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Abstract

Improving the efficiency of solar cells is an active area of research in photovoltaic
industry. The research work presented in this dissertation is based on a quest for
better and improved silicon solar cells. The current work aims to explore different
possibilities by studying advance approaches for PV applications. Additionally this
work is intended to seek the feasibility of new photonic concepts for improving

silicon solar cells.

In this work we have investigated solar downconverters consisting of tellurite
glass. Their fabrication process is discussed followed by the experimental
characterization. Optical measurements such as absorption spectra, fluorescence
spectra and fluorescence quantum efficiency are undertaken. These optical
measurements enabled to understand physical processes associated with the

materials used.

Furthermore, the work presented in the thesis is focused on the realization of a
downconverter. The work can be roughly sub-divided into two parts. One part
identifies the suitable energy conversion materials and the second part deals with
the development and demonstration of the experimental method for
characterizing a downconverter. The final part of the work extends investigation
for more efficient materials prior to their use at the practical level. We also
propose an architectural design for the efficient use of a downconverter with a

silicon solar cell.
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Chapter

Introduction

e Motivation and background

e Advanced approaches to enhance the efficiency of Si solar cells
e Downconversion process

e Review of literature

e State-of-the-art work

e Objectives of this work

e Thesis overview

Solar energy is useful in providing a clean, sustainable, and renewable source of
electric power. However, current solar cells are inefficient and could be improved
to achieve better solar to electric conversion. This chapter commence with the
motivation for undertaking research and then describes the advanced
approaches to improve the efficiency of silicon solar cells. Further, the
downconversion approach is introduced followed by the review of literature.

Finally, this chapter presents the objectives and the overview of the thesis.



CHAPTER 1: INTRODUCTION

1.1 Motivation and background

The primary motivation is to search for approaches to improve the efficiency of
primarily single junction silicon solar cells. These solar cells suffer losses which
can be reduced allowing to enhance their performance. Given the statement, it is
therefore natural to address the following questions: i) Why it is essential to use
solar energy?, ii) Why photovoltaics?, and iii) What limits silicon solar cells

efficiency?

1.1.1 Why it is essential to use solar energy?

The amount of solar energy reaching the surface of the earth every hour is
greater than the amount of energy consumed by mankind over an entire year.
The total power density emitted by the Sun is approximately 6.4 x 10’ W/m? of
which ~ 1370 W/m? is incident upon the Earth’s atmosphere with no absorption in
space [1]. Of this, 980 W/m? of the power density reaches at the Earth’s surface
after going through the absorption and reflection from the atmosphere. Further,
the amount of energy contained in the solar light is so vast that in one year it is
about twice as much as will ever be obtained from all of the Earth’s non-
renewable resources like coal, oil, and natural gas combined [2]. Therefore, it is
important to make devices that allow us to benefit from this free available
resource in nature. Solar cells are devices that convert solar energy into useful
electric energy. However, solar cells are often inefficient and suffer from optical
losses which are described in Section 1.1.3. One of the reasons for the
inefficiency of the silicon solar cells is that they do not extract efficiently the solar
energy available. Figure 1.1 shows the spectrum of solar light reaching the

Earth’s surface.
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Figure 1.1: The solar spectrum (AM1.5-G?) of sun at the Earth’s surface [3].

(Indicated is the Si band-gap wavelength (vertical line) and the shaded region

indicates the fraction of solar energy potentially useful for downconversion)
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This spectrum encompasses the 39% visible (VIS) and 52% near-infrared (NIR)
regions with a portion of 9% in the ultraviolet (UV). In case of Si solar cells, the
region of wavelengths longer than the band-gap at 1100 nm is not absorbed,
while the region below 550 nm is poorly exploited. The intensity (or power
density) available in the shaded region (see Figure 1.1) is 308 W/m?, of which a
maximum possible ~ 110 W/m? could be utilized by the Si solar cells, assuming
100% conversion efficiency. There remains an intensity of ~ 198 W/m? to be
harnessed efficiently by the silicon solar cells. The estimated average energy per
photon in the shaded region is about 3 eV. Each photon has an energy more than

two times the band-gap of Si (~ 1.1 eV) and has potential to be converted into at

1 AM stands for air mass and G for global; AM refers to the path length travelled by the solar radiation
through the atmosphere.
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least two lower energy photons which can be absorbed by the silicon solar cell,

thereby increasing the efficiency.

1.1.2 Why photovoltaics?

The use of photovoltaics (PV) is a simple and elegant method of directly
converting sunlight into useful electricity without producing air pollution or
excessive heat losses. This environment friendly technology will have an
improved impact upon the current global plight if the efficiency of solar cells is
increased significantly prior to implementation on a massive scale in order to
reduce cost and to compete with existing fossil fuels technology. PV devices
(solar cells) are solid state, therefore, they are rugged and simple in design and
require very little maintenance. Perhaps the main advantage of these devices is
that they can be constructed as stand alone systems for use at a large scale,

producing megawatts of power [4, 5].

Numerous publications have reported that silicon wafer based solar cells (single-
crystalline and multi-crystalline) and thin-film solar cells (amorphous silicon and
CdTe) are manufactured in the world wide PV industry, but silicon wafer based
solar cells dominate (~ 90%) over the rest of PV solar cells manufacturing and
sales [6, 7]. Further, there has been a rise in the production of multi-crystalline
silicon solar cells than single crystalline silicon solar cells since 2005 [6]. This has
been possible due to the cheaper cost of fabrication, abundance of raw silicon
material, design technology for multi-crystalline silicon with a slight reduction in
performance as compared to the single crystalline silicon solar cells and other PV

technologies.



1.1.3 What limits Si solar cells efficiency?

Efficiency is an important factor in the photovoltaic conversion of solar energy as
it determines the ultimate performance of a solar cell. The Shockley-Queisser
maximum power conversion efficiency for a single junction silicon (band-gap
energy ~ 1.1 eV) solar cell under AM1.5-G solar illumination is 33% [8]. The
remaining 67% of incident solar energy not converted to electrical energy
includes: 47% converted to heat loss through lattice thermalization, 18.5% lost to
transmission of sub band-gap photons and 1.5% lost to the radiative
recombination [9]. One can see that the heat loss is mainly responsible for

limiting the conversion efficiency of Si solar cells.

The solar spectrum, as shown in Figure 1.1, contains photons with energies
ranging from about 0.5 to 3.5 eV. Photons of energies greater than the band-gap
energy (Eg) of a solar cell are not used fully which may contribute significantly to
the useful electrical output. Photons with energies less than the semiconductor
band-gap (Eg) are not absorbed and pass directly through the solar cell. This
inefficient absorption of sunlight is due to the spectral mismatch between the
solar spectrum and the solar cell material. Spectral losses, thermalization of
charge carriers (electrons and holes) and the transmission losses are further
explained with the aid of a schematic band diagram of a single junction solar cell

as shown in Figure 1.2.

The low energy photons, also called sub band-gap photons that have energy
lower than the band-gap (Eg) transmit directly through the solar cell and are lost
as a transmission loss represented by (1) as illustrated in Figure 1.2. In addition,

thermalization of charge carriers, generated by the absorption of high energy
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photons, is another major loss mechanism which limits the performance of

conventional single junction solar cells.

e.
4 A @
Ei>Eg C'B
AVAV A @
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iy g = <Es
V.B
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Figure 1.2: Band diagram of a single junction solar cell showing that a high
energy photon is absorbed, while a low energy photon is transmitted. Thus (1)
represents transmission loss while (2) represents thermalization loss. Ei is the
energy of incident photon and Egq is the band-gap energy of semiconductor. (C.B
and V.B stands for conduction band and valence band respectively)

The extra energy (Ei-Eg), other than that which is used for the creation of a single
electron-hole (e-h) pair in the semiconductor, is lost as thermal relaxation through
phonon emission and therefore known as thermalization loss which is
represented by (2) as shown in Figure 1.2. It was concluded from previous
investigations [7] that it is necessary to reduce these major spectral losses so
that a substantial improvement in the conversion efficiency of solar cells can be

achieved.



1.2 Advanced approaches to enhance the efficiency of Si solar cells

To date, photovoltaic technology may be categorized generally into three
generations. The first generation of PV devices is based on crystalline Si single
junction solar cells, exhibiting conversion efficiency up to 25% in laboratory
settings. The second PV generation consists of thin-film amorphous silicon (a-Si),
CulnGeSe: (CIGS), cadmium tellurite (CdTe) and 1lI-V semiconductor solar cells
approaching efficiencies up to 16%. However both these PV generations suffer
energy losses restricting their efficiency to less than the Schockley-Queisser
conversion efficiency (theoretical) limit of 33% for single junction devices [8].Thus
it is important to address the trade-off between the laboratory and the theoretical

efficiency for single junction solar cells.

Maximizing the efficiency of single junction solar cells is one of the major
challenges PV research is facing today [7]. Third generation PV devices aim to
overcome the energy losses associated with the non-absorption of below band-
gap photons and the thermalization of above band-gap photons to the
semiconductor band edge. Trupke et al. [10] extended the detailed balance limit
theoretically and estimated that the efficiency can approach 38.6% by modifying
high energy photons in the solar spectrum. However, this efficiency has not been
achieved in practice. Many different third generation photovoltaic approaches
have been pursued in order to reduce the major losses and subsequently
increase the efficiency of silicon solar cells. These new concepts include tandem
solar cells with multiple junctions [7], graded band-gap devices [7], impurity
photovoltaic devices [11], hot carrier solar cells [12], intermediate band-gap solar

cell [13] and photon conversion [10, 14-16].
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Tandem solar cells have been studied since 1960 [7, 17]. This concept is based
on an arrangement of solar cells with decreasing band-gap energies starting from
the top to bottom in a stack form such that the overall solar cell exploits different
parts of the solar spectrum efficiently. Such a solar cell with an infinite number of
cells could reach a maximum theoretical efficiency of 86.8% under the normal
direct sunlight [7, 18]. However, since these cells are in series the solar cell
producing the lowest current limits the performance of the whole solar cell.
Another disadvantage of this approach is that the required solar cell structures

are complex and costly to fabricate.

A solar cell based on an impurity photovoltaic (IPV) effect utilizes the two step
emission via impurity states within the band-gap of the semiconductor and hence
sub band-gap photons are absorbed resulting in efficiency enhancement [19]. In
this system, three possible transitions are required to better match the band-gap
of Si. The main challenge is to find a host material with a wide band-gap such as
phosphors and a sufficiently radiative luminescent species such as rare-earth

elements to dope it with.

A hot carrier solar cell concept has been proposed by Ross and Nozik [20], which
exceeds the Shockley-Queisser efficiency limit [8]. This approach allows
efficiency enhancement by reducing energy losses related to the absorption of
high energy photons greater than the band-gap energy (commonly known as
thermalization loss) of semiconducting material. The idea is to extract the energy
of the hot electron and hole ensembles before they cool down by interacting with
the lattice [7, 12]. This requires an absorber both with slow carrier cooling
properties and collection of carriers over a limited range of energies, such that

cold carriers in the external contacts do not cool the hot carriers to be extracted

8



[21]. In this advanced model, the main difficulty is to design complex contacts,

and it has not been realized in practice.

Luque and Marti [13] introduced an intermediate band-gap solar cell idea for the
enhancement of solar cell efficiency which may present advantages compared to
tandem solar cells. The approach is based on the idea of creating an additional
half filled band in the forbidden energy gap of the solar cell material thus
providing a means for induced transitions at lower energies as illustrated in
Figure 1.3. In this way low energy photons are absorbed by the solar cell, and a
limiting theoretical efficiency of 63.2% has been calculated for this arrangement
[22]. The high energy photons lose their energy due to thermalization as they
rapidly decay to the conduction band edge. Finally there remains one more
problem: the intermediate band also creates new opportunities for recombination
losses which are not beneficial. Thus in practice no improvement in the solar cell

performance using this approach has yet been achieved.

o[ 3 ]
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Figure 1.3: Intermediate band solar cell model (a) represents low energy photon
while (b) represents high energy photon. (V.B, I1.B, and C.B stands for valence
band, intermediate band and conduction band; empty and filled circles represent
electrons and holes respectively)
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An alternative approach is photon conversion which is fundamentally unique and
offers significant advantages over the first and second PV generations [10, 14].
Photon conversion can occur in three ways namely: upconversion (UC),
downconversion (DC), and downshifting (DS). First the addition of two lower
energy photons to obtain one higher energy photon is known as upconversion.
Second, the conversion of one higher energy photon into two lower energy
photons, both of which can be absorbed by the solar cell is known as
downconversion. Finally, downshifting is the process whereby only one lower
energy photon is obtained after non-radiative relaxation upon the absorption of
one higher energy photon. Thus it has a lower efficiency which is always less
than unity. As stated above, thermalization losses are the main optical losses
which limit solar cells efficiency. Therefore, reducing these losses by any means
could improve the solar cell efficiency. Down or upconversion processes are
particularly attractive because they transform the incident spectrum, not affecting
any of the physical processes inside the solar cell, can in principle be applied to

existing first and second generations PV devices.

Over the last 50 years, numerous investigations regarding photon conversion
have been undertaken in order to optimize silicon based solid state junction
devices. While the progress has been promising further work is required to make
use of all photons available in the solar spectrum rather than changing the
electronic properties of the solar cell which is not simple to implement and may
be expensive. One possible way for improving the efficiency of the silicon solar
cell is through the spectral downconversion process which will be the subject of

this thesis.

10



1.3 Downconversion process

Downconversion (DC) is an optical process whereby one high energy photon is
converted into at least two low energy photons. The idealized DC process in a
three energy level system is illustrated in Figure 1.4(a) and a corresponding

schematic diagram of a combined PV device is shown in Figure 1.4(b).

Excited energy level

A

Low energy photons

High energy photon N> ﬂ ﬂ ﬂ Sunlight

Intermediate

energy level
9y Downconverter
W Si solar cell

Ground energy level

(@) (b)

Figure 1.4: (a) DC process in a three level energy system, and (b) Combined PV
device: Downconverter attached to the front of a Si solar cell.

1.3.1 Advantages and significance

There are two important benefits in successfully applying luminescent
downconverters (or DC layers) to PV technologies. First, downconverting
components would be passive, optical devices with carrier collection still
performed via the under laying single junction solar cells. Therefore, Si solar cells
with downconverter can have a distinct advantage over tandem solar cells, where
the photocurrents generated in upper and lower cells must match in order to

avoid significant mismatch losses. Second, the application of a downconverter to
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CHAPTER 1: INTRODUCTION

solar cells may not require modifications to existing solar cells since they change
the spectral content of the incident sunlight. A schematic representation of a
downconverter attached to the front of a Si solar cell is shown in Figure 1.4(b).
High energy photons are absorbed by the downconverter, thereby generating two
or more lower energy photons, which are then absorbed by the Si solar cell. A
maximum solar to electric conversion efficiency of 38.6% (theoretical) could be

achieved for this model [10].

