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Abstract

The projected need for carbon-free power during this century is immense. Solar power
offers the largest resource base to supply this need, but in light of recent silicon
shortages, it is an open question whether silicon photovoltaics can keep pace with
demand. The development of economical concentrators could relieve this resource
pressure. The luminescent solar concentrator (LSC) is an architecture that collects
and concentrates light using the luminescent properties of chromophores embedded in
a waveguide. This method of concentration alleviates the need for expensive tracking
equipment necessary for optical concentration. Combined with the low cost and
flexible fabrication of organic materials, this technology is inherently scalable.

A major limitation to LSC efficiency is self-absorption between different chro-
mophores within the waveguide. Finding inspiration from the architecture of phyco-
bilisome antenna complexes, a system of chromophores is developed that minimizes
self-absoprtion through Forster energy transfer. Precise control of intermolecular
spacing is achieved through thermal evaporation of small molecule organics. A LSC
with a geometric gain of 25 is fabricated that employs this optimized system. Exter-
nal quantum efficiencies of 32% are achieved across nearly half the visible spectrum,
with a total power conversion efficiency of 1.6%. Additionally, modeling and theory
are presented to highlight places for device improvement. It is shown that a simple
path integral successfully captures the dynamics of the LSC.

Thesis Supervisor: Marc A. Baldo
Title: Esther and Harold Edgerton Assistant Professor of Electrical Engineering and
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Chapter 1

Introduction

1.1 Motivation

Ultimately, this thesis details the science, research and fabrication of a type photo-
voltaic device, capable of converting sunlight into electrical power. Initially, however,
this work is inspired and shaped by trends in energy use, climate impact, economics
and lesson learned in the burgeoning field of organic electronics. A mature power
conversion device must successfully address these issues, or else, it will not survive
the scrutiny of the marketplace. For the researcher, a fledgling power conversion de-
vice must show the potential, under reasonable assumptions, to address these issues.
With that mandate in mind, this thesis investigates the potential of the luminescent

solar concentrator (LSC).

1.2 Energy Trends and Carbon Emissions

Historically, standards of living among humans are linked to the availability of energy.
In 2000, the per capita consumption of primary energy of North America was 280
gigajoules (GJ) and the Organisation for Economic Co-operation and Development
(OECD) nations of Europe and the Pacific consumed 142 and 180 GJ. This is in
stark contrast to sub-Saharan Africa, China and Asia which used 25, 38 and 28 GJ

per capita respectively.[1] Increased standards of living in these developing nations
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will be accompanied by higher per capita primary energy consumption. In addition,
any population gains will also add energy demand. Indeed, over the past decade the
growth rate in primary energy usage in the developing world is twice (3.19% versus
1.52%) than that of the OECD nations.[1]

Fossil fuels comprise 80% of primary energy production.[1] Unless the increased
consumption is derived from carbon-free renewable energy sources, we can expect the
amount of carbon dioxide (CO,) released per annum to increase. The amount of CO,

released per annum during energy production is given by the Kaya identity.[2]
M = N+ GDP/N « E/GDP xC/E

Here, N is the global population, GDP/N is the per capita gross domestic product,
E/GDP is the primary energy intensity and C/E is the carbon intensity. Using
data from the previous century, the Intergovernmental Panel on Climatc Change
has forecast these four factors out to the year 2100 under different scenarios. The
baseline scenario includes no alteration to climate change policy and has been used
as a benchmark. Built into this scenario is the assumption that carbon intensity
decreases at a rate of 1% per year, but still carbon emissions will increase from 6
gigatons of carbon per year to 20 gigatons of carbon per year in 2100. To meet
the global power demand and continue on the carbon intensity curve of the baseline
scenario, it is calculated that we will need to create 10 terawatts (TW) of carbon-free
power by 2050. In order to stabilize carbon levels at twice the pre-industrial level (550
parts per iillion) the 10 TW must be brought online by 2035.[3] By comparison in
1990, global primary energy consumption was 11 TW. A truly extraordinary amount
of carbon-free power must be brought online over the course of the next century to

preclude significant changing of our climate system.

1.3 Current status of Photovoltaics

The incumbent photovoltaic technology is the single junction silicon solar cell. A

large degree of its success is due to the development of high-quality silicon processing
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technologies of the microelectronics industry. These have driven historic improve-
ments in cost and power conversion efficiencies. Typical values for power conversion
efficiency for a silicon photovoltaic module range from 8.2% to 22.7%, depending on
the crystallinity of the base silicon solar cell[4], with the average module efficiency
of 12.5%.[5] The highest recorded efficiency for a single junction silicon cell is 24.7%.
To achieve this level, extremely pure silicon in conjunction with sophisticated light

trapping is employed.|[6]

In stride with efficiency improvements, the annual production of silicon photo-
voltaics has been rising at 30% per year.|5] More recently, the industry produced 2.54
gigawatts (GW) of solar cells in 2006. This compares to 1.81 GW and 1.26 MW in
2005 and 2004, respectively. The last two years have seen growth at over 40%.[7]
With this heady growth has come a silicon shortage that is attracting huge amounts

of capital.

The cost of silicon photovoltaic power traditionally follows an industry learning
curve. For every doubling of production, the cost per watt falls 20%.[5] The period
between 2004 and 2006 represents a production doubling. However, the retail price
per watt for a 125 W module has increased from $4.32 in May 2004 to $4.86 in May

2006.[8] If the silicon shortage is relieved, the learning is expected to continue.

At what rate would silicon photovoltaic production need to increase to achieve 10
TW of carbon-free power by 20507 Since the sun only shines during half the day, a
larger installed base of photovoltaics would be required. Assuming six peak hours per
day, equivalent to 40 TW operating at 25% capacity, the growth rate would need to
be 20.1% per year for the next 43 years. This is a doubling every 3 to 4 years. In the
year 2050, we would need to produce 6.7 TW of new solar power. Allowing a modest
efficiency gain to 20%, this will cover an area of 33,000 square kilometers, roughly
the combined area of Connecticut and Massachusetts. This is truly a huge number,

and photovoltaics can only be a portion of the solution.
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1.4 Role for Organic Photovoltaics

Because of shear size and economics of the problem, organic photovoltaics has received
considerable attention. Organic materials are typically inexpensive when produced
in industrial quantities and are compatible with multiple fabrication techniques and
substrates.[9] The holy grail of organic photovoltaics is an efficient cell able to be

mass-produced using roll-to-roll processing, much like newsprint.

Intense research into organic solar cells has progressed since the first bi-layer
heterojunction cell introduced by Tang in 1986. A recent tandem organic solar cell was
reported to have a 5.7% power conversion efficiency.[10] This is five times smaller than
inorganic multi-junction cells, which regularly exceed 30% efficiency. Additionally, the

organic cells have not achieved large area. Most devices are much smaller than 1 cm?.

