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Abstract

This thesis on luminescent solar concentrators (LSC) presents work carried out as part of the
Electronic and Photonic Molecular Materials (EPMM) group of the department of physics and
astronomy at the University of Shifld. The work is presented in five experimental chapters looking
at a range of research aspects from film deposition and measurement instrumentation, to exploring

LSMptical properties and device performandeag spectral based analytical methods

A Gaugdr & RGRR¥tudy design is used to assess sources of variance in an absolute fluorescence
guantum yield measurement system involving an integration sphEne.GRR statistics yield the

total variance split into three proportions; equipment, dyday ard manufacturing variances. The
manufacturing variance, describing sample fabrication, was found to exhibit the smallest
contribution to measurement uncertainty.he greatest source of variance was found to be from
fluctuations in the laser intensity whosmcertainty is carried into the quantum yield determination

due to not knowing the exact laser intensity at the time of measurement.

The solvation phenomenon is explored as a potential way to improve LSC device yields; this occurs
due to exitation inducel changes to 8uorophore's dipole moment which leads to a response by

the surrounding host medium resulting in shiftsflumorophoreemission energy. This effect is shown

to improve selabsorption efficiency by reducing the overlap of absorptiad amssion for

particular organic fluorophores. This is expected to greatly improve energy yields but current dopant

materials are too costly to employ according to the asluationsof this thesis.

A spray coating deposition tool is considered for the dafian of thin film coatings for Hayer LSC
devices. A screening study design of experiment is constructed to ascertain the level of control and
assess the tool's ability to meet thin film requirements. Despite poor control over the roughness of
the thinfilm layer this property was found to lie close to the acceptable roughness limit in most
samples The biggest issue remains the film thickneslsieved by the depositiomyvhichwas an order

of magnitude t@ smallaccording taBeerLambert absorption mods. This spraycoating tool is thus

unsuitable for the requirements of a-tayer LSC.

Concentration quenching is explored in the context of LSC device efficigiffeyent fluorophores
are seen to exhibited varied quenching decay strengths by lookiqgaattum yield versus
fluorophore concentration. For two fluorophore4,(Dicyanomethylene®-methyl6-(4-
dimethylaminostyrypdH-pyran(DCM) ad 2,3,6, #Tetrahydre9-methyt1H,5H-quinolizino(9,1

gh)coumarin(C102), the quenching process is explored furti@ng quantum yield and lifetime



measurements to extract the quenching rate from rate equations. The form of the quenching rate as
a function of molecular separation is shown to be of a monomial power law but distinctfrem
point-like dipoledipole coypling of Brster resonant energy transf¢FRET)Additional quenching

modes including surfaepoint and surfacesurface interactions areonsidered to explain the power

law form.

Spectral analytical models have been constructed to model performanceasietrisquareplanar

LSC devices. In this mode¢ input solar irradiance is considered to be incident normal to the LSC
collection face. Device thickness optimisatisrexplored to ensure maximisatiaf the absorption
efficiency by the fluorophore usinBeerLambert absorption modelling. The normalised fluorophore
emission spectrum is converted to an equivalent irradiant intensity spectrum based on the amount of
energy absorbed. Propagation of this energy through the LSC structure is considered ioftdrens

mean path length of light rays waveguided by total internal reflecéind again Beekambert

absorption modellingSelfabsorption and host transport losses aneludedin some detailOut-

couplingof LSGrradiance at theharvesting edget comected solar cells is then modelled, ust§i

and GaApower conversion efficiency spectrandthe resultant power output performance can
therefore be estimated. Comparison with real devices from literature show that the model works
reasonablywell conpared to these single devia®nfigurations and is somewhat conservative in its
estimates. Cost efficiency models based on reasonable assumptions conclude the scope of this work
showing that current materials fall short of delivering competitive energytimis byat leastfactor

of 2in the case of the ést dye modelled here.
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Glossary of Constants and Notatidoy Chapter

Physical Constants:

Speed of Light; = 2.99792458 x fons®
Planck's Constanh = 6.62606957 x 18 m’kgs"

Permittivity of Free Space, =8.85418782 x 1& Fmi*

Chapter 1:
' pce= Solar cell power conversion efficiency
Chapter 2:

C= Concentration ratiofor GSC us€ss¢ for
LSC us€isc

L= Irradiant powefWm?]; L, for incident
light; L, for output light

d = Angld°]; d; for accepance angled; for
output angle

n = Refractive index

m = Solid acceptance andler]

Cuye = Fluorophore concentratiofmol]

' opt = LSC optical efficiency

"+ = Fresnel efficiency

" wap = Trapping efficiency

' nr= Total internal reflection efficiency

' ov = Fluorescence quantum yield

' stokes= Stokes shift efficiency

' host = Host light transport efficiency

" abs = Efficiency of absorption of solar energy
' sef = SeHabsorption efficiency

R= Reflected fraction;-polarised light us&,;
p-polarised lighuseR,

T= Transmitted fraction

<= Wavelength of light [m]

A= Wavenumber of light [cH

I(<) = Intensity spectrum after absorption
[Wm?nm™]

lo(<) = Initial incident intensity\Vm?nm™]

| = Mean absorption path length for incident
solar light [m]

h (<) = Host matrix absorption coefficient
[cm™]

<r>= Mean path length of trapped
fluorescent irradiance [m]

<h >= Mean absorption coefficient [cth
S(<) = Absorbed irradiance spectrum
[Wm?nm™]

Sur(<) = AM1.5 solar irradiance spectrum
[wm?]

S(<) = First order fluorescence irradiance
spectrum Wmnm™]

Su(<) = Normalised fluorophore emission
spectrum Wmnm]

J= Absorptioremissionoverlap integral

h 4(<) = Fluorophore absorption coefficients
[cm™]

&4(<) = Fluorophore extinction coefficients
[M™cm]

Imax = Maximum intensity of fluorophore
emission spectrum

p =Integer for thepth order of emission

d. = Critical angle in the@ane for total
internal reflection [°]

Dz Angle in the »/ plane [°]

L= LSC side length [m]

W = LSC thickness [m

R= Cylindrical LSC radius [m]

CGopt = LSC optical concentration

G = Geometric concentration

A= Solar energy collection arga’]

Anar = Solar cell harvesting ar{mz]

N Qoke = Stokes' shift in energi]

Vii



N Soke = Stokes' shift in wavelengtim]
n A= Stokes' shift in wavenumbgem™]
kq = Fluorescence decay rd&']

knr= Nonradiative decay rat¢s™]
kisc= Intersystem crossing rats™]
ko= Concentration quenching rafs’]
_ = Excited state decay lifetime [s]
_n = Fluorescence lifetimjs]

_ic = Internal conversion lifetimps]
_abs = Absorption lifetimgs]

_p = Phosphorescence lifetinis]

>z = Ground state dipole momeifiD]
>g = Excited state dipole momefiD]
n >= Change in dipole momefid]

N E Orientational polarisability

Chapter 3:

' ov= Fluorescence quantum yield
I o= Excitation intensity [counts]

I_; =Remaining excitation intensity [counts]

Is= Sample intensity [counts]
lans = Absorbed intensity [counts]
L(<) = Laser spectrum [counts Ath

9<) = Sample and remaining laser spectrum

[counts nn]

Q<) = Measured calibration lamp spectrum

[counts nn']

R(<) = Radiometric calibration lamp spectrum

w> 2 G

Dz..{<) = Instrument sensitivity spectrum
Ohorm(<) = Normalised sample spectrum

outside sphere

Som(<) = Normalised sample spectrum inside

sphere
Dgz:(<) = SeHabsorption correction

S{<) = Corected sample and remaining laser

spectrum [counts ni]

L'(<) = Corrected laser spectrum [counts Tjm

G = Geometric capacitance [F]
RI' . dzf |
8, = Relative permittivity
Chapter 4:

8, = Rehtive permittivity

a = Onsager radiusn]

N 4= Unperturbed Stokes' shift in
wavenumbers [ci]]

n 9= Unperturbed Stokes' shift energy [J]

M., = Molecular weight
B nax = Maximum extinction coefficient
[M™*em']

" pce= Solar cell power conversiefficiency
' pck<) = Solar cell power conversion efficiency

spectrum

' eod<) = Solar cell external quantum
efficiency spectrum

" (<) = Charge extraction efficiency

A= 4.5 x 16 m? Device area
d = Film thickness
R(- )= Frequency deJS y RS vy ii

NBaA&lHyYO

X(- ) = Frequency dependent reactanaed) |
B(. ) = Frequency dependent susceptance

o

G(- ) = Frequency dependent capacitance for

parallel RC circuit [F]

To(<) = Blank substrate transmission spectrum
T1(<) = Substrate and sampteansmission

spectrum

Gyye = Fluorophore concentration [mol]

Sivd(<) = Absorption spectrum

(<) = Fluorophore extinction coefficients

[M*em!]
<x>= Mean film thickness [m]

I(<) = Intensity spectrum after absorption

[Wm?nm™]

lo(<) = Initial incidenintensity Wm2nm

t =time

]

I(t) = Timeresolved intensity after absorption

[counts §]

NBaAiradl yOS wm8 lp= Initial intensity [counts]

_ = Excited state decay lifetime [s]
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' ov= Fluorescence quantum yield

n = 3, Number of repeat measurements per
sample

0 = 3, Number of days of measurement
p =5, Number of samples

k =op = 15, Number of subroups of size
=| . = Average range over thesubgroups
R= Group range over

Rur.= Upper range limit

D, = Statistical antbiasing constant

d. = Repeatability variance

d. = Reproducibility variance

R, = Range ob averages

d, = Bias correction factor

Chapter 5:

<= Wavelength of light [m]

A= Wavenumber of light [ci]

Gopt = LSC optical concentration

" opt = LSC optical efficiency

'+ = Fresnel efficiency

" wap = Trappng efficiency

' rr= Total internal reflection efficiency
' ov= Fluorescence quantum yield

" stokes= Stokes shift efficiency

' host = Host light transport efficiency

" abs = Efficiency of absorption of solar energy
' seif = SeHabsorption efficiency

Cuye = Fluorophore concentration [g/l] and
[wt%o]

Ghost= Host concentration [g/l]

Cean= Camphoric acid anhydride
concentration [wt%]

N E Orientational polarisability

8, = Relative permittivity
Chapter 6:

<R:>= Roughness ratio

" r= Standard deviation ciR>

R, = Height Range [m]

<t>= Mean film thickness [m]

lans = Relative absorption intensity
n &= Debroadening parametejm]
w = Full width at half maximum [m]
<= Wavelength blight [m]

a,4+~0.+d. = Total Gauge R & R
variance

d_= Manufacturing variance

=0, 4440 Total variance

L(<) = Laser spectrum [counts Ath

9<) = Sample and remaining laser spectrum
[counts nni]

Dg.s{<) = Instrument sensitivity spectrum
N Ly=EXxcitation laseuncertainty

N 4= Sample emission uncertainty

N Ls= Remaining laser uncertainty

N' ov= Fluorescence quantum yield
uncertainty

n = Refractive index

n f=Energy lost to reaction field [J]

N Qoke = Stokes' shift in energy [J]

N 9= Unperturbed Stokes' shift in energy [J]
n = Stokes' shift in wavenumber [€in

N &= Unperturbed Stokes' shift in
wavenumbers [ci]

Ao, = Peak emission wavenumber [¢m
Aws= Peak absorption wavenumber [¢in
>¢ = Gound state dipole moment [D]
>g = Excited state dipole moment [D]

N >= Change in dipole moment [D]

a = Onsager radiug]

J= Absorptioremission overlap integral
G = Geometric concentration

p =Integer for thepth order of emission
m = Gradient of linesn Fig. 5.4.4

N s =Change in Stokes' shift [m]

G = Geometric concentration

n = Refractive index

Cuye = Fluorophore concentration [wt%]

Got = Host + fluorophore concentration [g/l]
P, = Spray head pressummpar]

T= Temperature [°C]

h = Spray head to sslrate distancgmm]



s= Spray head lateral speed [mfhs

Neoat = Number of coats

"+ = Fresnel efficiency

' nir= Total internal reflection efficiency

" ans = Efficiency of absorption of solar energy
' ov= Fluorescence quantum yield

<n K= Mean height betwen peaks [m]

<n B= Mean distance between peaks [m]

Chapter 7:

' ov= Fluorescence quantum yield

_ = Excited state decay lifetime [s]

r = Mean molecular separation

Cuye = Fluorophore concentration [g/I] and [M]
Ghost= Host concentration [g/l]

M., = Molecular weight

"+ = Fresnel efficiency

" wap = Trappingefficiency

kerer= FOrster resonant energy transfer rate
[s]

ro = Forster radius [m]
Chapter 8:

n = Refractive index

<= Wavelength of light [m]

8, = Relative permittivity

Gopt = LSC djral concentration

' opt = LSC optical efficiency

' Ls= LSC power conversion efficiency

"+ = Fresnel efficiency

" wap = Trapping efficiency

" 'wap = Corrected trapping efficiency

' 1r= Total internal reflection efficiency

" ov= Fluorescence quantum yiel

" stokes= Stokes shift efficiency

' host = Host light transport efficiency

" ans = Efficiency of absorption of solar energy
" seif = SeHabsorption efficiency

' pce= Solar cell power conversion efficiency
' pck<) = Solar cell power conversion efficiency
spectrum

Si{<) = Absorption spectrum

NA= Numerical Aperture

D = DerringefSuich desirability function
d; =ith individual response desirability
function

Dinax = Maximum desirability

Diin = Minimum desirabilit

_o = Intrinsic decay lifetime of fluorescence
state [s]

ker= Pointsurface interaction energy transfer
rate [s7]

G = Radius for poirsurface interaction [m]

" = Flwrophore density

ko= Concentration quenching rate'[s

kq = Fluorescence decay raté'[s

knr= Nonradiative decay rate [§

a = Onsager radius [A]

' eod<) = Solar cell external quantum
efficiency spectrum

' (<) = Charge extraction efficiency

S s€<) = LSC output irradiance spectrudin
2

]

Sun(<) = AM1.5 solar irradiance spectrum
[wm?]

(<) = Normalised fluorophore emission
spectrum Wm*nm™]

S(<) = Absorbed irradiance spectrum
[Wm?nm]

S(<) = pth order fluorescence irradiance
spectrum Wmnm™]

Sc(<) = Escape cone irradiance spectrum
[Wm]

Srap(<) = Trapped irradiance spectrutn?]
p =Integer for thepth order of emission

P, = Powelinto LSC devickom sun[W]

Pout = Power out of LSC device [W]



Py = Relative output power

G = Geometric concentration

L= LSC side length [m]

W = LSC thickness [m]

<r>= Mean path length of trapped
fluorescent irradiance [m]

| = Mean absorptn path length for incident
solar light [m]

#(<) = Fluorophore extinction coefficients [M
1cm-1]

T(<) = Transmitted irradiance

d; = Solar irradiance incidence angle [°]

d. = Critical angle in the@ane for total
internal reflection [°]

deci= Average angle inane of escape cone

light [°]

h 4(<) = Fluorophore absorption coefficients
[cm™]

Cuye = Fluorophore concentration [M]

Anar = Harvesting area [fh

A= Collection area [

Vi .s= LSC Volume fin

(E/W)conc= LSC cost per unit power delivered
[£ W]

(Enost! m3) = Cost of host materials panit
concentrator volume [£

(Eaye/ mol) = Cost of dye materials per unit
concentration [£ mot]

(Epy m?) = Cost of solar cells per unit area [£
m?

" puma = Density of PMMA [kg i

J= Absorptioremission overlap integral

Xi
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Chapter 1

Introduction

Solar energy offers a renewable resoutiat is both abundant and available across the entire
surface of the world. It has potential for a wide range of applications such as large scale power
generation, small scale generatifor local deploymentind building integrated applicationa.
number d solarenergy technologieare currently available which can be broadly grouped into
direct and concentrated solar energy systerimder direct illumination photovoltaic (PV) solar cell
modules already offer competitive energy solutions for large andissnale generation systems but

lack option for building integrated applications.

Concentrated solar energy systems come in various guises which can be further grouped into
geometricsolar concentrators (GS@ndluminescentsolar concentrators (LSC), depicted in Fig.

1.1b) and c), respectivelsSC systemsse mirrors or lenses to concentrate solar energy ared

used in large and small scale generation applications but currently come at a less competitive cost
due tothe requirement of solar trackin¢heliostatic)andthe low manufacturing tolerancef the

optical componentsln contrast LSC devicase luminescent materials to absorb sunlight and re

emit it into waveguided modes in an optical structusaveguided light is concentrated at the

edges 6the device Theyare not suitable to large scale energy generation but have potential for a
low cost and attractive solar energy collector, particularly suited for building integrated applications.
This thesis explores various aspects of LSC devicesdegaerformanceandlook atpossible

solutions to current technological challenges.
@ '@
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Figure 1.1: Shown here are diagrams illustrating three groups of solar energy systems. In a) a PV module
generates power under direct illumination. Shown in b) is a parabolic mirror based GSC system (one of various
strategies) with a PV cell/module at the focus; in this case a highly efficient PV would be used. In c) an LSC
device is shown illustrating the capture and transport of light to a PV module at the harvesting edges. For an LSC
the PV should be spectrally matched to the irradiance of the luminescent material doped into the concentrator.
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1.1 World Energy Outlook

According to the International Energy Agency's (IEA) World Energy OR@&8K!, global primary
energy demand is expected tncrease by around 21% B35, reachin@00trillion kWh y*.

During this20 yearperiod fossil fuel production and usage, particularly in naturaldga®lopment,

is set to rise, though proportionally the share for renewaltergy will increaséy several percent
TheBPEnergyQutlook 2035estimatesa 14%globalshare in renewable energy sources by 2035, up
from 5% in 201! They also estimate a 41% increase in global energy demand, quite different to

IEA predictions.

Currently fossil fuels account for 82% of primary eneugg and are heavily subsidisedtotal global
subsidy of $544 Billiowas givernin 2012according to the IEAvhich poses aignificantobstacle for
renewable energy to penetrate the market and gailai@er shareAccording to a 2012 report from
Global Subsidies Initiative (GSI), a group founded by the International Institute for Sustainable
Development (11ISD), this figure could be as high as $750 Billion but there are large uncertainties due
to poor accountancy and/or transparency on these figufésThe definition of a fossil fuel subsidy
remains vague as much of the funds being spent on the industry do not fall into the category of a
normal subsidy, which is generally a state fund to help an imddstep prices lowlLarge parts of

these funds are actually tax exemptions for mining companies, energy producers or consumers,
which result in lost national revenue that is equivalent to providing a subsidy. Unfortunately removal
of these tax exemptionsas some severe knoaln effects with rising petrol prices being a key one

as this can lead to economic decline and job losses, often met by bitter pfdfése GSI report
expressed hope for fossil fuel subsidy reform to be a key agenda for the Riongitaf that same
year® with a target for total global subsidy reform set at 2020. Howeudespite reaffirmations of

commitment to take action on this mattext Rio+20there is little sign of real progre$s

With fossil fuel energy share remainihggh for decades to come, IEBAd Intergovernmental Panel

for Climate Change (IPGgdictions make for gloomy reading with a highly likely increase in global
average temperature exceeding the internationally agreed upon maximurfGib2dangerous

climate changeThe IPCC, releasing the Climate Change 2013 report last et their fifth
assessment repotthis year(March/April 2014) has led alls for a more radical global effad be

made Howeversuch bold action would require bold leadersHaxking in the political sphere

rather than in the scientific ondt would also require bold financing; a Forbes analysis calls for a
shift to a 1/31/3-1/3 scenario where a third of global energy demand is provideeday of fossil

fuels, renewable ermmgy and nuclear. They predict a total cost to achignigwould be around $65

trillion over the next 50 yeard; the scale of suchglobalproject is unimaginable with current
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political leadershipThis figuras somewhat higher than the current glolmlblic debt burden which

is at around $57 trillion and rising.

Many countries are beginning to set ambitious targatsrenewable energyand some already

achieve ambitious goals. Denmark approaches the point of generating all of its power by wind alone,
as it did at a time of low power consumption in November 2818®ver Decembe?013wind

power provided 52% of the cournts consumptionHowever, thesituation is more complex because
wind capacityis also being imported from Germangnd exported fronDenmark to the other
Scandinavian countrieDenmark benefits from large wind resour¢cp8is a population of only 5.6

million, and will likely reach 100% renewal@rergy shardoy 2050

Germany has increased its wind and solar capacity considdsabisarious problems have arisen
due to installing renewable capacinithout proper planning of grid infrastructur@. Grid
instabilities due to too much power being delivered at times of low consumption, particwahy
large wind farmsn EastGermany, hreaten blackouts and largenergyexports toEasternEurope
and Scandinavihave been necessatyg control the situationSince 2013 Germany now produces
around 4% of its power from solar energyaking it the largessolargeneratorin the world at this
time, with aims to produce 35% from renewables by2Gnd 100% by 205#. It faces greater
challenge than Denmark in thisowever, with a population of 82 million and a much larger fossil
fuel share which isstill being subsidiseddccording to the Sl reportGermany spen¢7.4 billion on

fossil fuel subsidies in 201%

Spain has spent a lot of capital with aggressive subsidies to introduce renewables widely and has
become one of the big producers of wind, hydroelectric and solar energy in Edmap@l13 20% of

the power consumption was delivered from wind poveerd 3.1% from solar energy marking
significant progress in the transition to renewable enéfdy The result of aggressive subsidisation,
high feedin-tariffs anda complex interplay withower costnon-renewable sources has left the
Spanish power market with a huge financial defiéit This has unfortunately broken confidence in
renewable energy in Spaand offers a cautionary taléowever, complexities including the fact

that fossilfuels are heavily subsidised should be considered. Accotditite GSI reporBpainspent

€2.6 billion on fossil fuel subsidies in 2030

China has woken up to the consequences of having 90% of its primary energy delivered by coal and
has set the targt of achieving 15% renewable energy share by 282@vith more to follow in five
year plans. In 2012 the renewable share in China was already 9%, largely from hydroelectric and

wind power,andplans to install more wind and solar capacity are in mat@ycomparison in 2013
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the US produced 9% of total power requirements from renewable energy showing a slower uptake

in the more mature, fossil fuel dominated energy market of thd*US

The world's energy mix will continue to change slowly towards redde&venergy in a dynamic and
sometimes chaotic manner. The success of introduction of renewable energy has been mixed with
problems arising from poor planning of infrastructure, intermittent power supply and subsidisation
issuesAs long as fossil fuslibsidies remain high a true renewable energy revolutoicurb

dangerous climate changeill not be possible

1.2 TheCurrent State oPhotovoltaic Solar Energy

Solar energy currently accounts for less than 1% of the world's primary energy demand and this
capacity is mostly comprised of silicon based photovolt@s8with some concentrated solgurower
plants particularly in Spain and Australand solar thermal installation®olydlicon feedstockprices
have been increasingue to oversupply after theconomic crisis in 2008nd, according to GTM
Research's Global PV Pricing Outlook 2@lehal P\fnoduleprices are set to rise by about 9% this
year since the PV supply chain stabilised in 2818/10dule prices are forecast to resume the
gradual deche of previous yearslownto around 0.5 $/W for Chinese Tier 1 manufacturers during
2015and after As a result competition remaingry tight for emerging technologies to penetrate

the solar energy marketndit seems unlikely thathis couldhappenon alarge scalainless a major
breakthrough is made. In 2012 China held a 60% share in global PV production whereas the vast

majority of demand currently lies in Europé.

Photovoltaic technology has come a long wce the firsrecordeddevices of thel970's with
further development of ‘classical' photovoltaic technologies andeghwrgence of many new ones
Classically there are two groups; first aregle crystal inorganic semiconductor PV devicesde

from Siand GaAsand second are inorganic thitm PV devices using CdTejniGaSe (CIGSand
amorphous silicon (a:Sifoday many new technologies have emerged including funttion
inorganic PV, organic semiconductargjlticrystallinesilicon (mc:Si), nanomaterials, dye sensitised
solar cellsPSSC) antanocrystalsThe best current laboratory and modytewer conversion
efficiencies' pcg for a number of PV technologiesegiven in Table I.pcds defined as the ratio of

the power out to the power in (see chapter 2.5).

Multi-junction cellshave reached efficiencies of up to 44.4% in 2013; this was a-juptgion PV

device made by Sharp that utilises concentrator technology to achieve 302%Lifise
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thermodynamic limit for a device comprised of an infinite number of junctions undsr ful
concentrated sunlight is 8698. Such devices are technological marvels and have uses in specialised
industries, such as for satellites and other space systems requiring high power to weight ratios. For
the wider PV market on Earth the issue is oneainomics; a low cost per unit power delivered is
imperative to make solar energy affordable for the mass market. It is unlikely concentrated
photovoltaics (CPV) using mijltinction devices can achieve this requirement, particularly with

Chinese c:Si maikes looking to reach 0.5 $/W sometime after 2015.

PV Technology Company Cell' pcd%)™  Module ' pc%)™"
C:Si UNSW/Gochermanti 25.0 22.9
mc:Si Q-Cells 20.4 185
a:Si LG Electronics 13.4 109
CdTe First Solar 19.6 16.1
CIGS NREL 20.8 15.7
DSSC Sharp 11.9 -
Organic Mitsubishi 11.1 -
GaAs FhGISE 26.4 -
GaAgqThin Film Alta Device 28.8 24.1
2-Junction IV NREL 31.1 -
3-Junction -V Sharp 37.9 -

Table I: For a variety of PV technologies this table shows the NREL best research ' pcéls], with associated

companies, and the best module ' pcgas of January 2014 [ Blank module entries had no relevant information
available.

Organic photovoltaic (OPV) technology suffered a major ind®@12 when Konarka, a major hope

for the industry, went into solvend$”. Inthe labOPVsave gone from a few percent power

conwersion efficiency in 2001 to 11.1% in 20d2rtsey ofMitsubishiwho have statd intent to scale

up to a oll-to-roll process?Y. The 11.1%levice was only of research scale, being a few mm across,
and hence scaling losses are certain for larger degicdsmodulesWith power conversion

efficiencies still low and device lifetimes of the order of a few years at most, organic PVs have a long
way to go to achieve the best possible performances and will likely gain prominence only in niche
markets. Developmnt of new materials will continue in the coming years and power conversion

efficienciesand device lifetimesvill certainly rise.

Some thin film technologies, particularly CdTe, CIGS and a:Si, are beginning to see more widespread
usage as large scale pomiastallations (CdTand CiGyand transparent PV for power generating
windows (a:Si). First Solar Inc. produced the first 1 $/W CdTe module in 2009 but typical panels have
power conversion efficiencies ofly around 10.6%Alsocadmium is highly toxicra telluiumisa

scarceelement!?. Benefitsof CdTenclude ease of productioand increasing module efficiencies to
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16% (see Table. IFIGS panels have produced efficies of 12 to 18 and costs are expected to fall
below 1 $/W by 2014 according tonanomarkets.net whitepapé?’. Despite these encouraging
developments the PV market has faced some overcapacity and thin film PV market share is expected
to suffer as a result. In 2009 thin film PV claimed a 16% share in global PV prouctiois 5

expeced to drop to around 7% during 20%%.

The stage seems set for ¢:Si and mc:Si technologies to dominate the PV market for decades to come
with other technologies taking back seat or niche rolégseniche roles are a motivating focus in

this thesis regardinghe luminescent solar concentratéechnology

1.3 The Case for Luminescent Solar Concentrators

LSC devicasan theoretically achieve the same conversion efficiency as a single junctiéi Bts
suffer from a larger number of loss mextisms. Thesksses in the LSC system mean thgtical
power conversion efficiencies will be lower than standBkmodulesunder direct solar irradiance

TheLSC itherefore unlikely to see a leading role in the global solar energy market.

However, itmay be possible to redudeSQostsignificantly enough to make it cosbmpetitive,

which is a coreesearch goafor LSC devices. Combined with commonly available materials and ease
of processing there is opportunity to develop a useful,-l@source itensity device that could find

place in niche market&ey markets lie in building integrated solar applications where coloured
concentrators could creataestheticallypleasing structures whilst generating power for local utility.
Many ideas for buildingtegration are in circulation including energy fixtures in-stegp roofs,

paving, awnings, windows and sound barrié?s

Further nonpower generation applications include waveguides for indoor day ligHfirand

thermal energy captur€® 2. This latter application utilises one of the most useful properties of the
LSC where thermal energy from the sun is separated from the visual wavelengths and dissipated in
the bulk of the concentrator. This thermal energy could be utilised with a heat exelsmsgm

underneath the concentrator to heat water or indoor spaces.

LSC devices offer some advantage over standard geometric solar concentrators (GSC) using mirrors
or lenses. They readily accept diffuse light to large solid angles, as shall be deteliegter 2, and

as such require no heliosfatracking systemswvhich add significant costhis point is moot for

power plant scale solar energy projects since the LSC can hardly replace heliostat arrays. However,

the LSC could gain significant shanedimall scale, terrestrial concentrated solar applications on roof
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tops. AdditionallyLSC devices have been shown to be more efficient at concentrating diffuse light as
opposed to direct light by as much as 1.56 tiri8sThis is because diffuse spectm strongly blue
shifted and narrower than their direct counterpart and hence absorption becomes more efficient,
particularly due to the absence of the long infied tail of direct sunlight, which is useless in

photovoltaic conversion.

1.4 Thesis Overeiwv

Next, n chapter 2the relevant theory and background literature on LSC devices are reviewed in
some detail. Ta discussiomcludes details ofiost andfluorescentmaterials(fluorophores) and

their properties geometric considerations, strategies foptimising LSC devicefetails ofsolar cells
that might be used in conjunction with LSCs and a brief outline of record LSC devices to date. In
chapter 3 the experimental techniques used throughout the thesis are outlined with details of
methodology andnstrumentation. Chapter 4 is the first experimental chapter detailing results from
a Gauge R & R studyethodologyon absolute measurement of fluorescence quantum yi€le
Gauge R & R method exposes sources of variance in the measurement method aiel sam
fabrication to instruct where to focus improvementhapter 5 covers an exploration of the
solvation phenomenon in the solid state and how this might be used to improve LSC optical
efficiency. Chapter 6 exhibits the results of a screening ghedfprmed on a spray coating
deposition tool. This usesstatistical design of experiment to understand the parameters affecting
film qualityfor spraydeposited LSC thin film€hapter 7 contains results from a short study on
concentration quenching of fluoreence in organic fluorophorediscussing implications for LSC
devices. Finally, before the conclusion, chaptee&ils an analytical model using spectral based
techniques to explore LSC device performance. In that work LSC tmstées, concentrationpower
conversion efficiencies and caafficienciesare estimated for the squarplanar geometry with

comparison to real devices.
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Chapter 2

Theory, Background and Materials

In this chapter luminescent solar concentrator theory and background litexgiartinent to the

topics of this thesis ardiscussed. In 2.1 a comparison betwdeminescent solar concentrators
(LS¢andgeometric solar concentrator&S¢is drawn to gain appreciation of the differences in
methods of solar energy concentration.2.2 LSC devices are then considered in greater detail

looking at the optical properties of these structures and developing equations to describe the
interaction and waveguiding of light within the LSC. Various LSC structures and configurations are
consideedin 2.3 with discussion of geometry and methods to reduce loss modes. Section 2.4 begins
with relevant theory for organic fluorophores, specifically considering transition rate equations and
the solvation mechanism. The rest of 2.4 details organic sn@#cular fluorophores, lightmitting
polymers (LEP) and host materials. The last two sextihB and 2.6, detail solar cells and the best

of LSC devices, respectively.

2.1 GeometricversusLuminescent Solar Energy Concentration

GSC and LSC devicesction with different operational principles in the manner they concentrate
solar radiation. By definition the concentration rat@,is given by the ratio of imdiant power
(W/m?) leaving the exit aperture.,, to that of the solapowerincident on theentrance aperturel,

as given by Eqg. (2.1.1);

C=| c:

0k PP

Note in this thesis the conversion is expressed in terms of energy rather than flux, which is the more
typical way of quantifying concentration. This is becaunsegration of a spectrum by energy results

in a weighting owards the blue end of said spectrum, yet an LSC does not operate with this bias
since the procesof energy generation with an LSC is quantum. Therefore flux is the better choice
and this was not considered in writing this thedikis oversight result® ithe need to consider

energy loss in dowwonversion, quantified byskesintroduced in this chapter on pade, which is

not necessary with a flux oriented model.
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Eq. (2.1.1)s truefor GSC and LSC devices, however the irradiant intensity leaving the exit aperture
of thesesystemdliffers greatly in its formGSC devés use mirrors or lenses to achieve
concentration and hence the spectrum at the exit aperture bglthe same as the solar irradiance
spectrumsince little or no wavelength dependence in light throughput is predesiis systems may
result in some splittig of wavelength paths within the concentratend the lens media may absorb
some thermal wavelengths, but the restll all be ollected at the exit apertureA consequence of
this is that infrared wavelengths are also directed upon the target absorkest,sbthermal
conducting material or a PV. From thisint of viewGSC devices offer excellent meansstdar
thermalinstallationsfor electricd generation g$uch asolar powertowers) or heating homes and
water. The flip side of this is that PV dedasmder GSC concentration will suffer from excess
heating, which is known to reduce efficiency, and therefeitrequire cooling systems at extra

expense.

GS3scome in various forms includinmarabolicmirrors, flat mirrors, mirror arrays and lens system
These systems have quite different properties in terms of acceptance angles at the entrance
aperture andin concentration ratios. Mirror based systems absolutely mamployheliostatic

tracking to be usefulf the mirror's angle is wrong the light Miniss the targeaind hence

acceptance angle is very small. Concentration ratios of mirrors are given by the ratio of mirror area

to the area of focusa much simpler determination than that for lens based GSCs or LSC devices.

For lenses wider angles of@ptance are possible and this dependdlmmshape of the system and
the entrance and exit aperture areas. A treatment for lens systems is reproduceé’hBve an exit
angle ofd, =90° the concentration ratio is given by ttgine brightness equatiofor ideal flux
transfer through the systerras in Eq. (2.1)2

i Q& p

© o [ o o®8

WhereGssds the concentration ratidfor GSCd, is the entrance or acceptance angle afds the
exit argle. For concentrators in which the exit aperture is in a medium other than air, such as with
immersedlens based systems, this equation is modified using Snell's law such that Isisind;'
and so becomes;
i Qe €0 Q&

° i Qe i Qe ®

Most imaging GSC devices displdggvalue of a factor of 4 lower than what is possible according

to Eq. (21.3). This is due td,<9C° and the fact that maintaining the sun's image impaatstioe

12
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ability of the device to concentrate light. With nonimaging concentrators, such as the compound
parabolic concentratqrit is possible to approach thiit in Eq. (2.1.3py ovecoming the

aforementioned issues

For minimal seasonal adjustmemtjth no tracking, a GSC device can be designed to operate with a
2" S acceptance angle (thus accepting diffuse light) at what is known a¥ thmeit of

concentration givin@ssc= 2.25 fom = 1.5. By reducing the acceptance angle, to the limit of the

sun's angular size, thigsqevalue can be dramatically increasedrhany thousands of suns, but

cannot concentrate the diffuse component and needs solar tracking. In contrast an LSC device can
best then? limit for GSC devices quite comfortably but may never hope to achieve the highest
concentration possible with a GSKhis means that by comparison an LSC is particularly suited for
diffuse collection conditionsafactthat is elaborated upon through section Ar2discussion of LSC

loss mechanisms.

Consideringhe concentration ratio for lens bas€aSC devices, using.E2.1.3)with the

assumption off, = 90 andn = 1.5, the curve shown in Fig. 2.1.1 is plotted.

100000

10000

GSC

1000

100

10

Concentration Ratio, C

1+ T T T T T T T T
0 20 40 60 80

Acceptance Angle, 81 (®)
Figure 2.1.1: Concentration ratio for a GSC as a function of acceptance angle.

We see thatGssconly sharply increases belady+ 20°, which is the regimavhere solar tracking will
be required. This can be seen from the relation between solid acceptance angled acceptance
angle,d;, given byV\I" H -caaly) S. A GSC for diffuse collection would needave a solid
acceptance angle neax[' & but for o, = 20° we havenI' 1 ® m. The highgst point in Fig.
2.1.1, at the suns angular sizedhE 0.27°, is the maximum possible concentration that could be
achieved with a GSC with the given inputsCAIF 100000, typical practical application®r this

would be solar pumped lasers, destruction of hazardous wastes or powerful collimators.
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LSC devices involve the coupling of solar irradiance to luminescent irradiance in a steady state
photophysicainteraction. The irradiance at the output aperteris thus heavily dependent on the
spectral sensitivity of th8uorophoreused, in absorption and emission. Geometry still plays an
important role in LSC devicesth regards to the transmission of solar light into the device and the
coupling ofthe fluorophoreirradiance to the LSC exit apertyend hencehe attachedPV cellslt is
the transmission of solar light into the device that defines the ability of an LSC to collect diffuse
irradiance and this is governed by reflection at the interfésee Fig 2.2.3) Determination of LSC
concentration ratioG sg is moreinvolved than for the treatment for GSCs here adealt with

through section 2, 2.3 and explored via the spectral analytical models of chapter 8.