Downconversion is a linear optical process and therefore the efficiency is
independent of the incident power. This suggests that it is possible to improve
efficiency with downconversion when using un-concentrated sunlight as the
illumination source. In this case, the downconverter can, for example, be
mounted on top of the solar cell with a fraction of the luminescence escaping out
in the direction backward to the incident sunlight. For an ideal planar
downconverter with a refractive index of n = 1.5, the fraction of the converted
photons lost (L.) out through front escape cone equals (L, = [1 — V1 —n"2]/2)
12.7% [23]. It is suggested that a downconverter with external quantum
efficiency? (EQE) greater than 115% is required to circumvent escape cone loss,
assuming that emission in all directions is collected by the underlying solar cell
[23]. Further explanation and analysis of the architectural configuration of a PV

device is presented in Appendix A.
1.3.2 Energy transfer process

It is essential to discuss energy transfer processes before we delve into detailed

mechanisms of the downconversion process. Absorption of pump light and

2 EQE is defined as the ratio of the number of excited electrons to the number of incident photons.
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emitted light can take place in a single ion or between two ions in the DC
material. The same physical mechanism takes place in the downconversion
process via energy transfer [24-26]. Here, we only discuss the energy transfer
between two (or more) rare-earth ions; one ion is referred to as the sensitizer (S)
or donor and the other ion as the activator (A) or acceptor as shown in Figure 1.5.
There are several different types of energy transfer processes that can occur,
which can be radiative or non-radiative. Non-radiative energy transfer can be
resonant (see Figure 1.5(b)) or aided by the emission of a number of phonons to
compensate energy mismatch (see Figure 1.5(c)) or only part of the energy can
be transferred, which is referred to as cross-relaxation process (see

Figure 1.5(d)).

The most efficient energy transfer process involves resonant overlap between the
emission band and absorption band of the sensitizer and activator respectively
(see Figure 1.5(a)). In this case, energy transfer occurs only if two conditions are
fulfilled. Firstly, it is necessary to have spectral overlap between the sensitizer
emission and the activator absorption. This condition is known as the resonance.
Secondly, there should be an interaction between the two ions which can either

be an exchange interaction or multipole-multipole interaction.
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Non-radiative transfer

Excited 7\
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Figure 1.5: Schematic illustrations of energy transfer processes between
sensitizer (S) and activator (A) ions of two energy levels (a) Resonant radiative
energy transfer, (b) Non- radiative resonant energy transfer, (¢) Phonon assisted
non-radiative energy transfer, and (d) Cross-relaxation energy transfer process.
(Solid curvy line shows the incident photon and dotted curvy line shows emitted
photon, upward arrow line indicates absorption and downward arrow line
indicates emission of photon)
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1.4 Review of literature

Downconversion (DC) is the process where two photons of lower energy are
generated upon absorption of a single high energy photon. This process is also
referred to as quantum cutting (QC) or quantum splitting (QS) in the literature.
The idea to obtain quantum efficiencies greater than 100% by converting a single
higher energy photon into two lower energy photons was first proposed by Dexter
in 1957 [27]. The suggested mechanism involved the simultaneous energy
transfer from a sensitizer to two activators, each accepting half the energy of the
excited sensitizer. It was not demonstrated until 1974 when experimental
evidence of quantum efficiencies greater than 100% was found for the system
YFz:Pr3*. The mechanism was not the same as proposed by Dexter, but involved
two sequential emissions from the high energy level 'S, of Pr3* (1S, —ls followed
by relaxation to the 3Po level and emission of a second visible photon from 3Po)

[28, 29]. These emissions can be observed in Figure 1.6.
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Figure 1.6: Quantum cutting upon the absorption of VUV photon (185 nm)
resulting into emissions of a blue (408 nm) and red (620 nm) photons in Pr3* ion.
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Later in 1999, quantum cutting via two sequential energy transfer steps in rare-
earth ions pair (Gd—Eu) was observed and based on the analogy with the two-
step energy transfer process leading to upconversion, it was named
‘downconversion’ [30]. The experimental objective was to obtain the emission of
two visible photons from a single UV photon in order to enhance the efficiency of
light emitting diodes. In 2002, the potential of the downconversion scheme for
increasing the efficiency of solar cells was demonstrated [10]. Several processes

involved in downconversion are shown in Figure 1.7.
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Figure 1.7: Schematic representation of several downconversion mechanisms in
energy levels of sensitizer (S) and activator (A) ion; En, Ei, and Eo along energy
axis shows higher, intermediate and ground energy levels respectively. (a) One
or more emissions from a single ion S, (b) Downconversion in two ions: Cross-
relaxation from ion S to ion A (1) and energy transfer (ET) from ion S to ion A (2)
with emission from ion A, and (c, d) Cross-relaxation (CR)followed emissions
from both ions S and A. (The upward and the downward line arrows show
absorption and emission of photon respectively and the curvy line arrow
represents non-radiative relaxation) [30]

The quantum cutting of a high energy photon by a single rare-earth ion is also
known as photon cascade emission (PCE) as shown in Figure 1.7(a). Initially
guantum cutting was found experimentally in single ions such as Pr [29, 31],
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Tm [32], and Gd [33]. Downconversion between two rare-earth ions can occur via
several pathways as shown in Figure 1.7(b-d). For all three mechanisms ion (S)
is first excited into a high energy level. Figure 1.7(b) shows the emission of two
photons via cross-relaxation between ions S and A followed by energy transfer
from ion S to A, and the emission from ion A. In Figure 1.7(c, d), mechanisms
showing energy transfer one step between ions S and A, and emission of a

photon by both ions.

The downconversion process of the type in Figure 1.7(b) has been demonstrated
for the system LiGdFa: Eu3*. Upon VUV excitation (202 nm) in the 5G; levels of
the Gd ions, the energy is transferred to two Eu ions in two energy transfer steps
resulting in emission, around 612 nm, with an internal quantum efficiency (IQE) of
about 190% [23, 34]. Internal quantum efficiency refers to the efficiency for the
photons which are absorbed by the Gd ions. The external quantum efficiency of
the system is much lower, because of the weak absorption of the 8G; levels of the
Gd ion and thus a significant part of the VUV light is not absorbed by Gd but
instead by the LiGdF4 host and lost non-radiatively. The experimental
investigation of the LiGdF4: Eu®* system showed an overall quantum efficiency of

32% [35].

Another example of quantum cutting through downconversion involves LiGdFa4:
(Er®*, Tb®) with an internal quantum efficiency of 110% [36]. This system
involves VUV absorption (167 nm) in Er3* ion, followed by cross-relaxation with
Gd3* ion. Subsequently Gd®* transfers its energy to the Th3* ion resulting in green
emission around wavelength of 550 nm. The high absorption strength of the Er3*
(4f to 5d) transition may yield high quantum efficiency but this has not been found

experimentally.
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The first experimental evidence of NIR quantum cutting was found in Th3*-Yb3*
co-doped (Y, Yb)PO4: Tb3* [37]. In this system, efficient energy transfer was
observed when the Tbh3* ion was excited into the D4 level (~ 490 nm) as shown in
Figure 1.8, thereby exciting two nearby Yb3* ions. This energy transfer was
based on a cooperative mechanism, where time resolved Iuminescence
measurements were compared with simulations based on theories of phonon
assisted, cooperative, and accretive energy transfer. The overall NIR quantum

cutting efficiency for this system was found to be 188%.
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Figure 1.8: Schematic representation of cooperative quantum cutting in a Th3*-
Yb3* system whereby radiative emission from Tb3* ion excites two Yb3* ions
simultaneously.

Other reports of efficient quantum cutting in different rare-earth ion systems have
been published for Tm-Yb [38, 39], Tb-Yb [40, 41] and Pr-Yb [40-43]. The
measured values of QC efficiencies for few of these systems are listed in

Table 1.1. In all these reports, QC efficiencies were determined following the
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formalism developed by Vergeer et al. [37]. However, this method of estimating
the quantum efficiency does not account for concentration quenching effects. The
actual NIR quantum cutting efficiency will always be lower and more work is

required to determine actual or absolute value of quantum efficiency.

Table 1.1: Values of QC efficiency in different systems.

System Excitation QC efficiency Reference
(In glass hosts) wavelength (950 nm — 1100 nm)
Tm-Yb 467 nm 187% [38]
Tb-Yb 489 nm 179% [40]
Pr-Yb 482 nm 194% [42]

1.5 State-of-the-art work

To date, luminescence properties are being exploited in various crystal materials
for applications to commercial lighting devices. There has been considerable
improvement in the manufacturing of efficient and robust light sources of various
sizes. This has been achieved by modifying the spectral content of the emitted
light spectrum, particularly from short to longer wavelengths such as in

fluorescent and LED lighting.

The research work so far summarised in the preceding section indicates that the
spectral conversion of vacuum ultraviolet (VUV) to visible (Vis) light through
downconversion is not useful for solar cell application since VUV excitation
wavelengths are not present in the terrestrial solar spectrum. However, the
spectral conversion from ultraviolet through visible (UV/Vis) to near-infrared (NIR)
is promising for improving silicon solar cell efficiency. In a large body of research
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work for quantum cutting reported so far, mostly monochromatic light was
employed for the excitation purposes. The quantum efficiencies of different
conversion materials were determined from the measured luminescence decay
curves and the life time measurements. Finally there has been no profound
increase in the practical efficiency of the silicon solar cells using downconversion
scheme to date due to mostly narrow band absorption of the materials used. An
examination of the periodic table shows that rare-earth ions, possessing
numerous energy levels and ability to luminesce, may be suitable candidates for
modifying the wavelength of sunlight photons. Of all rare-earth ions, the ytterbium
(Yb) ion is unique to be used as an activator since it has only two energy levels
with emission from an upper energy level around 1.1 eV (~ 1100 nm) but the

issue of broad absorption of incident light remains to be addressed.

1.6 General requirements of an optical downconverter

To meet the criteria for application to silicon solar cells, the following conditions
must be fulfilled by the downconverter:
e Maximum absorption of the short-wavelength part of the solar spectrum
(300 nm < A <550 nm).
o Efficient emission of light in close proximity to spectral wavelength
(i.e. A <1100 nm) where Si solar cells show maximum response.
¢ High transmittance of the spectrally shifted photons.

e High fluorescence quantum efficiency.

It is expected that these properties can be achieved by the incorporation of

optical dopants (or species) in transparent host materials or matrices. These
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optical dopants, with special properties, have different energy levels within the
band-gap of host material, which results in the absorption and emission of light
thereby resulting in spectrally converted photons. These various optical
properties of a luminescent downconverter are investigated and will be described

in Chapter 2.

1.7 Objectives of this work

The overall goal of this research was to explore the possibilities of improving Si
solar cells efficiency, with a particular emphasis given to study the
downconversion of incident solar light. In this pursuit, a downconverter is studied
that converts on high energy photon into two or more low energy photons. The
primary objective of this work is to use the UV to blue wavelength photons that
can result in two photons in the NIR wavelength range that, in turn, can be
absorbed by the Si solar cell. Along with this objective, listed below are the sub-

goals that comprise this work:

i)  To study the photon conversion process for improving Si solar cells.
i) Study the configurational design of new PV device that consists of a
downconverter coupled with a Si solar cell.
iii)  Try to identify efficient conversion materials to be used in the
downconverter.
iv)  Establish an experimental technique to study the fluorescence efficiency of
a downconverter.

v)  Search for advanced materials that possess wide absorption band.
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The way we addressed the problem was to begin with a well known materials
(such as erbium and ytterbium) in the literature for solar cells application [23].
This experimental study leads us to understand the science behind a
downconverter and provided insightful results through optical characteristics.
Next we develop an approach to determine fluorescence quantum efficiency of
glassy materials. Further to this we use results of preliminary experiment to
explore advanced materials possessing wide absorption in UV to blue region of
the solar spectrum. Finally we conclude with the results of initial experiment on

cerium doped samples.

1.8 Thesis overview

This thesis describes the fabrication and characterization of an optical
downconverter as outlined in Section 1.6, while addressing its requirements for

photovoltaic applications.

This research is intended to study systematically the possibilities by exploring
different energy materials to enhance solar cell efficiency. This is investigated by
studying downconversion process. We have summarized the state-of-the-art
work and then develop an experimental technique suitable for the investigation of
the energy conversion materials. Further to this, initial materials will be examined
using the designed approach. The overview of the work presented in the

following three chapters is summarized below.

Chapter 2 is devoted to the experimental investigation performed on the

downconverter, together with the data analysis and the discussion of the
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preliminary results. Thorough experimental description and procedure for
measuring fluorescence spectra and fluorescence quantum efficiency are
presented. Detailed quantitative measurements are required necessarily to

assess material suitability for its use at practical level.

Chapter 3 concerns with the evaluation of advanced materials that may provide
possibility to obtain broad absorption of UV/blue light and efficient luminescence.
Their basic structure and optical characteristics are discussed. Finally, initial
experiment on cerium doped tellurite glasses is described. The suitability of

cerium will be explored through results of initial experiment.

Chapter 4 concludes with the overall summary of the present work together with
the future research directions. Finally, appendices provide the supporting
information on the relevant sections described in the present and forthcoming

chapters where indicated.
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Chapter
2

Downconversion in Er/'Yb Embedded Te Glass

e Introduction

e Objective

e Choice of host and doping ions

e Fabrication procedure

e Absorption measurements

e Measurement of fluorescence spectra
e Fluorescence quantum efficiency

e Summary of the chapter

This chapter describes the experimental work carried out on a preliminary
downconverter made of Er/Yb co-doped tellurite glass. In order to evaluate the
optical downconverter, different optical properties such as absorption and
fluorescence spectra are explored. A detailed description of the optical materials
used and the experimental design is presented, with special emphasis placed on
the developed experimental method to determine the fluorescence quantum
efficiency. The sections overlap somewhat as different experiments may use part

of the same equipment.
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CHAPTER 2: DOWNCONVERSION IN Er/Yb EMBEDDED Te GLASS

2.1 Introduction

The research contained within this thesis is aimed at developing and
characterizing downconverters which can potentially be applied to silicon solar
cells. In order to fully characterize a downconverter, three optical properties are
required to be measured: (i) the absorption spectrum, (i) the fluorescence

spectrum, and (iii) the fluorescence quantum efficiency.

This study deals with the energy conversion materials and classifies them into
two components. One of the components is the host material and other is the
doping species. The combination of these two components is necessary for
developing a downconverter. In this regard host materials serve as basis to which
doping species are embedded to obtain luminescence, therefore the selection of
the proper host material is crucial. There are different kinds of host materials e.g.,
phosphors, polymers and oxide based glasses. Of all these, glass materials have
best optical and physical properties (see Section 2.3). Glass can be molded and
shaped into small or large pieces or even in the form of thin sheets with far
greater ease than crystals. Thus, glass is of particular interest, and is considered
as a host material. In contrast, crystal materials, such as phosphors, limit near-
infrared emission due to adverse light scattering. Based on these key points, we
chose glass as a preferred initial host for use in the fabrication of a

downconverter.

Within the scope of this thesis it was not possible to carry out research on a large
range of materials due to the time and high cost involved. Instead we focused on
developing the concept and techniques required to evaluate the suitable energy

conversion materials as well as the preliminary materials chosen. The study in
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this chapter will explore the downconversion scheme within rare-earth ions. This
initial experimental investigation focuses on the use of rare-earth ions for
exploring downconversion luminescence, in particular, between erbium (Er) and
ytterbium (Yb) ions. These well known rare-earth ions were embedded in tellurite
glasses and their optical properties are studied. Further details on these trivalent

rare-earth ions are explained in the Section 2.3.

The work described here is divided into mainly three parts. First we describe the
choice of materials, the fabrication procedure and the methodology for
characterization of samples. Then we present a detailed description of equipment
and experimental techniques to characterize the samples in relevant sections and
provide analysis of the experimental data acquired. We describe the experimental
approach which has been chosen for the measurement of fluorescence

efficiency.

