1: (a) QDSC 6.1 without side air gaps (b) QDSC 6.2with side air gaps

QDSC 6.1 was cast into a mould with reflective material attached around the moulds inner
edges. The QD mixture then cured against the reflective material leaving no air gap
between the QD plate and the edge mirrors. QDSC 6.2 was cast into a mould without
reflective material attached and the QD plate was fully removed from the mould once
cured. The plate was then positioned inside the mould plate with reflective material

attached, providing edge mirrors with an air gap present. The electrical output of each
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system was compared. Since netther of the QDSCs had back mirrors attached it was
possible to compare a nwmber of different reflective materials. The materials investigated

are shown in table 5.1.

Table 5.1: Reflective materials investigated with QDSC 6.1 and 6.2

Number Reflective Material

R1 Mirrored Acrylic

R2 Deposited Aluminium

R3 Reflective foil

R4 White diffuse Reflector

RS Black Absorber
R6 Aluminium fotil
R7 Matt Aluminiun foil

R2 (deposited aluminium) was evaporated onto a sheet of acrylic using a 305 Edwards
Evaporator, the other materials were available commercially. Each of the materials were
measured with QDSC 6.1 and QDSC 6.2, by securing the material behind the QD plate and
taking 1-V measurements. Figure 5.2 shows the power maximum values for each

measurement.
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Figure 5.2: Power maximum values for QDSC 6.1 and QDSC 6.2 measured with

different back reflectors

[t is clear in figure 5.2 that the white diffuse reflector provided the optimum power output
(Rowan et al 2006), by approximately a factor of 2, both with and without side air gaps.
Diffuse reflectors have been seen to cause significant improvements in the efficiency of
LSCs in the past (Keil 1970, Filloux et al 1983, Lifante et al 1983, Roncali and Garnier
1984 (a), Mugnier et al 1987). This improvement is due to two mechanisms; firstly, light
that is lost through the critical cone can be recovered and secondly, reflected rays with wide
angles of incidence will be refracted into the plate at an angle close to the critical angle for
total internal reflection and can therefore reach the PV cell dirvectly (Roncali and Garnier
1984a).

It is interesting to note the performance of the black absorber (R5) whereby its power
output is comparable to the other reflective materials. This indicates that the direct
reflectors could be sending a large percentage of incident light straight back out of the

escape cone leading to a trapping efficiency similar to that of a black absorbing material.
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With regards to the side air gaps, it cannot be said within experimental error that they
invariably offer an advantage in each case. Although, for R4, R5 and R7 the side air gaps

do result in a higher power output.

5.2 Optical Matching with silicon oil

In order to give an indication of the effect of using silicon oil for optical matching, I-V
measurements for the QDSC 7 samples of different geometries (described in section 5.3)
were carried out with and without silicon oil. The power maximum values for each sample

are shown in figure 5.3.

4.5
4
3.5 1

No Silicon oil

m Silicon oil

Power Maximum (mW)
N
w

7.1 72 73 74 75 76 77 78 79
Sample Number

Figure 5.3: Power maximum values for QDSC 7 sample with and without silicon oil

It is clear that the optical matching had a significant effect on the electrical output of the
QDSC systems. On average the power maximum value was 3.2 times higher when the

silicon oil was used. This indicated that reflection from the PV cell surface caused a
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considerable loss when there was no medium to couple light from the plate to the PV cell.

Based on these findings, silicon oil was used in all measurements from QDSC 7 onwards.

5.3 Investigation of various geometries (QDSC?7)

To investigate the effect of shape and size on concentrator efficiency, four different sized
quadratic, two triangular and three circular QDSCs of various diameters were fabricated.
Each one was cast with a 0.082% (m/v) concentration of Evi600B QDs. The absorption and
emission characteristics plotted with the spectral response of a typical silicon PV cell is

shown in figure 5.4.

1.5 45
- —o— PV Spectral response
§ 1.3 1 QD emission 1 40
E 1.1 { —=— QD absorption S 1 35 o
L ] . . |30 E
e 0.9 3
=] + 25 E'
e 0.7 ®
g 120 5
d 05 N = 15 'E
o <
£ 034 110
g \
X 01 —— %
-0.1 d)
350 450 550 750 850 950 1050 115

Wavelength (nm)

Figure 5.4: Absorbance and emission of Evi600B QDs and the spectral response of a
typical PV cell
The emission wavelength of these QDs was 600 nm, a longer wavelength than the QDs

used in the previous batch of QDSCs and therefore closer to the peak efficiency of a typical
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silicon PV cell. They were used to further investigate the advantages of using larger QDs
with longer emission wavelengths. Details and photographs of the QDSCs produced are
shown in table 5.2.

