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1
Introduction

1.1 Light
Light is all around us. It provides us with energy and information. From light bulbs or

screens in our daily life to the complete history of planet earth that is powered by sunlight,

we cannot think of a life without light. Our most dominant sense is our vision,
1
with which

we obtain information about the world around us via light hitting our eyes. Information on

the internet is swiftly spread around the world in the form of light signals in glass fibers.

The sunlight hitting the earth in a single day contains twenty times more energy than

what humankind consumes in a year.
2
This light keeps us warm, makes plants grow, and

just a tiny fraction of all that light is used to generate electricity with solar cells.

Having control over light - being able to detect, collect, generate and guide light - is

extremely important for all kinds of technologies. From large-scale solar cells to bright

and efficient light-emitting diodes (LEDs), from glass fiber cables across the ocean to tiny

on-chip circuits that communicate with light, all require control over generating, absorbing,

or sensing light in/from a specific direction, at a specific wavelength. With solar cells we

usually want to absorb as much light as possible, to convert it to electricity. Although

not always: sometimes, for aesthetic reasons or double functionality we might want to

absorb only specific colors, or only part of the light. For lighting and screens, we want

efficient light emission of a specific (mix of) color(s). The light only has to go into a specific

direction: towards the viewer. In information technology, light signals can be used to

process information. On-chip light circuits require microscopic light emitters and detectors,

and light signals that travel in a specific direction with accurate emission and detection

1.2 Nanophotonics
For achieving such control over light emission and absorption, we can find a wide range of

tools for light manipulation in the field of nanophotonics, where one studies the interaction

of light with nanometer-sized objects. Since these objects are on the order of, or smaller

than the wavelength of light, they ‘see’ the light differently than macroscopic objects.

While large objects experience light as a continuum, nano-scale structures can interact

with individual photons and feel the fluctuating electric and magnetic fields of light. Next



1

2 Introduction

to the material properties, the size and shape of a nano-scale object become very important

for how it interacts with light. This allows, for example, to have very strong interaction

for only a specific color, when the corresponding wavelength exactly matches the size of

the structure. This is called a resonance. For light-emitting materials, the color, rate, and

efficiency at which they emit light can be influenced by the shape and size, as well as the

direction of light emission.

Nanophotonics can be split up into two categories: plasmonics and dielectrics. In

plasmonics, metals are used. The free electrons in a metal, which are also responsible for

the electrical conductivity, react to the electric field of light. When light shines on a metal

nanoparticle, the electrons can start to collectively move with the electric field, called a

plasmon resonance. This gives a very strong interaction between the light and the particle,

resulting in strong light scattering for particles much smaller than the wavelength of light.

However, some energy is always dissipated as heat in the metal. This parasitic absorption

makes plasmonics inherently lossy. On the other hand, there are dielectric materials, i.e.

insulators. Here the electrons are not free to move, but in an electric field they can still

get displaced a bit from the nuclei. The material becomes polarized, and the polarizability

is an important parameter for the optical response. When the material is transparent, i.e.

non-absorbing, at the wavelength of interest, dielectric nanostructures can be (almost) free

from parasitic absorption. Dielectric structures need to be larger than plasmonics, on the

order of the wavelength or larger. Light can be trapped inside a transparent dielectric and

bounce back and forth in a cavity, or travel along the length in a waveguide. When the light

goes from one material to another, with a different refractive index, it changes direction, an

effect used on the used on macroscopic scale in lenses and prisms. When periodic structures

or small holes are used, interference of light from different locations on the structure can

give diffraction patterns. By combining resonances, wave guiding, diffractive and refractive

effects, dielectrics provide a large range of tools to manipulate light absorption, emission,

and scattering. In this thesis, we study nanophotonics of dielectrics, because the parasitic

absorption in plasmonics is detrimental to the envisioned applications in solar cells.

1.3 Need for improvement
With the tremendous challenges of the energy transition, existing technologies need to

be further optimized and new technologies must be developed. To supply the world with

renewable energy, solar, together with wind, is expected to be the major player. To reach

the target of less than 1.5
◦
global warming, electricity generation from solar energy has

to increase by a factor of 50 in 2050, as shown in figure 1.1.
3
To realize this, solar energy

technologies need to be developed further in many aspects.
4
Efficiency improvements are

needed to meet the demand and reduce costs, material consumption, and land area use.

