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Fluorescent collectors offer the potential to reduce the cost of crystalline silicon (c-Si)
solar cells, but so far their effectiveness has been demonstrated only theoretically. The
major obstacles in obtaining high practical efficiency of the device are photon transport
losses and material instability. This research is concerned with overcoming the first
obstacle, by aiming to increase the fundamental understanding of photon transport
in fluorescent collectors, and to explore the feasibility of employing these devices to

improve the energy collection of ¢-Si solar cells.

This thesis presents the theoretical and experimental results obtained during the
development and characterisation of fluorescent collectors and c¢-Si solar cells. Two
different structures of c-Si cells were successfully fabricated. The first type was a
wafer-based ¢-Si solar cell with an n* /p/p* structure, and the second type was a thin-
film c-Si solar cell whose structure can exploit the benefit of fluorescent concentration.
Characterisation of the wafer-based device revealed the presence of a heavily doped
region near the front surface. To gain a deeper insight into the influence of this layer,
a theoretical model was developed and used to analyse the collection efficiency of

minority carriers within the base and emitter regions of the device.

A method for preparing fluorescent collector plates was established by spin-coating
dye-doped PMMA (Polymethylmethacrylate) on glass slides. An optical characteri-
sation technique for determining re-absorption loss of the fluorescent collectors was
developed and used to evaluate the performance of the fluorescent collectors based on

Rhodamine 6G. The validity of this approach was verified by comparing the results



ii

with theoretical solutions, derived using a model adapted from Weber and Lambe’s

theory.

The two different collector structures were developed and characterised for their
electrical performance. For structures based on conventional cells, the experimental
results showed a significant increase in the output current at an optimum dye con-
centration. The hybrid thin-film fluorescent collector was also successfully fabricated.
Preliminary results showed that the performance of this novel structure with a much
higher geometrical gain ratio could be improved by optimising the dye concentration,

and using multiple dyes.
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Chapter 1

Introduction

1.1 Background and Motivation

Fossil fuels like coal, oil and natural gas supply approximately 80% of the world’s
energy (see Fig. 1.1) [1]. These fuels are a finite resource and they are being depleted
as world energy requirement is increasing dramatically. Additionally, there is a special
concern about the increase in concentration of atmospheric greenhouse gases which
are waste products of burning the fossil fuels. These higher concentrations leads to
the enhancement of the greenhouse effect, which is the major cause of climate change
[2, 3]. In view of these facts, a gradual shift from fossil fuels to renewable energy

sources appears to be the proper solution to this problem.

Combustible
Renewables
& Waste  Other*
Hydro  “406%  04% Coal
2.2% 0
_B_smem 25.1%
Nuclear : S
6.5%
Natural
Gas
20.9%
Qil
34.3%

* Other includes geothermal, solar, wind, heat, etc.

FIGURE 1.1: World energy consumption by energy source (2004) [1]
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Renewable energy refers to the energy derived from resources that are regenerative
or for all practical purposes can not be depleted [4]. Among the renewable energy
resources available at the present, solar energy is one of the most promising candidates.
This energy resource can be converted into electricity, one of the most useful forms of

energy, by the use of solar cells, also known as photovoltaic (PV) cells.

Solar cells can be made from a range of materials, from the crystalline silicon (c-
Si) wafers to the thin-film silicon cells and devices composed of plastic or organic
semiconductors. Regarding to PV production in 2005, it was shown that c-Si accounts
for 93.5% of total production [5]. The dominance of c-Si in the market can be explained
by the fact that the silicon technology has already been highly developed for semicon-
ductor devices and integrated circuits technology before the advent of photovoltaic

cells. The solar cell technology, thus, gains a great benefit from this [6].

Although PV technology based on silicon has already broken the barrier of mass
production and its products are widely available on the market, it has still been ham-
pered by the costs of material processing. For this reason, several efforts are being
made to overcome the high cost problem. One approach involves the development of
¢-Si thin film solar cells. This approach has been pursued because the silicon wafers
used to make the cells are relatively expensive, making up approximately half of the
final module cost. The reduction in silicon consumption is thus a driving force in the

development of thin film modules [7].

Another approach is to concentrate sunlight onto the solar cells. By using a light
concentrator, the solar cell is illuminated with a higher incident power and thus pro-
duces a higher electrical output. The area of the solar cells can be reduced, as a
result minimising the cost. The light concentration systems can be categorised into
two types: passive and active concentrators [8]. Passive or geometrical concentrators
are concentrators that can concentrate light based on their geometrical system. Their
operation does not rely on a frequency shift of light. Examples of the passive concen-
trators are mirrors and lenses. These concentrators have been widely employed in the
PV concentration system to date since they have proven to be very stable and effi-
cient in concentrating the light. However, considering the design of the concentration
system, it can be seen that concentration of light by using lenses or mirrors seems to
be more complicated. This is because of the limited acceptance angle of the lenses or
mirrors that require them to orient towards to sun directly. As a result, the concentra-
tion systems have to be equipped with an extra mechanical system that allows them
to track the sun. This tracking system, therefore, leads to the additional cost of the

electrical energy produced [9].
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Active concentrators are any concentrators whose operations are based on a frequency—
shift mechanism. A good example of the concentrators of this type is the fluorescent
collector (FC). The FC is a transparent plastic or glass plate doped with fluorescent
materials. It was considered for use as a light concentrator for a solar cell because of

several advantages, i.e., [10, 11]

1. it does not require a tracking system,

2. it can collect and concentrate both direct and diffuse light,

3. it has good heat dissipation from a large area of the FC plate,

4. it can select certain frequencies of light and focus them on solar cells that
work best at those frequencies,

5. it can be used as a beam splitter to split the light into different spectral
ranges. This feature allows the fraction of light to be concentrated and

delivered to the solar cells with different band gaps.

The device, which is comnposed of an FC and solar cell, is generally known as fluores-
cent solar concentrator or fluorescent solar collector (FSC). Its conventional structure

is shown in Fig. 1.2.

FLUORESCENT COLLECTOR

3

/ SOLAR CELL

MIRROR

FIGURE 1.2: A schematic perspective view of a fluorescent solar collector. The
device comprises a rectangular slab of fluorescent collector, a solar cell and reflecting
materials.

The operation of the device relies on four major mechanisms: light absorption, light
emission, light propagation and conversion of light into electricity. The absorption
process begins when the light is incident onto the large area of the FC. Photons,
whose wavelengths lie within the absorption band of the fluorescent materials, are
absorbed and subsequently re-emitted at longer wavelengths. A large fraction of the
emitted light is trapped within the FC because the refractive index of the FC is higher
than that of the surrounding medium. The trapped light is then delivered to the edges

of the FC via total internal reflection and converted to electricity by a solar cell.
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Although the FSC has been researched for over three decades, the expected high
efficiency of the device has not been realised in practice yet. One reason is probably
the lag of continuous research due to the limitations of dye molecules. In recent years,
the performance of dye materials is improved [12, 13]. In addition, some new advanced
materials such as quantum dots'[14] and photonic band-stop filter [15, 16] have been
introduced to improve the performance of the fluorescent collectors. The research in
this field has, therefore, been stimulated and has gained increasing attention from

various research groups [16-23].

1.2 Aim and Objectives

The aim of this thesis is to increase the fundamental understanding of photon transport
in fluorescent solar collectors and to explore the feasibility of employing fluorescent
collectors to improve the energy collection of c-Si solar cells. To accomplish this aim,

the research pursued the following objectives:

Development of crystalline silicon solar cells, which are one of the key components of

the Aluorescent solar collector.

e design, fabrication and characterisation of an experimental batch of c-Si
solar cells,
e development of a model to study the results based on a detailed consideration

of the collection efficiency of minority carriers.

Development and studies of the optical properties of the FC, focusing on the charac-

terisation of photon transport losses and re-absorption losses within the FC plate.

e development of a method to prepare the fluorescent collector plates,
e development of a measurement technique to characterise the optical properties
of the FC samples,

e analysis of the results using a novel modelling technique.
Integration of the FC with a solar cell.

e development of fluorescent solar collectors based on conventional c-3i solar cells,

and waffle-shape thin-film c¢-Si devices,

!Quantum dots are nanometer-sized crystallite semiconductors which have advantages over dyes
in that the absorption threshold and the red-shift between absorption and luminescence can be tuned
by adjusting the size of the dots.
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e characterisation of the electrical performance and recommendations for optimum

structure.

1.3 Thesis Outline

The thesis is organised into three parts. The first part, Chapter 2-4, deals with the

development and study of the performance of c-Si solar cells.

In Chapter 2, a review of literature essential to understand the principal operation of
p—n junction solar cells is provided. The chapter also presents the optical properties

of ¢-Si and interactions of light with the solar cell.

Chapter 3 describes the details of design, fabrication and characterisations of n*/p/p*
c-Si solar cells. The major results presented in this chapter are emitter doping profiles,

I-V curves, spectral response characteristics and reflectance of light at the front surface.

Chapter 4 deals with the method developed to analyse the collection efficiency of
minority carriers within the base and emitter of a p—n junction solar cell. The device
parameters obtained from applying the method to determine the performance of the

fabricated device are presented and discussed.

The second part of the thesis, Chapter 5-8, deals with the development and study of

fluorescent collectors.

In Chapter 5, a literature review essential to understand the principal operation of flu-
orescent solar collectors is given. A review of the early work related to the development

of fluorescent solar collectors is also discussed in this chapter.

Chapter 6 describes the techniques and theoretical models for quantitative analysis
of FSC performance. The major parameters discussed in this chapter include: the
absorption efficiency, the fluorescence quantum yield, the re-absorption probabilities,

the collection efficiency and the efficiency of the fluorescent collector.

Chapter 7 presents the method and procedures to fabricate fluorescent collectors. The
chapter also provides the details of the measurement systems developed to characterise

the optical properties of the fluorescent collectors.

Chapter 8 presents the results obtained from the characterisations fluorescent collec-

tors. The analysis of the experimental data is also given in this chapter.
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The final part of the thesis, Chapter 9, is concerned with the development of fluorescent
solar collectors. Two different structures of the FSC— conventional FSC and hybrid
thin film FSC are presented and discussed. The major results obtained throughout
the research and suggestions for further work are also given in this part (see Chapter
10).
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Chapter 2

Literature Review

2.1 Principal Operation of p—n Junction Solar Cell

A schematic diagram of a typical p—n junction solar cell and the basic processes that
occur during the photovoltaic effect is presented in Fig. 2.1. The device is comprised
of two major regions: n-type and p-type semiconductors, which are capable to conduct
negative and positive charges. When the device is illuminated, the electron—hole pairs
will be generated within these regions. The generated carriers may be swept across
the junction by the electric field at the junction, resulting in the electricity for the

connected load.

Figure 2.2 shows the energy-band diagram of the device. The charge carriers generated

within the material including the transporation of charge carriers are also presented.

o

7

W i

LOAD

FIGURE 2.1: A schematic diagram of a typical p—n junction solar cell and the basic

processes that occur during the photovoltaic effect. Three major processes include

the reflection of light at the front surface, free carrier generation via the absorption
of light and charge transport to the contacts.

8
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0 Light input
=Y ~

p-type n-type

FIGURE 2.2: Energy band diagram of p—n junction solar cell. The photons, which

have their energy (hv) equal or higher than the band gap energy (E,), excite electrons

from the the valence band (Ey) to the conduction band (E¢). The charge carriers

generated within the material diffuse to the junction where they are swept across by

the strong built-in electric field. The dotted lines Ef, and Ef, are the fermi levels
of holes in the p-side and electrons in the n-side, respectively.

2.2 Theoretical Analysis of Solution of Current Den-

sities in p—n Junction Solar Cells

2.2.1 Current Density Equations

The total or net carrier current densities in a semiconductor arise as the combined

result of drift and diffusion as follows [24]:

Jn = qu.nE 4+ ¢D,Vn (2.1)

Jp = quppE — ¢D,Vp (2.2)

where J, and J, are the electron current density and hole current density,
respectively. They consist of drift component caused by electric field (E) and
a diffusion component caused by carrier concentration gradient (Vn or Vp),
D, and D, are electron and hole diffusion lengths, respectively,
tn and p, are mobilities of electron and hole, respectively,
n and p are minority carriers in p-type and n-type semiconductors, respectively.
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2.2.2 Continuity Equations

The continuity equations used to determine the changing rate of electrons and holes

concentration per unit time are:

on 1
M G U, +-V-J, 9.
5p = Gn=Unt VI (2.3)
8 1
a—f = Gp=Up+ V- (2.4)

where G, and G, are the electron and hole generation rates caused by external
influence,
U, is the hole recombination rate in an n-type semiconductor and

U, is the electron recombination rate in a p-type semiconductor.

2.2.3 General Solution for Current Densities in p—n Junction
Solar Cells

Figure 2.3 presents the structure of the p-n junction in equilibrium and its basic

parameters considered in this analysis.

To find the general solution of current densities in p—n junction solar cells, we consider
a junction illuminated by a flux density of ®(A) of photons of energy E()\) and subject
to an applied bias V.

x=0 X X, X+W H
- H' »

FIGURE 2.3: The p—n junction structure. W is the depletion width, L, is the

diffusion length of holes, L, is the diffusion length of electrons, H is the cell thickness,

z;j is the n-emitter neutral region, H' is the p-base neutral region and z4 is the
metallurgical junction.

Additionally, for simplicity of the analysis, several assumptions have been made as

follows:
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e The particular system under analysis is one-dimensional, i.e., all variables are
a function of just one coordinate.

e The p—n junction solar cells are being operated under steady state condition.

e The doping concentrations are uniform in both sides of the junction.

e The depletion layer is abrupt. This means the electric field vanishes at a fixed
distance from both side of the junction, leaving neutral p and n-type regions.

e The injected minority carrier densities are small compared with the majority
carrier densities, i.e., low—level injection assumption.

e The junction is free of interface states.

e The thermal generation-recormmbination is negligible throughout the depletion

region.

In the electrically neutral p and n regions, the electric field is zero. The carrier current

density, Egs. 2.1 and 2.2, are simplified to

d
Jn = an—n at x> z;+ W (2.5)
dz
dp
Jp = —quﬂ at z < x; (2.6)

The minority carrier diffusion equations for electrons in the neutral p region and for

holes in the neutral n region are shown in Egs. 2.7 and 2.8, respectively.

2 _

nd—;‘ - (n Tnno> +G(EA),z) =0 for z2z;+ W (2.7)

D@— PR +G(EN),z) =0 for z <z (2.8)
P 2 Ty ) > Z; .

where 7, and 7, are electron and hole lifetimes, respectively.

The G(E(X),z) is the generation rate of electron-hole pairs after the device is illumi-
nated by photons of energy E(A) in a thin layer at depth z — z+dz. It relates to the
reflectance R()\), absorption coefficient «()\) and photon fluxes ®(\) as follows:

G(E,z) = [1 — R\)]a(\)B(N)e ePN= (2.9)
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To find out the photocurrent density due to holes or electrons collected at the deletion

edge, the following boundary conditions are applied:

e There exists the surface recombination velocity at the outer surface

dn
— Dn% =Sp(n—ng) at z=H (2.10)
dp '
— DPEE =S(p—p) at z=0 (2.11)

o The quasi-Fermi levels (Er, and EF,) are continuous and Ep,-Er, = ¢V through-

out the space charge region

n? / av
n—ngzﬁ(ekT—1> at =z;+W (2.12)
n: ;o
p—p():—l(ekT —1> at T =z; (2.13)
Ny

where S, and S, are surface recombination velocities at z = H and z = 0,
ng is an equilibrium electron density in the p region,

Do is an equilibrium hole density in the n region.

Solving Eqs. 2.7 and 2.8 using these boundary conditions, we obtained the solutions
for the electron current density J, at the depletion edge z;+W and the hole current

density J, at z;, as follows:

I :an(j—Z)zﬁW - %GXP [—a(z; + W)
x {aLn— (SnLn/Dn)lcosh(H'/Ln)—exp(~caH")|+sinh(H'/Ly)+aLn exp(=aH')
" (S"L"/Dﬂ)Sinh(H’/Ln)+COSh(H’/Ln) (214)
14
+ Ln Sakn sinh %+cosh %
d N
= a0, (), 8- Rtz 1)
% (SZ—I;p—FaLp) e~ OF] (EbLI;E cosh %;—;—-Fsinh %) N
(SpLp/Dpsinh(x;/Lp)+cosh(z;/Lp) p (215)

\4
q4Dppo (E%T _1) —E—SDLP cosh %-7—+sinh %]—
+ s E3a =
Lyp Z2-P sinh ¢4 +4-cosh 2
P P P
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The depletion region current density can simply be determined from

Jur = g / (U = C)da (2.16)

Jser is equal to the net electron and hole currents generated between z; and z;+W
region. It is sometimes referred to as a recombination-generation current. Jscg can
be divided into two terms: the recombination current J... and the generation current

Jgen- Jrec and Jge, can be expressed by

zj+W
Jrec = q / Udzx (2.17)
z;+W
Jen(N) = —q / G(E(N), z)dz (2.18)

If the recombination process is dominated by defect levels, the recombination rate U

can be given by

-
U = i A (2.19)
(n+n1) + m(p+ p1)

where

E, — E, E, — E,
ny = niexp( tk'T ) and p; = piexp( tk'T ) (2.20)

Then, Jre. is can be rewritten as,

zj+W

2
np — n?
Jroe = — i d 2.21

1 / (n+n) + 7(p+ p1) o (2:21)

Zj

Assuming that the intrinsic carrier potential energy varies linearly across the depletion

region, then Eq. 2.21 can be simply expressed as [25]



Chapter 2 Literature Review 14

qn;(W) 2sinh(qV/2kT)
Vs @V = V) /KT

Jree = (2.22)

where the factor ¢ tends to 7/2 at sufficient large forward bias. Substitute Eqs. 2.9,
2.18 and 2.22 into 2.16, we obtain

J — gn; (W) 2sinh(qV/2kT) =
ser /TnTp q(Vbi—V)/kT 2 (223)
—q [ (1 = R)®e~)(1 — e==(W))d)

Equations 2.14, 2.15 and 2.23 give us the full solutions for the current-voltage charac-
teristic of the junction in the depletion approximation. In the following sections, we

consider the simplified solutions in various cases.