Table 5.2: Details and Photographs of QDSC 7 samples

Sample Sample
Shape Photograph Shape Photograph
Number Number
Isoceles
7.1 Square it 7.6 -\
e x Triangle Pl DN
Semicircle
7.2 Square f . 7.7 z
1 s DN
Curcle kil
1.3 Rectangle TR 7.8 ( w
ks B D=6 cm s
Circle BN
7.4 Rectangle - 7.9 (
é - ’\ D=8 cm ___..n.>
Right-angled
7.5 4
triangle L1 N

The samples were cast in three separate batches due to the large volume of QD/epoxy
mixture required. Two squares of equal size were cast in separate batches to examine the
reproducibility of QDSC samples and the large circle was cast individually due to its large
volume. A variation in sample characteristics is evident from the absorbance spectra of the
plates as seen in figure 5.5. While the same procedure was used each time, it is evident that
each batch produced samples with slightly different absorption characteristics, although it

is largely due to variations in scattering effects rather than QD characteristics.
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Figure 5.5: Absorbance spectra of QDSC 7 QDSC plates
Electrical characterisation was carried out using a PV cell with 10.5% efficiency. A

rectangular sample without QDs was used as a reference, and it is represented by the red

dotted line in figure 5.6.
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Figure 5.6: Power curves for QDSC 7
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The power curves show that only three samples, 7.6, 7.8 and 7.9 exceeded the output of the
reference sample. Figure 5.7 shows the power maximum values for each sample with error

bars included.
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Figure 5.7: Power maximum values for QDSC 7 samples
Within the error margins (+/- 12.5%), it appeared that there was minor disparity in
efficiency between the samples. Due to the broad range of sample sizes it was important to

. 2 . -
consider the power/em” for each sample as shown in Table 5.3.

Table 5.3: Power maximum, Area, Power/cm” and Concentration factors for QDSC7

samples
Sample Power max 2 Concentration
Num{:er (mW) Area (cm’) Power/cm® Factor
PV cell -
7.1 Square 1 2.46 14.43 0.17 0.20
7.2 Square 2 2.89 14.04 0.21 0.23
7.3 Rectangle 2.95 11.31 0.26 0.23
7.4 Rectangle 2 3.08 7.99 0.39 0.24
7.5 Triangle 1 2.56 3.9 0.66 0.20
7.6 Triangle 2 3.43 6.24 0.55 0.27
7.7 Circle Diameter 4cm 2.66 6.28 0.42 0.21
7.8 Circle Diameter 6¢cm 3.43 25.58 0.13 0.27
7.9 Circle Diameter 8cm 3.93 48 0.08 0.31
Ref Square Epoxy 3.19 12.09 0.26 0.25
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In terms of power per unit area, considerable variations occurred between the samples. The
large circular plate (7.9) had the lowest value (0.08mW/cm?) and the ri ght-angled triangle,
(7.5) had the highest value (0.66 mW/cm?) followed by the isosceles triangle (7.6) (0.55
1nW/cn13)(Rmmn et al 2007a/2007b). 1t can be concluded that in terms of production costs
and output per unit area, triangular QDSCs were the most efficient. The measured
concentration factors of the quadratic, triangular and circular samples are compared with

those predicted by the ray trace model in figures 5.8, 5.9 and 5.10 respectively.
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Figure 5.8: Measured and predicted concentration ratios for four quadratic QDSC 7
samples, where 7.1 and 7.2 are4 x 3.5 cm, 7.3is4 x 3 emand 7.4 is 4 x 2 em (Kennedy

et al 2007)

For the quadratic QDSCs of varying length, the ray trace model predicted a small decrease

in concentration ratio with decreasing sample length due to less light being absorbed by the

plate, but the magnitude of the decrease predicted is within experimental uncertainties.