2.2 Objective

The aim of the work in this chapter is to develop and demonstrate experimental
techniques for characterizing a spectral downconverter. The downconverters
were fabricated using tellurite glass co-doped with Er/Yb ions. Absorption and
emission measurements of samples are described in Section 2.5. Then
Section 2.6 describes an experimental technique for measuring the fluorescence
guantum efficiency together with the data analysis procedure. Finally, Section 2.7

concludes with the experimental results and the overall summary of the chapter.
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2.3 Choice of host and doping ions

At the commencement of this project to improve the conversion efficiency of
silicon based solar cells, we chose to investigate readily available materials as a
preliminary investigation. We thus examined the rare-earth complexes or ions
which are also known as lanthanides. The reason for selecting rare-earths from
the elemental table is that this group of elements luminesce over a wide range of
wavelengths, from the near-infrared through the visible to the ultraviolet region
and are thus potentially promising for downconversion. Further the lanthanide 4f

(intra) transitions are independent of the local environment of the host [25].

To begin with, two rare-earth ions erbium (Er®*) and ytterbium (Yb3*) are chosen
because of their well known energy levels that can potentially be useful in
photovoltaic applications. The Er3* ions can absorb the short-wavelength part of
solar spectrum and fluoresce at longer wavelengths. The Yb3* ions fluoresce in
the near-infrared wavelength range where Si solar cells exhibit maximum

response.

2.3.1 Er and Yb ion energy level diagram

A simplified representation of the energy level diagram for both erbium (Er®*) and
ytterbium (Yb®*) is shown in Figure 2.1. The energy levels are designated with

their corresponding spectroscopic (Russell-Saunders) notations [44].

Er3* has higher energy levels in the ladder form with roughly equal spacings
which allow possible transitions suitable for the downconversion process. In

addition, the transitions from the excited levels of Er3* overlap with the UV and
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Figure 2.1: Schematic energy level diagram of Er3* and Yb3* ions. (Energy levels
are designated with their corresponding notations) [44]

visible regions of the solar spectrum. The choice of Yb3* is based on the following
considerations: Yb3" ion has a single excited level (*Fs2) approximately
10000 cm* above the ground level (*F72) as shown in Figure 2.1. Further the
absence of other energy levels permits Yb3* ions to absorb photons of
10000 cm (~1000 nm) exclusively from other co-doped lanthanide ions and re-

emit at a wavelength of about 1000 nm.

Now moving on to the search of the initial host material, tellurite glass was
chosen primarily due to both its properties and the availability from an in-house

glass fabrication facility. Among the numerous glass hosts, tellurite glass is
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particularly interesting, scientifically and technologically, because of its attractive
physical properties, some of which include high glass stability, high refractive
indices and wide transmission wavelength range, larger rare-earth ion solubility
and relatively low phonon energy. Lower phonon energies are an important
attribute for minimising non-radiative losses [45]. A comparison of the selected

properties of tellurite and silica glass is presented in Table 2.1 [46].

Table 2.1: Optical and physical properties comparison between tellurite and silica
glass.

Properties Tellurite glass Silica glass
Optical properties

Refractive index (n) 1.9-23 1.46

Transmission range (nm) 400 - 5000 200 - 2500

Highest phonon energy (cm™) 800 1000

Band-gap (eV) ~3 ~10
Physical properties

Glass transition temperature (°C) 300 1000

Density (gcm3) 5.5 2.2

Thermal expansion (x107°C?) 120-170 5

Dielectric constant (€) 13-35 4

These properties of tellurite glass are favourable in the design of high optical

quality fibres, fibre lasers, and fibre amplifiers [46]. Therefore, its properties can

be tailored for the light absorption into the photovoltaic solar cells.
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2.4 Fabrication procedure

To observe the luminescence of various transitions of lanthanide ions in the glass
based host through optical study, we fabricated luminescent samples by doping
Er and Yb ions in tellurite glass. Glass preparation was performed through
conventional melt and quench procedures [47]. In the present study, glasses
were melted using gold crucibles at a temperature of 900°C in furnace and
casting was performed in rectangular brass molds. Then, the annealing furnace
was turned off to allow the glass samples to cool down to room temperature.
Finally, thin samples were made from the blocks of glass for optical
measurements. A detailed description of glass fabrication process is presented in

earlier work [48].

The Er3* concentration was chosen to be low between 0.2x102° jons/cm?® and
1x10%° jons/cm® to minimize energy migration among Er3* ions and the Yb3*
concentration was chosen as 9x10%° ions/cm?® and 9.8x10%° ions/cm? in order to
achieve maximum energy transfer from erbium ions [47]. It is pertinent to mention
that energy transfer is essential for near infra-red luminescence in the longer
wavelength range as discussed in Chapter 1. The Er doped and Er/Yb co-doped
tellurite glasses were characterized by optical measurements of absorption and

fluorescence emission spectra.

2.5 Optical characterization

Different spectrophotometers and spectrofluorometers were used to measure the
optical properties of the host tellurite glass and the dopants. As noted in the

introduction to this chapter; absorption and emission spectra were measured.
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Moreover, a separate experiment was designed to determine fluorescence
guantum efficiency of the samples. Each measurement and experimental results
are presented with an explanation of the relevant underlying physics followed by

a detailed description of the experimental technigue and results obtained.

2.5.1 Absorption measurement

Absorption  measurements  were  performed using a  UV/Vis/NIR
spectrophotometer (Cary 5000). This is a dual beam instrument capable of
measuring absorption and transmission over the wavelength range from 200 nm
to 3300 nm. It is equipped with deuterium and tungsten lamps as excitation
sources and the detectors used are made of silicon (Si) and indium gallium
arsenide (InGaAs). The light from the excitation sources is guided to a
monochromator for wavelength selection and scanning. Subsequently, the light is
passed through the sample and the transmitted signal is detected. The working
principle of the instrument can be found in texts [25, 49]. Although software (Cary
WinUV) controlling the device is capable of calculating the “absorption coefficient”
directly, it was not initially clear whether it was Decadic or Napierian type (see
below). Thus the spectrophotometer was always used in transmission mode to
measure the fractional transmission of all luminescent samples and calculations

were performed manually to determine an absorption coefficient.

There is often confusion in the literature about the type of absorption coefficient
that is being referred to, whether it is of Decadic or Napierian type. Decadic
coefficients are based on using the power of 10 in the Beer-Lambert law [50, 51],
while Napierian coefficients use the power of e instead [52]. To avoid ambiguity,

all absorption coefficients in this work are Napierian unless otherwise mentioned.
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Thus by measuring the transmission of the glass samples, it is possible to use the
Beer-Lambert law directly to calculate the absorption coefficients of single and

co-doped samples.

The calibration of the instrument was always performed prior to conducting any
absorption measurement. In order to perform a calibration, first hundred percent
(100%) transmission spectrum was recorded without a sample in the path of light
beam so as to obtain a maximum signal, followed by a zero percent (0%)
transmission spectrum by blocking the light beam to obtain the minimum signal of
the spectrophotometer. The spectral bandwidth of the spectrophotometer was set

to 1 nm through software.

Er doped and Er/Yb co-doped glass samples with different concentrations were
used in this study. All doping concentrations are in units of ions/cm3. The physical
characteristics together with designations of samples investigated in this work are
listed in Table 2.2. These samples were made from rectangular blocks of glass
weighing between 30 gm and 50 gm. The thickness of each sample was
1.0 £ 0.1 mm. All samples were polished before the absorption measurements to

avoid surface irregularities that might scatter the light.

The reflection of light from the sample, referred to as Fresnel reflection loss ‘R(1)’
[53], was removed by using Equation 2.1. These losses occur due to different

refractive index media in the path of beam, such as air and glass.

n(d) — 112 (2.1)

Rw:Lm+1

where ‘n(4)’ is the refractive index of the glass and is a function of wavelength.

The reflection of light from the sample thus varies with wavelength.
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Table 2.2: Physical characteristics of Er/Yb samples used in this study.

Serial Sample designation Conc. (ions/cm3) Dopants & Host Comp.
No.

1 Er0.2 0.2x10%° Er —Te-Zn-Na-La

2 Erl 1x10%° Er —Te-Zn-Na-La

3 Er0.2Yb9.8 0.2x10%°, 9.8x10%° (Er, Yb) —Te-Zn-Na-La

4 ErlYb9 1x10%°, 9x10%° (Er, Yb) —Te-Zn-Na-La

To measure the refractive index of tellurite glass we could have measured the
values of refractive index of each sample, by using an ellipsometer, at the same
wavelengths as was chosen in the sample’s transmission measurement within
same spectral range. However, this option was not pursued In the present case,
we used the well known Sellmeier index relation [54], given by Equation 2.2, to
determine refractive index value in the wavelength range from 300 nm to
1100 nm as shown in Figure 2.2. The Sellmeier expression for refractive index ‘n’
is

B D (2.2)

n?=A+ + :
1-C/, 1-E/

where A, B, C, D and E are Sellmeier coefficients and 1 is the wavelength. In the
case of tellurite glass, the used values are A= 2.42489, B= 1.5004,

C=0.0525775, D= 2.32884, and E= 225, taken from reference [54].

The refractive index curve was used with the experiment data later to
compensate for reflection losses. Any remaining loss observed is ascribed to the
scattering of light from the impurities (such as metal ions or crystals) or bubbles

present in the glass. These impurities may have been produced during the glass
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fabrication process. Finally, an absorption coefficient ‘a(1)’ of all samples was

calculated using the Beer-Lambert law [50,51].
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Figure 2.2: The calculated refractive index curve for tellurite glass.

Let I, and I(1) be the intensity of incident and transmitted light through a medium
of thickness ‘d’, then

I(A) =1, e~ 24, (2.3)
After reflections from the front and rear interface of a medium or sample, the

transmission will be

I 2 —a)d (2.4)
T(A)—T—(l—R)e .
Using Equations 2.3 and 2.4, we find:
1 T(4) (2.5)
a(l) = — Eln lml,

where T is the transmission light, R is the reflection of light, d is the sample
thickness and A is the wavelength. The absorption coefficient thus depends on
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the nature of a medium and is measured in units of per millimetre (mm-1) in the

present work.

The absorption coefficient of different samples is plotted over the wavelength
range from 350 nm to 1100 nm as shown in Figure 2.3(a) and (b). All these

measurements were performed at room temperature.

For comparison of results, the absorption spectrum of un-doped tellurite glass is
measured and plotted separately as shown in Figure 2.3(a). Further, the
absorption spectra of Er/Yb co-doped tellurite glass samples are shown in
Figure 2.3(b). These measured results are comparable to earlier reported work
[55] which shows similar spectral transitions around peak wavelengths. Several
absorption features of the samples can be seen from the present absorption
spectra such as transparency and absorption peaks caused by doped optical ions
etc. In Figures 2.3(a) and (b), the small distortion around 800 nm corresponds to

an instrument artefact due to detector changeover.

One of the fundamental features of the glass samples is the wavelength range
over which they are transparent as can be seen in Figure 2.3, from the near-UV,
through visible to NIR region for incident light. Additionally, the sharp increase of
absorption coefficient around 350 nm represents intrinsic ultraviolet absorption
due to electronic vibrations. This intrinsic absorption could be due to the Rayleigh
scattering exhibiting a wavelength dependence of ~ A [56]. Rayleigh scattering
is caused by the local structural fluctuations such as density and concentration

fluctuations.
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Figure 2.3: (a) Optical absorption spectrum for (a) un-doped Te glass, and (b)
Er/Yb co-doped Te glasses. (Absorption peaks are tabulated in Table 2.3)
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Further, Er*3 ions show a series of spectral absorption bands in the wavelength
range from 350 nm to 550 nm which overlap with the high energy portion of the
solar spectrum. The peak wavelengths of all absorption bands are assigned
according to the energy levels diagram shown in Figure 2.1. The peak values of

absorption bands along with spectral transitions are listed in Table 2.3.

Table 2.3: Spectral transitions with their corresponding peak wavelengths.

Spectral Transitions Peak Wavelengths (nm)
*l15/2-*G11/2 379 nm
*l15/2-*Hoy2 405 nm

415/2-(*F3/2, *Fs/2) 450 nm
1s/2-*F772 488 nm
*l1s/2-*H11/2 525 nm
415/2-S3/2 550 nm
4115/2-*Fo/2 660 nm
*l1s/2-*l11/2 980 nm

From Figure 2.3b, it can be also noticed that relatively wide (~ 1000 nm) and
narrow (~ 980 nm) bands corresponds to the transitions of Yb3* ions (°F7/2-2Fs/2)
and Er3* ions (“l1s2-%l112) respectively. The transition around 1000nm indicates
the ability of Yb3* ions to serve as acceptor for energy transfer from excited Er3*
ions. Additionally, Yb3* ions emission band around near-infrared wavelength

corresponds to the energy band-gap of the Si solar cell (see Figure 1.1).
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2.5.2 Measurement of fluorescence spectra

Initially a commercial spectrofluorometer was used to measure the fluorescence
emission spectra of different samples3. During the course of the measurement, a
new experiment design was built on the optical table where different light sources
together with the available optics were used, according to the experiment

requirement, with an optical spectrometer in order to acquire emission spectra.

The response to the excitation wavelength of the optical properties (fluorescence
spectrum and fluorescence quantum efficiency) of a downconverter containing
luminescent species was studied. The fluorescence spectra were measured using
excitations in the wavelength range from 350 nm to 550 nm by employing
broadband blue and UV light emitting diodes. The detailed specifications of both
LEDS are provided in Appendix B. Excitation below the wavelength of 350 nm was
limited due to the intrinsic absorption of light by the host glass. Fluorescent
samples were excited with different excitation sources corresponding to measured

absorption peaks (see Section 2.5.1).

The samples used were the same as described in Section 2.5.1. Emission of light
from samples was collected with a lens and guided to the commercial
spectrometer (SpectraPro 2300i, Princeton Instruments) with the help of an optical
fibre bundle (ARC-LG-455-020-3). The light signal was dispersed by a diffraction
grating blazed at 500 nm inside the spectrometer. This dispersed light was
detected using a silicon charge-coupled detector (Acton Research Corp., SI-440).
Different edge filters (or long-pass filters) were used to block the excitation light

reaching the detector to prevent saturation. A schematic diagram of the optical

3 The reason for using this instrument here is to take quick measurements.
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layout of the experiment is illustrated in Figure 2.4. The spectra were obtained
after the wavelength calibration of the spectrometer with the line source (Acton
Research Corp., Model: USB-Hg-Ne/Ar). Further details of spectral calibration and

the line source are provided in Appendix C.

Bandpass
Light filter[T Spample
Source

O

Collimating ~ Focus

Collection
lens lens

lens

Detector

l

Longpass
filter

Optical fibre

Spectrometer

Figure 2.4: Optical layout of fluorescence experiment setup

At the start of each experiment, the fluorescence spectra were measured using an
excitation wavelength of 488 nm. The excitation light was obtained by a
combination of a band-pass filter (488 nm, Ealing Inc.,) and a blue LED source
(Model M455L2, THOR LABS). Different excitation wavelengths were chosen
from Er®* ion transitions observed in absorption spectra as explained in
Section 2.5.1. To observe optical transitions at longer wavelengths, the
fluorescence spectra were recorded in the spectral range from 480 nm to
1100 nm as shown in Figure 2.5. All the emission measurements were carried out

at room temperature.
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The specifications of the optical spectrometer used in this study are listed in

Table 2.4.