The technical challenge in organic solar cells is the balance between absorption and
charge separation. To efficiently separate an exciton (molecular excited state) into
an electron and hole requires that the exciton be formed on the order of one diffusion
length, typically 10 nm, from the separating junction. Otherwise the exciton will
have a high probability of relaxing back to the ground state. Unfortunately, the
absorption lengths in organics are typically longer than 100 nm. To satisfy both
requirements, researchers have focused on creating thicker, bulk devices where the

separating junction is three-dimensional, thus providing a nearby surface throughout.

The dominant feature of organic molecules is their strong tendency to interact
with light and create excited states. The excited state can relax to the ground state
by coupling to vibrational modes of the molecule or by radiatively relaxing through
photon emission, both of which shorten the diffusion distance. The second relaxation
pathway, radiative recombination, gives these molecules strong optical properties.
The laser dye industry and the emerging organic light emitting display (OLED) in-
dustry take advantage of these optical properties.[11]
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1.5 Argument for an Organic Concentrator

Why concentrate? If you can provide more irradiance through concentration for less
cost than increasing the amount of solar cell to achieve the same level of irradiance,
it makes sense to concentrate. The economics of concentration are specially valid in
the face of supply demand, as is the case for silicon. Additionally, if concentration is

inexpensive, it is beneficial to use the highest efficiency cell material possible.

Conventional light concentration uses optics to focus light onto a solar cell. For
optimum performance, the focal point of the light must be maintained as the sun
transits the sky. The system relies on tracking equipment to keep this focal point.
Such mechanical systems are expensive to maintain and deploy. Also they require
extra spacing to avoid shadowing neighboring concentrators. The simplicity of the

flat solar panel is lost.

As mentioned previously organic materials are inexpensive and can be easily fab-
ricated. In addition, they have strong optical properties, in terms of absorption and
re-emission of light. A concentrator could be achieved by absorbing light over a large
area and re-directing the emission of light to a high efficiency solar cell. This device
would not need tracking equipment. Such a device, known as the luminescent solar
concentrator (LSC) was proposed in the late 1970’s.[12] At that time, the concept was
explored using laser dyes as the organic material. The technical barrier to widespread
adoption was degradation of the laser dye.[13] The OLED industry has largely solved
the degradation problem through chemical synthesis and encapsulation of its organic
materials. Typical reported lifetimes are 20,000 to 100,000 hours. The LSC stands
to directly benefit.

Chapter 2, of this thesis will detail of the operation and efficiency calculations of
an LSC. The chapter closely follows the previous work of Batchelder. Two numerical
models for LSC design and performance are presented in Chapter 3. Chapter 4
provides a brief overview of other work in the field and discusses how energy transfer
between organic molecules can be used to enhance performance. A model from nature

is proposed as an ideal system system, and a synthetic analog is suggested to emulate
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this system. Chapter 5 covers the fabrication and testing of an optimized organic
solid state LSC. And, chapter 6 concludes by summarizing this work and addressing

the next steps in LSC research.
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Chapter 2

Luminescent Solar Concentrator

Operation and Theory

2.1 LSC Description and Coordinate System

Generically, the LSC is a device that absorbs light by a system of one or many
chromophores and redirects, or waveguides, the luminscent emission the chromophore
system toward a transducer. The transducer can be any device that takes advantage
of the light. In this work, I will consider the use of a photovoltaic for electrical
conversion, although other uses such as daylighting have been suggested.[14] The
simplest manifestation of an LSC is a glass (or plastic) substrate embedded with
single or multiple chromophores, or dyes. This is the geometry that is explored in
this thesis. Upon absorption of incident light, the dye(s) luminesces isotropically.
Due to the total internal reflection provided by the air/glass/air interface, a fraction
of the light is trapped inside the glass. A photovoltaic (PV) appropriately attached
to the edge of the glass sheet collects this trapped light. By ensuring the area of
the glass sheet is larger than the PV, a geometric concentration factor is achieved.
Formally it is given by:

Ggeo - Asheet/ Aphotovolta'ic (2-1)

For a square LSC, Gy, is trivially L/D where L is the length of the sheet and D
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is the thickness of the sheet. A rectangular LSC is illustrated in Figure 2-1. The
coordinate system of the LSC is designated as follows: The z-axis is normal to the
PV in the plane of the substrate. The y-axis is in the plane of both the substrate and
PV. The z-axis is normal to the substrate and in the plane of the PV. Angle theta is
the angle with respect to the z-axis. Angle phi is the angle in the x — y plane with

zero degrees in the y-axis.

2.2 Trivial Efficiency Model

A measure of efficiency for an optical device is the external quantum efficiency (EQE).
It is defined as the ratio of the number of electrons produced by the device divided by
the total number of photons incident on the device. This metric is appropriate for the
LSC since it is an optical device. The EQE is a function of a numerous subcomponents
efficiencies. To understand the basic functionality of the LSC, we imagine a trivial
LSC that has the following attributes: (1) The substrate is a perfect substrate with
an index of refraction ngy. (2) Perfect mirrors are attached to the remaining three
faces of the LSC and (3) the LSC contains a single dye with no overlap between its
absorption spectrum and emission spectrum. When the dye luminesces, it will not be
reabsorbed by other dye molecules in the substrate. The EQE of the device is then
given by:

NEQE = Nabs MPL Ttrap NPV (2.2)

Here ngs is the fraction of light absorbed by the dye, npr is the quantum yield of
luminescence of the dye. This term combines both emission from singlet and triplet
excited states. mqp is the fraction of light trapped within the waveguide as a result
of total internal relection at the substrate/air interface. It is given by \/l—m
The solid angle over which light is trapped is known as the trap cone, and the solid
angle over which light escapes is known as the escape cone. npy is the EQE of the

PV coupled to the substrate. All of these factors can be a function of wavelength, A.

For the case of a glass substrate, with ng,, = 1.5, the maximum EQE is 0.745.
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Figure 2-1: Schematic of an LSC — The above shows a perspective and cross-
sectional view of an LSC. Incident light is absorbed and re-emitted by a chromophore
within the LSC. A fraction of the light will be trapped inside the waveguide and the
remainder will escape. The coordinate system that will be adhered to throughout
this thesis is shown above. Perspective schematic derived from[15]
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By knowing the performance of the attached PV, the total power conversion effi-
ciency, nrpce can be calculated. The power at the optimum operating point of the
PV is given by Par = I, x V. X FF where I, is the short circuit current, V. is the
open circuit voltage and FF is the fill factor of the cell. Using the EQE computed
above we can compute the I, of the LSC by:

A £,
Ie = q—ﬁz—‘icl / neoe(A) E(A)AdA (2.3)
0

where E()) is the incident solar spectral irradiance, h is Planck’s constant, c is the
speed of light and E, is the bandgap of the PV. Then, the total power conversion

efficiency is expressed as:

he
Voe FF L4152 (50 ppop(X) E(A) A dA
he
Apsc [o @ E(A) dA

NTPCE = (2.4)

Figure 2-2 shows the cumulative total power conversion efficiency versus wave-
length for an ideal LSC, i.e. 100% EQE, and an ideal glass LSC coupled to either a
gallium arsenide or silicon PV. The calculation assumes the dye has unity quantum
yield, completely absorbs the complete ASTM AM 1.5 Global solar spectrum and
has no self-absorption. The fill factors and open circuit voltages are derived from the
record crystalline cells.[6] The actual efficiencies will, in practice, be higher due to

the logarithmic increase of V,, with increasing photocurrent.