149



It appears that there is minimal advantage in increasing sample length in quadratic samples,
considering that sample 7.4 is almost half the size of samples 7.1 and 7.2 and the
concentration factors are very similar. In quadratic samples, increases in length involve
light travelling from further distances to the PV cell, allowing light to be lost due to re-
absorption as it traverses the QDSC plate. The measured and predicted concentration ratios

for the triangular samples are shown in figure 5.9.

m Measured
m Predicted

Concentration ratio

Sample Numer

Figure 5.9: Measured and predicted concentration ratios for two triangular QDSC 7

samples, where 7.5 = rectangular triangle and 7.6= isosceles triangle

Sample 7.6 is longer and has a greater area than sample 7.5. The model predicts a higher
concentration ratio for the larger triangle and this is in agreement with the measured results
within a small margin of error, as shown in figure 5.9. Increasing the area of triangular
samples appears to be beneficial. Unlike quadratic samples, when triangular plates are
increased in size, a large amount of the light absorbed by the sample is close to the PV cell,
this keeps re-absorption losses low. The measured and predicted concentration ratios for

the circular samples are shown in figure 5.10.
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Figure 5.10: Measured and predicted concentration ratios for three circular QDSC 7

samples, where 7.7=Circle d =4 ¢m, 7.8= Circle d= 6 cm, 7.9= Circle d=8 cm

Higher concentration ratios were predicted with increasing circle diameter and this is
supported by the measured results. As with the triangular samples, large circular samples
maintain a large sample area close to the PV cell, keeping re-absorption and matrix
absorption losses relatively low.

Overall there was good agreement between the measured and predicted data. The largest

circular device produced the highest concentration ratio (0.31) and power maximum (3.93

mWw).
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5.4 Variation of Plate Thickness (QDSC 8)

Geometric Gain is defined as the ratio of the surface area of a QDSC plate to the area of the
PV edge (see equation 4.2). It can be increased by increasing the surface area of a plate or
by decreasing the area of the PV edge. The ray trace model predicts, for plates of varying
thickness containing equal QD concentrations that increases in concentration factors of
19% could be achieved by decreasing plate thickness from 0.3 c¢m to 0.2 cm, as shown in

figure 5.11.
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Figure 5.11: Predicted concentration ratios for plates of varying thickness

Three triangular QDSCs of varying thickness were fabricated containing equal QD
concentrations. Plates of 0.30 cm, 0.20 cm and 0.15 ¢ thickness were produced containing
0.05% (m/v) of Nan 488B. Nan488B QDs had been established to be the most efficient

QDs available at this time, as outlined in section 3.2.2. Two epoxy plates, 0.3 ¢cm and 0.15



cm thick were also measured as reference samples. Details and photographs of each sample

are shown in table 5.4.

Table 5.4: Details and photographs of QDSC 8 samples

Sample | Plate thickness | QD cone. | Geometric
Number (em) % (m/v}) Gain Photograph
8.1 0.30 0.05 3.25
8.2 0.20 0.05 4.80
8.3 0.15 0.05 6.50
84 0.30 0 3.25
8.5 0.135 0 6.50

Each sample was electrically characterised using a 0.30 cm PV cell with 6.5% efficiency
and silicon oil for optical matching. The 0.15 ¢cm and 0.20 cm plates were positioned in the
center of the PV cell during measurements. Figure 5.12 shows the power curves for the

three QDSC plates and figure 5.13 shows the power curves for the two reference samples.
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Figure 5.12: Power curves for QDSC 8 samples containing Nan488B QDs
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Figure 5.13: Power curves for QDSC 8.4 and 8.5 epoxy samples
As is clear from figure 5.12, the electrical output increased with decreasing plate thickness

for the QDSC samples and the same trend can be seen with the epoxy reference samples in

figure 5.13. The details and results are shown in table 5.5.
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Table 5.5: Results of electrical characterisation of QDSC 8§ samples

Sample QD conc. % Plate thickness Geometric Power Concentration
Number (cm) Gain Maximum (mW) Factor
PV cell - 0.30 - 8.7 -

8.1 0.05 0.30 3.25 1.8 0.22

8.2 0.05 0.20 4.80 2.3 0.26

8.3 0.05 0.15 6.50 2.8 0.33

8.4 0 0.30 3.25 1.8 0.21

8.5 0 0.15 6.50 2.3 0.26

An 18% increase in concentration factor was achieved with a QDSC plate thickness of 0.20
cm (8.2) compared to 0.30 cm (8.1), which is very close to the 19% predicted by the ray
trace model. There was a 50% increase in concentration factor with a QDSC plate thickness
of 0.15 em (8.3) compared to 0.30 cm (8.1). This effect may be caused by a reduction in re-
absorption losses throughout the plate thickness. The use of a 0.30 cm PV cell to
characterise the thinner plates would have resulted in a loss due to areas of the cell not
being utilised. If PV cells of the same thickness as each plate were used for each thickness,
a further improvement would be expected. An increase in concentration factor resulting
from reduced plate thickness has been previously observed (Roncali and Garnier 1984D).
The effect was significant and has positive implications towards cost of production of

devices.