LSC devices require no solar trackiegduse of the large acceptance angle, such tracking would add
excess expense for small gains and is therefore not a worthwhile investéemaidditional benefit

of LSC devices over GSCs is that of thermal energy capture, which is exclusive to the ¢oncentra
structure, where it is dissipated, whilst luminescent emission is delivered separately to the PV. This
means the PV does not suffer overheating problems, msght under GSC concentration, and the

thermal energycouldbe extracted by coupling the LStucture to a heat exchanger.

2.2 Loss Mechanisms in Luminescent Solar Concentrators

Tounderstandhow light moves into and propagates through the LSC struetnexploration of the
typical ggometry and optical properties iecessary. In F@2.1 a ISC in simplest form is shown; it is
a planar rectangle made from some optical quality host material, with refractive imd@xd doped
with small molecular fluorophores, at some concentrat@p. Fig2.2.1 shows various processes
that have influence ovwean LSC device's optiadficiency ' o5, Which is the fraction of incident light

concentratedat the exit aperture.

As shown in Fig. 2.2.1, incident solar radiation (1) impinges on the collecting face of the device and
due to Fresnel reflection a smalart of that is reflected; about 4% at normal incidence (2). This of
course depends on angle of incidence and refractive index, as explored shortly. The remaining 96%
enters the device and the fluorescent dopants absorb this (3) and themitit isotrogcally.

Because of Snell's laws of refraction a part of this subsequent emission is able to leave the device
without waveguiding (4), so called escape cone loss (ECL), but a larger part, around 75% as detailed
later, remains trapped due to total internagftection (TIR). A large portion of the fluorescent

emission is then waveguided directly to the harvesting edge (5), whereaugling is achieved, but

another portion becomes subject to se@bsorption of fluorescence, due to the overlap in

14



Chapter 2: Theory, Background and Materials

absorption anl emission spectra of the fluorescent species (6). Finally, because of the imperfect
absorption of the solar spectrum, there is a large portion of incident radiation which is transmitted

directly through the device without absorption (7).

y Y
: \/1 L,

Solar
Cell

v7

Figure 2.2.1: Here is a schematic diagram of a basic square planar LSC device showing various mechanisms
which influence the resultant optical efficiency, ' opt. (1) incident light is either reflected (2) or enters the device
and is then either absorbed (3) or transmitted out the other side (7). Part of the trapped light is lost to the escape
cones (4) whilst the rest is waveguided through the structure until it either reaches the solar cell at the harvesting
edges or is self-absorbed (6) by members of the same luminescent species.

Other modes of loss not indicated in Rig.1 include transport related loss due to matrix scattefing
total internal reflection efficiencgnda lossdue to the quantum yield of the fluorophore. The
overall optical efficiency o, is given by the product of all the different losedes quantified as
efficiencies, as in Eq. (2.2.Note that' , is defined here as a power efficiency, which is the

convention from older literaturé®.

T

Where' i is theFresnekfficiency due to reflection loss,, is the trapping efficiency due @ngular
onset of TIR, 1ris the efficiency due to imperfections in the Tierface," oyvis the quantum yield
of the fluorophore,' goesis the efficiency due to downonversion of absorbed energyhes: is the
efficiency of light transport through the host matrixysis the efficiency of absorption of incident
radiation and sis the efficiency due to self absorption. Each of these shall nowdked at

analyticallyto understand the parameter space they describe.

Fresnel efficiencfor LSC devicesy, is governedy the Fresnel equations for unpolarised light,
where the radiation is made up of equal mixturepfparallel to surfaceands (perpendicular to
surface)polarisations. The reflection eefficients, RsandR,, for these two polasations differ and

are given by Egs. (2.2.2) and (2.2.3).
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Then the unpolarised reflection coefficient is giverFby R + Ry)/2 and so the trasmitted

component T, is T= 1- R With this knowledge models can be constructed to look at how different
conditions might affect the portion of light that enters the devi€own in Fig2.2.2 are models of
fractional transmission as a function of the ratio of external to internal refractive indices for different

incidence angles.

Fractional Transmission, T

0.2 4

0.0+ Y T v T ' T T T Y
0.0 0.2 0.4 0.6 0.8 1.0

Ratio of Refractive Indices, "1/"2

Figure 2.2.2: Fractional transmission against ratio of refractive indices for different angles of incidence. Very little
difference is seen between 0° (normal) and 45°, hence the omission of 0° data. The dash line indicates where
ni/n; = 0.667, applying to air interfaced with a host of n, =1.5.

By using the ratiop,/n,, we construct a generalised parameter space to consider. In a bulk doped
LSC device, which consistaaslab of host material doped with fluorophorésroughout, the only
interface for solar radiation is between the h@std air. Thus the range of ratias/n,, that can be
achieved are defined by the host material's refractive inghexTypical materials have refractive
indices in the range 1.3 < 17, so there is only a smad#lgion of the parameter space that is
physically accessiblé.is also important to realise that changing refractive index has an impact on
other processes such as trapping efficieaogreflection. For bilayer structures two host materials

may be present and additional internal interfacdleetions may need considering. For exttupling
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of waveguided fluorescence the reflections at the coupling interface, mediated by some coupling
material (e.g. silicone grease) to a solar cell, will also need to be consitfég2®.2 alsoshows us
that the reflected component does not significantly increaseah, = 0.667 untithe incidence

angle is above aroundb®. This is best seelny plotting T againstd; as shown in Fig.2.3.

AsFig. 2.2.3 showshen we increase the host material's refractiveléx there is a small decrease in
transmission for normal incidence. For a typical host material good transmission acceptance is
expected to aroundf = 65°, which corresponds to a solid acceptance anglefof m ®M.p p -
Remember a GSC can achievié & for concentration ratios o€= 2.25 and, = 1.5. This was the
n? limit of concentration. Howeveif LSC devices can be shown to achieve much highaiues

then the drop in transmission for higher incidence angles may be negated. To argue thavic8€ de
are better suited to capture diffuse radiation this must be explored along with economic

considerations and it is thereform aim of this thesis to do so (see chapter 8).
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Figure 2.2.3: Fractional transmission against the angle of incidence forlair interfaced to various host indices, n..

After the radiation has ented the device it either gets absorbed by the fluorophores or transmits
straight through. Of the portion that is absorbed some is lost due to the fluorophore's quantum yield
but the restis emitted. This emitted fraction now impinges on the internal interfaith air and
depending on thigngle of incidencef emissiond.,, either undergoes TIR or refracts through the
interface ands lost via theeCLThis condition islerived via Snell's law and thgsantifiedby the

]

trapping efficiency' vap, given byEq. (2.2.45

- P — &8

m
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The derivation foEqQ. £.2.4) assumes isotropic emission, which has been shown todwmrect due
to the distribution of absorption crossections for randomly orientated fluorophor& This means
that light of a given incidence angle will be prefatially absorbed by fluorophores of a particular
orientation, and therefore emission will be skewed in the direction of these fluorophore

populations.This effect is not taken into account in this thesis.

Fom Eq. 2.2.4) it can be seen that as increa®s, the trapping efficiency increases, which is
converse to the response bf; with respectto n,. A plot of' ; and' 44, and their combined effect,

" wap, @gainst host refractive index gives insight into these nesshanismsas shown in Fig.2.4

Angle of incidence affects not just the resultant efficiency after these two processes but also the
position of the maximum fractional efficiency achievable. For normal incidence the peak sits exactly
at n, = 2(purple curve)whereas for 80incidence thepeak is out of the range mapped helgreen

curve) Again typical materials have refractive indices inrdmege 1.3 €1, < 1.7 and Fig 2.2.4

indicates that it would be best to work in the upper part of that range. This range of indices equates
to a range in combined efficiency at normal incidence of 62.8%' 54, < 73.9%. Ideally, according

to this basic theoretical exploration, a hostmgf= 2 would be selected to maximise the amount of

light trapped into waveguide modes at' «ap = 77.0% for normal incidence

1.0 S
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Fractional Efficiency, UM
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Figure 2.2.4: Efficiency curves for transmission into the device (Red/Yellow curves), trapping of fluorescent
radiation (Black curve) and the product of the two (Purple/Green curves). Two incidence angles are compared for
Fresnel efficiency, 0° and 80°.

Next to discuss is the TIR efficiericyr which has been mentioned in literature and is quite difficult
to quantify!®. It is expected to be near unity and higher than that of specular (Al or Ag) and diffuse
reflectors (PTFE), making it one of the least problematic of LSC loss iQodé&tively TIR losses

occur due to imperfections in thiaternal reflectioninterface which include roughness or scattering
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due to grain formation or dirt collecting on the outer surfaCgher factors include the employment

of mirrors; an air gap should aays be used as thermally evaporated mirrors seifluce TIR

efficiency, because the mirror has a lower reflection efficiency than the host/air interface, and will
alsolead to further roughening ofaidinterface!”. Clearly the fabrication process istical for
maximising the TIR efficiency and polishing of the collection face could help reduce this loss mode.
The concentrator surface will suffer from the build up of dirt highlighting the need to eedn

polishthe collection face over time.

The fluaescence quantum yield oy is a key factor which describes the emission efficiency of the
fluorophores employed. This encompasses all of the eleatrprocess that affect emissiancluding
all radiative and nomadiative recombination pathway3his will be discussed furthar section 2.4
but bear in mind here that it has a strong influence over the amount of light being put into
waveguided modes. Because of this it also has a strong relationship with trabsetption loss

modeand subsequent orders of emission

Arguablythe Stokes' efficiency, ' siwkes dOESN't represent a real loss because the loss of energy in
down-conversion at the fluorophore is similar to that ocdng at the banelyap of a solar cell under
direct illumination. Considering that exciton generation is quantum, and so a gingten gives rise
to a single excitorit does not make sgse to think of this as a lossyoesWasquantified in 19810
have a foreseeable maximum 'afowes= 0.75%, which is the value used throughout this thesis
Ultimately it comes down to the dice betwea energy (wavelength) or flur the quantification of
irradiance as discussed at the start of section 2.1, and since this thesis uses energy thevalte
0.75 must be usedVlany researchers include this as a loss mo@i&because othe choice of
energy over flux in their modelslowever, work in the literature has shown that with the correct
choice of solar cell, coupling favourably to the fluorescence radiation field, up to a 20% relative
increase in power conversion can be expecte This highlights again that using flux to quantify

irradiance is the better choice.

In terms of light transport the host material itself will absorb some energy across the visible
spectrum and convert this to heat. Additionallgperfectionsin the host matrix can cause scattering
of light, quantified through the host efficiency s, Whichcan be estimatedy measuringhe

optical absorptiorof undoped sample plateS he number of defects present in the host matrix can

[19 and there is evidence that

be affected by thdormation process and the presence @bpants
matrix losses may comprise a major loss mot&s has been shown experimentally by
measurement of flux output in the presence and absence of a reflector at the opposite LSC edge to

that measured™. One would expect a factor of 2 increase in output in this case, which was not
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seen.' nost has been estimated to have a value between 60988 for a PMMA host transporting light

in the visible regiof?. Furthermore the properties of the matrix have a significant bearing on the
dopant fluorophore in terms of the emission wavelength, guen yield and lifetime stabilitysee
chapter 7) Given these factors not only is the choice of host material critical, but also how the LSC
device ignanufactured This thesis cannot cover the materials science of polymerisation processes
in differentfabrication anddeposition methods, but it is worth taking into account that this
engineering is necessary for a high quality OB€ .best polymers to date are made from the
materials used for efficient optical fibrssich agpoly(methyl methacrylate) (PMMAwhich hasan
optical absorption 0B.5x10* cm™ andn = 1.4@ at <= 550nm ™. Ideally a host of higher index and

similar optical absorption would be chosehdditional absorption may be present from defects.

To quantify' n.s, the absorption coeffient, " (<), of the host medium must be measured and then
the mean path length of waveguide modes determinegs) is determined through Bedrambert

law;

0. 0_Q c’®

Wherel(<) is the ntensity after passing througén absorption path length, of amedium of
absorptioncoefficient h (<), with initial incident intensityly(<). For thehostmatrix the attenuation
coefficienth ,(<), with unitscm™, is sufficient btifor absorption by fluorophore at some
concentraton, Gy [M], then we useh 4(<) =#4(<Cye Wheres (<) is the molar absorptivityor
extinction coefficientwith units M'cm™. Experimentally it is quite challenging to measuy&) for
materials like PMMA because it is so low one needs a large tliskoanake measurement$his
meansfabricatedplates of material areequired instead othin films made easily in the laBrom
Eq. .2.5) we can quantify the matrix losses as the ratio of final and initial intessiver the mean

path lengthof wavegiide modes traversing a host medium of averaged absorption coefficient <

- = Q CEDH

This is an approximation and may be a best estimate $ife®is measured in the absence of
dopants. In literature matrix related lossesVmreceived some attention; in 1981 the combined
effect of ' irand’ nost Wasquantified experimentally as 0.@ith 0.95 epected in the futuré™. As
stated above with trexpected to be near unity and with 0.95 g < 0.98 this is likely to be higher

in an optimised device. This will depeod the geoméry of the LSC device, and hence path length of

light through it,which is an area that requires some thought with a view to optimisation.
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Much more can be done using the Baéeambert law of Eq2(2.5). The absorption efficienCyaps, iS
determined by tle ratio of the integral of collectedradiance spectrumSy(<), to that ofthe solar
irradiance spectrumS,{<). By determining 4(<) for a given fluorophore, the absorption of solar
energy as a function of depth and dye concentration can be expl@euhg furthera multidye

plate or stack of plates may lm®nsidered and it is therefongossible to think about what values for
' apsare possibldrom different LSC device configurations. Additionally ibistér Resonant Energy
Transfer (FREBee Setion 2.4) system of multiple fluorophores were to be employed then Eq.
(2.2.5) could be used to model how that system coll@eotsdent sutight. Then, by knowing the
guantum efficiencies, FRET efficiencies and the normalised emission spectra, thecflnoees

output, (<), of the terminal dyecan easily be predicted

For the simple cse of a single fluorophore devio¢ quantum yield gy ¥4(<) is measured
experimentally and thei&(<) is determined via Eq2(2.5) withly(<) = S,(<), | as thepath length
through theLSGndh 4(<) =#4(<)Cyye for the fluorophore. Now thdirst orderfluorescence output
S(<), isgiven by equating the quantum yield corrected total absorbed energy to the total emitted
energyas inEq. (2.2.7)

— Y_Q_ Y _Q 8

S(<) is the goalwhich is related to the normalisegimission spectrunSy(<), from fluorescence
spectroscopy on the fluorophore at the requirdgle concentrationCyye, via some maximum

intensity, lna, Which we do nbknow;

Y_ O Y_ &y

Note that Sy(<) is the fundamental emission spectrypnior to anyeffect which changes the lire

shape, such aselfabsorption.Qubstituting Eq.2.2.8) into Eq.2.2.7) allows us to determink,;

- L Y_0o_
88

0 -
LY 0

This is the scaling factor with which to sc8{&) by to achieve a quantum yield corrected equivalent
intensityfluorescenceoutput using Eqg. (2.2.8). One must atsmsider the escape cone loss the

true, capturedoutput and so the waveguided irradiance spectrum is giveRdpy(2.2.10);

Y _ ~ o & m
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By knowing the intensity of the fluorescence it is posdiblthen go on and inform the coupling with
the solar celexternalquantumefficiency spectrum’, goé<d), at the harvesting face gqé<d) is the
ratio of electron hole pairs collected at the interface to the number of incident photons and is a
function of both wavelength and incidence ang&ince the angle is typically considered to be

normal this is often expressed as jush£<).

Eq. £.2.5) can also be used to describe the change in the fluorescence intensity, as a function of
wavelength, withdistance through the LSC mediwdue tothe seltabsorptionprocess’ serr. ' seriS
another parameter that is difficult tameasure absolutelgnd is a function of fluorophore
concentration Gy, and mean fluorescence path length><It may have a more comgx spatial
dependence due to local variations in dye concentration or féayer device structureddany
fluorescent materials exhibit an overlap in thebsarption and emission spectravhich means
emission in that overlap region may be reabsorbed thhepsame species dye molecules. This
reabsorbed light has a chance of beineeraitted, ' oy and after emission there is a chance of TIR
into waveguide modes related ta..,. We also need to consider that this new generation of
emission will be subject to matrix and TIR efficiency lossgsand' 1r Of course there could be a
third geneation reabsorption and emissicand so on, with each subsequent generation beingglow

in population than theprevious one

The actual strength of the sedbsorption is wavelength dependant but can be estinddtesimplest
form by the overlap integral] as draction of the integral of the emission spectrum of a given
order, i.e.' ser= (1J. Now Eq.4.2.1) can be expanded to encompass all generatiNioge that for

higher generations of emission the salfsorption strength), is an extra factor;

- - - - p V- - - - b QRn phhfB @ p

_ - - - p O - - - -0 Q¢ N phofofB  ¢&® ¢

In practice it can be seen that generations of fluorescence apev8 have a negligible contribution

to the optical efficiencyContributions forp = 3 are typically less than 0.2% of the total &mdp > 3

this becomes less than 0.01% with exact values depending on the particular fluordpadte size

of J. However becausehis equation does not take into account the mean path length of light in the
waveguidet is not valid for particular&C geometries. Sintee overlap integral is a first guess
estimator for' sgrthis equation is used only to compare optical efficiencies in a relative manner, as in

Chapter 5.
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In a more realistic approach i necessary to use EQ.4.5) in conjunction with the mean path
length of fluorescent light, which in turn must bel@alated from the geometranalytically ousing
modelling methods, such aay tracing oMMonte Carlosimulations. Theh;can be determined by
one minusthe ratio of the selabsorbed intensity to the fluorescence outpatensityfrom Eq.
(2.2.10)

n phchoB & o

Where <> is the mean path length for waveguide moaesl isdistinct froml, which is the mean

path of incident irradianceassing vertially through the deviceWhen using Eq. (2.2.13) it is

important to realise that each order of emissid(<), is redshifted relative to the previous one due

to conservation of energylhis is because sedbsorption occurs solely in the redil of the

absorption spectrum and so the subsequent generation of emission cannot occur at energies above
this absorption range. As such it is necessary to measure the shift in emission peak due to excitation

in the redtail of absorption to ensure the correct emigs spectrum is used for each generation.

To use Eq. (2.2.13}><must be determined which will vary depending on the geometry; here it is

given for a square planar concentrator as determined bydR eS al.(1996)".

o e ATER%QGQG
— - T

WhereLis the length of the sides of the squarkis the critical escape angie the zplaneand Dis
the angle in the % plare (refer to Fig. 2.2.1Now' ., instead of (1)), can be used for self

absorptionusing Eq.2.2.13)and therefore the optical efficiency can be givenHay (2.2.15)

S Lo Ll 0 R pichf8  ca® v

This process of determining the various parameters of the optical efficiency will be utilised

extensively in chapter 8 tanalyticallynodel LSC deviseand estimate their performances

2.3 Luminescent Solar Concentrator Geometry and Configuration

Eq. 2.2.15 gives us the optical efficiency, describing the various loss mechanisms that light
experiences as it moves into the device, couples to fluorezand is waveguided to the harvesting

face. The total optical concentratio, is given by the product of EQ.2.15 with the geometric
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concentration,G. The geometric concentration is given by the ratio of the areas of the coltecti

face to the havesting faces as in Eq. (2.3.1);

So then the optical concentration is giventby. (2.3.2)
0 et o8

In addition to optimising all of the factors thag, is comprised of it is alswecessary tanutually

optimise the geometry of the LSC devioemaximiseG. There are two main geometries for LSC
devices, squarplanar and cylindrical, though triangular designs using mirrors have been suggested
for their low mean path lengths and hentmver matrix and self absorption lossésTechnically

this is a planar arrangement anywagd a number of other planar arrangements, such as hexagonal,
have been looked dt*. In that work the path length is shown to be approximately equal to the
square root of the LSC surface area, which increases with the number of sides the LSC has, and
hence to minimise selibsorption an equilateral triangle should perform best in terms of optical
efficiency.For squareplanar devices the geometric concentratid®,, for a square plate of side

lengthsLand thicknesdV is given byeq. (2.3.3)

O — — D

Similarly the geometric concentration for a cylindrical L&g; ,0f lengthLand radiusRis given by;

cYD 0

0
Y “Y

By relatingRrandW, asR=2W/", it has been shan that the relationship between the geometric
concentation for a squareplanar LS® that of a cyindrical LS® as in Eq. (2.3.5;

O ¢O DD

Oylindrical LSC geometries ctius potentiallyachieve double the geometric coentration of a
squareplanar LSC structure. This benefit is offset by typically longer path lengths and greater Fresnel
reflection at the interface. However, th&. RMclIntoshet. al.2007papersets the stage for Hayer

LSC device structures ashbsvs, through geometric arguments, that the cylindrical geometry could
outperform square ones by as much as a factor ofiftlee fluorescence occurs near the surfabe.

this regime, for a coated cylinder, a more optically dense medium is necessaryimise

absorption (hence a higher fluorophore concentratiofdiditional small increases in performance
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and a reduction of the Fresnel loss, beating that of sqya&ar geometry, are possible using a
multi-cylindrical design, like a corrugated surfatdas been seen in Fig. 2.2.4, for normal incidence,
that' = 0.96 for a squarplanar deviceof n, = 1.5 for a single cylinder this becomeg= 0.931 and

for a multicylindrical LSC we have = 0.973This shows thaa multicylindrical LSC structure would
reflect less light than a planar geometry LS@axtal incidence. Note also that for diffuse light at
smaller angles of incidence K. R. MciInteshal.2007 show that cylindrical geometries would
outperform the square planar geometry in terms'gf lending cylindrical LSC devices to be better
for cloudy, northern climesThereforea multicylindrical design would outperform a planar

geometry for both direct and diffuse solar irradiance.

Other potential benefits of the cylindrical approach include ease of affixing a PV cell to the
harvesting edge dahe device andhe higherGvaluesmeaningsmaller PV cellare needed and
hencepotentiallylower cost. One of the main downsidese might expecof the cylindrical
approach iglue tothe larger mean path length through the devjcesulting irhigher marix and
selfabsorption lossesThese could be guantifieahalytially using Eq2(2.6) and Eq.2(2.13) for a
deeper comparison of the geometries, which has been done using more advanced Monte Carlo
simulation methods$™. In that work selabsorptionis shown to peak for short cylindrical LSC
lengths, particularly for coated fibre LSCs where emission close to the surface results in a higher
fraction of long, helical paths through the more optically dense outer medium. Despite this the
authors show thatven afterselfabsorption peaks the optical concentration continues to rise with
increasing cylinder length, unlike with squgrkanar geometries wherselfabsorption results in the
optical concentration reaching a plateau value. Thus a cylinder cagfib&om a longer lengthl,

than a squareplanar LSC.

Fram the above discussion of geometry follothe realisation that blayer structures may offer an
advantage over conventional butloped design$or the cylindrical geometryK. RMclIntoshet. al.

2007 seems tamply, by omission, that surface emission for squplanar devices offes no benefit
over bulkdoping. This was shown rigorouslyRyBoset. al.2007 through experimental devices

and raytracing models*”.

The configuration of an LS@uite includes more aspects thgeometric shape. Other factors
include the employment of mirrord” and wavelength selective filte$2¥, multi-stack(tandem)
plates®® ® # multi-dye plates®, antireflection coatings”, plasmonic enharements®®® 24, and
the use of lense¥”. Thesefactors are with an aim to Maximising, ' rap, ' Qv ' abs ' ser@Nd’ posrand

minimigngthe total cost of the device. Let's go over each of theleienciesn some detaito see
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how different coriguration factors can be used to improve the loss mechanisnmsetleéficiencies

represent

The reflection of incident sunlight, governed 'y represents a relatively small loshich

nonetheless needs optimising. The way to improve this is to usatineflection coating, such as

Mgk, which works by having a much higher refractive index. Such materials are unsuited to being
hosts, but a thin layer on the LSC collection face can have very high transparencies and could provide
a relative improvement ofransmission efficiency by around 384 This figure actually depends on

the incidence angle, with normal incidence exhibiting the lowest benefits from the coating.
Additionally, as seen in the geometry discussion, a reylthdrical LSC actually hasadvantage in

this loss mode over square and single cylindrical designs.

There are two maimvaysthat have been suggested tmprove the trapping efficiency yap, which
represents a major loss of around 25%tfige 1.5 according to ER.@.4). Additiondly self

absorption results in further ECL, compounding the problem, particularly for fluorophores with a
largeoverlap integral,l Sinc€ 4, depends only on the refractive index of the host it would sesin
that can be donésto change the host matxi as explored in Fig.@.4). Howeverit is possible to
usefrequency selectivéilters to reflect emission wavelengths, but allow incident solar irradiance in
the fluorophore absorption regim@"*® 9, These filters ar@hotonic structuresand canbe made

from crystalline materialssuch as thmond ceramic®r tantalumoxide, TaOs, which are formed to
have a periodically varying refractive ind&his creates stop band regions of disallowed energies
which display high reflectivity for photons dfdse energies and can be tuned to encompass desired
ranges. Hence these filters are edliwavelength selective mirrors andch structures are known as
Distributed Bragg Reflectors (DBR)her materials includeholesteric coatings, a type ofganic

liquid crystathat form a helical 3D structure which reflects circularly polarised light aligned with the

(20 Thesehavealreadybeen shown taeduce the light lost in the escape cone by up to

structure
30%™". It has beershown by Monte Carlo ray tramj simulations that the upper limit of efficiency
for aLSC is equal to tt8hockleyQueisseSQ)imit for solar cell$'!. It isconcludel that to reach
the thermodynamic limiof concentrationwith LSC devicesavelength selective mirronsill be

required.

A final possibilitfo enhance 4, is to align dyes vertically, as opposed to randomly, which will
deviate the emission from isotropic tocrease photon populations imaveguide mode&®. A
downside to this is a reduction in the absorption crgsstion of the dyes relativetnormally
incident solar irradiance, increasing the required LSC thiclaresorophore concentration

However this is for normal incidence; as the sun moves across the sky, and for diffuse light from
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clouds, this should not necessarily be a limitation. @oeld need to optimise the fluorophore
alignment angle alongside the absorption efficiency across a day, for local sky conditions, to achieve

the best results.

The fluorescence quantum yieldyy, of fluorophores in an LSC device is required to be near unity,
which imposes strict limitations on their properties. Fluorophores must exhibit near unity quantum
yield in a solid state host matrix at concentrations that enable maximisation of absogficiency,

' abs discussed in detail next. The concentration quenching phenomenon is a major problem in this
context (see chapter 7) and careful tuning of both fluorophore concentration and LSC absorption
path length are necessary to maximise LSCiardgdutput.’ oycan beeffectivelyenhanced by

plasmonic resonance, which has been shown to increase the absorption and fluorescence transition
rates and thus can increase LSC output irradi&ficén that work CdSe/ZnS quantum dot

fluorophores are couled to surface plasmons generated on various concentrations of gold
nanoparticles, providing up to 53% increase in emisaiork by Zhangt. al.(2007)%?” exhibited

an enhancement in fluorescence of up to 100% for a perylene based dye depositedasn a gl
substrate coated with Ag plasmons. As well as enabling enhancement of fluorophore absorption and
emission plasmonic resonance has been shown to increase solar cell absorption, and hence quantum

efficiency, allowing more energy to be collected in an d&@e.

Possibly the biggest issue with LSC devices is in attempting to maximise the amount of solar energy
captured as quantified by s Firstly there is aabsorptionlimit dueto the range that can be

covered by the spectral sensitivity of thelar cell coupled to the LSC. The absorption spectrum of

the fluorophore/s needs to covahe entire range of energies up to the solar cell band edge and the
emission spectrum needs to overlap strongly with the absorption band of thelTbellbigger

chalenge is to design a system to maximise absorptiaefossible range of solar energissd

there are several proposed ways of doing this.

Firstly the thickneséor radius)of the LS@eviceis optimised usingqg. £.2.5), as outlind in the

relevant £ction aboveHowever it is a necessary to add a factor to this thickness optimisation; that
being employment of mirrors. It might be wasteful in terms of geometric concentration, and hence
solar cell size, to increase the plate thickness too much anddiog@an inexpensive mirror or

diffuse reflector to the back side of the device can alleviateth®@. The reflector will give incident
light a second pass through the LSC device and hencewmge absorption considerably, whilst

allowing optimiséion of Gat the same timeThis is explored by spectral modelsivapter 8.

27



Chapter 2: Theory, Background and Materials

The most powerfulmethod suggested so fao optimise' ,55iS to use multiple fluorophores whose
combined absorption approaches the ideal for the collection raAgeroblem withthis approach is

that having multiple fluorophores present in oh&@late can result in lowered efficiencies due to
increased number of matrix defect®duced quantum yieldwill also be likelypecause of

introduction of new norradiative decay modesy neighbouring fluorophores; stalled

concentration quenchingHowever, by havingtacks of plates in mulplate tandem) LSC designs it

is possible to eliminate these extra problems. Upper layers absorb bluer light and lower layers
absorb redder lightind a solar cell tailored to the emission of the relevant dye is affixed to the
harvesting edgeof each plate. This can increase the efficiency significantly, but the extra solar cells

may again increase total device cost.

Another method is to employ aRH system of dyes that have finely tuned efficieegonantenergy
transfer all the way to the terminal dye, which then fluoresces the collected en€hiy process is
distinct from optical coupling as the energy transfer is-nadiative.For most fluoropores this will

not be efficient enough unless theyeaembedded in maemissive host, such as Al which is
responsible for capturing most of the solar energy. Unfortunately; AdQuires thermal evaporation,
which is a big negative because it \significantly increase the cosf the deviceHowever, an

efficient FRET based device involving three BODIPY dyes has been reported achigvitg 45the
LSC output of their single dye variafits Another possible optiois using dight emittingpolymer
(LEP®s a host for smatholecularfluorophoreswith energy transfer occurring from the hasERo

the small moleculeThis was done in OLED device research using the LEP F8BT doped with red small
molecular fluorophore DCJT8; both materialsare discussed in section 2.%his would only be

useful for bilayer structures with aundoped waveguide core and an active fluorescent coafirig
course some form of encapsulation coating would be necessary to protect the delicate LEP layer
from abrasion ad other forms of mechanical wedfor a system of nepolymeric, norhost
fluorophores randomly distributed across an inert host it appears inconceivable that they could be

brought into close enough contact, particularly as mspecies of fluorophorare added.

Next to discuss ieHf-absorption,' ¢, whichis a function of two main influencing factors; the
strength of the absorptioremission overlap of the fluorophore and the mean path length through
the device. Reducing the overlap strength is +tkvial; one must choose fluorophores that haze
weaker overlapwhich is greatly limited by the availability of suitable fluorescent materigie
materials studied in this thesis are overviewed through sectionl®.4 FRET system, since energy is
transferred nonradiatively, the only overlap intgal that mattersin terms of reabsorptions that of

the terminal dye in the series. This represents a benefit over the tandem design where each plate
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has a distinct fluorophore with its own overlap integral to reduce efficiency by. Another method that
may prove useful, particularly in tandem dessgyis to use the solvation mechi&sm to increase the

dyes Stoke Shift, nEsokes. This only works for polar fluorophores whose dipole moment changes
upon excitation to the Sstateand is facilitated by increawy the relative permittivitys,, of the host
medium.This mechanism is explored in greadetail insection 2.4 anadhapter 6. The other way to
increase sis by reduction of the mean path length by various means including choice of geometry,

optimisation of Gandaligning dyes to emit into shorter waveguide mo&&s

The light transport efficiency of the host,.s;, is governed byhe type of host materiafabrication
methods(defects) the presence of unreacted monomer or additives, the fludroge concentration
and type, and the path length of lightypical polymeric host materials exhibitongabsorption at
around 750 nm, due to vibrational modes eHonds, resulting in luminescence quenching due to
non-radiative energy transfer of thewational energy®?. This could be improved by substitution of
hydrogen for deuteriunor fluorine atoms to reduce bond vibratidff!. An alternative would be to
use a specialist glasshich reportedly could deliver better transport properties and tdgh

refractive indexes but has the downside of befrgavy and more expensiV&.

Host fabricatiormethodis also a critical issupplymerisation from preursor and monomer
components i®f low costbut can result in unreacted monomers disrupting thetriad®. Another
issue is the lack of control over the molecular wejd, and regioregularity of the polymerised
host. The conditions of the polymerisation such as temperature, solvent and time all affect the
resultant matrixand its properties thusequiringcareful tuning of the polymerisation process to
achieve the optimal matriAnother approach is casting from solutiasith pre-polymerised and
purified host materials, which f low costand simple but may result in the presence of unwanted
solvent residue. Again formation processes are critical including drying time, solvent, temperature
and so on. A main benefit of this approach is control of the molecular weight of the host material,
which may be crucial for matrix stability over device lifeir8tability is used here ageneral term
being the resistance of the matrix to environmental damage such as from thermal stresses,
photodegradation and interactions with oxygen. Most monomers, such as MMA or styrene, are
liquids so need to have somevid of polymerisation to be solid at room temperatuFaurther, n the
literature it has been shown for PMMA that fracture energyis proportional to the square of
molecular weighty® M?), up to a critical value dfl, at whichy is constanf*®. A strong PMMA
structure should therefore have a higih,, but there are other factors that may need consideration
such asvly, impacts on' oy as briefly explored in chapter 7. Another approattogether employs

sol-gel methods foglass formingwhichare widely used and could result in improved LSC yi#lds
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Such a large range of potential solutions to the innate complexity of trying to optimise LSC devices as
a whole presents a mammoth altenge for technology developerBhe developments necessary for
LSCs to reach a commercial application, with an optical efficiericy;of10%, can be broken down

into six main criteria;

Broad absorption range

Minimum overlap of absorption and emission spectra

High quantum yield, oy (modern organic dyes anmdre earthmaterials have oy> 90%)
Low matrix attenuation

Lifetime in exces of ten years (Siells have 20 year lifetimes)

o g b~ w D E

Competitive device cost (< 1 $/W)

Because of the sheer number of loss modes and their possible solutigimaisation by empirical
methods is an incredibly complex and daunting task. Therefore it is geadadake a modelling
approach to inform the optimisation process and reduce the vast number of permutations that need

33349 Thermodynamics provides the maximum limits possible. Equations governing

exploring
geometrical optis, as discussed earlieare used to compare different geometries and to
understand the importance of the optical properties of the hdgtonte Carloandray tracing
methods are typically employed to explore the movement of light and how introduction of
configuration factorssud as PBS filtersan influence thisSuch works critically informative to the

experimental research process.

2.4 Semiconductor Physics farSC Deviceand Materials

Various fluorophore materials are under consideration for LSC devices including atgestit *2
inorganic nanocrystalé*“**! andrare earth material**®. The underlying physical processes that
govemn these materials aressentialljthe samejnvohingthe quantum mechanics of transitions
albeit with varying degrees of complt@n. In this thesis organic dye systems #re focusand the

following discussion relatds these in particular.

LSC devices rely on photoexcitation of the fluorophores and therefore typically involve allowed
asymmetricqguantum mechanical transitiongiving rise tgphotoluminescencé€PL) There are some
major deviations from this for particular materials, so called phosphors, which exhibit strong spin

orbit coupling resulting in high intersystem crossing rates and h#regiplet emissionform of PL
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Such materials are typically organometallic compounds with a metal atom, such as bidium

Europium as a core structure.

In photon absorption an electron in thggound state is promoted to a higher energy stafethe
fluorophore. The absorption poes allows for any ground stategf®lectron to be &cited to a

higher energy leveko long as the photon has the energy to do so. Because of vibrational modes
coupling with the principal quantum states, each energy level is actually a manifold of states
resulting in observed broadening of the spectrufmese coupled vibronic states are often called
vibronic satellitesThis can be seen by considering a configuration diagram, which represents the

potentials of each energy level and the associated couplamnic structure asshown in Fi@.4.1

Energy

v

Nuclear Co-ordinates

Figure 2.4.1: Configuration diagram showing transitions between the Sp and S; excited states. Each transition
mode has a particular probability of occurrence depending on the wavefunction overlap in vertical transitions.
Note the different energies of absorption (A) and fluorescence (F) due to energy lost to nuclear vibrations in
excited state relaxation. This explains the Stokes' shift, o Eokes.

The nature of these vibronic states arises from oscillations in the nucleus and is described by the
FranckCondon Principlé®, which also gives an explanation fifes The nucleus responds very
slowly relative to the absorption processhieh takes roughly a femtosecond, and is therefore
essentially static. However, the excited state exists for around a nanosecond during which time the
nucleus starts to oscillate like a spring due to the new electronic configuration putting the nucleus in
a nonequilibrium position. The nucleus can oscillate many thousands of times in the lifetime of the
excited state over which most if not all of this vibrational energy is transferred to the surrounding
medium as heat, a process called Internal Conver@®n Then fluorescence takes place from the

lowest vibrational state of the electronic manifold of theeScited state.

The FranilCondon Principle is best exhibited though the absorption and emission spectrum of a
simple organic fluorophore, such psrylene, since such molecules have strong vibrational coupling.

