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Abstract
Material and Optical Design Rules for

High Performance Luminescent Solar Concentrators
by
Noah Dylan Bronstein
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor A. Paul Alivisatos, Chair

This dissertation will highlight a path to achieve high photovoltaic conversion efficiency
in luminescent solar concentrators, devices which absorb sunlight with a luminescent dye and then
re-emit it into a waveguide where it is ultimately collected by a photovoltaic cell. Luminescent
concentrators have been studied for more than three decades as potential low-cost but not high
efficiency photovoltaics. Astute application of the blackbody radiation law indicates that photonic
design is necessary to achieve high efficiency: a reflective filter must be used to trap luminescence
at all angles while allowing higher energy photons to pass through. In addition, recent advances in
the synthesis of colloidal nanomaterials have created the possibility for lumophores with broad
absorption spectra, narrow-bandwidth emission, high luminescence quantum yield, tunable Stokes
shifts and tunable Stokes ratios. Together, these factors allow luminescent solar concentrators to
achieve the optical characteristics necessary for high efficiency.

We have fabricated and tested the first generation of these devices. Our experiments
demonstrate that the application of carefully matched photonic mirrors and luminescent quantum
dots can allow luminescent concentration factors to reach record values while maintaining high
photon collection efficiency. Finally, the photonic mirror dramatically mitigates the negative
impact of scattering in the waveguide, allowing efficient photon collection over distances much
longer than the scattering length of the waveguide.

After demonstrating the possibility for high performance, we theoretically explore the
efficacy of luminescent concentrators with dielectric reflectors as the high-bandgap top-junctions
in two-junction devices. Simple thermodynamic calculations indicate that this approach can be
nearly as good as a traditional vertically stacked tandem. The major barriers to such a device are
the optical design of narrow-bandwidth, angle-insensitive reflectors with near-unity reflectivity in
the reflection band and near unity transmissivity in the pass-band. Additionally, lumophores with
narrow emission line widths and carefully controlled Stokes shifts are required. If new lumophores
and optical designs can be created that meet the demanding needs of this application, high
performance two-junction photovoltaics that collect both the direct and diffuse light could be
achieved.
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Chapter 1 : Introduction

1.1: Motivation

Solar energy technologies have many uses: they can be used to generate electricity in
remote areas; they can be used to power space craft; they can be used to heat water; but by far the
most important use is to generate electricity for the electric grid, reducing fossil fuel consumption
and the carbon dioxide emissions that are poised to change the Earth’s climate. The implications
of climate change will not be discussed in this dissertation, other than as follows: anthropogenic
climate change is going to disrupt the way of life of most people on the planet, and the effects will
be overwhelmingly negative. Therefore, climate change should be avoided or reduced if possible.
Electricity generation from solar irradiance is one of the most promising strategies for reducing
carbon dioxide emissions in the near future. This dissertation will explore one technology aimed
at improving the power production and deployment of solar photovoltaics.

In the 1950’s, photovoltaic cells were invented to convert light into electricity!. The
fundamental idea was to use a semiconductor to absorb sunlight above its bandgap, which
generated excited electrons. The device was structured to allow low energy electrons to pass
through on one side and high energy electrons to pass through on the other side. Then an excited
electron would rush out the high-energy-selective side, and be replaced by an unexcited electron
on the low-energy side. This resulted in a net voltage and current that produced power. These
devices were dubbed “photovoltaics” due to the light-induced voltage. The thermodynamics of
photovoltaics were solved in 1961 by Shockley and Quessier?. Under solar illumination, the
maximum possible power output of a solar cell could be calculated by knowing the band-gap of
the semiconductor absorbed material. This analysis indicates that silicon is a good choice of
material because of its appropriate bandgap, leading to a great deal of research developing better
silicon photovoltaic cells.

In the 1970’s, semiconductor grade silicon was primarily being made for the budding
microelectronics industry, and was far too expensive for photovoltaic application. Solar energy
researchers responded to the economic reality of the time by proposing that solar cells could be
less efficient than silicon but also dramatically less expensive®*. One proposed method was to use
fluorescent polymer waveguides to concentrate light onto traditional silicon solar cells®>’. These
devices were initially called fluorescent planar concentrators and later became known as
luminescent solar concentrators (LSC). While the economics of silicon solar panels have changed
dramatically in the intervening four decades, LSCs may still play an important role in photovoltaic
electricity production.

The aim of this dissertation is to describe recent innovations in LSCs and show how those
innovations can work together to make a high efficiency solar photovoltaic.

1.2: Operating Mechanism of Luminescent Solar Concentrators

The general principle behind LSCs is illustrated in Figure 1.1: incident photons from the
sun are absorbed by lumophores in a waveguide, and the emitted photons are guided via total
internal reflection (TIR) to an adjacent solar cell where they are converted to electricity. The



thermodynamic limit of the concentration ratio (C), the ratio of the photon fluxes at the absorption
energy (E1) and emission energy (E2), is approximated by?®

Equation 1.1

E3 E, - E
E3 P\ ThT

Equation 1.1 indicates that C should increase exponentially with the difference in photon energies
(often called the Stokes Shift). According to equation (1), for a Stokes Shift greater than 300 meV,
C could exceed the geometric optical limit of 46,200 for direct solar radiation.
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< >
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Figure 1.1: The Working Mechanism of a Luminescent Solar Concentrator

Broadband and diffuse solar illumination at high enters a polymer waveguide. The high
energy photons (4,) are absorbed by a lumophore, represented by the black circle. The
lumophore re-emits the light at a lower energy, (longer wavelength, 4,). Due to the
refractive index contrast between the waveguide and the surrounding medium, most of the
luminesced photons are trapped by total internal reflection. The rest impinge on the front
of the waveguide at angles inside the escape cone, allowing them to couple to the air. The
trapped photons travel through the waveguide some long distance and then are captured
by a photovoltaic cell, which produces electricity.

The concentration factor and collection efficiency achieved by LSCs to date has been
limited due to parasitic losses such as non-unity quantum yields of the lumophores, imperfect light
trapping within the waveguide, and reabsorption and scattering of propagating photons.® Previous
studies have sought to solve each of these parasitic losses individually, resulting in modest
performance improvements.!®*® Research presented in this dissertation experimentally
demonstrates a luminescent concentration ratio greater than 30 with an optical efficiency of 82%
for blue photons by simultaneously addressing the materials and optical challenges of the LSC
system?%2!, These concentration ratios are achieved through the combination of designer quantum
dot lumophores and photonic mirrors. To the best of our knowledge, this is the highest luminescent



concentration factor in literature to date. Previously, a concentration factor of 22 was reported in
1984 by Roncali and Garnier'®?? using a dye with high luminescence quantum yield in a highly
polished waveguide with mirrored edges. Such a strategy resulted in a low waveguide efficiency
due to unmitigated escape cone losses. In contrast, our use of photonic mirrors that are carefully
matched to narrow bandwidth emitting quantum dots lumophores allowed us to achieve waveguide
efficiency exceeding the limit imposed by total internal reflection. Lessons learned from our design
offer guidance towards the development of devices with both high concentration factors and high
collection efficiencies.

Recent renewed interest in LSCs has been driven by materials research to overcome the
reabsorption losses due to insufficient Stokes shifts, with particular emphasis on nanocrystal
lumophores.'! One such class of nanocrystals is the quantum dot heterostructure, where the
effectives Stokes shift can be controlled by tuning either the core size or the thickness of the larger
bandgap shell 292324 As the shell-to-core volume ratio increases, the overlap between absorption
and emission decreases, thereby reducing reabsorption losses for luminesced photons traveling
through the waveguide.?°

1.3: Power Conversion in Luminescent Solar Concentrators

Like any solar photovoltaic, the goal of a luminescent solar concentrator is to produce
electricity. Therefore, understanding the thermodynamic limits of converting sunlight into
electricity in a LSC are crucial for guiding their development. Surprisingly little work has been
done on the subject, but some basic principles can be understood without much difficulty.

Like any photovoltaic, the power produced by the LSC can be described by a current,
voltage, and fill factor

Equation 1.2
P =VocJscFF

where V¢ is the open circuit voltage, /. is the short circuit current, and FF is the fill factor (which
is generally between 0.8 and 0.9 for good photovoltaics). Below, I will describe how voltage and
current are achieved in LSCs.

LSCs are in principle no different from other photovoltaic devices. That is, their ultimate
efficiency in single-junction operation is well described by the very same analysis used by
Shockley and Queisser. This method treats the internal workings of the LSC as a black box, and
instead focuses on the amount of light absorbed and emitted by the LSC. The assumption made by
Shockley and Queisser is that any absorbed photon can be converted to electric current. This
assumption is a poor one for LSCs, which historically do not collect all the absorbed photons. The
photocurrent available to the LSC can be described by the absorption spectrum multiplied by the
incident solar flux

Equation 1.3
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where a is the absorption probability for incident photons at a given frequency v in a
semiconductor with temperature T and an excited carrier population with chemical potential u
(since the excited state population changes the absorption spectrum in some cases). I is the incident
solar spectrum, and n.,;; is the fraction of absorbed photons that are available as photocurrent. In
general, the absorption spectrum and the solar spectrum are well understood, but n.,;; is difficult
to calculate. In principle it can be nearly unity, but in practice it is usually between 0.3 and 0.8,
depending on the device configuration.

Once /s is determined, the voltage can be determined by following the Shockley-Queisser
analysis as follows. At open circuit, no available photocurrent is extracted and so it is balanced by
photoluminescence and nonradiative recombination. The luminescence spectrum (L) and intensity
of the waveguide sheet are calculated from the absorption spectrum and an applied voltage®2® by
multiplying the semiconductor blackbody spectrum (Equation 1.4) by the absorption spectrum
according to Equation 1.5:

Equation 1.4

2n2y? u—hv
B(v,u,T) = exp (
c? kgT

)an

Equation 1.5
Lv,u,T) = a(v,u, T)B(v,u,T)

In Equation 1.4 and Equation 1.5, v is the frequency of the photon, u is the chemical potential of
the photon field which is assumed to be equal to the voltage of the electrodes, T is the temperature
of the electron and hole gas, n is the refractive index of the emissive medium (the waveguide
polymer or the surrounding air), « is the absorption probability for incident photons at a given
frequency, temperature, and chemical potential, ¢ is the speed of light, and kg the Boltmann
constant. The current-voltage relationship is given by a modified version of the ideal diode
equation:

Equation 1.6
1
Jo =Jraa +Jnr = ERE J- QpL(v, 1, T)dv
v=0
Equation 1.7
Jo av
= — —— kT
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In Equation 1.6, J,,4 is the radiative current, /,,, is the non-radiative electrical current, Qp; is the
solid angle of emission (typically & steradians), and ERE is the external radiative efficiency of the
LSC waveguide. In Equation 1.7, V is the applied electrical bias. When the photon field and the
electron-hole gas are in equilibrium, u = qV.

So far, this analysis of the voltage is unchanged from a standard flat plate solar cell.
However, the picture becomes significantly more complicated due to the radiative coupling



between the LSC waveguide and the photovoltaic cell, which itself is subject to the same
blackbody radiation laws described above.

The lessons available from this rudimentary analysis are useful in guiding the design of
LSCs: (1) n.o;; must be made as close to unity as possible to achieve maximum current, and (2)
the voltage of the photovoltaic cell is determined by considering the luminescence energy and
luminescence efficiency of the waveguide. While the first point is straightforward, the second
warrants serious discussion in light of the radiative coupling between the LSC waveguide and the
attached photovoltaic cell.

The luminescence collection efficiency n.,;; is determined by three processes: absorbed
photons must be luminesced, so the luminescence efficiency of the lumophore np; is important;
the luminesced photons must travel through the waveguide to the photovoltaic cell, described by
the efficiency 7y aveguiae; and they must be utilized by the active layer of that photovoltaic cell,

described by the efficiency n,;,. Therefore, to a first approximation
Equation 1.8
Ncott = NpiNwaveguideabs

The voltage is a more complicated matter. There are two ways to think about the voltage
that are both helpful. First, in the limit of high efficiency, the above description regarding the
external radiative efficiency of the waveguide and the luminescence energy of the lumophore is
most appropriate. In this picture, both np; and n.,; approach unity. Additionally, the attached
photovoltaic cell luminesces at an energy very near the luminescence energy of the lumophore
with nearly unity efficiency. Then the life cycle of a photon entering the waveguide is prolonged:
the photon enters the waveguide, is absorbed by the lumophore, is emitted by the lumophore, is
absorbed by the photovoltaic cell, is emitted by the photovoltaic cell, is absorbed by either the
lumophore or another photovoltaic cell, is emitted again, etc.... The process continues with
reabsorption and reemission multiple times until eventually the photon escapes the waveguide as
luminescence.