Rarely is the trivial model applicable to an actual luminescent solar concentrator.
All dyes have vibrational and rotational states that broaden their electronic energy
levels. In addition, the local environment can contribute to further homogeneous
broadening. This potentially causes a non-zero overlap between the absorption and
emission spectra. A non-zero overlap contributes to self-absorption among dyes, which

quickly complicates the model of the LSC.
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Figure 2-2: Total Power Conversion Limits for an LSC — This figure shows
the cumulative total power conversion efficiency for an LSC coupled to GaAs and
Si solar cells. The solid lines are an ideal system with unity EQE and the dashed
lines are an ideal LSC on glass. The dye is assumed to have unity quantum yield,
completely absorbs the complete ASTM AM1.5 Global solar spectrum and has no

self-absorption.
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2.3 Developed Efficiency Model

2.3.1 Origin of Self-Absorption and Stoke’s Shift

Molecules are comprised of numerous atoms bonded together. The oscillations and
torsions of these bonds between nuclei give rise to vibrionic and rotational states in
addition to the electronic states. The difference between two consecutive vibrionic or
rotational states is much smaller than the difference between consecutive electronic
states. Then each electronic state can be viewed as a manifold of states that include its
vibrionic and rotational states. Figure 2-3 shows the energy diagram versus reaction

coordinate for the SO and S1 electronic states of a notional molecule.

1 1 4
W
S S,
! \ J r
P = =, . - 3!
i ey Nt e
=7

1]
Extinction Fluorescence

coefficient intensity

/ \
S, == S, absorption S, = S, emission

-}

Figure 2-3: Radiative transitions in molecules — This figure depicts the radiative
transition from the ground state, SO, manifold to the first excited state, S1, manifold.
The Frank Condon Principle predicts that the nuclear configurations do not change
instantaneously. Thus a transition is most likely between electronic configurations
that have the largest spatial overlap. Within the S1 manifold, an excited state falls
to the lowest vibrionic state in picoseconds. This relaxation produces a downward
shift in energy for the radiative transition back to the SO manifold. This is known as
the Stoke’s shift of the molecule. Graphic taken from [16]

Due to the numerous states in each manifold, there are many possible transitions

for an electron from a ground state to an excited state. According to the Frank-
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Condon principle when a photon is absorbed, the electronic transition happens much
quicker than the heavy nuclear framework can react. The probability of a given
transition is proportional to the overlap of the ground state and excited state wave-
functions. The many transition energies give rise to broadened absorption spectra.
After an electron is excited, it immediately falls to the lowest energy level of that
electronic manifold. From here, it can radiatively recombine to the numerous ground
state levels. The lowering of the energy after absorption and before emission is known
as the Stoke’s shift of the molecule. Formally, it is calculated as the distance from the
peak absorption wavelength to the peak emission wavelength. Additionally, when a
molecule is placed in an environment, it can interact with other molecules, as in the
case with amorphous thin films and solvation effects in liquids and solids.[17] This
interaction causes additional variation in the energy levels. If the total broadening is
significant relative to the Stoke's shift, the absorption spectra and emission spectra

will exhibit overlap.

2.3.2 Role of Self-Absorption

Because of self-absorption, not all photons that are re-emitted by the dye within
the LSC make it to PV. These photons are absorbed by other dye molecules, which
in turn re-emit new photons. This process occurs ad infinitum. These subsequent
excitation/emission events are labeled generations. Subsequent generations’ emissions
are red-shifted as a result of conservation of energy and slightly reduce the degree to

which the next generation is self-absorbed.

To model these effects, following Batchelder, we define two self-absorption prob-
abilities: 7, the average probability that a photon emitted in the trap cone is self-
absorbed and 7, the probability that a photon emitted in the escape cone is self-
absorbed. We also define the probability of a photon being in the escape cone as P,
thus the probability of being in the trap conc is (1 — P). Note that (1 — P) is the
same value as Nqp above. Thus the probability of the first generation reaching the

PV, QW is given by:
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QM =npL(1—r)(1—P) (2.5)

and the fraction of re-absorbed light in the first generation, RA® | is :

RAW = np[FP +r(1 — P)] (2.6)

Any subsequent probability @® can be expressed as a recursive relation:

QY = [npr(1 ~r)(1 - P) RAWY (2.7)

The total probability @ is the summation of all Q). We identify the summation as

a converging geometric series.

x<

Q=3 lnpr(1-7)(1 = P){ner[rP+r(1 =P} = 5 f;ff[f;ﬁ(i@ - L)]

(2.8)

=1

The probability, @, can be thought of as transport efficiency, niqns which takes into
account the recursive influences of photoluminescence, waveguide trapping and self-

absorption.

Self-absorption can, also, be modeled as feedback. This is illustrated in the photon
flow diagram of Figure 2-4 from Batchelder. The model starts with the solar photon
flux from the sun. Immediately, the air/substrate interface reflects a portion of the
flux and this flux is lost from the system. Of the non-reflected flux a portion S is
absorbed. Unabsorbed photons are also lost. In steady state, the excitation rate, J,
1s caused by S and the portion of photoluminesced light, J np;, that is self-absorbed.
A fraction of light P, or 1 — 7)rap, Will be in the escape cone, while 1 — P, or nqp,
will be in the trap cone. Light in these cones are reabsorbed with average probability

7 and r for the escape and trapped cone, respectively. The equation for J is:
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Figure 2-4: Photon Flow Diagram — A photon flow diagram depicting the pre-
dominant channels available in the LSC. Dotted lines represent changes in index of
refraction and squares represent photons sinks. Light from the sun enters the dye
ensemble, resulting in luminescence that is converted in the PVC. The two feed-
back loops around the dye ensemble represent the effects of self-absorption inside and
outside the critical cones. Graphic and caption taken from [15]
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J = SArsc +JInprr(l — P) + JnprtP (2.9)
J = SArsc/{l —npr[r(l — P) + 7P|} (2.10)

Knowing J, the total flux, W arriving at the photovoltaic is the fraction of photolu-

minesced light in the trap cone that reaches the PV. This is given by:

W:J’I’]pL(l-—T')(l-—P) (211)
W = SArscnpr(1 —r)(1 = P)/{l —npr[r(1 — P) + 7P|} (2.12)
W = SALscQ (2.13)

Both methods give the same result. Since 7 plays a small role in a properly designed
system, the model is applicable to the extent that r correctly captures the dynamics
of self-absorption. For the case of a LSC surrounded on four sides by PV, it is
appropriate to estimate r as the self-absorption probability of a dye situated in the

center of an LSC plate.