5.5 Investigation of Near Infrared QDs (QDSC9)

Near Infrared (NIR) QDs offer the advantage of having a broad absorption spectrum
allowing increased utilization of the solar spectrum. In addition to this, a process known as

multiple exciton generation (MEG) has been observed in Lead Selenide (PbSe) QDs. When
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photons that are at two to three times the band gap are absorbed by a QD, they can lead to
the production of multiple electron-hole pairs, resulting in QY values well above 100% (up
to 300%)(Schaller and Kilmov 2004, Hanna et al 2005).

To investigate the performance of NIR QDs in QDSC devices Lead Sulphide (PbS) QDs
(Evi900) were purchased with an emission wavelength of 900 nm. This corresponds to the
area of peak spectral response of a typical silicon PV cell (see figure 5.4). A 633 nin laser
line was used to excite the QDs and a S.A. Labram 1B Raman Spectrometer was used to

measure the emission spectrum, as illustrated in figure 5.14.

Spectrometer
detector

633 nm laser line

Cuvette
sample

Figure 5.14: Emission measurement of Evi900 QDs using Raman Spectrometer

Figure 5.15 shows the absorbance of the Evi900 QDs in solution and the emission spectra
both in solution and after incorporation into epoxy resin. It is clear that resin encapsulation
caused a significant blueshift of the emission peak. Due to a change in experimental setup

for emission measurements it was not possible to compare with previous QD emission.
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Figure 5.15: Absorption and emission spectra of Evi900 QDs
Seven 4 x 4 x 0.3 cm QDSC were fabricated, containing a range of concentrations of

Evi900 QDs. Details of the QDSC plates produced are given in table 5.6.

Table 5.6: Details and photographs of QDSC 9 samples

Sample | QD conc. % Sample | QD conc. %
Photograph Photograph

Number (m/v) Number (m/v)

9.1 0 9.5 0.0060 [ '*""}

9.2 0.0007 T | o 0.0125 “/"—']

\
9.3 0.0015 9.7 0.0250 1 -
9.4 0.0030 f \ 9.8 0.5000 -




Electrical characterisation was carried out using a PV cell with 10.1% efficiency and the
set-up described in section 4.2.2. The behavior of the samples under illumination was
unusual, rapid variations in current readings from the ammeter occurred and made I-V
measurement difficult. This effect increased with higher QD concentrations and was
thought to be due to heating of the PV cell. Analysis of this effect was carried out by
observing the changes in current over time while monitoring the temperature changes of the
PV cell. Each sample was monitored for 20 minutes with short circuit current (i) and

temperature readings taken every 20 seconds. The results are shown in figure 5.16.
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Figure 5.16: Temperature and Short circuit current (I readings for QDSC 9

It can be seen in figure 5.16 that there is no drop in the I values of the epoxy reference
sample (9.1) and for the two QDSCs containing the lower concentrations of Evi900 QDs
(9.2 and 9.3). Following this, with increased QD concentration there is a clear drop in I

values within the first minute. This effect is intensified for the two samples containing the



highest concentrations of QDs. Samples 9.7 and 9.8 both start with I values of 4.65mA
and 5.51 mA, higher than samples 9.1 and 9.2 but both quickly fall to lower values of 3.91
mA and 3.94 mA when they have reached 2.1 °C and 6.1 °C respectively. QDSC 9.8
reaches the highest temperature of 14.5 °C, due to increased absorption by the QDs causing
an increase in plate temperature. This measurement was carried out on a QDSC containing
0.025% (m/v) Evi540b QDs and current changes were not observed. Similar behavior has
been reported for infrared laser dyes, decreasing QY with increasing temperature was
observed while dyes with shorter emission wavelengths did not behave this way (Zastrow
et al 1981).