In practice, the photon recycling?’ described above is not seen in LSC waveguides. In fact,
all LSC waveguides built to date use photons on average only once. In this low-performance limit,
the voltage V is better described by considering the voltage of the photovoltaic cell under solar
illumination, V4,15, and applying the standard 60 mV per decade increase due to concentration
factor C of light.

Equation 1.9

]LSC

V= VAM15 + kBTln< ) =~ VAM15 + kBTlnC

AM15
where J; s¢ is the photocurrent achieved inside the LSC and 4,45 is the photocurrent under solar
illumination. That is, the LSC waveguide acts to illuminate the photovoltaic device and photons
on average do not come back to the LSC from the photovoltaic.

In general, the voltage achieved in the high-performance regime will be higher than the
voltage achieved in the low performance regime, despite identical photocurrent production.



Unfortunately, the transition between the low-performance regime and the high-
performance regime has never been the subject of a thorough thermodynamic treatment for
luminescent solar concentrators, although it has been done for photovoltaic devices.?”?8 It is vitally
important for future applications of LSCs to understand the relationship between various loss
mechanisms and the power production of the LSC/PV system.

Chapter 2 will describe the use of customized quantum dot heterostructures to improve
Neon @nd C by reducing absorption at the luminescence energy.

Chapter 3 will describe our attempts to build devices that could be capable of photon
recycling, improving n..;; and C through optical design.

Chapter 4 will describe calculations showing that if a sufficiently good LSC device can be
built and put on top of another lower-bandgap photovoltaic, the resulting tandem device can have
high photovoltaic efficiency.



Chapter 2 : Material Design

2.1: Desired Absorption Spectrum

The discussion in Chapter 1 about power generation and current collection shows that the
ability to collect photons is at a premium: any high performing LSC must efficiently absorb
sunlight, luminesce it at a lower energy, and guide the luminescence to a well matched photovoltaic
cell. Optimizing this process has been the subject of virtually all research on LSCs in the past.

One cause for the poor performance of LSCs in literature is excessive overlap between
lumophore absorption and emission spectra.!! As a luminesced photon travels through the LSC, it
may be reabsorbed by other lumophores. Every reabsorption event presents an opportunity for
loss, such as non-radiative decay or emission into the escape cone. For this reason, LSC
concentration ratios plateau long before the thermodynamic limit. This effect has been shown in
recent work with inorganic lumophores,?** organic lumophores in micro geometries with transfer-
printed silicon®*? and GaAs solar cells,®® as well as studied by numerical modeling.'>**% To
mitigate this loss mechanism, a lumophore with a narrow emission spectrum and a large Stokes
shift is required. Literature studies of photon transport in LSCs were in the past hindered by a
dearth of dyes meeting those criteria.X*% It is possible to calculate exactly the desired absorption

spectrum, as follows.
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Figure 2.1: Desired absorption spectrum of a luminescent solar concentrator

The spectrum can either have two steps or a single bandgap with an optically active lower
energy trap state. In both cases, the lower energy absorption must be large enough to
overcome the Blackbody statistics that would cause undesirable high-energy luminescence.

The ideal material for a luminescent solar concentrator absorbs broadly above some
threshold energy, and weakly at a lower energy. The desired absorption spectrum is either the sum



of two differently weighted Heaviside functions, or simply one Heaviside function with a small
absorption feature at lower energy, as shown schematically in

Figure 2.1. The absorption should approach unity above the bandgap energy E1 and then
drop quickly enough to suppress emission from the band-tail. Mathematically, the absorption must
have a slope steeper than the inverse of the blackbody factor described in Equation 1.4. At the
lower energy E> the absorption must be somewhat larger than the inverse blackbody factor at that
energy to allow the luminescence to be emitted at E> instead of E;.

In practice, such absorption spectra are difficult to find in nature, and organic dyes will
typically not exhibit this behavior. On the other hand, it is possible to engineer inorganic materials
to have absorption spectra very near the desired absorption spectra. This chapter will discuss a
strategy for synthesizing CdSe/CdS nanoparticle heterostructures with desirable absorption
spectra. In addition, these particles are extensively characterized and their performance in built
LSC devices is explored.

2.2: Semiconductor Heterostructure Nanoparticles

It is possible today to design a quantum dot system with a very high quantum yield,
approaching unity, and the Stokes shift can be controlled by embedding the quantum dot emitter
in a larger gap absorbing material. The entire dot system is still quite small compared to the
emission wavelength, enabling low scattering. When compared to an organic dye molecule, the
emission spectra of quantum dots are intrinsically narrower and more symmetric. This can be
understood very qualitatively as arising from the extent of the delocalization of the electronic
excitation. In the dye the excitation is confined to a much smaller volume, and hence leads to
stronger coupling to vibrations, producing a larger Stokes shift. The volume of the excitation in a
relevant quantum dot for a luminescent concentrator is on the order of 1000 times greater than in
a corresponding dye.

The design scheme is simple, although its realization is often difficult: synthesize a high
quality, low bandgap emitter material. Then grow a larger bandgap host matrix epitaxially around
the emitter. So long as the host has type | band alignment,®” both excited electrons and holes will
tend to be trapped in the emitter material, and the luminescence efficiency will be high. By growing
different quantities of host matrix, the relative absorption intensity of the two components can be
tuned: thicker host matrix shells increase the absorption of the host, leaving the absorption of the
core mostly unchanged. As the shell increases in thickness and absorption, fewer particles are
needed to absorb incident light, which reduces the absorption of the low-bandgap material in the
ensemble solid.

While in principle many semiconductor material pairs could have the desired absorption
spectrum by utilizing this strategy, high luminescence yields are only routinely achieved with the
CdSe core / CdS shell system. Many different shapes and sizes are routinely synthesized®°, and
luminescence quantum yields approaching unity can be routinely achieved for some combinations
of core size and shell thickness.*® First we will explore CdSe/CdS dot/rod structures, and then
CdSe/CdS core/shell “spherical” particles.



2.3: CdSe/CdS Seeded Nanorods

Size and shape control can be independently controlled in the CdSe/CdS system. Small
(2-5 nm), high quality, highly monodisperse CdSe particles can be synthesized following literature
methods.3*4142 The normal hot injection inverse micelle method uses a high-temperature solvent,
cadmium bound strongly by nonpolar ligands, and a highly reactive Se precursor. The ligated
cadmium mixture is brought to a high temperature in an air-free environment, and the Se precursor
is injected rapidly. Precursor decomposition quickly saturates the solution, and a burst of
nucleation then depletes the concentration of both Cd and Se.*®

Once high quality CdSe particles are made, different sizes of CdS rods can be grown on
those cores. The synthesis is very similar to the CdSe synthesis, but instead of generating a
supersaturated solution that will nucleate new nanocrystals, the temperature is lowered to force
growth onto existing CdSe seed crystals, which are injected along with the sulfur precursor. In our
study, this was accomplished by injecting different quantities of CdSe cores into CdS growth
solution following literature techniques.** Injecting fewer cores forces the CdS material to grow
onto fewer particles, resulting in larger individual nanorods. The number of seeds used in each
reaction is shown in Table 1, and the results are shown in Figure 2.2.

2.3.1: Synthesis

Chemicals and Synthetic Apparatus: CdO (Alfa Aesar, 99.998%), octadecylphosphonic acid
(PCI, 99%), hexylphosphonic acid (PCI, 99%), trioctylphosphine oxide (Strem, 99%), selenium
powder (Sigma Aldrich, 99.99%), sulfur chunks (Alfa Aesar, 99.9995%), trioctylphosphine
(Strem, 97%), octylamine (Sigma Aldrich, 99%) were used as-purchased. Hexanes and acetone,
used in particle cleaning, were obtained from a solvent still and stored over molecular sieves inside
an argon-filled glovebox. All reactions were done using standard Schlenck line procedures. The
Schlenck line used in these procedures has an argon line flowing through a Drierite® drying
chamber and a vacuum line with a roughing pump with stable vacuum pressure of <100 mTorr.
All post-synthetic cleaning procedures were performed by mixing solvents in an argon-filled
glovebox and centrifugation with argon-filled centrifuge tubes, though the centrifuge is outside the
glovebox.

Synthesis of CdSe Seeds: CdSe seeds were prepared by mixing 60 mg of CdO with 280 mg of
octadecylphosphonic acid and 3.0 g of trioctylphosphine oxide in a 50 mL 3-neck flask with a %2"
octagonal magnetic stir-bar, a glass thermocouple adapter sealed with H-grease, and a silicone
septum port. The mixture was heated to 150°C under vacuum for 1 to 1.5 hours to degas, after
which the flask is filled with argon and heated to 320°C for 1 to 2 hours, shaking occasionally to
rinse all the CdO into the solution, until the solution is clear, and sometimes slightly yellow. After
this complexation step, the solution is degassed at 150°C under vacuum for 1-2 hours, until the
vacuum pressure recovers to 100 mTorr or lower. In an argon filled glovebox, 360 mg
trioctylphosphine is stirred with 60 mg selenium powder for 1-2 hours, until the selenium has all
dissolved. The three-neck flask is then heated to 380°C under argon, and with vigorous stirring
(stir plate set at the highest setting) the TOP:Se mixture is injected from a 2 mL plastic syringe
with a 2” 22 gauge needle. Immediately after injection, the reaction mixture is allowed to cool by
removing the heating mantle and blowing air over the flask. Once the reaction solution reaches
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110°C, 5 mL of hexanes and 2.5 mL of octylamine are injected and the reaction mixture is brought
into the glovebox. The particles are precipitated with acetone and centrifuged at 8000 rpm for 10
minutes. The supernatant is discarded and the particles are redispersed in hexanes, leaving a cloudy
white particulate floating in the vial. The solution is centrifuged at 8000 rpm for 10 minutes to
remove the white particulate, and the supernatant is decanted. The supernatant is then precipitated
again with acetone, centrifuged at 8000 rpm for 5 minutes. The precipitate is then dissolved in
hexanes and stored in the glovebox. The particle size and concentration are determined from the
wavelength and absorbance at the first exciton following the method of Yu et al.*®

Large-Scale Seeded Growth of CdSe/CdS rods for loading-dependence: 400 mg CdO, 300 mg
hexylphosphonic acid, 1450 mg octadecylphosphonic acid, and 15.0 g trioctylphosphine oxide are
mixed in a 100 mL three-neck roundbottom flask with 1“ octagonal stir bar, glass thermocouple
adapter sealed with H-grease, and silicone septum port. The mixture was heated to 230°C under
vacuum for 15 minutes to degas, after which the flask is switched to argon and heated to 320°C
for 1 to 2 hours, shaking occasionally to rinse all the CdO into the flask, until the solution is clear.
After this complexation step, the solution is degassed at 150°C under vacuum for 2-4 hours, until
the vacuum pressure recovers to 100 mTorr or lower. In an argon filled glovebox, 7.5 g
trioctylphosphine is stirred with 600 mg sulfur for 2 hours, until the sulfur has all dissolved. CdSe
particles are dried under vacuum to remove hexanes and dispersed in TOP (0.4 micromoles in 1.5
g). The three-neck flask is then heated to 340°C under argon, and with vigorous stirring (stir plate
at the highest setting) the TOP:S mixture is injected from a 10 mL plastic syringe with a 5* 18
gauge needle. After 20 seconds, the TOP+CdSe solution is injected rapidly. The temperature of
the solution is maintained at 320°C for 5 minutes before the heating mantle is removed and the
solution is allowed to cool slowly to 100 C, at which point 15 mL of hexanes is injected and the
solution is brought into the glovebox for cleaning. The solution is precipitated with acetone and
centrifuged at 8000 rpm for 10 minutes. The supernatant is thrown away and the particles are
redispersed in hexanes, leaving a cloudy white particulate floating in the vial. The solution is
centrifuged at 8000 rpm for 10 minutes to remove the white particulate, and the supernatant is
decanted and stored in the glovebox over the weekend, as more white precipiate forms. The
solution is centrifuged again at 8000 rpm for 10 minutes to remove the white precipitate. The
supernatant is decanted and stored in the glovebox.