Table 2.4: Spectrometer specifications* (Model: SpectraPro 2300i)

Optical Focal Scan range | Resolution | Sample Reproducibility
design length speed
Czerny- 300 mm 0-1400 0.1nm 100 +0.05 nm
Turner nm nm/min

@ 435.8 nm

Several emission bands corresponding to Er3* and Yb3* ions can be observed in
Figure 2.5, which are attributed to 4f-4f optical transitions as a result of exciting
electrons from the ground level to the excited (*F72) level of Er3* ion. The
electrons de-excite rapidly through non-radiative relaxation by phonon emission
to “Hiw2 level with subsequent radiative emissions resulting in different spectral
bands. The observed spectral bands can be distinguished as visible and near-

infrared emissions.

Under the excitation of 488 nm light, a series of visible emission bands centred at
525 nm, 550 nm, and 660 nm can be seen (Figure 2.5), which are assigned to the
electronic transitions from excited levels *Hi12, Ssi2, and “Fo/2 to the ground level
411512 respectively as illustrated in Figure 2.6 which is the schematic energy level

diagram with radiative and non-radiative decay for Er3* and Yb3* ions.

4 Source: User’s manual from Acton Research Corporation.
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Figure 2.5: Fluorescence spectra of Er/Yb co-doped Te glasses using 488 nm
excitation. (Spectroscopic notation denotes the energy levels of Er ions except for
Yb ion)

4
G11/2
25T ng/z
= 4F 312,512
y W Fn
20 - v; ; :H11/2
. E ' S3pp
N 3 v
< 4
15| TE : Fon
o of |E o
o K te) 0
S N “4
= foro
L 4 :
10 __ L _11”2_ 2 — _F5/2_ Si
\ band-gap
£ l13/2
c £ 1S
3 < =
5 = 0 £ 8 §
c|o —
o ]
8
4 4
| VVVYY |15/2 A 4 F7/2
Er* Yb®

Figure 2.6: Optical transitions from energy levels of Er®* and Yb3* ions with
labelled wavelengths. (Up and down arrows show excitations and radiative
emissions, respectively, while dotted arrows show non-radiative emissions)

42



Further looking into the emission spectra (Figure 2.5), the most intense spectral
transition thus arises from the Sz level around 550 nm, which indicates that
despite the energy gap between “F7;2 and “Hi2 being ~ 1200 cm?, non-radiative
phonon relaxation (NPR) to #Ss2 dominates over a radiative decay. The non-

radiative relaxation rate (W) strongly depends on host constituents and follows
the energy law [57] (i.e. Wy, = @ e PAE where @ and B are constants and AE is

the energy gap between the 4f energy levels of the rare-earth ions).

In the near-infrared range, the spectral band around 850 nm is ascribed to #Sz2 -
41132 transition [58] in Er®* ion as shown in Figure 2.6. Further broad emission
peak around 1000 nm is due to Yb3 ion (®Fs2 level) along with Er®* slight
emission (*l112 level) near 980 nm is observed. Similar emission transitions have
been reported for Er/Yb co-doped NaYFa4 previously [59] and it was proposed an
inefficient visible to near-infrared downconversion emission because of fast non-
radiative relaxation occurring in the Er* from *F7/2 to #Ssi2 energy level, instead of
the energy transfer:

Er3* (*Fri2) + YB3 (Yl1s) —— Er3* (*luaz) + Yb3* (3Fsp2). (2.6)

The inefficient energy transfer among Er®* and Yb3* ions could be due to the
following reasons: first, Er3* ion transitions have a narrow absorption band due to
parity and spin forbidden spectroscopic rules, and second, the emitted energy

migrates within Er3* ions which is released from Yb3* ions.

For a more rigorous examination of luminescence decays and analysis of
downconversion scheme among Er and Yb ions, further emission spectra were
acquired, with more energetic photons using an excitation of wavelength 450 nm

as shown in Figure 2.7.
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Figure 2.7: Fluorescence spectra of Er/Yb co-doped Te glasses using 450 nm
excitation (Spectroscopic notation denotes the energy levels of Er ions except for
Yb ions)

The emission spectra were measured under identical conditions and using the
same setup, allowing us to make comparisons with those results as previously

discussed using the 488 nm excitation.

In this case, the emission spectra were scanned in the wavelength range from
480 nm to 1100 nm as shown in Figure 2.7. A closer examination of the spectra
shows that emission bands were observed at the same wavelengths, but with
different emission intensity. In the present experiment 4f electrons were excited to
the higher energy level (*Fsi2) of the Erd* ion in luminescent samples as can be
seen in Figure 2.6. After an excitation, electrons rapidly de-excite to level *Hii2

through non-radiative phonon relaxation (NPR) thereby emitting a photon of
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wavelength 525 nm as indicated in Figure 2.6. This photon excites two nearby Yb
ions simultaneously which may result in emission of two photons in the near-
infrared wavelength range of ~ 1050 nm. These emitted photons fall (A < 1.1 ym)
just within the spectral response of the silicon solar cell which may create

additional electron-hole pairs thereby enhancing the efficiency.

The results shown in Figure 2.7 indicate inefficient energy transfer which is from
“For2 level of Er3* ions to the %Fs2 level of Yb3* ions. Based on a rule of thumb, the
radiative decay and non-radiative phonon relaxation can compete when the
energy gap is less than five times the phonon energy, and that for a larger gap
radiative decay dominates [60]. Therefore it can be inferred that 4Ss2 and “For
levels of Er®* ions are populated through non-radiative phonon relaxation as
shown in Figure 2.6. The decrease in the emission intensity from “Saz2 level for
sample Erl can be attributed to energy transfer when Yb ions are co-doped with
Er ions for the sample (ErlYb9) however it remains inefficient. Further, the
present results reveal that the transition from the 41112 (Er®*) level has slightly
higher peak intensity than intensity of “Fs2 (Yb3*) level which shows limited
emission from Yb3* ion. Overall these results suggest that the conversion of blue
photons to NIR photons is weak which is not very useful for solar cells

application.

2.6 Fluorescence quantum efficiency

The most important characterization of a solar downconverter is the quantitative

measurement of a parameter referred to as “fluorescence quantum efficiency”
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(abbreviated as FQE). This parameter plays a vital role in determining the

practical suitability of a downconverter to photovoltaic applications.

The fluorescence quantum efficiency is defined as “the ratio of the number of

emitted photons and the number of incident photons” i.e.

number of emitted photons in the desired band (2.7)

A) = :
() number of incident photons in the excitation band

Some authors use the ratio of the energy released and the energy incident on the
sample to determine the quantum efficiency and terms such as “luminescence
quantum efficiency” (LQE), “photoluminescence quantum efficiency” (PLQE), and
“fluorescence quantum efficiency” (FQE). These different terminologies are used
interchangeably in literature [61-63]. In this work we use Equation 2.7 to measure

FQE “n(1)".

In order to measure the efficiency of luminescent samples we need a method
capable of measuring reliable values of quantum efficiency. Experimental
methods for the measurement of quantum efficiencies were reviewed
comprehensively by Demos and Crosby [64]. Samples used in these methods
were in the liquid phase. These methods are based on the comparison of the
fluorescence sample with a fluorescence standard to measure quantum
efficiency. However, even after further improvements to these comparison
methods, different values of quantum efficiency of same samples were found. For
calibration purposes, a known light source was used always to correct
instrumental response of the system whose response varies from one instrument
to the other. Some researchers have used other methods namely an integrating
sphere [65] and thermal lens effect [66]. We only discuss method based on

integrating sphere and subsequently explain our experimental approach.
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The use of an integrating sphere for quantum efficiency measurement was first
discussed by DeMello [65]. The method was used to study quantum yield of
polymer samples. This procedure was further investigated by Palsson [67]. In this
approach, an integrating sphere was used in conjunction with a commercial
spectrometer and a detector. The measurement of emission was performed in
two steps. First, the emission was measured with empty integrating sphere and
then emission was recorded with the sample inside integrating sphere.
Subsequent data analysis was performed to calculate the quantum efficiency
value. However, this experimental method has a number of drawbacks. First, the
geometry of the sample will tend to obscure or reabsorb some of the
fluorescence. Second, baffles employed inside integrating sphere reduce the
fluorescence signal before reaching to the CCD. Third, the signal is not equal to
the total sample’s emission, and only represents a proportion of emission for a
given sample geometry. Finally, an inner surface of the sphere should be highly
diffusive reflective for the better utilization of this method. In addition to this, a
fluorescence standard is used for the accurate calibration of the throughput of the

sphere.

Quantitative measurement of fluorescence efficiency of solid samples is complex
owing to difficulty in measuring emission, transmission and absorption; however,
it is essential to determine for practical use. We have developed an experimental
set-up which is simple, rapid, and accurate and characterized luminescent
samples containing Er and Yb ions to measure quantum efficiency. This method
utilizes a commercial spectrometer and readily available optics. Our method has
several benefits, as pointed out below, over the experimental approach discussed

above.
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Our experimental technique:

i) generates overlap between pump and fluorescence volume,

i) the total fluorescence, in illuminated solid angle and the detected, independent

of sample geometry, and

i) is self calibrating in principle, however it can be calibrated by using un-doped
samples or by choosing incident wavelength away from the sample’s absorption

band.

The objective of this part of work is to explain and investigate the potential utility

of this experimental technique.

2.6.1 Experimental setup

We used the setup shown schematically in Figure 2.8 to measure fluorescence
qguantum efficiency. The validation of our experimental technique is provided in
Appendix D. A light emitting diode was employed as a pump source to excite the
samples containing rare-earth ions. The excitation wavelength was chosen from
the absorption spectrum at the peak value of a transition (“G11,2) in the near ultra-
violet range as shown in Figure 2.3(b). The incident light from pump was
collimated and focused on to the sample. Subsequently emission from the
sample was directed to the spectrometer. An optical spectrometer (Princeton
Instruments, Model SP-2300i) equipped with an air cooled charge-coupled device

(CCD, Model PIXIS 256BR) was employed to record the fluorescence signal.
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Figure 2.8: Schematic representation of an experimental setup used for
determining the fluorescence quantum efficiency.

Legend: LED (Light emitting diode), L1 (Collimating lens), A (Aperture), BS (Beam
splitter), L2 (Focusing lens), S (Sample), Ls (Collection lens), 3D-TS (XYZ
translation stage), MMF (Multimode optical fibre), Si (Slit), M (Mirror), FM
(Focusing mirror), G (Grating), CCD (Charge-coupled detector) and OS (Optical
spectrometer)
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A major challenge in measuring the fluorescence quantum efficiency of solid
samples is the presence of impurities within the sample. This causes scattering of
both the incident beam and the fluorescence. In our approach, a broadband UV
LED of centred wavelength 379 nm (Model 380L, THOR LABS) with bandwidth of
12 nm was used to represent the UV component of the solar spectrum. The
excitation beam is focused on a sample under study with the aid of collimating
and focusing lens as shown in Figure 2.8. An aperture (with varying diameter) is
placed between these two lenses to control the solid angle of the incident light by
adjusting the diameter of an aperture. The size of aperture was decreased until
controlled output was observed at the CCD detector. While decreasing the
diameter of an aperture, the emitted light (of sample) was coupled into the optical
fibre bundle (19 fibres, each has diameter of 200 um without cladding) mounted
on a XYZ translation stage as shown in Figure 2.8.This way the size of aperture

matched with the acceptance angle of the spectrometer.

In the thesis, bulk samples used were made of tellurite glass. Both sides of
samples were cleaned with acetone prior to taking measurements. A sample was
held using a small clip in the path of the excitation beam in a tilted position
(angle ~ 10°) to prevent specular reflection reaching the detector and to avoid

interference with fluorescence signal (see Figure 2.9).

Our experimental setup was designed in such a way that it ensures accurate
overlap of the volume being illuminated to that being probed for fluorescence (see
Figure 2.9). This means that the fluorescence observed should be directly
proportional to the illumination absorbed; both of which are measureable as
shown in Figure 2.8. The beam splitter (BS) was used to separate the

fluorescence signal from the incident beam and directed to the collection lens.
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The collection lens (L3) was mounted on an L-shaped bracket attached to a
translation stage while an optical fibre bundle was held on a XYZ translation

stage (see Figure 2.8).

A long-pass filter can be inserted between sample and collection lens to
distinguish excitation and the emission of a sample. However, using the long-
pass filter reduces the strength of measurable light signal. Furthermore, it was
difficult to measure any sample for which the luminescence is comparable to the
filter fluorescence. It is for this reason no long-pass filters were used in this
experiment. We used various neutral density filters of different optical densities
(ODs). They were used in front of the collection lens to check the linearity of the
experimental setup over a long wavelength range. Further the fluorescence signal
in illuminated solid angle was focused onto the optical fibore bundle which was
held using SMA905 connector and the emitted light was guided to the
spectrometer where light is dispersed by a diffraction grating (1200 grooves/mm
blazed at 500 nm) and the final signal was recorded on the CCD detector. Finally
the spectrometer was controlled by custom software (WinSpec 32) to observe the
features of emitted light. This method provides a simple and rapid estimation of

fluorescence quantum efficiency.

Incident Sample

light

Volume
overlap

Emitted
light

Figure 2.9: Side cross-sectional view of sample showing overlap between pump
and the fluorescence. (A circle inside sample represents volume)
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2.6.2 Procedure and data analysis

Using the experimental setup drawn schematically in Figure 2.8, measurements
were performed following a procedure consisting of two simple steps: the
emission spectrum was measured first with the sample in place and then without
the sample in the holder. Subsequently optical power was measured for each
step and data was acquired. The measured emitted power was proportional to
the signal recorded at the detector. Both measurements were performed under
identical experimental conditions. The spectrum measured without a sample
serves as a background spectrum which accounts for both dark counts detection
and the reflection of pump light from the optics employed in the experimental
setup. The above experimental steps were performed in a dark room to avoid

stray light.

An alternative way is to use an un-doped sample to measure the spectrum which
serves as background and then subtract it from the fluorescence spectrum
measured using the doped sample. However, this was not used due to the
presence of different amount of impurities even if both samples were prepared

under identical conditions.

The data analysis was performed by determining the area under peaks of
measured emission spectra. The area under the curve of a sample fluorescence
spectrum is proportional to the amount of light emitted and scattered from the
sample. The area of the spectrum recorded without a sample is proportional to
the background (or loss). Finally we obtained difference fluorescence spectrum
(of a sample) by subtracting a spectrum recorded without sample from the

fluorescence spectrum recorded with the sample placed in the path of incident
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light beam. Thus, an area under the curve of difference fluorescence spectrum of
a sample away from the excitation peak is proportional to the amount of light
emitted by the sample. Next calculations were performed manually to determine
the fluorescence efficiency ‘n(1)’ using Equation 2.9. Detailed calculations for a
sample are presented in Appendix E. The incident beam power was measured at
the sample place and emitted light power was measured at the input of the optical
fibre by using an optical power meter (Newport Corp., Model: 2936-C) equipped
with a detector (Newport Corp., Model: 918D-UV-OD3). Since a single detector is
used while measuring powers so it response effect cancels out eventually when
we take the ratio as will become evident below. Then we developed a simple
mathematical Equation 2.8, as given below, to determine the fluorescence power

emitted by the sample.

p (Preas) X (Area under the curve of dif ference fluorescence spectrum) (2.8)
=

)

Total area under the curve of fluorescence spectrum

where ‘Pp.qs’ is the measured emitted power from the sample and ‘P, is the

calculated fluorescence power.