New photovoltaic (PV) materials must come to market, and semi-transparent and flexible

devices must be developed for the increasing range of specific applications. Also on the

energy-saving side, large improvements are needed. LEDs must become more efficient to

satisfy the growing demand for lighting and displays. Traditional electronics or mechanics

might get replaced by more energy-efficient systems from the emerging field of smart

materials. For example, by mimicking the human brain with artificial synapses based on

optical networks,
5
energy-efficient hardware can be developed for already widely used

artificial intelligence algorithms.
6
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Figure 1.1: Electricity generation in 2018 and needed electricity generation in 2050 by source to reach the 1.5
◦

global warming scenario. Electricity generation from solar power has to increase by a factor of forty from about

600 TWh in 2018 to 25000 TWh in 2050.
3

1.4 Solar cells

Currently, over 90% of all solar energy generation relies on silicon PV cells.
7
Although

tremendous improvements have been made over the past decades in terms of efficiency and

costs, silicon solar cells are reaching their limits. Given the intrinsic material properties of

silicon, efficiencies above 29% simply cannot be achieved. To keep up with the decrease

in price per kWh installed capacity necessary for further growth of the PV market, new

techniques must be developed. Nanophotonics provides many tools for further optimiza-

tion.
8
It has been widely studied for improving solar cell performance, where traditionally

the focus has been on improving light absorption, important for maximizing the current

generated by the solar cell.
9
The voltage of a cell was more considered a material property,

determined by the bandgap and the quality of the material. This has led to record solar cells

having their short circuit current (J𝑠𝑐 ) close to the theoretical limit, while the open-circuit

voltage (V𝑜𝑐) was lagging behind.
10

However, by accurately managing the light going

into and out of the solar cell with nanophotonic engineering, V𝑜𝑐 can also be increased.

The mechanisms behind this will be discussed in detail in chapter 2. Also, new solar cell

materials must come to market, to fill niche applications where silicon is not applicable,

like flexible solar cells, or to join forces with silicon solar cells in tandem configurations. In

a tandem solar cell, two materials are combined, that absorb different parts of the solar

spectrum: one for the high energy blue and green light and one for the lower energy

orange and red light. For both tandem and flexible solar cells, halide perovskite materials

are promising candidates, which will be discussed in the next section.
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1.4.1 Luminescent solar concentrators
Luminescent solar concentrators (LSCs) are an interesting alternative to planar PV panels.

LSCs rely on a transparent slab of material impregnated with fluorescent particles. These

particles, called luminophores, absorb incident sunlight and re-emit it as fluorescence. Due

to total internal reflection on the surfaces of the slab, light is guided towards the edges.

Here it is collected with PV cells that are much smaller than the total collection area. This

technique has several advantages. First of all the large collection area can be made of an

inexpensive polymer or glass, and much less PV cell material is needed. Highly efficient

but expensive PV materials like gallium-arsenide become affordable for the small PV cells

on the edges. Furthermore, it allows for semi-transparent and colored devices, which suit

building-integrated PV. So far efficiency of LSCs has been low, due to the additional loss

pathways in the process towards generating electricity. First of all, efficient luminophores

are needed, that re-emit close to 100% of the light that they absorb. Subsequently, the light

has to travel through the waveguide towards the PV cells. Photons that are emitted towards

the waveguide surface at angles smaller than the angle of total internal reflection will

escape from the waveguide. Photons that are guided by the waveguide, can be scattered

or re-absorbed by the luminophores, which again gives a chance of escaping from the

waveguide or decaying non-radiatively in the luminophore. Nanophotonic structures can

play an important role in overcoming these limitations and optimizing the waveguide

efficiency of LSCs. Since they can be used to accurately control absorption and emission

properties as a funtion of wavelength and angle, emission into the waveguide can be

improved and re-absorption can be reduced, while maintaining high sunlight absorption.

Together with recent improvements in luminophore efficiency, nanophotonic techniques

for directional light emission open new possibilities for high-efficiency LSCs.

1.5 Perovskites
Perovskites can be easily called the new wonder material of the twenty-first century.

Although this material family was discovered already in 1839 and studied extensively for

its superconducting properties, it has experienced an incredible revival since the discovery

of a 2% efficient perovskite solar cell in 2006.
11

Initially, the name perovskite referred to a

calcium titanium oxide mineral with the chemical formula CaTiO3, but nowadays the name

is used to describe the family of materials that consist of corner-sharing octahedra, usually

with the generic chemical formula ABX3. This structure is shown in figure 1.2a. Corner-

sharing BX6 octahedra form the core of the structure and largely determine the optical and

electronic properties. The A-site cations in between balance the charge and proivde the

necessary crystal stability. Perovskites with many different cations and anions have been

made, resulting in a wide range of material properties. In addition, different cations and

anions can be mixed within a perovskite crystal, allowing for fine-tuning the properties.

A well-known example is the possibility of bandgap tuning through mixing of different

halide anions. By gradually moving from pure chloride, via mixed states with bromide, to

pure iodide, emission from cesium lead halide perovskite quantum dots can cover the full

visible spectrum, shown in figure 1.2b.
12

Perovskites can be easily processed, for example

from solution, which gives it the prospect for mass production at low costs.
13

Since the

first perovskite solar cell in 2006, a tremendous increase in efficiency has been achieved,

to 25.5% in 2020, with which it can now compete with silicon. Also other applications
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have been successfully demonstrated, ranging from sensors to batteries and from LEDs to

memory devices.