Seeded Growth of different sizes of CdSe/CdS rods: 500 mg CdO, 400 mg hexylphosphonic acid,
1450 mg octadecylphosphonic acid, and 15.0 g trioctylphosphine oxide are mixed in a 100 mL
three-neck roundbottom flask with 1“ octagonal stir bar, glass thermocouple adapter sealed with
H-grease, and silicone septum port. The mixture was heated to 150°C under vacuum for 10 minutes
to degas, followed by 3 pump/purge cycles with argon, allowing the pressure to recover to less
than 200 mTorr each time. The flask is then switched to argon and heated to 320°C for 1 hour,
shaking occasionally to rinse all the CdO into the flask, until the solution is clear. After this
complexation step, the solution is degassed at 150°C under vacuum for 2 hours, until the vacuum
pressure recovers to 100 mTorr or lower. In an argon filled glovebox, 6 identical solutions of
TOP:S are prepared by heating 1.5 g trioctylphosphine with 120 mg sulfur for 1 hour at 60°C with
stirring, until the sulfur has all dissolved. CdSe particles are dried under vacuum to remove hexanes
and dispersed in the TOP:S solutions. Different quantities of nanoparticles are added to each
solution to allow the growth of different sizes of nanorods, as shown in Table . The cadmium
solution is held at 100°C under argon for several hours as all the reactions are done in series,
starting with sample A and going in order to F.

10



A 50 mL the three-neck flask with a %2” octagonal stir bar is held under vacuum and 3 mL of
Cd(ODPA),+TOPO solution is added with a 3 mL syringe and a 5 18 gauge needle. The flask is
degassed by a few pump-purge cycles and then heated to 360°C under argon. With vigorous
stirring (stir plate at the highest setting) the TOP:S+CdSe mixture is injected from a 10 mL plastic
syringe with a 2 22 gauge needle. The temperature of the solution drops to 330°C, but recovers
to 360°C. 8 minutes after the injection, the heating mantle is removed and the solution is allowed
to cool to 100 C, at which point 6 mL of hexanes is injected and the solution is brought into the
glovebox for cleaning. The solution is precipitated with acetone and centrifuged at 8000 rpm for
10 minutes. The supernatant is thrown away and the particles are redispersed in hexanes and
precipitated again with acetone. The solution is centrifuged at 8000 rpm for 10 minutes. The
particles are then redispersed in 3 mL of hexanes with 2 drops of octylamine.

2.3.2: Characterization

The characterization required to be useful for a LSC is primarily optical: absorption and
emission spectra are taken, and photoluminescence quantum yield (PLQY) is measured. In order
to understand the structural reason behind any optical behavior, size and shape are analyzed with
transmission electron microscopy (TEM). Representative TEM micrographs are shown in Figure
2.2. For each sample, hundreds of particles were analyzed by hand in ImageJ, and the size statistics
are compiled in Table .

Figure 2.2 TEMs of CdSe/CdS nanorod size series
From left to right, fewer CdSe seeds were used in the synthesis, resulting in larger rod
growth on each seed crystal. The sample letter codes overlaid on each micrograph will be
used to described these samples throughout this text.
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Sample Moles of CdSe Nanorod Length | Nanorod Width | Nanorod Volume

particles (nm) (nm) (nmd)

A 8E-8 8.8x+1.2 41+0.6 119

B 4E-8 124+ 2.0 49+0.8 237

C 2E-8 215+1.7 5.0+0.7 426

D 1E-8 439+74 47+0.6 788

E 5E-9 55.6 + 8.8 6.1+1.1 1640

F 2E-9 78.2+12.4 9.3+23 5275

Table 1: Synthesis conditions for the series of CdSe/CdS nanorods
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Figure 2.4: Sizing histograms for CdSe/CdS nanorods in Table

Figure 2.5: Representative TEM micrograph scaled-up CdSe/CdS nanorods
Nanorods were synthesized in a large-scale batch. Scale bar is 100 nm.

13



The absorption and photoluminescence (PL) spectra are measured by dissolving the
particles in a nonpolar solvent like hexanes or toluene and diluting them into a 1 cm path length
cuvette. Absorption spectra are taken using a Shimadzu UV3600 dual-beam absorption
spectrometer, and luminescence spectra are taken with a Horiba Jobin-Yvon FluoroLog 2 with a
monochromated Xenon excitation lamp. The absorption and PL spectra of the CdSe seeds and a
typical CdSe/CdS dot/rod structure are shown in Figure 2.6 and the absorption and PL spectra of
the set of CdSe/CdSe nanorods is found in Figure 2.7. The absorption spectra show that as the CdS
rod is grown longer and fatter, a few effects can be seen: the CdS band edge shifts toward lower
energy, approaching its bulk value, due to the loss of quantum confinement; the CdSe emission
shifts toward lower energy as the electron is delocalized; and the ratio of the absorption at high
energy (400 nm) to the absorption at the emission wavelength is dramatically increased, so that in

the largest nanorods the low-energy absorption feature cannot be easily seen on the same linear
scale as the CdS absorption.
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Figure 2.6: Absorption and PL spectra of CdSe seeds and CdSe/CdS nanorods
The CdSe cores show a typical quantum confined semiconductor absorption spectrum, with
very little Stokes shift. The seeded nanorods show a two-step absorption spectrum, with the

emission coming from the low energy CdSe part of the spectrum, and a large increase in
absorption at the CdS band edge.
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Figure 2.7: Absorption and PL spectra of nanorod size series

The larger nanorods show a slightly longer wavelength CdS absorption edge, due to the
loss of quantum confinement as their diameter increases. They also show a longer
wavelength emission from the CdSe core, and a decreased absorption at the CdSe core
relative to the CdS rod material.

The luminescence lifetime was measured on a PicoQuant FluoTime300 using time-
correlated single-photon counting. The detector is a chilled photomultiplier tube with <1 dark
count per second, and the excitation source is a 407 nm pulsed diode laser with a <100 ps pulse
width. The instrument response time, including all optics and electronics, is <150 ps. The results
of this measurement can be found in Figure 2.8. The raw data were fit to triexponential decays,
and the intensity weighted average was computed according to Equation 2.1 and Equation 2.2.

Equation 2.1

t t t
counts(t) = Ajexp (— —) + A,exp (— —) + Azexp (— —)
T1 T2 T3
Equation 2.2
. _ AT + ApTE + AgTh
Meas A 1y + Ay, + AT
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Figure 2.8: Photoluminescence decay of CdSe/CdS nanorods

The luminescence was measured at the peak luminescence wavelength with a 10 nm
bandpass on the detection monochromator. The largest structures show a rise time of up
to 5 ns for a fraction of the luminescence.

Examining the long time behavior in Figure 2.8, it is eminently clear that none of the
particles demonstrate monoexponential decay kinetics. For some, the behavior might be modeled
as biexponential with part of the decay happening at the radiative rate, and part happening at a
much longer rate. However, for others two exponentials will not be enough, and a distribution of
exponentials is more likely to be physically valid. In all cases, the curves can be fit with a
triexponential decay, although there is no good physical interpretation for such a decay.
Regardless, it is useful in order to provide a single average decay time for luminesced photons.
The long-time behavior is likely due to the slow detrapping of charger carriers that, for whatever
reason, end up trapped in mid-gap states far away from the band edge.

Examining the short time behavior in Figure 2.8 reveals even more complexity. While the
smaller particles exhibit very rapid onset of the luminescence after the laser pulse, consistent with
rapid thermalization of charge carriers, the longer rods do not. The largest rods exhibit a 5-10 ns
rise time which only applies to about a third of the luminesced photons. This rise time implies that
the photoexcited carriers do not rapidly thermalize all the way to the CdSe core in about a third of
the absorption events. No ready explanation is at hand for this phenomenon. To attempt to gain
better understanding of it, the PL spectrum over time was measured, as shown in Figure 2.9. At
very short times after excitation, the luminescence is extremely broad band. The high energy
luminescence decays much more rapidly than the low energy CdSe luminescence, with a time
constant of around 1-5 nanoseconds. This decay time is slightly faster than the rise time of the
CdSe luminescence. The two phenomena could arise from the same physical process. Further work
would be required to prove a mechanism.
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Figure 2.9: Time resolved luminescence spectrum of 93x9 nm CdSe/CdS nanorods
The spectra have been normalized to their peak value. The high dynamic range is afforded
by varying the integration time and using neutral density filters.

Next, the photoluminescence quantum yield (PLQY), a crucial parameter for LSC
application, was measured. The PLQY was measured with a Horiba Jobin-Yvon FluoroLog 3 and
an integrating sphere attachment, calibrated with a NIST-traceable OceanOptics radiometric
blackbody source. The detector in this instrument was a photomultiplier tube, and the
measurements were taken three times each to ensure stability and reproducibility. The results of
this measurement can be found in Figure 2.10. The luminescence quantum yield, in combination
with the measured luminescence decay time (T,,.45), Yields characteristic radiative (z,.,4) and
nonradiative (t,,) lifetimes via

Equation 2.3
Trad = Tmeas
PLQY

Equation 2.4
Tmeas

tnr = T PLQY

The result shows that larger nanorods have worse luminescence quantum yields. The reason, in
this case, is illuminated by the radiative rates, which increase linearly with the volume of the total
structure. The radiative lifetime increases from around 35 ns for the smallest nanorods to nearly
1 us for the largest nanorods. The nonradiative rate slows at the same time due to the thickening
of the CdS shell around the core, but not enough to counteract the dramatic increase in radiative
lifetime due to the increasing shell volume.
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Figure 2.10: PLQY and PL decay times of CdSe/CdS nanorods

The radiative lifetime gets longer for larger nanorods, nearly linearly with the nanorod
volume. The nonradiative rate also gets longer, but not as quickly. The overall result is a
decrease in the luminescence quantum yield for larger CdS rods grown on the same CdSe

core.

2.3.3: Performance in Devices

Due to the low luminescence quantum yield of these CdSe/CdS nanorods, they cannot
make high performance LSC devices. However, the photon transport inside the LSC waveguide
can still be investigated using the series of nanorods. The hypothesis is that the larger rods, due to
the reduced absorption at the photoluminescence wavelength, should allow photons to travel
longer distances in the LSC waveguide.

To study this phenomenon, LSC waveguides were fabricated with a small silicon
photovoltaic device in the middle as a detector. The geometry of the waveguide is shown in Figure
2.11. There is a 30 um thick polymer with embedded nanorods on top of a 180 um glass plate. This
entire device is suspended by an air gap over a 1 mm thick glass substrate. The waveguide
thickness arises from the 210 micron combined thickness of the quartz plate and the polymer
nanorod composite. The waveguide length is defined by the edge length of the square polymer
film, which is 38 mm. The silicon PV detector built into the waveguide is 1.5 mm x 0.1 mm,
making it small enough to act as a non-perturbative probe of the photon field.
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Figure 2.11: Schematic of fabricated LSC waveguides

The LSC waveguides were placed in a solar simulator, and the current-voltage
characteristic of the silicon detector was measured. Several different nanorod polymer composites
all resulted in somewhat different photocurrent, and the photocurrent was always higher than the
waveguide without any nanorod.