In a subsequent step, the total emitted power was calculated by assuming an
isotropic emission from a sample. If ‘P, is the detected power over a solid angle

Pf[

, Where ()’
0/4tm

'(2', the total emitted power ‘P, is given by the expression Py =

depends on the geometry of experimental setup and is given by 2 = ”l—r; (where ‘I’

is the distance between sample and the focusing lens and ‘r’ is the radius of the
focusing lens). In our experiment, for given values of [ and r (see Appendix E),
the collected solid angle is then 2.27 x 102. Finally, the fluorescence efficiency

was calculated using Equation 2.9:
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Pr(A) (2.9)

n(A) = 0K

where ‘P, is the total amount of power emitted by the sample in the spectral

range of interest and ‘P;’ is the amount of incident power from the excitation light

source.

Using UV excitation (379 nm), fluorescence spectra of samples were measured
for further investigation of emission and efficiency. The fluorescence spectra were
recorded in the spectral range from 350 nm to 1100 nm. All the fluorescence
measurements were performed at room temperature. The measured
fluorescence spectra are plotted in the form of difference fluorescence spectra
which was obtained after subtracting the background as discussed above and is

shown in Figures 2.10(a) and (b).

For the purpose of comparison, fluorescence spectra of two samples doped with
and without Yb ions are plotted separately as shown in Figures 2.10(a) and (b).
The concentrations of Er and Yb ions are mentioned in Table 2.1. Samples were
excited by pumping Er ions to a level (*Gi12) and subsequent emission was
measured. The spectral transitions in the emission spectra are attributed to
radiative decays i.e. [*H112 - %l152], [*Sar2 - 4l1sr2], [*Forz - *l1s2], [*Sar2 - 4l132], and
[“l11/2 - %l152] @s shown in energy levels diagram (see Figure 2.11). The peaks at
379 nm and 760 nm correspond to the excitation and the second order of source

light respectively.
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Figure 2.10: Difference emission spectra of Er/Yb co-doped Te glasses using
379 nm excitation for (a) Er0.2 and Er0.2Yb9.8, and (b) Erl and ErlYb9.
(Spectroscopic notation denotes the energy levels of Er ions except for Yb ions)
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Figure 2.11 shows the absorption, emission transitions and the cross-relaxation
energy transfer process between Er and Yb ions. Cross-relaxation has been
reported in a few systems such as Tm-Yb, Er-Yb, and Tb-Yb [38, 59, 68]. Based
on the energy levels and luminescence properties, the following photon
conversion mechanism can be observed as shown in Figure 2.11. An absorbed
near ultraviolet (379 nm) photon is converted into two photons of wavelength

~ 1050 nm and 660 nm, represented by 1 and 2, respectively in Figure 2.11.
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Figure 2.11: Energy level diagram of Er®* and Yb®* ions in close proximity
showing various possible transitions. (Up and down arrows represent excitations
and emissions, respectively; where the dotted arrow represents cross-relaxation
transfers, while the wavy arrows represent non-radiative relaxations)
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They are ascribed to the following transitions: Yb (?Fs2 - 2F72) and Er (*For2 -
411512). Thus both of these photons can possibly create electron-hole pairs inside

the silicon solar cells and may results in efficiency gain.

After accumulating all measurements and then performed data analysis, we thus
obtain values of fluorescence quantum efficiency ‘n(1)’ for different samples by

using Equation 2.10.

Total fluorescence in the spectral range (950 nm to 1100 nm) (2.10)
Total incident pump light (379 nm + 12 nm) '

nd) =

The values of fluorescence efficiency for each sample are tabulated in Table 2.5.
These values show low efficiency exhibited by the Er/Yb co-doped Te glass
samples. Note that these efficiency values correspond to the near-infrared region
(950 nm to 1100 nm), which is referred to as the region of interest (ROI). This is
the region where silicon solar cells show maximum response to incident light. All
the steps and calculations leading to the final value of quantum efficiency, for a

sample (Er0.2Yb9.8) as an example, are described in Appendix E.

Table 2.5: Efficiency of Er/Yb samples in near-infrared region.

Samples Efficiency (ROI: 950 nm — 1100 nm)
Er0.2 (0.1+0.1)%
Er0.2Yb9.8 (2.6 £0.2)%
Erl (0.9+0.1)%
ErlYb9 (4.3+0.3)%
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2.7 Summary of the chapter

We have presented an experimental investigation to evaluate optically a solar
downconverter. The particular downconverter used for investigation was made of
tellurite glass co-doped with Er and Yb ions. Further, the possibilities for
downconversion of single visible or ultraviolet photon into two near-infrared

photons are explored using rare-earth ions.

Different samples of varying erbium and ytterbium concentrations were examined
by optical characterization. Optical absorption measurements revealed wide
transparency range of the host material to the sunlight and multiple narrow
absorption peaks of Er ion ranging from 350 nm to 550nm. A simple experimental
technique has been developed and demonstrated for the determination of
fluorescence quantum efficiency. This chapter has successfully described and
tested the equipment and experimental approach to characterize a

downconverter.

We describe in the next chapter the evaluation of more advanced materials for
the purpose of broad absorption of UV/blue solar photons for a practical
downconverter, based on the knowledge of preliminary experimental results

explained in this chapter.
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Chapter

Advanced Materials for Downconversion

e Introduction

e Objective

e Evaluation of advanced materials
e Fluorescent dyes

e Semiconductor quantum dots

e Rare-earth ions

¢ Initial experimental investigation

e Summary of the chapter

This chapter introduces a range of advanced materials for possible use in PV
applications. First, it discusses their basic structural properties and suitability for
downconversion purposes. Then, the initial work performed on the Ce doped
tellurite glasses is presented. A description of instruments and experiment
designs is given followed by the results obtained through UV/Vis and FTIR
absorption spectra measurements. Some of the details of the equipment used for

this part of research were explained in Chapter 2.

59



CHAPTER 3: ADVANCED MATERIALS FOR DOWNCONVERSION

3.1 Introduction

From the preliminary knowledge gained in Chapter 2, we now extend the
investigation towards more efficient energy conversion materials. The
experimental results of the Er/Yb system showed narrow absorption band
materials. The absorption measurement of Er ions showed a multitude of
absorption peaks in the short-wavelength range of the solar spectrum, but
exhibited low values of absorption coefficient. In the literature of solar
downconverters, there are many examples of materials with narrow absorption
profiles that cannot contribute substantially to the overall problem of improving
efficiency of solar cells, with the core issue related to the absorption property of

the materials.

This chapter presents the general description and the evaluation of the
opportunities for the advanced materials from both light absorption and
downconversion aspects. These materials are expected to satisfy the
requirement of efficient broad absorption of sunlight between near-ultraviolet to
blue/green region when employed in the development of a downconverter. Thus,
while the fundamental idea and development of the necessary measurement
techniques have been established, it is necessary to identify and evaluate a
particular material (containing sensitizers) with a broad absorption spectrum. One
possible way to achieve this goal is to examine other rare-earth ions such as
cerium (Ce) which appear promising. As a potential sensitizer Ce ions could
harvest UV/blue spectral photons within the wavelength range of 300 nm to
550 nm and then transfer the energy to a nearby activator (such as Yb) to give

rise to intense NIR emission. We will also look at other types of fluorophores such
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as fluorescent dyes and semiconductor quantum dots, if possible, which are

known to have wide absorption band and efficient fluorescence properties.

Prior to implementing new materials in the development of a downconverter, it is
essential to understand the structural and optical properties of the materials. The
properties of a particular material are determined by the collective behaviour of
the constituents of that material. For example, in order to understand the overall
absorption of the material there are at least two factors that need to be
considered: what is the absorption property of the material and what
concentration of doping species should be used? The work in this chapter will

study the basic characteristics of different luminescent materials.

3.2 Objective

The objective of this chapter is to discuss advanced materials and present a
description of the initial experimental work. It begins by assessing advanced
materials in Section 3.3, followed by the introduction and discussion of
luminescent species in Sections 3.4, 3.5 and 3.6. Then it describes the initial
experiments performed on Ce doped tellurite glass samples. Finally, this chapter

concludes with the results obtained using Ce samples.

3.3 Evaluation of advanced materials

In this section, we outline the main results found in Chapter 2, followed by an
evaluation of advanced materials. Experimental investigation on the Er/Yb co-

doped tellurite glass revealed the following:
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e Erions show narrow absorption peaks in the UV/blue spectral region.
e Overall low absorption coefficients.
e Less intense NIR emission from Yb ions.

e Low quantum efficiency.

A wide range of fluorescence materials have been employed for spectral
conversion through different processes suitable for PV applications and we
evaluate their feasibility particularly for downconversion purposes. Based on the
above experimental findings, this section highlights various contributing factors
which may determine the practical suitability of a downconverter. Considering
both optical and practical aspects, important factors are: i) broad absorption
range of high energy solar photons, ii) efficient emission and high quantum
efficiency, iii) transparency to Vis/NIR photons, iv) long stability, and v) low cost.
Energy conversion materials also need to consider these factors and in this
chapter are referred to as ‘advanced materials’. These materials are evaluated
here to determine to what extent they fulfil the purpose of downconversion. In this
pursuit, the principal strategy is to discuss host materials and luminescent

species separately.

3.3.1 Host materials

The host materials serve as base materials in which luminescent ions are
embedded. Their physical and chemical properties play a fundamental role in
determining the overall response of a solar cell device. For example, any change
in the chemical structure of the host material dramatically changes the optical

characteristics of a downconverter.
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Host materials may be broadly grouped into crystalline solids (such as
phosphors) and non-crystalline solids (such as glasses). Generally for the host
materials, there are five different properties that result in efficient performance
[23]. First is the high transmittance of spectrally converted photons over the
desired wavelength range. Second is the ability to dissolve luminescent species,
while maintaining high optical quality and high quantum yield, which is important
for luminescence properties of the downconversion process. Third, they should
be ideally free of impurities or having minimal impurities in order to avoid
undesirable light absorption. Fourth, host materials with lower phonon energy
lead to maximum radiative emission. Finally, they should be highly resilient to the

thermal exposure of sunlight and can operate in the severe conditions.

3.3.2 Luminescent species

Luminescent species are of fundamental importance because their role is to
absorb photons of short-wavelengths and emit in the Vis/NIR range [69, 70]. A
range of commonly available luminescent species can be broadly categorised

into types such as organic and inorganic listed below:

e Fluorescent dyes (Organic).
e Semiconductor quantum dots (Inorganic).

e Rare-earth ions (Inorganic).

The characteristics of both organic and inorganic luminescent species are
discussed separately and the impact of their structural and optical properties on

the downconverter design is described.
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3.4 Fluorescent dyes

Fluorescent organic dyes, such as Dicyanomethylene (DCM), Coumarin, and
Rhodamine 6G, were originally developed for use in dye lasers, [71, 72]. Organic
dyes may also be used as an optical dopant in the fabrication of a downconverter
as they can be dissolved in a range of organic polymers, such as
polymethimethacrylate (PMMA), which are then cast or shaped in the form of a
sheet. However, it is a challenging task to find a host material for organic dyes
which is stable and long lasting. In the past, dyes have also been used in the
fabrication of luminescent solar concentrator (LSC) [73, 74]. An LSC is a device
that is used for capturing sunlight and concentrating it onto a solar cell for
generating solar power. The device operates on the principle of total internal
reflection (TIR) by collecting solar radiation over a large area and then directing

the sunlight to the solar cell attached to it.

Before describing the optical properties of an organic dye molecule, it is important
to discuss its basic structure. The energy level (Jablonski) diagram [50] of an
organic dye is shown in Figure 3.1. Upon absorption of a photon, an electron is
excited from a ground state (So) to one of the vibrational levels of the first excited
state (Si1). It then decays non-radiatively by internal conversion to the lowest
vibrational level of state (Si1). Further, it decays to one of the vibrational levels in

the ground state (So) by emitting a fluorescence photon of longer wavelength.
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Figure 3.1: Jablonski energy level diagram of an organic dye.

Organic dyes exhibit fluorescence and high quantum efficiency. Most dyes have
been demonstrated to be stable in a polymethylmethacrylate (PMMA) host
incorporating a UV absorber [75]. Despite their high quantum efficiency, they
absorb only a limited range of wavelength (typically ~ 70 nm) and show
significant reabsorption losses. To absorb broadband sunlight incident on the
solar cells, a mixture of several dyes can be used which may be costly. For
example, an organic dye of a single type (Lumogen F) from BASF manufacturer
roughly costs an average of US$ 15 per gram [76]. We make rough estimate of
cost for the dye to be used in a sheet of 1 m2. Consider the thickness as 1 um,
based on ~ 60% absorption allowing maximum emission using 2 uM dye
concentration, which gives the volume of 1 cm3. Thus the total amount required
would be 1 g/cm3. Since dye modules thickness ranges from 1 ym to 10 ym [73],
we take the minimum thickness to be 1 um. Based on prices from BASF catalog

[76], the estimated cost (minimum) of dye would be US$ 15/m?2.
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Additionally, there remains an issue of significant reabsorption losses and finding
a suitable host for the incorporation of dyes. Finally, their photostability is the
most important limiting factor under the sunlight exposure over longer periods of
time. Thus, in consideration of the above properties, luminescent dyes may not

be most suitable for downconversion purposes.

3.5 Semiconductor quantum dots

Different from the above described organic materials, another promising
luminescent materials are semiconductor quantum dots (QDs). These materials
are capable of converting UV/blue photons to NIR photons. In the literature, the
term nanocrystal is used interchangeably with QD. From recent research
investigations, they are also considered as effective light harvesters in solar cells
[77]. They are strongly luminescent with high quantum efficiency. They exhibit
enhanced optical properties which can be tuned by controlling their shape and
size. They are known to have wide absorption bands and efficient emission
intensity as well as good photostability [77]. Moreover, the use of QDs provides
additional energy levels that are suitable for the application of the
downconversion process. Another key point is that different preparatory methods
can be employed in order to control the size of QDs as a result of quantum
confinement [78]. However there is an issue of the significant reabsorption of the
light. This poses a challenge for researchers to reduce the overlap between
absorption and emission bands that results in reabsorption losses [79]. Some

recently investigated QDs together with their challenges are discussed below.
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Examples of typically used QDs are lead sulphide (PbS) and lead selenide
(PbSe) which have broad absorption spectra, high absorption coefficients and
emission wavelengths which can be tuned from 800 nm to 1800 nm by simply
varying their size [80]. They have high fluorescence quantum efficiency of up to
~80% in the near-infrared range but are mostly produced in laboratory setup
[81]. QDs of such high quantum efficiency are not commercially available. They
have good optical quality and stability; however, they are more expensive than

dyes [82, 83].

In a further example of nanocrystals, the observation of downconversion using
silicon nanocrystals embedded in a SiO2 matrix has recently been reported [84].
In this work, Er ions were used as receptors to accept emitted energy from silicon
nanocrystals. It was found that the downconverted photons were transferred to
co-doped Er ions in the SiO2 matrix through photoluminescence, exhibiting low
efficiency. In reference [84], it was proposed that the efficiency of the
downconversion process can be improved by decreasing the separation between

individual nanocrystals.