The main limiting factors that are still hampering large-scale application of perovskite

devices are stability and toxicity. A perovskite is basically a salt, which easily dissolves in

water. For solar cell devices, the high sensitivity to water, and even to humidity in the air,

is detrimental. The best performing perovskite solar cells contain lead atoms, which makes

dissolving in water and leaking into the environment a serious health threat. In addition,

perovskites are known to show a lot of imperfections in the crystal lattice, of missing

atoms or atoms at the wrong position. One of the special properties of perovskties is that

optical and electronic properties do not suffer a lot from such defects. This is contrary to

many other materials, like silicon, where an almost perfect crystal is needed for optimal

functioning. On the other hand, these defects make the perovskite properties subject to

change. Under influence of light, pressure or electric fields, ions can move around, called

ion migration, which changes the optoelectrical properties. While this kind of behavior

in some cases can be used, for example in sensors, where sensitivity to external stimuli

is desirable, it often limits stable functioning devices. While a lot of research has been

dedicated to making perovskites more stable, we show in this thesis how the dynamic

nature can be used to our advantage.

Figure 1.2: a) The atomic structure of perovskite crystal. It consists of two cations (A and B) in the center and

on the corners of the cube, respectively, and anions C on the faces of the cube. Each cation and anion can also

be a mixture of different elements or molecules, which provides an incredible range of properties that can be

accurately tuned by the chemical composition of the perovskite.Figure taken from;
14

b) Cesium Lead halide

(CsPbX3, X= Cl, Br, I) nanocrystals can emit light at all visible wavelengths by varying the halide composition.

Figure taken from
12

1.6 Motivation and outline
In this thesis we investigate how dielectric nanophotonic structures can be used to create

directional light emission. Through a combination of theoretical analysis and experimental

verification we investigate several directional emitting dielectric systems. Simulations

show the potential impact of such emitters on device performance: the effect of direc-

tional nanophotonic structures on performance in realistic operating conditions for planar

and tandem solar cells, the effect of controlled halide segregation on perovskite solar

cell performance and the effect of directional emitters on LSC efficiency. A newly built

experimental setup is used to measure directivity with higher accuracy than before, in

which a record directivity from all-dielectric nanostructures is measured and the dynamics
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of a self-optimizing system are tracked.

In Chapter 2 we give a general introduction of how nanophotonic engineering can be

used to reach high efficiency solar cells. The detailed balance method is introduced, which

gives an upper limit to solar cell efficiency, which can be used to benchmark solar cell

performance. We explain the importance of controlling the light emission for reaching high

open circuit voltages, and analyze the potential effect of two nanophotonic applications on

solar cell performance in real world operating conditions.

In Chapter 3 we give experimental evidence of a new record in directional emission

from an all-dielectric nanostructured microlens. This record value was achieved by making

three improvements compared to previous work. First, a well-localized emitter at the center

of the lens was fabricated with direct electron beam patterning of quantum dot emitters.

Second, the fabricated lens structure was optimized to accurately match the designed shape.

Finally, with a dedicated measurement setup the full directivity into all angles could be

measured, by combining a Fourier microscope with an integrating sphere. In conventional

measurement schemes only the partial directivity within the numerical aperture of the

objective can be determined.

InChapter 4we show how this samemicrolens can be used for a self-optimizing system,

where we use the dynamic nature of mixed halide perovskite films to make a responsive

and adaptive system. It shows some of the basic requirements for material learning and

memory and can be seen as a case study for a wide range of potential applications where the

dynamic and adaptive nature of perovskites is used as a feature. Here we use ligh-induced

phase segregation of halide ions in a mixed halide perovskite film to form an emitter in the

hotspot of the microlens. The concept of reciprocity states that an emitter in the hotspot of

an incoming plane wave, will give directional emission into the direction of the incoming

light. This makes the system self-aligned and robust against small distortions in the lens,

resulting in higher directivity compared to that of the same lens in Chapter 3.

In Chapter 5 we investigate how the self-aligned photo-induced phase segregation

concept can be applied to perovskite solar cells to make a self-tracking solar concentrator

system with absorption of diffuse sunlight. While phase segregation of halide ions in

mixed halide perovskites in many cases reduces performance, we show that it can lead

to effective concentration and thereby higher efficiency when it happens in a controlled

manner. Instead of the nanophotonic microlenses, we use simple glass microspheres, that

focus the incoming sunlight, induce local phase segregation and redirect the emission.

Simulations predict large potential increases in solar cell performance. Simple large scale

monolayer self-assembly of spheres, resulting in increased absorption and directional

emission was shown experimentally. The simple fabrication of sphere monolayers gives

the prospect for large scale application.