To see where in the spectrum the photocurrent comes from, the external quantum efficiency
(EQE) of the waveguide is measured by the embedded silicon detector with a large illumination
spot (diameter around 15 mm). The convolution of inhomogeneous illumination with highly
position-dependent collection efficiency (photons absorbed closer to the PV cell are more likely
to strike the PV cell after luminescence) results in an EQE spectrum that is qualitative (it should
be monotonically related to the true EQE). The results are normalized to the performance of the
micro solar cell measured at 600 nm in the same geometry without any lumophore and without a
reflective back surface. The device with no nanorods (OD=0) but with a reflective back surface is
shown for comparison. The concentration can exceed 1 without nanorods but with a reflective back
surface due to the angular spread of the light source in the measurement. Photons that enter the
LSC at oblique angles near the solar cell can be reflected on to the solar cell. To maximize the
probability that a photon travelling through the waveguide is absorbed in the photovoltaic cell, the
polymer must not be much thicker than the photovoltaic cell itself, which is 30 um. To achieve
optical density of 1 in the film, approximately 0.3% of the polymer volume must be displaced by
nanorods.*® Increasing the nanorod loading initially increases the concentration of light from the
blue region of the spectrum, where the nanorods absorb, without concentrating light from the red
region of the spectrum, where the nanorods do not absorb. Minimal scattering was observed at
optical density up to 0.1 at 450 nm. However, above optical density 0.1, concentration of blue light
decreases and concentration of red light increases because of the scattering of light in the
waveguide, likely as a result of nanoparticle agglomeration.
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Figure 2.12: Normalized EQE spectra of LSCs with nanorod loading series

The absorption of the nanorods dominates from 350 to 500 nm. At longer wavelengths,
scattering from nanorod aggregates leads to increased concentration of photons.
Oscillations due to the 2 um air cavity can be seen in some cases when scattering is low.
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Figure 2.13: Normalized EQE spectra of LSCs with nanorod size series
The absorption of the nanorods dominates from 350 to 500 nm. At longer wavelengths,
scattering from nanorod aggregates leads to increased concentration of photons.

Next, the series of nanorods of different sizes were incorporated into LSC waveguides.

Optical density for these devices was held to around 0.1 at 450 nm to avoid the scattering apparent
at higher loadings. This is accomplished by holding the volume fraction of CdS nearly constant.
Large nanorods, then, are incorporated in fewer numbers than small nanorods. Figure 2.13 shows
the concentration as a function of wavelength for the different nanorod sizes. In all cases, the
concentration of blue photons in the device follows the absorption spectrum of the nanorods; the
concentration of red photons is suppressed in each case, confirming minimal scattering of light in

the LSC sheet.

The propagation of photons inside the waveguide was characterized by illumination in a

solar simulator with an aperture controlling the illumination area. A blue band-pass filter centered
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at 405 nm is used to isolate the luminescence of the nanorods from scattered red light. A circular
aperture is centered on the silicon photovoltaic cell, and the photocurrent measured as a function
of aperture radius. Figure 3(c) shows the results for the largest and smallest nanorods. The smallest
nanorods show concentration that increases rapidly at small radii, but begins to asymptote at larger
radii. In contrast, the larger nanorods show current that increases nearly linearly with increasing
radius. The propagation of photons inside the waveguide can be approximated as an exponential
decay with a characteristic length-scale known as the propagation length. Allowing for a short-
propagating population of scattered photons and a long-propagating population of luminesced
photons, the photocurrent is fit to the equation:

Equation 2.5

T r
]photo (T) = ]max - Al exp (_ L_) - AZ exp (_ L_)

1 2
where Jpnoto (1) is the measured photocurrent at an aperture radius r and the following parameters
are a result of the curve fit: J,,4, 1S the photocurrent at infinite device size, L, and L, are
propagation lengths for scattered and luminesced photons, respectively, with their associated
magnitudes A, and A,. This model is reasonable because the population of scattered photons must
be generated on one pass through the LSC, requiring a characteristic scattering length on the order
of the thickness of the LSC. As a result, scattered photons only travel a few hundred microns. In
contrast, the luminesced photons have been shifted from their incident wavelength to the
luminescent wavelength, allowing the different length scales for generation and propagation. The
propagation length of the luminesced photons, plotted in Figure 2.14, shows increasing
propagation length with increasing nanorod volume due to the reduced reabsorption from the CdSe
seed.
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Figure 2.14: Propagation length of luminescence in the LSC
Error bars in the vertical direction represent fit error by a X* analysis, and error bars in
the horizontal direction represent the distribution of particle sizes.
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As a result of the limited optical density of the films, a reflective back surface is required
to increase the absorption path-length. In this study, a black anodized aluminum surface, a silver
mirror, and a scattering white Spectralon surface were used. The propagation lengths in Figure
2.14 are not significantly different for the different back surfaces. A black back surface allows 1
pass for absorption, a mirror back surface allows 2 passes, and a scattering surface allows 2.2
passes for a polymer with refractive index of 1.4, as the oblique rays bend back toward normal
upon refraction into the polymer. The average value of 2.2 is calculated by averaging the path
lengths of a hemispherical emission refracted through a higher index material, shown
schematically in Figure 2.15.

NL '\ * fmaterial2,n2
0 material 1, n,

scattering surface

Figure 2.15: Schematic for path-length provided by scattering back-reflector
Equation 2.6

Vs
2

a];g 14 f 2 cos(0) sm(H) do
0

cos arcsm — sm(9)))

While this optical path-length enhancement is less than the 4n? Yablonovitch scattering limit of
7.8, that limit is only achieved by continual randomization of photons within the polymer, which
would eliminate the long-travelling waveguide modes.**#” While it is still possible in theory to
achieve luminescent concentration beyond the scattering limit in such a circumstance with the
application of perfect light trapping, continuous randomization would place an extraordinary
burden on the luminescent quantum yield of the lumophore and reflectivity of all surfaces. This
logic also applies to highly scattering lumophores such as nanorod agglomerates and is the reason
that agglomeration is detrimental to device performance.

2.4: CdSe/CdS Core/Shell Particles

While the previous section demonstrated that the absorption spectrum tuning available in
CdSe/CdS heterostructures actually results in longer photon propagation in built LSC devices, the
photoluminescence quantum yield (PLQY) was too low to be truly useful. A different kind of
heterostructure that maintains the tunable absorption spectrum but results in higher PLQY was
needed. Recent advances in CdSe/CdS quantum dot synthesis by Chen et al*® proved to be a good
starting point for this research, as they showed consistently PLQY>80% for a variety of core and
shell sizes, with some reaching as high as 97%.

If the particles are grown too large, they will scatter light intensely at all wavelengths.
While this was not experimentally shown in the previous section, it can be calculated. We
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calculated the scattering and absorption of these core/shell quantum dots with a variety of different
core and shell sizes using the electrostatic dipole approximation.*® We used bulk values of the
complex dielectric constant for CdSe and CdS, neglecting quantum confinement.*64%-51 The results
of this calculation are shown in Figure 2.16. One example spectrum showing absorption and
scattering is shown in Figure 2.17. By computing the scattering and absorption, the extinction (the
sum of scattering and absorption) at the luminescence wavelength is predicted. Then, the extinction
at high energy is divided by this low-energy extinction to provide the figure of merit, the extinction
ratio Extsso/Exteoo. The heat maps show that there is a broad optimum from 5 to 10 nm shell
thickness for small 2 nm, cores that moves slightly to thicker shells for larger 5 nm cores.
Therefore, the particle size which produces the longest photon propagation distances in the LSC
waveguide should be in the range of 12-22 nm total diameter. The other general feature is that
smaller core sizes always result in higher extinction ratios.
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Figure 2.16: Extinction ratio calculations for a variety of core and shell sizes

From left to right, the figures show the ratio of absorption at 450 nm to extinction at 600
nm; extinction at 450 nm to extinction at 600 nm; and absorption at 450 nm to absorption
at 600 nm.

23



e 10

c

)

< 100 * N

o =

E‘ 10 Cds absorption ! CdSe absorption

S ===t

‘Z-’ 1072 \EA_ '..PL St’:atter
c —

2 %\*ﬁr
B " N

£ 10°— : s AN
= 400 500 600 700
Ll

Wavelength (nm)

Figure 2.17: Extinction spectrum of CdSe/CdS core/shell particles

The experimentally measured extinction spectrum of CdSe/CdS core/shell particles with a
2.5 nm core and a 16 nm total diameter are shown in blue. The luminescence spectrum is
shown in green.

2.4.1: Synthesis

The synthesis of these giant core/shell particles starts with CdSe seeds, just like the seeded
rod synthesis, but the shelling is done differently. Instead of the fast shell growth (<5 minutes
growth time) with structure-directing ligands, the shelling is done very slowly (>2 hours) with the
slow addition and decomposition of less reactive precursors, and no structure-directing ligand is
added. In this reaction, a constant quantity of CdSe core is used and both Cd(oleate), and
1-octanethiol are injected slowly over the course of at least 2 hours. Thicker shells are grown by
injecting at the same rate for a longer period of time, resulting in more material injected.

Synthesis of Cd(Oleate)2: CdO was mixed with oleic acid at a molar ratio of 10 oleic acid per
CdO and diluted to 0.2 molar in Cd with 1-octadecene. The mixture is degassed on the Schlenck
line at 110 °C at 150 mTorr and complexed at 240 °C under argon. The mixture is then brought
into an air-free glovebox where it can be melted and measured out by volume. The mixture is made
100 mL at a time, and typically used within a few weeks of synthesis.

CdS shelling: Quantum dot concentration was measured with the optical absorption curve
provided in Jasieniak et al,>* which has proven a more reliable method than the older study by Yu
et al.*® Then, 1e-7 moles of CdSe quantum dots are brought to 320 °C in 3 mL oleylamine and 3
mL 1-octadecene (ODE). As the mixture is being heated, injection at 3 mL per hour of 0.2 molar
Cd(oleate). in 2:1 oleic acid:ODE along with a separate solution of 0.2 molar 1-octanethiol in ODE
is initiated at 250 °C with a heating rate of 20-30 °C per minute. Total injection volume sets the
total shell size. After injection is complete, the solution is maintained at 320 °C for 1 hour.

Cleaning: The solution is then cooled to room temperature and cleaned in an air-free glovebox.by
several successive precipitation/centrifugation/dissolution steps.
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2.4.2: Characterization

To experimentally explore the extinction ratio as a function of size, 2.5 nm CdSe seeds
were used to grow many different shell thicknesses. Electron micrographs of a few representative
sizes are shown in Figure 2.18. Excellent size uniformity is obtained through the slow shelling
technique. The faceting of the larger particles is also seen for the smaller particles when the
microscope magnification is high enough, as shown in Figure 2.19.

A
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Figure 2.18: Representative TEMs of CdSe/CdS core/shell particles
Three different shell sizes are shown in this panel. The surtitle of each image is the total
diameter. Scale bars are all 50 nm.
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Figure 2.19: TEM micrographs showing faceting of 8 nm particles

The particles look spherical at lower magnification (left), but high magnification (right)
reveals they are actually faceted. The image on the right is taken looking down the c-axis
of the wurtzite structure, showing hexagonal symmetry.
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Figure 2.20: Measured extinction ratios for CdSe/CdS core/shell quantum dots

The volume is computed from transmission electron microscopy, assuming the projected
area of the particles is representative of the cross section of a sphere. The two dashed lines
in the graph are the ratio of extinction at 450 nm to only the absorption at 600 nm and only
the scattering at 600 nm, respectively. The solid line is the computed ratio of extinction at
450 nm to the sum of absorption and scattering at 600 nm.

The extinction ratios of the size series are shown in Figure 2.20 compared to the
electrostatic dipole approximation discussed above. The agreement is surprisingly good,
considering that the model does not include quantum confinement.

The optimum particle based on the extinction ratio argument is found to have a 2.5 nm core
and a 16 nm total diameter, yielding an extinction ratio of 230 to 1. The luminescence quantum
yield of these particles was also measured, and found to be 68% in solution. This is significantly
better than the giant nanorods synthesized previously, but still not high enough to make a high-
performance luminescent solar concentrator.

Three changes to the synthesis resulted in huge improvements in the luminescence
quantum vyield. First, larger 3.5 nm cores were used (562 nm absorption exciton). Second, we
removed the oleylamine which was used by Ou Chen et al to control the growth of the CdS shell.
Third, the growth temperature was reduced from 320 °C to 310 °C. The luminescence quantum
yield versus shell thickness is shown in Figure 2.21, showing that for a broad range of shell
thicknesses the luminescence quantum yield can approach unity. The uncertainty in the PLQY is
a result of the systematic uncertainty of the radiometric calibration lamp. The measurement
technique is described in the next section.

Unfortunately, these particles seem to degrade over time. The mechanism is not known yet,
but degradation from unity to around 60-80% happens over the course of months despite the
particles being kept in an argon atmosphere. A solution to this difficulty would greatly improve
the LSC devices made from these particles.
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Figure 2.21: PLQY for a range of CdS shell thicknesses on 3.5 nm CdSe cores

The error bar represents the uncertainty due to the radiometric calibration source. The
dashed line at unity quantum yield is the maximum credible luminescence quantum yield.
Measured values can be greater than unity due to measurement uncertainty. In this case,
the maximum value measured was 103%.