More complexand flexibleorganic molecules tend to have absorption and emission dominated by a
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particular transitionbetween states, which are numberé&d 1, 2 and so oto represent the vibrorag
satellites of each principle quantum statesin Fig2.4.1 Theabsorption and emission spectoh
Perylene are shown in Fig4.2to illustrate this

10+ 0+=0
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—— Emission
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Figure 2.4.2: Absorption and emission of perylene in PMMA at Caye = 2.97x10°® M. Franck-condon factors are
labelled next to each associated transition peak.

For perylene ach transition is well defined and the spectra are a close mirror irnhgach other

with a smalhEs likely due to interaction between the fluorophore ahdst material The relative
intensity of the transitions are given theoretically by the quantum mechanical FH@aolon factors
associated with them, for-0, 0-1 and so on. Each transitiomlike the sharp, narrow ones of

atomic transitions, is broadened thus merging all the separate transitions into a wider spectrum. This
inhomogeneous broadening is so called due to the variation in local electronic interactions with the
host medium and othedye molecule§?. Thisis a relevant effect for all fluorophore types and

actually is a benefit in terms of the absorption spectrum since a broad absorption will result in better
collection of solar irradiance. A broad emission spectrum is not ideeébher and it is difficult to

guantify the true impact of the inhomogeneous broadening effaectSC performance

Theprobabilityof a given transitiomccurringcan be determined by the ratio of the transition rate
to the sum of all transition rate®ecayrates the inverse oftate lifetimes k= 1/), are useful in
visualising the processes of emission and are often displayed qualitatively with a Jablonski diagram

as shown in Fig.4.3
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A |F INR T,

Figure 2.4.3: A Jablonski diagram showing a schematic of a fluorophore's energy levels with various processes
that may occur in a typical case. Sp is the ground singlet electronic state, S; is the first singlet excited state and
so on to the nth singlet excited state, Sn. T1 and T» are triplet electronic states. The arrows represent energies for
absorption (A), fluorescence (F), non-radiative decay (NR), internal conversion (IC), intersystem crossing (ISC)
and phosphorescence (P).

From Fig 2.4.3 varioysocesses are shown. Absorptioh) happens with lifetimes of,sF 10™°s
followed by internal conversiofiCQ which has lifetimes oficF 10*%s. Three things may generally
happen to theexcited state now; fluorescendg) may occur withtypicallifetimes of_q  10°s,
intersystem crossinggSCmay happen ga rate depending on the LS coupling strength and finally
various nonradiative decay routeENR)may be present with associated lifetimes. If ISC occurs the
singlet state transfers to a triplet where further IC may occur and finally phosphores(@yvdaich

hastypical lifetimes of pF 10°s, or further nonradiative decay

Understanding the emission process in terms of rate equations leads to a definition of the quantum
yield of fluorescenceFrom Fi@.4.3 it can be seen that three processes compete for the decay of
the S singld excited state, which are fluorescence, r@diative decay and intersystem crossing.

Therefore the quantum yield can be given by

- 'rQ 'rQ ';'Q C 8 &

Wherek; is the radiative decay rate, including tréinens to any availablevibronic satellites in the
ground state kiscis the intersystem crossing ratadkyris the nonradiative decay rate and includes
various quenhing modeshat may be presentn practice when one measures fluorescent lifetimes
by single photon counting one actually measures the inverse of the sum of all rates, the
denominator in Eq.A4.1). Even cooling your sample in a cryastath liquid N or Hedoes not
guarantee the elimination of all neradiative decay modes and so direseasurement ok is
incredibly difficult. Therefore separate measurement gfis typically employed, thus allowirkg to

be found.

33



Chapter 2: Theory, Background and Materials

To maximisdluorescence oy fluorophores for LSC devices are therefore to be chosen on the
condition of negligibldys-and kyr. Non-radiative decay may take the form ioftrinsicnon-radiative
pathways in the moleculesuch as conformational changes,as a result of external influencds.
the solid state dynamic or collisional quenching is negligible but concentrgtienching may
become an issuelhe exat mechanism of concentration quenching is unclear in many cases though
dipole-dipole deactivation interactions have been observed in the case of the Iridium based
phosphor complexes in OLED host mateffdlsOther forms of quenching includexcimer
formation, as seen forgrylene ad peryleneorange doped into PMA®? and due to the presence
of quenching agentS®. This process is explored experimentally in chaptéésigning materials
that do na sufferstrongconcentration quenching is clearly an important goal, particularly for
surface coated LSC devices where higher concentraticashim surface layer are necessary.
Possibilities include the development of dendrimBfsor novelorganicfluorophoresexhibiting high

yields in the pure, solid stafé?.

Having a small overlap integral between absorption and emission spectra is another property that an
ideal dye would possess to optimise LSC optical efficiency, by maximigiimgthis caseSelf-

absorption, as described earlier in Sectdf, can result in significant loss of trapped luminescence
This is a function dfy..and mean path lengthsr>, andis typically limited by the LSC dimensions,

the PV configuration and the choice of dye. Howe'er certain fluorophores the solvation

mechanism can be employed to decredise overlap integral) Solvation occurs for polar dyes,

whose dipole moment changes upon excitation, embedded in a strongly polarisable host, i.e. one
with a high dielectricanstant. The process can be understood by considering a Jablonski diagram

in Figure2.4.4.

S,
K ) T 12
{IC t=10 s
S:— =
3 I i Sol.
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Figure 2.4.4: Jablonski diagram showing the influence of solvation (Sol.) on the new excited state. Other labels

are as in Fig. 2.4.3 with transition timescales included. More polar solvents result in a greater redshift in the
emission spectrum.
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As Fig2.4.4 shows alvation occurs approximately ten times as fast as the fluorescence process.
When the fluorophore's ground state dipole momergchangesupon excitation to>gthe

surrounding medium responds by physically and electronically reorganising itself around the new
dipole.This process creates a reaction field which in turn relaxes the excitation prior to emission.
The host medium's alitiy to do this, the secalled orientationapolarisability pf, is a function ofts
refractive indexn, and the relative permittivitys,. By maximisingnf the relaxation can be increased
and therefore gains made in reduciddsolvation is described ltlge classicalippertMataga(LM)
equation’™ and whilst having first been discovered in liquids it has tstadiedin solids since at
least the late 1990'§"%%. TheLLM equation is given by E@.4.2).

¢ - p & p v
= S - wa 8
W ¢- p G p W o

WhereA-and n, are the energy (wavenumbers) of fluorescence and absorption, respectively, the
energy differencg /= A-- Ay is the Stoke'sshift, ais thefluorophore Onsagercavityradiusandna, is

a constant equal to the unperturbed Stoksehift. The large bracketed term with the optical
constants igf, the orientational polariability. This equation allows us to predict the energy shift
due to solvatn as long as we know the optical constants of the host and the dipole moments and
Onsager radius of the fluorophoreM theory can break down, particularly in the liquid state, as a
result of the formation of new states that change the fluorophore's etatt configuration. Such
states include exciplex formation, hydrogen bondiclgarge transfer complexes anther

environmental effects A detailed investigation involving EG.4.2) is undertaken inhapter5.

Having looked briefly at the basic physitwerning emission processes what follagadetailed
review of different fluorophore and theimproperties. This thesis is concernadgelywith small
molecular singleemitting fluorophores buta few additional materials, a metal complex and three

LEPs, were also explored at various points.

2.4.1 Organic Small Molecular Fluorophores

Materials in this category include organic tedals such ashodamines, prylenes,
dicyanomethylenes,aumarins an anthracenes, to name a few chemical families. lbailudes
organometallic complexes made up of conjugated units attached to Iridium, Europium and other
heavy metalsTwo definitions have come in here; that of organic chemistry and that of conjugation

in organic molecules. Organic chemistry covers all prertaining to carbon based compounaisd
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the significant complexity and richness carbon providesause of its energetic requirement to form

four bonds.

Gonjugation is a phenomam observed for a large stdgroup of organichemistry. This

phenomenon pays the central role in giving organic semiconductors their electronic properties and
in the properties of absorptive and emissive materi@lenjugatioris whenalternating double and
single bonds along carbon chamjise rise tahe delocalisation of jprbitals(pi bonding orbitals)

across the conjugation length of the molecule. This delocalisa¢isults inconduction properties
charge redistributiorand new energy level structuia the moleculeNatural pigments such as beta
carotene, curcuminoidgorphyrins, pthalocyanines and chlorophyll (a and b) are prime examples of
conjugated organic molecules which absorb strongly in the visible region. Despite this absorption
these molecules tend to display weak or negligible singlet or triplet emissiorgrarttius not

suitable for LSC devices, with a few key exceptions for particular porphyrins and pthaloc{anines

Since the first conception of the L8@anic fluorophores have been reviewed extensively for
applications. The current statef-the-art materials are prylene baed fluorophores, the
perylenebisimideswhich includes many of a series made by BASF under the trade name Lamogen
Another class, which has been historically interesting though has been largely given up on, is the
laser dye 4Dicyaomethylene)2-methyl-6-(4-dimethylaminostyrybpdH-pyran (DCM) and its
derivatives such as DCM2, DCJTB, DCQTB and so on. As |d&&adyedLED dopant¥! this class

of materials has found success, however, for the high yield requirements oEliS€sdhey are nb
efficient enough and suffer severe photobleaching effects. This last point is one of benefits of the
perylenebisimide compounds as they are designedteir photostability, with Lumogen F Red 305

(perylene redPR)shown to lose efficiecy to just above 80% ovére course ofa year®.

All organic small molecular fluorophores exhibit some level of ovénlapsorption and emission
from the strong overlap of Rhodamine 6G (R6G) to the relatively weak overlap ofHz@y. metal
phosphors, such ADS067RE in Fig. B4ekhibit small to negligible overlaps resulting in minimised
seltabsorption. However, they are relatively expensive compareuliely organialyes due to the
more expensivenaterials needed for their production. Additially, absorption coefficients are
lower than that of organifluorescent dyesnd so require higher concentrations, which can be
adversely affected by concentration quenching effeétisogreaterLSQlevice thicknessesill result

in reduced geometric aeentration according to Eq. (2.3.3)

What follows now is a case by case exhibition of the spectra for organic fluorophores that have been

explored here for their potential in LSC deviagstical measurements have been performed
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including determination oéxtinctioncoefficient spectra, normalised emission speciral

fluorescence quantum yietd All measurements are done using PMMA as a host material at

concentrations ranging from 0.1 %wa 1 wt% depending on fluorophore absorption and quantum

yield. Fin thicknesses are typically of the order of several microns from spin coating, necessary to

achieve optimal signal in these measuremeinsTable llis a summary of the key properties of each

emitter. The full optical spectroscopy methodology is describechapter 3.3, including

determination of absorption coefficients from a transmission spectrum. Quantum yields are

measured as described in chapter 3.1.

Dye M ma(MTem?) 1<) <ws(MM)  <em(MmM) p M) ov(20.02)
ADSO67RE| 711.87 5058 5.26E+05 349 610 261 0.11
C102 255.32 25641 1.42E+06 381 430 49 0.46
DCJTB 453.63 75021 1.13E+07, 506 598 92 0.44
DCM 303.37 32766 4.14E+06 462 548 86 0.31
DCM2 355.44 44351 6.43E+0§ 503 583 80 0.44
DANS 268.31 28371 3.31E+06 434 574 140 0.33
PO 710.873 61479 4.63E+06 491 537 46 0.68
PR 963.956 58646 6.00E+06 574 612 38 0.60
Perylene 252.32 31900 1.47E+06 437 443 6 0.86
Ph660 290.32 34426 3.77E+06 516 594 78 0.15
Pyridine 1 378.85 40265 6.40E+06 479 619 140 0.13
Pyridine 2 526 60790 9.13E+06 501 619 118 0.20
R6G 479.02 91392 5.17E+06 536 558 22 0.76
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Table 1I: Small molecular organic fluorophore properties at Cgye = 0.1 Wt% in PMMA.
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Figure 2.4.5: The chemical structure and spectra for blue emitting laser dye Coumarin 102 (C102); 2,3,6,7-
Tetrahydro-9-methyl-1H,5H-quinolizino(9,1-gh)coumarin.
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Figure 2.4.6: The chemical structure and spectra for blue-green emitting perylene
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Figure 2.4.7: The chemical structure and spectra for perylene red (PR), also known as Lumogen F Red 305.
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Figure 2.4.8: The chemical structure and spectra for perylene orange (PO), also known as Lumogen F Orange
240.
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Figure 2.4.9: The chemical structure and spectra for yellow-orange laser dye DCM; 4-(Dicyanomethylene)-2-

methyl-6-(4-dimethylaminostyryl)-4H-pyran
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Figure 2.4.10: The chemical structure and spectra for red emitting laser dye DCM2; [2-methyl-6-[2-[(2,3,6,7-
tetrahydro-1H,5H-benzolijlquinolizin-9-yl)ethenyl]-4H-pyran-4-ylidene]propanedinitrile.
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Figure 2.4.11: The chemical structure and spectra of red emitting laser dye DCJTB; 4-(Dicyanomethylene)-2-tert-

butyl-6-(1,1,7,7-tetramethyljulolidin-4-yl-vinyl)-4H-pyran.
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Figure 2.4.12: The chemical structure and spectra of red emitting fluorophore DANS; 4-Dimethylamino-4'-
nitrostilbene.
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Figure 2.4.13: The chemical structure and spectra of red emitting fluorophore Phenoxazine 660 (Ph660); 9-
(Dimethylamino)-5H-benzo[a]phenoxazin-5-one.
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Figure 2.4.14: The chemical structure and spectra of laser dye salt Rhodamine 6G (R6G).
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Figure 2.4.15: The chemical structure and spectra of heavy metal complex ADS067RE; Iridium (Ill) bis(2-(2'-
benzo-thienyl)pyridinatoN,C*)(acetyl-acetonate).
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Figure 2.4.16: The chemical structure and spectra of deep red emitting laser dye salt Pyridine 1; [2-[4-[4-
(dimethylamino)phenyl]-1,3-butadienyl]-1-ethylpyridinium monoperchlorate.
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Figure 2.4.17: The chemical structure and spectra of deep red laser dye salt Pyridine 2; 4-[4-[4-
(dimethylamino)phenyl]-1,3-butadienyl]-1-ethyl-pyridinium perchlorate.
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2.4.2 Light Emitting Polymers (LEP)

Threelight emitting polymers have been looked at in this work for different purposes. These
polymers are blue emittingoly(9,9dioctylfluorene) (F8)green emitting poly(9;@ioctylfluorene-
alt-benzothiadiazole)R8T) and redemitting poly[{9,9-dihexy}2,7-bis(1-cyanovinylene)
fluorenylene}alt-co{2,50 A a odiplebyfaminojl,4-phenylene}(ADS111REFS8 is used in chapter
4 as part of the Gauge R & R study on aliealteasurement of quantum yield

F8BT and ADS111RE were both considered for LEP bdage hiSC devices where the coating is an
LEP layer, possibly doped with some small molecular fluoropfitkeeLEP could act as an energy
transfer host, such as the F8BT:DCJTB system for efficient OLEDs mentioned in séiidn that
research F8BT wagen to stabilise the DCJTB excited state and thus enhance fluorescence
efficiency. In other research F8BT optical properties are oreasgiving a refractive index the

order ofn = 1.6 across the visible spectrifff. Forsucha bilayer device a siuable core material

with higher refractive index would be needeslich as flint glass which has 1.62, but this would

add to a LSCs expense Figs. 2.44, 2.4.19 and 2.4.28re normalised absorption and emission
spectra for F8, F8BT and ADS11 t&fpectively, with their chemical structures
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Figure 2.4.18: Normalised absorption and emission spectra for F8; poly(9,9-dioctylfluorene)
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Figure 2.4.19: Normalised absorption and emission spectra for F8BT; poly(9,9-dioctylfluorene- alt-
benzothiadiazole)
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Figure 2.4.20: Normalised absorption and emission spectra for ADS111RE; Poly[{9,9-dihexyl-2,7-bis(1-
cyanovinylene)fluorenylene}-alt-co-{2,5-b i s (-tNphéhyiamino)-1,4-phenylene}]

The spectrapropertiesand quantum yield forltese LEPs are summarised in Tahl&glcan be seen
guantum yietls are too low for use inlaSC, althoughigh stokesshifts and small overlaps are
offered by F8BT and ADS111R&F8BT, blends have been shown to achievg= 0.7 for x = 0.95
due to dipoledipole coupling from F8 to F8E¥. Such methods using blends of LEPs could in

principle allow wide spectral coverage and efficient emission in the red.

Dye <abs(NM)  <em(nM)  n <nm) " v (x0.02)

F8 394 417 23 0.45
F8BT 462 523 61 0.43
ADS111R 408 648 240 0.11

Table IlI: Light emitting polymer properties.
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2.4 .3 Matrix/Host Materials

A number of polymeric host materials have been explored in this thesis though, as with literature,
the dominant host material hasslen poy(methyl methacrylate) (PMMA). This hostshsuitable and
well understood optical properties, and ease of processibititstking itan obvious choice for LSC
structures. Historically in LSC literature PMMA was the first host matrix material ccetsigied to

date essentially all of the recotdSGower conversion efficiencies have bemadeby devicesising

this material.

As has been seen throughout sections 2.2 and 2.3 the properties of the host material must meet a
range of criteria to minimise &ses and maximise the opticancentration.A high refractive index,
towardsn, = 2, is ideal to maximise the amount of light trapped inside the device after reflection loss
and ECL. Availabpmlymerhost materials exhibit indices in the range8 <n, <1.6 so there is room

for improvement from polymer scienc®olystyrene (PS) is the highest shown here with n = 1.596
Specialist glasses can achieve higher refractive inligsr examplefint glass had.5 <n< 2
Additionally glass is robust thgh it may add extra mass to a LSC device. Solar grade glass has

n = 1.47 according to one sour& but with different fabrications methods will undoubtedly vary. It

is typically manufactured begither cast or floatcosts irthe region of £24m? and £64m?,

depending on the fabrication rout&”, and is a significant percentage of the cost of a PV panel
However, this is of a similar order of cost to that of LSC structures fabricated with polymer host

materials, as is shown for PMMA in chap8.

The host material must provide a suitable environment for guest fluorophores. This must be inert, so
that the host does not act as a fluorescence quenching agent, and also offer low attenuation across
the visible spectrum. PMMA offers some of thesbperformance in this area withn absorption
coefficientof h, =3.4x10* cm™ at 550 nm®. This differs somewhdtom polymer to polymer, for
example polycarbonate (PC) shatlis greatest attenuation here at around @m™ at 550 nm®d.

A relatively new host material in LSC literature is poly(lactic acid) (PLA) which reportedly shows
similar attenuation to PMMA (measured by transmittance) and an oligothiophene fluorophore
exhibited greater quantum yield in PLA than PMKTAPLA also offersranewable,ecofriendly

alternative to petrochemical plastics.

A range of polymers for optical applicans are summarised in Tablewith quantum yields

measured fothe fluorophoreDCMat Gy = 0.1 Wt%

44



Chapter 2: Theory, Background and Materials

Polymer n "o wap  Nh(CM?) ' oy 0.02(DCM)
PMMA 1.494 | 0.714 | 3.4x10* 0.31
PC 1.589 | 0.737 10° 0.32
PS 1.596 | 0.738 | 4x10* 0.16
PLA 1.450 | 0.700 | 3.5x10* 0.31
PVDFHFP | 1.407 | 0.683 - 0.40
Topas 513 | 1.533 | 0.724 | 4x0* 0.14
Zeonex 480R 1.525 | 0.722 | 3x10* 0.10

Table 1V: Data for several hosts; the refractive index, n, the product of reflection and trapping efficiencies, dnrap,
the absorption coefficient, U, at 550 nm and the fluorescent quantum yield, dqy, for DCM at Caye = 0.1 Wi%.

2.5 Solar Cellsor LSMevices

A basic understanding of photovoltaic devices is requisite for this thesis, specifically to be used in
chapter 8 where spectral methods are used to determined LSC power output. No LSC devices with
solar cells attached were tested under AM1.5 bgithV characteristics, so discussion of such theory
is not included Here the power conversion properties of solarsalle introduced in terms of

spectral considerationg.he power conversion characteristics of a solar cell are characterised in two

ways power conversion efficiency of the solar celicg and the external quantum efficienCygoé<).

The power conversion efficienCyscg is generally measured under the AM1.5 solar irradiance
spectrumand is given by the ratio of power in to power olihepower out is unknown but the
power in comes from the solar irradian@®,{<), for direct irradiancen to a cell of aredy,,. Thus

' pcemay be written as in Eq. (2.5.1);

Anaris used deliberately since this is theea of solar cell used around&C according to the
definition used hereas in Eq. (2.3.1Jable V showthe ' pcfor a selection of the latest in solar cell
technologieghat may be applicable LSC devicHsesedevicesare a multicrystalline silicofmc:Si)
device by @ells®, acrystalline silicon (c:Silevice by Panasoni@!, a copperindium-gallium
selenide(CIGSilevice by NRE[*, anorganic semiconductadevice by MitsubisHi®” anda gallium
arsenide (GaAsjevice by Altd”. A row is included for a simple scaling of 0.6 to represent the

power conversion efficiency of the cells in a modular configuration.
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mc:Si CIGS Organic c:Si GaAs
0.195 | 0.233 0.10 ‘ 0.256 | 0.283

PCE

0.6 pce 0.117 0.140 0.06 0.154 0.170

Table V: dpce values for a range of solar cells; multicrystalline silicon (mc:Si), copper-indium-gallium-selenide
(CIGS), organic semiconductor, crystalline silicon (c:Si) and gallium arsenide (GaAs). The scaled values
assumed for modular cell configurations are shown in the row for 0.6dpce.

For a LSC the solar irradiance spectrum in Eq. (2.5.1) is replaced with the LSC output irradiance,
Ss€9), arriving at the mounted solar celBecause rcedepends on the light intensity incident on

the solar cell it is difficult to relate literature measurements of solar cells to their performance as
part of a LSQdeally one would measurescgfor each cellwith a range of different optical
concentrations,Gp, SO that the efficiencyconcentration dependence could be determined. Such
work has been done for particular solar cells under different intensities of the solar spedtom
instance characterisations of Ga/A%and cSi' cellsshow similar behaviour, with an increase in
efficiency with increased light concentratiofihis continues untd threshold is reached where
overheating and current saturation issues ariggically in the hundreds of suns. In Fig. 2.5.1 a plot

of efficiency dependence on concentration is reproduced here to illustrate this ¥8int
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Figure 2.5.1"2 Power conversion efficiency, in this paper denoteas a function of the intensity of

incident light in units of the AM1.5 solar intensity.

Figure 2.5.dmplies that below one sun therie a sharp continuing decrease in efficiency. For low
light intensities the efficiency decrease is due to a change in the balance of resistances in the solar
cell, with an increasing proportion being lost to the shuntsesicel’?. However, a typical LSC will
operate in the 1 to 10 sun regime and so theggof this GaAs ceih an LSC deviaeould be

expected tosomewhere betweer20.6% to 23.5%.

Thespectral respase of the cell characterised liye external quantum efficiency spectrumsoé<).
This is equivalent to the spectral responsiyyW), but without units, and is a measure of the
fraction of charge carriersollected at the electrodéeterfaceas a function of wavelengtiin Fig.

2.5.2are the' gof<) spectraof the solar cells in TabM digitised from graphical dat& ™.
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Figure 2.5.2: EQE spectra for the solar cells detailed in Table V.

The' gof<) spectrum takes into account recombination, reflection and transmission losses but it
does not describe the charge extraction process at the electrode, where loss occurs due to the
energy barier. For the spectral modelling in chapter 8 want to know the power conversion
efficiency as a function of wavelength anddeterminethis the charge extraction efficiencya(<),
must be determined. Since the spectral responsivity and averaggdre known for the AM1.5
irradiance spectrum it is possible to determing(<) by spectral methods. The power conversion
efficiency is the ratio of power out to power in, as stated already, but the power out can now be
written in terms of the input irradiace,S,{(<), the losses in charge collection to the interface,

' e0é<), and our unknown charge extraction efficiency(<) is thus given by Eq. (2.5.2);

Now the power ouin Eg. (2.5.1¢an be rewritten as a product of the cell area, input irradiance,
"0 and' (). From Eq. (2.5.2) it can be realised that the power conversion efficiency spectrum,

' pck<), isthe product of god<) and' (<), asin Eq. (2.5.3);

= Y

From the' god<) data presented in Fig. 25 the known averagépcgvalues scaletly 0.6 for module
configurations presenteth TableV and the solar irradiance spectrum at AMltfe ' pc£<) spectra

for AM1.5 irradiancénave been dtermined as shown in Fig. 2.5.3
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Figure 2.5.3: PCE spectra for the solar cells detailed in Table V calculated using the scaled average dpce with
Eqg. (2.5.3).

Note that separating thépcdnto a wavelength dependent function is of an unphysical Hastause
it is given by the maximum power poian a solar cell's IV curve Works because the spectral
methodsdefined here are essentially a normalisation relativehte AM1.5 irradiance spectrurithe
integral of the prodat of power conversion spectia 2.5.3and the AML1.5 irradiance spectryms a
ratio of the integral of the input irradiangegives the scald' rcgvalues in Table V, as required by

definition.

The power generated by a solar c&Y,, can now be written as the product of the PV arda,, and

the integral of the product of pcf<) andS,{<), as in Eq. (2.5.4);

It must be highlighted that the light intensity falling on the cell will vary between different LSC

designs and any model must be able to take account of this fact in light of Fig. 2.5.1. Because such in
depth data is not available for the solar cells studied here an estimation of efficiency versus
concentration for the cells is built from literatufé " In particular J. F. Randall and J. Jacot

(2002¥" show that the form of the dependence is roughhetsame for eight different solar cells,

but the peak efficiency varies with respect to concentratiBhoosing an optical concentratioD,

range between 0.01 and 100 suns using the data for GdAand c:Sf*"*'we get astraight curve in

log space, similar to Fig. 2.5.1. From this a power correction fabtaran be defined as the ratio of

" pceas a function oG, to the ' pceunder one sun at AM1.5, thuisis equal tounity when G =1

sun as shown in Fig. 2.5.4. Then Eg. (2.5.4) becomes
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Figure 2.5.4: The power correction factor, b, as a function of optical concentration, Cop. The function is unity at
one sun, where the solar cells studied here have available data for.

The power correction factor works well whéme solar cell in question follows the curve in Fig. 2.5.4
and there is a high confidence in this for both the c:Si and GaAs solar cells. The otliefTeddls V
may differ from this with the unagainty growing with departure from unity, i.e. the original known

" pcé<) spectrum under AM1.5, as defined above.

2.6 State of the Art LSC Devices

LSC devices have not developed especially fast sind8ts,in fact there is a significant

reduction in the number of papers on LSC devices in the 1990's with reseekoigpup again in the
2000's. This is largely thanks to the development of new materials, particularly in rare earth
materials and quantum dots but also owing to the Lumogeresesf organic fluorophores

developed by BASF. A review covering the effigi@mtvancements in LSC devices came out in
2012'® which showsgrrowthin power conversion efficiency from.5% back in 1984 using CdSe/CdS
quantum dos'® to 7.1% ir2008 usingwo organic fluorophore&®. An organic fluorophore based,
single layersquareplanar LSC is therefore the current statethe-art though this will certainly be

improved upon in coming years of research.

In terms of structures explored in working devices the vast majority are squlanar geometries
using one or more fluogghores in a single plate. A fesgquareplanartandem structures have been
seen, most notably a 6.7% double layer tandem LSC dasiiog organic fluorophores, which was
exhibited in literature in 20087, although this was very small at 2x2x0.3 and schad minimised
seltabsorption More complex structures, including photonicriuipass filters to increaghe
trapping efficiency, cylindrical geometries;layer structures and rarearth materials, have not

been reported in complete LSC devices with nueed power conversion efficiencies.
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A pick of some of the best LSC devices through their short history, with their configurations and
components, is exhibited in Table VI. As can be seen in Table VI the best devices from the 1980's
were of a larger sizeompared to those of the 2000's, for which the latter must owe some of their
improved efficiency for. Furthermore the two best devices us€ Hemiconductor solar cells which,
based on the analysis in section 2.5, undoubtedly improve efficiency oveelisSiThe modern

devices really therefore stand as interesting demonstrations, but not as significant advancements. As
the authors of M. Debijet. al.(2012" state: the key issues to overcome are still inefficiencies in

the fluorophore and the lack adfitense collaborative effort between the disparate groups working

on the technology across the world. This is in contrast to the many photovoltaic technologies which

have received far greater attention and concerted effort.

Fluorophore LxLxW (cm) G Solar Cell (# sides) ' sd%) Year Reference
DCM 120x100x 0.4 | 68.18 c:Si (4) 1.3 1981 [40]
Coumarin, Rhodamineg 140 x 140 x 3 11.67 c:Si(4) 3.2 1984 [12]
CdSe/CdS QDs 140 x 140x 3 | 11.67 GaAs (4) 4.5 1984 [12]
CRS040, PR 5x5x0.5 2.5 GaAs (4) 7.1 | 2008 [29]
BA241,BA86 2LSCsat2x2x0]| 1.67 GalnP (4) 6.7 2009 [25]
Perylene perinone, PR 2LSCsat5x5x0| 2.5 c:Si(2) 42 2012 [76]

Table VI: A pick of the best LSC devices through the technology's history is shown here. The last two entries are
two layer tandem LSC devices and the last entry has two mirrored edges and two edges with c:Si cells
connected.

Calculations to determine the cost of LSC devices to explore the economic value of the technology
can be found in several places with different approadffe®! In the most recent work Bend. al.
(2008) use a ratracing model to optimise the relative cost and relative power density between LSC
and standard PV devicegdptimisation is also performed on fluorophore concentration of the

organic dye, Yelle CRS04But PR is used extensively in the modE&lsr cost calculations the model
usesthe polymer platecost per unit areasa ratio to theconventional P\ostper unit areaas a key
parameter They show that when this quantity is 1/15 the LSC wousd 86% and would generate

21% of the power of conventional PV. By the time this ratio is 1/5 the LSC costs as much as the
conventional PV but only generates 22% of the power, at which point you would just use

conventional PV.
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Chapter 3

Experimental Methods

In this chapteexperimental methods and instrumentation are discussed for the experimental
chapters of the rest of this thesis. Some methods are not included here, such as the Gauge R&R
study designn chapter 4 or the screening design of experiment in chapter 6. Instead they are
discussed in the relevant chapter where they aid explanation of the associated work and since such
methods are not used in other chapters it made sense to contain themssitded. Experimental
methods here include absolute measurement of quantum yield in 3.1, determining relative
permittivity by impedance spectroscojiy 3.2,absorptionandfluorescence spectroscopy in 3.3,

spray coang deposition using the Prism Ul€od 300in 3.4 and measurement of fluorescent

lifetime in 3.5.

3.1 Absolute Measurement of Photoluminescen€@uantum Yield

Absolute measurement of the photoluminescence quantum yield, of a luminescent material is
typically performed using an integraticphere (a.k.a. Ulbricht sphere) that is opticatiypnected by
a fibre-optic to a photospectrometel* . The measurement methodology applied here has been
closely modelled on that of Johnsen al.in 2007™". There are several other approaches meti

by various groups including de Me#a al.'®!, whose method is similar to that applied here, and

Greenhanet. al.”.

An illustration of the measurement process is shown in Fig 3.1.1. The laser excitation source light is
guided into the integratin sphere for the experiment. The walls of the sphere are made from a
Lambertian reflector, in this case barium sulphate, which obey the Lambertian cosine law of
reflectance. Employing such materials enables light from the laser or sample to be scattered

diffusely around the sphere and thus directional information is lost.

The first measurement, a) in Fig. 3.1.1, is taken with just the excitation light whose intensity in the
sphere I o is recorded. Then, in bB3mall sample of the material, in solution in the solid state, is
loaded into the sphere, excited usittge laser and the resultarfftuorescenceemission and
remaininglaserlight are recorded. Théqgyis then given by the total number of counts emittied

the fluorophore |5, divided by the toal counts absorbedys=1.0- I 1as in Eq. (3.1.1).
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G G
Wherel, cis total number of incident laser counts ahdis the number of laser counts after sample
absorption.
a) Fibre b) c) d)
Optic i i i
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! 7 ! !
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Figure 3.1.1: A schematic of the measurement process. In a) the laser spectrum is measured alone, in b) the
combined sample emission and remaining laser light spectrum is measured, in c) a calibration for the
measurement run is performed and in d) the sample spectrum is taken again from the excitation aperture for the
self-absorption correction.

Due to various sources of uncertainty in the measurement there is a typically large relative random
error of £2% and potentially some systematic uncertainty. These sources of erradénclu

determining the sensitivity of the instruments using a calibration light source, determining and
applying a correction for setfbsorption, samplg¢o-sample variance and variance in the laser

intensity.

Determining the norselfabsorption corrected oy requires three measurements; a laser spectrum,
(<) as in Fig. 3.1.1 a), a sample spectrum withaming laseexcitationlight, §<) as in Fig. 3.1.1 b),
and a calibration spectrungy<) as inFig. 3.1.1 cNote that the sample is angled such that lexfted
excitation light does not escape via the excitation aperture. In this study the calibration source is an
Ocean Optics EECAL, radiometrically characterised, tungsten halogen $ightce with radiometric
spectrumR(<) [uWem’nm™]. The sensitivityunction, Qz.s{<), which describes the resultant
wavelength dependence of the whole measurement system, is found Eqn{3.1.2);

%o _ o= OBE

Y_

The sensitivity function has arbitrary units and for any given appawilube different to some
degree depending on the integration sphere, fibre optic losses, spectroroptesand photce
detection systema CCD in this caséis important to determine the sensitivity for each
measurement run as slight changes in theteyn, such as the fibre optpositionat the detection

aperture will result in changes in treensitivity function.
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Note that the incident laser intensity, o, is determined from the laser spectryig<), in isolation

from the sample measuremeng<). This means that the absolute valuelgfat the time of sample
measurement cannot be known. Instead many measurementgphire taken either side of each
S<) measurement and an averadigistherefore found from that set of spectra. This introduces

uncertainty into Eq. (3.1.1) as discussed in detail during Chapter 4.

Next a seabsorption correction is found for eadoncentration of eacimaterial Fig. 3.1.1 d). This
is defined by the ratio of theormalised spectra of the sample outside the sphere at the excitation
aperture,O,m(<), and that inside the spher&,,m(<). The normalisation must be at a wavelength,
preferably on a spectral feature, at which little or no s#dsorption is possibleThis ensures the
normalisation is relatively of the same scale in both ca¥be seHabsorption correctionz(<), is
then given by Eq. (3.1.3);

5

%o _ ,,Y—_ 0@8)-

The result of the integral of Eq. (3.1.3) over all wavelengths will be greater than or equal to unity,
with increased divegence from unity resulting from increased selfsorption. Note for

measurement of,,m(<), outside the sphere, a higher laser power was necessary to achieve a
measureable signal and so a grazing incidence was adopted directing the laser light ataf angl
70°to the aperture normal. This allows a higher laser power of up to 30mW without potentially
damaging satration of the CCD detector. All thusly measusaghples were found to be stable at

this power with no signs of photbleaching effects.

Applying the sensitivity function to bot&<) and L(<) results in corrected functions (€ and[ (8
respectively. Then the integrated laser intensity in each @ and[ (8 is found, givind,_ ;andl_o
respectively. The self absorption correction is then appliefl @ by first subtractiig the excitation,
and then multiplying by2z(<). The integral of this product gives the total number of counts emitted,

Is as in Eq. (3.1.4) below:

0 Y_ % _Q_ o®8

In practicegscanbe integrated separately and then multiplied by, from Eq. (3.1.1), to apply the

correction
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3.2 Determining Relative Permittivity witHmpedance Spectroscopy

To measure the relative permittivity of composite thin filthe method used here i® take an

impedance spectrum of the material sandwiched between two electro8amplesre prepared by
spin-coating the composite thin film onto preatterned ITO substrates, as shown in Figure 3.2.1 a),
and then depositing 100 nm of silver on top by thermagoration. As the diagram shows the
substrate design allows for six measurements per sample which is statistically useful. An impedance

analyser, in this case tf#olartron 150 Gain Phase Analyser, is then connected to the electrodes for

measurement.
a) b)
s, g : 5 | I
L e, |
i 1i] [i4i— c
H H 1
I 2 I I D — O— O
[ = -

Figure 3.2.1: In a) is a pre-patterned ITO-on-soda lime glass substrate schematic with the ITO shown in yellow.
The dashed lines indicate where the shadow mask from the thermal evaporation allows Ag deposition.
Connection is made via the edge contact of one of the six device elements, shown by numbers, and the top ITO
strip. In b) the equivalent circuit model used is shown consisting of a capacitor, C1, and a resistor, R, in parallel.

Impedance analyslid offers a means to probe the internal electricabchcteristics of an electrolyte,

be that solid or liquidln this case the solid being tested is a dielectric material and hence
conductivity is negligible, which in turn means interfacial interactions will be minimised. Such
interactions, amongst othersyould introduce interfacial effects into the results and it takes careful
interpretation to determine the physicality of the data. The most common approach used is indirect
because the frequency response of the electradaterial system under test is modiedl by what is
known as an Equivalent Circuit (EC). Such ECs vary in complexity and are usually a combination of
resistors, capacitors and inductors chosen to accurately represent the system. In the case of the
electrodedielectric material systems of thikesis the most basic parallel RC circuit is chosen for the
EC, as depicted in Fig. 3.2.1@)is the geometric capacitance aRithe bulkresistance which will

be very large for a dielectric material.