2.2.3.1 p—n Junction Under Dark Condition

Case I: At equilibrium

Consider the operation of the p—n junction under equilibrium, i.e., without any applied

bias and illumination first. In this case the carrier populations in each region obey

n(z) = Ng  plz) =po for z <z, (2.24)
p(z) = No n(z) =ng for z>z;+W (2.25)
pn =n? for z;<z<z;+W (2.26)

Case 1I: Under applied bias

When the junction is biased in the forward direction, i.e., positive bias to the p region
and negative bias to the n region, the built in potential barrier is reduced. This leads to
the increasing of the majority carriers diffusing across the junction. The total current

obtains under this case is equal to

Jaark = Jn(z; + W) + Jp(2;) + Jsor (2.27)
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Jn, Jp and Jy, are obtained from Eqs. 2.14, 2.15 and 2.23, respectively, with the

assumption that the neutral p and n layers are thick compared to L, and L,. Under this

case, the surface recombination becomes irrelevant and the equations can be expressed

in the simple forms as follows:

2
Jo(z; + W) = % (e% . 1)

qniD, [ av
e CLEY
p

Jser = ani(W) (e% — 1)
VTnTp

(2.28)

(2.29)

(2.30)

Since J, and J, are resulted from a minority carrier diffusion, they can be grouped

together and referred to as a diffusion current, Jg;.

Juf(V) = Jp(z+ W) + Jp(z;) = (]diﬁo(eqv/kT —1)

where

D D
Jsto = qn? L P
dif0 = qn; (NaLn + Nde)

The approximation form of Eq. 2.30 is given by [26]

Jor(V) = Joro(e/T - 1)

where

Substitute Eq. 2.31 and Eq. 2.33 into Eq. 2.27, we have

Tiare(V) = Juiro(€V/¥T = 1) + Jooro(e?/2T — 1)

(2.31)

(2.32)

(2.33)

(2.34)

(2.35)
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This equation represents the diode equation with applied bias voltage V under dark

condition.

2.2.4 p—n Junction Under Light

We consider the characteristic of the device in two cases: under no bias (V = 0) and
under applied bias (V # 0)

Case I: Under no bias

Consider when the p—n junction is illuminated with light and with V' = 0. In this case,
the term that includes V' of Eqs. 2.14 and 2.15 are vanished, resulting in the following

equations:

Jn = —Milzzg_of" exp [—a(z; + W))
% {aL _ (SnLn/Dnp)[cosh(H'/Lp)—exp(—aH')|+sinh(H'/Ln)+aln exp(—aH') } (236)
n (SnLn/Dy)sinh(H'/Ly)+cosh(H'/Ly,)

Jp = [¢F(1— R)®L,/(a’L% —1)]

(Sg_f;p_*_aLp)_e—an (Sg—ip cosh %+sinh %) — oL.e—o% (237)
(SpLp/Dp)sinh(z;/Ly)+cosh(z;/Ly) P
and
Joer = q®(1 — R)e~o==Ws) (1- e~ W tWn)) (2.38)

In this case, the total current, which will be called later as a short circuit current over

that total spectrum, is

T = / (o + J, + Jom) AN (2.39)

Case II: Under applied bias

If the cell is illuminated and V' # 0, the terms that include V in Eqs. 2.14 and 2.15
are still existed. The solution for the current under this case is found by the algebraic

sum of the integrated short-circuit photocurrent and dark current at that bias.
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‘](V) = Jsc - Jdark(v) (240)

Substitute Jyui from Eq. 2.35 into Eq. 2.40, we obtain

‘](V) = Jsc - [Jdif,O(eQV/kT - 1) + Jscr,O(qu/2kT - 1)] (241)

2.3 Device Characteristics

2.3.1 I-V Characteristic

I-V characteristic or I-V curve is a graphical presentation of the current versus the
voltage from a photovoltaic device as the load is increased from the short circuit (no
load) condition to the open circuit (maximum voltage) condition. The shape of the

curve characterises cell performance [27].

To understand the I-V characteristic of a solar cell, it is important to consider an
equivalent circuit of the device shown in Fig. 2.4. The current source represents
the photocurrent (I,;), the diode represents the p—n junction with reverse saturation
current (Ip). The series resistance R, is due to the conductivity of materials and
the thickness of various layers. The shunt resistance R, is due to the short circuit
pathways that allow charge carriers to recombine before they can be collected at the

contacts. These include electrical shorts and also non-radiative recombination [28].

The I-V equation of the circuit that can be derived from Kirchhoft’s current law is

given by [29]

_ V+IR,

I=1I,,— [01(64(V+1Rs)/kBT 1) - IOZ(eq(V—l—IRs)/%BT ) -
sh

(2.42)
where kp is the Boltzmann constant, 7" is the absolute temperature, g is the electronic
charge and V' is the voltage at the terminal of the cell.

Figure 2.5 shows the I-V curves of the solar cell under ideal and non-ideal conditions.

The important parameters that are usually obtained from the I-V curve are:

e Short circuit current (7.)

e Open circuit voltage (V)
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FIGURE 2.4: The equivalent circuit of an ideal solar cell (solid lines). Non ideal
components are shown as the dotted lines.
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FIGURE 2.5: I-V curve of solar cell.

e Fill Factor (FF)
e Efficiency (n)

2.3.1.1 Short Circuit Current

Short circuit current is the maximum current that can be obtained from the solar
cell when the voltage is equal to zero. This current relates directly with the incident
spectral photon flux density and the probability that the incident photons will deliver
the electrons to the external circuit. For the ideal condition, assume that there is no
reflection of the incident light and the generated electrons and holes are collected to

generate power, the photo-generated current or short circuit current is
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I,e = qA/(P(/\)d/\ (2.43)

where A is the area,

®(A) is the incident spectral photon flux density

From Eq. 2.43, we can calculate the theoretical short circuit current that solar cells can
generate. Figure 2.6 illustrates the upper limit of the short circuit current density that

can be obtained from the single gap semiconductor solar cells under AM1.5 condition!.
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FIGURE 2.6: The theoretical limit on photo-generated current for the materials with
different energy gaps.

2.3.1.2 Open Circuit Voltage

Open circuit voltage is defined as the maximum voltage that can be obtained from the
solar cell under open circuit condition. This parameter can be found from the diode

equation by setting (V) = 0. The open circuit voltage can be expressed as

Ve = @ln <£ + 1) (2.44)
q Io

'AM1.5 or Air mass 1.5 is referred to the solar spectrum which has its total power density equal
to 1 kW /m?.
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The theoretical upper limit value of the open circuit voltage can also be determined

by employing the following equation [30]:

v, = L (1 _ &> _ksTo <1> 4 ksTe <E> (2.45)
q ws q Te

where E, is the energy gap of the solar cell,
Ts is the temperature of the sun,
T¢ is the temperature of the solar cell and

wg is the solid angle subtended by the sun.

Figure 2.7 presents the theoretical upper limit of the open circuit voltage as a function

of the energy gap of the cells calculated by using Eq. 2.45.
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FIGURE 2.7: The theoretical limit on open-circuit voltage for the materials with
different energy gaps.

2.3.1.3 Fill Factor

Fill factor is defined as the ratio of maximum power (V;,[,,) to the variable (V, Is.).
It is the factor which determines the squareness of the I-V curve. It is expressed as
shown in Eq. 2.46.

Vinlm
Voclse

FF = (2.46)



Chapter 2 Literature Review 21

For the cell whose characteristics are described by a single exponential curve, the ideal
fill factor of a solar cell can be approximated to a high degree of accuracy by the

expression [31].

Voe — [In(voe + 0.72)]

FE = (2.47)
Vpe + 1
where v, is the normalised value of the cell open-circuit voltage
Voe
Vpe = ————— (2.48
= GeaT/a) )
Figure 2.8 presents the theoretical limit of the fill factor.
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FIGURE 2.8: The theoretical limit on fill factor for the materials with different
energy gaps.

2.3.1.4 Efficiency

The efficiency of a solar cell is defined as the ratio of the maximum output power P,

to the power of the incident light Pp:

P FF-1.-V,
_ B lsc* Voc ~ 9.49
n=p P, (2.49)
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Based on the Shockley and Queisser theory [32], the maximum efficiency that one can

obtain from the single gap solar cell is presented as shown in Figure 2.9.
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FIGURE 2.9: The theoretical limit on efficiency of p-n junction solar cells [33]. The

curve labelled ‘ultimate efficiency’ is calculated based on the blackbody radiation

with sun’s temperature 6000 K. The curve labelled ‘one sun’ corresponds to the

AMO solar intensity, as observed outside the Earth’s atmosphere. The curve labelled

maximum concentration’ corresponds to light focused on the cell, by a mirror or a
lens, at the maximum concentration ratio of 1/f = 45,872.

2.3.2 Spectral Response and Quantum Efficiency

The spectral response of a solar cell is defined as the ratio of the output current
density under short—circuit condition per unit incident power in monochromatic light
as a function of wavelength. Mathematically, the spectral response of a solar cell is
defined as

SR(\) = (2.50)

where SR(\) is the spectral response of the device at wavelength dA,
Jsc(A) is the short—circuit current density of radiation of wavelength dA,
I(A) is the incident power of monochromatic light. It relates to photon
flux ®(\) and wavelength of incident light A as follows
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IA)=o(\)— (2.51)
From the spectral response, we can determine the internal quantum efficiency (IQE)
and external quantum efficiency (EQE) of the solar cell by using the following expres-

sions:

he

qr _ JSC(/\)
IQE(N) = SR(\) —y ~ B0 RO (2.52)
EQE()\) = IQE(\)(1 — R(\)) = SR(/\)% (2.53)

2.4 Optical Properties of Silicon

The optical properties of a material are generally related to the complex index of
refraction n. given by
Ne =N —1K (2.54)

The real part of n. is the refractive index of the material, n, and the imaginary part
is the extinction coefficient, k. The refractive index is generally used to determine the
reflectivity of the material. A material with high n reflects light more than a material
with low n (see section 2.6). The extinction coefficient is related to the absorption

coefficient of the material a()\) by

a()) = 47”;“) (2.55)

Figure 2.10 presents the real and imaginary parts of the refractive index of pure silicon.
It can be seen that below the onset of direct bandgap energy (~3.4 V), the extinction
coefficient is very small. The complex index of refraction of silicon thus contains only

the real part. The refracive index of silicon is equal to approximately 3.5

The absorption coefficient of silicon as a function of wavelength is illustrated in Fig.
2.11. At short wavelengths the absorption coefficient is very high. This means the high
energy photons can excite electrons directly from states in heavily occupied valence
band, to states in the lightly occupied conduction band, without changing the electron

quasi-momentum. As the wavelength increases, the photon energy becomes too low
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FiGURE 2.10: Real and imaginary components of the complex index of refraction
for silicon at 300 K [34].

to allow direct excitation of electrons from the valence band to the conduction band.
The absorption process must therefore be assisted by one or more phonons which ac-
commodate the change in crystal momentum between the initial and final states. For
wavelengths above 1100 nm, the absorption coefficient is very low. The silicon is thus
effectively transparent for long wavelengths [34].
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FIGURE 2.11: Absorption coefficient of pure silicon [34].
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2.5 Light Absorption

The ability to absorb light of materials can be considered quantitatively through the

general principle known as the Beer-Lambert law or Beer’s law [35].

Ih(})

A(N) = log O

=e(N)ed = a(N)d (2.56)

where A()) is absorbance,
Iy(A) is the intensity of light leaving the absorbing medium,
I;()) is the intensity of light entering the absorbing medium,
€(A) is the extinction coefficient or absorptivity,
c is the molar concentration,
a(A) is the absorption coefficient and

d is the optical path length.

According to Eq. 2.56, the intensity of light leaving the absorbing medium can be

expressed as

L(A) = LN 107*We = 1(x)107P4 (2.57)
The fraction of light absorbed within the material is given by

L;(\) — I(N)

=1—107=® 2.58
70y ’ (259

Let us now consider a beam of light, which is incident onto the front surface of a
material, as shown in Fig. 2.12. Some portion of the light is reflected and some can
be transmitted. The amount of light that can be absorbed within a material can be

expressed as

Dops = / AZ(1 — R(A\)®(\) [1 — 1072™9] g (2.59)

A1

where @4 is the number of the photons absorbed within the material,
®()) is the number of the photons illuminated onto the front face of the
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R(A)®D(L)

\\ 1
[1-R(A)]D(L)

—
d

FIGURE 2.12: A beam of light as it travels through a material with thickness d.

material at wavelength dA,
R()) is the reflectance of the front surface and

d is the absorption path length.

2.6 Refraction and Reflection

2.6.1 Refraction

When light propagates from a medium of refractive index n; into a medium of refractive

index no, the propagation direction changes according to

n1sinf, = nesinb, (2.60)

where ) is the angle of incidence and 6, is the angle of refraction (see Fig. 2.13).
From Eq. 2.60, two possible cases can happen to the ray of light:

(i) the angle with the normal is decreased by refraction if the incident medium
has the smaller index of refraction (Fig. 2.13(a)), or

(ii) the angle with the normal is increased by refraction, if the incident medium
has the larger index of refraction (Fig. 2.13(b)).

Thus in case (ii), we can have a situation where the refracted angle reaches 90° if the

angle of incidence is increased until it reaches the critical angle 6. as given by
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sinf, = e (2.61)

m
If the angle of incidence is increased further beyond the critical angle, the light will not
pass through to the second medium at all. Instead, all of it will be reflected back into
the first medium. This process is generally known as total internal reflection (TIR). It
is important in fibre optics and optical waveguides where light is confined to the core

or the waveguide media.

\ N, <N, n,> n,
\O.\A
/}e)/
/ /
\ n2 n1 n2
(a) The angle with the normal is decreased (b) The angle with the normal is in-
by refraction. creased by refraction

FIGURE 2.13: Reflection and refraction of light at the interface. The angles of
incidence, reflection and refraction are denoted by #; and 63. The parameters n;
and ny denote the refractive indices in the two media [36].

2.6.2 Reflection (Fresnel’s Equations)

A ray of light encountering a boundary between media with different refractive indices
will not only refract, but will also partly reflect. According to the Fresnel’s theory, the
ratios of the amplitudes of the reflected and transmitted waves to that of the incident
wave are known as the amplitude reflection and transmission coefficients, r» and ¢. The
amnplitudes of these coefficients depend on the angles of incidence 8;, the refraction 8,

and the polarisation of the light as summarised below.
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Case I: The component of the electric field E; is parallel (]|) to the plane of incidence
(Fig. 2.14(a))

The reflection (r)|) and transmission (t)) coefficients are:

_— E _ ngcost) — njcosty (2.62)
= Ei )| " ngcost + nycostsy '
b E _ 2n1cos0, (2.63)
I E;J||  macost + nicosts '

Case II: The component of the electric field E; is perpendicular to the plane of inci-
dence (Fig. 2.14(b))

~ N ~ ‘
g &
, B
el AY eL 0.
B {9 g |9
E Y
Vl N B
n, n, n, n,
(a) The directions of the vector fields are shown (b) The directions of the vector fields are shown
for E-vector in the plane of incidence. for B-vector in the plance of incidence.

FIGURE 2.14: Reflected and refracted rays at a boundary. The angles of incidence,

reflection and refraction are denoted by 8; and 8,. The polarised electric and mag-

netic field components that are parallel (||) and perpendicular (L) to the plane of

incidence are denoted by E and B. The parameters n; and ny denote the refractive
indices in the two media [36].

The reflection (r,) and transmission (¢, ) coefficients are:

E;

. <Er> _ n1c086; — nycoshsy (2.64)
| nicosty + ngcosts

Ey 2nycost
h=\E), ~ 2.65
) ( )J_ nicost + nycost ( )
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Using Snell’s law of refraction (Eq. 2.60), the amplitude reflection and transmission

coefficients can be expressed in terms of angles as follows:

_ % (2.66)
- % (2.67)

b= sm(efjigj)i:ss(eell —0,) (2.68)
_ 2sinbzcosb, (2.69)

 sin(6; + 6,)

The reflectance (the ratio of reflected power to incident power) R is proportional to

the square of 7'.” and 7, as given by

1 1 .
R=2r= L[ +|r.f?) (2.70)
2 2
and the transmittance is
cosbz \ 5
T= t 2.71
" (cosel) (271)

For normal incidence, the reflection and transmission coefficients are independent of

polarisation. Equations 2.66-2.69 can be simplified to

Mg — N
TN=—TL = 2.72
I + ny + Mo ( )
2TL1
B =ty= e (2.73)

The reflectance R and transmittance T can be simply computed using the following

expressions

I

R=r? (nz_nl)z (2.74)

TL1+TL2
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n dnin
T=2f2=_ 12

o —(Tll ) (2.75)

For some optical devices, e.g., solar cells and photodetectors, the reflectance at the
interface is considered as a loss mechanism. Hence, antireflection coatings are required

to minimise this loss.

2.7 Antireflection Coatings

An antireflection (AR) coating is a thin, dielectric or metallic film, or several films,
applied to an optical surface to reduce its reflectance and thereby increase its trans-

mittance [37].

Figure 2.15 presents the basic concept of how the AR coating helps in reducing the
reflectivity. Light reflected from the second interface arrives back at the first interface

out of phase with that reflected from the first interface, causing destructive interference.

N8 /b d—ARC layer

Slicon wafer

FIGURE 2.15: Single layer antireflection coating.

The expressions used to determine the reflectances for the coated surface at oblique
incidence, accounting for both inteferences and the phase differences between the re-

flected waves, are given by [38, 39]

2 2
To1p T Ti2p T 2T01pT12pC0520

R, = (2.76)

o 2 .2
L4 75,12 + 2701pT'12pC0520

_ This + s + 2101571250520
1+ 7‘(2)157"%23 + 27‘0137‘123()082@

(2.77)

]

The average reflectance R is given by



Chapter 2 Literature Review 31

R= %(}?7, + R,) (2.78)

where rg1p, T12p, To1s, T125 are reflection coefficients at ny-n; interface and n,-n, interface

for both the p and s polarisations:

nycosy — ngcosd necost; — nycosts

Top = , T2 = (279)
nycosfy + ngcost nqycosfy + nycosts
ngcosty — nyicosb, ny1cosf; — nycostsy

Tols = T19 = (280)

nocosfy + nicosh;’ nicosf; + nacosty

© is the phase difference (in the external medium) between waves reflected from the

first and second surfaces of the coating.

_ 2mnydcosts

© )

(2.81)
The average reflectance has its minimum value when ® = 7 /2. At this condition, the

waves reflected from the front and rear interface of the thin film are out of phase and

interfere destructively. The thickness of the AR layer is expressed as

A

and the minimum reflectance, R,;,, is given by

(”f - ”0”2)2
(n? + ngna)?

2]

(2.83)

min —

From Eq. 2.83, the R,,;, vanishes if

n1 = /Mons (2.84)

Table 2.1 presents, for example, the AR coating materials used for solar cells and their

refractive indices.
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TABLE 2.1: AR coating materials for solar cells and their refractive indices

‘ Material | Refractive index ‘

Si04
AlyO3
Sig N4
Mng
TiO,

ZnS

1.4-1.5
1.8-1.9
1.9
1.3-14
2.3
2.3-24

2.8 Loss Mechanisms in Solar Cells

Loss processes in solar cells can be classified into two types: optical losses and electrical

losses. Optical losses reduce the amount of the photon flux utilised by the solar cells,

whereas the electrical losses lower both current and voltage of the devices.