The above analysis predicts the performance for an uniformly illuminated LSC. If
the irradiance varies in the z-axis or y-axis, a full numerical simulation of the LSC is
required. Light absorbed and re-emitted of a certain wavelength at a point (z, y) will
have a unique probability of reaching the PV, and full accounting must take place.

This model will be presented in Chapter 3.

An interim summary, at this point, is worthwhile. Revisiting the initial EQE
equation, we can adjust and add new terms to give a better prediction of device

performance.
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npr(l=7)(1 = P)

- 2.
NEQE = Tabs PV T el P + (1 = P)] (2.14)
nPLntrap(l - T)
= - 2.15
WabsT?Pvl - 77PL[(1 - 77tmp>T + ntrap""] ( )
= NabsNNPV Ntrans (216)

The first term constitutes the amount of light absorbed by the dye, including reflec-
tions of the solar flux off the LSC. The second term is the EQE of the attached PV.
This should be selected for optimum performance. The remaining terms with the
exception of the trapping efficiency are properties of the dye. Simply, the dye needs
to absorb as much of the solar spectrum as possible, have near unity quantum yield
and have minimal overlap. Unfortunately, no single dye can accomplish these tasks

simultaneously.
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Chapter 3

Numerical Models to Predict
Self- Absorption

3.1 Self-Absorption Path Integral

If we know the absorption and emission spectra along with the quantum yield of
luminescence of a dye, we are able to model its suitability in an LSC. The intensity,
I of electromagnetic wave traveling in an absorptive media is defined by the Beer-
Lambert law, I = Ije WM Here, a()\) is the molar extinction coefficient in units
M=tem™!, C is the molar concentration and z is the path length in centimeters. By
applying the Beer’s Lambert Law weighted over the dye emission spectrum we can
compute the fraction of intensity transmitted a distance x centimeters away. This is

integral is given by:

fraction:/ F(N)e NG\ (3.1)
0

where f(\) is the normalized emission spectrum of the dye. For solid materials,
a(A) C is the absorption coefficient of the material with units of cm™'. In chemistry,
the usage of molecular absorption cross section is common. The equations arc the
same, but care must be taken to insure correct units. Also, the equation is often

expressed in basejp.

31



0.012

<0.01

=]
g
Normalized PL

$ a0 @0 sw w0 0 e 70
Wavelength (nm)

Figure 3-1: Absorption and Photoluminescence Spectra for neat rubrene —
The absorption coefficient (solid) and photoluminescence spectra (dashed) are shown
for a neat film of rubrene. The film was grown at a rate of 1.6 A/s using a thermal
evaporator. The peak absorption coefficient is 47,860 cm™! at 532 nm.

The LSC results I will present in the experimental chapters are comprised of solid
thin film layers evaporated onto the LSC substrate. Rather than the dye being uni-
formly dispersed throughout the substrate, it sits on one face. It is appropriate to
use the absorption coefficient formalism where a() is the absorption coefficient and
C' is the effective concentration of the thin film. For a film comprising 100% of a
material, C = 1. Figure 3-1 shows the absorption coefficient and normalized photolu-
minescence spectrum for rubrene, a common dopant used in the OLED industry. The
thin film was thermally evaporated at a rate of 1.6 A/s using an custom evaporator
manufactured by Angstrom Engineering. Absorption data and verified thickness were
determined using an Aquila nkd8000 Spectral Reflectometer. The photoluminescence
spectrum of the film was measured perpendicular to the film using an Acton Research
Spectrasense detector and monochromator. A 408 nm laser with power of 3.7mW was

used to excite the sample.. The peak absorption coefficient is 47,860 cm™! at 532 nm.
To compute a useful path integral to estimate, r, we would like to compute the
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Molecule 1-7r Ntrans Stoke’s
Name 125] 25 | 50 1125 ] 25 | 50 | Shift (nm)
Alqs 0.96 1094 |0.90|0.18 | 0.18 | 0.17 136

DCJTB | 0.52|0.43|0.34|0.60 | 0.56 | 0.50 133

Rubrene | 0.62 | 0.55 | 0.47 | 0.65 | 0.62 | 0.58 38

Imaginary | 0.94 | 0.89 [ 0.81 1 0.73 [ 0.72 | 0.70 103

Table 3.1: Self-absorption for common OLED materials— This table shows
the fractional intensity and 7.qns values for notable OLED molecules. The quantum
yield for Alqs is 25%, while the remaining materials have are assumed to have unity
. quantum yield.

average fractional intensity, i.e. 1 — 7, arriving at the PV over all emitted angles.
We make the following assumptions and approximations (1) PV is attached to four
sides of the LSC. The path length from the center of the LSC approximates the
average path length. (2) The thickness, ¢4, of the film is adjusted to achieve an
optical density of 1 at the absorption peak. This guarantees that 90% of light at
the peak wavelength is absorbed, i.e. 74 is near unity. (3) Any ray emitted in the
film is waveguided in the film and in the LSC substrate. As a result, the effective
film concentration is C' = tsy,,/D. Noticing that z = L/2 and L/(4D) = Gye,, the

average fractional transmitted intensity, 1 — r, as a function of G, is:

—2a(A)t imageo
[1 = 7)(Gyeo) ST [ sin(0) f(N) e E dX df dg
-Tr geo) —

L (32)

Figure 3-3 shows the results of this calculation and the calculates 1.4y, for rubrene
on a glass substrate, assuming npy is unity. As the geometric factor increases, the
average path length increases. The fraction of light reaching the PV falls exponen-

tially, but the effect on 7.0 is DOt exponential due to the multiple generation events

in the LSC.

The above calculation is repeated for two other common OLED materials Alqs
and DCJTB. Their chemical names are, &ris (8-hydroxyquinoline) aluminum and 4-
(dicyanomethylene)-2-t-butyl-6(1,1,7, 7-tetramethyljulolidyl-9-enyl)-4H-pyran, respec-

tively. Alqgz is an extremely common host material and DCJTB is a red dopant.
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Figure 3-2: Average Self-Absorption versus geometric gain — Plotted is the
fraction of light emitted from the center of an LSC that reaches an attached PV
versus geometric gain (solid) and 7qens (dashed) assuming 100% quantum yield for
a neat film of rubrene with OD1 in the vertical direction. The fraction of light falls
exponentially, as predicted by Beer’s Law, but 74,5 falls sub-exponentially as a result
of successive generations contributing to the total light reaching the PV.
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Finally, a fourth imaginary molecule is calculated. It consists of the absorption spec-
trum of rubrene but the emission spectrum of DCJTB. This data is provided in Table
3.1. Algs has the least sclf-absorption, however, %qans 18 very low due to its quantum
yield of 0.25. Rubrene and DCJTB have similar performance, but the imaginary
combination of the two perform better. We will return to this possibility in the next

chapter.