Chapter 6 discusses the potential of directional light emission for Luminescent Solar

Concentrators. Thorough Monte Carlo ray-tracing simulations reveal the importance

of directivity and the potential for high efficiency LSCs. While intensive research on

luminophores with high photoluminescent quantum yield has led to almost perfect emit-

ters, there has been less attention for directional emitters, while both factors are equally

important for final performance.

In the final chapter, Chapter 7, a more detailed analysis of the concept of forward

emitting structures, as introduced in chapter 6, is performed. The Monte Carlo ray-tracing
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model is expanded to also include the effects of anisotropic absorption, and the additional

benefits of forward emitting structures are revealed.
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2
Nanophotonic Emission
Control for Improved

Photovoltaic Efficiency

With the necessary transition to renewable energy at hand, there is a renewed research focus
on increasing solar cell efficiency, in order to reduce the cost of electricity. Nanomaterials are
promising candidates to contribute to a new generation of low cost and highly efficient solar
cells. Due to their wavelength-scale dimensions, nanomaterials display exceptionally strong
light-matter interactions that lead to large perturbations in absorption and emission compared
to their bulk counterparts. Although most work on nanostructured solar cells has focused on
increasing the absorption, emission control may have even greater potential for improving
efficiency of state-of-the-art solar cells. In this chapter, we describe how nanostructures can
be applied to improve solar cell efficiency, focusing on emission control. First, we analyze the
requirements for making the most efficient solar cell, by looking at the thermodynamics of
energy conversion. We show that an ideal solar cell at open circuit displays emission that is
identical to its absorption. Comparing this to the emission of a typical silicon solar cell shows
that there are three differences: the intensity, the angles in which light is emitted, and the
spectrum. These differences lead to a reduction in efficiency, mainly due to a drop in open
circuit voltage. For each loss mechanism, we discuss how nanomaterials can manipulate the
emission and thereby reduce the voltage loss. Finally, we analyze the performance of two
conceptual designs for solar cells based on nanomaterials. These give a large improvement in
efficiency compared to conventional designs, showing the great potential of nanomaterials in
solar cells.
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2.1 Introduction
Over the past decades, the price of electricity generated by solar panels dropped drasti-

cally.
15

However, to become fully competitive with fossil fuels, including the cost of energy

storage, electricity from solar panels has to become even cheaper. The materials, manufac-

turing and installation costs are already pushed to their lower limit, but by increasing the

electricity output per panel, the price of energy can be reduced further.
16, 17

This requires

an increase in solar cell efficiency.

Nanomaterials display exceptionally strong light-matter interactions and are therefore

promising candidates to consider for the next generation of high efficiency solar cells.
10, 18, 19

The close matching between the wavelength of light and the size of nanomaterials can lead

to a variety of resonant effects.
18

By controlling their shape and size, nanomaterials offer

greatly enhanced flexibility in tuning the angle, wavelength and rate of both absorbed and

emitted photons compared to their bulk counterparts.
20, 21

This so-called nanophotonic

engineering allows for optimizing the optical properties for application in solar cells.

Initially most research in the field of nanophotonics for solar cells was focused on

maximizing light absorption. Nanomaterials can act as optical antennas, concentrating light

from an area much larger than their physical size, leading to greatly enhanced absorption.

The electrical current generated by a solar cell scales with the number of absorbed photons,

and the optimization of light absorption has led to short circuit currents (𝐽sc) close to the

theoretical maximum.
10

The open circuit voltage (𝑉oc) of solar cells, however, was mostly

seen as a consequence of material properties, design architecture and fabrication, and was

less considered as an optical problem.

It can be shown however, that nanophotonic engineering can also improve the open

circuit voltage, by optimizing light emission of the solar cell. The connection between

optimizing light absorption and increasing current is very clear, but optimization of light

management for high 𝑉oc is less intuitive. Although the importance of emission control was

already recognized by Shockley and Queisser in their seminal paper on solar cell efficiency
22

and later discussed in more detail several decades ago,
23

practical implementation has

been limited. Improvements have been made, but the achieved open circuit voltages are

still further away from the theoretical limit
10
than the achieved 𝐽sc. The only exception is

Gallium-Arsenide (GaAs) solar cells, which have been studied for their outstanding optical

properties for a long time.