For this analysis it @nlyimportant to see hav the capacitance varies with frequency, as shown i

the loglog plot of Fig. 3.2.Z'he impedance analyser measures the complex impedance, both real
and imaginary componentghich are the resistan¢®(. ), andreactance X(. ), respectively. From
these canponents of impedance the capacitance as a function of frequency for a parallel RC circuit

G- ) can be found, as in Eq. (3.2.1);
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The capacitance should be constant forfediquenciedor a perfect capacitor with no
inhomogeneities across the dielectric mediwhat is observed is that capacitance varies strongly
at low frequency buforms a rouglplateau betweerf = 100 kHz antl=1 MHz before decreasing at
the highest frequencies. At low frequencies any slow oscillating components of capacitance become
observable in the frequency response. The nature of these is likely to be inhomogeneous, distributed
elements in the plane perpendlilar to the electrode surfacewhich are distinct from the bulk
capacitance of the devid®. Such elements cannot be accounted for by the basic EC chosen as the
model. At high frequencies, beyofid 1 MHz, the capacitance drops markedly which isylidae to
extrinsic inductance effects from the measurement system and not the test materialitself
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Figure 3.2.2: Logio of capacitance plotted against logio of the AC frequency for PMMA between ITO and Ag
electrodes. Geometric capacitance, Ci, is determined from the plateau region between f = 10° Hz and 10° Hz
from which the relative permittivity can be calculated.
The relative prmittivity is then foundusing the standard parallel plate capacitor equation given in

Eq. 3.23:

okd

WhereC=G is found fom the plateau region of Fig. 3.2:2 = 8.854 x 1% Fri'is the vacuum
permittivity, A= (4.50 £ 0.05)x 10° m?is the device area depicted in F&R.1a)andd = 530+ 30nm

is the distance between the electrodés the sample exhibited here. These values with
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G =(2.13£0.06) x10™F for 10 kHz k<1 MHz gives a relative permittivity &f= 283+ 0.06,
which is in line with known values for PMMA On average across aik slevice elements for pure
PMMA we find¢, = 2.68. This methodology is used in Chapter 5 when exploring the effects of

solvation on LSC device efficiency.

3.3 Absorptionand Fluorescenc&pectroscopy

Optical spectroscopy is used extensively throughabig thesis forming a core component of the
analysis of the fluorescent materials studied. The vast majority of spectral data were taken using the

Fluoromax4 from Horiba, a schematic of which is shown in Fig. 3.3.1.

Figure 3.3.1: A schematic representation of the optical layout for the Fluoromax-4 with the following labelled
components; (1) is the xenon arc lamp excitation source and housing, (2) is a quartz window for heat dissipation
followed by an adjustable slit, (3) is the excitation monochromator assembly, (4) is the excitation monochromator

diffraction grating, (5) is an adjustable slit, (6) is a beam splitter, (7) is the reference photodiode detector and

current acquisition module, (8) is the adjustable angle sample stage and housing, (9) is the transmission
photodiode detector, (10) is an adjustable slit, (11) is the emission monochromator assembly, (12) is the emission
monochromator diffraction grating, (13) is an adjustable slit and (14) is the emission photomultiplier tube detector.

Samples arprepared such that the optical density lies between 0.25 and 0.5 with variance
depending on the fluorophore being measured. For solutions this is achieved for dye concentrations
of aroundCy,= 0.05 gfin 1 mm thick cuvettes. For solid samples, prepdngdpin coating onto
sodalime glass substrates, this is achieved for film thicknesses of around 500 nm for dyes doped
into polymer hosts a€Gy. = 0.1 wt%. In some cases, such as for the triplet emitter ADS067RE, higher
concentrations were necessary dtelower absorption coefficients (for transmission spectra)

and/or low quantum yield (for emission spectra). Due to concentration quenching, particularly in the
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solid state, increasing concentration may not improve the signal in emission spectra anleso eit
thicker samples or adjustment of the monochromator slit widths (see Fig. 3.3.1) is the best
approach. In general alteration of the doping concentration is avoided for the above reason and
because selfolvation effects can result in emission spectruhiits as a function of concentration

for fluorophores whose dipole moment changes upon excitation.

Absorption spectroscopy utilises the transmission detector, (9) in Fig. 3.3.1, witlatige
positioned normal to the path of thexcitationsource Transnission spectrdor both the blank
substrate,To(<), and thesample Ty(<), are taken so that subtraction of the substrate absorption
contribution can be performed. Thesee firstcorrected by division by the reference spectrum, (7)
in Fig. 4.3.1, to remove the xenon lamp spectrum from the measuredimeasion The traasmission
and reference spectrare measured i?A and therefore division also normalises the un8t

widths equivalent of a 1 nm bandpass (0.235 mm slit width) are used for the excitation
monochromator ((3) in Fig. 3.3.1). The absmmptspectrum of the test fluorophor&{<), is then
found by Eq. (3.3.1):

The units are intensity relative to the excitation source &d<) is generally normalised by its
maximum value to avoidmbiguity.The act of using a blank substrate introduces a systematic error
due to differences in reflectivity at the interfaces. Essentially there are two reflections for a blank
substrate and one for an optically dense sample. Using the Fresnel equgtien by Egs. (2.2.2)

and (2.2.3), witn, = 1.52 for a typical crown glaés(such as borosilicate glass), this gives an error
on the absorption of 4.3% which needs to be correctédt doing so can result in negative

absorption.

From the transmissiordatait is alsopossible to determine the absorption and extinction coefficients
for a given fluorophore using the Bekambert law as defined by Eqg. (2.2.5). The transmission
spectrum as a result purely of the absorption due to the fluorophore is giyehedratio Ty(<)/ To(<)
which is equivalent to the intensity rati¢<)/lo(<) and hence the extinction coefficient can be shown

to be;

Where Gy is the molar dye concentration antk>is the mean fm thickness measured by

profilometry.
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Lastly the emission spectrum is measured by a PMT, (14) in Fig. 3.3.1, using 1 nm bandpass in most
cases and 2 nm (0.471 slit width) for low signal samples. The sample is anglédettB@ to the

normal of the ncident excitation light to maximise the signal passing into the emission
monochromator, (11) in Fig. 3.3.1, and to minimise-abBorptioneffects on the spectrum. 45s

not used to avoidpecular reflection of excitation ligiptassing into the emissiamonochromator

Division by the reference spectrum allows any rogue excitation light in the monochromator to be
corrected forbut it is usually just negligible noisethe reference detectarlt is important to note

that absolute emission intensity cannbbé determined from this measurement system.

3.4 Spray Coating

Spray coating deposition is performed using the Prism i@tyat 300 spray coater made by

Ultrasonic Systems, ghotographof which is shown in Fig. 3.4.1.

The Prism 300 is comprised of a sglathamber filled with air that is cycled through a HPLC filter for
solvent extraction. The spray head assembly is mounted epragantry assembly allowing

movement in three dimensions. For spraying onto microscope slide substrates the x and z axes are
fixed for each spray with motion in theaxis aligned across the long axis of the substrate. The z
position, or height, is varied for different samples as discussed in chapter 6 on spray coater
parameter screening. The sample is placed upon a copper, pl&ieh is itself upon a hot plate to

allow variable substrate temperature and thus solvent evaporation rate. The copper plate is
essential for distributing the heat but also to raise the substrate off the hotplate surface. It is cut to
the exact dimensios of length and width as the substrate which has proven important to prevent
‘underflow'. Underflow occurs when, because of the quantity of solution sprayed, excess solution is
drawn underneath the substrate by capillary action. Apart from making a meke ahderside of

the sample this effect also draws solution from the surface and therefore creates undesirable edge

effects. The arrangement described does not therefore allow for two sided depositions.

The spray heads are comprised of injection syririgasare connected to a nitrogen gas manifold

whose flow rate is controlled via needle valves and reported via dial gauges in units of mbar. Thus
the injection pressure behind the deposition solution can be varied according to requirements. The
injection gystem drives the solution through feed lines, into the spray head being used and onto an
ultrasonic tip which atomises the jet of solution into a spray. Samples made using this system only

required the use of a single spray head.
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Figure 3.4.1: Annotated photograph of the Prism 300 spray coater showing the x-y-z gantry assembly, spray
head assembly, hotplate and a finished sample on a copper plate. The upright syringes at centre contain only
isopropanol here as no depositions are being performed. Syringe A, at the image's centre, is used here passing
deposition material via the clear white feed line, through an electronically controlled valve and down to the
ultrasonic tip of the spray head.

3.5Time Correlatedsingle Photon Counting (TCSPC)

A useful optial propertyto measure fofluorescent materials is the fluorescence lifetimgwhich is
typically measured using Time Correlated Single Photon Counting (FE$RR®een in Eq. (2.4.1)

this measured lifetime can be used in conjunction with fluorescence quantum yield measurements,
described above in 3.1, to begin to understahé balance between radiative and noadiative

transitions. This lends these complimentary measurements towards appreciation and quantification
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of loss mechanisms affecting the fluorescence quantum yield of the fluorophore. The lifetime is

determined throwghthe intensity decay law, given by Eq. (3.5.1).
™ 0QC odP

Wherel(t) is intensity as a function of time, |y is the peak intensity andis the decay lifetime. By
measuring the intensity as a function of tirafter excitation, using TCSRD, exponential fit of the

form of Eq. (3.5.1yan thereforeallow _ to be determined from the exponent.

The TCSPC apparatus for this thesis utilises 400 nm pulsed laser light as an excitation source, a lens
based monochromator, a photodiode detector and 40 nm bandpass filters betvaaepls and

detector to select the fluorophore emission wavelengthke 400nm source is a 532nm3\¥VQ

pumped Ti:Sapphire laser operating at 2mwW of ML &®@0ight, which is subsequently frequency
doubled to 400nm with an LBO crystal. This is the \Wftld/Mira 900 combination from Coherent

with a Second Harmonic Generator from AdPE provides a repetition rate of 76 Mhidth a pulse

width of 190 ps

As with many systems, because of the high repetition rate of the pulsed laser, this set up operates in
reverse mode with the emission pulse being used to start the electronic timer (the trigger pulse) and
the excitation pulse being used to stop it (the stop pulse). Trigger and stop pulses are recorded by
connection of the photodetector and Ti:Sapphire tighurce to a computer using an SPC card made

by Becker & Hickl GmbH (S&8D), which houses all of the timing and counting electronics. Through
the SPC software experimental runs are designed and the resulting intensity decay curves displayed.
The BNC wirs connecting the photodiode and Mira 900 are matched in length as closely as possible
and then the timing offset is tuned in the software to correctly align the arrival of the signals. The

experimental apparatus is shown in Fig. 3.5.1.

From the schematithe process TCSPC measurement works as follows; the WEddiumps the
Mira900 producing 800 nm light, which is mode locked and tuned using real time spectroscopy,
provided by the USB4000 from Ocean Optics, and a power meter. A flip mirror alters thgphtram
into the SHG for frequency doubling, once stable mimding is achieved, and then the 400nm light
is intensity tuned using a variable reflective ND filter wheel. This excitation light then strikes the
sample whose emission is collimated using lertbeough a 40 nm bandpass filter and then on into
the photodiode detector. Enclosures are used for the excitation/detection and SHG areas of the

apparatus to reduce stray light.
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Figure 3.5.1: A schematic diagram of the TCSPC setup with key at bottom left.

The pulse width is important as it defines the minimum lifetime it is possible to measure. This is
determined by sampling the laser light at the photodiode by replacing the sample wiffuse

reflector and removing the bandpass filter, giving thetinoment response function (IRF). The IRF is

shown in the intensitytime plot of Fig. 3.5.2.
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Figure 3.5.2: Instrument response function for this TCSPC set up showing the Gaussian fit (red line), which gives
FWHM =191 ps.

All samples for which lifetime as measured involved single fluorophores in solid host matrices
whose emission is dominated by a single transition. This meant no-exyitinential decays were

observed. The intensity decay curves are fitted using a LabVIEW based fitting routine wihich fits
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single exponential decay function to the data across an appropriate interval. The fitted function thus

provides the lifetime.

3.6 Spin Coating

The fabrication of thin films for spectroscopic study is typically done by spin coating using a Laurell
ws-400bz6npp/lite spin coater. Such tools are not suited to large area thin film coverage but offer
advantage in producing samples quickly and cheaply, relative to more sophisticated techniques such
as spray coating. Samples produced by this method are tipicsed in various optical

measurements such as quantum yield, fluorescence lifetarmdssion spectra and absorption
coefficients A disadvantage of spin coaters is that the film edges tend to be thicker than the middle
as surface tension draws materialtavards during fabricationTotal solution concentration strongly
affects the resultant thin film thickness, which must be optimised through profilometry (section 3.8)

on trial samples to get the desired thickness for a given concentration.

To spin coaa thin film a polymer, which may be a light emitting polymer (chapter 2.4.2) or a optical
host (chapter 2.4.3), is first dissolved in a suitable solvent in a sealed vial. If a optical host is used
then the host solution is blended with a small moleculaofbphore in the same solvent, or one
miscible with the other, to achieve the desired fluorophore concentratidext a small glass
substrate, 1.5 x 1 cm, is placed on the spin coater chuck over a source of vacuum. The substrate is
fixed by the vacuum and rubber ering is used to make a seal. Usually the spin coater is set running
at the required rpm and therhin films are depositeftom solutionby a micrepipette onto the

spinning substrate. However, high concentrations of host polymer (>150 g/l} nesudih viscosities
that require some spreading time prior to starting the spin coater, otherwise full coverage is not

achieved.

3.7 Profilometry

Profilometryis performed to measur¢hin film thickness and roughness throughout this thesag

a VeecdekTak 150, which is a contact profilomet8re device uses a mechanically controlled
stylus operated by softwarewhich is lowered onto the sample surface until it exerts between 0.03
and 50 mg of force; typically 30 mg is used. The sample is moantady stage which is tracked

when performing a scan sbat the sample surface moves under the tip of the stylus. Scan ranges of
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up to 10 mm & possible. A camera is used pwsitioning the startof the scan and to observe the

surface featuresf the ample

To measure thin film thickness a groove is cut through the thin film using a pair of tweezers, taking
care not to scratch the glass underneath, and a scan is made across this @o@tehing the glass

would artificially increase the film thickneso blunter tweezers are preferable for this operation.

From the resultant profile a clear step can be seen and the film thickness estimated to an accuracy of

+10 nm through several measurements per sample.

When measuring surface roughness carving aggan the thin film is not necessary and a long scan

is performed over the thin film surface. The profile scan is recorded to a computer for analysis
including levelling of the profile and performing a peak detector analysis. This is done exclusively and
explained in more detail in chapter 6. Long scan times are generally used to increase the accuracy of

the measurement.
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Chapter 4

Rigorous Measurement of Quantum Yield Using the Gauge R & R

Methodology

4.1 Introduction

This chapter explores sources of uncertainty in an integration sphere based measurement of
fluorescence quantum yield of solid state system;s(,[”. ForLSC deviceachieving a highgyof the
luminescent materials is of critical importance to theeralloptical efficiency, o, as per Eq. 2.2.15.
After the absorption of incident solar energy this is the next loss mechanism physicallyeapoa
LSC device. It is therefore important to be able to make accurate measuremenfsobrder to

make useful experimental studies of LSCs.

The assessment methodologmployed heraliscriminates between variance in the sample, day to
day variationand the measurement system. Measurement gfis complex and involves multiple
sources of uncertainty including wavelength sensitivity characterisation using a calibration light
source, sekabsorption corrections by spectral methods, sample variancdaseat intensity

variance. These sources of uncertainty pose significant chall¢ngeseedaddressing to improve

the absolute measurement technique usithg integration sphere. Howevgalternative methods of

' ovdetermination, which include the relagvmethod and the thermal lens technique, pose greater
challenges. The relative method relies on comparison of the subject fluorophore to a known
standard, such as R6G or quinine sulphate, which contains large uncertainty from achieving the
correct experimatal conditions for the standard and, particularly for solid state systems, in emission
anisotropy effects. The thermal lens technique is a purportedly more accurate absolute method but

has been seen to be fraught with technical difficulffés

Assessmerof the integration sphere method is performed using a statistical approach employed in
industry for reliable characterisation of measurement gauges in manufacturing. This approach is

used to set tolerances on production processes and gives insightiatedurces of variance in the
manufacturing industry. The method is known as Gauge R&R (GRR3. a DI dzZ3S¢ A& (KS
measurement devicevhich may be a ruler, micrometm@r, as in this case, a muttompment

system with many potential sources of error. The R&dRds for Repeatability and Reproducibility,

which relate to the measurement equipment and operative respectivigig. GRR method is
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demonstrated here to have value in characterising scientific instrumertssadescibed in detail
through thesection4.2. In 4.3 experimental methods are discussed providing additional details to
those given in chapter 3.1n section4.4 the results of the study are explored and discussed in

detail. Section 4.5 concludes on the findings of this study.

4.2 The Gauge R B Methodology

The GRR method presented here is based on D. Wheeler's formulation of the study#estijoh
corrects for mathematicahconsistencies in the standard Automotive Industry Action Group (AIAG)
formulation. This statistical method allowswsces of variance to be ascertained in three groupings;
Equipment Variation§\), Appraiser VariatiorAV) and Manufacturing VariatiomV). The three

sources of variation reflect the different aspects of the experiment and the production process. The
EVrelates to the measurement system, tid&/relates to the appraiser, or operative, and thg/,

also called product variation, relat¢o sample fabrication. In this stuthyere is only one operative

and so the appraiser variation is instead a-ttaygay varation. On each day the components of the

' oymeasurement system are removed and then reconnected and the laser is warmed up and tuned.
Suffice to say this variance no longer represents that oh¥from a traditional GRR but will instead
give indication of a variance associated with setting ng ealibrating the experiment. Since this is
essentially an equipment variation it is reasonable to expect it to be of roughly the same magnitude

as the actuakEV

The essential requirement a GRR study is to have a fully crossed data structure, sudulthat a
coverage of the permutations of variables is achieved. The variables hemecaa@d p which are

the number of repeat measurements per sample, number of days over which the study was
performed and the number of samples, respectivélge measured grameter is the quantum yield,

but the data structure of the GRR study is based on values the quantum yield takes for the variables
n, o andp. Thus by a fulkgrossed data structure what is meant is that all permutations, afandp

have an associateduantum yield measurement, which creates the basis of the GRR statistical

analysis.

This experiment is set for three measurements per sample over three days on five different samples
per material,and hencen = 3,0= 3 andp = 5. So there ark=o0p= 15subgroups, each of sire= 3.
The first step is to take the average range of the k subgroups of size =3, which each have a

range,R Then the Upper Range LiniRr, isdetermined using Eq. (4.2.1);
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WhereD, is thestatistical antibiasing constantequal to 3.267. It is important that none of the
rangesR are greater than th& g otherwise this is indicative of very large variance in the range and
the statistical analysis is greatly weakenBiéxt the variance componengy, AVandMV are
determined. TheEVor Repeatability variance, , is given by. (4.2.2);

Y

” 9 188

Whered, is a bias correction factor which depends on the size of the set, i.af&ando= 3,d, =
1.906 whilst fop = 5,d, = 2.477°. These bias correctiofactors which are actuallproportionality
factors, are used intatistics to estimate varianc&@hey come from assuming a normal distribution
for a quantity whose mean rangepsoportional tothe standard deviation othe quantity. Thus the
correctionfactoris a proportionality constant whose value depends on the size of the saaple

both the standard deviation and mean range do.

Next theAVvariance, which in this study is a d@yday variance, , is given by:
Y £ &
» o) — . 8

WhereR, is the range ob averages, which is the range between the daily averages dfghdhe
bias correction factod, is the same as in E@.2.2), i.e. 1.906. Note the dependence of the day
day variance, , onthe sample variancg, . Using Es} (4.2.2) and (4.2)3he total contribution to

the overall variance from the Repeatabilig\j and ReproducibilityA\) isthe sum of these two

variances:
. . . 188
The total variance includes thdV,, , which is determined in a similar manner,to as follows:
Y
" a 8D

Where R, is the range op averages, which is the range for each sample between the avegage

andd,for p=>5is 2.477. Finally the total variange,, is the sum of Egs. (4.2.4) and (4)2.5

"o . 8P
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The ratio of each variance to the total variange,, multiplied by 100 gives a convenient percentage

contribution for each to compare.

4.3 Experimental Methods

All integration sphere spedirfor this experimentvere measured using an ORIELINspec with a

50um slit, a grating blazed at 500nm and a resultant spectral range of 300 nm to 720 nm. This has an
ORIEL Instaspec CCD camera set to 0.05s exposures in reghtohis cooled to-40°C to educe

thermal noise. In Figuré.3.1raw data br the laser spectruml(<), sample spectrum for perylene,

9<), andthe sensitivity functionz.s{<), are shown, scaled appropriately for illustrative purposes.

One can see thatompared to Fig. 2.4.6he perylene spectrum has suffered strong sadorption

in the blue taildue to emission passing through the sample many times in the sphikie must be

corrected for by the methods described in chapter 3.1.
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Figure 4.3.1: Raw IS data showing the frequency doubled Ti:Sapphire laser spectrum, L(8), (solid/purple),
perylene sample spectrum, S(a), with remaining laser light, scaled by a factor of 5 (dashed/green) and the
sensitivity function, 2znse(8), scaled by a factor of 500 (dots/red).

For excitation of the samples two sources were chaseas tovalidate this statisticadnalysisusing

a second gaugallowsthe difference in variability due to each soutcebe observedThese sources

are a400nm node-locked (ML) laser and a 4051 GaN laser as their wavelengths intersect well

with the absaption spectrum of all fluoropbres to be studiedThe 400hm source is a 532nm
Nd*":YVQ pumped Ti:Sapphire laser operating at 2mW of ML @®dight, which is subsequently
frequency doubled to 400nm with an LBO crystal. This is the Verdi V10/Mira 900 combination from
Coherent with a &ond Harmonic Generator from APE. Mddeking is not essential for the

measurement but is useful in order to tune the excitation wavelength and provide a broad laser
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spectrum that is more distributed over the CCD detection array. This avoids CCD catanalti

provides greater dynamic range between the laser and sample emission integration as discussed
subsequently. While modcking generates a significantly higher instantaneous power than an
equivalent average power continuous wave (CW) laser, thedhaence lifetime of the materials

ranges between 200 ps (F8) to 5 ns (Perylene) and therefore the system behaves in a quasi
continuous way when pulse periods are around 12 ns as in the Ti:Sapphire cavity. We have ensured
that all our experimental systenmzehave linearly by measuring thegyat different excitation

densities. No change Inpyas a function of excitation density was observed but nevertheless
excitation power was kept as low as possible. Therffi3aser is a GaN diode laser which opesate

in CW mode, provides a steachV ofpower and has a larger spot size than the ML laser which

lowers energy density.

Five identical samples of each of three materials were fabricated and meastredding to the
Gauge R & R methodolaogglueemitting conjugated polymer poly(9@ioctylfluorene) (F8) s
provided by CDT, blugreen perylene dye was purchased fraigma Aldrich and reemitting
perylene derivativeperylene red PRwasprovided byBASFF8 was spin coated from a 2.5 g/l
solution intoluene at 500rpm in air and then dried omatplate at 50C for 5 minutes to remove all
the solvent. The resulting film thickness, measured on a Veeco DekTak8tasm. Perylene and
PRwere first dissolved itoluene at 2 g/l andhen blended with a solution ofgby(methyl
methacrylate) (PMMAIn toluene at 250 g/l in a 1:24 (dye:PMMA w/w) ratio giving a resultant dye
concentration of 0.5% by weight. This corresponds to 2.36%@nd 6.17x18 M for perylene and
PR respectively. Theerylene and PR samples are then prepared by spin coatinigi¢inels at
1500rpm in air and then dried on a hotplate5°Cfor 5 minutes. Resultant film thicknesses vary

between 4.5 and 5.5m.

These choices were madier this studybecause F8 provides a known standard with well exgalo
properties and because theerylenedyesare a promisingnaterialclassfor molecular dye based LSC
devices In apaper by A. J. Cadley. al.the ' oyof F8 was found to be 465 %,underdifferent
processing conditions to thosesedhere!™. Previously for perylene and PRgyvalues have been
foundranging between 8& 2 % and 632 % at cosentrations of 0.1 %wt and 16 (4.68x10° M
and4.73x10° M) for peryleneand' oybetween 68+ 2 % and46 +2 % at concentrations of 0.1 %wt
and 1.5 %t (1.22x10° M and 1.86x18 M) for PR These values fd?erylene are in contradiction to
that used by S. Leat. al.(2006)", which was oy= 94% at @oncentration of 0.1070 M. They do not
explain how this value was determined, however. Further, the values found heRRfmmtradict

those measured by Fennel and Lochbrungger 1) © who found' ov= 81 %at a concentration of
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5x10° M. Theorigin ofthe contrast between this study and the presented literature is unchesr

differing levels of molecular aggregation due to different sample processing could be important.

4.4 Results and Discussion

The results from the GRIRudy are summarised in Tabll. TheR g values vary significantly

between fluorophores and excitation sources with the GaN source exhibiting the lowest values
overall, as expected. This is indicative of the greater stability of the GaN laser resulting in a smaller
variance il gyfor the n= 3 measurements per sample. Note that due to sample degradation it was

not possible to run this study for F8 with the GaN laser. GR® study quantugield data for F8 is
shown in Fig. 4.4.1.

Equipment  Appraiser Total GRR  Manufacturing
A./A %] Q./A %] 4,440 J[%] a_/a %]

Material ~ Source Mean' ov[%] Rur[%

F8 | Ti:Sapph| 473 15.35 86.1 0.9 87.0 13

Perylene| Ti:Sapph|  79%3 13.49 40.5 37.4 77.9 22.1
PR | Ti:Sapph| 512 4.49 33.2 36.3 69.5 30.5

Perylene| GaN 71+1 1.46 58.3 2.4 55.9 44.1
PR GaN 53+2 6.28 28.3 39.5 67.9 32.1

Table VII: Gauge R&R statistics table. For each excitation source-material combination the measured doy and
GRR statistics are summarised here.
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Figure 4.4.1: Variability chart for F8 with the Ti:sapphire laser as the excitation source showing the ranges as
data bars. On the x-axis the duplicate samples, p, are shown within each day, o. The solid green lines in each o

group are the daily means and the dashed line is the global mean, which is quoted in Table VII.
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The meari qvis given here aa percentage, notice in Tablél that the yield measured forgrylene

is different for the two excitation sources. The reason for this is unclear as this difference is not
reflected in the values fdPRandphotoluminescence excitattomeasurements indicate no dark

states are present for perylen®&lonethe-less this discrepancy was observed consisterdigss the
study inperylene's casewhich can be seen the variability charts for @rylene in Fig. 4.4.2. The fact
that ' ovis higter for the Ti:sapphire laser rules out the possibility of quenching due to higher exciton
densities. Despite this conundrurheg GRR study's validity is ndfescted with respect to

ascertaining sources of variability.

Looking at the GRR statistiin Tablé/ll for the Ti:spphire laser both perylene andRPshow a level
of balance between the equipment and appraiser variances as is expected. This trendagiadt
for F8 as in this cagbe variance between tha = 3 measurements per sample dominated oihe
AVcomponent. Looking at Fig. 4.4.1 we can see this in the large fluctuations in individual points
relative too group meansin other words large ranges reflected by tRe;. Also note the very low
manufacturing variance, which indicates a hgbductiontolerance from part to part for F8his

suggests greater homogeneity across the sample surface relative to the PMMA:dye systems.

The values foMV are in all cases below 50% designating this measurement system as-eléisisd
monitor in Gauge R & terminology. This means that the dominant source of variance lies in the
measurement apparatus and not the sample production. We can see froid¥healues that
employing the GaN laser reduces the dominance of the measurement appagatasceto some

extent.

Some sample irregularities are expected and present but they have the smallest influence. Such
irregularities will consist of point to point variations in thickness or fluorophore density across the
sample films. It would be expected that the snmatilecules, perylene aneR, doped into PMMA
would exhibit this more strongly and indeed the/ is lowest for F8, which the thinnestfilm and
of a single, pure materiaBample inconsistencies translated to a full LSC device are certainly

undesirable tlough probably a relative minor factor compared to other loss mechanisms.

This sample irregularity combined with small oscillations in the intensity of the laser results in the
distribution seen irl ov With this experimental setup it is not possible to know the exact number of
laser counts at the time of each measuremenstead a series of laser spectee taken, as

described in Chapter 3.1, between each sample measurement from which an avesagprbfile is

used for all oydeterminations.
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The fact that theGRREV+ AV) component dominates oveMV, and thus most error lies in the
equipment, does not itself say the measurement system is inaccurateGRIstatistics only
indicate that one sorce of variance is larger than another, saying nothing therefore of absolute
uncertainties. To find the true uncertainties we multiply t6&Rand MV variances as ratios by the
uncertainty in' oyfor each material and source. Through this the greateritalof the GaN laser is

seen by comparing the uncertainties. The résoff this are shown in TabldIV

To further explore the GRR data in Figures 4.4.2 and 4.4.3 are the variability charts for perylene and
PR using the two excitation sources. It isnediately obvious that, for particular samples, there is

little or no correlation between gyvalues over different days, In other words, few samples have
consistent values throughout the study. No pattern of declining yieldsapéotobleaching or

other chemicallydestructive reactiongare observedand these samples were stored in &MMA

acts a significant barrier to quenching agents such as molecular oxygen or moisture.

Total GRR Manufacturing

Material ~ Source  n' qv[%] a,,/a. aa. NGRH%] nMV [%]
F8 Ti:Sapph +3 0.87 0.13 +2.61 +0.39

Perylene | Ti:Sapph +3 0.779 0.221 +2.34 +0.66
PR Ti:Sapph +2 0.695 0.305 +1.39 +0.61

Perylene GaN +1 0.559 0441 +0.56 +0.44
PR GaN 12 0.679 0.321 +1.36 0.64

Table VIII: Gauge R&R uncertainties; the contributions from GRR and MV variances to the total uncertainty are
summarised here
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Figure 4.4.2: Variability charts for perylene; on the left using the Ti:Sapphire laser and on the right using the GaN
laser.
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There does not appear to be any trends in systematic biasing as we compare all the variaiity ch

In particular one might expect that calibrations performed on a day to day basis may introduce some
variable systematic bias, but this is not seen in the results. Ow d&8/perylene and PR show an
apparent systematic bias in the group mean, buritthis is not seen similarly for F8 in Fig. 4.4.1 and

is unclear from the standard deviation. The order of experiment was always conducted by measuring
" ovfor F8, then perylene and finally PR. The calibration using the standard lamp was performed at
the beginning. It is therefore possible that the alignment of certain elements of the system changed

after F8 was measured; the fibre optic at the detectpegdure of the integration sphere for

example.
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Figure 4.4.3: Variability charts for Lumogen red; on the left using the Ti:Sapphire laser and on the right using the
GaN laser.

In all cases the group means for each day were within a standard deviatiloa giobal mean which

is a significant testimony to the success of the measurement procedure and the GRR study design. It
is important to realise from this that without such a rigorous measurement approach it is difficult to
make statements of absolute aa@cy for the' oydetermination. Thus the GRR study forms an

excellent basis for examining a measurement system but it cannot rule out uncertainties frem self
absorption corrections and calibration. The total GRR variance will essentially therefore obnsist

laser intensity variance and systematic uncertainties due to corrections and calibration.

The oscillation in the laser flul,, can be explored further by examining the distribution in laser

flux. In particular, the root squared difference from theean as a percentage of the total laser

intensity is used as a metric. By examining the difference from the mean as a percentage of the laser
intensity the relative difference is examined and the differing intensity magnitudes between
measurement runs igihored. The square root allows the oscillation magnitude to be isolated giving

rise to the distributions shown in Fig. 4.4.4 for the Ti:sapphire and GaN lasers.

80



10

}Hﬂﬁmﬂﬂzz [ .

0 0.5 1 0 0.2 0.4 0.6 0.8

(IL,O - I_L,O)Z (IL,O - I_L,O)

Figure 4.4.4: This histogram shows the laser flux magnitude distributions, as a percentage of total intensity, for
a) the Ti:sapphire laser and b) GaN laser. Associated outlier box plots show the median (box's division), quartiles
(box edges) and the mean (diamond). The counts axes here are the laser flux not the same as counts collected
by the spectrometer.
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The distributions in Fig. 4.4.4 are derived from normal distributionasar flux magnitudevith a

mean at zeo percent When the rootsquareddifference is taken as it has been here the
distributions become skewedue to the small number afata points (55 for each laseaid the

mean no longer represents the mean of the original normal distributianich is 0 %)A simple
uncertainty analysis follows using the laser flux distribution data to acquire a mean oscillation
magnitude for the lasen |l and errors on the integrated intsities of the sample and remaining
laser lightp dandn L, respectively These quantities were defined in chapter 3.1 with the latter two
determined by the same means. Uncertainties are propagated aseptgeerrors to' gyand then

compared to those errors found by@¢hGRR study, as shown in Takle

Material Source N Lo(x%) nLE%) ndE%) N (%) GRRY 'ov(%)

F8 Ti:Sapph 0.6 1 2 2 3
Perylene| Ti:Sapph 0.6 3 1 3 3
PR | Ti:Sapph 0.6 1 1 2 2
Perylene| GaN 0.25 0.9 0.9 1 1
PR GaN 0.25 0.3 11 1 2

Table I1X: Data table showing results of the error analysis for dovy

Some apparent abnormalities present themsealvEirst the error on the remaining laser intensgy

large for perylene using the Ti:sapphgeurce, ain L= 3%. This is attributed to the very strong
absorption of the 400 nm laser light by perylene and hence the uncertainty has a larger weight. In a
similar way the F8 emission intensity error is relatively high due to weaker sample abspgoitb

hence weaker emissioby the 28 nm thin film. Comparing the two error columns'fgyit can be
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see that the GRR study is more conservative in that it generates larger errors. This is likely due to this
simple uncertainty analysis specifically lowkat uncertainties in the intensities of source and

sample, no other factors included. What this shows is that laser flux variance appears to contribute a
substantial amount of uncertainty togy This follows from the point raised earlier that one canno

know the exact intensity of the laser at the time of measurement using this setup. The second,
somewhat trivial point is that the GaN laser is more stable, as was obvious by observation, and thus

provides a more accurate measurement.

4.5 Conclusions

Wha is clear from this study is that the limit of accuracy possible with this system using the GaN
laser is around 1%. Such accuracy is not ideal for measuremehggfor systems with yields close

to unity, which is important for LSC devices where high yields are critical. This motivation requires a
better performance from the measurement system, though as can be seen at the concentrations
used neither perylene ndPR are reaching unitst these concentrations. Abwer concentrations

they likely will, as has been seen foRfh PMMA®.

To improve the experiment it is clear the laser flux variance needs a solution. Ideally it would be
useful to know the exact integity of the laser flux at the time of measurement and so a portion of

the beam should be sampled using a beam splitter with a second photodiode. Then by correct timing
of the electronics an instantaneous measurement of sample and laser flux would bel@oBkib

would also remove extra steps in the analysis and speed up the measurement process into the

bargain. This work was not completed for this thesis
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Chapter 5

Improving Luminescent Solar Concentrator Efficiency by Tuning

Fluorophore Enssion with Solid State Solvation

5.1 Introduction

In this chapter the results of experiments looking at how the solvation mechanism can be used to
reduce selabsorption, and thus improvesy;, are discusset. Towards the end ofapter 2.2 self
absorption was discussed as a major loss mechanisnsagressedy Eq. (2.2.13) with the LSC
optical efficiency given by E.2.19. The seHabsorption loss mechanism has a significarant

on performance over short path lengths through an LSC medium, as was shown in ecstydying
experiment results and rayacing modef?. In that work squarelanar devices are studied showing
that ' serand matrix losses limit the optical conceattion, G, to a plateauat a LSC collection area of
1 n?. In other work, combining experiment and rgcing, nanorod fluorophores were shown to
have aG,,;of nearly a factor of two greate¢hanthat for quantum dots?. This was attributed to the
nanorods ( ov= 0.7) having a smaller overlap in absorption and emisgi@ausing the self

absorption efficiency to increase and hence the LSC output irradiance.

Solutions to this problem,@art from geometric considetions,are generally througmaximising

the Stokes' shift and therefore minimising the overlap ibsorption and emission spectd the
fluorophore. The solvation mechaniswas described theoretically irhapter 2.4 anctan be
expressedising the LipperMataga equation given by Eq. (2.4.2). Bydging Eq. (2.4.2) it can be

seen that the variable physical parameters with which the influence of solvation can be controlled
are the host's optical properties, vjd, and the fluorophore's dipole properties. §tiin this chapter

in section 5.2, the host properties will lsensideed andhenceways thatthey might be influenced

to maximisenf. In section 5.3 the fluorophore properties adescussed witlthe choicedor this

study explainedin the results section of 5.4 solvation theory is used with experimental data to make

predictions of optical efficiency and of the limits to the gains possible though this phenomenon.