3.2 Two Dimensional Numeric LSC model

The previous section developed the weighted path length integral to calculate the
amount of light reaching the PV. This calculation assumes that light emitted in the
center of an LSC captures the characteristic behavior of the device. Perhaps light
absorbed and re-emitted close the the PV edge will have a better collection efficiency,
thereby boosting the overall light collection. This model needs to sum each Q® over
all z and y until the model suitably converges.

The algorithm is straightforward, but computationally expensive. The problem
scales with the resolution in the z-direction, y-direction and wavelength. To make
the problem tractable we assume each emission generation is assumed to have the
same spectra. The assumption is fair since the high energy wavelengths are the ones
being heavily re-absorbed. This assumption is, also, conservative as it over-estimates
self-absorption. With this assumption, the problem scales only in x and y.

The first step is the calculation of the fractional intensity matrix, Fipans for the
amount of light reaching the attached PV’s for all z and y. The integral is weighted
by the distance to each attached PV. For instance, a point in the middle of the LSC
will see similar paths to all attached PV, while a point near an LSC edge will see
one PV closeby, one far away and two a middling distance away. Such a mapping is
shown for a rubrene film with a geometric gain of 25 as discussed above in Figure
3-3. The excitation over all wavelength is integrated at each point and re-emitted
via the emission matrix, E*). The light collected after the first generation is T®) =

E(l)Ftra,n&
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Figure 3-3: 2D Path Integral Map — This map shows the two dimensional mapping
of light to the attached PV for a rubrene LSC with geometric gain of 25. Light from
the center of the LSC has the lowest coupling, while light near the edge couples most
favorably. This mapping is applied with each successive generation to compute the
total light coupled to the PV.

36



The second step is to generate a convolution kernel, K for the self-absorption in
the film. Since every point emits isotropically, this convolution kernel is the same
for every point. It calculates how much light is re-absorbed in each direction relative
to itself. Then, E® = np, K * E. The convolution sum is carried out in as
a multiplication in Fourier space for efficiency. The process repeats itself for each
subsquent generation until the total light collected converges. Then 7y.qns, Or @, is
the sum of the light collected for each generation divided by the initial excitation.
For the rubrene case illustrated, nqns is 0.64 compared to 0.62 as calculated by the
self-absorption path integral in Equation 3.2.

Having determined that the self-absorption path length integral allows for a good
approximation of Nu.qns, any dye or concentration of dyes can easily be analyzed
knowing their absorption and emission spectra and quantum yield of photolumines-
cence. The full two-dimensional model can be left to situations, such as non-uniform

excitation.
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Chapter 4

Pathway to an Efficient LSC

4.1 Historical Implementations

The LSC concept was first introduced by Weber and Lambe in 1976.{12] This paper
presented a complete two dimensional path integral to compute 7rqns, and computes
the limits for extremely high and extremely low self-absorption. The paper recom-
mends the usage of rare earth doped materials, such as neodymium, and organic laser
dyes.

Experiments with rare earth doped glass and rhodamine 6G followed shortly.[18]
Weber and Levitt used ad hoc materials as their LSC’s. The rhodamine LSC was
cut from a drafting square, and the neodymium glass was used as purchased. In the
case of the neodymium glass, 14, was the largest factor limiting performance, while
the rhodamine suffered large self-absorption losses. Of importance to this work, is
the authors’ suggestion to add material species that accept excitations and emit at
longer wavelengths, such as the excitation transfer from rhodamine 6G to M-cresyl
violet observed in solution. Rare earth experiments using uranyl-doped were, also,
conducted.[19] The absorption strength was reported to be five orders of magnitude
higher and neodymium glass, but overall performance suffered due to quantum yields
near 30%.

In the late 1970’s and early 1980’s a systematic study of organic laser dyes for use

in LSC’s was conducted. [15][13] Batchelder, et al, tabulated self-absorption integrals
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for eighteen common dyes. The best candidate dye was DCM (4-dicyanomethylene-
2-methyl-6-(p(dimethylamino)styryl)-4H-pyran). DCM is commonly used in OLEDs
and is a precursor to DCJTB. Typical efficiency measurements, determine flux gain
arriving at the reference PV and extrapolate TPCE. All systems with geometric
gains greater than 25 had efficiencies below 2%. Batchelder’s largest concern was dye
stability and photodegradation. For dyes dissolved in methanol, the half-lives ranged
from 2000 to 10,000 hours, but in PMMA they decreased to 300 to 3000 hours. The
measured bleaching rate for rhodamine-590 was 107° molecules/photon. Due to
these measurements, serious concern shadowed the potential for an LSC that could

compete with the robustness of inorganic systems.

Slightly prior to Batchelder’s exhaustive work, the concept of multiple dye transfer
was explored.[20] Since any single dye is not likely to cover the full solar spectrum,
using multiple dyes obviously increases 1. If the dye concentrations are dilute, and
no direct interaction exists between dyes, when higher energy dye emits light, the
probability that it overlaps the absorption spectrumn of a lower energy dye is great.
When a lower energy dye absorbs the radiation of a higher energy dye, the process
is called radiative energy transfer. Furthermore, each dye must have a high quantum
yield for best performance. When the organic dye concentrations are high and the
intermolecular spacing is small, interaction between molecules exists. Optical excita-
tion energy can be transferred through dipole-dipole coupling of the two molecules.
This process is also known as Forster resonance energy transfer (FRET). The rate

of energy transfer between the higher energy donor and the lower energy acceptor is

Krr(R) = (-i—) (%)6 (4.1)

where Ry is the Forster radius and 7 is the average donor lifetime in the absence of

given by:[16]

an acceptor molecule. When R = R, the donor molecule has an equal probability
of photoluminescing itself or transferring its excitation to an acceptor molecule. The

characteristic Forster radius is evaluated via the following integral:[16]
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RS = 1.25ac1017174£L-E / F(N)a(A)A2dA (4.2)
n=c

where n is the index of refraction of the host, ¢ is the speed of light, f(}\) is the
normalized emission spectrum of the donor and () is the molar extinction coefficient
of the acceptor. In a multiple dye system with 100% FRET, all excitations are
emitted by the lowest energy, or terminal dye. Now, the self-absorption behavior of
only the final dye needs to be optimized. Swartz, et al, indicated partial FRET in
their rhodamine-6G/coumarin-6 LSC based on observed emission spectra, but not
quantified. They predicted onset of FRET at concentrations one order of magnitude
higher than their working concentration, and their excitation wavelength directly

excited both species. Nevertheless, the principle is sound.