Electrical measurements were taken for each QDSC after waiting for the current values to
stabilise sufficiently. The power curves for each QDSC 9 sample are shown in figure 5.17

and the results are shown in table 5.7.
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Figure 5.17: Power curves for QDSC 9 samples



Table 5.7: Power maximum, Power Density and concentration factors for QDSC 9

. " LD 0 PO P o ) 0 O

PV cell - 12.5 10.42 -
9.1 0 4.25 0.32 0.34
9.2 0.0007 2.84 0.21 0.23
9.3 0.0015 1.55 0.12 0.12
9.4 0.0030 2.11 0.16 0.17
9.5 0.0080 1.81 0.14 0.14
9.6 0.0125 1.2 0.09 0.10
9.7 0.0250 1.72 0.13 0.14
9.8 0.0500 i.74 0.13 0.14

There 1s no clear trend in the results, making it difficult to draw a conclusion on the
concentration dependence of the NIR QDs. It is clear from the results that none of the
Evi900 QDSCs produced a higher power output than the reference sample. This indicated
that the QY of the QDs was extremely low and therefore not suitable for this application.
This is the same problem that existed for luminescent dyes; red and near infrared dyes
displayed decreasing efficiency with increasing emission wavelength (Zastrow et al 1981).

In the future, ideal QDSC devices will require NIR QDs due to their broad spectral
absorption and the possibility of MEG but until higher QY values are achieved, their use in

QDSCs is not feasible.

5.6 Mixing of Quantum Dots

The aim of this study was to investigate the possibility of expanding the absorption and
emission spectra of QDs by mixing different types together. The two QD types used were
Evi540 and Evi600, solutions of equal concentrations (0.16mg/ml) were measured in each

case. The absorption, excitation and emission spectra of Evi340 are shown in figures 5.18.
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The emission spectra that resulted from excitation at 450 nm and 545 nm are shown. It is

clear that excitation wavelength does not affect the intensity or wavelength of the emission

peak.
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Figure 5.18: Absorbance, excitation and emission of 0.16 mg/ml solution of

Evi540QDs
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Figure 5.19: Absorbance, excitation and emission of 0.16 mg/ml solution of

Evie00QDs
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The absorbance, excitation and emission spectra of the Evi600 QDs are shown in figure
5.19. The solution was excited at two different wavelengths 587 nm and 511 nm, the
resultant emission intensity is similar for both measurements.

A 0.16 mg/ml solution was prepared using equal amounts of Evi540 and Evi600 QDs.
Upon mixing both QD types there were two possible outcomes. One is that the emission of
the Evi540 QDs would provide increased excitation for the Evi600 QDs. The other is that
the emission of the Evi540 QDs will be re-absorbed and lost due to imperfect QY of the

Evi600 QDs. The absorbance, excitation and emission spectra are shown in figure 5.20.
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Figure 5.20: Absorbance, excitation and emission spectra of 0.16 mg/ml solution of

Evi540 and Evi600 mixture

The QD mixture was excited at a number of wavelengths as shown in figure 5.20. The
optimum emission intensity was achieved when the solution was exited at 435 nm.
Excitation at shorter wavelengths resulted in higher emission intensity because both QDs

were excited simultaneously. To establish whether mixing of the QDs resulted in increased
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emission intensity, the integrated emission of the individual QDs was compared to that of
the mixture. A value comprised of half of each of the emission intensities achieved by the
individual solutions is included to determine if a loss due to re-absorption had occurred.

The integrated emission values are shown in figure 5.21.
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Figure 5.21: Integrated emission values for Evi540 (1), Evi600 (2), the QD mixture (3)

and a calculated value for the QD mixture (4)

The integrated emission values indicate that re-absorption has occurred since the measured
integrated emission is less than the calculated value. This is due to the Evi600 QDs having
a lower QY than the Evi540 QDs as shown by their integrated emission values. The
decrease in emission intensity could be acceptable if there was a sufficient increase in

absorption, the absorption spectra are shown in figure 5.22.
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Figure 5.22: Absorption spectra of Evi54(, Evi600 and the QD mixture.