All samples are fabricated by first prepariagstock solutions of host materials in toluene so that
total composite host concentratio,.s;= 250 g/l. Blends are made with solutions of DCM, DCM2 or
DCJTB in toluene &%= 29/l so that the blend has 0.1 wt®é dye. Deposition occurs onto glass
substrates by spin coating at 1000 rpm giving films of approximate thicke&90+ 30 nm. For
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impedance analysis p#gatterned ITO on glass substrates are used with the same film deposition

recipe and Ag contacts evaporated on top to create basic ghpdite capacitors.

5.2 Controlling the Orientational Polarisability of the Host Medium
For ease of reference the orientational polarisabifiipitless)is given by Eq. (5.2.1);

. - p £ P
3Q - 0]
G- P G p a®

As can be seen from Eq. (5.211has a stronger dependence on refractive index than relative
permittivity, which are related through Maxwell's equations %i& n”in a vacuum. In a caum, by
definition,nf 0, since there are no polarisable molecules present. In liquid or solid host
environments the relationship betweeh andn will deviate from the vacuum relation depending on
the polarisability of the host, giving neaero value®f nf. Thusnf describes the ability of the host

medium to polarise.

Typically the refractive index varies very little amongst different host materials whereas the electric
permittivity can vary over a greater range, particularly for liquid media. Theapiroperties anghf

for a range of liquid and sdlimaterials are shown in TableéXhighlight this point. It is therefore

clear that to maximise the orientational polarisability of the host material it will be necessary to

maximise the host's relativeermittivity.

Host Medium {GFGAO B npat20°d*3(n) nfos
Hexane 1.88 1.375 -0.0014
Cyclohexane 2.02 1.427 -0.0019
1,2,4Trichlorobenzene 2.24 1.572 -0.0212
Toluene 2.38 1.496 0.0135
Mesitylene 24 1.498 0.0147
0-Xylene 2.57 1.5 0.0268
Chloroform 4.81 1.443 0.1492
Chlorobenzene 5.62 1.5%5 0.1429
Ethyl Acetate 6.02 1.372 0.1998
Tetrahydrofuran 7.58 1.408 0.2093
Dichloromethane 8.93 1.424 0.2172
o-Dichlorobenzene 9.93 1.551 0.1861
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n-butanol 17.5 1.399 0.2636

Acetone 20.7 1.359 0.2842

Ethanol 24.3 1.361 0.2886

Methanol 32.7 1.329 0.3084

Acetonitrile 375 1.344 0.3055

Dimethyl Sulfoxide 46.68 1.478 0.2635

Water 80.1 1.333 0.3201

Poly(methyl methacrylate) (PMMA 2.68 1.492!" 0.0393

Polycarbonate (PC) 2.90 1.590!" 0.0271

Polystyrene (PS) 26 1.596!" 0.0042

Poly(lactic acid) (PLA) 3.258 1.46") 0.0850

Poly(vinylidene fluorideo- 11 3810 140709 0.2303
hexafluoropropylene) (PVEHFP)

Table X: Various liquid and solid host optical properties and the corresponding orientational polarisability values.

Typical optical quality host materials, introduced in Chapter32&khibit minimal range i#, and

thus offer little leverage with which to employ solvation. An exception is the highly resistant polymer
PVDFHFP which exhibits an uncommonly hjgtof around 0.24 which is 75% of the value for water.
PVDFHFP, found here to be soluble only in €BMSO, has promising properties but was found to

produce brittle films when spin coated onto glass.
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Figure 5.2.1: The orientational polarisability, cpfis plotted here against the relative permittivity, { for the data in
Table X and theoretical line plots for n = 1.3 (blue), n = 1.448 (black) and n = 1.7 (Red). Note n = 1.448 is the
average value from Table X.

It is used in this study to exhibit higlfiin the solid state. It is instructive to consider thifunction

graphically, as shown in Figur@A., by plottinghf against, for fixedn. In particulam values of 1.3,
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1.7 and the average ofvalues from Table X are used so as to show the influence of small changes in
n across the range of real material§g. 5.2.1 shows that the data largeilg the average theoretical

line (black) apart from some of the highly polarisable materials which tend to have lower than
average refractive indices. The effect of reduaing to shift the whole curve along the positive y

axis by a factorelated to therefractive index term in Eq. (5.2.15or maximum host polarisability,

hence minimised seHibsorption and maximised LSC optical efficiency, a lovisbest. This
enhancement is in accordance with that'gf(see Fig. 2.2.2) and converse to that @f, (see Fig.

2.2.4) and so in employing solvation a further parameter comes into the optimisation process for

A final point to note is the dependence jaffon &,, which quickly plateaus beyorid= 30 to ©

setting a practical target electric permittivity to reach.

Because the most practical host materials, in terms of processing and film forming properties,
exhibit relatively lows, values it is necessary to consider another enhancement approach, that of
doping. By introducing high permittivity materials to make a composite host the compound
polarisability of the host will be greateThis effect can be achievég increasing the concentration

of the fluorophore itself, giving rise to salblvation by neigbouring fluorophores, which has been
shown to beuseful for colour tuning of OLEDS *. Seltsolvation occurs when fluorophores have a
greater dipole moment than the surrounding host molecules and thus increase the relative
permittivity in the compoie medium. A problem with using sedblvation ighe effect of

concentration quenchingwvhichreduces fluorescence quantum yield and therefore LSC optical
efficiency. A better way, in the case of LSC devices, is to introduce high permittivity molegicles w
blend well with the host matrix and introduce no further parasitic effects on either light transport or
fluorescence quantum yield. These molecules may be either organic or inorganic in nature with each

class bringing its own advantages and disadvgeda

Organic molecules seem the wisest choice for a practical solution for a variety of reBscaisse of
solubility, for solution processing of LSC materials, organic dielectric dopants will oftsadiest
application, whether vian-situ polymerisaibn for bulkdoped LSC structures or one of various
coating techniques for surfaegoped structures. This ease of processibility is compounded by the
lower cost of organic materials which will be a critical factor in calculatingdkeefficiency /W)

of the complete LSC device. Just as with the more expensive RE and QD emitters, employing
inorganic materials as dielectric dopants threatens to increase device cost into an uncompetitive
regime. This, however, must be balanced against the efficacy of erialatability to induce
appreciable solvation sincedrganic materials can easily beaanic ones in terms of the

magnitude ofs,.
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With these factors in mind let's consider some materials. As previously mentioned and shown in
TableX, molecules in the liquid state exhibit greater values,pivhich is due largely to their greater
mobility atambienttemperature and pressuré?. It might therefore be possible to introduce a

small weight percentage of a liquid organic molecule into the solid host matrix. Ideally the material
would be highly viscous under normal conditions, which suggests materials such as monomers like
methyl methacrylate (MMAE, = 7.89*%), solvents such as dimethylsulfoxide (DM&@,46.68%)

or sugar alcohols such as glycetp42.5*%). Such molecules will be highly mobile and small
enough to percolate throughout the host matrix. This is important as an evetibditsbn will reduce
local effects and any emission broadening that may result. Key criticismis apgitoach are issues

of dopant migration over time and of matrix disruption resulting in loss of htix integrity and
hence device longevity. Suclsigs may be mitigated with some form of protective coating, one
which also acted as an am#éflection layer would be ideal though it must also be low cost.
Experiments conductetb useglycerol or DMSO as dopants haw@ been encouraging, however,

with film forming being heavily disrupted at the concentrations necessary to achieve appreciable
solvation. For example, using DMSO, if we wanted to achieve a mgde6tusing PMMA as the

main host €, = 2.68) then we'd need to introduce 8% by weight of DM&ecules. This is

impractical for the giengthof thin film matrixesformed by spin coating or drop castinghich fail to
solidify entirely and take on a sticky consistentyndy be practical for bulk doped structures with

protective coatingshowever
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Figure 5.2.2: () against CAA concentration, Ccaa [wt %], for PMMA:CAA films of varying composition. The
molecular structure of CAA is shown in the inset.

A more obvious approach regarding organic molecular dopants is to employ solid materials that will

have less of a miictural weakening effect on the host matrix. The opdyticularly suitable material
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found wascamphoric acid anhydride (CAA), which was used By Kladigan an¥/. Bulod O H 110 U
to showthat solvation is the mechanism causing the observedsfatts inemission seen in the solid
state previously"*** 4. CAA is a small molecule exhibiting a mode¥ate12.88 according to

impedance analysis measurements of PMNIAA, films of varying composition, as shown in Figure

5.2.2. The impedance analysigtinod used to determiné&, was discussed in chapter 3.3.

The expected linear relationship with increasing CAA concentration is seen with a maximum
permittivity of ¥, = 5.74 ailC.aa= 30 wWt%. This sets a practical upper limit for this composite host
systemas thin film cohesion breaks down beyond this point. Films including fluorophores at 0.1 wt%
were also measured but no noticeable effect from the fluorophore was seép arhich is

unsurprising given their relatively low concentratidsising a compositeost of CAA in conjunction

with PMMA provides a platform for assessing the potential of the solvation mechanism and will form

the basis of this investigation, as will be explored in détaihe next section.

The final option for dielectric dopants arepitganic nanoparticles which offer the most technically
challenging but potentially the most promising of solutions. It is necessary to employ very small scale
particles to achieve a well distributed dielectric medium since large particulates are likelutoin
dominant local effects and hence emission broadening. This is in a similar line to the organic

molecular dopants already discussed because of percolation and mobility requirements.

The main reason for the technical challenge this approach fadés issue of solubility since

inorganic materials do not dissolve in the organic solvents used for solution processing of LSC
materials. It is possible to create a suspension of nanoparticles in a polar solution, ideally water but
also DMSO and alcohdike methanol. Howevethese solvents are not suitable for processing host
polymers like PMMA, nor are they particularly suited for dissolving the fluorophores. DMSO is an
exception as it is an excellent solvent for almost every material this thesissdes; however, it has

an extremely high boiling point (189) making it almost useless for solution processing at room
temperature. It is worth considering that if processing could be done at higher temperatures of
around 150C then it may be possible tse DMSO as the solvent for everything. Such techniques
were notavailable in our laboratorieand the extra cost of heat would certainly be detrimental to

overall LSC device cost.

Another way to disperse nanoparticledthoughcertain to add cost to théevice, is to make them
soluble in the desired solvent by use of dispersants or functionalising the particle surface.
Dispersants seem a less hopeful choice for solution processing of solid films as they may add to the

disruptive effect on the matrix. Sa¢e modification therefore seems wisest and can be done for
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oxide nanoparticles, such as Ti® f 80- 100"®) orBaSrTi@(, F  m &), with phosphonic acids

such as octylphosphonic adtf] and with silane coupling agents, which themselves aflolymer
grafting to the nanoparticle surfad€). This last approach, so called fragmentation chain transfer
polymerisation (RAFT), could allow fully functionalised host polymers to be manufactured with high
¥, nanoparticles almost woven into the hostbfic. Another method is to grow the functional

groups insitu, where surface modification occurs during the nanopatrticle synthesis stage via
precursor molecules. This offers benefjtarticularly when wanting to disperse the nanoparticles in
low polaritysolvents as for post synthesis maodification it is necessary to use a high polarity solvent
to disperse the pure nanoparticles for modification. This is a step that is best avoided due to
concerns of residual aggregates and the need to extract the mddifieticles, basically by boiling

off the high polarity solvent. Thermal agitation may then disrupt the cohesion of the bonded
functional group, therefore defeating the point. Flushing the high polarity solvent may be successful
by fractionating the suspesion using a desired solvent, but it must be both lower density and

immiscible (another two constraints), and then siphoning this layer off the fractionated mixture.

This § in fact precisely the methoattempted using ethanol suspensions of 10 diamete TiG,
anatase nanoparticledOnm nanoparticles were used to enhance dispersion in solution and to
improve the homogeneity of the resultant thin film®ctylphosphonic acid was introduced as a
coupling agent and the suspension was left for over 24hrsloavahe rate of coupling to achieve
high cohesion and then hexane was added to fractionate the mixture. Evaporating the hexane is
then relatively easy (b.p. 68C) and toluene is added to the dried, weighed powder to blend with
PMMA and DCJTB. After a pitde false positive increase $tokes' shift, and problems redispersing
into tolueneg it was decided that the approach was somehow flawed and thus this line of inquiry
ended here due to other work. The potential, however, for employing Bagnai@partcles is
obviously impressive, with just 2 widhthese nanoparticlegiving®, = 28 which would make using
CAA as a dielectric additive a pale comparison.. Nanoparticles of this material were acquired but,

with 100 nm diameter, failed to remain in suspension to couple with the phosphonic acid

5.3 Fluorophore Properties and Chae

Now we'll consider how the properties of the fluorophore itself influences the solvation mechanism.
The energy lost to the reaction field due to the change in dipole moment of the fluorophore upon

excitation is given by Eq. (5.3.1);
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This can be sedoy multiplying Eq. (2.4.2) through bgwhich becomes Eq. (5.3.2) in terms of
energy;

30 30 30 LY

WherenEe is the energy difference between absorption asmission anghk is the unperturbed
Stokes' shift. Looking at Eq. (5.3.1) if one desires to maximigghen the fluorophore's Onsager

radius,a, must be minimised and the change in dipole momeng;must be maximised. To explore

the functionEy(n >a) afixednf = 0.16 was chosen, which is that for the composite host
PMMA, :CAA 3.
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Figure 5.3.1: This 3D colour map shows the energy shift due to solvation as a function of the fluorophore's
physical parameter space for a host of pf= 0.16.

The 3D coloumap exhibited in Fig. 5.3.1 shows a physical parameter spap&fgr >a). For large
fluorophores, wherea > 10A, very little solvation can be achieved owing to the inversbed

proportionality. Additionally the minimum physical size of a fluoresceaolecule is limited to

several angstroms which means there is only a small rang¢ooplay with. Larger molecules may

work so long as the fluorescent centre of the molecule is small such as would be expected on
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dendrimer fluorophores. Some charge shiaffimay occur from the neactive moieties, however.

In terms of the change in dipole moment appreciable solvation is achieved forjwberi0 D and
fluorophores explored here offer values of upjto= 24.4. Because this plot is for fixeft is also
important to remember that increasing or decreasing will result in a stretch of the 3D colour

map in the positive-axis fiEr). A paitive stretch of this sort represents increased polarisability and
would act to relieve some of the constraint on the fluorophore properties, which are harder to

control.

With these constrictions on &hfluorophore dipole properties come the other requinentssuch as

high quantum yield, broad absorption of incident radiation, long term photochemical stability and
deep red emission. All of this seems a tall order and suitable dyes currently do not exist that fulfil all
these requirements. Lumogen Red kely the best fluorophore developed so far but it does not
respond to the solvation effect singe>= 0. The next best option is DCJTB of the DCM class of
fluorophores, a class whidhacks in photochemical stability. In literature DCJTB is reported tbiexhi

n = 13.1Danda= 6.1A?% equivalent values couldn't be found for DCM and DCM2. Other
materials such as DNS and Ph&&ke chapter 2.43lso exhibitarge change idipole moments that

of DNS is reportedly 24.4'8, but their low quantum yiels make them unsuitable. In this study the

DCM classf fluorophoresis used to explore the effects of solvation further.

5.4 Optical EfficiencyPredictionsfor the Composite Host PMMACAA «

In order to show the potential of solvation to improve optiefficiency,’ o, the composite host
PMMA:CAA,, where x is the PMMA fraction, was chosen for reasons of practicaditfiscussed in
section 5.2' .t is given by Eqg. (2.2.12) which uses the overlap integjras, a simple estimator of

the selfabsorption efficiacy, such that sos= (1- J. In conjunction with this host the DCM class of
fluorophores was chosen for their red emission, moderate quantum yield and theirflargehe

particular fluorophoreswhose spect are exhibited in Figs. 294 2.410and 24.11, are DCM,

DCM2 and DCJTB respectively and are to be doped at 0.1 wt%. A constant fluorophore concentration
is chosen to negate the influence of setflvation effects on the results. Criticallge changing host
composition should cause little or rtange in refractive index of the host environment, which was

seen for PS:CAA composite hosts udm= 24.5 wt%'® and is thereforealsoexpected in this case.

The Stokes' shift is determined from the absorption and emission spectra of each samapijred
as described in Chapter 3.4. This givepHigys in EQ. (5.3.2) and is done for a series of PMMA

fractions in the range 0.7 x< 1 in increments of 0.05. The normalised spectra for DCM, DCM2 and
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DCJTB are shown in Figures 5.4.1 a), 5.4.1db% @2 a), respectively. These exhibit the change in
emission spectrum as CAA fraction increases. The overlap int¢gsad)Jso measured from the
normalised spectra to be used in conjunction with Eq. (2.2.12) to determjpe~rom the spectral

plots presented the overlap area is seen to decline as CAA fraction increases.
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Figure 5.4.1: The absorption (black) and emission (colour) spectra for a) DCM and b) DCM2 in varying
compositions of the composite host PMMA,:CAA1 x.
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Figure 5.4.2: a) The absorption (black) and emission (colour) spectra for DCJTB in varying compositions of the
composite host PMMA,:CAA,.«. b) Various host materials plotted here for (J against n with the zero polarity curve
for reference.

As discussed in chapter 2.4 the Lippeidtaga equationEqg. (2.4.2)allows us to predict the shift in

energy due to the solvation effect. To use this predictive power several quantities mubgfirst

determined. First i$0 determine the unperturbed Stolgeshift, nE. To do this a host of zero

polarisability nf = 0, is needed and then the fluorophagenission and absorption spectaae

measured in this host. The difference between the peak ensrgi¢hese givepk,. By plotting

B NR2dza K2ad YIFIGSNAIFEQa 2LIGAOFE  La=ndasSnoviB | I+ Ay

Figure 5.2 b), it is simple to choose a material for this task. Paraffin wagamwax, is an obvious
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choice butt is a highly scattering medium and will not work well for spectral measurements. PS is
therefore the best material screened for this purpose and although it exhibits a smalzanon
polarisability itwill introducea relatively minor systematic errorh& results for DCM, DCM2 and
DCJTB givig values of 3076.9 cih 2292.2 crit and 2071.5 cr, respectively.

To make predictions of,, the samples must also have their quantum yields measured as per the
methodology in Chapter 3.1. It is critical that the quantum yield at least remains constant otherwise
CAA is acting as a quenching agent, which is unacceptable. As the resultsarbEigwand Tabled
showthere is an appareritqyenhancement, statistically significant in only the case of DCM. This is

not physically understood but it is encouraging.

With Jand' qydetermined for all samples Eq. (2.2.12) can be applied with sonmaasins and
simplifying assumptions for the other efficiencies. As discussed in depth througtaptier 2.2 it

has been seen for a host of 1.492 interfaced with air we havg = 0.96, sokes= 0.75, rap = 0.75
andhence' 1r nost= 0.95." spsdepends on the particular fluorophore's absorption coefficients and

the device depth through which the incident solar irradiance passes. If we assume a depth sufficient
to achieve saturated absorption over the fluorophore's absorption spectrum then crudslgah be
estimated as ,,s= 0.3 for all DCM fluorophores. A back reflector would help achieve this absorption
goalwhilst optimising geometric concentratio@, Since DCJTB has a much stronger absorption it
requires less depth to achieve this. Now Eq. (2.2.12) can be caltulpt®p = 3 giung the results

shown in Tabled and Figure 5.4.3
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Figure 5.4.3: Fluorophore quantum yield (blue, full shapes) and predicted LSC optical efficiency (black, open
shapes) are shown here against Ccaa in PMMA,:CAA;.x. Polynomial best fits are included to guide the eye. Error
bars on dopt are determined from the 2% error on doy and the error on J, determined from spectroscopy.

The results indicate a significant relative increasejnfor DCM, DCM2 and DCJTB of 22.5%, 11.5%

and 16.3%, respectively, whenpis increased from 2.68 to. B4. Clearly the larger increase for DCM
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is a result of the larger apparent increase gyfor that fluorophore since the decreaseJis
proportionately similar in all cases. The resultant optical efficiency is almost the same across the
DCM class exhied here which is anticipated when looking at the relative sizés@gindJ DCM
achieves a smaller overlap integral but exhibits lower quantum yield and vice versafisrtba¢h
DCM2 and DCJTB. Tentatively DCJTB shows itself to be the best flueroghcs set.

Using the data from th@MMA:CAA, composite host system it is possible to make predictions of
the limits of solvation in the context of improving LSC efficiency. To do this a Lippert plot is
produced, which is a plot gf /againsinf asshown in Figure 5.4, along with a linear best fit
interpolated to highhf. Out of curiosity for exploring higher permittivity parameter spaite host
PVDFHFP (see Tablg is used pure with DCM, DCM2 and DCJTB as dopantsHPPOTas, =

11.38 andh = 1.407 (henceaf = 0.2393), which represents a significant advance on the composite
PMMAy :CAAshavings, = 5.74 withn = 1.492 (henceaf = 0.155).
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Figure 5.4.4: Lippert plot for DCM, DCM2 and DCJTB with linear best fits interpolated to ¢pf= 0.2505, which is
the equivalent of () = 30 with n = 1.492. For each dye the leftmost data point is for a pure PS host where ¢pf= 0
and the rightmost data point is for pure PVDF-HFP where gpf= 0.2393.

Figureb.4 4 shows the linear trend predicted by the Lipp&fataga equation, Eq. (2.4.2), and serves
as an indication that solvation is indeed the mechanism responsible for the observed energy shifts.,
One notices that, amongst the seven PMMMA , data points for each fluorophore, despite their
being evenly spaceid terms of PMMA fraction, the-axis interval between data points is not

constant. This is because of the dependencpfain ¥, as plotted in Figs.2.1, resulting in a

diminishing return om #Aor highers,. From the line equations of the linear best fits in big.4 we

then findpn Aor nf = 0.2505Y, = 30with n= 1.493 to be 4624 crit, 4156 crit and 3904 crit for

DCM, DCM2 and DCJTB, resp@ty. This is shown in Table 2long with calculated values of;,
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which represent an improvement relative to pure PMMA of 24.5%, 18.6% and 23.4% for DCM, DCM2
and DCJTB, respectivelfalues for PVDHFP are also shown wi#ssumed quantum yields in line

with that measured for the fluorophores in PMMA. Looking back to Table IV on page 43 DCM shows
a higher quantum yield in PVBHP than PMMA but the yield was not measured for the other

fluorophores and so this data was nanployed here.

Dye  CoaaWt%] &, JI%]  Aelem™]  Aps[em™] p dem™] ' ov[£0.02] ' o [%0]

0 2.68 | 16.2 18248 21459 3211 0.35 4.72

5 3.19 | 131 17889 21459 3570 0.37 5.12

10 3.70 | 13.0 17889 21459 3570 0.40 5.55

15 423 | 121 17857 21459 3602 0.40 5.59

DCM 20 4.73 | 11.0 17637 21459 3823 0.42 5.96
25 5.26 | 10.0 17544 21459 3915 0.42 6.01

30 574 | 9.3 17452 21459 4007 0.42 6.09
(PVDRHFP)| 11.38| 6.0 17123 21459 4336 0.42 6.19
Theoretical| 30 4.7 16921 21459 4624 0.42 6.25

0 2.68 | 24.7 17253 19960 2707 0.44 5.49

5 3.19 | 203 17011 19960 2949 0.44 5.73

10 3.70 | 19.6 16863 19960 3097 0.44 5.77

15 423 | 18.2 16776 19960 3184 0.44 5.84

DCM2 20 4.73 | 16.9 16646 19960 3314 0.44 591
25 526 | 149 16604 19960 3356 0.44 6.01

30 5.74 | 13.3 16491 19960 3469 0.45 6.21
(PVDHHFP)| 1138 | 6.3 16051 19960 3909 0.45 6.55
Theoretical| 30 3.8 15804 19960 4156 0.45 6.74

0 2.68 | 28.0 17361 19802 2441 0.44 5.34

5 3.19 | 26.7 17212 19802 2590 0.44 5.42

10 3.70 | 24.0 17065 19802 2737 0.46 5.84

15 423 | 21.8 16863 19802 2939 0.46 5.96

DCJTB 20 4.73 | 18.6 16722 19802 3080 0.46 6.14
25 524 | 18.8 16639 19802 3163 0.46 6.12

30 5.74 | 16.8 16529 19802 3273 0.47 6.38
(PVDFHFP)| 11.38| 7.7 16041 19802 3761 0.47 6.85
Theoretical| 30 5.3 15873 19802 3904 0.47 6.97

Table XI: Solvation study results for the composite host PMMA,:CAA;.x with DCM type fluorophore's doped at 0.1
wt%. Also included are values for pure PVDF-HFP and predicted values for = 30.

DCJTB is still the favourite achieving an optical efficiency of 7% or 0.07. Combined witthavingC

a reasonable geometric ratio &= 30 this would give a total optical concentrationGyf; = 0.07 x 30

= 2.1. Then solar cells collecting along the edge of such an LSC device would be receiving around
twice theirradiantintensity of the incidensolar intensity. Higher geometric ratios could be possible
but, as discussed in chaptei52 current best LSC devices are quite small and exhibit geometric ratios

of aroundG= 2.5 giving, in the case of DCJTB héyger 0.07x2.5 = 0.17%learly thiss poor and
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would be making a waste of solar cells. We thus learn that the geometry of the device is aritical
must remind ourselves that there are losses associated with incre@sitog to the mean path

length increasing, such aslfabsorptionquantified by" sg.

Another point of interest is to make a fit of the data to Eq. (2.4.2) as a function@értially tathis
end the unperturbed Stolgshift, Nk, was determined using PS as a hosiifior 0. Models of Eq.
(2.4.2) are to be produced faariablet, andn = 1.492 and so in addition the fluorophore properties,

N >anda, must be determined.

First the Onsager Radius,is calculatedheoretically through quantum chemical calculations, using
the GAMESS softwal@, of energetically optimised grourstate geometries using a combination of
B3LYP functional and 631G*?* basis sets. These were found to be 582®.49A and 6.18A for
DCM, DCM2 and DCJTB, respectively. This work was carried out by Keith T. Butler.

Next the change in dipole momem >is determined from the gradient of the best fit lines of Figure
5.44. Recalling Eqg. (2.4.2) and comparing it to a straight line, fgryand x nf, the change in
dipole moment can be shown to lgven byEqg. (5.4.1);

"B
3¢ c v

Wherem is the gradient and, in cgs unitsjs Planck's constant (6.626x3@®rg s) andtis the speed

of light (2.9979x18 cm s%). The Onsager radius was found as described above and so applying Eq.
(5.4.1) for DCM, DCM2 and DCJTB the chardjpadte was found to be 1240.8 D, 10.20.2 D

and 13.0+ 0.4 D, respectively. The errors are determined from the standard error on the gradient of
the lines of best fit in Fig.44. What has been done here is to use quantum chemical models in
conjurction with measured energy shift data to indirectly determjnethrough the assumption of

Eq. (2.4.2)'s validity. The value for DCJTB found here is consistent with the value of 13.1 D found in

literature 2%,

Using the determined values pf>andawith fixedn=1.492, Eq. (2.4.2) can now be employed to
model the variation imEas a function of, as shown in Figure 5.4.5. This tim€is used in place of
nafor clarity; the LM equation can be rewritten in terms of energy by multiplying throudicby

Fig. 5.4.5 shows how the data for doped PMMAA, hosts nicely follows the theoretical line of
LippertMataga theory. Notice that the PS sample data points drop low relative to the trend, which is

owing to the higher refractive index of PS. Similarus of PVDHHFP, whose index is lower (refer
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back to Fig. 5.2.1 to see hownfluencesnf and hencenn). Thus the models of Figure 5.4.5 only
truly apply to the PMMACAA, composite host system.

0.6

e DCM

Stokes' Shift, AE (eV)

0.2 S —
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Figure 5.4.5: This plot of qE against (J shows the data for DCM, DCM2 and DCJTB plotted with models of Eq.
(2.4.2) tuned by the value of pe As before PS samples are leftmost, the rightmost data points are for pure PVDF-
HFP and the rest in the middle are for various compositions of PMMA,:CAA1..

Figure 5.4 has similarities in form to Figure 5.2.1 as a result ofstliependence, although othie
influences are present in the former (namelyn >anda). They both give insight into the upper
limits achievable through solvation indicating a plateapAat arounds, = 30 to 40. This would

remain the case whatever values the other key parametake t

5.5 Conclusions

In this study it has been show that, for the DCM class fluorophores exhibited here, a potential
relative increase in optical efficiency of between 18.6% and 24.5% is po3ies= theoretical

limits are for a relative permittivity fos, = 30 and are nearly reached using PP as a host
material. The limit até, = 30 igpredictedby varying the mass fractions of the composite host
PMMA:CAA.; doped with a given fluorophore at Ovtt%. The fluorescence quantum yield was seen

to reman steady as CAA fraction increasghich indicates CAA does not act as a quenching agent.
This is a crucial condition to make gains from the solvation effect for luminescent solar concentrator

devices.

A maximumLSMptical efficiency of . = 0.07 waseen for DCJTB with reasonable assumptions for

other efficiencies. With developments in fluorophore design to improve properties such as quantum
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yield, spectral absorption and photochemical stability, the solvation mechanism could prove a useful
enhancementool to achieve higher optical concentrations in LSC devices, therefore to extract more
energy.The technique also requires availabilityl@iv costdielectric dopants to enhance host

permittivity, or simibrly low costigh permittivity host materials.
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Chapter 6

Parameter Screening for SpyaCoating Deposition of Surface

Coated Luminescent Solar Concentrators

6.1 Introduction

This chapter is an examination of the results of a screening study to explore the influence of
different operational parameters of a spray coating deposition syst@mayoating offers a fast,

low cost and large area deposition methodology for surface coating LSC devices with a fluorophore
containing layer. To better understand the spray coating method a parameter screening study has
been used. Screening approachefeph fast and statistically powerful method to assess how the

operational parameters affect the film qualities that are of interest.

Spray coating is relatively complex when compared to other deposition methods because of the
large number of operationalgrameters, offactors involved. In the terminology of screening
experiments factors are independent variables which may affect the outcome of the experiment. For
example all deposition methods rely in some manner on the solvent and on the solute
concentrdions, and so also the viscosity of the solution. Similarly they can also all utilise film forming
control techniques, such as control of vapour pressure and fume extraction rate, and substrate
conditioning such as plasma ashing or surface modificaticesél all affect the resultant film

deposited but apart from these universal factors each deposition method carries personalised

factors.

Spin coater operation relies on spin speed and is ill suited to large area deposition. Spin coating finds
use in small @ea research applications and not in production scale methods. Also ill suited to large
area deposition is dip coating which depends on withdrawal speed from the coating trough. Dip
coating could be suitable for small LSC devices on the scale of 10 orburvgould lack high

production speeds offered by spray coating. Bar coating, which could be a potential method for high
speed, large area depositions, depends on the number of winds of wire per unit length, the wire
thickness and the carrying speed (thigeed the bar travels at). Doctor blading is similar in many
respects to bar coating and is well suited to large area deposition. It depends on the distance

between the blade and substrate and the carrying speed. For spray coating deposition the
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Chapter6: Parameter Screening for Spray Coating Deposition of Surface Coated LSCs

dependenes include injection pressure, spray head speed and height, substrate temperature and

the number of coatings. It is because of this number of factors that a screening study was preferred.

The film quality in this study is assessed by 7 measured deperdgables, oresponseswhich are

the roughness ratio, R=>, the standard deviation of thisg, the height rangeR,, the average film
thickness, &, the relative absorption intensity,,s the change in Stolgshift,n s;and a de
broadening parameter. The screening experiment is designed and built usirgatidical software
developed bySAS Institute Inc. IMP uses a random seed to build an experiment consisting of a
number of samples with associated factor values for their fabrication. The program ensures by the
arrangement of factor values that the parameter space is explored thoroughly few samples as

possible.

As discussed through Chapter 2.3 an ideal geometry to apply such coatings to would be that of a
multi-cylindrical structuré®, though here only square planar type structures are explored. Multi
cylindrical PC substrates veeproduced for his study by injection mouldingut were found to be
unsuitable due to the solvents being used for the coating. Instead standard microscope slides of 75
mm X 25 mm x 1 mm (hen¢e= 9.375) are employed and are made of stid& glass having
refractive index; = 1.52. It is important for the undoped core of the surface doped LSC to have a
higher refractive index than the doped coating, which is in this case PMMAwwth.492 and this is
interfaced with air having, = 1. This is a requineent due to the laws of refraction as fluoresced
light in the active coating will not be waveguided through the corg:n; %, Instead in such a

device light would be trapped in the active coating which is by design a highly absorbing medium
and hene strong attenuation is expected. Optimisation by reduction of mean path length travelled
through the LSC is achieved for minimisation of the natios. This must be optimised in tandem

with n,/n, due to Fresnel reflection (Egs. (2.2.2) and (2.2.3))teapmping efficiency (Eg. (2.2.4)) and,
as seen in the last chapter, if solvation is employed the orientational polarisability must also be

optimised throughm,, as described by Eg. (5.2.1).

6.2 Spray Coating Parameter Space

What follows now is a detaildldok at the spraycoating deposition method, starting with specific
consideration of the functional parameters, or factors. This discussion will follow on to develop the
output metrics, oresponseswhich shall be used to ascertain the effectivenessgif’an set of

input factors at depositing active coatings onto séiiae glass microscope slides. Chaf3er

provides a diagram and technical details of the Prism WWwat 300 spragoating system and its
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operation.Fig. 6.2.1 shows a schematic of a gpiaposition to help illustrate the parameters in the

process.
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Figure 6.2.1: Schematic infographic of a spray deposition showing the factors chosen for optimisation and the
materials employed. The spray head moves with speed s, at height h with injection pressure, Pi,. The LSC
concentration formulation consists of a host:dye blend with total concentration, Cit, and dye concentration, Cgye,
in some solvent and is deposited onto a glass microscope slide at temperature, T. The number of coats, Ncoat, iS
also considered.

In spray coating there are many variables that need mutual optimisation, from those of the material
blend to be sprayed to those of the spray system itself. These include the dye and host materials,
their concentrations, choice of solvent,ray head height, speed and injection pressure, to name

just a few. Clearly taking either a trial and error or a full factorial approach over such a range of
parameters, many of which are continuous in nature and thus occupy a very large space, is
nonsensial. Trial and error approaches look at detailed cross sections through the parameter space
by picking one factor and varying it continuously to find the optimum, and then moving on to the
next factor. This never captures the full response surface, urigéull factorial study which

explores the whole parameter space but is very costly in materials and time. By contrast the
screening study design saves time and materials by exploring the entire response surface with as few
samples as necessary. Screer@rgeriments employ the idea of the sparsity principle (spaiity

effects principle), which advises a screening approach to the problem of having many known factors
of which most will be essentially inactive and/or trivial in tesponseshat are of inerest. The
sparsityof-effects principle assumes that the process under consideration is dominated by only a

few key effects of statistical significancd.

Here the sparsity principle is applied to the spray coating technigtiee form of an effect

screening experimentNine key factors were chosen for mutual optimisatidiscussed in the next
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paragraphsand theseare either continuous or discrete in natur€hefactorsare illustrated in Fig.
6.2.1and the parameter settings are tabuéatt in Tablexll by sample Those parameters that are
continuous are designated physically reasonable maximum and minimum values for which the

deposition system can operate. Discrete factors are designated 2 or 3 discrete values.

First is the total concentration of éhpolymer:dye blendG., which is the sum of the host polymer
(PMMA) and gle concentrations in units of g/Some experimentation was necessary to appreciate
the tolerances of the spray coating system in this regai@,ifs set too high then we findigher
pressures are required and eventually the material loading is too great and one observes polymer
threads forming miehir in streamers like candyfloss. A maximum workable concentration for PMMA

loading was found to be roughly @t; = 120 gf and aminimum was set aG,; = 50 gl.

The dye concentratiorGyy, in wt% units was also chosen to see if this affects the film forming
properties and because it is expected to have strong importance on absorption processes. Minimum
and maximum were taken toeh0.3% and 1% respectively. This range is chosen by appreciation of
dye extinction and concentration quenching of quantum yield; a certain concentration is required to
absorb incoming light but too high a concentration will result in lower rates of radiati

recombination. The arguments for these values are explored in more detail shortly when considering

goal setting for the thickness responsé> <

The dye type is chosen to understand the influence of particular dye properties. This is set to be a
two-level categorical factor with the nomolar dyePR andhe polar dyeDCJTB favoured for this
study. DCJTB exhibits stronger intrinsic absorption than PR but has lower quantum yield at any given

concentration.

Next the solvent used is designated-&e8el catgorical withpolar solventhlorobenzene (CB),
anisole (AS) andon-polartoluene (T) chosen for study. Toluene has a lower boiling point (1Q).6
than CB (131°C) or AS (155%€) and so films from this solvent will dry faster, which may have

strong infuence on the resultant film particularly with regards to surface roughness.