4.2 Material Stability Improvements

After a period of disinterest, the synthesis of stable, highly efficient perylene dyes
reinvigorated LSC work.[21] BASF sells perylene dyes across the visible spectrum
that have quantum yields above 90%. Recently, results of LSC’s with geometric
gains of 10 and 20 consisting of a custom perylene dye were reported.[22]. At the
absorption peak of the perylene dye, the EQE was 28% and 22% for LSC’s of geometric
gain 10 and 20, resulting in nrpcpof 1.6% and 1.1%, respectively, measured under a
calibrated solar simulator. This work is fairly unique in that it measures the EQE
over wavelength and power via the attached PV cell. Additional perylene was used
as the LSC dye material in work investigating the use of photonic bandstop filters to
increase Typqp.[23] T will mention this work in the concluding remarks of this thesis.

Another possible candidate for the dye in an LSC is the inorganic quantum dot.
Being crystalline in nature, it has been argued they would make stabler alternatives
to organics.[24] A QD’s bandgap is a function of the dot size. This feature allows
tailoring of the QD’s to achieve full spectrum coverage. At the present time, efficiency
is limited by the low quantum yield of the dots.

Finally, OLED technology is driving the lifetime of organic materials. Univer-
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sal Display Corporation advertises phosphorescent OLED materials with operational
lifetime exceeding 300,000 hours. Alqs is the predominant host organic in current

production OLEDs.

4.3 Strategy to Minimize Self-absorption

Principally, the use of FRET is a method to increase the amount solar spectrum
that is absorbed, 7., without incurring extra self-absorption of the high energy
dyes.[25] A second benefit is a looser constraint of np; for higher energy dyes. The
lower npr can be made up by closer intermolecular spacing. However, FRET does
not necessarily increase n.qns. For instance, if the acceptor dye has a large overlap
integral, the added benefit of absorbing more light is outweighed by the increased self-
absorption. Also, if the final dye has a low npr, it will be a photon trap. Because all
the excitations are funneled to the final dye, this dye must have excellent ciuantum
vields and low self-absorption. For the terminal dye, a delicate balance must be
struck. If the concentration is high, energy transfer is most likely, but self-absorption
will be greatest. If the concentration is low, self-absorption will be low, but transfer
may be incomplete. In general, the terminal dye should be in just a high enough
concentration to fully accept all donor excitations. For a matrix of molecules, this
means at least one terminal acceptor should be found within a Forster radius of each
donor. Any extra acceptor within this radius only slightly increases the transfer rate,
since it scales (£2), but doubles the self-absorption probability .

The phycobilisome antenna found in cyanobacteria is a system that meets these
requirements. The phycobilsome is a highly structured complex consisting of multiple
chromophores and interconnecting protein that harvests sunlight.[26] The three major
chromophores are phycoerythrin (PE), phycocyanin (PC) and allophycocyanin (AP).
A model of the complex and its absorption and emission spectra are shown in Figure
4-1. The PE chromophores sit on the exterior of the rod-like appendages and do the
bulk of sunlight harvesting. They transfer their excitation to the PC chromophores

through Forster energy transfer, who in turn transfer the excitation to the AP chro-

42



Phycoerythrin

2
3

P PO ST )

3
E)

Allophycocya

e
=

o
&

(RETTTRIIS POy, PA BT Sy

Absorption Coefficient (mg/mL/cm ")

850 400 450 500 550 600 650
Wavelength (nm)

L

Figure 4-1: Phycobilisome structure and Spectra — The absorption coefficient
(solid) and photoluminescence spectra (dashed) of the phycobilisome antenna in phos-
phate buffer pH 8.0 is shown. The PE chromophore has the largest absorption coef-
ficient at 565 nm. It successfully transfers it excitation to the AP chromophore that
is responsible for all the emission.

mophores in the core of the complex. Typically, the AP chromophore then transfers
its excitation to a photosynthesis complex, but in its absence, it photoluminesces. All
of the emission is from the AP chromophores. The ratio of PE to AP is greater than
3:1. Here we have the energy funneling from a greater number of high energy dyes to
a smaller number of low energy dyes.

In terms of an LSC dye, the PE chromophore effectively extends its Stoke’s shift by
transferring its energy to the AP chromophore. Similar to this approach, the concepts
of energy transfer can be used to design the imaginary dye mentioned in chapter 3.
The imaginary dye has the absorption properties of rubrene, but the luminescence
properties of DCJTB. The imaginary dye has a larger Stoke’s shift than the rubrene
dye and a higher 7¢-ans than either dye. The result is a more efficient LSC. Along the
way Alqs is added to the device to maximize 7,ps. The fabrication and testing of this
LSC is presented in the next Chapter.

The application of Forster energy transfer is commonplace in OLED devices. Be-
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cause many dyes have poor electrical performance, they are doped into a host in thin
regions, known as emissive regions. Electrons and holes are driven to the emissive re-
gion with an electric field where they tend to generate excitations, or excitons, on the
dye molecules. Alqz is a common host that is chemically compatible with a number of
dyes. Alqs is often paired with DCM to create a red OLED. The Forster radius was
calculated to be 3.3 nm and complete transfer was determined at an intermolecular
spacing of 2.4 nm.[27][28] Since DCJTB, is closely related to DCM, we expect efficient
transfer, as well. In fact, an Alq;:DCJTB OLED using rubrene as a transfer mediator
has been developed.[29] With their compatibility in OLED’s known, the combination

must be optimized for an LSC.
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Chapter 5

LSC Fabrication and Testing

5.1 LSC Fabrication

The optimized LSC combines three main components: (1) substrate, (2) attached
PV and (3) optimized thin film. The design and fabrication of each is described in

subsections.

5.1.1 Optimized Thin Film

All thin films are evaporated using a thermal evaporator, manufactured by Angstrom
Engineering, with a base pressure below 1078 torr. Deposition is controlled through
Sigma Instruments SQS-242 control software. The system has six evaporation sources
and permits co-evaporation of up to three materials using four crystal head monitors.
Three of the monitors are located close to the evaporation source and the final sensor
is located next to the target. This provides for precise control of host and dopant
rates. The evaporator is enclosed in a glove box kept under high purity nitrogen to
limit oxygen and water contamination.

The focus of optimization is on the terminal dye, DCIJTB. The goal is to mini-
mize its concentration in the final LSC film while achieving complete transfer from
the donor dyes. As expected from OLED literature, Alq; transfers completely to

DCJTB at low concentrations. Figure 5-1 shows the photoluminescence of a series
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Figure 5-1: PL Spectra of Alq;:DCJTB(x%) — The PL spectra of
Alqz:DCITB(x%) is plotted for concentrations between 0.5% to 3.0%. The thick-
ness of Alqs was maintained at 50 nm. Optimal transfer occurs at Alqz:DCITB(1%),
with an estimated npr between 0.85-0.95 compared to a reference sample of the same
thickness with no DCJTB present. npz drops off 8% and 18% at concentrations of
2% and 3% due to concentration quenching.

of Alq3:DCJTB(x%) thin films excited with a 408 nm laser. All concentrations are
specified in volume percentages. The thickness of the Alqs portion of the device was
maintained at 50 nm. The measurement was taken perpendicular to the thin film,
thereby minimizing red shift in the spectrum due to re-absorption. In general, all PL
spectra are taken perpendicular to a film of minimal thickness. At 0.5% only a small
contribution of the Alqz PL spectrum is observed. To judge energy transfer from
spectra, both magnitude and shape must be taken into account. In this case, npr of
Alqgs is much less than that of DCJTB. When energy transfer takes place, it should
be accompanied by a large increase in total counts. If only spectrum shift is observed,
either severe concentration quenching is present or self-absorption. Optimal transfer
occurs at Alq3:DCJTB(1%), with an estimated npr between 0.85-0.95 compared to a
reference sample of the same thickness with no DCJTB present.