2.8.1 Optical Losses

Optical losses result from several reasons as follows:

¢ Reflection at the interface or boundary due to the difference of the refractive

index of the materials.

e Shadowing of the light due to top contact structure.

e Not absorbed radiation due to the properties of the material.

2.8.2 Electrical Losses

Electrical losses in the solar cells are classified into two types: recombination losses

and ohmic losses.

2.8.2.1 Recombination Losses

Recombination losses refer to the process where the minority carriers recombine before

they can diffuse to the device terminal. Figure 2.16 presents the principal recombina-

tion processes which are most frequently encountered in practical operation of solar

cells. These are radiative recombination, Auger recombination and recombination via

defect levels.



Chapter 2 Literature Review 33

{ I Conduction band

hU ‘cno
“\N\" B CnO CpO Et

Too

4 '|

Valence band I :
Radiative Auger Defect-
assisted
(SHR)

FIGURE 2.16: The principal recombination processes in solar cells [33].

M Radiative Recombination

Radiative recombination is the term used to express the process of recombining of an
electron from the conduction band with a hole in the valence band which results in the
release of the excess energy in the production of a photon. This mechanism is used for
semiconductor lasers and light emitting diodes, but is not particularly significant for

the silicon solar cell [40].
M Auger Recombination

In the Auger recombination process, the band-to-band recombination occurs simul-
taneously with the collision between two like carriers. The energy released by the
recombination is transferred during the collision to the second electron in the conduc-
tion band or valence band. The excited electrons subsequently lose their energy in

small steps through heat-producing collisions with the semiconductor lattice.
B Recombination via Defect Levels

Recombination via defect levels refers to the recombination process where the minority
carriers are trapped or recombined due to the presence of impurities and crystal defects.
In this case the recombination of the electron and hole happens in a two-step process.
First, one type of carrier, say electron, travels into the vicinity of the trap level,
it is then caught by the potential well associated with the center and is trapped.
Subsequently, another type of the carrier, i.e., hole in this case comes along. The hole
is attracted to the trapped carrier, losses energy and annihilates the former carrier
within the trap level. Equations 2.85-2.87 summarises the recombination rate of each
type [33].
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Urada = B(np —n?) (2.85)

UAuger = (Cpop + CnOn) (np - TL?) (286)

Usru = mp —n; (2 87)
T (n 4 ) + (p + ) '

where Ugqq is radiative recombination rate,
U auger 1s Auger recombination rate,

Usgrp 1s recombination rate via defects level or also called Shockley—Read—Hall
recombination.

2.8.2.2 Ohmic Loss

Figure 2.17 shows the ohmic series resistances of p—n junction solar cells. The indi-
vidual resistances shown in the figure are:

back contact

FIGURE 2.17: Series resistance in a solar cell. Figure is reproduced after [33].

Ry, the resistance of the semiconductor used as base of the device,
R, the resistance of the emitter between two grid fingers,

R; the resistance of the grid finger,

R, the resistance of the collection bus,

Ry the metal-semiconductor contact on total back surface,

Rs. the metal-semiconductor contact on the grid finger.

The resistances shown in the figure are related with the structure and designed param-

eters of the device, i.e., the spacing between grid finger dy, the finger width wy, the
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finger length [, the busbar width wss, the contact thickness ¢y, the base resistivity ps,
the base thickness wy, the sheet resistance of the emitter R, the metal resistivity pn,

the front and back contact resistivities ps. and ps. and the contact area A as presented
in Table 2.2.

TABLE 2.2: The recombination rates of the principal recombination mechanisms

fComponent of resistance ‘ Expression

Resistance of the base Ry = Awppy

Resistance of the emitter R, = R%;if

Resistance of the grid finger Ry = ?%Lw”}

Resistance of the collection bus | Ry = Q‘%

R c

Contact resistance: front contact | Ry, = @coth (wf ISTD
Contact resistance: rear contact | Ry, = gt%




Chapter 3

Fabrication and Characterisation of
c-S1 Solar Cells

This chapter discusses the development of ¢-Si solar cells at Southampton University
Microelectronic Centre (SUMC)!. This work originated from the requirement to ob-
tain some experience of the problems of working in this field and to understand the
requirements which would be placed upon the later advanced structure. This chapter
is divided into four sections. Section 3.1 describes the device design and modelling.
The fabrication process flow is discussed in Section 3.2. Section 3.3 presents the mea-
surement techniques and results of the characterisations. The major results that will
be presented in this section are the emitter doping profiles, current and voltage char-
acteristics and spectral response of the devices. The final section concludes the major

results obtained from the study.

3.1 Design Considerations and Modelling

Single crystalline silicon solar cells with the n*/p/p* structure shown in Fig. 3.1(a)
were developed in this study. This structure has an advantage over the simple p—n
junction structure as the p/p* layer provides the back surface field (BSF), creating
an acceptor gradient (see Fig. 3.1(b)). The purpose of the BSF is to reduce recom-
bination losses at the back surface of standard p—n junction solar cells, resulting in
the increase of open circuit voltage, the enhancement of long wavelength response and

the improvement of back contact resistance. Two major parameters considered during

IThe cleanroom was damaged by a serious fire on 30" October 2005.

36
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. the device design are the thickness of emitter and the optical reflectance at the front

surface.

Metal: Front contact

Oxide
n* layer

p-type substrate

p* layer
Metal: Back contact

(a) The c-Si structure

\
——— ® 9®-.
h
5 —m—~—- Fermi level
« =
\
o)
p+-type p-type n-type

(b) The related energy band diagram

FIGURE 3.1: The structure of ¢-Si solar cell developed at SUMC.

3.1.1 Thickness of Emitter

One of the critical design aspects of a solar cell is the optimisation of the thickness of
the emitter, i.e., the junction depth of the device. This is because the emitter thickness

has a major influence on the device behaviour as follows:

e the collection probability of the generated carriers and

e the lateral series resistance in the emitter layer.

According to Egs. 2.14 and 2.15, the electron and hole current densities decrease
exponentially with increasing distance of the point of generation away from the edge
of the junction depletion region. On the other hand, from Eq. 2.9, the generation rate

of carriers in the semiconductor when illuminated by sunlight is highest at the surface
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region (z = 0). Therefore to obtain the high collection probability of the generated

carriers, the junction location should be as close to the surface as possible.

However, the minimisation of the junction depth will result in the enhancement of the
ohmic loss. As can be seen in Fig. 2.17, the current extracted from the cell has to be
collected at the contacts which cover parts of the front surface of the cell. The current
generally flows perpendicular to the surface and then flows laterally to the contact
region in the top layer, i.e., emitter layer of the device. Thus, the decrease of the
emitter thickness will lead to a higher lateral series resistance and as a consequence
higher ohmic loss. To overcome this problem, there is a need for heavy doping in
the emitter. However, this will lead to other undesirable effects, such as bandgap
narrowing? and Auger recombination. Due to these effects, care must be taken during
the design in order to find a compromise between the collection probability and the

ohmic loss.

In this study, the experiment was carried out to investigate the effect of emitter doping
profile on the performance of the solar cell. Six different runs were carried out by

varying diffusion conditions as shown in Table 3.1.

TABLE 3.1: The diffusion conditions for forming emitter layer

| Condition | Diffusion Time (min) | Diffusion Temp (°C) |

1 ) 1000
2 10 1000
3 15 1000
4 20 1000
) 25 1000
6 30 1000

3.1.2 Optical Reflectance at Front Surface

A bare silicon wafer can reflect approximately 30%-40% of the incoming light as its
refractive index is quite high (see Fig. 2.10). If unabsorbed, the light can not be
used to generate electricity. Therefore, the silicon surface needs to be coated with an

antireflection (AR) coating in order to minimise the reflection loss.

In this work, a thin layer of SiOs was used as an AR coating since it is a transparent

material which has its refractive index appropriate to solar cells (see Table 2.1). In

?Bandgap narrowing or bandgap shrinkage refers to the mechanism in which the bandgap of
semiconductors decrease at high impurities concentrations.
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addition, the Si-SiO, interface has been proven to provide the lowest interface state

density [41]. Thus, the SiO; can also be employed as a passivation layer.

The fraction of the light reflected from the Si-SiO; was modelled using the Eq. 2.83.
The results derived for the normal incidence condition are shown in Fig. 3.2. The re-
flectance is lower when the surface is coated with the SiOs. The minimum reflectance
value also varies with the oxide thickness. Therefore, to minimise the loss due to reflec-
tivity, the SiOy with the optimum thickness must be carefully chosen. It is noted from
the plot that the bare Si wafer coated with 100 nm thick SiOy layer had the lowest
total reflectance at the wavelength of approximately 600 nm. At this wavelength, the
intensity of the solar spectrum is maximum. We, therefore, chose the 100 nm thick
Si0, as the AR layer in our design. Table 3.2 summarises the reflectance of the silicon

coated with SiO, of various thicknesses.
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FiGurE 3.2: Percentage of light reflected from a bare silicon and silicon wafers
coated with various thicknesses of SiO, layers.

TABLE 3.2: The reflectance between Si and SiOs interface

| SiO, thickness (nm) | Minimum reflectance (%) | Total reflectance (%) |

- 31.7 at 1000 £ 10 nm 37.8
10 31.5 at 1000 £ 10 nm 37.3
50 23.9 at 490 &+ 10 nm 25.7
100 8.8 at 620 £ 10 nm 15.9
150 6.7 at 900 £ 10 nm 26.1
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3.2 Fabrication of n*/p/p* Silicon Solar Cells

The fabrication process flow of the solar cells with n*/p/p™ structure is shown in Fig.
3.3. The silicon wafers used in this study are float zone (FZ), p-type (100), single side
polished with the resistivity of 1-3 Q-cm (corresponding to doping concentration of

1.5%x10'% - 4.7x10'® ¢cm™3). The wafers have a thickness of 416 um and diameter of
100 mm.

RCA Cleaning LTO Deposition
ﬁ ﬁ
Wet Oxidation Photolithography &

Wet etch oxide

Iﬁ% 4=

Photolithography & Photolithography &
Wet etch oxide Wet etch metal

n.

n’ Diffusion Metallisation (Back) &
Annealing
- Silicon wafer ™ -n’ layer
- Thermal oxide . -LTO layer
- p’ layer Bl - Vetal layer

FIGURE 3.3: Process sequence for the fabrication of ¢-Si solar cells at SUMC.
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The wafers were firstly cleaned using RCA? cleaning process to remove surface con-
taminations. The front surface was covered by a thermal oxide, 400 nm thick, in order
to protect the front surface from unwanted impurities during the p* formation. The
back surface of the substrate was then diffused with boron using ‘Boron Plus’, solid
source tiles to create a p* layer back surface field (BSF). The boron was diffused at a
temperature of 1050 °C for 30 minutes under a combination of gas ambients: nitrogen,
wet oxygen and dry oxygen. After the Si wafers were unloaded from the furnace, the
excess unreacted dopant glass (boron glass) was removed by dip etching in 20:1 HF.
The sheet resistance of the p* layer measured from the four point probe measurement
system was 30 Ohm/C.

The active area was defined to be 1 cm? by photolithography. An n* emitter layer was
formed on the front surface by Phosphorus diffusion using ‘Phosplus’, solid source tiles
at 1000 °C for 30 minutes. The conditions of the diffusion were varied as shown in
Table 3.1. The sheet resistance corresponding to the diffusion process measured after

the Phosphorus glass was removed is shown in Fig. 3.4.
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FIGURE 3.4: The relation between sheet resistance and diffusion time for tempera-
ture of 1000 °C.

Next, a thin layer of SiOy was deposited on the wafer front surface by low temper-
ature oxide (LTO) deposition. This provides an antireflective layer with a minimum

reflectance around 8.8% at a wavelength of 620 £ 10 nm and a total reflectance of

3The RCA clean is the industry standard for removing contaminants from wafers. This term
is stand for Radio Corporation of America, the name of the company whose the process was first
developed [42].
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approximately 16% over the 400-1000 nm range. To form the n-type contact, windows
were opened in the oxide using a photolithographic process. A sequence of Ti-Al lay-
ers was then evaporated onto the front to form a front grid contact pattern with a
total thickness of 600 nm. The p-type contact was formed by evaporating 1000 nm of
aluminium onto the rear of the wafer. The contacts were annealed in Hy /Ny ambient
at a temperature of 450 °C for 15 minutes in order to reduce the contact resistance

between the metal and semiconductor.

3.3 Characterisation

3.3.1 Emitter Doping Profile

The emitter doping profiles of the fabricated devices were measured using Secondary
Ton Mass Spectrometry (SIMS) and Spreading Resistance Profiling (SRP) techniques.
The SIMS is a physical characterisation technique that counts all of dopant atoms,
whereas the SRP is an electrical characterisation technique that measures only the
electrically activated atoms [43]. In this study, these analyses were performed by
Cascade Ltd. In the SIMS analysis, a beam of Cesium ions (Cs*) with the energy of
14 keV was used to bombard the test sample. The sputtered secondary ions were then
collected and analysed giving information of the dopant concentrations as shown in
Fig. 3.5.
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FIGURE 3.5: The emitter doping profile obtained from SIMS measurement.
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It is seen that the SIMS profile shows the characteristic kink-and-tail shape. This
anomalous profile has been researched extensively, and it is argued that a changeover
between two different diffusion mechanisms is responsible for this characteristic [44-
46]. In the high concentration region close to the surface, extrinsic diffusion occurs,
dominated by the Frank-Turnbull-mechanism with a relatively low diffusion constant.
In the low concentration region, much faster intrinsic diffusion takes place, governed by
the kick-out-mechanisms [45]. Apart from this kink-and-tail feature, it was also noted
that the flat plateau region appears close to the surface as the concentrations exceed
2-3x1072° ¢cm~3. This value is in good agreement with previously published values
on the limit of electrically active Phosphorus in equilibrium with inactive dopants
[47, 48]. This plateau region indicates that the solid solubility of phosphorus in silicon
has reached its limit, resulting in the excess region of phosphorus. From the plot, it
can be seen that the sensitivity of SIMS measurements was limited for detecting the
dopant concentration below ~10'7 cm~3. As the substrate doping, estimated from its
resistivity, is around 9.8x10' cm™3, it is not possible to identify the junction depth
of the sample. It should be noted that the spike near the surface is a SIMS artefact,
related to segregation of dopant during SIMS profiling [49].

Instead of the SIMS technique, the SRP technique was employed to measure the junc-
tion depth of the sample. The major reason is that the technique has the sensitivity
down to doping level of 10! cm™3 [43]. To investigate the junction depth by the SRP,
the samples were bevelled at the optimum bevel angle for high resolution probing with
the area available for profiling. The bevelling was carried out using a proprietary
diamond compound which produces minimum surface damage. Raw Spreading Resis-
tance data was acquired using a spreading resistance probe (ASR100C/2). The carrier
density profiles were extracted from the resistivity profiles using the Thurbers method
(ASTM standard F723) [50]. The SRP results of two samples — sample A (1000 °C, 5
minutes) and sample B (1000 °C, 30 minutes) are presented in Fig. 3.6. The junction
depths of the samples can be determined from the minimum peak of the profiles. They
were found to be 0.96 pm and 1.32 pum, respectively. As expected, the junction depth
of sample B is higher than that of sample A. This is because sample B was diffused
by the dopant atoms for a longer period of time. Considering the profile in detail, it
was noticed that the concentrations of the dopant atoms at the surfaces are approx-
imately the same. This feature implies that the vapour source was maintained at a
constant level during the entire diffusion period. Another important feature of Fig. 3.6
is the steepness of the diffusion profiles at low concentrations (C' < 107 ¢cm™2). This

characteristic appears because the diffusion coefficient decreases as the concentration
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decreases. The diffusion coefficient which is dependent of the dopant concentration

(C) can be expressed in a simple form as [51]

p-n.[g] (31)

where C, is the surface concentration,
D is the diffusion coefficient,
D, is the diffusion coefficient at the surface and

v is a positive integer. It is equal to 2 for the Phosphorus diffusion [51].
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FIGURE 3.6: The emitter doping profile obtained from SRP measurement. Sample
A: 5 minutes 1000 °C. Sample B: 30 minutes 1000 °C.

3.3.2 Current-Voltage Characteristics

The current-voltage (I-V) characteristics of fabricated solar cells were measured by the
system shown in Fig. 3.7. The device was connected to HP4142B DC source/monitor
via Kelvin connection (see Fig. 3.8). The setup separates the channels for voltage and
current measurements, eliminating voltage-drop cross cables, connection and wiring,
hence minimising measurement errors. Computer software controlling the HP4142B
was developed as part of this work using HP-VEE 5.0. The HP4142B was programmed
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to apply voltages to a solar cell, from -0.6 to +0.7 V in 0.01 V increments and sense

the current from the device.

Two test conditions were used for I-V: no illumination (dark measurement) and 100
mW /cm? white-light standard illumination. The temperature of the cells, detected by
a thermocouple placed in the immediate proximity of the measured cell, are 25 +0.1
°C and 26 0.5 °C during the dark I-V and standard illumination I-V measurement.
The standard illumination was achieved with a solar simulator, T.S. Space System
Solar Simulator. In the system, a 300 W Xenon lamp was used as a light source as
it can provide the spectrum approximating to the sunlight spectrum (see Fig. 3.9).
The intensity of light was adjusted from the illuminator power supply. The intensity
of the light source was calibrated to 100 mW /cm? with the help of a standard silicon
solar cell of 2x2 cm? area. The device was calibrated at AM1.5-G condition by the
National Renewable Energy Laboratory, USA.

lNluminator
Power Supply 1

Xenon lamp

DC Source/Monitor
HP4142B

FIGURE 3.7: IV measurement system. The system comprises a 300 W Xenon

lamp, which can provide the spectrum approximating to the sunlight spectrum, an

illuminating power supply for adjusting the intensity of the light source, a HP4142B

DC source/monitor unit for the generation of DC biases for the device under test

and- for measurement of the device I-V characteristics and a computer to control
and monitor the signal from the HP4142B unit.
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FiGure 3.8: SMU Kelvin connection. The FORCE and SENSE cables are connected
to two probes, which are contacted to the device under test (DUT), separately.
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FIGURE 3.9: The spectrum of sunlight at AM1.5G and Xenon spectra.

Figures 3.10 and 3.11 show examples of I-V curves of solar cells under dark and illu-
minated conditions. These cells were prepared with different diffusion conditions as
presented in Table 3.1. The finger spacing of the cells is 1 mm and the busbar consisted

of 9 contact fingers with a spacing of 50 um (~10% shading).

The important parameters, i.e., Is, Voo, F'F, Ry, Rsn, Io1 and Iy were extracted from
the illuminated I-V data, using the ‘IVFIT’ program*. The fitting results obtained
from the program are presented in Table 3.3.