Injection pressureR,, is an important continuous factor characterising the rate of flow of material
onto the ultrasonic tip of the spray head. Higher pressures should resgienater thicknesses but

there is a need to explore what other effects pressure may have, particularly regarding film surface
effects. Some experimentation was needed to properly ascertain workable pressure ranges with the
concentrations of solution usedf.the pressure is too low at a given concentration then little

material is injected and a proper spray is not formed. Too high a pressure and the spray becomes a
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gush, material is wasted and the substrate becomes drenched. Pressures between 50 anda200 mb

were found to be suitable for the concentration ranges used here.

Substrate temperaturel, controlled by hot plate is a continuous factor whose value range was
chosen though experimentation. It was found that at temperatures ové€#@e films would
appear very rough and wetting issues began to appear making the film coverage patchy. The
cleanroom is maintained at a temperature of around@Xko0 36C was chosen as a controllable

lower boundary and 5 as an upper boundary.

Spray head heighh, was closen as a continuous factor with minimum and maximum chosen as 40
and 70 mm respectively. If spraying is commenced from lower than 40 mm theispragble to
cover the whole substrate area in its pass. At heights above 70 mm the spray density becdames qui

low making for patchy coverage under some conditions of solution properties and pressure.

Spray nozzle speesd, is another important property of the spray coater mechanics to include and is
designated minimum and maximum at 40 and 70 mimSimilar aguments to those above apply;

too fast and poor coverage is achieved and too slow and the substrate can become drenched.

Finally the number of coatdl..., is chosen as al@dvel categorical factor ith values 1, 2 and 3.
These wereehosen arbitrarilffor ease of sample fabricaticand will have important effects on the
thickness of the sample produced, and therefore how much light it can absodingh\extra coats
may disruptsurfaceproperties such as roughnedsowever, which would have a negative ingpan
reflection loss mechanism¥isuallyit can beseen that spraying multiple layers can negatively affect
the homogeneity of the PMMA:dye coating. Figure 6.2.2 shawsphotographs of samples in this
studyto highlight this poin{see Table XII)

Figure 6.2.2: Photographs of samples S09 (Ncoat = 3), on left, and S10 (Ncoat = 1), On right, showing how extra

coats can affect thin film homogeneity. See Table XII for more details on these samples.

The JMP DoE has no physical understanding and willlizaggonbine highly incompatible
parameters, such as low boiling point solvents with high substrate temperatures. Avoiding this
problem requires careful thought of the chosen variables, their minima and maxima and, in some
cases, manual retuning of the Do&nhéiguration. In such manual retuning care must be taken to
avoid repeated arrangements of the factors so as to maintain the purpose of the screening study;

that being to explore the whole parameter space with as few samples as possible.
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The resultant screning DoE is summarised in Table X total of 24 samples are required including

centre-point values, which are samples S10 through to S15. These qmitrevalues serve the

purpose of a check for any statistical model applied to the results and txdaty higher order

effects in that assumed model.

Pattern  Gu (9/l) Gye(Wt%) P,(mbar) T(°C) h(mm) S(mms') Dye Nea Solvent

s | ----- -+0 50 0.3 50 30 40 40 DCJTB| 3 AS
S@| - “++ 50 0.3 50 30 40 40 DCJTB| 3 T
SB | --tt+t++- 50 0.3 50 50 40 70 PR 1 CB
SG | --+++00 50 0.3 200 30 70 70 DCJTB 2 AS
S| -++-+0 50 0.3 200 50 40 40 PR 2 CB
SG® | -+-+++ 50 1 50 30 70 40 PR 1
SO | -+++0+ 50 1 50 50 40 70 DCJTB 2
SB | -++-++0 50 1 200 30 40 70 PR 1 AS
S® | -++++-+ 50 1 200 50 70 40 DCJTB| 3 CB
S10 | 00000@12 85 0.65 120 40 55 55 DCJTB 1 AS
Sl1 | 00000411 85 0.65 120 40 55 55 DCJTB 1 CB
S12 | 0000013 85 0.65 120 40 55 55 DCJTB 1 T
S13 | 00000@12 85 0.65 120 40 55 55 PR 1 AS
Sl4 | 0000011 85 0.65 120 40 55 55 PR 1 CB
S15 | 00000213 85 0.65 120 40 55 55 PR 1 T
SI6| -4+ 120 0.3 50 30 40 70 PR 3 CB
S17| +-++-0 120 0.3 50 50 70 40 DCJTB 1 AS
SI8 | ++++0+ 120 0.3 200 30 70 40 PR 2
S19| +++++ 120 0.3 200 50 40 70 DCJTB 1
20| ++-++0- 120 1 50 30 70 70 DCJTB 2 CB
21| +++-+00 120 1 50 50 40 40 PR 2 AS
2| - 120 1 200 30 40 40 DCJTB 1 CB
X3 | ++++++++( 120 1 200 50 70 70 PR 3 AS
R4 |+ 120 1 200 50 70 70 PR 3 T

Table XlI: Parameter screening design of experiment showing the factor values for the full set of 24 samples.

The pattern column shows the | eft -6t o sritghhet mainnimuar mvaax i unea,

maxi mum value and 6pPdi mte preaelskeend.s & ledpointéeduds fa cakgoicd8 6 ar e

factors.
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6.3 Definitions of Response Metrics

Fromthe factors laid out in TablelXve next turn to the responses which characterise the quality
and performance of the resultant spraleposited films. These responses naturally tie in closely as
metrics of LSC performancetkvrespect to the components of optical efficiency defined through

Chapter 2.2. Seven such response metrics have been defined as shall now be detailed.

A high quality LSC thin film coating will necessarily be highly smooth across the whole of its surface
as higher roughness will impact on reflection efficiencies, both Fre'spedid TIR' ;5. Nanosale
imperfections in the surface are out of the measurement range of profilometry so as to quaify

in some manner but the microscopic scale roughmefsrred to here will also have a strong impact

on overall efficiency. To characterise this critical property three metrics were chosen; the mean
roughness ratio, Rs>, the standard deviatiof this, g, for roughness variation across the sample,

and lagly the height rangeR,. A Veeco DekTak profilometer is used to measure these quantities and
is done in a standardised way across all samples. Figure 6.3.1 shows a gblotoigsample SO1 (see
Table Xl) with dashed lines roughly marking the scan posgidabelled a), b) and c), which are of 10

mm in length.

Figure 6.3.1: Annotated photograph of sample S01 showing, in dashed lines, the three 10 mm profile scans
performed on each sample. The crosses indicate the positions of the self-absorption measurements as a function
of excitation point distance from the emission edge, described shortly. The acquisition edge is taken as the right-

hand edge of this image. The edges of these microscope slides are polished to a fine optical quality by the
manufacturer.

The mean roughness ratio is then defined by the mean for each of the three profile scans on each
sample. For each profile the roughness is determined by the ratio of the mean height between
peaks, ph>, and the mean distance between pealgsx> as per Eq. (6.3.1);

o:¥¢2)

Y — =
(9:30 0]

These quantities are determined from a peak detector analysis of each profile producing a graphical
output as shown in Fig. 6.3.2. Note that the profilezessarily have to be smoothed for this analysis

otherwise multiple false peaks will be detected.
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Figure 6.3.2: Smoothed 10 mm profile scan (red line) for SO1 at position a), as indicated in Fig. 6.3.1, showing
the peaks detected and used in the analysis (black points).

The lower valueRs> takes the better and should ideally be well below 1%. The standard deviation
of this, g, is indicative of the sample global and also would desirably be low thus characterising a
more even coating across the entire surface of the substrate. Lastly for this characterisation the

height rangeR,, isused as to further characterise the varilitlyiacross the sample.

The next two metrics have been chosen as indicators for absorption efficlepgyhough they do

not characterise the radiometric absorption itself. Instead the mean film thickneéssand the

relative integrated absorption tensity, l,,s, are measures of how much material is deposited and
what the relative absorption strengths from sample to sample are, respectively. To achieve strong
absorption in the spectral region of the dye a thickness on the order of tens to hundreudsrohs

is required for dye concentrations ranging from 1 wt% to 0.1 wt%. The absolute values of <
required can be explored more thoroughly via the Beambert law given in Eq. (2.2.5). For the
purposes of this screening study these metrics will besiared in relative terms.tx= is determined
from profilometry of samples by scratching through the film and scanning a profile across the gap.
This is done after all other measurements are complete as the samples are damaged in the process.
lansis determined from absorption spectran three positions per sample, judged by eye to exhibit
roughly the mean optical density of the sample, which are averaged and then integrated, as
described in Eqg. (6.3.2). The absorption spectr8gy<), is determined via the transmission

spectrum and Eqg. (3.3.1).

O = = —Q_ 38

Figures 6.3.3 and 6.3.4 show the absorption spectra in relative intensti/thos recorded for
DCJTB and PR respectively. A clear progression in absorption intansitg seen from these

spectrawith the trivial causal link to both film thickness and dye concentration.
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Figure 6.3.3: Averaged relative intensity absorption spectra for DCJTB samples.
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Figure 6.3.4: Averaged relative intensity absorption spectra for PR samples.
The final twometrics are the change in Stakshift, n s, and the debroadening parametepw,
relate directly to the selbsorption loss mechanism, quantified by the efficiengy, and use a
spectroscopy method specific to this chapt&his method shown in Fig. 6.3Fhe excitation source
is a 405rm GaNdiode laser with a 1 mW output which is intensity modulated using a continuously
variable reflective ND filter. This is directed perpendicular to the sample's coated surface. The
sample is positioned so that the laser can be scanned across the filcesand any unabsorbed
excitation light passes through and can be ignored. One of the short concentration edges of the
sample faces towards a lens based collimator which collimagbsihto a fibreoptic. Trapped
fluorescence is concentrated along tedges and théenscollimator captures part of this at the

acquisition edgdéor measurementThe collimator lenses have focal lengths of 10 cm widlameter
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of 23.5 mm giving@ numerical aperture dlA=0.117.This lowNAmeans that some of the wide

ande acquisition edge emission is lost. Additionally the acquisition edge is 2 mm in width, which is
wider than the lens itself and hence focusithg image of thi®nto a circular fibre optic aperture is
going to include losse3he fibre optic is then comtted to anORIEL Multispespectrometer

(cooled to 40C) via a Shamrockflective optics monochromatowith the adjustable slit set to 0.1

mm and with adiffraction grating with 300 grooves nimblazed at 500nm and havingange of

280 nm

Sample
< — %
Fibre Optic to )

Oriel Multispec Lens Collimator

'y

- 7 S—

405 nm GaN Laser

Mirror Mounted on Translation Track

Figure 6.3.5: Schematic of the measurement setup used to determine the response metrics of Stokes' shift, cpat,
and the de-broadening parameter, gow the 405 nm GaN source is directed onto a mirror mounted on a translation
track allowing the point of excitation across the sample to be adjusted. Light exiting the acquisition edge is
collimated onto a fibre optic for delivery to the spectrometer.

From this set up four measurements per sample are taken as depicted by the crosses in Fig. 6.3.1.
These are 2cm apart starting with the first excitation point being 0.5 cm from the acquisition edge.
Note that absolute edg emission is not measured but by adjusting the laser intensity a strong signal
can be collected and comparison between ti@malisededge emission spectican be drawn. It is

a comparison between the spectral shape and peak energy that is of interesfdrerharacterising

the selfabsorption.

The first self absorption metric from this maaement is the change in Stakshift, n g, due to
seltabsorption over a 6 crohange in excitation position relative to the acquisition edge. This is
distinct from the Stokes' shift,n <as it is the change jm <The increased path length through the
device as a function of distance from the acquisition edge results in truncation of the blue tail of the
emission spectrum giving rise to an apparent redshift. Thiftkes and higher concentrations will be
expected to magnify this effect. Because absolute edgmsity is not known the spectiare

normalised by the maximum, befoye s is determined.

The final metric, the déroadening parametemnw, is complimentaryto that above and uses the fact
that the full width at half maximunw, (FWHM) of a spectrum is reduced by s#orption. This is
because the reghift is not a result of an actual shift in the emission energy, unlike the case of

solvation, but a conseaunce of preferential attenuation of bluer emission. By fitting a Gaussian
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profile to a given spectrum the FWHM can be estimated and then a changean be measured in

the FWHM as a function of excitation distance from the acquisition guges thus a débroadening
parameter due to selébsorption.At first glance choosing a Gaussian fit, rather than using the

FWHM of the emission spectrum, agps incorrect since DCJTB and especially PR do not have
Gaussian emission line shapes. However, for DCJTB it is a reasonable approximation with very little
difference either way and for PR using the FWHM of the emission spectrum is very problematic. This
is because as sddbsorption reduces the primary peak of the PR emission spectrum the FWHM can
actually increaseThis problem is created by the fact there are two peaks in the PR spectrum and so
approximating to a Gaussiarovides a solutionThis issudighlights than measuring de

broadening using the FWHM is not ideal for spectra with more than one transition.

An example setfospectral data is shown in F&3.6 a)for S02in which the debroadeningcan be
seen. Fig. 6.3.6 b) shows the FWHM of the<3an fits to each of the spectia Fig. 6.3.6 awith a
guadratic fit to the data. From Fig. 6.3.6 b) the change in FWHHlis not exactly linear but to a
first order approximation it is taken to be so. The response parameter takes the tetabddening

between excitation distances of 0.5 and 6.5 cm to characterise the sjo@gd samples.
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Figure 6.3.6: In a) the normalised acquisition edge emission spectra for sample S02 (DCJTB) are shown to
exhibit the redshift in peak emission and de-broadening due to self-absorption. In b) the full width half maximum
of Gaussian fits to the spectra in part a) are shown with a quadratic best fit.

6.4 SettingResponse Goals

The seven metrics defined abov#:>, g, R, <>, las N srandn g are determired for each sample
from Table M. The analysis of these data then follows a multivariate approach, which involves
plotting each factor and response against each other and looking at the correlation so aot@disc

which factors and responses influence one another. This is conveniently shown through leverage
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analysis and prediction profiling, based on a least squares fitting model, and further characterised

using the DerringeBuich desirability function, givén Equation (6.4.1).

0O Q Q 8 Q- Q 08

WhereDis the desirabilityd; is the individual desirability function for thith response ana is the
total number of responses, whichns= 7 in this case. For eaafsponsed, must be determined and
will range from 1 to 0 depending on how well the individual goals for each response were met. The

goals and limits for each sponse are outlined in TabléllX

In this study goals are set for minimising or maximisingg@ngiesponse toward the lower or upper

limit respectively. The specific limit to which the goal is set towards is chosen to reflect the best film
guality and performance. It should however be recognised that some of these goals may be mutually
exclusive. &r example; maximised absorptiol,s, and minimised selibsorption lossemust be

carefully optimised together since higher absorption of incident light will also mean increased self
absorption. Similar concerns apply betwedr and the selabsorptionparametersp s andn g

This is because increasing the film thickness or the absorption of incident light will result in greater
attenuation of waveguided light travelling to the acquisition edge of the LSC. Desirability analysis will
therefore be used to try and detmine the optimum conditions and deposition recipe for these

conflicting parameters.

di Response Goal Lower Limit Upper Limit
d; <R Minimise nonm > y >Y
d> R Minimise 0% 100 %

ds R, Minimise noénm HND >Y
d, <t> Maximise nom > pn >Y
ds Labs Maximise 0.1 150

ds N s Minimise 1nm 50 nm

d; no Minimise 1 nm 50 nm

Table XllII: Response goals with the associated upper and lower limits built into the effect screening model.
Desirability for a particular response is calculated by the goal and the limits.

Each response's desirability can be defined clearly in light of the goal and the targeted limit. For a
minimisation goal the response desirabilitl;, will be 1 at or below the lower limit and O at or above
the upper limit, and a linearly varyingafition of 1 for points in between. The opposite is true for a

maximisation goal. For example; in the case of the roughness «&ip, the goal is the lower limit,

113



Chapter6: Parameter Screening for Spray Coating Deposition of Surface Coated LSCs

setat0.0>Y® LT (KS Y &Redodaybdr sathplé edefals tAeFlower limit or below then

d; = 1. If it was somewhere between the lower and upper limits then a linear equation between the
limits provides the desirability, for example R& =3> Y {(1d{=50/6257 It may be the case that

the goals set are too ambitious for the deposition technique, which will be revealed by the results of
the leverage and desirability analysis. Of course what limits are chosen will inevitably have an impact
on the desirabity so care must be taken to choose goals applicable to a near ideal deposited film

and plausible limits.

For the mean roughness ratigRs>, the limit chosen is an order of magnitude higher than the
DekTak profiler's precision edge and represents aaserfvhich appears uniform to the eye. In fact
visual acuity is not so nearly so sharp, tens of microns is the best precision for features on a 2D
plane, but surface roughness is more easily observable under illumination through reflection and
shadowing efcts. It would be a difficult matter to numerically model LSC optical efficieggyas a
function of the surface roughness, as quantified B3 and so a precision limited value is
preferred. The upper limit at=8n is representative of a highly rough surface that would be appear

dull in hue due to high levels of scattering.

For the standard deviation of the roughness ratiq, which is as a percentage oRs>, a
minimisation goal of 0% is chosen as an absolute target. This parameter looks at the global variance
in roughness and so characterises a globally consistent film, wehédsential for a finished coating

product.

For height rangeRR,, minimum limit of 0.02m is chosen, again the precision limited value is
preferred. The upper limit at 26n is greater than the upper limit forRe> because of global

variance in film thickess and roughness. This variance meansRhtnds to be greater than R>.

For film thicknessst>, the goal is at the upper limit of 5. This has been determined as a rough
target by use of models generated using the Beambert law given in EQR.@.5). Having measured

the absorption coefficients (see Chapter 2.4.1) Eq. (2.2.5) can be used to model how absorption of
sunlight depends on film thickness and dye concentration. Figures 6.4.1 and 6.4.2 show how the
global irradiance spectrum at AM 1%5is absorbed by various thicknesses of PMMA containing

DCJTB at a concentration of 0.3 wt% (7.844xpand PR at 0.5 wt% (6.1671M1), respectively.

From Figures 6.4.1 and 6.4.2 it can be inferred that a film thickness of arousrd EOnecessary at a
fairly high concentration of 6.167xf0 for PR. DCJTB is more intrinsically absorbing than PR, as can
be seen by comparing Figures 2.4.7 and 2.4.11, and it has a lower molecular weight hence it absorbs

more at both the same molar ceantration and the same weight percentage concentration. This is
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why different concentrations were used for the plots; so as to capture the proper range of depths

for each dye.
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Figure 6.4.1: Absorption of the AM1.5 global irradiance spectrum as a function of depth through a PMMA film
doped with DCJTB at 0.3 wt% (7.844x10°M) . Saturation occurs at around 50 &m b
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Figure 6.4.2: Absorption of the AM1.5 global irradiance spectrum as a function of depth through a PMMA film
dopedwithPRat0.5wt%(6.167x10'3M). Saturation occurs at around 100 em bu
LSC then around 50 em film thickness is requi

An important point to note here is that increasing concentration to reduce the required film
thickness is going tbe negatively impacted by concentration quenching effects. One can take this
side exploration of thickness optimisation a step further by considering, in absence of other effects,

that an LSC has an optical efficiency proportional to the produgtoy The absorption efficiency,
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" abs fOr a given film thickness is the integral of the AM1.5 global spectrum minus the same spectrum
after absorption by a given dye and film thickness. By expressing this absorption integral as a
fraction of the total and mulplying by the associated quantum yield,, one gets an efficiency
estimation for the fluorophores. This enables the optimisation of their properties for thin film LSCs

and as ishown in Fig. 6.4.3 for DCJTB and PR at several concentrations as a ffifdtion

thickness.
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Figure 6.4.3: The LSC efficiency estimator, dabsdoyv, is plotted here against film thickness for various
concentrations of DCJTB and PR in PMMA. Weight percentage concentrations are chosen so as to have
comparable molar concentrations; so 0.1 wt% DCJTB is similar to 0.2 wt% PR, 0.3 wt% DCJTB is similar to 0.6
wt% PR and so on.

Fig. 6.4.3 shows PR to be the best dye due to its highet a given concentration, though DCJTB

plateaus at lower film thickness due to its higher intriredsorption. The figure also reveals, with

careful evaluation, the optimum thicknesses and concentrations to Tise fluorophore

concentration need to be minimised due to reduction of quantum yield by concentration quenching

(see chapter 7). Additionallyé film thickness needs to be minimisted the practicalities of

fabrication.For DCJTB a camdration between 0.3 wt% and 0.5 wt% will be ideal with a thickness at
 NEdzyR on (G2 nn >Y® ' a Oy 68 4SSy |0 GKA& LRAYL
with a back reflector it will get close; one can consider a back reflector to estgbuble the

effective film thickness. For PR the concentration will be best at around 0.6 wt% at a thickness of 100
>Y® b20A0S K2 Ay 020K OFrasSa F2NIS5/We. |yR tw (K
the highest in collection efficien@s characterised herehis comes about due to the higher

guantum yieldsand hencedwer concentration quenchingllowing more energy to be harvested

for thicker films. One can see that for film thicknesse#ill 6 2 @S wnn >Y GKS f2gSai

(squares) are likely to reach even higher values.gf oybut such film thicknesses become
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impractical to achieve. The curves in Fig. 6.4.3 are only part of the story as this efficiency evaluation

lacks representation of setfbsorption effects, which areighly dependent on film thickness.

The nextresponse goal to discuss is that of tiedative absorption intensitylans Whose desirability is
amaximum and given the vallB90. Considering Figs. 6.3.3 and 6.3if isdefinedby considering
the numberof total possible absorption counts across a 300 nm range with 1nm bin Slzetower

limit here is taken as 0.1, which is representative of almost negligible absorption.

Lastly for botm s andnw the goal set is a minimisation to represent a small-abBorption. These
goals were again somewhat arbitrary; it is expected that at least a few nanometres differehice wil
observed in both the Stokeshift andGaussiarrfWHM and so 1 nm & appropriate minimum. The
maximum at 50 nm is informed by looking at spectra such as in Fig. 6.3.5; a 50 nm peak shift solely
due to selfabsorption would necessarily require most of the blue tail and peak energy, around 50%
of the total, to be removedn fact because of the retil of absorption cutting off somewhere over

600 nm there is a limit to amount of selbsorption possible. It is difficult to exactly measure this cut
off point because of limitations in the precision of spectroscopy measungsn8ased on these

considerations a 50 nm shift is taken to roughly represent totategesbrption.

This chapter has thus far examined the screening study design with focus on the input factors and
measured responses. Responses have been rigoroushedeéfirierms of their measurement and

the goals associated with them. The aim of this study is to reach conclusions on the strength of a
given factor's influence on a given response and thus form a statistically informed spray coating
methodology. To do tkithe measured responses are analysed using JMP which looks at the
correlations between factors and responses and builds a model around these interactions. It is
important to understand that correlation does not imply causation so we have to be carefal whe
drawing conclusions to avibnonphysical interpretations. Also note that, while the work presented
here does not include higher order interactions between factors and response outcomes, such

interactions were analysed but found not to be statisticaigngicant.

6.5 Results and Discussion

With the responses measured as defined above JMP is used to perform a standard least squares fit,
assuming a normal distribution in the response data, between all factors and responses. The results
can then be displged via various statistical methods, one of the most useful of which is effect

leverag analysis
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6.5.1 Effect Leverage Analysis

Effect leverage analysis performed response by response and looks at the influence of each factor
by plotting the responseesiduals without the given factor against the response residuals with that
factor included. Thus there are nine leverage plots for each response, too many to display here,
which are usefully combined into a whole model leverage plot where the measurpdnss is

plotted against the predicted response from the least squares model. Figure 6.5.1 shows whole

model leverage plots for the roughness parameteRe><x" randR..
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Figure 6.5.1: Leverage plots of the whole fitted least squares model including each of the nine factors for each of
a) <Rr>, b) Ur and c) Ry. Data points refer to the measured and predicted response values for each sample, the
dashed-blue line is the y-axis mean for the measured response values, the solid-red line is the least squares fit
and the dashed-red lines are the 5% significance levels. The P value, R? and RMSE goodness of it statistics are

also included.

What is immediately clear frofaig. 6.5.1 is that these responses are not significantly influenced by
the chosen factors. The mean roughness raf>=is the best of these with P = 0.086, or over 90%
confidence which is not regarded significant. This is seen by the dastHembnfiderce intervals
enclosing the dashellue measured response mean. The other goodness of fit statistics further
corroborate this impression from the leverage plots, as shown in Tabl€®©X&/also notices,

particularly forR,, that the gradients are unstablehich is seen by the angle with which the red
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dashed lines depart from least squares fit line. Such instabilities are anathema to a model's

predicting power and come from large sources of unexplained variance.

Why is this the case? It was expected that tbeghness of the deposited film would vary more
substantially with the chosen factors, particularly with solv@nt, P, andN..... Despite there

being obvious difference in roughness between samples these results show that it is not possible to
strongly attribute these differences to the chosen factors. It could be concluded from this that
controlling surface roughrss, to the limits set in TabldI)Xby spraycoating deposition will be very
challenging though there may be other factors that wereonsidered here. This does not bode

well for fine tuning the deposition so as to reduce reflection losses at the interface.

Figure 6.5.2 shows leverage plots for the thickness and relative absorption intensity paramieters, <
and l,,s respectively<t> is seen to have a strong dependence on the fitted model which indicates

that there is significant influence on this response from many of the factors. Only the hgiglfit,

the spray head had a no confidence result &gk, P, andsare factors with a tgh significance on

<t>. All other factors had a borderline significance. This is a somewhat trivial result since when more
material is deposited one would expect greater film thickness. More coats, higher pressure and
slower spray head speeds would alldgected to increase film thickness. These relationships do
show the leveraging process is working, which acts as a test of the statistical method; if there was no

significance onts then problems with the model would need consideration.
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Figure 6.5.2: Leverage plots of the whole fitted least squares model including each of the nine factors for a) <t>
and b) Iabs.

The integrated absorption,y,s effect leverage shows significance above the 99.9% confidence
borderline in the model. This comes due toostg confidence in nearly all factors exc€ht andh.

The leverage plots fdg,s by the factors head heighh, and dye concentratiorCy,e, are shown in Fig.
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6.5.3 to illustrate factors of negligible and strong influence. These factors have the kweest

highest significance fdg,s, respectively.
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Figure 6.5.3: Leverage plots for laps against the factors a) Caye and b) h.

Clearly increased dye concentration has a massive positive effect on the total absorption of incident
radiation from the xenon @ lamp used in the spectrometer. This is to be expected and is a trivial
relationship better described by the Bekambert law. Similarly a strong relationship to the dye

type, because of intrinsic absorption strength, is seen and to be expected. Sismwgth the

thickness parameter also show in the mutually high confidence relationsNythP,, ands.
Figure 6.5.4 shows leverage plots for the sdi§orption parametergy s,andn &
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Figure 6.5.4: Leverage plots of the whole fitted least squares model including each of the nine factors for a) qpa.
and b) qpw

The change in Stokeshift selfabsorption parametem g, shows high confidence of above 99% in
the model whereas the dbroadening parameteqp g shows a confidence of about 96%. Some
simiarities between these two,t= andl,,sare to be expected in the factors of influence. Rog.

the factors of significance aié..;, dye type Go: and Gye.whereas fom gthe factors of significance

are Gyeands. There is a cross over here betwges, n g <> andl,,swith common factors of
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significance because of the relationship between film thickness, the path length of light and self
absorption. Clearly the dye concentration is critically important on theaedbrption metrics but

much less® on the film thickness.

These interrelations are somewhat trivial but informative; to maximiseas required it is necessary
to increase\.,,; and P,, but decrease spray head speasdHowever to minimise sedbsorption as
required it is necessary wecreasd\,,; and increase becausehe converse would result in greater
film thicknesses. Hence absorbing incident radiation efficiently and reduction eflssdfption are

goals at crospurposes. Intuitively this was known all along but is corrobexdtdtere in the statistics.
TableXN summarises the results from the effeleiveraging analysis.

Response P-Value R Significant Factors (p<0.05)

<R 0.086 0.63 None
"R 0.2827 | 0.52 None
R 0.7453 | 0.34 None
<> <0.0001| 0.93 Neoas Giye Pn@ands
labs <0.0001| 0.63 Neoas Dye,Giye, Pnand s
n s 0.0004 | 0.86 Neoar Dye,Gor and Gyye
ne 0.0413 | 0.68 Gyeands

Table XIV: Whole model best fit statistics for the response and their associated factors for which p<0.05

6.5.2 Desirability Analysis

The efect-leveraging analysis gives a general overview of which factors influence which responses. A
preliminary conclusion at this point is that rather trivial relationships have been observed but there
appears to be a lack of control over the resultant defgakfilm, particularly with regards to film
roughness. Further effect profiling is done through a desirability analysis which looks particularly at
the ability of the deposition method teeach the goals set in Tabl&/XThe maximumminimum,

median and ange values are shown for each desirability factor to illustrate their distributionlbfeT

XV. This summarises the calculated desirabilitiis and total desirabilityD, given by Eq. (6.4.1).

The median is chosen since this represents the peak adigigbution in desirability values across

all samples.
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Maximum Minimum Median Range
d; (<Re>) 0.99 0.18 0.91 0.81
d (R 0.90 0 0.69 0.90

d; (R) 0.99 0.15 0.92 0.85
ds (<>) 0.25 0.03 0.08 0.22
ds (lans 0.392 0.003 0.103 0.389

ds (N ) 0.84 0.22 0.59 0.61
d:(n 9 0.95 0.47 0.66 0.49
D 0.56 0.30 0.42 0.26

Table XV: Desirability table showing, over all samples, the maximum, minimum, median and range for each
individual desirability, dn, and the total desirability, D, which take values between 1 and 0 depending on goal limit
and the response value for a given sample. Individual desirabilities are labelled for each associated response in

brackets.

Table X is interesting because it shows which responses are achieving the required goals. Notice in
particular thatd, andds have relatively low desirability valuas seen by their median valuekhese
desirabilities ag for <> andl.s respectively, and indicate that spray coating deposition will struggle
to achieve these goals. In fact the greatest film thickness was 322.63r sample S09 which had 3
coats at high pressure so 5@n, or indeed 100-m, is out of the gestion with this system. S09
incidentally also has the highest desirability of these devicesByjth= 0.482 owing largely to it

having the greatest thickness and absorption of incident light. This comes as a bit of a deal breaker
indicating that everat high concentrations of PMMA, and thus more viscous solutions, and with
multiple coatings this spray coater fails to reach the minimum required thickness for maximum
absorption for both dyes, even with a back reflector. It is not clear how this couienbedied

except through increasing the number of coatings and it appears to achiexe 5@uld require
somewhere in the region dfl,.; = 20, which is certainly impractidak a number of reasongirst is
because a large scale process requiring multipkets would slow production and increase costs
significantly. Additionally it was noticed during sample preparation that incre&iggesulted in a
reduction in the homogeneity of fluorophore distribution. This is attributed to the partial re

dissolvihg of previous layersncreasing florophore concentratiorso as to reduce the requirdd.4

is not agoodoption since this will reduce quantum yield and increase attenuation for rays of light

travelling through the fluorescent coating.

Another point ofinterest is that of the seldbsorption parametergy) s andn g whose individual

desirabilitiesds andd; respectively, show large variati@nd median values in the middle of the
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desirability rangeThis was understood through the interactions foundlieain the effect leverage
analysis and exhibited in Tabl®&/Xclearly for the ranges of thicknesses produced and dye
concentrations used there is to be significant sdd6orption for waveguided light in such an LSC
device. Thenedianaverage ofl; is0.59 which correspondstp s,Ff HH Y'Y F2NJ f A 3K

from the acquisition edge and this is substantial.

To examine this effect further consider the acquisition edge emission spectrugi®&and S22 as
shown in Fig. 6.5.5, which hadg=0.408 andds; = 0.572,respectively In this plot the spectrare
normalised with respect to the spectrum nearest the acquisition edge at 0.5enDCJTB the
normalisation is done to the intensity of the 0.5 cm spectrum at the peak wagtieof the more
distant spectraFor PR all normiglations for the more distant spectra are on the shoulder at 650 nm.
These normalisationprovidean estimation of the relative spectral areas based solely on the red
shift in emission energy due to s@lbsorption.This operation is not ideal as the redlils should

overlap, but as aestimator itsuffices
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Figure 6.5.5: Sample acquisition edge emission spectra for a) S22 (DCJTB) and b) S18 (PR). For a)
normalisation is done to the intensity of the near edge spectrum at the peak wavelength of the others. For b)
normalisation is done on the shoulder at 650 nm. Intensity integrals are included showing an estimated 35%

(DCJTB) to 38% (PR) total drop in collected energy.

So on average, over a 6¢cm distance to the acquisition edgg8%bof the collected eneygis

expected to be lost to sedbsorption, the true figure is slightly marBR suffers this effect more

over shorter distances, which can seen by considering the differences between S18 and S22 via Table
Xll and Figs. 6.3.3 and 8L3S22 is actually thner but has a significantly higher concentration of

DCJTB molecules than PR in S18. Hence S22 actually absorbs more incident light but this analysis
shows that S18 suffers slightly higher sdisorptionthan S22, and therefore PR suffers more over

shorter distances than DCJT®f course somselfabsorbed lights reemitted and trapped again by

TIR, as was explored more thoroughly in the last chapter, Istitlitepresents a severe loss mode
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that cannot be reduced through control of deposition methdémtyy. This must to considered in light
also of the solar cell EQE because some cells absorb red light preferentially which would reduce the

impact of this loss.

The final step in the desirability analysis is to consider the minimum desirabilityandmaximum
desirability,Dnax projected by the model based on the factors and responses here. JMP allows the
prediction profiler generated through the model to be automatically set to the maxiBuirhis
essentially provides a recipe of input factors to iagk the most desirable response values in the
produced film and an understanding of the range of the desirability space encompassed by the
model. This range is important to consider because it acts as an indicator of how much control over
the process is\edent. The maximum desirability was giverDgg,= 0496and the minimum is

found to beDy,, = 0.240and hence gives a desirability rangg@f= 0.56. This range is small and

low in value owing to the lack of control over several of the variablesisassbed through the

leverage analysis, and the low desirabilities achieved&t®andl,,s Table Xl shows the input

factor conditions predicted for the maximum and minimum desirabilities.

D Got (@)  GCue(@/l) Po(mbar) T(°C) h(mm) S(mms') Dye Nya Solvent

0.240 120 0.3 50 30 40 70 PR 1 AS
0.496 50 1 200 30 70 70 DCJTBl 3 CB

Table XVI: Factor values for the maximum and minimum desirability predicted by the model.

Table X1 gives an indication of what values the input factors should takedgimise desirability,
though caution is needed in light of lack of control and predictability in the model for the roughness
parameters. Due to the low significance of these parameters they introduce unexplained variance
into the model used by the predictn profiler. This is however a small effect since most of the
variance in the model, and the desirability, comes from the other factors where strong effects are

observed. The prediction profiler is shownFig. 6.5.6&et at the maximunadesirability

ForDnax low concentration solutions at high pressure are preferred, converse to the c&sg,of
Because the roughness measures are included in calculating these scenarios, despite weakness of
confidence, they will certainly have bearing on this arrangensérde for K> the total

concentration, ¢, was found to be borderline significance. Higlhvalues are seen to most

strongly affect seffabsorption and less the film thickness, particularly thropggl. In contrast high

P, values more strongly affect the film thickness and less theatmbrption, though this position is

in tenuous balance as Fig. 6.5.6 shows. Such cotmalancing factors are to be expected when

trying to optimise for goals atduls with each other, as with maximising incident absorption and

minimising sekabsorption.N..;; Needs to be maximised as expected to maximiseandl s
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Note in TablexVl that for Daxand Dnin the substrate temperature], and head speed, are the

same in both cases, being low fband high fors. Tis found to have low confidence of effect on all

responses which tells us there is no way to predict what those responses will be at any given

substrate temperature. Therefore the value of’80has no aning; 50C would work just as well as

far as the confidence of the model is concerned. That being said one recognises through experience

that as the substrate temperature approaches a solvent's boiling point other dynamics start to come

into play. Sprayig onto a very hot substrate results in highly rough and messy films thtbegh

thresholdwas notinvestigated.
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Figure 6.5.6: Prediction profiler for the model generated by screening study, set at maximum desirability, Dmax =
0.482. Factors lie on the y-axis whilst responses lie along the x. Desirability plots lie along the bottom and right
hand edge of the main plot of profiles, which themselves are miniature versions of leverage plots seen in section

6.5.

As for speed it seems erroneous that the minimdesirability could have the same as the maximum

since all leverage profiles have the same gradient, as seen in Fig. 6.5.6. However, the desirability

profiles for the responss, seen at right of the imagdo not have the same gradient. It just so

happensn this case that the arrangement of factors and responses at minimum and maximum

result in the same speed in each case. In this study speed is seen to have great influence only on

thickness and absorption of incident light.
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The choice of solvent was exgied to show more interesting influence and so it is surprising to see
that it has only near borderline significance of effect in any response leverage plots. The greatest
effect on a response was fot>with near borderline significance at 91.8% confand saw
toluene as providing greatest thicknesslso shows confidence of 89.3% with the roughness ratio
but in this time with anisole being more desirable with loweRt><values. Such a predictions hold
too much uncertainty for definitive statemetiowever, and so does statement that chlorobenzene

provesbetter than anisole as Tablé/Xsuggests.