2.5: Measurement of Luminescence Quantum Yield

As the luminescence quantum yield approaches unity, the difficulty in measuring it
accurately becomes increasingly problematic. The existing techniques all have systematic
uncertainty due to the uncertainty of the radiometric calibration sources used to calibrate the
spectral sensitivity of the spectrometer. The integrating sphere technique described below is the
most reliable way to measure the luminescence quantum yield of semiconductor nanostructures,
which often scatter a significant fraction of the incident light. Using an integrating sphere makes
this irrelevant. We believe it will be important for future work to develop a highly accurate PLQY
measurement, with <1% absolute uncertainty. The technique developed here has an uncertainty of
3% at best.

The technique used here is the integrating sphere technique, using a home-built integrating
sphere spectrometer. A schematic of this instrument is shown in Figure 2.22. The light source is a
Fianium supercontinuum laser (470-2500 nm excitation wavelength, 6 ps pulse width and 40 MHz
repetition rate, 4 W output power). The integrating sphere is a 5.3” inner diameter Spectralon
sphere with a 1”” entrance aperture and a ¥2” exit aperture. The laser is monochromated twice: first
with a 150 g/mm grating in the 150 mm path length monochromator; and second with a 1200 g/mm
grating in the 275 mm path length monochromator. The laser is focused onto the entrance aperture
of the SP150 monochromator with a 50 mm focal length CaF2 lens, and collimated on the other
end with a matched lens. The laser is then re-focused with another 50 mm CaF2 lens onto the
entrance of the SP275 monochromator. After the exit from the SP275, a lens is used to focus the
laser onto the entrance of the integrating sphere, after which it diverges to roughly a2 mm x 1 cm
spot at the back wall of the integrating sphere. Immediately after the final lens, a quartz
beamsplitter picks off a small fraction of the beam and directs it to a ThorLabs S120VC calibrated
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silicon photodiode. During operation, the photodiode monitors the laser power continuously with
a 100-300 ms integration time. Both laser light and luminescence exit the integrating sphere by the
Y4” port and are imaged by two CaF2 (1” diameter, 25 mm followed by 100 mm focal length)
lenses onto the entrance slit of the SP2300 monochromator. This combination of lenses provides
the maximum possible signal, since they capture as much luminescence from the integrating sphere
as possible and project it onto all the angles the spectrograph can accept (f/4). The spectrograph is
equipped with three gratings, all 300 g/mm, blazed at 500, 1000, and 1200 nm. Using a 40 um
entrance slit width and accounting for the 60 um spherical aberration of the spectrometer, these
gratings provide 1 nm spectral resolution (~10 nm / mm dispersion with 0.1 mm width).

| Acton Research Acton Research
SpectraPro 150 SpectraPro 275

Princeton Inst.
SP2300

Figure 2.22: Schematic of the integrating sphere luminescence spectrometer

(1) A white light laser source is focused with lenses on entrance slit of SpectraPro150.
(2) Lenses are used to focus the light onto SpectraPro275. (3) Laser beam is collimated.
Beam splitter reflects ~4% onto a reference Si photodiode. Collimated laser beam enters
the integrating sphere. (4) Integrating sphere with Spectralon interior coating. Sample
holder places small cylindrical cuvettes with PTFE caps very near (1-3 mm) to the back
wall. Baffle prevents direct out coupling of scattered, reflected, and luminesced photons.
(5) Two lenses are used guide the light from the integrating sphere into the SP2300.
Spectra are usually measured with the Si CCD.

Princeton Inst.
SP2300

Figure 2.23: Calibration of the integrating sphere luminescence spectrometer

The NIST-traceable calibration lamp is positioned so that all of the output light couples
into the integrating sphere, striking the back of the sphere near where the sample would
normally sit.
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There are two steps to the calibration: (1) calibrating the wavelength of the detector, and
(2) calibrating the spectral sensitivity of the detector. Each of these must be done for every detector
center wavelength that will be used, for both CCDs (although in practice the silicon CCD is the
only one used for CdSe/CdS particles). An initial estimate of the wavelength associated with each
pixel on the CCD is calculated using a diffraction grating equation. Calibrating the detector
wavelength is accomplished by using a Neon gas lamp and measuring the apparent wavelength of
the well-known emission peaks in its spectrum. Then, for each center wavelength, a list of pixel
positions and differences between the real and measured peak positions is generated, and fit to a
parabola. The parabolic fit is interpolated to provide a pixel-by-pixel correction to the wavelength.
Using this technique, wavelength accuracy is found to be limited by the 0.2 nm resolution limit
stemming from the 20 um pixel pitch and 10 nm / mm dispersion.

Calibration of the spectral sensitivity is more complicated. Once the wavelength calibration
is complete, a NIST-traceable radiometric calibration source (in this case, OceanOptics
HL-CAL-3plus) is pointed into the integrating sphere so that all the light from the lamp strikes the
back of the integrating sphere where the sample holder is located. For every center wavelength,
the spectrum of the lamp is measured. Dividing the known lamp spectrum S,..,; by this measured
spectrum S,,,.4s Produces a calibration factor C for each pixel. However, there is a small amount
of scattering inside the detection monochromator, which mixes all the wavelengths together a
small amount. A rough estimate of the magnitude of this effect is a part in 10* per bin (1 nm
resolution in this case) of spectral coverage. Since the calibration lamp has irradiance from 400 to
the detector cutoff of 1100 nm, up to several percent of the signal at each pixel could be due to
scattered light instead of true signal. This will act to raise the baseline by a constant value K.

Equation 2.7

Srear(1)
CA) =——<+K
Smeas(l)
To measure K, the photoluminescence quantum yield (PLQY) of a standard dye is measured as a
function of excitation wavelength. The value of K is varied until the measured PLQY is
wavelength-independent over the ~100 nm range where the dye absorbs strongly. Rhodamine 590
dissolved in spectroscopy grade ethanol is used, and results in a PLQY of 93-96%.

The computation of PLQY, required to produce the correct value for K, must also take
scattering into account. Luckily, it is easily done in this case. The method is as follows. The
spectrum of the monochromated laser source is measured at a chosen center wavelength with a
cuvette filled with solvent in the sample holder. The measurement is repeated for as many center
wavelengths as are desired. Then the sample to be measured is placed in the sample holder, and
the spectrum is measured again. Because the sample absorbs some of the laser light and emits at a
different wavelength (and with a broader spectrum), the two parts of the spectrum can be
mathematically separated. The blank spectrum and the sample spectrum are both corrected for the
detector sensitivity by multiplication by C(A). The laser line is integrated in the blank spectrum
Spiank 10 produce a total number of detected photons, Np;ank- Then, the laser line is measured
again with the sample spectrum Sgqmpie, and integrated to produce Ngpmpie. Finally, the blank
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spectrum is multiplied by the fraction of laser photons that remain in the sample spectrum, and this
spectrum is subtracted from the sample spectrum to produce a corrected spectrum S..,,- which can
easily be integrated over the photoluminescence wavelengths to produce the number of luminesced
photons Np;. Then, the ratio of luminesced photons to absorbed photons is the PLQY. Typical
correction factors and the luminescence yield of rhodamine 590 and rhodamine 640 are shown in
Figure 2.24 and Figure 2.25 respectively.

Equation 2.8

Ssample sample,meas * C
Equation 2.9
Shiank = Sblank,meas * C

Equation 2.10

Npiank = fsblankd)L

laser

Equation 2.11

Nsample = f Ssampledﬂ'

laser
Equation 2.12

Nsample

Scorr = Ssample - ( )Sblank

Nblank

Equation 2.13

Equation 2.14
Npy,

Nblank - Nsample

PLQY =
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Figure 2.24: Spectral sensitivity of the integrating sphere luminescence spectrometer

Two different gratings are used, having a 500 nm blaze angle and a 1000 nm blaze angle,
which each produce a family of nearly overlapping curves for different detector center
wavelengths. Each family of curves contains dozens of correction spectra for different
center wavelengths, each plotted in a different color. The spread of the different spectra at
a given detection wavelength is due to the etalon of the detector: anti-reflection coatings
make the detector have a wavelength- and angle- dependent sensitivity. Different center
wavelengths result in the same wavelength hitting the camera at different angles, resulting
in different correction factors.
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Figure 2.25: Calibrated PLQY measurement of rhodamine 590 and 640

Excitation Wavelength (nm)

The luminescence quantum yield is mostly wavelength-insensitive once the correct K is
chosen. The error bars represent the measurement repeatability. The systematic error of
3% relative is not included here, but still applies. The average measured QY of Rhodamine
590 is 95%, and the average measured QY of Rhodamine 640 is 89%.
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Chapter 3 : Optical Design

The design of a luminescent solar concentrator requires more than simply choosing the
right lumophore with the right absorption spectrum. The considerations described in Chapter 2 fall
short of making a high performing device because at best, only the photons captured by total
internal reflection (TIR) can be used by the LSC, which amounts to 70-80% for most polymers.

This chapter will describe the optical design of LSCs, describing geometric considerations,
thermodynamic principles, and the photonic design required to achieve high performance.

3.1: Desired Absorption Spectrum

The desired absorption spectrum for the perfect LSC lumophore, described in Figure 2.1,
still leaves some room for improvement. The fundamental mantra of any new photovoltaic power
conversion device is “a good solar cell is a good LED.” That is, a perfect solar cell exhibits a sharp
luminescence at its band edge, with external radiative efficiency (ERE) approaching unity.?”2 The
energy and intensity of the luminescence from a solar cell determines the voltage under
illumination. In the case of the luminescent solar concentrator, the ideal material to produce intense
low energy (E2) luminescence from a high energy (E1) absorption band does not produce the
correct absorption spectrum to make the LSC produce high voltage. If the material is designed to
emit at the higher energy Ei, then it is not acting as a luminescent solar concentrator. But if the
material emits from the lower energy state (E>), then the voltage will be lower than desired for a
material that absorbs primarily at the higher energy E..

This conundrum is intrinsic. Fortunately, a solution is at hand. A spectrally selective filter
should be used to decouple the low energy luminescence from the rest of the universe. This idea
has been proposed by many scholars over the years, but the practical realization has been fleeting.
In fact, it has previously been shown that a wavelength-selective dielectric filter is
thermodynamically required to achieve high efficiency.>® Under idealized circumstances where
the lumophore species has unity quantum yield, the polymer-lumophore matrix exhibits no
scattering over the length-scale of the concentrator, and the Stokes shift is large enough to allow
for a high thermodynamic limit for C, the performance of the LSC will still be limited by inefficient
light guiding to the solar cell. In the traditional LSC design, the waveguide acts as a rudimentary
wavelength-selective filter for photons: high energy solar photons are refracted to subtend only a
fraction of the solid angle inside the waveguide, whereas low energy luminesced photons exist at
all angles and accumulate inside the totally internally reflected modes.>* The wavelength-
selectivity of this filter is inherently poor due to escape cone losses, and can be improved with the
addition of a wavelength-selective photonic mirror between the waveguide and the sun. Several
scholars have made experimental attempts at this over the last several years, showing modest
improvements in the concentration factor and collection efficiency.10:14.19.36
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Figure 3.1: Desired absorption spectrum of the LSC
Inside the LSC, the absorption spectrum must allow low energy luminescence. The LSC
device, as a whole, must appear to the universe as the schematic on the right, only allowing

high energy

In reality, all LSCs in existence today are limited by photon transport. The scaling laws
described in Chapter 1 between Stokes shift and concentration factor are never achieved in
practice. It is instructive to consider that the dominant loss mechanism of luminescent solar
concentrators is incomplete trapping of luminescence. The scaling laws that are actually in effect
in these real devices are described in Figure 3.2. The geometric gain G of the device is defined to
be the ratio of the top area to the edge area of the waveguide, and for most practical waveguide
shapes (e.g. circles and squares) this ratio is the waveguide length divided by four times the

thickness.
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Figure 3.2: Scaling laws in transport-limited LSCs
The different regimes for photon transport in LSCs is shown schematically. Poorly
performing LSCs exist below the dashed black line. Extremely high performing LSCs exist
above the dashed red line. Between the two dashed lines, either poor luminescence
qguantum yield or poor luminescence trapping is hindering device performance.
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Most LSCs in literature have relied on total internal reflection (TIR) to trap photons,
resulting in concentration factors of that scale linearly with the geometric gain, with a slope limited
by the quantum yield and the fraction of photons trapped by TIR:

Equation 3.1
C < GNrirNpL

Improving the luminescence quantum yield and the fraction of photons trapped by TIR do increase
the slope of this limit, but do not result in devices that approach the thermodynamic limits of either
concentration factor or power conversion. Improving the trapping efficiency for photons
dramatically past the 70%-80% normally achieved by TIR can result in a super-linear relationship
between C and G, as photon diffusion starts to play a role. In the limit of extreme light trapping
and unity quantum yields, with solar cells on the edge of the waveguide that do not have
appreciable ERE themselves, the limit of C=G is reached. Allowing these solar cells to luminesce
efficiently, C>G can be achieved, and the device is no longer limited by photon transport. In that
case, the thermodynamic approach is more appropriate than these transport considerations, and the
methods of Chapter 1 are more useful.