TABLE 3.3: The important parameters extracted from the I-V curves

[ Cell| L, (A) [Vo (V) [FF [Ry ()[R ()| In (A) | Ip (A) |
Cl [2.43%10~"7 0.591 0.60 1.43 12645 | 7.35x10~4 | 1.28x10~"
2 | 2EExID " 0.553 0.46 1.36 45.70 809x%10-1 | 3.14x10°7
03 | 261102 0.555 0.52 1.14 66.89 6.02x10~14 | 3.62x1077
G | 382ni? 0.552 0.48 1.49 50.33 .55 10 1%| 3807077
Ch | 2.43%1072 0.585 0.61 1.17 156,04 | L.73% 107" | 2.33% 107
C6 | 2.08x1072 0.547 0.43 4.80 53.81 1.07x10713 | 2.04x10°7

Note that the performance of these cells is less than the theoretical limits as described

in the previous chapter (see section 2.3.1). This can be observed from the non-ideal

‘IVFIT is a free software that can be downloaded from http://www.ecn.nl/en/zon/
products-services/i-v-curve-fitting-program-ivfit/. The program was developed by Burg-
ers et.al [52] to fit the I-V curves both dark and illuminated conditions.
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values of important cell parameters such as I, V,. and F'F. The analysis also in-
dicates that the lower I, of these cells are due to 1) high series resistances, 2) low
shunt resistances and 3) high Iy, and Ip2. The high R, arises from the resistance of
the cell materials and also from the contacts as discussed in section 2.8.2.2. The low
Ry, is mainly caused by the leakage current through the cell and around the edges of
the device. The high values of lp2 and Ip; are due to the high recombination of the
minority carriers within the cells which may be due to lattice defects, poor quality

of surface passivation and low minority carrier lifetimes. These effects will be further

analysed and discussed in more details in Chapter 4.
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FIGURE 3.10: I-V characteristics (under dark condition) of six solar cells whose
emitters were formed under different conditions.




Chapter 3 Fabrication and Characterisation of ¢-Si Solar Cells

3E-02
} * Experimental data *
2E-02 4 ¢ Fitdata .
J .
.
~ 1E02 [}
< .
¥ .
E 0E+00 ; ; -
3 op 0.1 0.2 0.3 04 0.5 :0.6 07
© e02 o
2602 4 __..m’"".l
-3E-02 1
Voltage (V)
(a) C1 (5 minute 1000 °C)
3E-02 ——
* Experimental data b4
2E-02 4 * Fit data :
-
~— 1E-02 4 .
< -
.
E OE+00 " ; ¢ s ot
S op 0.1 0.2 03 0.4 05 %' 06 o7
9 g0 g
e adl
-2E-02 M
-3E-02
Voltage (V)
(c) C3 (15 minute 1000 °C)
3E-02 "
* Experimental data .
2E-02 | ¢ Fitdata .
.
— L]
g 1E-02 .
= .
E 0E+00 + t t t ;‘1—‘
g o[p 01 02 03 04 05 K 0.6 ol7
-1E-02 o
2E-02 W
-3E-02

Voltage (V)

(e) C5 (25 minute 1000 °C)

Current {A)

Current (A)

Current (A)

4E-02 *
» Experimental data .
3E-02 1 « Fit data .
3
2602 o
-
1E-02 - o
.
OE+00 + t t t—taert
oo 01 02 03 04 35,::' 06 0
-AE02
o
-2E-02 M
3E-02
Voltage (V)
(b) C2 (10 minute 1000 °C)
3E-02
» Experimental data .
2E02 4 Fitdata .
.3
1E-02 - 8
"
o
0E+00 ¢ e
op 01 02 03 04 0548 08 O
-1E-02 - w..,.l‘
2E02 - M
3E-02
Voltage (V)
(d) C4 (20 minute 1000 °C)
3E-02
» Experimental data .
2602 { +Fitdata o
R
1E02 { o
3
o
0E+00 t t t t +—godetr
oo 01 02 03 04 “‘.,g-e“ 06 0
-1E-02 | o’
2E-02 4 P‘MM ot

-3E-02

Voltage (V)

() C6 (30 minute 1000 °C)

FIGURE 3.11: I-V Characteristics (under light condition) of six solar cells whose
emitters were formed under different conditions.
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3.3.3 Spectral Response Measurements

In order to gain a deeper insight into the performance of the fabricated cells, the
spectral responses were measured using the T.S. Space System Solar Simulator. The
measurement setup is shown in Fig. 3.12. A Xenon lamp generates a white light pass-
ing through a filter wheel, which contains several bandpass filters (10 nm bandwidth)
covering the range of 450-1100 nm in an interval of 50 nm. The HP4142B was pro-
grammed to apply a zero voltage to the device under test and recorded current (I,.)
continuously. The average short circuit currents, recorded by sampling continuously
100 points for each wavelength region, were used to determine the spectral response
and quantum efficiencies. Under the same experimental conditions, the short circuit
current of a reference sample was measured. Using this data and the measured data
provided by NREL, the spectral response of the test devices can be determined using
the relation [53]

Jt
SR = Jj—"*sz-'z; (3.2)

SC,A

where SR is the spectral response of the test device at wavelength d),
SR} is the spectral response of the reference device at wavelength dA,
Jt. » is the short circuit current density of the test device at wavelength d\ and

sc» I8 the short circuit current density of the reference device at wavelength dA.
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Power Supply 1

Xenon lamp

Filter Wheel—> [l L |

I Y Yy
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HP4142B

FIGURE 3.12: Spectral response measurement system.
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Figure 3.13 shows the quantum efficiency of the solar cells whose emitters were formed
under different diffusion conditions. For comparison, the quantum efficiency of a high
efficiency c-Si solar cell (22%) fabricated by a The Fraunhofer Institute for Solar Energy
Systems ISE is also presented®. The curves were normalised such that the maximum
peak positions are equal to unity. It was found that the devices fabricated for the
present study had low quantum efficiency both in the short wavelength region and
long wavelength region. The low quantum efficiency of the cells in the blue region is
possibly because the doping concentration of the emitter is very high and there exists
a ‘dead layer’ close to the front surface (see Fig. 3.5). The performance of the cell,
thus, degrades with heavy doping effects.
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FIGUurE 3.13: Quantum efficiency of solar cells fabricated at SUMC and Fraunhofer

ISE. The C1 to C6 refers to the SUMC cells whose emitters were formed under

different conditions. Sample C1: 5 minutes 1000 °C, sample C2: 10 minutes 1000

°C, sample C3: 15 minutes 1000 °C, sample C4: 20 minutes 1000 °C, sample C5:
25 minutes 1000 °C, sample C6: 30 minutes 1000 °C.

The low quantum efficiency of the solar cells in the longer wavelength region is prob-
ably due to the back surfaces of the devices not being passivated. Though the BSF
was incorporated into the structure, the recombination velocity of carriers near the
back surface may be still high, hence, resulting in the lower quantum efficiency. The
quantum efficiency of the solar cell from separate parts of each region will be modelled
and discussed in more detail in Chapter 4.

5The quantum efficiency of Fraunhofer cell was courtesy provided by Dr. Wilhelm Warta Fraun-
hofer Institute for Solar Energy Systems ISE.
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Considering the curves in detail, it was found that the spectral response of the cells in
the short wavelength region (~400-550 nm) was gradually increased with decreasing
diffusion time. This is because the junctions of the devices were formed closer to the

front surface, where the generation rate of carriers is highest.

3.3.4 Optical Reflectance Measurements

It is known from the previous section that the fabricated devices possess low electrical
performance compared to the theoretical limits. One of the reasons is the reflection
loss at the front surface. Thus, the aim of this section is to investigate the optical

properties of the fabricated devices in particular the reflectance at the front surface.

In this study, the reflectance of a sample was measured using an integrating sphere
measurement system. The measurement was performed as a courtesy by Vichai Ma-
neemongkolkiat, School of Electrical and Computer Engineering, Georgia Institute of
Technology. The system uses an integrating sphere® to measure the total (diffuse and
specular) reflectance [54]. The general experiment setup for the measurement is shown
in Fig. 3.14. A spectrophotometer is used to produce a monochromatic light for the
integrating sphere. The light is guided to the entrance port of the integrating sphere
and is focused upon the sample. The incident flux is reflected by the sample and
undergoes multiple reflections inside the sphere. The total hemispherical reflectance,

both the diffuse and specular components, is collected by a photodetector.

Detector

A/

Light source

<z

Monochromator

Monochromatic light \\/Sample

lntegratlng sphere

F1GURE 3.14: Schematic diagram of reflectance measurement using integrating
sphere.

6Integrating sphere is an optical device whose inner surface is coated with a diffusely reflecting
material.
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Figure 3.15 shows the results obtained from the measurement. As expected, a re-
flectance peak is observed at a wavelength of approximately 370 nm corresponding
to strong direct absorption of silicon”. The reflectances gradually decrease with in-
creasing wavelength to values approximately 33%. However, at a wavelength value of
approximately 1000 nm, the measured reflectance begins to rise up to a maximum of
approximately 60%. The reasons for the enhancement in reflectance at longer wave-

lengths are due to:

1. the very low absorbing capabilities of the silicon and

2. the total internal reflections due to the presence of a back reflector.

Compare this result with the modelled reflectance of bare silicon discussed in section
3.1.2 (see Fig. 3.2), we found that the reflectance obtained from this study is lower.
This expected feature implies that the thin layer of the SiO5 (100 nm) coated on the
front surface of the cell can reduce the reflection loss. However, comparing this plot to
the modelled result of 100 nm thick SiO, coated Si, it is seen that the plots do not very
well agree. The reflectance obtained in this study was higher. The disagreement in

the visible region is probably due to the thickness of SiO5 having deviated from 100 nm.
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FIGURE 3.15: Reflectance of a ¢-5i solar cell obtained from integrating sphere.

To validate the assumption, the thickness of SiO; was measured by ellipsometry. El-
lipsometry is a non-destructive optical technique which allows to study the optical
properties of materials or the thickness of thin films. The main effect taking place is

TAt this point the refractive index of the silicon is highest (see Fig. 2.10) and has its value of
approximately 6.9.
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the reflection of linearly polarized light at a surface. By measuring the changes in the
polarisation state of the reflected light, we obtain information related to the physi-
cal properties of the layer. The relationship is nonlinear and, therefore, a numerical
method is used to determine the optical properties and the thickness of the film from

ellipsometric data [55].

In this study, a UVISEL spectroscopic phase modulated ellipsometer from Jobin-Yvon
was used to measure the thickness of SiO, layer. A schematic diagram of the system is
illustrated in the Fig. 3.16. The collimated light from an arc lamp is passed through a
linear polariser and photoelastic modulator (PEM) to produce light of known controlled
polarisation. This light interacts with the system under study and its polarisation is
modified. The modified state of polarisation at the output of the system is respectively
passed through an analyser, monochromator and photomultiplier (PMT) detector for

further analysis. The thickness of the SiO, was found to be approximately 48 nm.
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Shutter Signal

Processing
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FIGURE 3.16: Schematic diagram of UVISEL spectroscopic phase modulated ellip-
someter from Jobin-Yvon.

Although, this result confirms the assumption which was made previously, it is sur-
prising to know that the thickness of the SiO, is reduced to approximately half of the
oxide deposited on the front surface. Based on the detailed analysis of the designed
processes, it is found that the reduction of the oxide thickness is probably due to

partial etching away of the oxide during the pre-metallisation process.

Another important feature, which was noticed when compared the experimental re-
flectance with the theoretical curve, is the disagreement of the data near the infrared
region. The disagreement can be readily explained by the fact that the optical model

used to obtain the reflectance in section 3.1.2 does not include the internal reflection
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due to the presence of a back reflector. To include this effect, the optical model has
been extended. In the consideration, the cell surfaces are assumed completely flat and
no randomisation is considered. The schematic diagram which includes the optical
path of rays is illustrated in Fig. 3.17. Light incident onto the cell is partially re-
flected at front surface with reflectance Ry.. The rays pass into the device and are
partially absorbed within the material. The unabsorbed rays are reflected at the back
surface of the device which has its reflectance equal to R, and hence are re-directed
towards the cell front surface. As a result of this, light which is not absorbed during
the first passage through the cell will have additional opportunities for absorption.
The reflected rays, generally the light with wavelength in the near infrared region, are
absorbed weakly inside the cell. Thus, they will reach the internal front surface whose
reflectance is equal to R;;. These rays, again, can be reflected and undergo similarity
mechanisms. The reflectance R which includes the possibility of internal reflections
within the device is given by [56]

FIGURE 3.17: The schematic diagram of a solar cell with total thickness of W.

The optical path of rays illustrate the reflection of light at the front surface with

reflectance Ry, the reflection of light at the back surface with reflectance R, and
the reflection of light at the internal front surface with reflectance Ry;.

Rb(l — Rfe)(l = Rfi)e_QaW

R =
1 - Rbeie_Qo‘W

-+ Rfe (33)

where Ry, is the external front surface reflectance,
Ry; is the internal front surface reflectance,
R, is the reflectance at the back surface of the device and
W is the thickness of the cell.

Figure 3.18 compares the experimental reflectance and modelled reflectance obtained
from Eq. 3.3. It was found that a better fit to the data near the silicon bandgap
could only be achieved using different values of external and internal front surface

reflectance. This can easily be explained in terms of small variations in the orientation
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FIGURE 3.18: The reflectance spectrum from experimental and modelled results.

The parameters Ry, Rse in Eq. 3.3 are adjusted to achieve a least squares fit to the

experimental data. A model result is well fitted with the experimental result when
_Rb = 0.75 and Rfi = 0.69

of the back contact along the solar cell, resulting in small variations in the angle of
internal incidence onto the front surface. This will result in a marked increase in the
internal reflection coeflicient as some of the rays will now fall outside the escape cone

and undergo total internal reflection.

3.4 Conclusions

¢-Si solar cells with n*/p/p* structure were successfully designed and fabricated at
Southampton University Microelectronics Center. Special attention was paid to the
emitter layer because it is the major part that can absorb a large fraction of sunlight.
Six different runs were carried out by varying diffusion conditions to prepare the emitter
layers with different doping profiles and also junction depths. The 100 nm thick SiOs
layer was used as an AR coating for the design. This is because it can provide lowest
reflection loss at the wavelength of approximately 600 nm, which is the region where

the intensity of the solar spectrum is maximum.

The doping profiles of the emitters were characterised using Secondary Ion Mass Spec-
trometry and Spreading Resistance Profiling techniques. The SIMS study revealed the
presence of a heavily doped region or ‘dead layer’ near the front surface of the device.
The SPR results indicated that the junction depth of the devices whose emitters were
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formed at 1000 °C for 5 minutes and 1000 °C for 30 minutes, were in the range of 0.96
pm and 1.32 pum, respectively.

The electrical performance of the devices were characterised through the I-V curves
and spectral response curves. The optical performance were also characterised by
using integrating sphere measurement system and also ellipsometry. The I-V results
revealed that the fabricated cells have poor electrical characteristics. This is due to
the devices have high series resistances R, low shunt resistances Ry, and also high
leakage currents Iy. The high R, arises from the resistance of the cell materials and
also from the contacts. The low Ry, of the cells are mainly caused by the leakage
current through the cell and around the edges of the devices. The high values of I
are due to the high recombination of the minority carriers within the cells which may
be due to lattice defects, poor quality of surface passivation and low minority carrier

lifetimes.

The measurement of the spectral response indicated that the devices have low quantum
efficiency both in the short wavelength and long wavelength region. The main factor
which reduces the efficiency of the cells in the blue region is the heavy doping of
Phosphorous dopant at the front surface of the cells. The low quantum efficiency of
the solar cells in the longer wavelength region is probably due to the back surfaces of

the devices not being passivated.

The reflectance at the front surface of the device was approximately 33% within the
range 400-1000 nm. At a wavelength value of approximately 1000 nm the measured
reflectance begins to rise again up to the maximum of approximately 60%. This
enhancement is because the absorbing capability of the silicon is very low in this region

and light can be totally internal reflected due to the presence of a back reflector.

The thickness of the SiOs, which is used as the AR coating, was also measured using
ellipsometry. The result indicated that the thickness of the SiO, is approximately 48
nm. The thickness is reduced to approximately half of the oxide deposited on the front
surface. Analysis of the designed processes in detail, it is found that this reduction
of the oxide thickness is probably due to partial etching away of the oxide during the

pre-metallisation process.

From the results obtained from this study, it is obvious that further work is needed
in order to develop the c-Si devices with better performance. The diffusion process
should be modified to obtain a proper doping profile within the emitter, i.e., without

the kink and excess Phosphorus region. The thickness of SiO, layer deposited on the
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front surface should be increased to take into account of the partial etching away of

the oxide during the pre-metallisation process.



Chapter 4

Modelling and Analysis of Solar

Cell Performance

The analysis of solar cells in terms of material and microscopic device parameters
is the key to realise the solar cell performance and efficiency. The cell performance
can be evaluated using two measurement techniques: the I-V curve and the spectral
response. The I-V characteristic gives the fundamental parameters of the cell, i.e.,
short circuit current, open circuit voltage, fill factor and the cell efficiency. It also
gives information regarding the losses due to the internal resistances such as shunt
and series resistances. On the other hand, the spectral response provides information
on the physical properties of the solar cell. It indicates how the cell respond to the
incoming photon flux in each device region. The spectral response also contains the

information related to the quality of the solar cells.

The spectral response or equivalently, the quantum efficiency is typically presented
as a function of wavelength. However, Sinkkonen et.al [57] and Donolato [58] dis-
cussed an alternative approach by considering the quantum efficiency as a function of
the absorption coefficient or distance (Eq. 4.1). This approach can provide impor-
tant parameters of solar cells; for instance, diffusion length, junction depth, surface

recombination velocity, etc.

According to Eq. 4.1, it is seen that a monochromatic light incident onto an infinitely
thick cell is absorbed and attenuated by a factor of exp(-a(A)z). The response of the
cell at any z position is related to the collection efficiency of charge carriers n.(z). To

obtain the quantum efficiency of the device, the collection efficiency is needed.

99



Chapter 4 Modelling and Analysis of Solar Cell Performance 60

IQE(a) = a/ooo exp(—az)n.(z)dz (4.1)

In this chapter, we developed a method to determine the collection efficiencies of
minority carriers within emitter and base [56]. The results were used to obtain the
IQE of the device. The IQE was fitted to the experimental data obtained from the
previous chapter, providing the internal parameters of the fabricated solar cell. Such
information can be used to evaluate the quality of the cell regarding to the fabrication

process.