For choice of dye anGy.the model indicates that DCJTB and higher concentration provide the
optimum desirability, but it is absent considerations of aamication quenching of quantum yield,
selfabsorption effects and photochemical molecular stability. The model considers DCJTB to be the
best because of its higher intrinsic absorption which has great impact on the relative absorption
intensities, as seehy comparing Figures 6.3.3 and 6.3.4. Dye type also is seen to have a significant
influence, at 99.4% confidence, on the peak shift due toaetbrption,n s. The leverage analysis
indicates that the least squares mean for DCJTByisgat 18.5 £ 1.3 nm and for PR inigs = 24.7 +

1.3 nm. So based on this model, at high confidence, DCJTB is expected to have significantly lower
selfabsorption than PRI his makes sense considering DCJTB has a bisaaitrumwith a larger

Stokes' shift, as seen comparing Fig. 2.4.7 and 2.4Al%o consider that thepectrumof PR is

composed of two main transitions where the first of which is largest and lies irethtail of the
absorption spectrum. Much of this larger component can be consumed bglssdfption over

relatively short distances, as has been seen for DCJTB in Fig.6.5.5. PR does however exhibit higher
guantum yield than DCJTB at all concentrationtyhas Fig. 6.4.3 has shown, can improve the
collection efficiency of light. Furthermore PR has much greater photochemical stability with over
80% of the original efficiency remaining after a year long expddurehereas DCM class

fluorophores are knowmo have low stability.

6.6 Conclusions

The screening design has found success in its ability to assess to value of the spray coating
deposition of LSC4ayer devices using the Prism UHEaat 300. The clear conclusion based on the
defined response garameters, and their goals set in the desirability analysis, is that this spray coating
system cannot achieve the thicknesses of film required and that the surface roughness cannot be
controlled at all in the range of parameter space explored. Furtherroptinal absorption of

incident light, which cannot be achieved due to the thickness problem, necessitates streng self
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absorption effects over the range of several cm, even with a back reflector considered to reduce

necessary thickness.

The model predict®R to suffer more from the sedbsorption phenomenon than DCJTB which is
supported by considering the spectra of these dyes. Theasslbrbed energy in a DCJTB sample

with average change in peak wavelength over 6 cm excitation difference is crudelptestito be

around 35% based on measured spectra. This shows thadtssifption is strong in these-kayer

devices which may be exacerbated by longer path lengths due unfavourable scattering from a rough

reflection interface.

6.7 References

[1] K. R. MIntosh, N. Yamada and B. S. Richards, Theoretical Comparison of Cylindrical and Square
Planar Luminescent Solar Concentratdygp. Phys. B8, 285290 (2007)

[2] G. Colantuono, A. Buckley and R éitidRayOptics Modelling of Rectangular and Cylindriza
Layer Solar Concentratork, Light. Tecll, 7, 1033 1044 (2013)

[3] A. von Eye, P. Mair and E. Y. Midvances in Configural Frequency Anajy&id ed. Guilford
PressUSA 2010), Chap. 12, pp. 22X6.

[4] IMP® 8 Design of Experiments Guathel, ed (SAS Institute InadCary, NCUSA, 2009), Chap. 2

[5] AmericanSociety for Testing and Materials (ASTM), ASTM 832 7&bles, AM 1.5 Solar

Irradiance Reference Spectrum, http://rredc.nrel.gov/solar/spectra/am1.5/

[6] W. G. J. H. M. van Saik al, Luminescent Solar Concentrates Review of Recent Resul@pt.
Exp.16, 26, 21773 (2008)

127



Chapter7: Concentration Quenching Effects for Organic Fluorophores in the Solid State

Chapter 7

Solid State Concentration Quenching Effetds Organic

Fluorophores and Implications for LSC Devices

7.1 Introduction

This chapter reviews a 8es of results exploringomcentration quenching effects organic

fluorophores in the solid statseo aso consider the impacts this loss mechanism will have on LSC
optical efficiency. Concentration quenching is a phenomenon observed wiimall moleular
fluorescent materials where increased concentration results in diminished fluorescence efficiency, as
briefly discussed iohapter 2.4. When the term concentration guenching of fluorescence is used
what is really being discussed is a change in tharga of radiative and neradiativetransition

decay rates, and from this an inverse relationship between fluorescence quantum yield and
fluorophore concentration. From Eqg. (2.4.1) the quantum yield is understood in terms of the ratio of
radiative decayate to the sum of all transition rates. Therefore throughtbquantum yield
measurements (tapter 3.1) and fluorescence lifetime measurements (Chapter 3.5), as a function of
fluorophore concentration, o((CGiye) and_(Gye), the influence of concentration quenching can be

explored and quantified.

Explored in this chapter are measurements on samples consisting of single fluorophores doped into
solid polymer hosts. The effect of host type, fluorophorecantration and fluorophore type are all
explored in some detathroughout section 7.2Quantum yield combined with fluorescence lifetime
data using Eqg. (2.4.1) allowse concentration quenching effect to be quantified in two

fluorophores, DCM and C108,9ections 7.3 and 7.4, respectiveéljnese data were not available for

PR or the other fluorophores as it was taken early in my research when thought was not given in

preference of particular fluorophores.

The exact mechanism of concentration quenchdiegends on the system being studiedpble-
dipole deactivation interactions between neighbouring fluorophores have been demonstratied in
solid state forridium based phosphor complexEs In this case an® dependence on fluorophore
separation is ob=rved as predicted bydFster in the case of two interacting poiike dipolesin
reality the approximation of poinlike diples may not hold, for example solid statepolymer

blends where poinsurface or surfacsurface interactions may occun swch cases the dependence
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on fluorophore separation could be of or r?# 3 respectivelyExciplex formatioff! andthe

presence of quenching agertshave also been identified as forms of quenching in particular cases.
Concentration quenching dfuorescence is therefore the result of a number of mechanigrasact

to reduce the fluorescent emission efficiency of a particular transition of interest. What mechanisms
are actually present will depend on the local environment of the fluorophore, sbroperties will

be important, and also on the chemiaad photophysicabroperties of the fluorophore itself. It
therefore may or may not be possible to discern the nature of the quenching in the case of DCM and

C102.

All amples are fabricated by firpreparing a stock solutions of host materials in chlorobenzene
chloroform for polycarbonat¢PC)at G,.s:= 250 g/l. Blends are made wistocksolutions of
fluorophores in chlorobenzener chloroformat Gy = 2 g/l or 0.05 g/l. Fluorophore stocélstions

of different Gyc values are needed to achieve dye concentrations in the resultant thin film in the
range 1x10 M <Cy.< 0.1 M Deposition occurs onto glass substrates by spin coating at 1000 rpm

giving films of thickness the range (356 x < 600) £ 30 nm.

7.2 The Impact of Host Material on Fluorescence

This first results section qualitatively explores a selection of results looking at how different host and
fluorescent materials interact and how the fluorescence is affectéd. 7.2.shows' oyfor a

numberfluorophoresdopedin PMMAplotted as a function fluorophore concentratioGyye.
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Figure 7.2.1: Plot of quantum yield against dye concentration for PMMA doped with various fluorophores
including three DCM class dyes (green), three perylene based dyes (red), R6G (magenta) and C102 (blue).
These fluorophores have spectra and chemical structures exhibited in chapter 2.4.1. Lines are a guide to the eye.
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As can be seen in Fig. 7.2.1 the perylene based dyes exhibit much'highalues han the DCM
class. PR is seen to achieve near unity quantum yielgat 1 x 1d M, in line with corresponding
values in literaturé®. Note that samples having very high or very Qe have larger associated
uncertainty due to low signal in thosegions. C102 shows a much slower rate of quantum yield

decline than the other dyes indicating a weaker or shorter ranged quenching mechanism is

dominant in this case. Conversely R6G shows a much stronger decline. DCM2 and DCJTB are more or

less the same iterms of their quantum yields as shown here whereas DCM remains least

favourable of this class of fluorophores.

Many interactions may occur between the guest fluorophore and host material such as chemical,
photochemical and photophysical interactionsn&oof these may be beneficial, such as solvation
discussed in chapter 5, but many will not and may act to cause fluorescence statesxoitgenon
radiatively, or to react with and destroy the fluorophore's chemical structure -fddiative de
excitationpathways act as loss mechanisms for excitation energy and therefore need to be
minimised. To this end the choice of host must be inert for fluorophore chemical stability and be

resistant to the migration of quenching agents such as oxygen and moisture.

It is evident from Fig. 7.2.1 that different fluorophores exhibit quite different dependencé&,gn
but what happens if we change the host material? In Fig T2 2juantum yield 0DCM2 is
explored as a function of concentration and mean moleculaasjon for different molecular

weights,M,,, of PMMA.
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Figure 7.2.2: Plots of dgv for DCM2 in several different M,y PMMA grades as a function of a) concentration and b)
mean molecular separation. Lines are a guide to the eye.

In Fig. 7.2.2 the PMMAade ofM,, = 120000 shows higher quantum yield than the other My

grades by as much asoy= 0.1, which is a very large difference. As such all samples in preceding
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chapters using PMMA have been done with tdig The highest molecular weight, somei@és

greater than the closest counterpart, shows very odd behaviour with a digyiat low

concentration, contrary to all other observations of concentration quenching I've performed myself
or seen in literature. Lacking further investigation this efte&$ not been accredited to a particular
mechanism but it is hard to imagine what that might be. The dip here could just be an artefact of
measurement or, more likely, the sample itself. Consideration of potential contamination or PMMA
grade purity may eXpin the difference. In part b) of Fig. 7.Zg. has been translated to mean
molecularseparationr, to show roughly at what separation thgybecomes negligible. This is at

aroundr = 1.75 nm, which corresponds @,..= 0.31 M and in turn this is roughly 8 wt% of DCM2 in
PMMA.

The M, appears to have some significance at first glance but what about diffemdithost
materials? Fig. 7.2 8hows the' oyof DCM in a variety of host materials as a function of

concentration and mean moleculaeparation
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Figure 7.2.3: Plots of dov for DCM in a variety of solid host materials as a function of a) concentration and b)
mean molecular separation. Lines are a guide to the eye.

From Fig. 7.2.3 it can be seen that PMMA and PC are approximately the same in terms of maximising
' oywith PMMA achievingqy= 0.32 at = 8.9 nm and PC achievingy= 0.32 ar = 7.8 nm The PS

host exhibits signigantly lower quantunyield than PMMA and PC, achieving= 0.16 at = 6 nm.

The Zeonex polymers, 48GRd 1020R, both exhibit strong quenching achieVigg= 0.09 and 0.10

at r = 7 nm, respective\R grade Zeonex fyoners are cyclo olefindesigned fo use in optical

applications including the manufacture of plastic lenses and prisms. It is not clear why these
polymers suppress the quantum yield so much since they have low water absorption, a high purity
and do not have reactive chemical moieties. Thksp have lower dielectric constants than the other

polymers here.
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From plot b) in Fig. 7.2.3 the meafor negligible' oyis roughly the same as in the case of DCM2 in
Fig. 7.2.2. Itis hard to be clearer because only one set of data for PMMA is present and the other

polymers appear talsodiffer in this respect.

PMMA stand®ut asthe best material in light of processlity but has a lower refractive index than

PC. Going back to the LSC optical efficiency considerations of chaptea@e? 1317, higher

refractive indices reduce transmission efficierigy, but increase trapping efficiencyy.,. We also

learnt n chapter 5 page 76that increasing refractive index would reduce the influence of solvation
for a fixed value of relative permittivity. It is through this balance of efficiencies that the choice
between PMMA and PC must be made, which is summarisgtdqroduct’ ¢ 4, in Fig. 2.2.4A

further consideration is the host absorption coefficients across the visible spectrum; Table IV shows

PMMA to be considerably better than PC in this property.

Finally in this exploration dfifferent solidhost materias two other forms of acrylic polymer,

poly(butyl methacrylatefPBMA andpoly(cyclohexyl methacrylatePCHMA, are compared to
PMMA.These polymers were chosen due to their similarities to PMMA and availability from Sigma
Aldrich.InFig 7.2.4 the fluorescencedifme of DCM is plotted against lg@f concentration for

these three acrylic polymers.
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Figure 7.2.4: Fluorescence lifetime is plotted here against logio of DCM concentration for three solid acrylic
hosts; PMMA, PBMA and PCHMA.

Fig. 7.2.4 showa sigiificant difference in the lifetime of the fluorescence state at low
concentrations This does not necessarily translate to PMMA having a greater quantum yield since
the measured lifetime,, is the inverse of the sum of all excited state decay rates. Hépitber the

radiative rate or norradiative rate decrease then the lifetime with increaB&MA shows no
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dependence orC,,. at lower concentrations ranging from 1@ 10° M. For PMMA and PCHMA the
lifetime plateaus at aroun@yye = 3x10°M, or 0.085wt%. Note that the DCM excited state lifetime

for all acrylic hosts seem to converge just below 1

A larger range of concentrations is explored in Fig. 7.2.4 than previously which shows some
interesting highCyyclifetime behaviour For Gy > 0.1 Mwhich corresponds t@,.> 0.253 wt%, an
increase in the measured lifetime is observed. Such behaviour is unexpected but seen in all three
cases of host material tested hemhichindicates that it is either a systematic artefact of the
measurement proess or an actual high concentration effect that switches on at a concentration of
about 10* M. The data for PMMA here was measured from the same samples as that of PMMA:DCM
in Fig. 7.2.3 and this set of associatexthd' oyvalues is plotted together in Fig. 7.2.5.
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Figure 7.2.5: Fluorescence lifetime and quantum yield are plotted here for PMMA:DCM samples at various
concentrations. The two lowest concentration samples provided too faint a signal for the measurement of ' qy.

Figure 7.2.5 shows that at least part of the high turning point and rise in is not seen also in the
quantum yield, which continues to decrease wilj.. This leaves the question as to the increase in
fluorescence lifetime which may merdbg due to the weak signal from these samples affecting the
measurement. Fig 7.2.5 also shows for the lower concentrations that the quantum yield and lifetime
have similar dependence diy,. and plateaus at roughly the same concentrations. These data are

analysed further in the next section to gain deeper understanding of the quenching process.

7.3 Concentration Quenching in PMMA:DCM Systems

It has been shown that the host material can have a strong impact on the fluorescence quantum

yield but so far thifias only been done in a generalised, qualitative way. In this section PMMA:DCM
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samples are analysed further to attempt to quantify the concentration quenching mechanism and
determine its dependence on mean molecular separatioithis dependence will giunsight into
the quenching mechanism as it defines the strength or range of its effect. A pertinent example is
Forster Resonant Energy Transfer (FRET) basiett-like dipole-dipole interactions which have a

rate, kerer With ar® dependence as given Bq. (7.3.1).

q p i &
T X&P

Where_, the intrinsic decay lifetime of the fluorescent state amgds the Brster radiusfor

interacting pointlike dipolesat which FRET efficiency is 5@t pointsurface interations, as

developed inJ. CabanillaSonzalezt. al.2004%, thisrate equation becomes that of Eq. (7.3.2) for

Ker,

~

. p L
oy T xes

OPa —— xo®
@

Whereg is the Faster radius for pointsurface interactiorrelated tor, by Eq. (7.3.3)0n which” is

the donor fluorophore density; in this case this is the same as the fluorophore density as the
interaction is between same species fluorophorés determine the dependence tfe

concentration quenching ratdg, onr we turn back to the data exhibited in Fig. 7.2.5, but now only

consider the values fdfy.< 0.1 M. This is shown with exponential best fit curves in Fig. 7.3.1.
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Figure 7.3.1: Double-y plot showing fluorescence lifetime and quantum yield as a function of mean molecular
separation for PMMA:DCM films. Best fit curves are exponential decay fits extrapolated to the intercept.
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The x axis intercept of both curves in Fig. 7.3.1 is approximately equal within theremrgins of the
data, which is expected since as quantum yield tends to zero so must the lifetjpie.particular
exhibits larger errors and it would be preferable to have data points at lower separation. However,
as seen in Fig.7.2.5, this was not pblgssince there is some presently unexplainable high
concentration behaviour for, which is assumed to be in error for this analysis. The predigied

intercept is atr = 2.21 nm 0y = 0.154 M (3.9 wt%).

From Fig. 7.3.1 both(Gyye) and’ of(CGuye) are known (or_(r) and' o)) and so rewriting Eq. (2.4.1) the

fluorescence decay ratéy, can be determined by Eq. (743.

If ky is constant as a function of concentration then it is an easy mattegdaarange Eq. (2.4.1) in

terms of the concentration quenching ratie(r), but this is not the case as Fig. 23hows.
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Figure 7.3.2: Double-y plot of the fluorescence decay rate and the sum of non-radiative and quenching rates as
a function of mean molecular separation. Both best fits and data points are shown.

The dependence seen f& onr means that the denominator of Eq. (2.4.1) has at least two
functions ofr and so a simple substitution for whég = 0 is not possible. Nor can we assume that
the nonradiative decay ratekyg is constant withr. Instead, withkq(r) known, Eq.2.4.1) is

rearranged to find the sum &§(r) andky(r) as given by Eq. (75).andplotted in Fig. 7.2.

Q i Qi Qi — p X&)

Fig. 7.3.2 shows for low concentrations that both functions reach a steady value, roughly beyond a

molecular separation of 10 nm. In this regiteg= 0 andkyrtakes a steady value of 2.84X1J,
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whilst ks reaches a peak value of 1.44%H0. This corresponds to a peak quantum yield given by the
ratio ofky to (ks +kng), Which is' gv= 0.336 or 33.6%, as can be seen in Fig. 7.3.1.

Given the steady state regime seen fRi+ Ko)(r), it may be reasonable to suggest tkqkis
constant with respect to dye concentration. This would assume therefore that all concentration
dependentquenching is characterised ky(r). Taking this to be the case a simple subtractiok\ef
from (knet+ ko) (r) giveskg(r). We're now in a position to test the hypothesis that the quenching is a
result ofpoint-like dipole-dipole interactions between neiggouring DCM fluorophores, as
characterised by Eq. (7.3.1). This equation has a monomial form ofyardaso a lodog plot of

ko(r) should produce a straight line if the quenching process is dominated solely by the FRET
mechanism. The lelpg plot ofky(r) for the PMMA:DCM systeis shown in Fig. 7.3.3.
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Figure 7.3.3: A log-log plot of concentration quenching rate against mean molecular separation is plotted for the
best fit function of ko(r) (red line) and data points calculated from the five paired dov and _ data points in Fig.
7.3.1.

From Fig. 7.3.3 a linear regime is seen within the bounds of the data which confirms the first
hypothesis that some form of monomial decay function fits the data. The curvature at the ends of
the best fit function okq(r) show that the best fit loses accuracy quickly beyond the bounds of the
data, which might be expected for extrapolated best fit curves. The curvature at thedod of

ko(r) is due to a forming asymptote whergytends to zero. The curve is truncatatlthis point as

further extrapolation leads into an unphysical regime.

Fitting a line to the datan Fig. 7.3.3 yields Eq. (&Bwhose power im indicates thatconcentration
guenching from poirtike dipoledipoleinteractionsis not dominant in thisystem. One can see this
looking at the gradient of Fig. 7.3a4hich has a value 62.9 +0.2. The error orthe power ofr is

determined from the best fit standard error.
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This equation suggests that what is controlling the quenching has a longer range influenae than
point-like FRETnteractionthough it is likely thatt least a small amougRET is occurrinkp other

work the Dexter energy transfer (DET) mechanism has been considered, which shoulkhb¢ause
decline exponentially with ™. In that work, and this one, the DET mechanism is clearly seen not to
be dominant by the lodpg plot ofkgagainstr. Thepower ofr here lies between that of Eq. (7.3.2)

for point-surface interactions and that of a surfaserface interaction, as suggestedJinHillet. al.
2003%,

Why concentration quenching for DCM differs from the pdik¢ model is unclealhe florophore
was found to have an Onsager radiusief5.2 A in chapter 5, which can be thought of as an
effective dipole radius. If the host, PMMA in this case, was completely inert then only interactions
between neighbouring small molecular dipoles of radu52 nm would be possible. The resolts

the previous sectionid however show that not all hosts offer the same stability for the guest
fluorophore, whichmayimply that all host materials are to some extent electronically active. This
would explain wliy some hosts exhibit quantum yield suppression of fluorophores relative to other

hosts though other factorsuch as impuritieand aggregatiomay also be present

As the molecular separation approaches 1 nm the quenching rate tendsdsvthe numeratoof

Eq. (7.3). The power of is an irrational number whose error range also defines it as aimeger.

The point here is that laws of nature that depend on distance ddevd to doing so to an irrational
power, because of the mathematics behind thetherefore it is probable that the quenching
behaviour here is a response from more than one mechanism. This could also explain the
concentration dependence & which, elsewhere in a study by C. Adagthial. 2006 on Iridium
complexes, was found tioe independent of. DCM obviously has stronger concentration quenching,
and probably greater intrinsic neradiative loss, than those Iridium phosphors which achieve much
higher quantum yield at smaller molecular distances, and much longer lifetimeg (pkdsphors).
Inthat paper the decline ihgyoccurs at around 3 nm as opposed to 10 nm shown here in Fig.7.3.1.
By knowing this point of decline fogyin relation tor one can therefore get qualitativefeel for the

strength and range of the interaion behindko,.
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7.4 Concentration Quenching in PMMA:C102 Systems

Now follows aridenticalanalysis to that above in section 7.3 for DCM but for C102, which was seen
in Fig. 7.2.1 to show a significantly slower declinegifwith Gy The fluorescentfietime and

quantum yield for PMMA:C102 samples, with exponential best fits, are shown in Fig. 7.4.1 as a
function of mean molecular separation. This time, to avdi@ing norzero when' oy= Q the fit for

_is constrained to the-axis intercept fof o\r).

Comparing Fig. 7.3.1 and 7.4.1 the point at whighbegins to declinalso differs; for C102 it is
around 5 nm whereas for DCM it is around 10 fmamthe study by C. Adacki. al.2006™ we saw
iridium phosphors had a plateau value at arounadn3. Already then one can guess that the C102
concentration quenching raté, will not be dominated by a FRET based quenching mechanism as
with the phosphors. It must be a shorter range effect than DCM but longer than the phosphors,

obeying a power law inwhoseexponent lies in betweerb and-2.61.
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Figure 7.4.1: Double-y plot showing fluorescence lifetime and quantum yield as a function of mean molecular
separation for PMMA:C102 films. Best fit curves are exponential decay fits.

From Fig. 7.4.1 thefditime and quantum yield are known as a functmimolecular separation and
soas before Eq. (7.3)4llows the fluorescence decay rakg(r), to be determined. For C102 this is

seen to be constant with, as shown in Fig. 7.4.2. Also plottedd§) calculated from Eq. (7.8).
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Figure 7.4.2: Decay rate against mean molecular separation for the concentration quenching rate, ko, and the
fluorescence decay rate, kq. Both data and best fits are plotted.

The fluorescence decay rate takes a steady avevalge ofk; = 1.18x16s™ and the nonradiative
rate is assumed constant and found to kg= 1.41x1¢° s*. This implies a maximum quantum yield
of ' ov=0.457 for PMMA:C102, somewhat higher than DCM which has maximug=0.336.

Now thekqg datais plotted on a loglog scale to test the hypothesis of a monomial power law and
from that assess the nature of the quenchingahanism. This is shown in Fig. 7 gl&ted with the
data points. Very large curvature is seen beyond the bounds of the data atdbich shows that
constraining the fluorescence lifetime to the zero point gfcreates large uncertainty beyond the

bounds of the data. Ideally more samples at smaligould be preferable.

Within the bounds of the data a straight line is seen in Fig. addhusthe monomial power law
hypothesis holds for concentration qudring in PMMA:C102 films. The gradient of the plot shows,

-3.240.2

as does a fit to the data given by Eq. (7.4.1), Kaatepends orr , Which suggests that FRET is
not the only mechanism operating to quench the fluorescence of CA@&in in this cask is
conjectured that pointsurface interactions are present. C102 has been shown to ha@naager
radius ofa= 3.8 A"l, making is somewhat smaller than D@M: 5.2A). HenceC102 would appear
more pointlike to nearby fluorophores , which could explathy C102 is exhibiting quenching closer

to the RET modeh Eq. (7.3.1)
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Figure 7.4.3: A log-log plot of concentration quenching rate against mean molecular separation is plotted here for
C102. Both the best fit function of ko(r) (red line) and data points are shown.
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Comparing Egs. (78.and (7.4.1) the numerator takes a similar value. For these equations to
balance dimensionally theumeratorsmust have rather odd unitsn the case of Eq. (7.4.1) this i

n m4. 185—1

. This is attributed to this monomial expression being the empirical equivalent of thare
one quenching mechanism. The powers of these equations represent the gradients of the linear
fits to the data in Figs. 7.3.3 and 7.4.3 and the ntata@'s are the valuekgwould have ar = 1 nm,

though as has been seen the quantum yield falls to zero before this point anyway.

C102 shows a stronger dependencerdhan DCM but this also means that the range of the
guenching process is longer for DClMe nonrradiative rate for DCM is considerably higher at
2.84x16 s* compared to 1.41x10s™ for C102 whereas DCM has a faster fluorescence rate at
1.44x1G s* compared to 1.18x10s™. These values give maximum quantum yields of 0.336 and
0.457 for D® and C102 respectively. This seems to be correct but quantum yield measurements of
very low concentrations for DCM, shown in Fig.Z.ihdicate this is not quite accurate since DCM

was measured to haveyy=0.45+0.05 atCye = 1x10' M (r = 25.44) in PMMA. For a truer analysis
samplesover a greater range of fluorophore concentrations should have been measured with

correspondent pairs of quantum yield and fluorescence lifetime data.
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7.5 Conclusion

The results of this chapter have shown that concentration quenching is a significant effect for all
fluorophores and the host material itself has an important role to play in providing a stable, inert
environment. DCM class fluorophores are found to be Imless efficient than perylene based ones
and it is apparent that different fluorophores exhibit differiggantum yielddependence on
concentration. This suggests a range of quenching processes are being observed in many of the

organic fluorophores studie

The quenching process was seen to likely be the result of a combination of quenching mechanisms
for two of the fluorophores studied, DCM and C102, based on the dependence on mean molecular
separationy, observed. The form of the dependence was saehd of a monomial power law in

terms ofr to the power of-2.9+0.2 and-3.2+0.2for DCM and C102, respectively. These values tell us
the combined effect of all quenching processes is of longer rangepbant-like dipole-dipole

interactiors, proportionalto r°. Pointsurface and surfacsurface interactions may be responsible

for this deviationIf aggregates of fluorophores form between host polymer fibres then the

proximity may lead to surfaekke dipole distributions. electronic interaction with th@st polymer

may also be responsibl&he result of a longer range effect is for the quantum vyield to fall into

decline at longer, which is undesirable in LSC devices as lower concentrations and thicker devices

will be necessary.
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Chapter 8

Spectral Based Models and Implications for LI3€Vices

8.1 Introduction

In this final results chaptenany ofthe preceding results are brought together to build a madel
orderto try and answer some fundamental questions about LSC technology and the performances
that can be achievedVhat kind ofoptical concentrations and performances can one expect from an
LSC with the materials studied in this thesis? What are the optimal LSC properties to maximise
output power?What kind of cost efficiencies can be achieved? How will solvation improve LSC

performance?

To answer these kinds of questions on performance we turn back to the definition of optical
concentration and the various associated efficiencies, which were laid chapter 2.2 and 2.3.

The optical concentratiorG,y, is given in Eq. (2.3.2% the product of the optical efficiency,,;, and

the geometric concentratiorG, which are given by Egs. (2.2.15) and (2.3.1) respectively. By
assuming suitable physical ranges for the different efficiency parameters, and the geometry of the
LSC, various scenarios can be formed in a spectsatbaodelling approachn sction 8.2 a

hypothetical ideal LSC is realised to calculate an upper limit of optical concentration.

The choice of model chosen for this work is different from those employed in litergtaiee to

time constraints on thishtesis anchence a requirement foease of design. Typically either
thermodynamid?* or ray-tracing approache$® are used which are more accurate and therefore
deserve discussiom some detail Both of these modelling techniques require consideraidye
computational power than the spectral based model developed here, which stands as a clear
advantage of the current worldowever the accuracy and hence applicapiiit experiment is more

limited in this casgfor reasons to be discussed.

Thermodynant modelling uses detailed balancegyaments to relate the absorptioand emission in
terms of fluxin 30 allowing the photon chemical potential as a function of position to be

determined. Detailed analytical expressions can be derived from this appadlagtingaccurate
predictions of LSC device irradiance and power outputh models can also be expanded using
boundary conditions from experiment, for example when modelling how cholesteric coatings can be

used as wavelength selective mirréfs Theseamodels still make idealised assumptions about device
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properties but are very instructive in optimising LSC performa@oenpared to rayracing the

thermodynamic approach requires less input data and is computationally less expensive.

3D lay-tracing modelsvork by tracking individual photon paths through the device, the standard
approach being taise a statistically averaged absorption process to reduce computatiorttifne
Anextension to thisn more recent raytracing modelss to introduce the absgtion and emission

of the fluorophorel” 8. Raytracing provides more flexibility than othenodelling approaches as it
can beadapted to include multiple dyes, different LSC geometries and the modelling of thin film
device structures. It has been shotmhave a similar accuracy in prediction to the thermodynamic

approach and is fast becoming the dominant method.

The main advantages of the spectral modelling approach used here is in its analytical simplicity and
low computational requirements. It $itrequires a significant amount of input data, discussed next,
which include all sorts of properties about the different components in the concentration and
conversion process, from sun to LSC to solar cell. Tlielhexhibited here has not been developed

to treat for more complex geometries and device architectures but could in principle do so with the
right inputs and boundary conditions. Therefore it has the potential to be as flexible -amcaygy
approachesConsidering that it provides poorer acagy with respect to experiment it is clear as to
why the spectral modelling method not really used, particularly considering the wide availability of

computational power.

Section 8.3 discusses the methods for predicting LSC performance by a detailed| spedisis and
methods for optimisation. Performance is characterised by the LSC output irrad&gge, the
resultant power generated by an attached solar d&jl, and hence the LSC power conversion
efficiency, | se These quantities are determéd by knowing key inputs for the model which are; the
solar irradiance spectrung,{(<), host refractive indexy,, fluorophore extinction spectrunt(<),
fluorophore quantum yield as a function of concentratiog(Gy,e), Normalised fluorophore
emissionspectrum,S(<), and the solar cell power conversion efficiency spectrugé<). Other
efficiencies on which the optical efficiency of Eq. (2.2.15) depends are calculated through the
spectral model or otherwise given reasonable assumed values fromtliter LSC models are
constrained to the squarplanar geometry with a range of dimensions and geometric

concentrationsG, explored.

Performance of the modelled LSC structures is also characterised by the £/W cost efficiency, which is
calculated on the bsis of theLSG/olume and area of solar cells using reasoned cost values

discussed in section 8.4.
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The bulk of results is then discussed through section 8.5, looking in detail at single fluorophore LSC
devices using two different models for attenuationvediveguided fluorescence. Comparison with
the best devices in literature is made to assess the accuracy of the model with detailed analysis of all

measures of performance.

8.2 The Ideal Case

Idealised values for theSC efficiengyaranmeters are summariseth Table XII. This is for normally
incident radiation on a LSC having a host ef2 which maximises reflection and trapping
efficiencies. The Stokdsss,' sokes IS assumed negligible here under the argument that this loss of
energy would occur at the solar cell under direct illumination anyway. The product of matrix
transport efficiency and TIR efficientyr nosy 1S S€t a.95;the maximum predictedby

Goetzberger and Vittwer 198%. Fluorophore quantum yield is set as unity and no overlap in
absorption and emission spectimpresent. The absorption efficiency,s is determinedor a LSC
with the thicknes®ptimised such that absorption is maxsad and the fluorophore, or system of
fluorophores, has hypothetical absorption covering the solar spectrum up to 750 nm and delta
function like emission at the peak of the EQE spectrum of a GaAs solar cell, around 800 nm. The
geometric concentration ise$ at 250 which corresponds to a squarknar LSC of 1feollection

area and a thickness of 1 mm.

1 L} L} L} 1 L}
fr trap stokes TIR host QY abs self G Copt

0.889‘ 0.866‘ 1 ‘ 0.95 ‘ 1 ‘ 0.54‘ 1 ‘ 250 ‘ 98.3

Table XVII: Ideal values for LSC optical concentration parameters.

The purpose of this first idealised exercise is to gauge the upperlmitsof LSC optical

concertration. As current materials and technology stand it canseen the scenario of Tabl¥Kis

purely hypothetical; suitable hosts of=2 do not exist for example and the nature of the

hypothetical fluorophore system considered here is a mile away frament fluorophore

technology. To maximisepsa FRET based LSC utilising multiple dyes might be considered but such a
system would still struggle to achieve unity quantum yield, neaedbrption and such minimised

matrix related losses for such a hiGtvalue.lt is expected for larg&that losses from transport,
seltabsorption andl'IR imperfectionsill magnifywith increased device sizd it is not currently

clear just how bids could be in a real, optimised devit8. Such a thin device would teasily

damaged and concentration quenchimay become an issue due to a requirement for higher

fluorophore concentrations to optimise,s
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8.3 Predicting LSC Power Output Using a Spectral Based Approach

Some more realistic scenarios shall now be considered in greateit deing methods developed in
chapter 2.2 and 2.5 to make estimates of the relevant parameters. The relpasameters are as in
Table X1l on the previous pagel, G, ' opt, " s ' traps ' stokes ' TIR ' host - Qv abs@Nd' sgir. Thetotal
internal reflection efficiency will take the best value predictegg= 0.99 and' ges=0.75 as
discussed in chapter page For these models squaptanar concentrators are considered for
variousGand mean path length,r, which impacts on se#fbsorption. Cylindrical LSC devices are
only worth considering for Hayer structures due to the way trapping efficiency irases with
distance from the centre of the cylind€r'}. Because of this, and the complexity of the
mathematics, blayer cylindrical ddees cannot be considered hepat have elsewhere in ray

tracing model$>® and for PRiopedfibre LSC devicé¥.

The aim is to find,, but also, using Egs. (2.2.10), (2.2.13) and 18)2to determine the irradiant
intensity of lightarrivingat the solar ell. Then using ertnal quantum efficiency spectra goé<),

for various solar cells digitised fromagical datawith known power conversion efficienciés™,

the power conversion efficiency spectvgere determined as discussed in chapter 2.5 using Eq.
(2.5.3). Also note that now, because of Eq. (2.2.13), the optical efficiency, and the@gfoiea
function of wavelength due to the sedbsorption process. Matrix related losses would also depend
on wavelength but are quantified more simply in this exerbig¢he host attenuatiorat 550 nm

Since only PMMA is considerad attenuation of 3.5x16cm™ is adopted for calculatingnos:

throughout the models presented here

First is to think about the fluorophore to be used; several basic single dye designs will be considered
using DCJTB, PR and Perylene. Other fluorophores were considered banBRhehbest

absorption properties and DCJTB offers the chance to exhibit the solvation enhancement, explored
previously in chapter 5. Perylene is a very high quantum yielddreen emitter and is therefore a

good choice for the upper plate of a tandel®C. These fluorophores have properties summarised in

Table lon page 42chapter 2.4including extinction coefficients.

With these fluorophores in mind it is important to choose the optimum solar cell for absorbing the
emission wavelengths. Fig. 8.3.1o8ls a selection of solar cébc£<) spectra with the peak
wavelengths of each dye show@learly the GaAs solar cell will the best choice for each fluorophore

followed by CIGS cells for DCJTB and PR and c:Si cells for Perylene.
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Figure 8.3.1: dpce(8) spectra for a range of solar cells with the emission peaks of the selected fluorophores
shown by the dotted lines. These were defined in chapter 2.5 and expressed via Eq. (2.5.3).

To assess which solar cell is best Eq. (2.5.4) is used with the harvestirsggato unity; the PCE
spectrum,’ pc£<), for each cell is mufilied by the normalised spectr&(<), of each dyeandthe

resultisintegrated to give a unitless relative output powex,

The results of tis process are shown iTable Xill, normalised to the maximum value Bf, showing
the cell' pcevalues usednd the values oy for each fluorophore/cell combination in a data matrix.
Note that the' pcevalues, from NREL lab device efficiencies, are scaled by 0.6 for modular
configurations which is based on typal c:Si panel efficiencies'afceF 15% and best lab devices of

' e 25%.

mc-Si c-Si CIGS Organic GaAs
0.6 pce 0.117 0.154 0.14 0.06 0.17
DCJTB3( 0.557 0.728 0.763 0.452 1
DCJTB 0.556 0.727 0.763 0.463 0.996
PR 0.439 0.574 0.601 0.363 0.788
Pery 0.360 0.471 0.402 0.304 0.638

Table XVIII: Data matrix for Py values calculated by Eq. (8.3.1) and normalised to the maximum value, which is
DCJTB-30 with GaAs. DCJTB-30 is for DJCTB in a host of () = 30. The dpce values used are also shown in the
first row, which are peak lab values from NREL scaled by 0.6.