The optimization for energy transfer between rubrene and DCJTB is trickier.
Rubrene, also concentration quenches, and as a consequence, the Forster radius for

energy transfer gets smaller as the concentration of rubrene increases. If DCJTB did
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not concentration quench we could alleviate this problem by increasing the DCJTB
concentration. Unfortunately, it does and we need to trade the benefits. Figure 5-2
shows the PL spectra for Alqs:Rubrene(40%):DCJTB(x%). The excitation is a 532
nm laser source. At this excitation wavelength, only the rubrene component of the
film is excited. Here, the optimal DCJTB doping concentration is 3% versus 1% for
the Alqs only film. The interesting features occur in the 1% spectra. Here, there
is evidence of the rubrene PL peak at 575 nm and the rubrene PL shoulder at 615
nm (see Figure 3-1) but they have changed magnitudes. It appears that the higher
energy portion of the spectra is being transfered to DCJTB preferentially than the
lower energy portion of the spectra. A final note is that the peak location for 3%
doping is blue-shifted from the peak location for 3% doping in the Alqs only film.

Perhaps rubrene is buffering DCJTB’s predilection to concentration quench.

Wavelength (nm)

Figure 5-2: PL Spectra of Alqs:Rubrene(40%):DCJTB(x%) — The PL Spectra
of Algs:Rubrene(40%):DCITB(x%) is plotted for concentrations between 1.0% to
3.0%. The excitation is a 532 nm laser source. The optimal doping concentration
of DCJTB is 3%. The interesting features occur in the 1% spectra. Here, there is
evidence of the rubrene PL peak at 575 nm and the rubrene PL shoulder at 615
nm (see Figure 3-1) but they have changed magnitudes. It appears that the higher
energy portion of the spectra is being transfered to DCJTB preferentially than the
lower energy portion of the spectra.

For completeness, the same set of films were excited at 408 nm, where only the
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Figure 5-3: PL Spectra of Algs;:Rubrene(40%):DCJTB(x%) — The PL Spectra
of Alqz:Rubrene(40%):DCJTB(x%) is plotted for concentrations between 1.0% to
3.0%. Now, the excitation is a 408 nm laser source. The optimal doping concentration
of DCJTB is 2%. At low DCJTB doping concentrations, Alqz transfers to both
rubrene and DCJTB.

Alqz molecules absorb. At low concentrations of DCJTB, excitation is transferred to
both rubrene and DCJTB. And again the high energy portion of the rubrene spectrum
is transferring preferentially to the DCJTB. At higher concentrations, it is unclear if
the excitations are transferring directly to DCJTB or if they are being mediated by
the presence of rubrene. To optimize both donors, a DCJTB concentration of 2% is

chosen.

5.1.2 Choice of Substrate

In this LSC, the dye molecules are evaporated onto the substrate forming a thin
film. As such the 7.qp is determined by the index of refraction of the film, not the
substrate. There is now an interface between the film and the substrate that must
be taken into consideration. If the substrate’s index of refraction is less than the
film’s, some waveguiding will take place in the film. Light travelling in the film will
be self-absorbed within microns.

Using the Aquila nkd8000 spectral reflectometer, the transmission and reflection
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of the optimal thin film was taken. The index of refraction was determined via a
Cauchy model fit in the transparent wavelength region of the film. The index gently
falls from 1.72 to 1.68 over the region where DCJTB emits. To match the index, SF10
lead oxide glass from Schott was selected. At 632 nm, the index of refraction is 1.72
and the internal transmittance was 0.99 over 25 mm. This glass is index matched
and highly transparent at the emission wavelengths. The overall dimensions of the
glass are 100 mm x 100 mm x Imm. Attaching PV to all sides gives a geometric gain

of 25.

5.1.3 Choice of Photovoltaic

The prime consideration for a photovoltaic is its EQE. Recalling equation 2.16, npy di-
rectly impacts the EQE of the LSC. Commercially available PV was not developed for
usage in an LSC. Nonetheless, multi-crystalline (Evergreen Solar) and back-contact
single crystalline (Sunpower) were evaluated. The multi-crystalline was diced to into
thin strips 3 mm wide, and the single crystalline was diced into strips 8 mm wide.
Dicing a solar cell in this way creates unpassivated surfaces that could be recombina-
tion centers. For single crystalline cells, this is a worry since it relies on extremely long
diffusion lengths for its efficiency. The EQE’s of thin strips of these PV are plotted in
Figure 5-4 after they have been diced into strips. The excitation spot size was 2min
x lmm centered in the strip and taken at numerous locations along the length. The
wavelength of excitation was selected with a monochromator and chopped at 90 Hz.
The short circuit current of the PV was sensed with a lock-in amplifier and ratio-ed
the to the output of a calibrated Newport 818-UV photodiode. The single crystalline
cell has a flat response across the whole spectrum with an EQE of 0.87 at the peak
DCJTB emission wavelength.

From equation (2.4), nrpcg of the LSC depends on the V,, and FF of the PV.
V,. is intensity dependent and should improve with increased photocurrent due to
concentration. The FF, on the other hand, degrades if there is appreciable series
resistance in the PV strip. At full sun illumination, multi-crystalline strips were

found to be unacceptable. The series losses severely diminished the FF. This was not
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Figure 5-4: EQE spectrum of single and multi crystalline solar cells — Plotted
are the EQE spectrum of single crystal and multi-crystal PV strips just prior to
incorporation into a LSC. The single crystal has better response across the whole
spectrum. At the emission peak of DCJTB, the EQE’s are 0.87 and 0.8 for respective
cells.
the case for back-contacted crystalline cells. This reinforces the need for a PV strictly
designed for usage in an LSC.

For these reasons, the back-contact single crystalline cell was selected. Once the

PV is constructed into a LSC, the EQE of the PV may change because anti-reflection

coatings and optical structures are designed for normal illumination.

5.1.4 Fabrication Steps of Optimized LSC

The details of assembly are as follows:

1. Using a dicing saw, the cell was cut into 8 mm strips. The kerf followed the

Si0, line between contact fingers.

2. One strand of 18 gauge wire was soldered (2% Ag content) to the anode and

cathode of the cell strip.

3. Due to the fragility of the cell strip, a rigid support of 1/2” acrylic was machined.

In one step, the strip was epoxied to the acrylic support and the glass was
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epoxied normal to the plane of the strip. Curing took place overnight to alleviate
thermal expansion mismatch inherent in curing at temperature. The epoxy was

optical grade Epotek - 301.