4.1 Theoretical Model

The collection efficiency of minority carriers within a non—uniform emitter can be
calculated from the transport equations (Egs. 2.2 and 2.4). To simplify the analysis,
we considered charge carrier transport in only one direction along the z axis. In
addition, the low-level injection assumption was employed in the analysis. Equations

2.2 and 2.4 can be expressed in the simple forms as

dp
o = auppE — gDy (4.2)
1dJ, 1
28 m 4.3
. G - (p — mo) (4.3)

A more convenient form of Egs. 4.2 and 4.3 can be obtained by introducing the

normalised excess minority-carrier concentration u(z) [59]

u(z) = p_(ILO_( f)"(m) (4.4)

The transport equation for the minority carriers in the dark (G = 0) can then be

written as

D,po
LpZ u=20 (4.5)

p

d du
- E [DPPOE] +

where D, is the hole diffusion coeflicient
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kT
Dy = *q—ﬂp (4.6)

L, is the diffusion length

L, =+/Dy7p (4.7)

and 7, is the hole lifetime.

Before discussing the methodology used to derive the solution of Eq. 4.5, it is essential
to refer to the reciprocity theorem proposed by Markvart [60]. The theorem states
that the collection efficiency 7, is the solution of Eq. 4.5 when the boundary condition

at the junction edge is 7. = 1 and at the surface is

dne

= —JogNe 4.8
dr 0s7 ( )

gDpyg

where Jys = ¢Spo and S is the surface recombination velocity (SRV).

In this calculation, the parameter po(z) was modified to take account of band gap

narrowing [59]:

2 n2,
_ e _ Mo 4.9
Po(2) No ~ Noess (4.9)

where n;, and n;y are the intrinsic carrier concentration and effective intrinsic concen-

tration, respectively

AFE
2 (z) = n? g 4.10
nze(z) nzOezp( kT ) ( )

Np and Npesy are the doping concentration and effective doping concentration and

AE, is the apparent bandgap narrowing [61]

_ Np

The Auger recombination, which occurs at high doping densities, is included through

an appropriate term in the minority-carrier lifetime [61].
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T, =[50+ (2 x 107 x Np) + (2.2 x 107! x N3)|™* (4.12)
The dependence of mobility on electric field is given as [61]

315
1+ (Np/1017)09

1, = 155 + (4.13)

The determination of u or 7. for the emitter must, in general, be carried out by
numerical quadrature on account of the non—uniform doping and heavy doping effects.
To separate the effect of surface from bulk recombination, it is convenient to follow del
Alamo and Swanson [59] and define the ‘forward’ and ‘reverse’ solutions us and u, of

Eq. 4.5 with the following boundary conditions:

(4.14)

where z = 0 and z = W, corresponding to the surface of the emitter and the junction

edge, respectively.

The general solution can be expressed as

u(z) = uy(W)us(z) + 6, (0)u () (4.15)

The collection efficiency in the emitter, which satisfies the correct boundary conditions,

is given by Eq. 4.16.

Oy JOr

o(z)(Emitter) = e, 4.16
() (Emitter) = us(a) + 75— (z) (4.16)

where Jyg. refers to surface saturation current density

2
qnipSe
Jose = ——=— (4.17)
Npess(W)
du, du,

Jor = quPO%'z:O oy Jor = qup0%|z=W (4.18)
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Se is the surface recombination velocity at the front surface and «,. is the probabil-
ity of the carrier injected at one edge of the region reaching the other end without

recombination.

For the p-type base region, the determination of the collection efficiency n.(z)(Base)
can be obtained analytically because the doping concentration within the base region
is assumed to be uniform. The presence of the back surface field can be allowed for the
value of the surface recombination velocity .S, at the back surface. Thus the collection

efficiency equation becomes:

tanh(Wb/Ln) + SbLn/Dn

ne(z)(Base) = cosh(z/Ln) ~ 5 + (SyLn/Dy)tanh(W,/L,,)

sinh(z/L,) (4.19)

where W}, is the base width, z is the distance measured from the junction edge and the
subscripts of L, and D, refer to the appropriate quantities for electrons in the p—type

base. In the present analysis, the EQE was determined from

EQE = / ne(x)g(z)da (4.20)

where 7.(z) are the collection efficiencies of minority carriers in the emitter, base
and depletion regions. Note that the collection efficiency within the depletion
region was assumed to be unity.

g(z) is the generation function

. oT
- 1-— Rbeie

g(il?) ——7 {e—az + Rbe—2aWeaz} (421)
where Ry, is the external front surface reflectance,

Ry; is the internal front surface reflectance,

Ry is the reflectance at the back surface of the device,

W is the thickness of the cell and

« is the absorption coefficient of silicon.

The IQE of the device was determined from Eq. 2.53 (see Chapter 2). The EQE was
derived from Eq. 4.20. The reflectance R, which includes the possibility of internal

reflections within the device, was obtained from Eq. 3.3.
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4.2 Modelling Procedures

The procedures to model the quantum efficiency of a solar cell can be summarised in
the form of a diagram as shown in Fig. 4.1. The first stage of the calculation is to
compute the collection efficiency: 7.(Base) and 7.(Emitter). These parameters and
the n.(Depletion) are used to calculate the EQE using Eq. 4.20. The EQE is then
used to determine the IQE using Eq. 2.53. '

Input parameters

1
[
'
)
'
1
|
1
|

AE, )

’ d D
D, s -5 Dp]+ o

i p
| L 20 B |

u(x), U (X}t o Jose

n.(Base)

using Eq. (4.19) n(Emitter)

u=0

n.(Depletion) = 1

Compute EQE Compute IQE
using Eq. (4.20) » using Eq. (2.53)

FIGURE 4.1: A schematic diagram of procedures to model the quantum efficiency of
a solar cell. The emitter doping profile Np(z) and bandgap narrowing AE, are used
to determine pg(z). The hole diffusion length L, are derived from the parameters
Tp and Dp. These parameters are input into transport equation. The equation is
solved numerically to obtain the parameters us(z), u.(z), ., Jor, Jose and collection
efficiency of emitter n.(Emitter). The collection efficiency 7.(Base) is determinied
from Eq. 4.19. The n.(Base), n.(Emitter) and 7.(Depletion) are used to obtain
external quantum efficiency EQE using Eq. 4.20. The IQE is obtained from EQE
using Eq. 2.53

To determine 7.(Emitter), the emitter doping profile (Np) is needed for the calculation.
The profile was obtained by fitting a polynomial equation to the SRP data obtained in
section 3.3.1. The goodness of the fit profile was justified by comparing the polynomial

profile with the data points and considering the square of the correlation coefficient
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R? of the point being fitted. The doping profile obtained from the fitting and the
experimental profile were plotted together as shown in Figure 4.2. The result shows
a good agreement of both profiles with R? > 0.99. Thus, the polynomial function
obtained from this process was considered to be a representative of the experimental
SRP profile.
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FIGURE 4.2: Doping profiles obtained from SRP measurement and polynomial fit.

The doping profile function and the AE, were used to determine the parameter po(z).
L, was computed from Eq. 4.7, where D, and 7, were derived from Eqgs. 4.6 and
4.12. The parameters po(x), L, and D, were used as the input for Eq. 4.5. The equa-
tion was solved numerically using a MATLAB program (Ver 7.0.1). The parameters
us(z), ur(z), ar, Jor and Jose obtained from the computation, were used to compute
the collection efficiency of minority carriers within the emitter using Eq. 4.16. The
collection efficiency of minority carriers within the base region was computed from Eq.
4.19. The collection efficiencies obtained from the calculations were used to determine
the EQE from Eq. 4.20 and IQE from Eq. 2.53. The IQE obtained from the model
from each region of the cell was fitted with the experimental data to extract important
parameters of the device, for example, front and back surface recombination velocities,

minority carrier diffusion lengths and a junction depth.
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4.3 Results and Discussions

Figure 4.3 shows the modelled result which presents the collection efficiency within the
emitter as a function of the distance from the front surface and the surface recombi-
nation velocity. The plot indicates that the collection efficiency increases towards the
junction boundary and has a value close to unity at the junction edge. The plot also
suggests that the collection efficiency depends strongly on the surface recombination
velocity (SRV) at the front surface. The collection efficiency drops dramatically as the
SRV becomes higher than 10% cm/s.
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FI1GURE 4.3: The minority carrier collection efficiency within the emitter, calculated

from the SRP profile for different surface recombination velocity (SRV). The arrow

indicates the curve for S = 10% cm/s as used for the curve fitting for the present
solar cell.

The doping concentration in the base region was assumed to be uniform and from the
SRP data presented in Fig. 4.2, it is equal to 8x10' cm™3. The collection efficiency
calculated from Eq. 4.19 for different values of the surface recombination velocity S,
is shown in Fig. 4.4. As can be seen from the plot, the collection efficiency increases
towards the junction boundary and it reaches the highest value at the junction edge.
The collection efficiency at the back surface decreases from 0.63 to 0.33 as the S,

increases from 0 to 10% cm/s.
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FIGURE 4.4: The minority carrier collection efficiency within the base. (L = 396 pm)
calculated for different surface recombination velocity (SRV). The arrow indicates
the curve for S = 250 cm/s as used for the curve fitting for the present solar cell.

Figure 4.5 shows a comparison of the experimental IQE (tested by NREL under AM1.5-
G condition at an ambient temperature of 25 °C) with the results calculated in the
present model and PC1D (Ver. 5.3). The cell parameters summarised in table 4.1
were chosen for the simulation for the present model and PC1D. The results obtained
from the present model are in good agreement with the simulated result obtained from
PC1D. A slight disagreement is probably due to the differences in the optical mod-
els. The model developed in this work takes into account internal reflection but does
not allow for light trapping effects which are included in PC1D [62]. Unlike PC1D,
the procedure discussed in this work makes it possible to separate contributions not
only from indicated regions of the cell, but also from the separate parts of each region
through the collection efficiency. The fitted parameters also suggested that the device
has a high front surface recombination velocity and low back surface recombination
velocity. These results revealed that the technological process for passivating the front
layer still need to be further developed in order to enhance the collection efficiency
from the emitter. The BSFE structure effectively minimises the surface recombination

velocity at the back surface of the devices.
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FIGURE 4.5: Comparison of internal quantum efficiency obtained from the model,
PC1D and experimental data.

TABLE 4.1: The cell parameters chosen for the simulations

‘ Parameters ‘ Value ‘ Unit \
Emitter surface concentration | 2 x 10 | cm™3
Base doping concentration = e Ll L
Junction depth 1.35 pm
Front SRV 10° cm/s
Back SRV 250 cm/s
Electron diffusion length 747 pm
Ry 75 %
R 69 %

4.4 Conclusions

The performance of the p—n junction solar cell was investigated in terms of collection
efficiency in each region. The collection efficiency of the emitter was derived by con-
sidering the diffusion equation for minority carriers and a reciprocity relationship of
the charge collection and the dark carrier distribution. The collection efficiency of the
base was derived analytically.

The internal quantum efficiency obtained from the model was fitted with the experi-
mental data in order to extract important cell parameters. These parameters include
front and back surface recombination velocities, the minority carrier diffusion lengths

and the junction depth.
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The fitted results revealed that the good response from the base region is due to an
adequate diffusion length and a very good back surface field which leads to very low
effective surface recombination velocity at the back surface. The poor response of the
cell at short wavelengths is due to a high front surface recombination velocity. To

improve the performance of the devices, a good surface passivation is required.
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Chapter 5

Introduction to Fluorescent Solar

Collectors

The intention of this chapter is to present a review of the literature related to fluores-
cent solar collectors, providing an overview of the status of the research in this field.
The chapter is divided into three sections. Section 5.1 describes the basic concept of
the fluorescent solar collector and its principle of operation. Section 5.2 presents a
review of early work related to fluorescent solar collectors. Section 5.3 provides some
theoretical background related to the emission and propagation of fluorescence within

the fluorescent collector.

5.1 Overview of Fluorescent Solar Collectors

A fluorescent solar collector (FSC), also known as a fluorescent solar concentrator, is
an optical device that can concentrate diffuse and direct sunlight and convert it into
electricity. The conventional design of FSCs consists of a solar cell and a fluorescent
collector! as shown in Fig. 5.1. Its operation relies on four major mechanisms: light
absorption, light emission, light propagation and conversion of light into electricity.
The absorption process begins when the light is incident onto the large area of the
fluorescent collector (FFC). Photons whose wavelengths lie within the absorption band
of the fluorescent materials are absorbed and subsequently re-emitted at longer wave-
lengths. A large fraction of the emitted light is trapped within the FC because the
refractive index of the FC is higher than that of the surrounding medium. The trapped

IThe fluorescent collector is a transparent plastic or glass plate doped with fluorescent materials.
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light is then delivered to the edges of the FC via total internal reflection and converted

to electricity by a solar cell.

Solar cell

Reflector

FIGURE 5.1: A cross-sectional view of a fluorescent solar collector. Two rays pre-
sented in the figure correspond to light emitted with angle 8 < 6. and 8 > 8,.

The ability to concentrate light by the FSC is defined as the ratio between the front
area and the edge area of the FC as given in Eq. 5.1 [63].

G==21 (5.1)

where Ay and A, are the areas of the front face and the edge of the FC, respectively.
G is a factor which indicates the brightness of light at the edge of the FC, generally
known as the geometric gain. Assuming that there is no loss inside the FC plate, the
light emitted from the edge would be brighter than the collected sunlight by a factor
of G. As a result, a solar cell which is coupled to the edge of the FC can attain higher

power incident and yield a higher electrical output.

5.2 Review of Fluorescent Solar Collectors

The background of the research in this field can be traced back to around the mid
1970s when Weber and Lambe [10] and Goetzberger and Greubel [11] independently
proposed a novel concept of using a luminescent medium together with total internal

reflection to concentrate light to high-efficiency solar cells.

The system which was called luminescent solar collector by Weber and Lambe [10]
was composed of a planar collector coupled at one edge with a solar cell as shown in
Fig. 5.2. Besides this novel concept, the authors also proposed a model to predict
the probability that the absorbed photons will be emitted at the edge. This quantity,
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which was called collection efficiency by the authors, is given by

z
x /L
y
Luminescent

i? Meduim

Solar Radiation

Mirror Surface

Solar cell

Fiaure 5.2: Schematic of a luminescent solar collector as proposed by Weber and
Lambe. The structure was considered to have infinite length in the z direction. A
perfectly reflecting mirror was introduced at y = 0 and solar cell at y = L [10].
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(5.2)

where Q¢ wep is the collection efficiency of the system shown in Fig. 5.2,
8 and ¢ are the spherical polar angles defining the direction of emission,
8. is the critical angle for total internal reflection,
o, is the attenuation coefficient at the emission wavelength,

" 15,5(0,¢) is the amplitude of Fresnel reflection.

Note that Eq. 5.2 was derived by assuming that a perfect mirror was used at y = 0.
The fraction of light emitted into angles 0 < 8 < 8, and @ > 8 > m-6,., which would

be collected at y = L, was also neglected.

On the other hand, a fluorescent solar concentrator system proposed by Gotzberger
and Greubel [11] is illustrated in Fig. 5.3. A stack of fluorescent collector plates was
arranged in such a way that the top plate absorbs the shortest wavelength radiation,

whereas the Jower plates absorb longer wavelengths.

The advantages of this structure are that
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(1) the solar spectrum can be subdivided into different energy fractions and

converted by solar cells with different bandgaps and
(2) about half of the radiation emitted within the critical cone can be recovered

by the adjacent plates.

The maximum conversion efficiency for stacking four collector plates with four different
solar cells, i.e. Si, Ge, GaAs and GaP in series, under AM1 spectrum calculated by

the authors was estimated to be 32%.
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FIGURE 5.3: Schematic of a three-stack fluorescent solar collector. Each collector is

coupled to a solar cell whose bandgap matches to the fluorescent wavelengths. The

fluorescent collectors are stacked in such a way that the sunlight falls first on material

having the largest bandgap. Photons not absorb in the first plate are transmitted to

the second and the third plates, which then absorb the remaining portion of photons
with lower energy [11].

After the idea was proposed, the research in this field received great attention and the

principal operations of FSCs have been investigated experimentally and theoretically.

The very first practical works were those of Levitt et al. [64], Swartz et al. [65]
and Rapp et al. [66]. Levitt et al. studied the performance of two fluorescent solar

collectors that were made of

(1) ED2? neodymium-doped laser glass and a silicon solar cell (1.2 mm x 100 mm

x 100 mm) and
(2) Rhodamine 6G (Rh6G) doped polymethylmethacrylate (PMMA) and a silicon

solar cell (3 mm x 100 mm x 500 mm).

2ED2 is a special grade of glass that provides superior refractive properties when compared to
standard optical glass. The term ED stands for extra-low dispersion.
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The authors observed the photon flux gains from both systems. Under monochro-
matic illumination, the gains were found to be 5.9 for the glass and 6.3 for the plastic

collectors.

Swartz et al. [65] reported experimental results based on using a mixture of dyes to
enhance the photon flux gain within the fluorescent collector. The donor dyes were
used to absorb the solar spectrum and transfer energy to an acceptor dye whose energy
of emission can be matched to the maximum efficiency wavelength of the solar cell.
The dyes employed for the multiple-dye planar fluorescent collector were Rh6G and
Coumarin 6 (Cou6) in PMMA. The absorption efficiency of the multiple-dye system
was higher than that of the single-dye system (Rh6G in PMMA) by a factor of 2.

The theoretical model of Weber and Lambe was further developed by Batchelder et al.
[67] to take into account the re-absorption of fluorescent light. In this treatment, the
fluorescence was divided into various components, @), @@, Q®) ... depending on
how many times the photons have been absorbed. The fraction Q(), which is called

first generation fluorescence?, is given as

T 7I‘/2

QW) = ¢;(27L)~ ff dufdyqub f sin(6)d (5.3)

« o (lcnt) o (M)}

Note that the expression is similar to 5.2 except that the dye quantum efliciency ¢ and
oo

normalised fluorescent spectrum f f(¥)dv are included in the expression. In addition,

the Fresnel reflection term is neglected in Eq. 5.3.

To determine the fraction of fluorescence emitted from higher generations, the authors
introduced 2 parameters: R — the average probability that luminescence outside the
critical cones will be self-absorbed over a path length L and R - the average probability
that luminescence inside the critical cones will be self-absorbed. These parameters are

related to the n* order generation fluorescence as follows:

Q™ = (1— P)(1 - R)[RP+ (1 - P)R""'¢" (5.4)

where P is the probability that the emission light will escape out of the surface. It can

be computed using Eq. 5.5.

3The term ‘first generation fluorescence’ refers to the fluorescence spectra that are emitted without
any re-absorption effect.
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P=1-cos(f.) =1-+/1—1/n? (5.5)

By summing all Q™ in geometric series, the total collection efficiency of the system

which includes all components from higher generation emissions is given by

Qc.par = QW + QP + QB + ..
_60-RO=P)  _ Qw (5.6)
T 1—¢s|[RP+R(1-P)] T 1—¢f|[RP+R(1-P)]

Besides the model work, Batchelder et al. also studied practical aspects of the FSC.
The devices were developed from various organic laser dyes [68]. The maximum effi-
ciency of the collector, which is the total electrical power output divided by the total
sunlight power incident on the plate, was reported to be 3.2% for a thin-film fluorescent

collector plate containing three organic dyes.