From the absorption spectra it appears that there is no increase in absorbance when the QDs
are mixed when compared to the absorbance of the Evi600 QD. To evaluate the amount of
the solar spectrum that is absorbed by each sample the integrated values of the product of
the absorbance values and the Air Mass (AM) 1.5 (ASTM 2007) solar spectrum intensity

are shown in figure 5.23.
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Figure 5.23: Integrated values for product of absorbance and AM1.5 solar spectrum
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The results show good agreement between the calculated and measured absorbance values
for the QD mixture indicating that no loss has occurred due to mixing the QDs. In terms of
absorbance of the solar spectrum, the orange QDs alone absorb the highest amount, there

does not appear to be advantage in mixing QDs in terms of absorbance or emission.

5.7 Conclusions

A comparison of reflective materials showed a white diffuse reflector increased electrical
output by at least a factor of two. This increase is due to both recovery of light lost through
the critical cone and reflecting light at wide angles to improve total internal reflection. This
result is supported by previous work (Roncali and Garnier 1984, Filloux et al 1983).

The use of silicon oil between the QDSC edge and the PV cell was found to
increase the electrical output by a factor of 3.2 on average. This indicates the amount of
light that is trapped by total internal reflection at plastic to air interfaces and reflected off
the PV cell.

An investigation into QDSC geometries was carried out comparing four different
sized quadratic, two triangular and three circular systems. The highest concentration factor
was produced by the large circular device (0.31), in agreement with the results predicted by
the ray trace model (Kennedy et al 2007b). In terms of output per unit area, the right-angled
triangle had the highest value (0.66 mW/cm?) and the large circular device had the smallest
values (0.08 mW/cm2). If production costs were low then the large circular systems would
be feasible but with high cost production, right-angled triangles would be preferable. Right-

angled triangles were previously identified as the optimum LSC geometry (Goetzberger
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and Gruebel 1977, Roncali and Garnier 1984b) and another group calculated that circular
systems were the ideal LSC geometry (Sidrach de Cardona et al 1985).

Three QDSCs of different plate thickness and equal QD concentration were
fabricated and their electrical outputs were compared. An 18% increase in concentration
factor was achieved with a plate thickness of 0.20 cm compared to 0.30 cm and a 50%
increase was achieved with the 0.15 em plate. This improvement is possibly due to a
reduction in path length through the sample leading to a reduction in re-absorption effects.

The use of NIR QDs was explored due to their broad absorption spectrum that could
utilize a larger range of the solar spectrum. They were also interesting due to reports of
MEG and QYs up to 300% (Schaller and Kilmov 2004, Hanna et al 2005). Seven QDSCs
containing a range of concentrations of Evi900 QDs were fabricated and tested. Under
illumination, the current readings varied over time and appeared to drop with increasing
temperature. Electrical measurements revealed that the NIR QDSCs did not produce higher
outputs than the epoxy reference sample, indicating that the QY of these QDs was
extremely low. These results coupled with the unusual behaviour under illumination
suggest that commercial NIR QDs are not suitable for use in QDSCs at this time. Due to
their broad absorption and their potential for MEG, development of these QDs should lead
to improved efficiencies making them suitable for this application.

Finally, mixing of different QD types was investigated as a way to utilise more of
the solar spectrum. Evi540 and Evi600 QDs were measured individually and then
combined in one solution. The results showed that re-absorption of emitted light occurred
and resulted in a lower emission intensity than was calculated. The absorption range did not
improve after mixing the QDs, the Evi600 QDs alone absorbed more than the QD mixture.

There appeared to be no advantage in mixing QDs with different absorption and emission
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features together in one sample. The idea of layers or stacks of plates containing different

QD types could be a better way of utilizing more of the solar spectrum.
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Chapter 6

Conclusions & Future Work

6.0 Quantum Dot Efficiencies

The manufacturers of the majority of the QDs did not provide quantum yield values.
Evident technologies quoted 30-50% for all of their CdSe/ZnS QDs with batch-to-batch
variability. It appears that reproducibility of QD efficiencies is a problem in the synthesis
of QDs. Using the ray trace model, a QY of 10% provided the optimum agreement between
measured and predicted results for the QDSCs containing a range of concentrations of
Nan488C QDs. A similar measurement of the Evi600 QDs used in the QDSC 7 samples of
various geomeitries indicted a QY of 14%. This information coupled with the appearance of
the QD composites and the poor performance of the QDSCs indicates that the efficiency of
the QDs used in this study was low. A recent study investigating the use of commercial
QDs for use in LSCs concluded that QDs with high QY's and sufficiently small overlap of
absorption and emission bands were not yet available (Sholin et al 2007).