Table X1l shows DCJFBO0 (DCJTB with a solvation induced emission redshift) to be the best by this
analysis but this does not take quantum yield and othetdiacinto account since a hormalised
spectrum was used. GaAs cells prove to be the most effective of all the cells exhibited here with c:Si

cells clos behind. Since c:Si cells are of lower ewst it will be easier to find cost information for
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them theirpower conversion spectrum will be used here for the most part. Some models with GaAs
cellsare explored since the best devices in literature have used them. It seems reasonable to assume
the very best technology for an LSC since the point is to reducaréaeof the solar cells required
andPCHyains are to be had by removing the need for large area modular devices where losses are

greater.

The next step in the recipe is to determine the reflection efficiehgyand the trapping efficiency,
"wap- These depend on the host refractive indexand, for' i, on the angle of incidence of solar
irradiance. The irradiance entering the device is given by the product of the solar irradiance
spectrum,S,{<), and' , to give the transmitted irradiancd(<). The chosen solar spectrum is the

AM1.5 global irradiance spectrum from NREL
The average absorption paténgthfor light, |, is then given by Eq. (8.3.2) through Snell's law.

. qN
a — e
OEL
Pz

WhereW is the LSC thickness and the factor of 2 comes from the back reflector giving rise to two
passes through the device. A device designed to absorb diffuse light may therefore benefit from
being thinner because thabsorption length is on average greater, since diffuse light comes from
many angles, and one could incredat improve the diffuse yield in this way. gt= 42.75° for
PMMA we find = 1.123V, which is a significant increase in absorption length congémé =W for

normal incidence.

Using the absorption length and the extinction coefficients of the fluorophores allows the absorbed
intensity, S(<), to be determined usingg. (2.2.5) in a similar way to that done in chapter 6.4, but

with the irradiancanput T(<) =' Su{<). Then the absorption efficiencyaps is easily found by
comparing the absorbed intensity to the total incident intensity. Fi®(x), measured oyvalues

and usingeqg. (2.2.10) the quantum yield corrected equivalent intensitycepen, S(<), is

determined. This is the irradiance spectrum of the first order emission to be propagated through the

device.

For propagation of light through waveguide modes we must consider thalssdfrption, host
attenuation and TIR processéss disassed in chapter 2, page 18, theR efficiency is expected to
have a near unity value andset at' r= 0.99 The host attenuatioris modelled using the
absorption coefficient fopure PMMA measured at 550 nm, which is arobpd 3.5x10" cm™. The

Eqg 2.2.6 in chapter 2 then gives the host efficiency-as Q . Lastly then gis
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described by Eq. (2.2.13) and the mean path length of waveguide modes in square planar
concentrators is described by Eqg. (2.2.14). In Eq.1@).2he seHabsorbed irradiance spectrum is
seenasY_ p Q , Which is set as the ne®(<) in Eq. (2.2.10) in an iterative process
that generates an irradiance spectrum for each order of emission. The actual emission fx@n a gi
order that reaches the solar cell is thus taken td b siokesn(9Q Q for the pth
order where' 1r swokes= 0.7425. Additionally the final LSC irradiance outfit£<), must be
corrected for the geometric ratid;, to take account of the concentration effect. Hence the
combined LSC irradiance output for@brders is given by the sum in Eq. (8.3.3)

Y e - Y_ Q Q "Qén  phchos DD

Eq. (8.3.3) generates a spectrum which has been corrected for all losses through the LSC as faithfully
as the available data allows. Strong confidence should be reasonable ohyaihd’ s given

available spectral anquantum yield information, though local variance in concentration will affect
these values. The lack of information fggs, which idikely to have some wavelength dependence

will result in some deviation in spectral shape and power density distabudtom reality. An

example set of LSC spectra calculated using these equations is shown in Fig. 8.3.2 fo2R with
31.25and > = 26.7cm.

60d ——S,(Mx22.99
| —s@

l_r\ 50 oy —sz(&)
E ] s

E SLSC(/i)

2 30-

[ ]

Q

S 20+

©

2 ]

= 104

0 _ — .
300 400 500 600

Wavelength (nm)

Figure 8.3.2: Plotted here for the fluorophore PR is; the absorbed irradiance spectrum, So(a), the emission
irradiance spectrum for each order of emission after losses, Si(8), S2(8), and Sz(®), and their sum, Sisc(8). LSC
dimensions are W =4 mm, L =50 m, hence G = 31.25 and <r> = 26.7 cm. The correction GdrirQhostUstokes = 22.99
is applied to emission and LSC output spectra, which gives a physical result for the concentrated irradiance,

whereas the absorbed irradiance is scaled by the same factor for illustration.

As Figure 8.3.2 showsahthe absorbed intensity is much smaller than the concentrated irradiance

the LSC is outputting to the solar cells. This is due to the geometric concentratamified
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throughG. The total irradiance output for the case in Fig. 8.3.2 is equivalent to an optical efficiency
of ' oot F 6% and an optical concentratiai G, = 1.87 sunsSelfabsorption is evident but after the

average path length of 26.7 cm there is still some overlap andibsbrption is not exhausted.

With theresultin Eqg. (8.3.3an equationsimilar to Eq(8.3.1) camow be written to calculatethe
output power of the LSC. Replaciig{<) in Eq. (2.5.4) with s¢<) and then multiplying through by
the area of solar celby,,, gives the powr collected, as in Eq. (8.3.8ote also the power correction
factor,i , which corrects for change in solar cell efficiency with light intepagyexplained in chapter

2, page 48

As was done in chapter 5 ¢ine solvation enhancement dfsg;, the optical efficiency, o, can be
calculated up to the third generation using Eqg. (2.2.15), at which point further orders -of self

absorption and emission are considered negligible.

A back reflectorwith reflectivity = 0.97will generally be useth maximise absorption which

introduces a factor of two in absorption path length equations. It also introduces a small
contribution to the LSC output from cone light from all escape cones facing the back reflector,
leading to a modified Eq. (8.3.3) fortloutput irradiance spectrum. ECL transfer gains of this sort
can be quite large, up to several percent of the total output irradiance with a strong dependence on
dye concentrationThe LSC platemits totalS(<)/' v, for each emission order, determined as
discussed above, and of this a fraction (1) escapes via ECL, so the irradiance spectrum leaving

via the escape coneS:(<), is given by Eq. (8.3.5).

Note that the ECL irradiance doesn't suffer framyg this is because TIR is irrelevaiice escape
cone light does not internally reflecAlso note the irradiance for thath order is divided by, due
to the definition ofS,(<) from Eq. (2.2.10). Only one of the two escape cones is directed onto the
back reflector ad so the ECL irradiance thatélectedis given by half of Eq. (8.3.5). The angle at
which this occurs is again done average. For PMMA with n = 1.4@#ves critical angld, = 42.09°
and hencalzc = 21.05°. By replacirdywith deciin Eg. (8.3.2) the mean absorption path length for
this contribution is determined and hence the salisorbed irradiance spectrum can be fouhthte

that on average light is emitted aeightW/2 in the z plane, so the total z distance W/2 for back
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reflectedirradiance. As before the salbsorbed irradiance is translated to an emission irradiance
via Eqg. (2.2.10) and this contribution propéed to the LSC edge.

We also need t@onsider is what values of geometric ratif,to use andtiere are two ways to do
this. First is to optimis&for each dye by the absorption path length of the incident irradiance
(hence the thickness of the LSCtg)dn light of the extinction coefficients. DCJTB has greater
extinction than perylene or PR and hencd iénefit by reduced thicknessid enhanceds. The
other way is to use the same values®put tune the fluorophore concentration, hence quantum
yield and normalised emission spectrum, of the fluorophores to achieve optimised absorption
efficiency. Here the second approach is preferred as comparing LSC devices of difaalkemss is

unnecessarily complicated.

This is done witlhe fluorophores detiled abovenvhose optimised concentrations are dictated by
both the need to maximise absorption of incident light and reduce loss across th&Hes€ize of

the LSC is critical in this because of-abKorption and host attenuatio.hicker plates achievpeak
output at lower concentrations because they require less dye to maximise absorption of sunlight.
The energy density coming out of the LSC is lower for thicker plates, due to having &|dwethe
amount of power generated also depends on theaaoé solar cells, so thicker plates may still

generate more power.

The peak ofrradiane outputoccussfor Gy, between 10' M and 10° M, depending on which
fluorophore we look at and the LSC plate dimensions. Optimised quantum yield/fluorophore
concentation, selfabsorption and absorption of incident radiation are contained within this
characterisation.For the fluorophore concentrations both PR and DCJTEyse 10°M and
perylene use€y,. = 5x10'M.

Everything that has been developed above E#aldetermining the optical concentratiof, the
LSC output spectrung s§<), and from this the power generated by the c&Y,. The ratio of the
integral ofS s¢<) to that of the solar irradiance spectrur@, (<), should be equal €, calcubted
by Egs. (2.2.15) and (2.3.2), since they are determined with the same igmésan now also
calculatethe LSC power conversion efficiencyse which is given by theatio of power in to power

outas in Eq. (8.3)6

|
cq ©?

I

I

|

&

WherePR,, is the integral of solar irradiance spectrum times by collection akgaandP, is given

by Eq. (8.3.4)As discussed in chapter6zhe two best state of the art LSC devices givg= 7.1%4'"
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and' | s= 6.79' for devices of dimensions 5 x 5 x 0.5 @=(2.5) and a two stack of 2 x 2 x 0.3 cm
(G=5/3), respectively. Both of these used two dye systems and will make interestimgarison for
some of the models produced heréhese LSC devices and others in literature are seen inVable

chapter 2.6, page 50

8.4 Estimating the Cost Efficiency of a LSC Device

The last thing that can be estimated is the cost per unit poweareiedd by the modelled device
structures.This has been done in detaibngsideLSC deviceptimisation through rastracing
simulationg™. In that work the performance is characterised through three measures; the cost per
unit area, power output per uharea and their ratiolThe LSC structure will have a cost per unit

volume for the host and dye materials. The solar cell will have a cost per unit area; production costs
are included by considering the cost of typical c:Si panels available dritiese osts are

determinedfor the given LSC structure of volumgse dye concentrationCyye(in mol m°), and solar

cell areaAns.- Bysumming the costs and dividing the result by the power estimated by the model we
arrive at an estimate of the cost per upiower delivered, (E/\),,, with the targetto achieve

<0.61£/W (or < 1 $/W)This is given by Eq. (8.4.1).

Z s . U8 B

By canvassing c:Si solar panels online that are available to end users, typically with cost efficiency
around 1$/W, one arrives at a panel cost per unit areéEgéim?) F £ 120 n. This number includes
balance of system (BOS) costs induction and transport which will suffice for approximating the

BOS for our hypothetical LSC devices.

The fluorophores PR, DCJTB and perylene can be found available at various laser accessory retailers
but the profit markup and poor economies of scalesatch vendors make the prices uneconomic.

For example Photonic Solutions Ltd. sells PR under Exciton trade name Exalite 613 at £140 per g. Not
a great deal; compare this to Rhodamine 6G, a fluorophore often used in LSC research and in other
scientific pursits, which comes at £15 per g from the same source. Clearly economies of scale allow
for reduction of prie by an order of magnitude and will be taken 86% of the prices found from

sources such as Photonics Solutions Ltd. These are taken tosbg'££28 g*and £1 ¢ for DCJTB,

PR and perylene respectively. With the cost per gram knownfifgniol) cost can be found from
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the molecular weights, which are 453.63 g hd@63.956 g mdiand 252.32 g mdifor DCJTB, PR
and perylene, respectiveljNow €4./mol) F £ 820 maf, £2700 mat and £250 mat for DCITB, PR
and perylene respectively. PR is significantly more expensive by this analysis which will offset gains in

power due to its better performance.

The final cost to approximate is thestaf the host material. PMMA is produced on larges scales by
various technigues. Companies such as Shenzhen Xintao Acrylic Co. Ltd. use extrusion to create
highly uniform sheets of such thermoplastics, which may be a viable large scale production method
for LSC devices. Typical costs are at around £2 per kg of material extruded and 50% should be added
to account for complexities in the process introduced by the requirements of a LSC. So at £3 per kg
with the density of PMMA atpyua= 1180 kg miwe find a cost offnes/m*) £ £3500 n'.

For DCJTB with the solvation enhancement some extra cost must be factored in for some high
permittivity material to induce the effect. Ti@anoparticles can be bought, silane coated for

dissoling in solution, at around £360 per kg from companies like SkySpring Nanomaterials, dnc. TiO
has a relative permittivity around 100 and hence around 28 wt% ofriEi@particlesn PMMAIs
requiredto achieves, = 30, which is an impractically high contration. If it were SrBaTi)a more
expensive titanate, only 2 wt% would be required as it has a permittivity of 1250. Assuming ten
times the cost for SrBaTi(E3600 per kg, then for every’raf host 23.6 kg of nanoparticles are

needed, hencéfssatiohm’) F £85000 e, This cost is added in with host costs and greatly increases

the cost of the concentrator.

All of the cost considerations here are based on reasonable approximations but are still quite
arguable. They are meant to give a ballpark cost efiwy to consider, approached with the caution

of appreciation of the large uncertainties involved.

8.5 Spectral Analysis for a Single Fluorophore LSC Devices

In this first results section single fluorophore plates are considered for perylene, PR, DE€JTB an
DCJTEO0, which is for DCJTB influenced by the solvation effect with host permittivity=e80. For
each fluorophore the model requires the quantum yield(Cye), extinction coefficientss(<), and

the normalised emission spectrur@y(<). The latter two are seen in chapter 2.4 and therophore

guantum yield are determined for a givermoncentration from fits to the data in Fig. 7.2.1.

Other inputs to model are; the AM1.5 global solar irradiance spect8nfs), which is incident at

normal incidencegf = 0°, on a host ai = 1.492, that of PMMA.. This sets the reflection and trapping
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efficiencies at = 0.961 and 4, = 0.742. With these inputs fixed the analysis described in the
precedingtwo sectiorsis run for various side lengthls,and thicknesse&V, of a squareplanar
geometry and hence various geometric concentratidas] ickness and dye concentratio@ye, will
determine the absorption efficiency 4, 0f the LSC plate. In Fig. 8.5.1 irradiance is plotted against
wavelength to show absorption of solar irradiance by DCJTB and the resultant trapped emission

irradiance,S(<), prior to selfabsorption and concentration.
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Figure 8.5.1: The solar irradiance spectrum, Ssun(8), is partially reflected before being transmitted into the LSC as
transmitted irradiance, T(a). Absorption takes place, here for DCJTB at Caye = 10 M, generating the absorbed
irradiance, So(a), which is subsequently emitted and corrected for dyap = 0.742 and dov = 0.69 to give the emitted
irradiance, Si(8). Because of geometric concentration the irradiance falling on the solar cell can peak at many
times the irradiant intensities in this plot.

Every time the thickness is changed, or if fluorophore properties are changed, the curves in Fig. 8.5.1
will also change. By varying dye concentration and LSC thickness the optimal absorption of
irradiance can be ddeved. At this stage of the spectral analysis the outputs can be considered quite

accurate in terms of the quantum yield and absorption coefficient measurements.

8.5.1 Absorption and Sefibsorption Efficiencies

The absorption efficiency is determineiin the irradiance spectra, such as that presented in Fig.
8.5.1." asis shown in Fig. 8.5.2 as a function of LSC thickness for the three fluorophores Ggge at
= 10" M. Back reflectors are not included so that the true absorption as a functionpthde
considered. DCJT® has the same absorption as DCJTB because influence of solvation over the

absorption spectrunwas measured to baegligiblein chapter 5 and hence the same absorption
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spectrum is usedSolvation does not affect the absorption misition since it occurs too fast for the

surrounding medium to respond.
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Figure 8.5.2: The efficiency of absorption of incident solar irradiance is plotted against LSC plate thickness here
for DCJTB (blue), PR (red) and perylene (green).

It is somewhat of surprise that PR shows greater absorption efficiency than DCJTB since DCJTB has
greater extinction. The stronger extinction in the red tail of PR must be responsible for this. Perylene
only absorbs in a small portion in the blue tail of the solar spaectmaking it a poor solar irradiance
collecting material on its own. The maximum that either PR or DCJTB can absorb is below 35% of

incident solar energy and hence this stands as one of the major limiting factors in LSC performance.

The next step of the niel begins to introduce greater uncertainty as we consider the self

absorption process and propagate the irradiance to the LSC edge. The side length, and hence mean
path <>, andGy,. will determine the selabsorption efficiency, <. By taking a meanaph rather

than calculating the selibsorption for each path, as in rdacing calculations, some uncertainty is
expected in the shape of the outpu¥leasuring absorption coefficients accurately beyond the red

tail of extinction is difficult with the florospectrometer used for these measurements, as described

in chapter 3.3. To account for thssuea Gaussian tail is added to the r&dl of the fluorophore

extinction spectra.

With these sources of uncertainty in mitfite selfabsorption efficiency, e, hasbeen calculated
using Eq. (2.2.13%s shown in Fig. 8.5.3. This showgas a function of the LSC side lendthor
each dye fom LSC thickness ¥ = 1 cmand concentration for all dyest Gyye = 10* M.
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Figure 8.5.3: Self-absorption efficiency against LSC side length for LSC devices of W = 1cm. Each of DCJTB-30
(black), DCJTB (blue), PR (red) and perylene (green) are shown.

Fig. 8.5.3 gives insight into the workings of the moB&JTB0 shows much highér,values than
the otherfluorophores thanks to solvation induced redshift of emissiime modelshow thatthe
sef-absorption efficiency reachessteady value after sectain side length of LSC, whichdue to
total absorption of the all irradiance in the extinction regido.ensure optimal absorption of solar
irradiance a perylene based LSC plate must be thicker to achievefloasephoreconcentrations
and therefore longer lengths. This is an important point if a tandem LSC were considered; it is
desirable to match the de lengths of the stack layers but some layers may find optirmugior

different thicknesses.

The model shows a sharp dependence on side length below, daiticularly for lower LSC lengths
which indicate that as the LSC side length tends to 0 theabsiirption efficiency will tend to unity.
However, such sizes are not particularly practical in terms of power generation due to low geometric

ratios and subsolar irradiant output, which means the c¢:Si solar cell will not be operating at

optimum efficieng.

8.5.2 Optical Concentration

With the absorption and sekibsorption efficiencies determined it is now possible to determine both
the optical concentrationC,y, and the LSC output irradianc®g{<), as outlinel in section 8.2. As
stated in that section the ratio of the integral §fs¢<) to that of the input solar irradianc&,{(<),

should be equal t&,. This will not be true when using Eq. (2.2.15) for the optical efficiengy,

becausehis does not account for addition of escape cone gains due to back reflection. Since back
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reflectors have been used in these models this must be added into the equations for optical
efficiency. The easiest way to do this is to consider the gain from escape back reflection as to
effectively increase the trapping efficiency.q,. The trapping efficiency can be written in terms of
the integrals of the absorbed irradianc®(<), and the trapped emitted irradiance without quantum
yield correction S.p(<). The EC gain irradian@c, (<), is added to the trapped emitted adiance
to find the new effective trapping efficiency, , asin Eq. (8.5.1);

Y_Q Yoh Q

U

v
LY Qo

Using Eq. (8.5.1) in Eg. (2.2.15) gives treect optical efficiency and thus for a given geometry the
optical concentration can be found via Eq. (2.3.2). This is plotted as a function of both LSC side
length and geometric concentration in Fig. 8.5.4 for the fluorophore caseindeigure 8.5.3vith

the concentration for both PR and DCJTB,as= 10°M and perylene ha€y,.= 5x10'M andLSC
thicknessw =1 cm.
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Figure 8.5.4: Plot of optical concentration against a) LSC collection area and b) geometric concentration for LSC
devices of W = 1 cm. Each of DCJTB-30 (black), DCJTB (blue), PR (red) and perylene (green) are shown.

For a LSC thickness of 1 cm the collection area required to achieve high optical concentrations is very
large. According tthe model for PRit Ao = 1 nt the optical concatration isG,, F 3. However, if

the LSC thickness is decreased by a factor the geometric concentration will increase by the same
factor which means fow = 0.1 cm the optical concentration will be approximately ten times higher.
This is approximate because decreasingkhéss decreases absorption efficierigy, and thus the

optical efficiency tends to be lower for thinner structures.

Note that Figure 8.5.4 is not in line with other models and experiments since the optical

concentration is expected to plateau for LS@& lengths of around 1f". This is because the self
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absorption and host attenuation are poorly matched to realifp improve this a complete host
attenuation spectrum and a more accurate fluorophore extinction spectrum across the whole
emission spectm would be needed. The fact that the Gaussian tails added to the extinction
coefficient spectra indicates that there is likely to be a significant extinction by the fluorophore

beyond that characterised here.

Optical concentration tells ube intensityof the irradiance coming out of the LSC edge relative to

the solar irradiance intensity. The best way to enhance this is by increasing the geometric
concentration which is done by reducing the thickness or increasing the side lengths. As Figs. 8.5.2
and 85.3 have shown us doing either of these adjustments leads to decreased absorption or
increased selbsorption. As a result optical concentration does not translate to increased power

conversion efficiency, in fact quite the opposite as we shall see.

8.5.3 Power Conversion Estimates

Power conversion is first consideréat the c:Si solar cellssc <0 a LISOG NYzY Fy R £ I G4SN
GaAs. The sun's energy falls on an #ggand hence a known power is delivered to a given size of

LSC. By plotting thesemated power outP,,, from the LSC device agaiist one can see how the

modelled concentrator deviates from the input power. This is shown in Fig. 8.5.5 for LSC devices of

W =1 cm ancgain for both PR and DCJTB. = 10"°M and for peryleneGy,.= 5x10'M.
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Figure 8.5.5: Power against LSC collector area for single dye plates of thickness W = 1 cm doped with the
fluorophores PR (red), DCJTB (blue), DCJTB-30 (black) or perylene (green). Included is a back reflector, escape
cone back reflection gain and fluorophore concentration set at 10 M. Dashed lines show the low area gradient
linearly fixed to large collector areas to show the curvature. The power arriving from the sun (dashed gold line) is
also shown for comparison.
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From Fig. 8.5.5 there is a huge difference seen between the irradiant mms@ngfrom the sun

and the electrical power out of the LSGlar cell combination. One can see that overall LSC power
conversion efficiencies, which shadt bxhibited shortly, are of the order of a percent or so. The
gradient of the power curves is closely related tgcandis seen to decrease with collector area due
to the increased selfibsorption losses. Importantly there are extra losses due to thenatition

added into tre fluorophore extinction spectri the red tail.

The dashed lines in Fig. 8.5.5 show that an array of LSC devices will perform much better than one
large one. This must be balanced against extra cost because as we decrease thiercaliea of

each LSC array element so as to increase the power conversion the number of array elements for a
given total collection area increases. This means more solar cell area per unit volume of

concentrator, which will increase the cost. Such matteill be considered in detail shortly.

With the power out and power in known it is a trivial matter to determine the LSC power conversion
efficiency, as in Eqg. (8.3.6). This is shown in Fig. 8.5.6 as a function of the log of collector area for LSC
devicesof W= 1cm. The best LSC devices in literature are also added as single data points and for

the configuration of the 7% device the model is run f&R as a comparison.
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Figure 8.5.6: LSC power conversion efficiency against collector area on a logarithmic scale for single dye plates
of thickness W = 1 cm doped with the fluorophores PR (red), DCJTB (blue), DCJTB-30 (black) or perylene
(green). The extended extinction model is used with a back reflector, escape cone back reflection gain is added
and fluorophore concentration optimised. Some LSC devices from literature, see Table VI on page 48, are shown
for comparison (magenta shapes) and the model is run for PR under the same device configuration as the 7.1%
device (red open square).

For all the modelledlptes here severe attenuation of waveguided light begins betweer
10 nt. As has been seen by the power curves of Fig. 8.5.5 the best arrangement for a LSC installation

will be some form of array balancing efficiency against device cost. Arragreiemvill certainly
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need to be less than 1fto avoid the severe losses from the extended path lengths for such large

areas.

Comparing Figs. 8.5.4 and 8.5.6 it can be seen that increasing optical concentration necessarily
results in decreased power cong@rn efficiency. It is not possible to determine the optical
concentration of the devices from literature shown in Fig. 8.5.6 becagsand' soscannot be

calculated from the information presented in those papers. Howgther PR (GaAs) device has

GuF N P os=0.@30wvhich means the irradiance intensity coming from the LSC edge is less than

a third of that of the incident irradianc&y comparison the devices from literature cannot have a
C:)pt > 1.

The best LSC devices in literature argeary small collection area, which enhances the output but
makes them unlikely to find application as a marketable device. The 7.1% dévica PMMA plate
doped with PR and a yellow coumarin fluorophore, CRS040, withAasea25 cri and thickness

W= 0.5 cmGaAs cells were used on all four sides, which will perform better than the c:Si cells used
for the modelled curves of Fig. 8.5.6. The 6.7% détflde a two layer tandem LSC using

fluorophores BA241 and BA856 with, = 4 cni, W = 0.3 cmand GalnP solar cells on all four sides.

The 1.3% device made back in 1§8thas DCM as the fluorophore @4, = 2.2x10' M, which

makes interesting comparison with DCJTB since they are of the same chemical family. DCJTB has a
higher quantum yield tan DCM and was modelled here at*I so one might expect the blue

curve in Fig. 8.5.6 to sit a little above the open magenta triaglditionally theDCM device was

0.4cm thick whilst theDCJTBnodel here is run for a 1 cm plate, which means the 1d@¥%cewill

be absorbing lessolar irradianceThis tells us that there is a significant difference between the

model and realitydespite the apparently pleasing visual comparison in Fig..&\Bdher point is

that of selfabsorption whichmay be lesfor DCM and we must also consider that ssiforption

and attenuation in the model is based on @stimate, not reality.

Anotherreasonable comparisocan be made witlthe 7.1% device to compare against the single

fluorophore PR LSC of the model. Tigi'Gic® <0 & LISOGNHzY A& SEOKFY3IASR 6Ad
fluorophore concentration is set to 1.2x1HI. The result of this is also in Fig. 8.5.6 and the model

predicts this will device will have roughly half of that of the 7.1% device of literagan there is a

lot of uncertainty in the model that will account for this discrepancy and the presence of a second

dye will also increase the power conversion to some extent. The 0.6 scaling of thegaAs 0

spectrum will play an important role as willh@r assumed parameters in the model such gges

Additional differences lie in the electrical characteristics in the real device; for example series and
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parallel cell circuit configurations are built and also the back reflector they use has 0.9%oeflec
efficiency, not unity. Despite these differences and the uncertainties in the model the results
presented here seem to lie in general agreement with that of real devices with perhaps too much

lost by the modeto cell efficiency scaling and extendextiaction.

The gains from solvation for DCJTB increase as collector area increases because of the steeper
increase in selébsorption seen for pure DCJTB. At abyt= 1 nf the enhancement of LSC power
conversion efficiency of DCJBB relative to pureDCJTB is roughty.3% which issignificantly

greater than the 23.4% predicted in chapter 5 for DCJTB using the overlap intetral,
parameterisethe selfabsorption. Chapter 5 actually made predictions of the optical efficiehgy,

but the comparson still holds since we're comparing devices of the same geometric concentration,
G. Therefore the only difference between DGBDBand DCJTB is in the irradiant intensity falling on

the solar cells which is governed hy;.

Thereis anissue with thiscomparison; irchapter 5 the fluorophore concentration was fixedGje =

0.1 wt% or 2.6%¥0° M, which means faster extinction. The result of increasing fluorophore
concentration at fixed. is to increase the gains from the solvation effect becatmsesport losses
increase faster for pure DCJTB. Kgr= 10* m? the solvation enhancement is reduced to just 13.6%
relative, which is less than that predicted usihdt can be concluded thdlis a poor estimator of the

true effect of seHabsorption anl is a value only appropriate for very small path lengths of around 1
cm. SeHabsorption is a stronger effect than characterised in chapter 5 and as a result solvation gives

rise to greater efficiency enhancements than expected from that earlier analysis.

Another effect that can be considered is that of a change in host material and hence refractive index.
Fig 8.5.7 shows LSC efficiency as a function of collector artheefihuorophore PR witlseveral

values omwithW=1cm

Fig. 8.5.7 shows, in a meodetailed manner, a similar result to Fig. 2.2.4. Increasingrhesults in
various changes; the amount of reflected incident irradiance increases but the escape cone shrinks
increasing the amount of trapped light. Additionally the mean path lengtreases with increased

due to the introduction of extra emission rays by the reduced escape cone, which have smaller
angles relative to the LSC surface normal. Because of this thebselfption efficiency, ser,

decreases slightly but not significantly enough to stop higher refractive indices delivering higher
power conversion efficiencies. Changing a host material does not just chahgeever, but also

host attenuation, film forming and mechanical prapes must also be considered.
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Figure 8.5.7: LSC power conversion efficiency against collector area on a logarithmic scale for the fluorophore
PR in different host refractive indices. These modelled LSC plates have W = 1 cm and use attenuation model X.
These n values can be compared those of the host materials in Table IV.

8.5.4 Cost Efficiency Estimates

Using the method and cost estimates from section 8.4 the power delivered by the modelled LSC
devices can be used to determine the device cost per ofadiectrical power out. This is done again
for W= 1 cm andhe again both PR and DCJTB@ge= 10*M and perylene use€y.= 5x10'M for
comparison with the LSC poweartversion efficiency. Fig. 8.5s8ows a doublg plot for both' | s¢

and (E/W)c against the length of LSRles.
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Figure 8.5.8: d.sc (solid lines) and (E/W)conc (dashed lines) against the LSC side length for DCJTB-30 (black),
DCJTB (blue), PR (red) and perylene (green). The target of 1 $/W is also shown as a line with no gradient (short-
dashed, grey). All models here have W =1 cm.

162



Chapter8: Spectral Based Models and Implications for LSC Devices

For small scale devices, such as the best in literature discussed earlier, the LSC efficiency is at a peak
due to minimised sel&bsorption losses. This declines quickly to the regime wherabstirpton
saturates except in the extended red tail of extinction, which causes a slower declingviith
increased. At aroundL= 0.3 m the cost efficiency reaches a minimum which holds for PR, DCJTB
and perylene up to 1 or 2 metreBR has a minimum ¢€/W)c,,.=0.76£/W ataroundL= 1.7m;

this length will not give the best power conversidfia@ency for the LSC but will deliver the best
economicsAccording to these modebssingle dye LSC based on PR should perform at double the
cost per watt as a c:Si solar module. An array of LSC devices using PR based on the results here
would be made ofquare LSC d&es with a side length of 1. At this sizeachplate, with c:Si

cells attachedlis generating around 16@/ and the collector area &, = 3m? That gives
approximately 8 W/m? for a total device cost d120 By contrast a modular $i solar panel
generating 160 W/rhand costs around 0.61 £/W; therefore for an area/gf;=3 m? such a panel
would generate4d80W and would cost about293. It isless costlyo cover a larger area with LSC

devices based on PR but the result is lessgr@amd poorer economics of wattage.

The cost per watt of power out is seen to be higher at very dathale tothe way in which the

different costs vary with LSjgometry. Consider Eq. (8.4.1)e cost of solar cells depends on edge
area,An., = AW, whilst the host and dye materials depend on LSC voltngs L°W. Therefore,

since volume grows faster than harvesting area, the costs from host and fluorophore materials will
dominate very quickly. At small lengttfsis very small and the cost of the cei#l dominate, except

in the case of DCJI® using nanoparties. This is seen in Fig. 8.5.9
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Figure 8.5.9: Log-log plot of costs in pounds (£) for the concentrator (solid lines) and solar cell (dashed line)
components of a W =1 cm LSC device as a function of LSC side length. DCJTB-30 (black), DCJTB (blue), PR
(red) and perylene (green) dyes are shown.
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Figs. 8.5.9 shows thahé cost of solar cells dominates until around 15 cm for DCJTB, PR and
Perylenewith not much difference between these fluoroptes. This is because the cost of the host
material dominates the cost of the concentrator componertte $olvation enhancements modelled
for DCJTBO0 come at tremendous extra cost when using naartiplesand theanalysis gives
immediate indication that tts is not going to be an economic option. The only way for solvation t
be useful is to employ a low costganic material of high relative permittivity, which is a problem in
itself, or a low cost high permittivity hastsing camphoric acid anhydride & Ausedn chapter 5

to exhibit the solvation effect, as a dopant would be expensive as 30 wt% would needed to double
the relative permittivity to 5.75n PMMA It costs £35 for 50 g via Sigma Aldrich and is not sold by
the tonnage like PMMA. Even at 1@¥ihe Sigma price CAA will significantly increase the cost of the
device; £3.5 per 50 g so £70 per kg. For every cubic metre 354 kg of CAA will be ng€detirsd

F £25000 i, and for less gains than with the nanoparticles.

It would seem that withotia low costhigh permittivityoptical host, or similarly low coslielectric
additives, solvation gains are going to be too expensive to deploy.-A¥PRvas introduced in
chapter 5 as a high permittivity host polymer with= 11.38and exhibited high gantum yields for
DCM, as shown in Table Wnfortunately films made from this were found to be very brittle and of
rather poor quality from spin coatingerhaps with polymerisation techniques a bdiiped LSC

device could be made with this material.

8.6 Conclusions

Presented in this chapter is a detailed spectral medach offers insight into the interplay between
different processes and parameters in squatanar LSC device structures. The model requires the
solar irradiance spectrum, host and fluptaore optical properties and the LSC dimensions to
compute the output irradiance spectrum. External quantum efficiency spectra and average power
conversion efficiency values for a given solar cell allow the power conversion efficiency spectrum to
be determined. A power correction factor is then applied to correct for efficiency variation due to
change in light intensitywith this and the output irradiance spectrum the power generated by the
LSC can be calculated. Finally the tasiebe determined basedroreasonable arguments for the

materials and solar cells used.

Optimisation of device structures is done by determining the LSC output irradiance for different
fluorophore concentrations and device dimensions. Because e&bstirption effects

concentratons of the order of 10M are optimal for thicknesses of 1 cm. Optimal output irradiance
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depends on device thickness, because absorption of solar irradiance must be maximised, but also on
side length and hence mean path length because ofededbrption dfects. The application of back
reflectors also plays a role, because this doubles the effective absorption I8igghmeans thinner

devices and highgBvalues for the same absorption efficiency.

Although GaAs PV cells were seen to be most appropriatins of collecting LSC output

irradiance the bulk of modelling was done with the c¢:Si power conversion efficiency spectrum. This
is because c:Si cells are widely available and likely to provide lower cost esti@@tgsared to

devices in literature th modelprovides slightly lower estimates than might be expect@elices in

literature only provide single data poing® available empirical evidence is currently small

Cost efficiency estimates show that the best modelled structure was using PRW@t side length
of L= 1.3 m and thickned&' = 1 cm. This gave a cost efficiencYf¥V)..n.= 0.76E£/W, double the
target of 1 $/W (0.61 £/W)Such LSC plates in an array would cover a larger area for lower cost than

a c¢:Si module solar field but woul@ldzer about a third of the powesind poorer economics
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Chapter 9

Conclusion

9.1 Summary

Over the preceding five chapters the major experimental work of this research project has been
discussed in detailhe findings are summarised here first before fnagiihe results in the context

of luminescent solar concentrator devices and their place in the wider energy market.

In chapter 4 a Gauge R & R (GRR) study design is used on the absolute measurement of fluorescence
guantum yield using an integration sphese as to assess different sources of variance in the

process. The GRR study shows that most of the variance lies within the measurement system rather
than in sample fabrication. Fluctuations in laser intensity were found to be the largest source of
variane to the total uncertainty in the measurement, although some systematic uncertainty due to
calibration and selbsorption corrections could not be ruled out, even when usineglight

emitting polymerF8 asafluorescencestandard.The more stable GaN ksexcitation source was

found to achieve a minimum uncertainty ¢ime ' ovof #0.01 Simultaneous measurement of the

excitation intensity and sample emission, using a beam splitter and second photodetector, would

allow the laser uncertainty to be made negligible. Improving the accuracy of this measurement is an

important goalfor optical characterisation, particularly for fluorophores with near uhiy

In chapter 5 improvements in the salbsorption efficiency, e, are shown to be possible using the
solvation mechanism in the solid state. This phenomenon occurs facpiart fluorophores where

the molecular dipole moment increases upon absorption of a photon. This in turn causes the
surrounding medium to readjust physically and electronically around the new dipole state and in
turn this sets up a reaction field whichkies energy from the excited state, shifting the emission
spectrum towards lower energies. By introducing high permittivity small organic moldéotdes
PMMAalong with DCM class fluorophoras improvement in optical efficiency of up to 25% is

shown to bepossiblewhen using the overlap integral,as a metric for selibsorption. Later on, in

the spectral analytical models of chapter 8, this metric is seen to be far too conservative and much
greater improvement in optical efficiency is predicted in thatrkv However, the cost efficiency
analysis in chapter 8 indicates that finding suitable dielectric dopants of low enough cost is likely to

be one of the biggest obstacles to employing this method.
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