Witter et al.[69] experimentally tested the idea of a stack fluorescent collector, which
was initially proposed by Goetzberger et al. [11]. It was reported that the total
efficiency of a stack of three sheet fluorescent collectors, which were coupled to Si
solar cells, was 2.8%. The authors also reported the further improvement in system
performance of the stack structure [70]. By coupling two fluorescent sheets to Si and

GaAs cells, the total efficiency of the system reached a maximum of 4%.

Reisfeld and Neuman [71] investigated a practical arrangement of several combinations
of organic and inorganic doped glass layers. A system efficiency of about 3.5% to 4.5%
was reported for the case of three doped glass layers for CdS, GaAs and Si cells.

In addition to the above attempts, the FSC subject had been researched by various
groups [63, 72-74]. However, it is surprising to see that a real improvement of the
FSC performance has not yet been obtained or reported. This is mainly due to several
problems underlying the development of the FC. These are:

e less absorption of photon flux - only a certain spectrum of sunlight can be
absorbed by the dye,

e self-absorption, also known as re-absorption - the re-absorption of the emitted
photons due to an overlap of the absorption and emission spectra,

e quenching effect - there is an interaction between two or more fluorescent
materials which results in a decrease in the fluorescent intensity,

e escape cone losses - the fluorescence emitted within the critical angle is not
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trapped within the collector and
e degradation - the decrease in efficiency of the fluorescent plate due to the

instability of the dye after exposure to sunlight.

The above loss processes resulted in the reduction in the FSC performance and subse-
quently the overall efficiency of the system. For this reason, together with the limita-
tions of dye molecules available during that time, the research in this field had drawn

less attention and gained less momentum.

In recent years, the technological development of fluorescent dyes has been signifi-
cantly improved. Dyes with large stoke shift, high photostability and high quantum
yield have become more available, e.g., Lumogen F from BASF company [12] and Alexa
Dyes from Molecular Probes Inc. [13]. Some new advanced materials, e.g., quantum
dots (QDs) [14] and photonic band-stop filters*(see Fig. 5.4), e.g., hot mirror® [15] and
Rugate filter® [76] have been introduced to overcome some major loss machanisms.
Therefore, the concept of FSC has been stimulated and is gaining increasing attention

again.

photonic bandstop filter —EFEIELELLLE

PV cell
FC plate e

Reflector

FIGURE 5.4: The low critical cone loss FSC.

To date, several issues ralated to fluorescent solar collectors have been extensively
researched. For example, the quantum dot idea has been pursued by the Imperial
research group. A theoretical model was also developed to predict the efficiency of
their systems [17, 77].

Sloof et al. [20] revisited the FSC concept by constructing the fluorescent solar collector
based on two different dyes — Macrolex Fluorescence Red G from the Bayer company

and S-137 from the University of Munich. The current gain was reported to be 1.5.

4The photonic band-stop filter is a specialised filter designed to reflect light in the emission range
of the dye but transmit the light in the absorption region. Therefore a larger amount of light is
trapped inside the collector and guided to the solar cell at the edge.

5Hot mirror is a multilayer dielectric mirror that reflects infrared and transmits visible light. It
is useful in a variety of applications where heat build-up can damage components or adversely affect
spectral characteristics of the illumination source [75].

6A Rugate flter is a multilayer reflector with a continuously varying refractive index profile. It
can serve as a band reflection filter for the emitted light which leaves the fluorescent concentrator in
the loss cone of total internal reflection [76).

7S-13 is a Auorescent dye which has a quantum yield of ~100%.
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Sheldon et al. [22] pursued the concept that was first proposed by Swartz et al. [65].
The authors recently showed that the efficiency of the FSC can be enhanced through
the use of three organic dyes — BODIPY 494/505, BODIPY 535/558 and BODIPY
564/591, provided by their collaborative partner (Molecular Probes Inc).

Markvart [78] and Rau et al. [16] independently developed a theoretical model to
predict the efficiency limit of fluorescent collectors. Markvart’s analytical model was
formulated based on the Shockley-Queisser detailed balance method [32]. Based on the
calculation, the maximum efficiency of about 90% would bhe possible. This efficiency
was derived by assuming that the front surface of the collector is covered with a selective
reflector that can perfectly prevent the escape of fluorescent light through the front
surface. On the contrary, Rau et al. [16] analysed fundamental efficiency limits of the
FC by using Monte Carlo ray-tracing simulation. The structure under consideration
was a collector in which solar cells covered a fraction of its rear surface. The efficiency
limits of an FC with and without photonic band-stop (PBS) filter were investigated.
The maximum efficiency of the system which included the PBS was reported to be
23.9% when a fraction 1072 of the FC’s bottom was covered by solar cells (Fig. 5.5).

Photonic
band stop

Fluorescent collector

e P ... S

Mirror Solar cell

FIGURE 5.5: Schematic drawing of a fluorescent collector with a solar cells at its
bottom.

Besides these models, the performance of FCs can also be modelled by employing
more advanced computational analysis, such as Monte Carlo simulation [79, 80|, or
ray tracing technique |21, 81-83]. Although these approaches allow us to model the
performance of the FC in a more realistic way, the difficulties of developing algorithms
and also lengthy computations are their two major drawbacks that have to be carefully
evaluated if these approaches are to be pursued.

A review of available literature suggests that a real breakthrough in efficiency has
not yet been achieved. The performance of the FSC is still quite low due to the
poor performance of the FC. To understand in detail the underlying problems of the

development of the FC, our group has revisited the concept by developing models
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and optical characterisation techniques for evaluating the performance of fluorescent

collectors.

Two major approaches were pursued during the research. The first approach related
to the determination of the re-absorption loss through the fluorescence spectrum mea-
sured at the edge of the FC and also the first generation fluorescence spectrum. To our
knowledge, the method for obtaining the first generation fluorescence spectrum of the
FC plate has never been reported or studied. Therefore, it is interesting to establish
a technique that one can use to derive this spectrum and also use it to determine the

re-absorption loss. The details of this work can be found in section 8.2.2.

Another approach that was pursued during the research was to develop an analytical
model which allows us to consider the re-absorption probability and also the collection
efficiency of FC plates (see sections 6.2 and 6.3). Our model is different from the others

in that it takes into account

1) the effect of non-ideal reflection at the interface and
2) the effect of non-perfect coupling between the fluorescent collector and the

solar cell.

In addition to the above work, we also developed methods for fabricating and char-
acterising the fluorescent collectors. These methods were developed as part of this
project to prepare the samples and also to measure the parameters that can be used
to evaluate the performance of the FC. The details of these methods can be found in

chapter 7.

5.3 Theoretical Background of Fluorescent Solar
Collector

This section provides some theoretical background related to the operation of the
fluorescent solar collectors. The two major mechanisms that are described in this
section are light emission and light propagation. The absorption of light and the

conversion of light to electricity were already described in Chapter 2.

5.3.1 Light Emission

The light absorbed by the fluorescent molecules is emitted at longer wavelengths. The

emission of photons varies depending on the transition states of the excited molecules.
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The emission processes can be simply explained using a Jablonski diagram depicted in

Fig. 5.6 [35]. The processes are divided into five steps.

(D Photon ahsorption: The absorption of the photons results in a transition of the
molecules from the singlet electronic states Sy to the first excited states Sy,

@ Fluorescence emission: The emission of photons due to the downward transition
from S; to S,

) Internal conversion: This is the non-radiative process whereby molecules in an ex-
cited state may return to the ground state without the emission of a photon, converting
all the excitation energy into heat,

@ Intersystem crossing: The molecule changes over from one of the system of singlet
states S to triplet state 77 in which two electron spins are parallel,

® Phosphorescence emission: The transition of the molecules from the triplet elec-

tronic states 77 to the ground electronic state Sy.

S, g

FIGURE 5.6: Jablonski diagram showing the absorption and the emission processes

of fluorescence and phosphorescence. The number (I)-@) are referred to Photon

Absorption, Fluorescent Emission, Internal Conversion, Intersystem Crossing and
Phosphorescence Emission, respectively.

Figure 5.7 shows an example of the absorption and emission spectra that correspond
to the transitions between two electronic states of the molecules Sy and S;. The peaks
in the spectrum correspond to the vibrational energy levels (Sgg..S1,). The emission
spectrum is the mirror image of the absorption spectrum. This situation frequently

arises in organic luminescence.

In general, the characteristics of the fluorescent light are influenced by several parame-
ters, including fluorescence quantum yield, Stokes shift, re-absorption mechanism and
quenching. Therefore, it is necessary to consider these parameters to gain a better
knowledge of the light emission.
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FIGURE 5.7: Vibrational levels of S7 and Sy showing origins of vibrational structure
in emission and absorption spectra.

5.3.1.1 Fluorescence Quantum Yield

The fluorescence quantum yield ¢, is a parameter which gives the efficiency of the
fluorescence process. It is defined as the ratio of the number of fluorescence photons

emitted Ng.,s to the number of photons absorbed N;.

. Arems
Arabs

o (5.7)

This parameter is related to the fluorescence intensity per absorbed photon [35], which
can be written as

br = /000 F(A\)dA (5.8)
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where F'(X) is the fluorescence intensity per absorbed photon

_Ir(V)
- kL4(N)

F(\) (5.9)
Ir(A) is the fluorescence intensity,

I4(A) is the absorbed intensity and

k is a constant factor. It depends on the optical configuration of observation

and the setup of the instruments.

The measurement of these three parameters in practice is somewhat difficult as it
involves correction for various effects associated with the instruments and experimental
setup. Therefore, to determine the quantum yield, a comparative method is commonly

employed in practice.

In the comparative method, the fluorescence quantum yield is measured by comparing
with a standard material whose absolute efficiency has been established under careful
experiment conditions. The optical density of the test sample is normally kept below
0.05 to avoid inner filter effects. The quantum yield can be calculated using Eq. 5.10
84]

I ODR n2
= Q2 5.10
¢f fRI R oD n% ( )
where ¢; is the fluorescence quantum yield,
I is the integrated intensity,
OD is the optical density,
n is the refractive index,

R, as a subscript, refers to the reference fluorophore with known quantum yield.

5.3.1.2 Stokes Shift

The Stokes shift is the difference between the maximum peaks of the fluorescence and

the absorption spectra (see Fig. 5.8). It is always expressed as a wavenumber Av

Av = v, — vy (5.11)

where v, and vy correspond to the wavenumbers at A,{max) and As(max), respectively.
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A

[ntensity

A,(max) A(max) A

FIGURE 5.8: Definition of the Stoke shift.

5.3.1.3 Energy Transfer Between Organic Molecules

When a molecule A is in the vicinity of an excited molecule D*, the energy transfer of
electronic excitation energy from the donor molecule D* to acceptor molecule A can

occur. The process may be represented as

D*+A— D+ A" (5.12)

The transfer processes generally occur in two ways — radiative transfer and non-
racdiative transfer. The former process generally refers to the process which involves
the emission of a photon by the donor molecule and subsequent re-absorption by the
acceptor molecule (see Fig. 5.9(a)), whereas the latter is a process which does not
involve the appearance of a photon (Fig. 5.9(b)). The interaction can take on two

forms depending on the distance between donor and acceptor molecules.

e Electron exchange interaction, also known as Dexter transfer and
¢ Dipole-dipole interaction (Fluorescence resonance energy transfer (FRET)

or Forster transfer).

The Dexter transfer is a short-range (6-15 A) interaction process where excitons diffuse
from donor to acceptor sites via intermolecular electron exchange [85]. The Forster
transfer is a long-range interaction process which can occur mainly through dipole-
dipole interaction. The distance between the donor and acceptor molecules is typically
within the range of 50-100 A[86].
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(a) Radiative transfer
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i t

(b) Non-radiative transfer

FIGURE 5.9: Radiative and non-radiative transfers.

5.3.1.4 Re-absorption Mechanism

Re-absorption refers to the process whereby the emission light is re-absorbed by the
fluorescence dye molecules. This mechanism is a radiative process. It generally occurs
due to the spectral overlap between the absorption and fluorescence bands. This effect
results in the distortion in shape of measured fluorescence spectra, as shown in Fig.
5.10. The effect leads to an artificial red shift of the short-wavelength edge, it is
sometimes called a red-shift effect [14, 87]. It should be noted that, the fluorescent

material should have a large Stokes shift to avoid or minimise this effect.

EMISSION

| 5
1.32 1.72 'E’.ll’

WAVENUMBERS

Fi1GURE 5.10: The distortion of fluorescence spectra due to re-absorption. Original
source [88].
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5.3.1.5 Quenching

Quenching is a process whereby excited molecules do not radiate because of the pres-
ence of quencher molecules. This mechanism often occurs in a substances with high
concentration. The effect results in the decrease of intensity of the emission light and

also the fluorescence quantum yield [35].

5.3.2 Light Propagation

When the fluorescent light is emitted, either it will be re-absorbed by the absorbing
species or it will be delivered to the edge of the FC. The light propagation within the

FC is based on total internal reflection mechanism described in section 2.6.

In this section, we consider the fraction of light trapped inside the FC in 2 cases: re-

absorption is very small and can be neglected and re-absorption loss is non-negligible.
Case I: FC with no re-absorption loss

To determine the fraction of light trapped inside the FC with no re-absorption loss,

we assume that

1. the FC is a homogeneous layer and has the refractive index ng¢ larger than
unity,
2. the FC is surrounded by air (n,; = 1) and

3. the light emitted from luminescence species is perfectly isotropic.

The critical angle 6, related to the refractive index of the FC can be derived using Eq.
5.13.

1

6. = sin”! (—) (5.13)

nrc

The fraction of photons inside the critical cone p is given by

A
P=173 (5.14)

where A is the area that subtends the cone of light escaping from the top and bottom
surfaces of the film.
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A = 277r%(1 — cosb,) (5.15)

Substitute Eq. 5.15 into 5.14, we obtain

1 — cosf.
D= _(__c@ ( 5.16)
2
The fraction of photons inside the critical cone from both faces is given by
P=2p=1- cosf. (5.17)
Hence, the fraction of rays trapped inside the collector is
ftrap =1 — P = cos8, (5.18)

Assuming npc = 1.50, we obtain 6, = 42°, fi.q, ~ 74.5% and P ~ 25.5%.

Case II: FC with re-absorption mechanism

To determine the fraction of light trapped inside the FC when the re-absorption loss
is non-negligible, the previous assumptions are considered. We also assume further
that the average re-absorption probability of fluorescence emitted outside the critical
cone is equal to I and the average re-absorption probability of fluorescence emitted
inside the critical cone is equal to R. The fraction of rays trapped inside the FC which

includes these re-absorption probabilities fi qp2 18

firapz=(1—P)(1-R)+ PR (5.19)

5.3.3 Fresnel Reflections Inside the Critical Angle

In reality, the fluorescence emitted at angles less than the critical angle is not able
to escape from the FC plate completely due to the difference between the refractive
index of the FC and its surrounding. A portion of light that arrives the interface with
angle less than . can be partially reflected and undergoes total internal reflection.

The reflections of fluorescent light inside the critical cone can simply be calculated
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using the Fresnel equations (see Eq. 3.3). By assuming ng,, = 1 and ngc = 1.50,
the reflectance at the interface can be obtained as shown in Fig. 5.11. It is seen
that when the light is incident at the interface with angles larger than the critical
angle (~42°), the reflectance is equal to unity. This means the fluorescent light is
totally reflected back into the FC. As the angle becomes less than 42°, the reflectance
drops dramatically and its value becomes constant (approximately 4%). To calculate
a more accurate f,,p, the reflection inside the critical cone, Egs. 5.18 and 5.19 can be

re-written as

100

80
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Reflectance (%)
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0 10 20 30 40 50 60 70 80 90
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FIGURE 5.11: The reflectance of light inside a fluorescent collector.

ftrapB =1-PF + fadd (520)

ftrap3:(1_P)(1_R)+P§+fadd (521)

where f,q4q4 is the total fraction of the photons inside the critical cone that undergoes

Fresnel reflection. It can be expressed as [89)

fada = PFg (5.22)

P is the fraction of photous inside the critical cone and Fg is the fraction of pho-

tons within the critical cone which are Fresnel reflected. The photons transport within
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the fluorescent collector can be summarised through the diagram as shown in Fig. 5.12.

Reflection loss

Incident Photon Fluxes

Absorption

v

Emission

Critical cone

o Propagation

]
V

Avazilable photons
for PV conversion

FIGURE 5.12: Diagram of elementary processes in a fluorescent collector. Process

@ refers to re-absorption of fluorescence emitted inside the critical cone. Process

@ refers to the Fresnel reflections inside the critical angle. Process @) refers to
re-absorption of fluorescence emitted outside the critical cone.



Chapter 6

Techniques for Analysis of

Fluorescent Collector Performance

In this chapter, we present the techniques and theoretical models for quantitative
analysis of fluorescent solar collector (FSC) performance. The major parameters con-
sidered here include: the ability to absorb light by the fluorescent collector (absorption
efficiency), the ability to emit light (fluorescence quantum yield), the ability to trans-
port light to the edge where a solar cell is located (collection. efficiency), the efficiency

of the FC and the re-absorption probabilities.

6.1 Absorption Efficiency

The absorption efficiency of the fluorescent collector @) 4 is defined as the ratio of the
number of the photons absorbed within the FC to the number of the photons incident
onto the front-face of the FC.

(6.1)

where ®;, is the total number of photons which is incident onto the front-face of the
FC

¢m=/hwma (6.2)
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and ®,, is the number of the photons that can be absorbed by the collector. It can
be obtained using Eq. 2.59.

Substituting Eqs. 2.59 and 6.2 in Eq. 6.1, we obtain

S22 — RO))®(N) [1 — 1072N] d
i @(\dx

Qa= (6.3)

It should be recalled that R()\) is the reflectance of the front face of the FC and d is
the absorbing path length.

6.2 Collection Efficiency

The next key parameter that is needed to determine the performance of a fluorescent
collector is the collection efficiency Q¢. This parameter is defined as the probability
that the absorbed photons will be emitted at the edge. In an ideal case, i.e., for the FC
with no re-absorption or transport losses, the Q¢ is equal to the fraction of photons
emitted inside the critical cone P. In the practical situation, there are several loss

mechanisms involve during the photon transport. Thus, it results in the decrease of
the Qc.

To determine the collection efficiency of the FC, the analytical models discussed in
section 5.2 (see Eqs. 5.2 and 5.6) can be employed. These models, however, were
formulated by assuming that one edge of the fluorescent collector is perfectly coupled
to a solar cell. An ideal mirrored surface is also assumed for the edge opposite the
device. The models do not take into account the actual circumstances, e.g., when the
coupling interface is not perfect or the quality of the mirror is less than ideal. These
conditions can have a major influence on the collection efficiency. Therefore, we have
developed a more rigorous model to take into account of these effects. The model,
which is called ‘Two Photon Fluxes’ model (TPF), allows us to compute the collection
efficiency more realistically compared to the Weber and Lambe and Batchelder et al.
models.