QD development is ongoing and QY values of up to 85% have been achieved (Xie et al
2004). Once such high QY values are reproducible in bulk quantities and long-term

stability is achieved, using QDs as replacements for dyes will become feasible. The
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progress of QD development should be monitored through both commercial channels and

through research institutes.

6.1 Matrix material

In chapter 2 an epoxy resin was clearly identified as the most suitable matrix material out
of the seven materials investigated in this study. It had the lowest absorption coefficient,
the least effect on QD emission intensity and it retained this stability longer than the other
samples (Gallagher et al 2006). A study caried out by Knight et af 2004 with the aim of
producing a stable fluorescence standard also found an epoxy resin to be suitable for QD
encapsulation. They found that PMMA, a polymer often considered to be best suited to this
application resulted in severe damage to QD efficiency (Knight et al 2004). Other work
using a pre-polymerisation technique with PMMA and QDs resulted in blue shifts of the
QD spectra providing further evidence that PMMA is unsuitable for this application (Pang
et al 2005). Much research is being camried out in this area because successful
encapsulation of QDs into polymer matrices is crucial to their development in the field of
opto-electronics.

Lee et al found that the incorporation of QDs into polylaurylimethacrylate (PLMA)} matrices
in the presence of TOPO had little effect on the QY, reductions in QY ranged from 16.7 to
20% (Lee et al 2000). In another study, the use of a polymer from the perfluorocyclobutane
(PFCB) family was used due to its low optical loss over a broad range of wavelengths, low
polymerisation temperature and thermal stability. It was found to have minimal effect on

the optical properties of the QDs, there was no shift or decrease in emission observed
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(Olsson et al 2004). Future studies in this area could benefit from further investigation into

the suitable matrix materials to minimise the effect of QD encapsulation on QD efficiency.

6.2 Quantum Dot Compesite Stability

Core-shell QDs are expected to be stable due to passivation of the QD core providing
increased resistance to photochemical degradation (Alivisatos 1997). A 70% decrease in
emission intensity was observed for the QDs in toluene solution after 23 weeks as seen in
section 3.3.3. The stability study of QD composites in section 3.3.4 highlighted the effect
that light exposure has on samples emission intensity over time (Gallagher et al 2003).
Recent work has indicated that the use of polymer solutions instead of pure solvents such
as toluene lead to an increase in QY and extended stability under continuous illumination
due to static passivation of the surface defects of the QDs by the polymer molecules (Biji
et al 2007). Developments in QD production have resutted in the fabrication of multishell
QDs, where the shell composition is gradually changed from CdS to ZnS. The reduced
strain of lattice mismatches prevents the formation of defect sites thereby increasing the
QY. Multishell QDs have exhibited superior photochemical and colloidal stability (Xie et af
2004).

It appears that commercially available CdSe/ZnS QDs do not yet exhibit sufficient stability
for use in this application but reports indicate that progress is being made in achieving
improved stability. In future work it would be worth investigating the performance of

multishell QDs in composite form in terms of both efficiency and stability.
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6.3 New Directions for QDSC Development

Anun investigation into the optimum reflective material clearly showed that a white diffuse
reflector produced the highest electrical output. Laboratory tissues were used to provide the
white diffuse reflector, this material would not be suitable for use in an outdoor or
commercial device. Layers of titanium dioxide reflective paint (Heidler 1982) or diffuse
white paint sprays would be suitable for outdoor use.

It was shown that in most cases air gaps increased the amount of light trapped
inside a QDSC plate. The air gaps provided an extra plastic to air interface at which more
light could be trapped by total internal reflection. For outdoor testing of future systems it
will be necessary to produce devices with integrated diffuse reflectors with air gaps
included.

Four quadratic, two triangular and three circular QDSC devices were fabricated
containing 0.082% (m/v) of Evi600B QDs. In terms of power output there was minor
disparity between samples of varying geometry, although the highest concentration factor
was achieved by the circular system. Circular geometries with the whole perimeter as a
collecting surface have previously been identified as the optimum LSC design (Reisfeld
and Jorgensen 1982, Sidrach de Cardona et al 1985). It could be possible to investigate the
advantages of collecting from the whole circle perimeter using flexible PV material.
Efticiencies of up to 12.8% have been achieved using flexible polymers to produce PV
cells (Thwari et al 1999). Since circular systems are not suitable for covering large planar
surfaces due to the interstices between devices, hexagons have been suggested as an

alternative to circular devices (Reisfeld and Jorgensen 1982). A comparison of circular and

174



hexagonal devices would be an interesting prospective study. The use of bifacial cells
between two or more systems would also be worth investigating once high efficiencies
have been achieved with single devices (Reisfeld and Jorgensen 1982).