Most early work on emission control was based on angle restriction filters, that block

emission into certain angles. Only recently nanophotonic strategies started to be imple-

mented that allow for a fundamentally different approach, with the key difference being the

stage at which the emission is controlled. Angle restriction filters, even if they are based on

nanoscale structures like Bragg stacks or photonic crystals,
24, 25, 26

interact with the light

after it has been emitted. Nanophotonic engineering changes the photonic environment

of the emitter, and thereby the emission process itself. This is particularly relevant for

non-ideal materials, where non-radiative recombination is dominant. With angle restric-

tors the light emitted at oblique angles is reflected back, which leads to an increase of

photon recycling, i.e. reabsorption of emitted photons. This reabsorption enhances the

non-radiative recombination. In any practical application, this increase in non-radiative

recombination nullifies any increase in efficiency coming from angle restriction.
27

This

led to the general idea that emission control only helps for materials close to the radiative
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limit. However, nanophotonic structures enable emission control while simultaneously

reducing non-radiative recombination.
21, 28, 29, 30, 20

In this perspective paper we will give

an overview of how nanophotonic engineering can be used to increase solar cell efficiency,

with a focus on increasing the open circuit voltage, by exploring the opportunities arising

from light-matter interactions at the nanoscale that are fundamentally different from any

bulk phenomena.

This perspective article is structured as follows. We start with deriving the theoretical

maximum efficiency for converting solar energy to electrical power. This derivation gives

insight in why light emission is an important performance parameter for solar cells and

shows us how an ideal solar cell should perform. From this theoretical maximally efficient

solar cell we can find three aspects in which any real solar cell differs from the ideal one.

These lead to three loss mechanisms that limit the efficiency of solar cells. For each of

these, we will discuss nanophotonics strategies that can be applied to minimize the losses.

Finally, we will present two designs for high efficiency solar cells, based on the proposed

techniques, and we analyze the performance modeled under realistic operation conditions.

We discuss the (optical) properties required for such cells and highlight some of the most

important research questions that still need to be addressed.

2.2 Fundamentals of photovoltaics
The upper limit on the conversion efficiency of solar to electrical energy is set by the

first and second law of thermodynamics. These laws have played a major role in the

development of any energy technology we have today. Applying them to solar energy

conversion, will give insight in how we can approach the upper limit of efficiency. In the

thermodynamic model, the photovoltaic (PV) system acts as a heat engine, with the sun

as the hot source, the ambient as the cold source and the light as heat exchange medium.

Optimizing a heat engine requires optimizing the heat exchange. In the case of PV this

means optimizing the light management is a way to improve efficiency. Understanding

how a PV system should operate from a thermodynamics point of view, gives insight in

how we should manage the light with nanophotonics.

When a heat engine extracts heat from a hot source at 𝑇𝐻 , not all energy can be

converted into useful work. Since work is free of entropy, the entropy from the hot source

has to go somewhere else, which requires some heat to be lost towards a cold sink at 𝑇𝐶 .

The maximum efficiency of this heat engine is given by the Carnot limit:

𝜂𝑐𝑎𝑟𝑛𝑜𝑡 = 1−

𝑇𝐶

𝑇𝐻

. (2.1)

With the sun at 𝑇𝐻=6000K and the ambient at 𝑇𝐶=300K, the maximum efficiency is 95%.

This limit can be reached in theory with the following requirements: the PV system

consists of an infinite stack of solar cells with smoothly varying bandgap from 0 to ∞ with

full absorption and without the presence of any non-radiative recombination and etendue

expansion.
31

The performance of such a system can be derived, based on the fact that any

material at non-zero temperature must exchange thermal radiation with the environment

to be in thermal equilibrium. According to Kirchhoff’s reciprocity law, absorption and

emission at a given wavelength, into a given angle are always coupled.
32

The emission

(and thus absorption) spectrum of an ideal black body is described by Planck’s law and is a
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function of temperature. The incident flux of photons with energy 𝐸 on a solar cell coming

from the sun at temperature 𝑇𝑆 is:

𝑓𝑖 =

1

𝑒𝑥𝑝
(

𝐸

𝑘𝐵𝑇𝑆 )
−1

2𝜋𝐸
2

ℎ
3
𝑐
2
, (2.2)

with ℎ being Planck’s constant, 𝑞 the elemental charge, 𝑘𝐵 Boltzmann’s constant and 𝑐 the

speed of light. Note that this equation assumes illumination from the full hemisphere or full

concentration, corresponding to no etendue expansion between emission and absorption.

When a voltage builds up in a material, the emission intensity is increased. The flux of

photons 𝑓0 emitted by a solar cell at energy 𝐸 depends on the temperature 𝑇𝐶 and the

voltage V over the cell according to:

𝑓0 =

1

𝑒𝑥𝑝
(

𝐸−𝑞𝑉

𝑘𝐵𝑇𝐶 )
−1

2𝜋𝐸
2

ℎ
3
𝑐
2
. (2.3)

This equation gives the photon flux emitted by each cell with a bandgap at 𝐸 in the infinite

stack of cells.
31

In open circuit, when no electrical current is extracted from the cell, the

emitted and absorbed photon flux must balance to reach thermal equilibrium. The emission

spectrum of the infinite stack of solar cells then equals the emission spectrum of the sun,

meaning that 𝑓0 = 𝑓𝑖 at every 𝐸, which requires:

𝐸 −𝑞𝑉𝑜𝑐

𝑘𝐵𝑇𝐶

=

𝐸

𝑘𝐵𝑇𝑆

(2.4)

Where 𝑉oc is the open circuit voltage in each cell. This can be rewritten to:

𝑞𝑉𝑜𝑐

𝐸

= 1−

𝑇𝐶

𝑇𝑆

= 𝜂𝑐𝑎𝑟𝑛𝑜𝑡 , (2.5)

which gives a direct relation between the theoretical maximum 𝑉oc in each cell and the

Carnot limit. It shows that the energy of the photons (𝐸) is converted to energy of electrons

(𝑞𝑉𝑜𝑐 ) with the Carnot efficiency.

From this derivation, we can conclude that to optimize solar cell performance, the

emission spectrum at 𝑉oc must approach that of the sun. In a practical solar cell, three

effects cause the emission spectrum to differ from the solar spectrum and thereby reduce

efficiency. First of all, a practical solar cell consists of a limited number of materials, often

only one. A single bandgap material has a narrow emission spectrum, that peaks close to

the bandgap and exponentially decreases towards higher energy. The second effect is the

difference between absorption and emission angles. In the derivation above, emission and

absorption happen in the same solid angle. In practice, a cell receives collimated sunlight

over a narrow angle, while it emits in all directions. This increase in etendue can be seen

as a heat loss towards the environment or as an increase in photon entropy. Finally, any

real material provides non-radiative pathways, via which absorbed photons are lost as heat

towards the environment. This reduces the emission intensity compared to the incoming

sunlight.



2.2 Fundamentals of photovoltaics

2

13

To extract power, current must be drawn. This moves the system away from the

reversible Carnot limit and reduces the maximum efficiency. Excited states now do work

instead of emitting light, which reduces the emission intensity. The resulting maximum

power conversion efficiency is 87%.
31

It is important to make the distinction between this

useful reduction in voltage and the three mechanisms mentioned above, which decrease

the voltage without increasing the current.

The well known Shockley-Queisser limit
22
is also based on thermodynamics, but for

a less idealized system. It includes two of the three loss mechanisms: it assumes a single

stepwise bandgap and takes into account the difference in solid angle between emission and

absorption, but it does not include non-radiative recombination. The system is characterized

by the short circuit current density 𝐽sc, which is the same as the photo-generated current

density, and the dark current density 𝐽0, which is the recombination current density in the

dark. These two determine the open circuit voltage 𝑉oc according to
33

𝑉𝑜𝑐 =

𝑘𝐵𝑇

𝑞

𝑙𝑛
(

𝐽𝑠𝑐

𝐽0
)
. (2.6)

With these assumptions, the efficiency as a function of bandgap can be calculated, shown as

the red line in figure 2.1. This calculation uses the AM1.5G spectrumwith 1 sun illumination.

It has a maximum efficiency of 34%, which is far below the limit of 87% due to the emission

being narrowband and isotropic.
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Figure 2.1: Maximum achievable efficiency as a function of bandgap energy based on the AM1.5 spectrum for

three models: the SQ limit (blue), maximum concentration of 46200 (orange) and maximum directivity of 46200

over a narrow band width optimized at each bandgap (green). The latter one also captures the diffuse part of the

light efficiently.

Any real single junction solar cell under one sun illumination performs below the SQ

limit, due to non-radiative recombination of excited electrons. By analyzing the perfor-

mance of a record efficiency silicon solar cell, we can quantify how much each of the three
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loss mechanisms contributes to a reduction in current and/or voltage. For this analysis

we assume the solar cell has a stepwise bandgap of 1.1 eV. The amount of non-radiative

recombination is given by the photoluminescence quantum yield (PLQY), which is the

ratio of radiative recombination to the total (radiative plus non-radiative) recombination.

We use a PLQY of 1%, which is the typical value for state-of-the-art silicon solar cells.
34, 35

With these assumptions, the modeled cell has an efficiency of 28% under the AM1.5G

spectrum. The actual record lies at 26.7%,
36
meaning that other non-idealities that are not

considered in this model account for only 1.3%. These are, for example, no ideal stepwise

absorption onset and imperfections at the contacts. The remaining difference between the

record efficiency and the maximum achievable efficiency of 87%, can be split up in different

contributions, as shown in figure 2.2. The fraction of photons that is not absorbed, contains

only 19% of the incoming energy. Considering that the conversion efficiency at maximum

power generation is 87%, the energy loss due to non-absorbed photons, and thus loss in

current, is 16%. The remaining 43% of efficiency loss compared to the maximum power

conversion efficiency is due to reductions in voltage, originating from increases in 𝐽0: 5%

efficiency loss due to the non-radiative recombination, 12% loss due to isotropic emission

and 26% due to thermalization of high energy electrons. In the following sections we will

discuss each of the loss mechanisms in more detail, and provide nanophotonic concepts

that can help to overcome these losses.