3.2: Simulations

In reality, even a LSC designed in accordance with the optical principle of Figure 3.1 will
not perform at the thermodynamic limit, because small loss mechanisms like parasitic absorption
and material defects will always be present. It is of utmost importance to understand how these
defects impact the device performance. Bridging the gap between the transport-limited LSCs and
the thermodynamically limited LSCs requires accurate simulations. Since existing luminescent
solar concentrators are all limited by photon transport in the waveguide, these simulations focus
on photon transport. These simulations must be able to produce the thermodynamic limits when
perfect material parameters are used; they must faithfully reproduce the behavior of poorly
operating devices; and hopefully, they can chart a path between those two regimes.

3.2.1: Monte-Carlo Simulation

Monte-Carlo ray-tracing simulations have been used to model the performance of
luminescent solar concentrators by many scholars. In general, they are highly accurate and can
model a wide variety of LSC shapes, sizes, and designs.182332:3555-57

For this study, Monte-Carlo ray-tracing simulations are performed by collecting statistics
on large numbers of photons incident on the LSC. The logic flow of the simulation is shown in
Figure 3.3. A photon is created immediately above the LSC sheet, moving directly downward into
the sheet. The photon is moved forward 5 um, and then a series of checks are performed. The
photon can be absorbed or scattered, and at every interface it can reflect or refract. Absorbed
photons can be luminesced, or they can be lost to nonradiative events. Luminescence, scattering,
and reflection are all treated probabilistically with a random number generator initiated to the
computer epoch. Since both absorption probability in the silicon and refraction/reflection
coefficients are polarization-dependent, the polarization of the photon is maintained until a
scattering or luminescence event allows it to randomize. Photons are created at every point in a
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rectangular grid with 50 um spacing. Additionally, every grid-point is populated with photons
spanning 320 nm to 1100 nm at 10 nm increments. After the simulation is complete, each photon
is weighted by its relative solar intensity to simulate a solar spectrum.

Reflection and refraction coefficients are calculated with Fresnel coefficients, assuming
the refractive index of the glass is 1.5 and the PLMA is 1.4 at all wavelengths. Additionally, the
absorption probability of each photon in the thin silicon photovoltaic cell is calculated with the
finite-difference time-domain method (FDTD) using Lumerical® FDTD Solutions® 8.6, with
optical constants taken from the SOPRA database built into the program. The 2-dimensional
FDTD simulation is performed from 0 to 85 degrees in 5 degree increments, and from 320 to 1100
nm in 10 nm increments. A periodic boundary condition is used. The geometry is a 30 um thick
piece of silicon with a background index of 1.4, which accounts for the silicon being embedded in
PLMA on the sides with quartz on the bottom and an amorphous SiO passivation layer on the top.

The absorption probability at each step is calculated from the absorption spectrum of the
nanorods and the measured optical density of the films. Since absorption in both the nanorods and
the photovoltaic cell is strongly wavelength dependent, wavelength is maintained until a
luminescence event randomizes it. Every luminescence event creates a new wavelength with
probabilistic weighting such that the measured luminescent spectrum of the nanorods is
reproduced.

Every photon absorbed in the silicon photovoltaic is assumed to be collected as current.
The photocurrent as a function of aperture radius is calculated by calculating the radius of every
grid point and integrating only the photons with a radius less than or equal to the simulated radius.
By this method, one large simulation can simulate every radius smaller than the illuminated spot
size.

The simulations generally involve between 107 and 10° photons. Each photon requires
many random number generation computations, making the simulation very computationally
expensive. While the simulation was originally written in MATLAB, this proved too slow to
collect enough statistics. To enhance the speed of the simulation, the MATLAB parallelization
toolbox was used to parallelize the simulation to 12 cores on a 16-core workstation. Additionally,
the code was compiled into C-code using the MATLAB Coder package, which allows the C-code
to be executed from within the MATLAB parallel for-loop. The combination of these two speed
enhancements (12-fold speed-up for the parallelization and 100-fold from C-compilation) allowed
the simulations to be completed in a timely manner.

The results of this simulation are compared to experimental data in FIG X. The agreement
is very good in this low performance regime.
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Figure 3.4: Paths and processes in the Monte-Carlo simulation

The streams of photons are shown as colorful lines. Some representative probabilistic
paths shown. Blue photons are incident high energy photons, and they are converted to
orange photons by the nanorod.

36



10

M T T
-~~~ Model .
B 88x4.1 nm nanorods

8 < 78x93nm nanorods .
‘= 61 e -
[4°] e
5
S
U 4 B 4 <, -1
(- A
S ‘.-":‘

2F .

i
O " 1 N 1 N
0 25 50 75

Geometric Gain

Figure 3.5: Comparison of Monte-Carlo simulation to experiment

The experimental data are taken from the nanorod LSC devices, which suffered from low
optical absorption at high energy, low luminescence quantum yield (70% for the 8x4 nm
nanorods and 35% for the 78x9 nm nanorods), and only a 72% TIR efficiency. Regardless,
the agreement between the experiment and the simulation is excellent.

3.2.2: Generalized Finite Element Photon Transport Model

While the Monte-Carlo method is accurate, it is extremely computationally expensive.
Additionally, each small change to the device requires running a new simulation. As a result, it is
difficult to extract general design principles from it.

A different method entirely is to solve the Beer-Lambert Law in a multimode waveguide
with non-dimensional units used for the absorption, Stokes shift, PLQY, geometric gain, and
reflectivity for non-TIR angles. While the photon transport equations can be written down with
relative ease, solving them analytically is difficult. An iterative numerical solution using finite-
element modeling is straightforward, and can be solved rapidly (seconds) on a modern computer.

This model uses the following definitions:
QY = Luminescent Quantum Yield

i = Loop iteration

«a = Absorption at high energy

R = Reflectivity of mirror

S = Ratio of absorption at high energy to low energy
¢ = Zenith angle
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r = Lateral distance from luminescent point

I = Luminescence intensity

Each luminescence event results in isotropic emission. Therefore, the luminescence at one point
in the waveguide results in an absorption profile throughout the waveguide according to the
following equation, which considers the angular spread of photons, the reflectivity of the
waveguide interface as a function of angle, and the absorption coefficient of the lumophore.

Equation 3.2
/2
a a log R(¢) tan d))
A; =Z f Iy ——ex (— + sin ¢pd
by W5 2rs P Sxr=xsing r(x,y) ¢do
XY ¢=0
Escape of luminesced photons is calculated similarly:
Equation 3.3
/2
I; xylog R tan ¢ ( a log R(¢p) tan ¢ )
Eiyvy = - exp| — + sing d
by 20 2mr P Sxrxsing r(x,y) d¢

Luminescence is calculated from the absorbed flux and the luminescence quantum yield:

Equation 3.4
Ii+1,x,y = ZAi,x,y * QY
X,y

Collection of photons is calculated to be all the non-absorbed, non-escaped photons:

Equation 3.5
Collection; = 1 — Z Eixy — Z Aiyxy
X,y x,y
Equation 3.6
Neotl = Z Collection;
i
Equation 3.7

Survival = Mean(li,x,y)

In order to compute the behavior of the entire film, a single computed matrix of the absorption and
escape profiles is rastered across the waveguide according to Figure 3.6.

The starting luminescence population is assumed to be constant across the waveguide:
Iy, = 1. Foreachiteration i and each grid point x, y and each zenith angle ¢ the following values
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are calculated according to Equations (1)-(6). When the survival of photons decreases below a
target threshold of 1E-4, the calculation is terminated.

Loop until < 0.01% of photons remain in waveguide
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Figure 3.6: Finite-element Beer-Lambert solver

The luminescence intensity at each point in the waveguide is used to generate a new
absorption and escape profile. Rastering across the waveguide and summing yields a new
generation profile, which is fed back into the next iteration of the computation. After each
loop cycle, the collected photons are set equal to the number of photons that were neither
reabsorbed nor escaped.

Some of the results of this computation can be found in Figure 3.7, showing the effect of
non-unity reflectance, reabsorption by the lumophore, and varying geometric gain of the
waveguide. The figure shows that at low loadings of dye, increasing the dye loading allows more
photons to be absorbed, and therefore increases the concentration factor. As more dye is loaded
into the waveguide, at some point the dye starts to reabsorb the luminesced photons. Even if the
dye has a very high luminescence quantum yield (assumed to be 99% in this computation), a large
fraction of the luminescence couples to the escape cone. Therefore, the waveguide efficiency starts
to drop, and eventually the concentration factor decreases as well. This problem can be mitigated
by trapping the luminesced photons with spectrally selective reflectors. In order to achieve
waveguide efficiency >90% with geometric gain of 100, a reflectivity exceeding 99% is required.
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Figure 3.7: Generalized LSC performance modeling

Each family of curves represents a different reflectivity of the LSC, assuming TIR angles
have unity reflectivity. The plot shows the waveguide efficiency (fraction of absorbed
photons that reach the waveguide edge) versus the concentration ratio, which is the
product of the fraction of incident photons absorbed and the waveguide efficiency. Within
each family, each curve represents a different geometric gain. Traversing left to right along
each curve increases the lumophore loading. The lumophore is assumed to have a Stokes
Ratio of 100 and a luminescence quantum yield of 99% in this calculation.

3.3: Dielectric Multilayers

Typically, omnidirectional reflection is associated with only metals and 3-d photonic
crystals.>®>° Metals are lossy and do not have sufficient spectral selectivity for our purpose. And
unfortunately, 3-d photonic crystals operating in the visible are unavailable due to the requirement
for high refractive index (¢’ > 12) and low loss (" = 0).5°%! Therefore, a different solution is
needed.

Periodic dielectric stacks can function as omnidirectional reflectors. The exact design rules
for a dielectric stack with a single periodicity were solved in 1998 by Winn et al.®2% A semi-
infinite stack of dielectric layers with quarter-wave thickness for a target wavelength can be made,
where the two different materials used have different refractive indices n, and n, and thicknesses

d, and d, such that n,d, + n,d, = % In general, the best results are found for structures

resembling a quarter-wave stack: n,d; = n,d, = % While such a 1-d photonic crystal does not
have a complete photonic band-gap, it can have omnidirectional reflection due to the low refractive
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index of the surrounding medium (usually air). In this case, photon modes inside the reflection
band do not overlap with photon modes in the medium, and thus omnidirectional reflection is
achieved. The graphical representation of this condition can be seen in Figure 3.8. The numerical
criteria for this stop-band are:

Equation 3.8
acos| — A—2 acos| — B—2
0 < Aw VA +2 VB + 2
2c nydy + nyd, diJnf — 1+ dyns —1
Equation 3.9
n, n
g=r2 M
ng Ny

Equation 3.10
B - nyni —1 N nns — 1
nns —1 nyni—1

where Aw is the bandwidth in frequency, a = d; + d,, and c is the speed of light in a vacuum.
The results of this computation are shown in Figure 3.9.
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Figure 3.8: 1-d photonic crystal omnidirectional reflector

The photonic band structure of the photonic crystal for omnidirectional reflection are
shown, with n1=1.7 and n, = 3.4. The grey zones contain photon modes in the crystal, and
the light line is shown for comparison. The open circle is the maximum frequency of the
stop band, and the filled circle is the lower frequency of the stop band, which is highlighted
in red. If the refractive indices ni and n; are sufficiently high, as in this case, the band
structure is stretched horizontally but the light line is unchanged, resulting in an
omnidirectional stop-band. Adapted from Reference 62.
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Figure 3.9: Bandwidth of omnidirectional 1-d reflector

The reflection width contours are plotted for a variety of refractive index pairs (n: and ny),
with air on both sides of the stack. The contour lines are labeled by the percentage of the
center frequency contained in the stop band (range to mid-range ratio). The black dot
represents the pair of materials used in our model, ZnS and SiO,. Adapted from Reference
63.