As described above, examples show limited success of using different QDs.
While research continues in developing efficient nanostructure materials
however, significant efforts to reduce their cost are also required. These materials

could be a long term approach for downconversion solar cells.

3.6 Rare-earth ions

Before investigating rare-earth ions, the idea of using metal ions was also

considered. For example metal ion ‘chromium (Cr)’ was treated as a sensitizer
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since it shows broad absorption of light. However, its emission wavelength is
roughly 693 nm which further cannot generate two NIR photons of wavelength
~ 1000 nm. Therefore we focused on rare-earth ions due to their numerous
energy levels offering multiple radiative emissions. The energy levels of rare-
earth ions arise from the 4f inner shell configuration which enables their use in
photonic applications such as lasers, optical fibres and amplifiers [26]. They are
also easily dissolvable in various host materials and have generally high

luminescence quantum efficiency.

This study concentrated on using rare-earth ions as an intermediate approach
due to both the above mentioned attractive properties and their availability in our
laboratory. The rare-earth ions are described by an electronic configuration of
[Xe]4f" (where n=0-14) and their corresponding energy level diagrams are
displayed in Appendix F. The rare-earth ions may be classified into two groups.
One group of rare-earth ions (Er, Dy, Gd, Ho, Tm, Th, Nd, Sm, Pr, Pm) displays
narrow line emissions, while a second group (Ce, Eu, Yb) exhibits broadband
emission. Chapter 2 presented the use of narrow absorption material (sensitizer);

while in this chapter we focus on investigating a broadband sensitiser.

Two possible candidates are europium (Eu) and cerium (Ce) which show broad
and strong absorption between their 5d to 4f levels in the desired spectral range.
However, they can exist in different valence states depending on the host
environment and the fabrication method [26, 69]. Eu with valence state +2 shows
a broad excitation spectrum in the vacuum ultraviolet region due to the 4f'—4f%5d
transition. The energy of this transition is more than twice the band-gap energy of

silicon but unfortunately that part of the spectrum is absent in the solar radiation
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reaching the Earth surface On the other hand, Ce ions could be considered as a
broadband sensitizer because of its high absorption coefficient and large
absorption cross-section. Moreover, its spectral transition can be tuned by the

appropriate selection of the host [26].

Of all rare-earth ions, Ce ion has been widely characterized and applied in
research and development areas such as in the lighting industry due to its broad
luminescence as will be discussed below. Thus, this was the practical reason to
investige Ce doped tellurite glass as an intermediate step towards a broadband

downconversion for Si solar cells.

The 5d to 4f level radiative emission of Ce-based phosphors has attracted
considerable attention for possible use in fluorescent lamp, LED, and scintillator
applications. For example, Ce is used in Y3Al120s: Ce (YAG: Ce) for white LEDs
and LusAl12012:Ce (LUAG: Ce) as scintillators. The first work on Ce doped YAG
as a new phosphor material for cathode ray tube was reported by Blasse and
Grabmaier [61]. The combination of high luminescence efficiency and a relatively
long wavelength (visible) emission made this material ideally suitable for this
application. In recent years, Ce has been investigated for light sources as a
colour converter in (In, Ga)N-based LED [85]. The combination of blue and yellow
colour gives a bright white light source with an overall efficiency approaching that

of fluorescent lamps.

3.6.1 Choice of Ce

Cerium is the second element in the lanthanide group, with an atomic number 58,
and is characterized by electronic configuration of [Xe]4f'5d'6s?. The Ce ion has

a simple energy diagram with two energy bands 4f and 5d, separated by energy
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Figure 3.2: Energy level diagram of Ce ion. (Energy levels are labelled with their
corresponding spectroscopic notations)

difference of around 30000 cm, as shown in Figure 3.2. The 4f ground state
configuration yields two energy levels, ?Fs2 and 2F72, separated by a width of

~ 3000 cm,

As a potential sensitizer, Ce ion could harvest UV/blue spectral photons for
absorption of high energy photons. Unlike other rare-earth ions, Ce ions generally
absorb a wide band of light due to large absorption cross-section (o ~107% cm?)
and spin allowed transition [86]. The absorption of Ce ion can be tuned between

300 nm and 550 nm, with the exact value depending on the host material [87].
3.6.2 Fabrication of Ce doped Te glass

The tellurite glass of chemical composition, 73Te0O2—20Zn0O-5Na20-2La203, was
prepared for this study. Host raw materials with 99.99% or higher purity were
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used as received from commercial suppliers. Two different compounds [CeOz,
Ce2(COg3)3] of cerium were used. We selected tellurite glass which enabled us to
make comparison with the preliminary work presented in Chapter 2. The bulk
glasses were fabricated by a conventional melting and quenching method.
Further the glass samples were cut to the thickness of 1.0 £ 0.1 mm from blocks
of dimensions 15x10x30 mm? for spectroscopic measurements. The physical

description of un-doped and Ce doped samples is provided in Table 3.1.

Table 3.1: The physical description of Ce doped Te samples.

Samples Doping concentration Raw oxide materials
(ions/cm?
un-doped Te - TeO,, Zn0O, Nay0, Laz0s3
Ce-34 0.1x10%° TeO,, ZnO, Na;0, La;03, CeO,
Ce—66 0.1x10% TeO3, Zn0O, Naz0, La,03, Cex(CO3)3

The samples were designated as un-doped Te, Ce-34, and Ce-66. The difference
between two Ce doped samples was that, in each sample, different compounds
of cerium were used. All spectroscopic samples were polished on both sides in

order to reduce surface irregularities prior to the optical measurements.

3.6.3 Issues with Ce

In solid materials, Ce ions can exist in a trivalent (+3) or a tetravalent (+4) state
by losing its two 6s electrons and one or both of its 4f electrons [88]. Ce3* ions
may be excited to a 5d state by optical pumping directly or indirectly. In the first
case, the excited Ce ion will emit a photon (5d to 4f) via (Ce3*)" — Ce3* + hv. In

the second case, the Ce ion may lose its 4f electron to form Ce**, either optically
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or by capturing a hole created in the valence states of for example, oxygen via
the process Ce3* + hu — Ce*". The charge transfer in the latter process may
complicate the downconversion process. It has been shown that the absorption
spectrum of Ce*" peaked at a wavelength of ~ 250 nm, whereas for Ce?®, it
peaked around a wavelength of 350 nm [88]. Therefore, it is necessary to
address the issue of Ce ion valence state in a particular host material before a

spectral converter could be developed.

3.7 Initial experimental investigation

The Ce doped tellurite glass samples were characterized by measuring the
UV/Vis absorption and the FTIR absorption spectra. These measurements
assisted to observe the optical features of samples, such as the absorption of
light by the Ce ions, intrinsic host absorption, and the wavelengths over which the
sample is transparent. The experimental methods and results obtained through

both UV/Vis and FTIR absorption spectroscopy are explained below.

3.7.1 UV/Vis absorption spectroscopy

Absorption measurements were performed using the optical spectrophotometer
(Model: Cary 5000) similarly to the measurements described in Chapter 2. The
fractional transmission of each luminescent sample was recorded. The fractional
transmission is the ratio of transmitted intensity through the sample to the incident
intensity of light. Subsequently, the absorption coefficient was calculated for each
sample using the transmission and sample thickness, as was explained in

Section 2.4.1.
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The resulting absorption spectra of Ce doped samples together with an un-doped
sample, corrected for surface reflection loss, are shown in Figure 3.3. Two
remarkable features can be pointed out as follows. First, both samples show wide
transparency to the incident light from visible region to NIR region. Second, Ce
ions show wide band absorption in the UV/blue region ranging from 350 nm to
440 nm. This absorption of light is attributed to the spin allowed transition from 4f
to 5d levels of Ce ion [87, 89]. The absorption edge around 345 nm is due to the
host constituents and electronic vibrations which can be observed from the

absorption trend of an un-doped Te glass sample.
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Figure 3.3: Optical absorption spectra of un-doped and Ce doped Te glasses.

Both samples show similar absorption band which reflects same amount of Ce
doping as tabulated in Table 3.1. From Figure 3.3, it is difficult to identify the
presence of Ce ions in a particular valence state such Ce3* or Ce**. Because the
full absorption band is invisible to observe the peak absorption by Ce ions and

this was limited due to the intrinsic UV absorption of host tellurite glass. The UV
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edge absorption of Te glass samples under investigation could be ascribed to
Rayleigh scattering [56]. Thus, this study will further examine the FTIR spectra to
determine the valency of Ce ions, as discussed in the following section. It is

expected that Ce3* show absorption bands in the infrared range (3 um to 5 um).

3.7.2. Infrared absorption spectroscopy

Fourier Transform Infrared (FTIR) absorption spectroscopy is one of the
advanced spectroscopic techniques. This technique helps to identify the
presence of any functional groups (such as OH- ions) in solid materials and
allows probing the low frequency vibrations of a solid. One can also use the
collection of absorption bands and the detection of specific impurities in the

infrared region to explore the properties of a solid.

The purpose of this section is to study infrared characteristics of Ce doped Te
glasses in order to find out valence state of Ce ions. Thus FTIR spectra
measurements® will be taken and it is expected that a peak in the FTIR
absorption spectra around wavelength of 4 um will show presence of Ce3*.ions
[90]. The determination of the Ce3* ions enables us to make an optimal choice for

use in the preparation of a downconverter.

This study recorded infrared absorption spectra of samples using a commercial
PerkinElmer FTIR spectrometer (Model: Spectrum 400). This spectrometer is
capable of measuring absorption and transmission over a wavelength range from
1 um to 10 um. Generally, FTIR instruments consist of three main components: a

light source, interferometer, and a detector. A simplified optical layout of a typical

5 Another option was to use electron spin resonance technique (EPR) to analyse the valence state of Ce
ions, however, this was out of our capability due to unavailability of the instrument. Therefore, we used
Fourier transform infrared spectroscopy to study Ce ions.
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FTIR spectrometer is illustrated in Figure 3.4. This Figure is divided into two
parts: A and B. Figure 3.4(A) shows a light source and a detector with a sample
holder in between while Figure 3.4(B) shows a Michelson interferometer which is
explained later together with the description of the technique. The samples
investigated were the same as those described in Section 3.6.2. The FTIR
spectra were scanned in the wavelength range from 2 ym to 7 pym with a

resolution of 4 cm* through software.
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Figure 3.4: A schematic representation of an instrument for measuring FTIR
absorption spectra®.

The FTIR spectrometer was used in transmission mode and the transmission
measurement was performed via the following steps. First, a background
spectrum was recorded with an empty sample holder. Second, the sample was

placed in a holder and the resulting spectrum was measured, which was

6 Source: Modified and redrawn picture of Perkin Elmer instrument which can be found at
www.perkinelmer.com/FTIR/usermanual.
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proportioned against the background spectrum to eliminate features introduced
by the instrument components. The commercial software ‘Spectrum’ [91], was

used to operate the spectrometer and record spectra.

In FTIR spectroscopy, the Michelson interferometer is the central part of the
spectrometers. It consists of three optical components i.e. a beam splitter, a fixed
mirror and a moveable mirror shown schematically in Figure 3.4(B). The
collimated beam of light from the source reaches the beam splitter, where it is
divided into two halves. One half of the light beam is transmitted to the movable
mirror and the other is reflected to the fixed mirror. These two beams reflect back
from the mirrors and subsequently recombine at the beam splitter, resulting in a
new beam that passes through the sample and is further steered towards the
detector as shown in Figure 3.4(A). The resulting intensity signal is referred to as
an ‘“interferogram”, which is recorded at the detector as a function of path

difference.

For the sake of simplicity, first consider an IR beam emanating from a
monochromatic light source of wavelength, A, which passes through an empty
interferometer. If both mirrors (moveable and fixed) are at the same distance, L
(x=0), from the beam splitter, the two reflected beams that recombine at the
beam splitter travel the same distance (x=2L) resulting in constructive
interference, so that a maximum is recorded at the detector. Now if the moving
mirror is displaced from the beam splitter by a distance, N2, the reflected beam
from the moving mirror will travel an extra distance (x=2(M2)=A) and constructive

interference will again be observed.
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Figure 3.5: (a) A spectrum of a monochromatic IR beam source (left) and its
corresponding interferogram (right), and (b) A spectrum of a broadband lamp
(left) and its corresponding interferogram (right) [92].

However, if the moving mirror is displaced by a distance, A4, the beam reflected
will now travel an extra distance (x=2(A\/4)=A/2). Subsequently, two halves of the
beam that recombine at the beam splitter cause destructive interference so that a

minimum is recorded at the detector.

Thus, for a monochromatic light source of a given wavelength, one finds an
interferogram (right) as shown in Figure 3.5(a). In general, if a moveable mirror is
displaced the following distance (x=nA) or (x=(n+1/2)A), where n is an integer,
then constructive or destructive interference takes place, respectively. Now
consider an infrared lamp as the incident light source. In this case, a large
number of wavelengths are emitted and the intensity is measured at the detector.
Figure 3.5(b) shows a typical shape of the spectrum of a lamp (left) and its
corresponding interferogram (right). For usual data acquisitions with an FTIR
spectrometer, the interferogram is measured and then must be converted by

means of a Fourier transformation [92] to give the final signal as an output.
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Figure 3.6: (a) A reference spectrum of a lamp measured through an empty
spectrometer, (b) A spectrum measured with a sample, and (c) The final
transmittance spectrum of the sample [92].

FTIR spectrometers generally provide transmittance spectra ‘T(v)" via the
following three simple steps: i) An interferogram is measured with the empty
spectrometer (without a sample). It is then Fourier transformed to give the
reference spectrum ‘R(v)’ as shown in Figure 3.6(a), ii) In the second step, an
interferogram is measured when the sample is placed in the path of light beam. A
sample spectrum ‘S(v)’ is obtained after Fourier transformation (see
Figure 3.6(b)), and iii) Finally, the transmittance spectrum of the sample in the
form of Fourier transform spectrum is obtained through relation T(v) = S(v)/R(v),

(i.e. the ratio of the sample and reference spectra) as shown in Figure 3.6(c).

The measured FTIR absorption spectra of all our samples are shown in
Figure 3.7. The absorption coefficient of each sample was calculated from the
Beer-Lambert law in units of per millimetre. It is evident from FTIR spectra that all

samples show similar features over the wavelength range from 2 ym to 6 pym.
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The minor peaks present around a wavelength of 3.5 ym show the instrument
artifact for all the samples. Initially, these measurements were performed using
two different compounds with Ce ions in different oxidation states to determine +3

valence state.