Thermalization 26%

Etendue expansion 12%

PLQY 5%

Not absorbed 16%

Other non-idealities 1.3%

Si efficiency 26.7%

100%

Voltage

Current

Carnot 5%
Maximum power generation 8%

Figure 2.2: Contribution of different loss mechanisms to the total reduction in power conversion efficiency

compared to the thermodynamic limit. Most losses (43%) are caused by a reduction in voltage.
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2.3 Improving light emission
The reduction in emission intensity due to non-radiative recombination is the first loss

mechanism that we will discuss. Any non-radiative recombination increases the saturation

current density 𝐽0 and thereby reduces the voltage compared to the radiative limit 𝑉𝑜𝑐,𝑟𝑎𝑑

according to:
33

𝑉𝑜𝑐 = 𝑉𝑜𝑐,𝑟𝑎𝑑 +

𝑘𝐵𝑇

𝑞

𝑙𝑛(𝑃𝐿𝑄𝑌), (2.7)

The radiative limit is very similar to the SQ limit, but takes into account the realistic, non-

stepwise, absorption spectrum. A high performance solar cell should have good absorption

anywhere above the bandgap and all of the discussion below assumes that good absorption

is achieved. The radiative limit is not approached by reducing 𝐽0 when 𝐽sc is not maintained,

because efficiency changes only logarithmically with 𝐽0(equation (2.6)), while it changes

linearly with 𝐽sc.

In approaching the radiative limit, PLQY is the key performance parameter. It is the rate

of externally emitted photons divided by the total recombination rate and is determined by

two parameters. One is the internal luminescence efficiency 𝑄
𝑙𝑢𝑚

𝑖
, which depends on the

radiative and non-radiative rates inside the material. The second is the escape probability

𝑝𝑒 : the probability that an internally generated photon makes it to the far field, outside

the material. Otherwise it is reabsorbed with probability 𝑝𝑟 or parasitically absorbed with

probability 𝑝𝑎 , such that 𝑝𝑒 +𝑝𝑎 +𝑝𝑟 = 1. The PLQY expressed in these terms is given by:
33

𝑃𝐿𝑄𝑌 =

𝑄
𝑙𝑢𝑚

𝑖
𝑝𝑒

1−𝑄
𝑙𝑢𝑚

𝑖
𝑝𝑟

, (2.8)

To approach the radiative limit, we have to maximize 𝑄
𝑙𝑢𝑚

𝑖
and 𝑝𝑒 . The internal lumi-

nescence efficiency 𝑄
𝑙𝑢𝑚

𝑖
is increased by decreasing the non-radiative recombination rate

or by increasing the radiative rate. The probability 𝑝𝑒 is increased by improving light

outcoupling. Reabsorption in the active material is preferable over parasitic absorption in

other materials, so increasing 𝑝𝑟 can increase solar cell performance. Once 𝑝𝑎 is minimized,

𝑝𝑒 should be increased in order to approach the radiative limit.

The non-radiative recombination rate constant is set by the material quality and scales

with the density of defects. Nanomaterials can show higher material quality, because

they are more easily grown as single crystals. Also lattice mismatch with the substrate is

more easily accommodated, allowing for a wider range of materials to be combined. The

large surface-to-volume ratio was for a long time considered to be the main drawback

of nanomaterials, because many trap states are formed at the surface.
37

However, great

progress in surface passivation techniques has led to nanostructures with low non-radiative

recombination rates. For example, silicon nanostructures (black silicon) passivated by

Al2O3

38
or SiO2,

39
InP nanowires passivated by PO𝑥

40
and halide perovskite nanowires

passivated by porous aluminum oxide templates
41
have all enabled PLQY values comparable

to state-of-the-art bulk systems.

Both the radiative recombination rate and light outcoupling can be tuned with nanopho-

tonic engineering. When comparing a planar device to a nanostructured device, many

parameters are changed at the same time and it is difficult, if not impossible, to fully

separate the different contributions to the final performance. A detailed (mathematical)
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analysis is beyond the scope of this paper. We will point out some of the effects that play a

role.

The key parameter to which many of the optical properties of nanostructures relate,

is the enhancement in light absorption. Initially this was mainly considered as a way to

increase 𝐽sc. However, it can also improve 𝑉oc by increasing PLQY as given in equation (2.7).