The criteria for omnidirectional reflection of incident rays, then, is directly related to the
refractive index of the dielectric materials available for the mirror. Photons impinging on the
mirror from a lower index medium (like air) will refract toward the normal due to the high index
of the dielectric materials. Therefore, these photons only occupy the escape cone once inside the
mirror, as depicted in Figure 3.10. If there are no photon modes in the escape cone inside the
dielectric quarter-wave stack, then these photons can only exist as evanescent waves inside the
mirror and will be reflected completely (so long as the dielectric material is not too lossy). The
design even works if there is no air-gap between the luminescent waveguide and the dielectric
mirror, so long as the front surface of the glass support is sufficiently smooth to allow for efficient
total-internal-reflection. Without the air between the luminescent waveguide and the dielectric
mirror, the photons from the waveguide can travel into the glass and be reflected by the total-
internal-reflection on the front surface of the glass (since all photons in the escape cone were
reflected by the mirror). The backside reflector can be anything with high reflectivity toward the
luminesced photons, like a dielectric-metal mirror, or a white scattering material.
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Figure 3.10: Device stack using dielectric omnidirectional reflector
Photons, shown as red rays, impinging on the mirror from a low index medium like air
refract toward normal angles, and can only refract into escape-cone angles.

The difficulty, then, is to find two dielectric materials that satisfy the requirement of
Equation 3.8 and Figure 3.9. It turns out that ZnS (zincblende) and SiO2 meet the criteria, and
their combination is plotted as the black dot in Figure 3.9. The predicted range/midrange ratio for
this pair of materials is 7%, resulting in a bandwidth of 140 meV for a 2 eV center frequency. This
is wide enough to reject a majority of luminescence from quantum dots, which have a single-
particle width of around 60-90 meV.545

We designed a simple Bragg stack using a T-matrix method built into Lumerical® FDTD
Solutions 8.6.2 (the stackrt function). This allowed us to account for both the refractive index and
the loss of the model materials. The two alternating materials used were SiO2 and ZnS, with
complex refractive index data taken from the SOPRA database. The reflection coefficient of a
photon passing from a material of index 1.4 through stacks of varying numbers of layers and
varying thicknesses and into the air (index 1) were calculated for 200 to 1100 nm (1 nm increment)
and 0 to 90 degrees (1 degree increment) for both S and P polarizations. The reflectivity was
averaged over wavelength, weighted by the emission spectrum of a typical nanorod and a constant
brightness hemisphere (2 sin 8 cos 6 d6).

A typical nanorod emission spectrum, for luminescence escaping a polymer film, is plotted
against the computed reflectance spectrum at normal incidence and 44 degrees in Figure 3.10. The
critical angle in the medium is 45 degrees, after which all wavelengths are reflected well. The
angle-averaged reflectance for a typical nanorod emission spectrum as a function of layer thickness
is shown in Figure 3.11. The simulated reflectivity spectrum was used in Monte-Carlo simulations
to predict device performance.
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Figure 3.11: Reflectance of a Bragg mirror versus PL of nanorods

The luminescence spectrum of a sample of CdSe/CdS nanorods is shown in red, with the
calculated reflectance of a SiO./ZnS quarter-wave stack shown in blue and green. The
green line is for the TM polarization at the very edge of the escape cone, 44 degrees. TE
polarization is more easily reflected. Therefore, a calculated omnidirectional reflection of
0.15 eV on the 2.1 eV center frequency. The 7% computed range/midrange ratio matches
the predicted bandwidth for this pair of materials very well.
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Figure 3.12: Layer thickness dependence of Bragg mirror reflectance

The angle- and wavelength- averaged reflectance of the Bragg mirrors are plotted for a
variety of different layer thicknesses. The optimum is around 99.5% for 70 nm ZnS
thickness and 110 nm SiO; thickness.

In the Monte-Carlo simulation, a periodic boundary condition was applied to simulate the
devices in the limit of a very long waveguide. Figure 3.12 shows the effect of nanorod size on the
concentration factor for a range of luminescent quantum vyields. Holding the quantum vyield
constant shows that, in the regime of excellent light trapping, there is a nearly linear relationship
between nanorod volume and photon concentration factor. This is due to the reduced reabsorption
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of the larger nanorods: linear increases in volume result in linear increases in the propagation
length of photons inside the LSC, resulting in more chances for the photon to be absorbed by the
solar cell. As the nanorod volume gets very large, the propagation distance asymptotes due to
scattering in the polymer matrix. While the simulations did not include the effects of scattering by
the nanorods, this is found to be a small effect for the sizes of nanorods used in this study. Further
increases in the nanorod volume would likely cause the scattering to overwhelm the reduced
reabsorption of the larger rods and result in diminished concentration factors.
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Figure 3.13: Simulated LSC devices with simulated mirrors

Each curve is a series of LSC device simulations for a size-series of nanorods, utilizing
optimized Bragg mirrors for each size of nanorod, holding the PLQY constant at the value
indicated in the legend.

3.4: Performance in Devices

The Monte-Carlo simulation indicates that concentration factors exceeding 100 should be
attainable with dielectric stack mirrors. A custom dielectric mirror was fabricated by a custom
optics company, Optical Filter Source LLC (Austin, Texas). The reflectance spectrum was
measured in transmittance mode in a Shimadzu UV-3600 double-beam absorption spectrometer.
The mirror was glued to a post and rotated to different angles from O to 85 degrees, without a
polarizer. The results are plotted in Figure 3.13. The hemispherically-averaged spectrum is shown
in Figure 3.14.

Core/shell particles shown in the middle panel of Figure 2.18 were used to make devices.
Their absorption spectrum is shown in Figure 2.17.
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Figure 3.14: Measured reflectance of fabricated dielectric mirror
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Figure 3.15: Angle-averaged reflectance of fabricated dielectric mirror
The photoluminescence (PL) spectrum is that of the particles used to make LSC devices in
this study, normalized.

LSC devices were fabricated out of these mirrors and quantum dots according to the
scheme from Figure 3.15. The device measurement scheme was exactly the same as the previous
devices. The results of that measurement are shown in Figure 3.16. The overall EQE and collection
efficiency of the device are low due to the small area covered by the single microcell. In the future,
arrays of microcells could be integrated so as to capture more of the waveguided light with minimal
shadowing. The champion device performance under AM1.5G illumination is summarized in
Table 2, with current density (J)-voltage (V) curves shown in Figure 3.16. Both the Jsc and the Voc
of the microcell increase significantly upon integration with the LSC including the trench reflector,
and increase further with the addition of the photonic mirror. The total Jsc of the Si microcell is 7.7
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times higher after integration with the complete device. The spectral dependence of C is plotted in
Fig. 3(c), and shows that the current enhancement originates from concentration of blue photons,
the spectral region where the nanocrystals absorb. From 550 to 800 nm C is greatly suppressed, as
this spectral region is reflected by the photonic mirror and prevented from entering the LSC. This
loss is outweighed by the improvement in the concentration of blue photons as demonstrated by
the total current enhancement.
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Figure 3.16: Device scheme for LSC with dielectric mirror

This scheme shows a representative quantum dot TEM image, the optical design, and the
device design. The bottom and sides of the trench are coated in white scattering material
(Spectralon from LabSphere). The small solar cell is incorporated into the waveguide, just
as before, and the waveguide is once again a 180 um thick quartz sheet with a 30 um thick
polymer quantum dot composite.

Testing Condition Jsc (MA/cm?) | Concentration | Voc (V) | Fill Factor | Power (mW/cm?)
AM1.5G A = 350-500 nm

p-Si device 28.51 1 0.504 0.72 10.35

p-Si device 149.3 18.9 0.569 0.64 54.37

LSC + trench

u-Si device 218.7 30.3 0.580 0.61 77.38

LSC + trench + DBR

Table 2: Champion LSC device performance
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Figure 3.17: LSC device performance with dielectric mirror
J-V characteristics of the LSC device with and without the photonic mirror are plotted on
the left. Concentration ratio as a function of excitation wavelength of the LSC-PV device
with and without the photonic mirror are plotted on the right.

The optical density (OD) at 450 nm of the nanocrystal-polymer films was then varied from
0.1 to 1.2, and the LSCs were characterized under blue-filtered illumination. The highest
concentration factor occurs when OD=0.65 (Fig. 4(a)). At lower OD, absorption of incident
sunlight in the blue portion of the spectrum is diminished, while at higher OD reabsorption and
scattering of luminesced photons decrease the optical efficiency. All samples demonstrate more
than 60% enhancement in C after applying the photonic mirror except the control device (no QDs
added in the polymer). The optimum C under the blue-filter illumination with the photonic mirror
reaches 30.3, a value unprecedented in the LSC literature.
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Figure 3.18: Champion LSC device performance with dielectric mirror
Varying the optical density results in a maximum concentration of 30.3 at OD of 0.65 at
450 nm. Without the mirror, the LSC still achieves concentration factor 18.
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Figure 3.19: Photon transport measurement in cloudy LSC with mirror
Fabrication issues led to a cloudy polymer, which inhibit photon transport. With the mirror
on top, the device is still able to collect photons over long distances.
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Figure 3.20: Photon transport measurements in clear LSC with mirror

The champion (OD=0.65) device is measured as a function of geometric gain. The TIR
limit plotted here assumes a PLQY of 0.6 and a TIR efficiency of 0.72, and that the short
distance behavior (G<5) is complicated by measurement issues.

To study the propagation of photons inside the LSC, we compared a sample with high
internal scattering (Fig. 4(b), due to the absence of thorough QD cleaning before polymerization)
to one with low scattering (Fig. 4(c)) (See Supporting Method S4 for details). Both samples had
an optimal OD of 0.65 at 450 nm, and were measured under blue-filtered illumination with variable
illumination spot diameter resulting in variable geometric gain G (the ratio of illuminated area to
illuminated edge area).
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Our definition of geometric gain (i.e. waveguide top area/edge area) is slightly different
from previous literature reports, where the geometric gain is considered as a device property, and
calculated as the ratio of illuminated area to solar cell area. And in the classic case where solar
cells cover the sides and the whole LSC waveguide is illuminated from the top, these two
definitions are practically identical. However, if we imagine a luminescent waveguide with no
photovoltaic material at all, immediate confusion arises. It should be apparent that such a device
does exhibit luminescent concentration, but that the concentration is not harvested and as such
does no useful work. If one wanted to measure that concentration, one could place a very small
optical detector inside the waveguide so as not to perturb the photon field too much. This is what
we have done in this study. Such an embedded detector must have a well-understood wavelength-
dependent response, geometry, and illumination pattern in order to use it to measure the
concentration of photons. These conditions are all met for our detector.

Without the photonic mirror acting as a photon-recycling element, the sample with high
scattering (Figure 3.18) shows a limited growth of C that quickly plateaus with increasing G, as
luminesced photons are scattered out of the waveguide and lost. In comparison, the sample with
low scattering exhibits a quasi-linear increase of C with G, as contributed by the uninterrupted TIR
modes inside the waveguide.?

Adding the photonic mirror on top allows both non-TIR and scattered photons to be
recycled and then to propagate inside the concentrator cavity before finally reaching the solar cell.
As aresult, the losses associated with scattering are strongly reduced, and photons are concentrated
over distances much longer than the scattering length of the waveguide. In the high scattering case
(Figure 3.18) C becomes quasi-linear with increasing G, and reaches 16 at G=37, nearly five times
higher than without the mirror. This value is still smaller than that in the low scattering case
(C=20), indicating that scattering loss is not completely mitigated as the mirror reflectivity
diminishes at oblique angles. Measurement of the luminescent concentration factor of the high
scattering sample with the dielectric mirror at G=61 resulted in C=26, only slightly reduced from
the champion value of 30.3 for the non-scattering device. In the device with low scattering (Figure
3.19), C increases super-linearly with the illumination diameter, increasing faster than the TIR
limit. This super-linearity marks the onset of a transition from ballistic, single-pass photon
transport to diffusion-based transport afforded by photon-recycling.