Decreasing plate thickness was found to increase concentration factors by up to
50% indicating that future device fabrication should focus on thinner devices. A
comparison using size matched PV cells should be carried out, although it 1s difficult to
obtain PV cells less than 0.3 cm (Meyer 2007). The use of thinner plates allows for
investigation into stacking of QDSC plates (Goetzberger and Withwer 1981) containing
different QD types. Two 0.15 c¢cm plates or three 0.1 c¢m plates could be stacked together
and characterised using a 0.3 em PV cell. Light that is not absorbed by the upper plate
would be transmitted to the lower plate and absorbed by a QD with a longer emission
wavelength. By stacking a number of thin plates to a single PV cell, the absorption range of
the system would be expanded. Goetzberger and Wittwer originally suggested stacked
systems using PV cells with different band gaps to correspond to the emission wavelength
of each plate (Goetzberger and Wittwer 1982). Stacked systems have been found to
produce up to 16% increase in electrical output compared to individual plates (Fearrell et af
2006). Future work should further investigate stacking of QDSC plates as the use of NIR
QDs was found to be unsuccessful at increasing the utilisation of the solar spectrum due to
low QY, as shown in sections 5.5. In section 5.6, the mixing of different QD types in a
single solution was investigated as a means to increase the absorption range. Our results
showed that there was no increase in the absorption range or in emission intensity.
Broadening of the absorption spectrum of QDSCs systems is of great importance, it has
been estimated using a ray trace model that approximately 44% of incident light is not

absorbed due to the limited absorption range of QDs (Kennedy et al 2007b).
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6.5 The Optimum QDSC Design

Based on the results of the experimental work carried out on QDSC systems throughout

this study, an optimised QDSC system would be comprised of:

o Matrix material: Epoxy resin based on its low absorption coefficient, minimal effect
on QD emission (22.5% reduction in intensity) and sample stability (~6 months).

o Fabrication method: Vacuwm over to remove air bubbles, no oven curing (as shown
mn sections 3.3.1 and 4.3.1).

o Reflective material: white diffuse reflector with air gaps (section 3.1)

o PV cell optically matched using stlicon oil or adhesive

o Plate thickness: 0.15 cm (section 5.4)

o Geometry: Large circular device with 8 cm diameter

Optimum optical efficiency and concentration factor values, achievable using the above

components can be estimated using the electrical results obtained from the QDSCs

characterised throughout this study. Table 6.1 shows the optical efficiencies (Noy) (see

equation 4.1) of the QDSCs that showed the highest concentration factors.
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Table 6.1: Concentration factors and optical efficiency values of most efficient QDSCs

Sample Geometry QD type QD conc. Conc. Factor 1,

Number % (m/v) (%)
5.5 Square Evi540b 0.046 0.34 2.94
5.6 Square Evi540b 0.090 0.32 2,75
5.7 Square Evi540b 0.190 0.35 3.03
5.8 Square Evi540b 0.385 0.42 3.7
5.9 Square Evi540b 0.770 0.42 3.54
5.10 Triangle Evis40b 0.046 0.30 8.43
7.5 Triangle Evi600b 0.082 0.30 5.67
7.9 Circle (d=8cm) | Evi600b 0.082 0.3t 1.46
8.3 Triangle Nan488b 0.050 0.33 4,35

QDSC 5.10 produced the highest optical efficiency of 8.43% followed by QDSC 7.5
(5.67%). These values compare favourably with optical efficiencies achieved to date (1.8-
18%).

The optical efficiency achieved experimentally is significantly higher than that achieved by
Shelin et al (0.3% for CdSe/ZnS in a liquid concenirator) (Shofin et al 2007), providing a
positive outlook for the development of QDSCs using the techniques developed throughout
this study.

This study has developed QDSCs and investigated their feasibility, results have highlighted
the need for high efficiency QDs with a large stokes shift and improved stability. It has also

been shown that it is necessary to broaden the absorption range of QDSC systems to
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optimise utilisation of the solar spectrum, Developments in QD synthesis are proceeding

rapidly, generating scope for further QDSC development.
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