To evaluate the Q¢, a typical structure of FSC shown in Fig. 5.1 is considered. For

simplicity of analysis, we assume

1) The incident light is uniformly absorbed within the collector,

ii) The light emitted from luminescent species is assumed to be perfectly isotropic,
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ii1) The probability that photons emitted outside critical cone will be re-absorbed

before arriving at the edge of the collector R is

R= /0 T RO (6.4)

where 7(A) is the probability that photons emitted outside the escape cone will be re-
absorbed within wavelength dX and f,(A) is the normalised first generation fluorescence

which satisfies the following normalisation condition

/ AN =1 (6.5)
0

iv) The probability that photons emitted inside the escape cone will be re-absorbed
is small and can be neglected.
In order to derive Q¢, let us now consider the key parameters listed as follows:

- total number of emitted photons,
- number of photons emitted at the edge,

- fluorescence collection efficiency.

6.2.1 Total number of emitted photons

To calculate the total number of photons emitted after ®;, photons are absorbed per
unit time (with a fraction Q4), we consider the probability of transition of a molecule

between two energy levels: excited level (B) and ground state level (A) (see Fig. 6.1).

FI1GURE 6.1: Two energy levels. A and B represent ground state level and excited
state level, respectively.
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Let us denote N* is the number of molecules in the excited level, ¢ is the fluorescence
quantum yield and 7,44, Tnred and 73 are the radiative, non-radiative and total lifetime,
respectively. The numbers of transitions between the two states per unit time within

the collectors are

1

kamp = ®uQa+ —N'R(1- P) (6.6)
rad
I
kpa=—N (6.7)
Ttot

The first term on the right-hand side of Eq. 6.6 represents the number of externally
incident photons which are absorbed. The second term gives the number of photons
which have been emitted within the collector and are re-absorbed along their paths to

the edge of the collector.

The principle of the detailed balance requires that the rates of transition between two
states A and B satisfy

kA—vB = kB—vA » (68)
Thus
1, 1 .
binQa + N'R(1—-P) = N (6.9)
Trad Ttot
Since
Ttot = ¢f7_rad (610)
Eq. 6.9 becomes
1 q)in
N* = Qa (6.11)
Tiot 1- ¢fR(1 - P)

The total number of photons emitted within wavelength dX is

N*

Teot

AN (6.12)
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6.2.2 The number of photons emitted at the edge

The number of photons emitted at the edge of the collector within wavelength dX,
fe(A), can be obtained by taking into account in Eq. 6.12 the escape cone loss (1-P)
and self-absorption loss 1-7()),

N*

Ttot

fe(N)dA = (1= P)[1 = r(A)]—fr(A)dA (6.13)

From Eq. 6.11, we can re-write Eq. 6.13 in terms of absorbed photons as

(1= P)1 —r(N)]
1—¢;R(1— P)

fe(A) = 0,,Qa fi(A)dAr (6.14)
Equation 6.14 shows that the photons emitted outside the escape cone, which will be

reabsorbed within wavelength d), can be found from the ratio of two quantities - f;(/\)
and fi(A).

fe(A)

M=% (619
where f; is the fluorescence signal emitted at the edge per total amount of absorbed
photons

ra fe
e =K 6.16
and

- —P

oo ¢sR(1 — P) (6.17)

1-P

6.2.3 Fluorescence collection efficiency

Equation 6.14 can be presented in a simpler form as

fe(A) = @inQax(X) f1(A) (6.18)
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where x(A) is ‘fluorescent collection efficiency’, which is defined as the probability that
a photon of externally incident light absorbed within the collector is emitted at the

edge of the fluorescent collector.

(1= P)[1 —r(M)]

A) = 1
Note that in the case of R = 0, the parameter x()\) is given by
x(A) = (1= P)[1 =r(})] (6.20)

Figure 6.2 presents, as an example, the plot of absorbance, emission spectra and the
corresponding factor x. It is clearly seen that x(\) is approximately equal to zero
within the region where the absorption and emission spectra strongly overlap. The
value tends to increase at the longer wavelength region where the re-absorption process
has less influence and finally reaches its maximum limit within the region where the

re-absorption process is absent.

-— Absorbance

->— Front fluorescence
-o— Edge fluorescence
- X
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FIGURE 6.2: Dependence of x(\) on normalised absorbance and fluorescence spec-
tra.

6.2.4 Collection Efficiency

The collection efficiency Q¢ which is defined as the probability that the absorbed

photons will be emitted at the edge, is given as
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Qc = / XV AOA (6.21)

Substitute x(A) from Eq. 6.19 to 6.21, we obtain

2~ | Tas ff )}[21(1‘ f(lﬁi]fl(A)dA (6.22)

6.3 Re-absorption Probability

The re-absorption probability is a parameter that is used to quantitatively evaluate
the re-absorption loss of the fluorescent light. In this section, we consider two possible

methods that may be employed to obtain this parameter.

6.3.1 Method I: Re-absorption Probability Through Collec-
tion Efficiency

Batchelder et al. proposed that the re-absorption probability can be determined
through a calculation of the collection efficiency [67]. According to the expression
shown in Eq. 5.4, it is seen that the parameter R can be obtained if the collection

efficiency is known.

To simplify the analysis, let us assume that the fluorescence quantum yield ¢y is equal
to unity and the fluorescence from the higher generation emission can be neglected.

Equation 5.4 can be re-written as

Q'=(1-P)(1-R) (6.23)

where the parameter Q! is equal to the Q¢ wes (see Eq. 5.2).

The re-absorption probability can now be derived from

QC,Web

RZl_(l—P)

(6.24)

Note that the accuracy of R derived from Eq. 6.24 depends entirely on the accuracy of

Qc wes- As already described in section 5.2, Q¢ wes was formulated by assuming that
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there are no reflection losses at the interfaces. In addition, the fluorescent collector
was assumed to be perfectly coupled to a solar cell. The model does not take into
account the actual circumstances, i.e., when the coupling interfaces are not perfect or
the quality of the reflector is less than ideal. As these conditions can influence the
correction efficiency and subsequently the re-absorption probability, it is essential to

formulate a model that takes into account these effects.

In this section, we develop a model to determine Q¢ in a more realistic way. The

model was modified from Weber and Lambe’s expression which takes into account:

1) the effect of non-ideal reflection at the interface and
2) the effect of non-perfect coupling between the fluorescent collector and the

solar cell.

The structure of the FSC considered in the model is shown in Fig. 6.3. The non-
perfect coupling between the fluorescent collector and the solar cell is considered to
be due to the presence of an air gap at the interface. The reflectivity of the mirror or

reflector is assumed to be less than 1.

\ A A 4

X
- - Non-perfect mirror - - Solar cell

- Fluorescent collector

FI1GURE 6.3: Cones of rays that can escape from the FC. I; presents a cone of rays
propagating towards a solar cell and I presents a cone of ray propagating away the
device.

Due to the presence of the air gap between the fluorescent collector and the solar cell,
the amount of light that emerges from the edge of the fluorescent collector corresponds

to only a fraction of rays bounded within the critical cone, whose half-angle equals to

Oc = sin~! (&) (6.25)

nec
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where ng is the refractive index of air,

nrc is the refractive index of the collector.

The cones of rays propagating along the z-axis are divided into two parts. The first
part is the cone of rays propagating towards the detector and the second part is the

cone of rays propagating in the opposite direction.

The fraction of rays re-absorbed within the collector is given by

L L+ Rl
R=1- it | (6.26)

where R is the re-absorption probability,
R; is the reflectance of the reflective materials which are coupled to the
edges of FC,
I, is the fraction of luminescent light inside a critical cone 8- propagating
towards the detector (see Fig. 6.3),

AR L R G (6)sin(6)df (6.27)
1= 7 i exp cos(0) cos(6)sin .
I, is the fraction of luminescent light inside a critical cone ¢ propagating
away from the detector. The rays are reflected back through the detector
when they reach the mirrored edge of the FC.

. aiL /0 e (emp (%) ~ ezp (—2553—@)» cos()sin(0)d)  (6.28)

« is absorption coefficient and L is the width of the FC.

6.3.2 Method II: Re-absorption Probability Through Fluores-

cence Spectra

An alternative method that can be used to determine the re-absorption probability
is by computing the ratio of the fluorescence spectra observed at the edge and the
front-face of the fluorescent collector. This method was first proposed by Abdel et al.
[90] but it has not been widely cited. One possible reason is that the authors did not
provide the detailed analysis of how the re-absorption loss can be derived from the

front-face fluorescence and the edge fluorescence spectra.
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Since this method is able to determine the re-absorption probability without the need
to know the collection efficiency, it has been revisited by our research group. Based
on the detailed analysis presented in section 6.2, we have found that the re-absorption
probability can be obtained from the ratio of two quantities: the fluorescence signal
emitted at the edge per total amount of absorbed photons and the first generaton
fluorescence (see Eq. 6.15). This equation suggests that the re-absorption probability
can be obtained only if the first generation fluorescence and the edge fluorescence

spectra are known.

As mentioned in section 5.2, the term first generation fluorescence refers to the fluo-
rescence spectra emitted without any re-absorption effect. To obtain such spectra in
practice, the concentration of the tested sample must be very low in order to min-
imise the number of the absorbing molecules. In addition, the front-face detection
arrangement should be employed in order to minimise the re-absorption mechanism
[35, 91, 92]. The reason is that the front-face arrangement allows us to measure the flu-
orescence signal which is emitted from the sample with minimum optical path length.

Therefore, the detected spectra experience less self-absorption processes.

6.4 Efficiency of Fluorescent Collector

The efficiency of the fluorescent collector can be found based on the following equation:

nrc = ¢5QaQe (6.29)

where np¢ is efficiency of fluorescent collector,
Q4 is absorption efficiency,
Q¢ is collection efficiency and

¢y is fluorescent quantum yield.

The photon flux gain at the edge of the FC can be computed using Eq. 6.30 [65].

O¢ = Gnre (6.30)

where G is geometric gain of the FC.
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6.5 Electrical Output of FSC

When the FC plate is coupled to a solar cell, it will result in the enhancement of the
cell output current. The current generated from the cell, when the FC is illuminated
with photons at wavelength d).., is related directly to the photon fluxes available at
the edge of the FC plate.

If(/\ez) = Q/[l - RPV—FC(/\em)]IQE(/\em)fe(/\em)d/\em (631)

where g is electronic charge,
I¢(Mez) is the current generated from the cell when the device is illuminated
with wavelength d\.,,
Rpy_rc(Aem) is the reflectance at PV-FC interface at wavelength d.,
fe(Aem) 1s the number of fluorescent photons arriving at the PV-FC interface,

IQE(Aer) is the internal quantum efficiency of the solar cell at wavelength dA.,.

According to Egs. 6.18 and 6.21, we can express Eq. 6.31 in the other form as

It(Ae) = @Af®(Aex) 1= Ra—rc(Aex)] (1 — 107°0=1) 6. Qo [1—-Rpy _pe(Aem) HQE (Nem)
(6.32)

where Ay is the front-face area of the collector,
®(\..) is the photon fluxes at wavelength d\ that incident onto the collector,
Ra_rc(Nez) is the reflectance at the air-FC interface,
IQE(Mem) is the internal quantum efficiency over the emission wavelength,
Rpy_rc(Aem) is the reflectance at PV-FC interface over the emission
wavelength,
¢y is fluorescent quantum yield. This term is added into the expressions due

to the need to take into account of the non-ideal emission.



Chapter 7

Development of Fluorescent

Collectors and Characterisation
Tools

The fluorescent collector can be prepared using several methods. One of the methods
commonly used is to dissolve fluorescent molecules in a polymer matrix materiall.
Such polymer materials are, for example, polyimide, polystyrene, epoxy resin and poly-
methylmethacrylate (PMMA) [93]. To make a thick plate of the fluorescent collector,
these polymer solutions are usually placed into a mould and polymerized under UV
light or under high temperature [20, 94]. Alternatively, the polymer solution can be
spun-coated onto a glass substrate in order to create a thin film of the fluorescent
collector [23, 95]. This method requires less fluorescent material compared to the first
approach. The thickness of the fluorescent collector can be simply varied by changing

the thickness of the glass substrate.

In this chapter, we present in detail the method that was developed to fabricate fluo-
rescent collectors. The fabrication gives the flexibility to control the conditions of our
study. In addition, we discuss details of the measurement systems developed to charac-
terise the optical properties of the FCs including the absorbance and the fluorescence

measurements.

The chapter is divided into three sections. The first section describes the structure and
also the properties of materials that were used to develop the fluorescent collectors.
Section two provides the methods for fabricating the samples. Section three explains

the details of the characterisation techniques.

IThe matrix material is a rigid material used to support the fluorescent molecules or ions.

100
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7.1 Structure of Fluorescent Collectors

Figure 7.1 illustrates the structure of the FCs developed in this work. The FC com-
prises of three major components: a fluorescent material, a matrix material and a

substrate.

Fluorescent material
(5] ® ' '
5% g0 9% 0 o o <+ Matrix material

Substrate

FIGURE 7.1: The structure of fluorescent collector.

7.1.1 Fluorescent Material

The fluorescent material used in this study is Rhodamine 6G (Rh6G), also known
as Rhodamine 590 chloride. The Rh6G was chosen because of its high fluorescence
quantum yield of 95%, a reasonably good photostability, low cost and solubility in
organic solvents [96-99]. It was purchased from Acros with original purity around
99% and was used as received without further purification. In ethanol, it exhibits an
absorption peak at 530 nm and a fluorescence peak at 552 nm. The chemical structure
of Rh6G and its important absorbance and fluorescence properties are shown in Fig.
v

It is important to note that the data presented in the figure is provided as a guideline
only. In practice, the presented values may vary depending on the solvent and matrix

material under study.

7.1.2 Matrix Material

We consider Methyl Methacrylate (MMA), a chemical compound known for the pro-

duction of transparent plastic [100], as a matrix material because of four major reasons:

(1) It shows the best optical transparency in the visible spectral range [101],
(2) The optical loss due to reflection at the polymer/air interface is quite low (less
than 4%) [102, 103],
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Absorption and Fluorescence I:;roperties

Maximum absorbance 530 nm
Maximum fluorescence . 552 nm
Fluorescence quantum yield . 0.95

Molar absorption coefficient I 116,000 L-'mol-'em-!

FIGURE 7.2: The chemical structure of Rh6G (CogH3CLN2O3) and its important
absorbance and fluorescence properties, from PhotochemCAD [96].

(3) It has excellent resistance to ultraviolet radiation and weathering [104, 105],

(4) It does not react with water.

In order to prepare a matrix material of MMA, Tensol 12, a colourless liquid acrylic
solvent cement by BOSTIK FINDLEY, was employed. This product is often used to
produce a clear bond in cast acrylic sheets. However, in this study, the product was
used to perform as a matrix material since it comprises MMA as the major constituent
(around 60-100 %). It also contains Dichloromethane (DCM, CH,Cl,), which is a good
solvent for the Rh6G.

7.1.3 Substrate

Glass microscope slides (Menzel-Glaser, Germany) were used as a substrate as they are
cheap and compatible with the spin coating process. Additionally, glass has a higher
refractive index than the surrounding material (ngqss (1.52) > ng4;,) and so it helps to

confine and guide the fluorescent light that emerges from the film.

7.1.4 Reflector

Two types of reflectors were used to construct the FC. The one underneath the FC
plate (back mirror) is a 25.4x25.4 mm? aluminium mirror from Thorlabs. This mirror
has the reflectance > 85% within the region 400-700 nm.

The reflectors which were located close to the edges of the FC were Aluminium foil
coated glass slides. These reflectors were used since they can be easily made to have
their contact dimension match to the area of the FC edge. In addition, the reflectance
of the Al foil was found to be quite high? (> 80% within the region 350-800 nm).

2The reflectance of the aluminium foil was measured by Dr. Robert Greef using an ellipsometer.
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7.2 Sample Preparation

The samples were prepared by spin coating an Rh6G solution onto square glass (2.6 x2.6

cm? glass slide, 1 mm thick).

The substrates were prepared by cutting the glass slides into 26 x 26 mm? squares. The
slides were subsequently polished using an automatic grinding wheel with SiC paper.
The polishing was performed to obtain a parallel and smooth surface. The glasses were

then cleaned using the following steps:

(1) ultrasonic clean in a Decon 90 (2%) solution for 20 minutes,
(ii) rinse with deionized (DI) water,

(iii) rinse with acetone in order to remove oils and organic residues.

The spincoat solution was prepared by diluting Rh6G with Dichloromethane (DCM,
Laboratory Reagent Grade, Fisher Scientific) before mixing with Tensol 12 (RS) in an
ultrasonic bath for 3 minutes. The mixture ratio was fixed at 6:2(w/v), 6 g of MMA per
2 ml of Rh6G in DCM solution. The prepared spincoat solution was dispensed onto the
glass slide and spun at a constant speed of 3.4 krpm for 1 minute. The uniformity and
thickness of the films were tested by a profilometer (Form Taylsurf- 120 L, Rank Taylor
Hobson Limited), Leicester, England). The instrument has a diamond tip of 2 um and
a laser interferometer pick-up unit to measure the displacement with a resolution of
20 nm [106].

To inspect the quality of the prepared films, three different positions of five samples
were chosen randomly and tested. The film within the chosen area was partly removed
in order to create a step prior the scanning. The probe was set to scan across the
film-glass step with the total distance around 1 cm. The results show that the surface
of the films produced in this way was quite smooth and uniform. The thickness of the

films was 9 + 1 pym.

7.3 Characterisation Techniques

This section describes two major techniques that were used to characterise the op-
tical properties of the prepared samples. These are the absorbance and fluorescence
measurements. The absorbance measurement is very useful in quantification of the

amount of absorbing molecules. It can also provide the absorption spectrum of the
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samples. The fluorescent measurement is another method used to measure the emis-
sion characteristics of the fluorescent molecules. The fluorescence spectra obtained
from the measurements can also be used to extract valuable data about the nature
and efficiencies of various processes such as fluorescence quantum yield and collection

efficiency.

Figure 7.3 shows the diagram of the system used to measure the absorbance and fluo-
rescence spectra of the samples. The system consists of three major parts: an excita-
tion light source, measurement modules for absorbance and fluorescence measurements

(Setups I to IV) and a spectrometer.

A Xenon lamp (75 W) and monochromatic light emitting diodes (LED, LUXEON
STAR 3 W) were used as the excitation light. The light was guided to illuminate a
test sample which was mounted in the measurement module. The output light from a

sample was measured using a spectrometer system (Bentham).