4. The assembled LSC without film was passed into the evaporator glove box and
mounted to sample plate inside the evaporator. Alqs, rubrene and DCJTB were
loaded into separate evaporation sources. Baflles were placed between evapo-
ration sources to prevent cross-talk at the crystal monitors. Using volumetric

tooling factors determined previously, rate were adjusted to grow a 500 nm

Algs:Rubrene(45%):DCJTB(2%) thin film.

The final LSC has PV attached to only a single side. The other three sides are
blackened to prevent reflections. Due to the symmetry of the device, any excitation
that maintains the symmetry of the LSC can be multiplied by a factor of four to
account for cells that could be attached to all edges. Any measurement that uses this
factor must be reported with a geometric gain of 25, although the LSC as constructed
has a geometric gain of 100. The film thickness is optimized to absorb 95% of the
light using a two pass geometry provided by means of a silver mirror placed below the
LSC. The actual absorption will be reduced because of the reflection off the high index
glass. The use of the two pass geometry allows for a lower effective film concentration

that will improve 7;q,s-

5.1.5 Measured Absorption Constants and EQE Measure-

ment

With the complete LSC constructed, the absorption and photoluminescence spectrum
of the film are measured. To avoid deterioration of the LSC film, a microscope slide
which sat adjacent to the LSC in the evaporator is used. Figure 5-5 shows the
final spectra of the optimal film. Indeed, the optimal film has the properties of
the imaginary film proposed in Chapter 3, with extra absorption contributions from
Alqg;. The average transmission path integral for this film with geometric gain of 25

is: 1 — 7 = 0.62. This value of 1 — r is greater than the calculated value for rubrene
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Figure 5-9: Absorption and PL spectrum of
Alq;:Rubrene(45%):DCJTB(2%) — Plotted are absorption coefficient (solid)
and photoluminescence spectrum (dashed) of Algs:Rubrene(45%):DCJTB(2.5%).
Compared to Figure 3-1, the overlap is greatly reduced. Computation of the 1 —r
path integral for the 500 nm film gives 0.617

and DCJTB, but less than the imaginary system. Alas, we have improved upon self-
absorption by incorporating energy transfer! Assuming the film has npr of 0.90, and
using 7rqp for the high index glass, M4yqns is calculated at 0.62. We have everything
we need to model the EQE of the system.

The EQE of the LSC is measured using the same set-up explained previously. We
maintain symmetry by illuminating in the middle of the device and multiplying by
four. Figure 5-6 shows the results of this measurement and the predicted value. At
the EQE maximum, 32% of the photons impinging on the device become charge in
the external circuit. With the geometric gain of 25, this corresponds to an eight times

increase in photocurrent for light of that wavelength.

The final test of an optimized test is the measurement of nrpcg via a solar sim-
ulator. This work was limited to a solar simulator producing a 2” x 2” beam of
AM 1.5 Global Light at 8950 W/m?, equivalent to 9 suns. As has been developed
throughout this thesis, illumination of the center of device approximates total device

performance. All but the center square inch of the LSC was masked and the LSC
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Figure 5-6: Optimized LSC External Quantum Efficiency — This plot shows
the measured EQE of the optimized LSC design and the predictions for the model
developed in this thesis. Overall, 32% of the photons impinging on the device become
charge in the external circuit. This value is -:2,; of the predicted value, which testifies
to the quality of the LSC construction.

illuminated. The high simulator intensity is meant achieve a similar photocurrent
that the whole unmasked LSC would see under 1 sun conditions. This will preserve
the proper V,. and FF. The table 5-1 summarizes the results. As a check, equation
2.3 was applied to the measured EQE using the AM 1.5 Global spectrum at 9 suns.
The expected short circuit current density was 7.5 mA /cm? for one edge. This agrees

with the measured value to within 5%.

Incident Power - Ve | M- FF | nrpce

(mW/cm?) | (mA/cm?) | (V) | (mW/cm?)
PV (ledge) 0.895 7.90 0.61 3.64 0.76 | 0.0041
PV (4 odges) 0.805 316 | 0.61| 1456 |0.76 | 0.0164

Table 5.1: nrpcg for optimized LSC— This table summarizes the output of the LSC
measured via the attached PV under 9 suns illumination of AM 1.5 global spectrum.
The center 1 square inch of the LSC was illuminated. The calculated nrpce for a
four-sided LSC of geometric gain of 25 is 1.64%.
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Chapter 6

Conclusion

This thesis broke the subject of the LSC into two parts, theoretical modeling and
experimentation. The models for LSC performance were reviewed and the basic de-
terminants of performance were distilled. Two different models were developed to
demonstrate the coupling of photoluminescence efficiency, waveguide trapping and
self-absorption. These three factors contribute to the bulk parameter, nians. The
remaining parameters needed to determine external quantum efficiency are the effi-
ciency light absorption, 7,5, and the EQE of the attached PV, npy. A simple path
integral has been shown to capture the physics of self-absorption rather than relying
on a computationally expensive numerical model. The performance of a system of
compatible dyes in an LSC can be determined if their absorption and emission spectra
and total quantum yield are known.

Experimentally, this work presents a number of firsts. For the first time, thermally
evaporated small molecule organics have been used. For the first time, a higher 7.4,
has been achieved by emitting light in a high index medium. For the first time, solar
cells were diced to approximate the dimension of the LSC edge. Because of this,
multi-crystalline solar cells were deemed unsuitable. Most importantly, this is the
first time energy transfer was used to optimize self-absorption of the terminal dye.

Apart from these firsts, the LSC performed extremely well. The total power
conversion efficiency was 1.6% for an LSC with geometric gain of 25. A peak EQE of
32% was observed at the absorption peak of both dyes in the film— Alqs at 408 nm
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and rubrene at 532 nm. This is the highest EQE the author has seen in the literature!

The techniques set forth in this thesis should form the basis of how to incorpo-
rate additional dyes, organics, quantum dots, or other, into the LSC to capture the
full solar spectrum. Simply making extra plates and separating the dyes will suffer
from low geometric gains. Energy transfer needs to be engineered into LSC design.
This requires control of molecule spacing at the nanometer level. This work uses
the approach of doped thin-films, while the phycobilisome model from nature uses
chemically bonded complexes. Synthetic chromophore dendrimers have the promise
of approximating a chemically bound system.

Finally, this work did not address the optical design of the substrate. A simple air
interface was relied upon for waveguideing. Omni-directional dielectric mirrors can
provide a 25% improvement. And, simply adding an anti-reflective layer can improve
performance devices by 10%.

In the near future, the development of highly efficient near-infrared dyes is critical
to the progress of the LSC. When a suitable candidate surfaces, the LSC will achieve
results foreshadowed in Figure 2-2. The author firmly believes a 12-15% efficient LSC

with geometric gains over 100 is on the horizon.
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