Separately, the effect of the photonic mirror was quantified by measuring the optical
trapping efficiency (.4, )—the fraction of photons that propagate to the edges of the waveguide
(with no embedded photovoltaic microcell). Without the photonic mirror, 1.,4,is limited by the
fraction (nr;z) Of photons initially trapped by total internal reflection (TIR) in a polymer with
refractive index n

1
Ntrap SNrir = (1- n—2)2

For the PLMA/QD composite (n =1.44), and n;z = 0.72. For a 30 um thick luminescent film
placed between two thin glass coverslips, 7,4, averages around 66% (Fig. 2(d)), slightly lower
than nr;r due to scattering and reabsorption losses. Replacing both glass coverslips with photonic
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mirrors, luminesced photons cannot escape out of the front and back surface of the waveguide,
increasing 7.4, to 82% (Fig. 2(d)), exceeding the value Snell’s law would allow without the
dielectric mirrors.

In conclusion, our results suggest that efficient trapping of luminescence with a dielectric
mirror can keep the luminescence inside the cavity regardless of the optical clarity and smoothness
of the waveguide. If the optical quality of the waveguide could truly be made irrelevant by the
dielectric mirror, the fabrication of the devices could be simplified. We experimentally achieved
luminescent solar concentration ratios over 30 while maintaining a high waveguide efficiency of
82%. This is due to the combination of designer nanocrystal lumophores with a photonic cavity
that traps luminescence. The narrow emission linewidth of the nanocrystal lumophores enables the
use of a highly reflective, wavelength-selective photonic mirror as the top surface of the cavity. In
addition to improving the photon concentration ratio, the luminescence-trapping effect of the
mirror also dramatically mitigates the detrimental effect of scattering.

The device fabricated here is tuned to utilize the blue portion of the spectrum due to the
engineered absorption spectrum of the CdSe/CdS QDs. The system efficiency remains limited, as
only one silicon microcell is utilized to detect rather than fully convert the luminescence in the
waveguide. Using transfer-printing based assembly, however, arrays of these microscale devices
could be embedded in the waveguide to dramatically enhance the PV conversion efficiency.®!
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Chapter 4 : Luminescent Solar Concentrators as Top Junctions for Silicon

As silicon prices have fallen, it has become increasingly clear that future solar panels will
need to have both low cost and high efficiency. One promising strategy for achieving a higher
efficiency is to use different parts of the solar spectrum in photovoltaic materials with varying
bandgaps to minimize losses associated with carrier thermalization and incomplete photon
absorption. For these multi-junction (MJ) PV devices, there is a strong need for developing low-
cost, high-bandgap solar cells for efficient utilization of the high energy part of the solar spectrum.
A luminescent solar concentrator could provide exactly this function, serving as the top junction
in a multi-junction architecture by converting blue photons into guided luminescence. Due to the
concentration effect, only small amounts of high-performing but expensive I11-V photovoltaic
materials are needed to collect the light from an inexpensive luminescent waveguide. Such a device
requires high concentration factors to reduce the cost of the I111-V photovoltaic material. High
concentration also allows the Stokes Shift of the lumophore to be recovered in the operating

voltage of the photovoltaic cell.

InGaP IW?InGaP

Silicon

Figure 4.1: LSC on Silicon tandem device architecture

Photonic notch mirrors are used to enhance the performance of the LSC. When the mirrors
are used, a small portion of the solar spectrum is reflected. When they are not used, that
portion is transmitted to the silicon beneath the LSC.

4.1: Thermodynamics

It is possible to calculate the efficiency of this tandem device from thermodynamic first-
principles following the Shockley-Quessier analysis with some minor modifications. First, it is
important to calculate the 2-junction photovoltaic device efficiency limit without the current
matching criterion. The result of this calculation is shown in Figure 4.2. The maximum efficiency
exceeds 44%, and is achieved for a low bandgap of around 0.95 eV and a high bandgap of 1.75 eV.
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Figure 4.2: Two-junction PV thermodynamic limit

This calculation, while thermodynamically accurate for two semiconductors stacked
vertically, is not accurate when the top junction requires a photonic mirror that will partially
shadow the bottom junction. In that case, some current is lost from the bottom cell. A hypothetical
perfect notch filter can be applied, and the efficiency can be calculated. Additionally, the external
radiative efficiency is left as a parameter due to the inherent difficulty of producing high voltage
in a LSC device. The results of this computation are shown in Figure 4.3. In these computations,
the ERE of the silicon was assumed to be 1%, which is consistent with experimentally achieved
values.

The results show that a narrow reflection bandwidth is required in order to avoid too much
shadowing. Quantum dots would require a reflection band of at least 50 nm width due to the
homogenous line width which is around 18-19 nm full-width-half-max. Organic dyes are typically
much broader, so they would not do well in this application. Significantly narrower emission peaks
have been measured for lanthanide ions, but to date there is no efficient way to transfer energy
from broadband strong absorbers to lanthanide emitters. The development of such a lumophore
with high luminescence efficiency would be of great benefit to these LSC tandem devices.

Further, in Figure 4.3, two conditions are considered. In one, InGaP is used as the top
junction photovoltaic material. In the other, GaAs is used. The CdSe/CdS lumophores described
in this dissertation are well matched to InGaP, which has a bandgap of around 1.9 eV (and can be
tuned based on the In to Ga ratio). There is no comparably high luminescence efficiency lumophore
in existence today that is matched to GaAs. The development of such a lumophore would enable
these devices to use GaAs instead of InGaP. While the thermodynamic limits of the two cases are
similar, GaAs is much more widely available and inexpensive due to the efforts of the company
Alta Devices, which is commercializing its world record GaAs photovoltaic cells.
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Figure 4.3: Thermodynamic efficiency of the LSC-Silicon tandem

The bandgap of the photovoltaic in the LSC is held constant, and a variable width notch
filter is applied, extending toward higher energy from the bandgap of the 111-V cell in the
LSC. Varying the ERE of the 111-V changes the voltage, and varying the reflection width
changes the current. The power output of the silicon is constant for each graph.

4.2: Performance predictions for real devices

The thermodynamic limits described above are the most optimistic estimate of the PV
power production by these devices. They do not account for the non-idealities that will likely be
present in a fabricated device. In order to estimate the power production from real devices, a full
device model was built utilizing the photon-flow model shown in Figure 4.4. A description of the
items in the model, and estimates for their values, can be found in Table 3 and Table 4. The finite
element optical model from Chapter 3 was used to estimate the LSC efficiency. Voltage behavior
for the Silicon, GaAs, and InGaP cell were taken from record literature devices.%%

Using this technique, efficiency of 24-30% is predicted for the LSC+InGaP on Si, and
27-34% is predicted for the LSC+GaAs on Si. The design rules shown here are that extremely high
mirror reflectivity is needed to achieve high LSC efficiency (R>99%), high transmission in the
pass band is required (T>95%), high luminescence quantum yield is needed (QY>98%), and
photovoltaic cells must also be excellent. If all of these criteria can be met, efficiency exceeding
30% may be possible. The production of prototypes and test structures toward building these
devices and achieving these high efficiencies is the subject of future research.

54



JR, + JH2+ JR3

Spectrally Selective Mirror 1

JRl'd :(JRZ+ JFH) ¥ TT:Jp,Pd‘.s i l J?_Iur = Jﬂ] i TT(JZJ.P:]S‘.
Spectrally Selective Mirror 2 Luminescent Concentrator
JSC.Si :TBonc'h.?ass * Jﬂed * EQES i i JSC.nGaP = AbSOfpﬂOn_sc - r]cclection"LSC " JBIJe * |QE nGaF
Silicon PV InGaP PV
PSi = JSC.Si X FFSi X VSi PInGaP = JSC,InGaF‘ X FFInGaP X VOC.InGaP

Figure 4.4: Photon flow model for LSC-Si tandem device

Arrows indicate flows of photons. High energy photons are converted by the Luminescent
Concentrator into luminescence and then converted into power by the InGaP PV. Lower
energy incident photons are converted into power by the Silicon PV after transmitting

through both Spectrally Selective Mirrors.
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Parameter Symbol Optimistic Conservative
Value Value
Solar photon flux above the CdS
p bandgap i1 77.4 A / m?
Solar photon flux between CdS
bandgap and mirror reflectance Jr2 689 A /m?
band
Solar photon flux between mirror
reflectance band and silicon Jr3 2448 A / m?
bandgap
Ratio of electrical current produced
to absorbed photons for InGaP cell 1QEmgar 1 0.99
Ratio of electrical current produced
to incident photons for silicon cell EQEs: . 0.95
Transmittance of top mirror in pass
o P Trop.pass 1 0.97
Transmittance of bottom mirror in
pass band TBottom,Pass 1 0.97
Open circuit voltage of silicon cell
P under A[%Il.SG Voc-si.am1.56 0.735V 0.7V
Open circuit voltage of InGaP cell
P under Al\%ll 5G Voc-meGar,.am1.56 148V 1.4V
Open circuit voltage of silicon cell
’ under thge LSC Voc-si 0.727V 0.7V
Open circuit voltage of InGaP cell in
P e ESC Voc—incap 1597V 1517V
short circuit Cuzztlalnt of the silicon Jscosi 313.7 A / m? 2804 A / m?2
hoton collection efficiency of the
P LSC y Ncollection,LSC 0.98 0.95
Fraction of solar photons absorbed
above the CdS bandgap in the L.SC Absorption;gc 0.99 0.95
waveguide
Short circuit current of the InGaP
cell Jsc—mGap 753 A /m? 65.7 A /m?
Fill factor of the silicon cell FFg; 0.837 0.8
Fill factor of the InGaP cell FFrcap 0.88 0.85
Incident solar power Psotar 1000 W / m?
Power output of the silicon cell Pg; 190'82W / 155.1 W / m?
m
Power output of the InGaP solar 105.8 W
P s Prncap - / 84.7 W / m?
Efficiency of power generation NHarvest.DC 29.7% 24.0%

Table 3: Power generation estimates for LSC+InGaP-Si tandem
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Parameter Symbol Optimistic Conservative
Value Value
Solar photon flux above the IR QD )
bandgap Jr1 2399A /m
Solar photon flux between IR QD
bandgap and mirror reflectance JIr2 33.2A / m?
band
Solar photon flux between mirror
reflectance band and silicon Jr3 110.0 A / m?
bandgap
Ratio of electrical current produced
to absorbed photons for GaAs cell 1QEmgar 1 0.99
Ratio of electrical current produced
EQEj; 1 0.95
to incident photons for silicon cell QFs:
Transmittance of top mirror in pass
banc{) P Tbottom,pass 1 0.97
Transmittance of bottom mirror in
pass band Rbottom,pass 1 0.97
Open circuit voltage of silicon cell )
under AM1.5G Voc-si,aM1.56 0.735V 0.7V
Open circuit voltage of GaAs cell
P under Al\/%l.SG Voc—Gaas.am1s6 111V 105V
Open circuit voltage of silicon cell
under the LSC Voc_si 0.706 V 0.671V
Open circuit voltage of GaAs cell in
P e Esc Voc—caas 1227V 1167V
short circuit Cuzzlalnt of the silicon Jscosi 143.2 A / m? 128.0 A / m?
hoton collection efficiency of the
P LSC y Ncollection,LSC 0.98 0.95
Fraction of solar photons absorbed
above the CdS bandgap in the LSC Absorption;sc 0.99 0.95
waveguide
Short circuit current of the GaAs cell Jsc—caas 2331 A/ m? 203.5A /m?
Fill factor of the silicon cell FFg; 0.837 0.8
Fill factor of the GaAs cell FFgaas 0.88 0.85
Incident solar power Psolar 1000 W / m?
Power output of the silicon cell Pg; 84.6 W / m? 68.7 W / m?
Power output of the GaAs solar 251.8W/ )
cells PGaas m? 201.9W/ m
Efficiency of power generation NHarvest.DC 33.6% 27.1%

Table 4: Power generation estimates for LSC+GaAs-Si tandem
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