The Bentham spectrometer system is composed of a grating monochromator (TM300),
a photomultiplier tube (PMT: Hamamatsu type R446) and a data acquisition and con-
trol unit. The monochromator is for wavelength selection. The PMT is used to detect
and amplify the optical signal. The data acquisition and control unit is connected to
a personal computer to control the monochromator and convert the output signal of
the PMT into digital data.

Excitation light

Data Acquisition
and Control Unit
Monochromator
Controt
Setup |-V Monochromator PMT

H.V.
Supply

Bentham spectrometer

FI1GURE 7.3: Schematic of the apparatus for absorbance and fluorescence measure-
ment. The setup I-IV corresponds to the optical arrangements for the absorbance
and fluorescence measurements.
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7.3.1 Absorbance Measurement

The absorbance of the sample A()\) can be determined using the Beer-Lambert law as

shown in Eq. 7.1.

A(N) = log% (7.1)

2
where I, is the intensity of the light transmitted through a reference sample, a glass
slide coated with an undoped Tensol 12 film, and I; is the intensity of the light trans-

mitted through a test sample.

A schematic diagram of the system (Setup I), which is used to measure these light

intensities, is depicted in Fig. 7.4.

D.U.T

Fiber optic Fiber optic
light EE— Spectrometer

FIGURE 7.4: Setup I — the optical arrangement for absorbance measurement. D.U.T
is a device under test, which is a reference or test sample.

A Xenon lamp was used as a light source. The light was guided to a device under test
(D.U.T), which is either a reference or test sample, via an optical fibre. The intensity

of the light transmitted through the sample was guided to the spectrometer.

7.3.2 Fluorescence Measurement

To measure the fluorescence spectra, the sample is illuminated with a continuous beam
of monochromatic light and the intensity of the emission spectra is recorded. Three
different arrangements (Setup II-IV) were used to detect the fluorescence light emitted

from the test samples:

1. Front—face fluorescence detection
2. Edge fluorescence detection

3. Right angle fluorescence detection.
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The first and second arrangements were used to measure the fluorescence spectra
emitted from the front surface and from the edges of the samples, respectively. The
third arrangement was used to measure the fluorescence spectra of the fluorescent
materials in 1 cm pathlength cuvettes. These spectra were characterised to determine

the re-absorption loss of the sample, which will be discussed in Chapter 8.

7.3.2.1 Front—face fluorescence detection

Figure 7.5 shows the setup of the front—face fluorescence measurement. A Xenon lamp
with 480 nm band pass filter (10 nm bandwidth) was used as the excitation source.
The light was guided to illuminate the front surface of the sample through an optical
fiber and a combination of lenses. The incident beam was fixed at 30° relative to the
substrate. The fluorescence light emitted from the sample was detected using another
optical fiber. The fiber was set up to detect the emission light normal to the front sur-
face. This arrangement enables us to measure the fluorescence signal which is emitted

from the sample with minimum optical path length, to minimise the self-absorption.

Excitation light Spectrometer

Fiber optic

—— Fiber optic

v, 5.

D.UT

Filter
Lens

FIGURE 7.5: Setup II — Setup for Front Fluorescent Detection.

7.3.2.2 Edge fluorescence detection

Figure 7.6 illustrates the experimental setup used to measure fluorescence light emitted
from the edges of the Aluorescent collectors. The excitation light, which is a high power
LED with excitation peak at a wavelength of 465 nm, was positioned to provide a
strong intensity and also uniform illumination over the whole area of the sample. A
combination of lenses was used to focus the light emitted from the edge of the sample

into the optical fibre, which was connected to the Bentham spectrometer.
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Note that the remaining edges and the area underneath of the samples were covered
by Al-reflectors to enhance the absorption path length and also to minimise the loss

of fluorescent light at the interfaces (see section 8.3 for more details.).

LED

vV vV v V

m v — Fiber optic
D.U.T | : [ | Spectrometer
- >

FIGURE 7.6: Setup III — Setup for Edge Fluorescent Detection.

7.3.2.3 Right angle fluorescence detection

In addition to the above two techniques, the right angle detection was also employed
to detect the fluorescence signal from the samples. This arrangement was considered
because it is the most common geometry used for fluorescence detection [107]. It also
allows us the measure the emission signal of the spincoat solutions used to prepare the
fluorescent collectors. Figure 7.7 illustrates the system used to measure the fluores-
cence spectra of the spincoat materials that were placed in 1 em path length optical
glass cuvettes. A Xenon lamp was used as the excitation source. It was guided through
an optical fibre connected to a 1 cm path length Cuvette holder. The guided light was
then passed through a narrow bandwidth filter (10 nm BW) which was located close
the cuvette to provide a well defined spectrum with a maximum peak at 480 nm. The
emitted light was detected and guided to the spectrometer via another optical fiber
which was coupled to the cuvette holder at a 90° angle relative to the direction of the

exciting light beam.

7.4 Conclusion

In this chapter, we presented the method that was developed to prepare the fluorescent
collectors. The structure of the collector comprises of three major components: a fluo-

rescent material, a matrix material and a glass substrate. The samples were prepared
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Fiber optic

/ Spectrometer

filter

Fiber optic

~ 1 cm path length

Cuvette

Cuvette holder
Light source

FIGURE 7.7: Setup IV — Setup for right angle detection.

by spin-coating a solution of polymeric material onto glass substrates. By fixing the
rotating speed of the spin coater at 3.4 krpm, we can obtain a smooth and uniform
coated surface. The thicknesses of the films tested by a profilometer was within the

range of approximately 9 ym.

The optical characterisation systems employed to measure the absorbance and flu-
orescence spectra are described. To obtain the absorbance spectra, the intensities
of the Xenon light transmitted through a test sample and a reference sample were
measured. The absorbance spectra were obtained from these intensities by using the

Beer-Lambert law.

The fluorescence spectra can be characterised using three different arrangements. The
first and the second arrangements were used to measure the fluorescent signal emitted
from the front surface and from the edge of the FC, respectively. The third arrangement
was used to measure the fluorescent signal emitted from the right angle of 1 cm path

length cuvette.



Chapter 8
Results and Discussion

This chapter presents the experimental results of the optical characterisation of the
fluorescent collectors. The absorbance and fluorescence spectra were analysed using
the techniques described in Chapter 6 to study the photon transport losses occuring
within the FCs. The major parameters obtained from the analysis are the absorption
efficiency, the collection efficiency, the fluorescence quantum yield, the re-absorption

probability and the efficiency of the fluorescent collectors.

8.1 Absorbance of Rh6G film

The absorbance spectra of the FCs prepared from various concentrations of spincoat
solutions of Rh6G (from 1.51x107* to 1.58x 1073 M) are given in Fig. 8.1. It shows
that the collectors absorb light in the visible region, from approximately 440 to 570
nm. The absorption band consists of a major peak at 536 nm with a weak shoulder on
the higher energy side (~500 nm). The peak absorbance of the sample prepared from

the low and high concentration spincoat solutions are 0.07 and 0.58, respectively.

Note that the shape of the Rh6G spectra is quite similar in different media e.g. water
and ethanol [108]. The peak absorbance and the shoulder correspond to the absorption
from the Sy level to the \S) state and its vibronic sub-bands [35, 109].

The absorption efficiencies ()4 of these samples were computed using Eq. 6.3. The
calculated results were plotted with the concentrations of the Rh6G spincoat solution
as shown in Fig. 8.2. It shows that the absorption efficiency tends to increase as the
concentration increases. The absorption efficiency of these samples was in the range

of 16% to 66%. It is crucial to note that the absorption efficiency is quite sensitive to

109
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the upper and lower limits of the wavelength chosen during the integration. In this
analysis, we are interested in the absorption efficiency in the region where the dye can
strongly absorb the light. Thus, these limits were defined as the wavelengths where
the absorbance is less than 10% of its peak value.

07
1 51E-4 M
op | = 381E-4M
O 1 e-758E-4M ' %
- 1.13E-3M o ©
051{ o 158E-3M o °

Absorbance

400 420 440 460 480 500 520 540 560 580 600
Wavelength (nm)

F1GURE 8.1: The absorbance spectra of Rh6G films at various concentrations.
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FIGURE 8.2: The dependence of absorption efficiency on concentration of spincoat
solution.
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8.2 Fluorescence Study of Rh6G films

This section discusses two major results that were obtained from the fluorescence
measurements: edge fluorescence spectra and first generation fluorescence spectra.

These results were characterised with the following purposes:

1. to determine the spectral features of the fluorescent light emitted from the
samples, prepared from different dye concentration,

2. to determine the fluorescence spectra that are emitted without any
re-absorption effect or also known as first generation fluorescence spectra,

3. to determine the re-absorption losses at each wavelength (r()\)).

It should be recalled that r(\) can be determined by comparing the first generation
fluorescence spectra with the emission spectra measured at the edge of the collectors
(see Eq. 6.15).

8.2.1 Determination of the edge-emitted fluorescence spectra

Figure 8.3 shows the fluorescence spectra emitted from the edges of the FCs as de-
scribed in the previous section. The results were obtained using the setup shown in Fig.
7.6. The plot indicates that the photons, which were guided to the edges of the collec-
tors, were within the range of 530-670 nm. Because of the re-absorption mechanism,
the fluorescent signal tends to shift to the longer wavelength region as the concentra-
tion increases. This characteristic is similar to those reported in [68, 72, 110-112]. The
red-shift of the signal corresponding to the re-absorption process of the sample will be

further analysed and discussed in more detail in section 8.5.2.

8.2.2 Determination of the first-generation fluorescence spec-

tra

Two approaches were investigated to characterise the first generation fluorescence spec-
tra. The first approach is the measurement of fluorescence spectra emitted from the
front surface of the samples. In order to minimise the re-absorption loss, the measure-
ments were performed with low absorbance samples (peak absorbance is between 0.04
and 0.28).

Figure 8.4 shows the fluorescence spectra observed from the front surface of the sam-

ples. The spectra were measured using the arrangement shown in Fig. 7.5. Again,
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Ficure 8.3: The fluorescence emission spectra at various concentrations, detected
at the sample edge.

the results exhibit a red-shift of the fluorescence spectra as the absorbance increases.
Although this characteristic was similar to that presented in Fig. 8.3, it is essential to
point out that a smaller red-shift, approximately 10 nm, was observed in the present
arrangement. In addition, it was also found that the shift of the spectra is no longer
observed when the absorbance of the sample is less than 0.07. This key feature suggests
that the spectra detected from the front surface of the samples, which have absorbance
less than 0.07, are not affected by the re-absorption mechanism. Hence, such spec-
tra were considered as the first generation fluorescence of the fluorescent collectors

developed in this work.

Another approach used to determine the first generation fluorescence spectra was the
measurement of fluorescence light emitted from the low concentration spincoat material
in a 1 cm path length cuvette. This approach was employed as it allows measurement
of the fluorescence spectra of the sample with a well defined dimension. It also offers

the potential to measure the fluorescence signal of very low concentration samples.

In this study, this method was used to determine the emission signal of the sample
prepared with the concentration of 5.2x1077 M. The right angle detection (sce Fig.
7.7) was used to measure the fluorescence spectra. The spectra were recorded when
the solution was freshly prepared and when it was left to dry at room temperature
for one week (due to solvent evaporation). The latter condition was chosen as it is

believed that the composition of the dried spincoat material was similar to that of the
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Fi1GURE 8.4: Fluorescence spectra detected from the front surface of fluorescent
collectors. The spectra were normalised to unity at their peaks.

spin coat film. The thicker block of the material can provide a stronger fluorescence

signal, which enables the measurement to be made.

Figure 8.5 compares the fluorescence spectra of the spincoat material in a solid block to
that in solution. It is clearly seen that the fluorescence spectra is shifted to the longer
wavelength region as the sample dries. The reason of this shifting can be explained
in terms of the change in solvent nature or composition, called solvatochromic shift
[35, 107].

It may seem logical to conclude that this shift results from a re-absorption mecha-
nism arising from the increase in molecule concentration due to solvent evaporation.
However, the absorbances of the spincoat material in both solid and liquid form are
quite low (see Fig. 8.6) and so re-absorption loss is unlikely to be the cause of this
shifting. Another interesting feature of the plot is the shift of the absorbance peak
to the longer wavelength region, which is consistent to that observed in the emission
spectra. Hence, this characteristic confirms that the composition of the sample was

altered when it dried.
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FIGURE 8.5: Fluorescence spectra of the spincoat solution and the solid block of the
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FIGURE 8.6: Absorbance of the spincoat material in two forms: solution and solid

block.
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To further investigate the influence of the concentration of spincoat solution on the
shifting of the emission signal, the spincoat solution at concentration of 2x107% M was
also tested when freshly prepared. This concentration is approximated to be higher
than that of the dried spincoat material investigated previously!.

Figure 8.7 compares the fluorescence spectra of the spincoat solutions with different
concentrations. It is seen that the emission signals almost agree in shape. Therefore,
this result confirms that the shift of the spectra shown in Fig. 8.5 is not caused by the
increase of the concentration but the solvatochromic shift.
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FIGURE 8.7: Fluorescence spectra of the spincoat solutions with different concen-
trations.

To examine whether the first generation fluorescence obtained from the two approaches
are in good agreement, the fluorescence spectra of the sample with concentration of
1.51E-4 M was compared to that of the solid block of the spincoat material (see Fig.
8.8). The plot indicates that the emission spectra of the block sample and the film do
not entirely agree. The difference is probably due to the composition of the spincoat

material being not completely solid when the measurement was taken.

I The concentration of the dried spincoat material is approximated to be 1.7x107% M. This con-
centration was calculated by considering the volume of dried spincoat material is around 1/3 of the
fresh solution.
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FiaURE 8.8: Fluorescence spectra of the Rh6G film on glass slide and the solid
block of the spincoat material in glass cuvette.

8.3 The role of reflectors in fluorescent collector

performance

Figure 8.9 illustrates the arrangements, which were set up to determine the role of
Al-reflectors on the performance of the FC. The fluorescence signals measured at the
edge of the FC are presented in Fig. 8.10. It was observed that the Al-reflector plays a
major role in the fluorescence spectra detected from the edge of the FC. The fluorescent
intensity was lowest without any reflectors (configuration E). By introducing the Al-
reflector underneath the FC (configuration D), the intensity of the observed spectra
is doubled. This is because the absorbing path length is enhanced to be twice the FC
thickness. Adding more Al-reflectors to the remaining edges (configurations A-C) also

helped maximise the intensity of the fluorescence signal.

Comparing configuration C and D, it is seen that the fluorescent intensity obtained
from configuration C is approximately 1.4 times higher than that of configuration D.
The increase of the fluorescence signal is because the fluorescence that can escape on
this side was directed back to the detector. It was also noticed that the peak intensity
was slightly shifted toward the longer wavelength as the reflector was introduced. This
shifting arises from the increase in the re-absorption probability due to an increase in

the optical path length of the rays.
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FIGURE 8.9: Various arrangements set up to determine the role of reflectors. Con-

figuration A—the bottom side and three edges of the FC are coupled to reflectors.

Configuration B-the bottom side and two edges of the FC are coupled to reflectors.

Configuration C-the bottom side and one edge of the FC are coupled to reflectors.

Configuration D-only the bottom side is coupled to a reflector. Configuration E-the
bottom side is coupled to a blackened material.
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FIGURE 8.10: The edge fluorescence spectra of FCs shown in Figure 8.9. Curves
A-E correspond to the configurations A-E, respectively
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To obtain the reflectance of the Al-reflector used in this study, the fluorescent intensity

of configurations C and D were further analysed using Eq. 8.1.

Ipc(N)
]}1[)(A)

Ra()) = ( ~ 1) x 100 (8.1)
where R4()) is reflectance of the Al-reflector at wavelength A and
I:c()) and Ig p(X) are the fluorescent intensities obtained from configurations
C and D, respectively.

Based on the computation, we found that the reflector is approximately 40% reflective

(see Fig. 8.11). The unexpected low reflectance value is probably due to:

1. the imperfections in the Al-surface originating when the Al-foil was stuck onto
the glass substrate and

2. the non-uniformity of the edge area.
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Reflectance (%)

10 1

0 " —_—t— t

600 610 620 630 640 650
Wavelength (nm)

FIGURE 8.11: The reflectance of the Al-reflector placed at the edge of the FC.

In addition, it was noticed that the Al-reflector that was placed at the edge of the
FC as shown in configuration B can slightly enhance the fluorescent intensity. The
increase of the fluorescence signal is, however, clearly observed when another reflector
was added (configuration A). The increase of the measured signal is probably because
the fraction of rays that can be Fresnel-reflected inside the critical cone can be reflected
back to the detector after multiple reflections. This process can be simply illustrated
in Fig. 8.12.
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FIGURE 8.12: The path length of rays that are Fresnel-reflected inside the critical
cone.

The role of reflectors in the edge fluorescent intensity is summarised in Figure 8.13.
The results were obtained by integrating the fluorescent intensity from 600 nm to 700

nm. The maximum integrated value was normalised to unity.
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FIGURE 8.13: The edge fluorescent intensity (integrated and normalised) of the
collectors in various configurations.

8.4 Analysis of Fluorescence Quantum Yield

The fluorescence quantum yield can be determined by comparing the test sample to a
standard sample with known ¢;. Both samples need to be measured under the same
conditions in order to obtain accurate results. However, such a method has not been
used due to the lack of standard samples which are suitable for this purpose. Therefore,

in this study, we employed an alternative method to determine the parameter ¢;.
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Such a method employs the following procedures to calculate the fluorescence quantum
yield of the Rh6G-based samples.

1. Calculate a fluorescent intensity per absorption efficiency D(\) using Eq. 8.2

D)) = (8.2)

where Ir()) is the fluorescent intensity and

Q 4 is the absorption efficiency?.

2. Compute the Dy, from the D(A)

Djs = D(\)dA (8.3)
Ac
where ), is the wavelength of the emission light at which the overlap between the

absorbance and emission spectra is diminished.

3. Compute the fluorescence quantum yield from the following expression

Dint
= .4
?1 = D™ 84)

where D;nyo is the Dy, of sample with lowest concentration, ¢ is fluorescence quantum
yield and ¢y is fluorescence quantum yield with no quenching effect. In this analysis
¢ o was assumed to be 93%, which is equivalent to the yield of low concentration Rh6G
in PMMA reported in [113].

Figure 8.14 shows the spectra of the fluorescent intensity per absorption efficiency of the
Rh6G-based samples. The plot shows the red-shift of the spectra as the concentration
increases. The overall shape of all curves tends to be the same at long wavelengths
except for the samples with concentrations of 1.13x1073 M and 1.58x1073 M. In the
short wavelength region, the shape is distorted. The distortion of the shape appears to
be larger as the concentration increases. This is because the emission of the molecules
can be re-absorbed more. This dependence of re-absorption losses on concentration

will be discussed in detail in section 8.5.2.

2In this analysis the Ig()\) data was taken from Fig. 8.3 and the @4 data was obtained from
section 8.1.
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The fluoresc