Qualitative analysis of the FTIR spectra reveals two general features; first is the
location of multi-phonon edge in mid infrared region and the other is the amount
of hydroxyl (OH) groups or ions present in the tellurite glass samples. The tellurite
glass samples under investigation were prepared in an open atmosphere.
Accordingly all FTIR spectra show the presence of water contents in the form of
broad peaks i.e. strong vibrations of OH groups at wavelengths around 3.5 pym

and 4.5 ym as shown in Figure 3.7.
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Figure 3.7: FTIR absorption spectra of un-doped and Ce doped Te glass.
(Samples specifications were listed in Table 3.1)
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Furthermore, the sharp rise in absorption can be noticed around the wavelength
of 6 ym where combinations and overtones of the fundamental lattice vibrations
occur and hence represents IR multi-phonon edge [56]. These results show the
absence of a strong absorption peak around 3.8 ym which would correspond to
the Ce®* transition between levels ?F7;2 and ?Fs2 [61, 90]. This could be due to the
following two reasons. First, the Ce3* peak is superimposed by the strong
absorption of OH groups as shown in Figure 3.7, however, maximum resolution
of the FTIR instrument was chosen so as to observe Ce® ions presence.
Second, this may be due to the Ilower concentration of Ce ions
(0.1x10%° ions/cm?) doped in Te glasses since the detection of peak Ce3* was
observed by varying Ce concentration [90, 93]. Therefore, comparing FTIR result
with literature [90], the minimum concentration of Ce content should be used as
2x10%° ions/cm? in order to detect Ce®* ions. Thus, it can be suggested that the
emission from Ce ions was suppressed due to the presence of OH content. The
OH ions/content related absorption could be controlled by employing dry raw
materials or by melting glass in nitrogen atmosphere. Hence it will reduce the OH
content in tellurite glass and Ce®" may be detectable from the FTIR
measurement. Further, fluorescence measurement using these samples may

enable us to make a final remark on the Ce valence state.

3.8 Summary of the chapter

In this chapter, we have discussed advanced materials by evaluating to what

extent they are suitable to be used in the preparation of spectral converters. Their
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basic structures and properties are described hence to determine the absorption

and luminescence.

Initial investigation was completed using Ce doped tellurite glass system. The
UV/Vis absorption spectra showed broad absorption. Further, FTIR investigation
was performed to find Ce3* ions presence in the samples. While the initial
experiment demonstrated, the evaluation was inconclusive due to presence of
OH content in the samples. Subsequent step would be to perform experiments
once new samples with different concentrations of Ce are obtained. Additionally,
it remains to be determined that over what wavelength range the samples
investigated above show fluorescence. The emission measurement of these
samples was not performed due to the time limitation. Overall, the application of
rare-earth ions (cerium) offers opportunity to some extent to be used for energy
conversion materials. However, semiconductor QDs might be promising materials

for downconversion scheme.
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Chapter

Summary and Conclusion

e Chapters summary

e Future work directions

This thesis was concerned with the study of advanced approaches to improve
efficiency of Si solar cells. In particular, a key approach ‘downconversion scheme’
was studied which aims to generate at least two useful low energy photons from
one high energy incident photon. To accomplish this goal, the solar
downconverters were fabricated and then evaluated primarily by determining their

optical characteristics. The major contributions of this work are summarized in

Section 4.1 and some future work directions are given in Section 4.2.
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CHAPTER 4: SUMMARY AND CONCLUSION

4.1 Chapters summary

This thesis presents an investigation of solar downconverters that convert
UV/blue-green photons to near-infrared photons which can be absorbed by
silicon solar cells. In this work, we developed the methodology required and used
it to study downconverters experimentally. This involved determining the optical
properties such as UV/Vis absorption spectra, fluorescence spectra, FTIR
spectra, and FQE.

As introductory material for this investigation, various approaches aiming to
increase the efficiency of Si solar cells were reviewed. The discrepancy of 8%
between theoretical and laboratory efficiency of Si solar cell led this study to
examine the potential of the downconversion approach. Consequently we studied
solar converters in terms of whether they exhibit downconversion phenomenon. It
was necessary to understand the luminescent materials used and their optical
properties.

A detailed description of an experimental technique to examine the
downconveters by means of FQE was described in Chapter 2. This technique is
simple, portable, accurate, and low cost because it utilizes readily available optics
and a commercial spectrometer. Our experimental technique is a useful
contribution for measuring the quantum efficiency of different glass samples or
thin-films samples. In addition, this technique can measure a range of samples
available either in solid or liquid form. The experimental technique was verified by
measuring efficiency of a reference Rh-B sample. The results obtained were then
compared with the currently accepted efficiency values in the literature.

The FQE was used to assess the practical suitability of downconverters. It was

found that tellurite glasses doped rare-earth ions (Er/Yb) are not viable for
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practical application because they exhibited only narrow band absorption of
sunlight and very low efficiency but were useful to establish the experimental
technique.

Chapter 3 presented an overview of advanced materials evaluated in the context
of broad absorption of high energy part of solar spectrum. The basic structures of
the constituent units of a particular material determine the required property of
new photonic device. The cerium doped tellurite glasses were studied initially by
exploring their UV/Vis absorption and the FTIR spectra. The purpose of initial
study was to investigate the valency of Ce ions present in the material. Initial
FTIR results were inconclusive for the Ce®* ions presence in our tellurite glasses.
However future experiments based on this work would resolve this problem. We
also began investigating suitable architectures, a subject that has not been

treated thoroughly in the literature

4.2 Future work directions

During the course of this project, a few promising areas emerged that require
further investigation. For example, investigated rare-earth ions absorb light in
narrow absorption bands despite the fact that they possess numerous energy
levels. If a significant improvement in Si solar cells performance is to be
achieved, it must come from doping species-RE ions or hybrid materials which
exhibit wide band absorption and subsequently emit light around the optimal point

where silicon solar cell shows maximum efficiency.

Further work is needed to ascertain energy transfer pathways and the actual

number of NIR photons emitted per UV/blue photon. More characterization for
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example, fluorescence measurement is required to make conclusive decision for

the choice of cerium ion as sensitizer.

However, semiconductor QDs seemed to be promising avenue of research for
future perspectives, particularly, for the purpose of harnessing UV through blue to
green solar photons available in the solar spectrum. It is due to the fact that they
posses abundant energy levels that can be tuned according to the incident
sunlight and have small structures at the scale of approximately 10 nm. Therefore
a whole new set of QDs as advanced energy conversion materials will be
required for the downconverter. Alternatively, the QDs material may be deposited
on the top or injected inside the silicon solar cells to obtain the potential use of
downconversion scheme. The experimental approach developed in this thesis will

be very suitable for investigating downconverters making use of QDs.
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Architectural configuration of a PV device: Analysis

Conversion of solar energy to useful electrical energy is becoming ever more
important in the PV research. A plethora of work reported in the literature focuses
on studying the downconversion scheme. The key parameter ‘quantum efficiency’
is measured to determine the characteristics of the spectral converter. The
research in the field of sunlight conversion is in progress, however, there is no
report to the best of our knowledge, describing the analysis of the architectural
design of a PV device i.e. downconverter with a silicon solar cell. In this section,
we describe the structural design when the downconverter is attached to a solar
cell as was schematically shown in Figure 1.4(b) (see Page 11). The
downconverter alters the spectral content of the incident sunlight before entering
the Si solar cell. The addition of a downconverter to a solar cell can be beneficial
in obtaining efficiency gain by utilizing high energy photons that otherwise create
thermalization losses. The reduction of these spectral losses is imperative to

improve efficiency for practical use.

A large part of spectral loss is related to the reflection of incident light. When the
incident light impinges normally, for example, on a bare Si solar cell, a significant
amount of light is reflected from the front interface between air (n=1) and Si solar

cell (n=4.10) which results in 36% of the incident light being reflected. The
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addition of a downconverter which is made up of glass such as soda-lime (n=1.5)
on the top of a Si solar cell introduces reflection loss of 21% due to the interface
between glass and Si. Note that above refractive index values correspond to a
wavelength of 550 nm since solar spectrum has maximum intensity around this
wavelength. As seen above, these reflection losses result due to the large
difference of refractive indices between two media. One possible way to avoid
reflection losses is to use anti-reflection coating (ARC). An ARC is made up of a
specific material which exhibit special characteristics to counter the reflection of
light [94]. In an ideal case, zero percent (0%) reflection can be obtained for

monochromatic incident light if the refractive index of ARC is equal to

n = V(nwn2), (A1)

and the thickness ‘d’ of the ARC must follow the relation

d=2A/4n, (A.2)
where ‘n’ is the refractive index of the ARC material and ‘A’ is the wavelength of

incident light.

The thickness of the ARC can be controlled in order to produce destructive
interference (if the thickness is equal to one-quarter of a wavelength). The criteria
outlined above for zero percent reflection is valid only for the light of a single
wavelength ‘N’, however, an ARC to cover the whole solar spectrum is not
possible utilising this approach in isolation. Thus we explain a modified model of
a PV device as was discussed in Section 1.3.1 in order to counter the reflection
losses. A prototype model of a PV device together with the chosen ARC'’s is

schematically shown in Figure A.1.
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Incident light

Air -
ARG Mg|:2 n=138 ...........
Te glass n=2.00 Downconverter
ARE2 Te02 n=2.29
c-Si n=4.10
Solar cell

Figure A.l: Schematic optical configuration of a PV device consisting of a
downconverter with AR coatings on both sides and a silicon solar cell.

This model consists of three components i.e. ARC’s, downconverter, and a solar
cell. A downconverter made from tellurite glass and a c-Si solar cell is
considered. Two ARC'’s are chosen according to the refractive indices based on

the Expression (A.1). The purpose of these ARC’s is to reduce reflection losses.

Consider a simple scenario when incident light falls perpendicularly on a system
as shown in Figure A.1. The best possible chosen ARC’s based on above criteria
are made up of MgF2 (n=1.38), and TeO2 (n=2.29) labelled as ARC1 and ARC2.
The idea for using MgF: is to reduce the large refractive index difference between
air and a downconverter and for TeOz is to produce index matching medium
between a downconverter and a c-Si solar cell (see Figure A.1). The ARCL1 is
placed at the top of a downconverter while ARC2 is sandwiched between a
downconverter and a c-Si solar cell as shown in Figure A.1. The sunlight falling

on this system thus passes through four different interfaces i.e. air/MgFz,
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MgF2/Te glass, Te glass/TeO2 and TeO2/c-Si before it enters the Si solar cell.
Accordingly, the reflection from these interfaces is 2.4%, 3.3%, 0.4%, and 9%
respectively. These calculations were performed by choosing best thicknesses of
the two ARC’s (ARC1 and ARC2) as 90.6 nm and 54.6 nm to minimize reflection
losses. So the maximum (~ 85%) of incident light reaches the Si solar cell prior to

absorption.

The inclusion of a downconverter as described above (see Figure A.1), causes
different optical losses which are: 1) front surface reflection, 2) escape cone loss
of emitted light, 3) unabsorbed light or transmitted light, 4) non-radiative decay, 5)
re-absorption losses, and 6) host absorption as shown in Figure A.2. The latter
three losses are intrinsic which can be avoided only by choosing a high quality

host and luminescent ions.

The reflection from the front surface occurs due to the large refractive index of
host material which can be reduced by using anti-reflection coating as was
discussed above. However, there remains a challenge to circumvent escape

cone losses (ECL).

Reflection

Host
absorption
Front escape
cone loss
o 0 o | A
©c X o o Ly O Side
4 O— P escape loss
o o | ©
O
o f © o
v
Re-absorption Direct emission TIR  Unabsorbed
and emission light

Figure A.2: A 2D cross-sectional view of a downconverter showing possible
optical processes. (Solid and dotted circle represents luminescent ions and
impurity ions respectively)
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Escape cone losses occur due to the isotropic nature of the emitted light.
Generally the photons are emitted uniformly in all directions of a sphere (4mn
steradians). The photons emitted towards the Si solar cell need to cross two
interfaces only i.e. Te glass/TeO2 and TeO2/c-Si as shown in Figure A.1. The
reflection from the interface between TeO:2/c-Si is high which can be further
reduced by using light trapping structures [95]. The loss of emitted light in the
cone shape results only if the emitted light strikes to internal surface with an
angle less than critical angle ‘B¢’ given by (SinBc=nair/Ngiass). IN the case where a
sole downconverter is coupled to the solar cell, the critical angle ‘6c” will be 30°
between air (nar=1) and tellurite glass (nglass=2). This loss can be reduced by
using a proper reflective coating which is selectively reflective at the wavelengths
where luminescent impurity emits. The total fraction of downconverted solar
radiation and reaches the Si solar cell into 2r steradians is 45.3%. However, this
reflective coating may hinder the incident light. To overcome this issue, we

propose a new design which is explained below.

A.1 Proposed architecture design

One possible approach to avoid escape cone losses is to consider an
architectural design that uses a downconverter in a different way. The proposed
architectural design is shown schematically in Figure A.3. This model will not only
reduce escape cone losses but also help to reduce other losses such as
reflection loss, unabsorbed light, and the side escape losses. We explain the
particular chosen design of a device followed by the advantages over the

approach described above.
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This configuration consists of three components i.e. solar cell, downconverter,
and a rear reflector. In this architectural design we consider a thinfilm solar cell
made of Si material with a downconverter attached on the rear side as shown in
Figure A.3. The purpose of using a rear reflector (perfectly reflecting mirror) is to
reflect all the emitted photons escaping the downconverter back into the solar
cell. Additionally, this approach helps to make use of incident photons leaving the
solar cell which are subsequently absorbed by the downconverter. For the sake
of simplicity, we consider a simple case where the incident sunlight falls

perpendicularly on the proposed device as shown in Figure A.3.

There will be a significant amount of reflection loss due to the large difference of
refractive index between air and Si which can be reduced by using trapping
techniques such as texturing the front surface of the Si solar cell, as shown in
Figure A.3, so as to obtain more light into the semiconductor of the solar cell for

maximum absorption purposes. In this way incident light remains trapped, until it

Incident sunlight

Unabsorbed light

Textured surface

Thinfilm ¢ | o
Si solar cell

e———» Downconverter

Rear reflector «———

Figure A.3: Schematic representation of a proposed architectural design.
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is either absorbed or scattered. Thus this design reduces the front reflection

losses, and increases the absorption of light by the thinfilm Si solar cell [96].

Finally side escape losses from the downconverter can be avoided by using an
ARC of proper thickness or painting by a white colour. This approach looks

promising, however further work is needed to ascertain its practicality.
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Appendix
B

Light sources specifications

The specifications and performance ratings of blue and UV light emitting diodes,

as provided by the manufacturer, are listed in Table B.1. Both these light sources

were obtained from THOR LABS Inc.

Table B.1: Specifications of Blue and UV light emitting diodes.

Parameters Blue LED UV LED
Model M45512 LED38L
Wavelength 455 nm 375 nm—380 nm
Bandwidth (FWHM) 50 nm 12 nm
Optical power 400 mW 8.1 mw

LED current (max) 1600 mA 100 mA

LED forward voltage 35V 3.7V
Lifetime >50,000 hrs -
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Spectral calibration of the spectrometer

There are different ways to calibrate the whole experimental setup, depending on

how data is processed later on.

The spectral calibration of the spectrometer is always required. It is an easy
process and is necessary in order to observe the spectral transitions at correct
wavelengths. Various sources e.g., dual mercury and helium/neon lamp (Model:
USB-Hg-Ne/Ar, Acton Research Corp.; pen type lamp inside a cuvette shaped
glass) were employed in conjunction with the spectrometer to record the spectral
peaks at the charge-coupled detector (CCD). Subsequently, observed spectral
peaks were compared with the NIST standard data. This process enabled
wavelength calibration of the spectrometer and ensured the validity of the

experimental results.

The emission spectrum of the ordinary white fluorescent lamp is shown in

Figure C.1.
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Emission intensity (Counts)

18000
16000 -
14000 -
12000 -
10000 -
8000 -
6000 -
4000 -

2000 -

| —Fluorescent light]

T
450

T
500

I
550
Wavelength (nm)

I
600

Figure C.1: Emission spectrum of fluorescent white light.
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Appendix
D

Verification of experimental method

This appendix describes the verification of the experimental method that was
demonstrated in Section 2.6.1. We performed measurements using a reference
fluorescence sample. Subsequently the experimental data was analysed and

compared with the accepted value of a reference sample in the literature.
D.1 Reference fluorescence sample

Generally, the requirements for a reference fluorescence sample are quite

specific. It should have the following properties [97]:

1) a broad fluorescence spectra
2) as small an overlap as possible between absorption and emission spectra
3) aknown quantum efficiency
4) be able to absorb and emit in the desirable wavelength regions as that of

the sample under study.

Fluorescent dyes can be used as the reference sample for experiment verification
purposes. There are several well known fluorescent dyes for example Quinine

sulphate dehydrates (QSH), Coumarin, Rhodamine-B, 3B, 6G, 101, and 110.

We selected Rhodamine-B (Rh-B) as a reference fluorescence sample for our

experiment because of its availability in chemistry laboratories and its properties
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are well known in the literature. For sample preparation, there is a range of
solvents available for example, butanol, propan-2-ol, acetone, ethanol and
methanol. We chose ethanol (abbreviation: EtOH) as a solvent since it showed
excellent transparency in the visible wavelength range’. Another reason of
preference to choose ethanol is that it is the main solvent used in most
fluorescence databases, thus allowing for comparisons to be drawn. Finally, Rh-B

was dissolved in ethanol, both of being spectroscopic grade.

It is a challenging task to check experimental setup over an extended range of
wavelengths since we recorded emission spectra of tellurite glass samples in the
spectral range from 350 nm to 1100 nm. It is impossible to find any single
reference compound that fluoresces over a wide wavelength range, however, a
mixture of standard dyes or samples can be used which limits the accuracy of the
measurement. For this reason, we chose a single reference fluorescence sample

which fluoresces over a limited wavelength range.

D.2 Experimental

A schematic representation of the experimental setup is shown in Figure D.1. The
experimental setup for verification is similar to that described previously in

Section 2.6.1 with minor modifications in the excitation part.

A cw laser (class llI-b) of wavelength 533 nm was used to illuminate samples.
The excitation wavelength was chosen from the measurement of the absorption
spectrum of Rh-B. A solution of Rh-B and ethanol contained in a quartz cell

(Width ~ 10 mm), from Beckman Inc., was placed in the path of excitation light. A

7 The measurement was made using a Cary spectrophotometer at our laboratory.
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variable ND filter was placed in the path of a beam emanating from the laser to

avoid the damage of the detector.

R Beam Focusing

533 nm : : l spitery lens A4 sonpe RhB)
Laser :[
: : i y 4

" Aperture

ND filter

Beam expander

Collection
lens

ccO

XYZ translation E
stage Optical fibre

0 ﬁ._.\ s

"

Optical :
spectrometer | 1 %

Figure D.1: Schematic representation of experimental setup for verification. (The
actual physical setup is shown in Figure D.2)

A beam expander (a combination of concave and convex lens) was used to
expand and collimate the pump beam and then send it onto the aperture as
shown in Figure D.1. The size (diameter) of the aperture was decreased until the
fluorescence signal was collected by the optical fibre as was described in Section
2.6.1. An optical fibore mounted on a XYZ translation stage was used that guided
fluorescence signal to the spectrometer. Finally, the fluorescence signal was

recorded at the CCD detector.
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In this experiment, the fluorescence signal was collected in the opposite direction
to incident light (see Figure D.1), thus ensuring accurate overlap of the excited
sample volume and the volume used in measuring fluorescence. The
fluorescence of a sample was separated with the aid of a beam-splitter and was
directed to the collection lens focusing on to the tip of an optical fibre. The
fluorescence signal was scanned over the wavelength range from 500 nm to

1100 nm. A photograph of actual experimental setup is shown in Figure D.2.

Sample holder

Focusing lens

Multimode Beam splitter

optical fibre
Aperture

Collection lens

XYZ translation

stage Beam expander

ND filter

Laser

Figure D.2: The photograph of an experimental setup. (Top side view)
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D.3 Data analysis

Using the experimental setup drawn schematically in Figure D.1, the
experimental data was accumulated. The reference sample (Rh-B) was used with
the concentration of 1 uM. The data analysis involves two experimental steps and

the measured values as explained below.

Step 1:

Firstly, the background of experimental setup was measured in the form of

spectrum using a sample cell, filled with ethanol only, as shown in Figure D.3

35000 - L - L - L - L - L
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25000
0
C
3 20000 -
o
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R
S
W 10000
5000 |
-_1 L |
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Wavelength (nm)

Figure D.3: Background spectrum of experimental setup using a sample cell
containing ethanol only.

Step 2:

Then, the emission spectrum was recorded using a sample cell filled with the

solution of Rh-B and ethanol, as shown in Figure D.4.
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Figure D.4: Emission spectrum of a sample cell containing solution of Rh-B and
ethanol.

Step 3:

Finally, the difference emission spectrum is obtained after subtracting step 1 from

step 2. The resulting spectrum is shown in Figure D.5.
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Figure D.5: Difference emission spectrum of Rh-B sample. (The broad peak of
the spectrum shows the characteristic fluorescence of Rh-B).
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After acquiring emission spectra and experimental data (measured power values
listed below), subsequent calculations were performed in order to determine the
fluorescence efficiency of Rh-B sample. The calculation procedure is presented

below.
Incident power ‘P;’ = 37.0 £ 0.6 yW,
Transmitted power ‘P;’ = 24.0 + 0.6 pW, and

Measured emitted power ‘P,.qs = 32.0 £ 1.2 nW.

The measurements were repeated with the same excitation source and the power
meter in order to find uncertainties, thus reflecting the reproducibility, after the
experiment was performed. The statistical analysis was performed on the data
obtained for 10 sample values. The above quoted values are indicative of P,,, +
20. The uncertainties were calculated by considering level of confidence as 2o
being conservative. The power measurements were repeated both by blocking
the beam emanating from the laser and by moving the detector away from the
beam path and bringing back detector to measure the optical power. The
repeated measurements were consistent with the previous measurement except

not taking multiple readings.

The fluorescence power ‘P,’ at a detector position was calculated using

Equation (2.8) i.e.

p (Pneas) X (Area under the curve of dif ference fluorescence spectrum)
1= .
r Total area under the curve of fluorescence spectrum

_ (32x10”%)x(148184) _
Ppr = =£1640 =6.3nW.
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Next we used the following parameters to calculate the value of a fraction of solid

Focusing

angle ‘Q’ as given below lens

d =1.50 + 0.06 mm, and . P d
[ =50.0 0.4 mm, [ |

where ‘d’ is the diameter of the aperture and ‘I’ is the distance between the

sample and the focusing lens.

The diameter ‘d was measured using vernier calliper while the distance ‘I’ was
measured using a small ruler. Note that the uncertainties in the measurements
are two times standard deviation (20) of 10 sample values. The distance ‘I’ is
measured from the side (along the diameter) of the focusing lens to the sample

position.

Since emission from the sample is isotropic, i.e. in the form of a sphere, the total

emitted power will be calculated in the following way. Suppose power P, is

detected over a solid angle Q, then the total emitted power P will be given by

b p (471)
f f Q' :
Now first calculate the value of a fraction of solid angle (Q = Q'/4n) is

dZ
0="2"=7.07x 104
412

Then the value of total fluorescence poweremitted by the sample is

Finally, the efficiency ‘n’ was calculated by expression (2.9) i.e.
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Using values of P and P; in above formula, we obtain
n = 0.69. or n (%) = 69%.

In above expression the value of absorbed power is used in order to compare

with the literature value of efficiency as explained below.

D.4 Error estimation

The total estimated uncertainty was calculated by following the error propagation
approach. The uncertainty (An) in efficiency measurement is determined by using
the following expression

—=—+—, D.1
n - P TR (D.1)
where 7, P;, and Py is the efficiency, incident and the total fluorescence power

whereas An, AP;, and AP; is corresponding associated errors.

The value of each quantity in above expression is known except ‘AP’, which we

find by performing the following calculations:
Writing Equation (2.8) in compact form as

Pmeas X ADS

Py = ,
f Ag

where Aps and Ag correspond to the areas under the curve of difference
fluorescence spectrum and the total area under the curve of fluorescence

spectrum respectively, PBy.qsis the measured emitted power and P, is the

calculated fluorescence power at a certain position.
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To find the error in ‘P’ following the simple error propagation, we can write

APy AP
> f _ P meas ' (D.2)
f' meas

APmeaS
Pf,:( Pf’.

Pmeas

The total fluorescence power (Pr) was calculated by

4
Pf = Pfl (a) ) (D3)

where Q' is the solid angle, which is given by
0 =——. (D.4)
From Equations (D.3) and (D.4), we have
16¢°
Pf == Pfl ? .
We can then write

AP, 2ML 2Ad APy
=—+—+—=.
P ¢ d P

Now using Equation (D.2) in above expression, then

AP, 2At 2Ad AP

L e (D.5)
Pr { d Preas
The total uncertainty (An) in the efficiency value was calculated by combining

Equations (D.1) and (D.5), we then obtain

A _ AP 2N 2Ad | APreos (D.6)

+—+
n Pi [ d Pmeas

Substituting values in above expression
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A
7” = 0.0167 + 0.0160 + 0.0800 + 0.0387.

An =0.151 %7
An = 0.104

The final value of fluorescence efficiency of Rh-B is
n (%) = (69 £ 10)%.

Now we compare our experimental fluorescence efficiency with the known value
of efficiency for the Rh-B in the literature [97], thus finding the relative difference.
The experimental and the known quantum efficiency of Rh-B are 0.69 and 0.65
respectively. Our experimental value of efficiency is consistent with the known

value and is found to be within 10.
D.5 Analysis and discussion

The knowledge of possible effects on fluorescence and efficiency measurement
is essential to exploit the use of experimental technique at its maximum potential.
The accurate measurement of efficiency is much more difficult than it first
appears because of the limitations of instruments used (see below) and the

presence of potential external influences.

We first discuss the excitation light source (laser) and the fluctuations associated
with its beam. The laser beam can be affected by a number of factors both
internal and external to the laser itself. These contributing factors may include the
physical motion of the laser, intrinsic losses in the laser cavity medium
(instability), heat build-up, air currents, and the presence of external light (stray
light). The stray light was avoided by conducting an experiment in the dark

laboratory. The instability of the laser beam was minimized by both running the
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laser for 10 to 15 min prior to measurement, allowing it to reach the maximum
stability (£2% - as quoted by manufacturer), and performing the statistical
averaging of multiple measurements. The other error (random) was related to the
power measurements such as moving an optical fibore away and trying to bring
back to exactly the same position to measure the power. Finally, the largest
source of error being the relative error, as can be seen in calculations, was in the
measurement of diameter (d) of the aperture the accuracy of which was limited by
systematic errors related to the use of vernier calliper. The second largest error is
the absolute error in the measured value of the emitted power. While we have
shown that the method used will work, it can be refined to gain more accurate

results in later experiments if needed.
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Fluorescence quantum efficiency calculations

As was explained in Section 2.6.2, a simple data analysis approach was used to
determine the fluorescence quantum efficiency FQE. Four samples with
concentrations were investigated in this study. The experimental steps performed
to obtain the FQE are described. We provide all spectra and measured value for
a sample (Er0.2Yb9.8), which is given below. FQE of all other samples was

calculated by following a similar procedure.

In the present case, the calculations performed on the sample (No. 3 as labelled

in Table 2.2) are presented together with the measured emission spectra.

Sample: Er0.2Yb9.8

Stepl:

Firstly, the background of the experimental setup was measured in the form of

spectrum without a sample as shown in Figure E.1
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Figure E.1: Background spectrum of the experimental setup recorded without
sample. (Spectral peak around 380 nm indicates the pump light while a peak
around 760 nm indicates the second order of the pump light)

Step 2:

Then, the emission spectrum was recorded with a sample placed in the path of

the incident pump beam as shown in Figure E.2.
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Figure E.2: Emission spectrum of a sample. (Spectral peaks other than pump
(380 nm) and its 2" order (760 nm) correspond to the dopants present in the
sample)

Note that the above steps were taken using an identical setup but with different
integrating time which results in different counts on the detector. For an accurate
result, the two spectra should have been normalized for the same total count prior
to subtraction. This was not done for these preliminary results since the emission
was very low. Normalization will be performed for later experimental results once

new samples are obtained.

Step 3:

Finally, the difference fluorescence spectrum was obtained by subtracting
spectrum recorded in step 1 from the spectrum recorded in step 2, which is

plotted in Figure E.3.

113



APPENDIX: E

3000 | L | L | L | L | L | L |

| —— Er0.2Yb9.8|

2500 H

2000 +

1500

1000

Difference fluorescence (Counts)

500 -

T ' T T T . T T 1 T T
400 500 600 700 800 900 1000 1100

Wavelength (nm)

Figure E.3: Difference fluorescence spectrum of a sample. (Spectral peaks
around 525 nm, 550 nm, 660 nm, 850 nm, and 960 nm correspond to the dopants
present in the sample)

The measurement of quantum/fluorescence efficiency is highly prone to
experimental errors; all power measurements listed below were measured by

using a single power meter in order to minimize experimental errors.

Incident power ‘P;’ = 31.0 £ 0.6 uW,

Transmitted power ‘P,’ = 19.5 + 0.6 yW,
Reflected power ‘P’ = 4.5 £ 0.6 yW, and
Measured emitted power ‘P,,..s’ = 51.0 £ 1.2 nW.

Note that the measurement uncertainties quoted above were obtained from the
statistical analysis of multiple measured power values using a single optical

power meter.
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The fluorescence power at a certain position was calculated by using

Equation (2.8), following the same procedure outlined in Appendix D, we obtain

(51 % 107%) x (23307)
= 298016 ’

Py =4.0nW.

Now we calculate the fraction of solid angle ‘Q’ to find out the total fluorescence

power ‘P;’ emitted by the sample. Considering the geometry of the experimental

setup, we measured the following parameters as given below. For more

information, please refer to Sections 2.6.1 and 2.6.2.

Determining the solid angle:

Diameter ‘d’ = 8.50 + 0.07 mm, and

Distance ‘I’ = 50.0 £ 0.4 mm.

The value of a fraction of solid angle (Q = Q /4m) is

_7rd2_ 2

The total fluorescence power emitted by the sample into 4r steradians is thus

Py,
P = 5 =0.18uW.

Since we were interested in the near-infrared (NIR) range which we defined as
the region of interest (ROI) ranging from 950 nm to 1100 nm, the fluorescence

guantum efficiency (FQE) will be

_ (51x1077) x (9874)
= 298016
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Py =1.7nW.

So, the total fluorescence power into 4r steradians is

P; = 0.80 nWW.

Finally the efficiency was calculated using value of Pr and P; as

b 0026
n =, =0026.

L

Or,
n(%) = 2.6%.

Now to find out the error ‘An’ in the efficiency value, the simple error propagation

is followed as was discussed in Appendix D. We write Equation (E.6) again,

Ay _ AP N 21\ N 2A\d N AP, ogs |
n Pi { d Pmeas

Substituting the values, we obtain:
An = 0.0755 x 1.
An(%) = 0.2%.

So the final value of efficiency for the sample (Er0.2Yb9.8) is

1 (%) = (2.6 + 0.2)%.
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Energy levels diagram of rare-earth ions
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8 Figure adopted from reference [98]
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