Absorption enhancement per unit volume leads to a higher density of excited charge

carriers inside the material, i.e. higher injection level. The radiative recombination rate

scales with the carrier concentration squared, while the trap state assisted non-radiative

recombination rate scales only linearly with carrier concentration.
42

The non-radiative

Auger recombination scales with carrier concentration cubed and starts to dominate at

high injection levels.
42

Therefore 𝑄
𝑙𝑢𝑚

𝑖
usually has a peak at finite carrier concentration;

with higher carrier concentration leading to a loss in 𝑄
𝑙𝑢𝑚

𝑖
because of Auger recombination

and lower carrier densities leading to a loss because of enhanced trap state assisted non-

radiative recombination.
42

Intelligent choice of doping concentrations and absorber layer

properties may allow the device to be designed such that the optimum injection level is

close to one sun conditions. The effect of enhanced 𝑄
𝑙𝑢𝑚

𝑖
at higher injection levels can also

be understood from reciprocity: a higher absorption rate means also a higher emission

rate; for the same non-radiative rate this gives an increase in 𝑄
𝑙𝑢𝑚

𝑖
.

Changes in light absorption, and thus light incoupling, will also influence the light

outcoupling, and thereby 𝑝𝑒 . Intuitively one can understand that when less absorbing

material is needed, 𝑝𝑒 will be larger in a nanostructured device: emitted light has to travel

a shorter distance through the material before it reaches an interface where it can escape.

Or again the reciprocity argument can be used: stronger coupling to incoming light, means

stronger coupling to outgoing modes, which increases 𝑝𝑒 .

The changes in𝑄
𝑙𝑢𝑚

𝑖
(via enhanced internal radiative rate) and 𝑝𝑒 (via enhanced external

radiative rate) are related to the same optical effects. Nanostructures can enhance the local

density of optical states (LDOS) and they can enhance coupling to specific modes, which

is equivalent to locally enhancing the field of incoming waves. Since these effects are

coupled and influence both 𝑄
𝑙𝑢𝑚

𝑖
and 𝑝𝑒 , these parameters can not be tuned independently.

In addition to that, the absorption and emission spectra will be altered by changes in

LDOS and electric field strength. Often the consequential changes in 𝑉oc are attributed

to different parameters in an additive manner, but it has already been shown that in this

additive form the different components are not independent.
43

By combining the additive

terms in one equation (eq. 27 in
43
) this expression is claimed to contain only independent

parameters. However, when considering nanostructures, several terms in this expression

are still coupled via the LDOS and field enhancement. A general statement on how these

effects change 𝑉oc can therefore not be made. However, attempts to attribute changes in

𝑉oc to specific parameters has led to some confusion, some of which we will try to resolve

here.

In the first place, there is experimental proof of strongly increased 𝑉oc and PLQY

in nanostructured materials. By comparing a planar InP device to one with nanowires

of the same material, an increase in 𝑉oc of 70 mV was found due to a combination of

enhanced absorption, increased 𝑄
𝑙𝑢𝑚

𝑖
and increased 𝑝𝑒 .

28
Light outcoupling enhancement

via nanotexturing has also been used to improve methylammonium lead halide perovskite

thin film solar cells. For the iodide perovskite, the PLQY was increased by more than a
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factor 5, by going from thin film deposition on a smooth glass substrate to a nanotextured

substrate.
44

Also without fully quantifying and separating the contributions of the physical

processes underlying these effects, it should be clear that nanostructures can improve the

optical properties of a material.

One source of confusion is the fact that changing the optical properties of a material

can also change the emission and absorption spectrum. This might lead to an effective

increase or decrease in bandgap, resulting in a change in 𝑉𝑜𝑐,𝑟𝑎𝑑 . When only looking at the

resulting voltage, one can come to the conclusion that 𝑝𝑒 should be minimized, because

this can lead to an effective increase in bandgap and therefore in 𝑉oc.
45

However, this

is only moving along the bandgap axis in figure 2.1, without actually getting closer to

the radiative or SQ limit, as shown by the red arrow in figure 2.3. In the presence of

non-radiative recombination, increasing 𝑝𝑒 will lead to an increase in PLQY (green arrow

in figure 2.3). Even though the absolute 𝑉oc may decrease due to a lower effective bandgap,

the radiative limit will be more closely approached. Intuitively this can be well-understood

from the fact that any reabsorption of a photon (due to a low 𝑝𝑒) provides another chance

for non-radiative recombination, which reduces the PLQY. Therefore 𝑝𝑒 should always be

maximized for approaching the radiative limit as long as absorption is not compromised.

Another source of confusion arises when looking at individual nanoparticles. Instead of

an absorption spectrum, they are typically characterized by their absorption cross section

𝜎𝑎𝑏𝑠 as a function of wavelength, defined as the effective area over which the particle

absorbs light. The absorption cross section can be substantially larger than the geometrical

size of the particle, which makes the standard definitions for solar cell performance not

applicable.
46

In individual nanoparticles, 𝑉𝑜𝑐,𝑟𝑎𝑑 and the radiative recombination rate

can be changed over a very large range, which complicates fair comparisons between

different systems. In figure 2.3, we show schematically the different situations that can

be encountered. When 𝜎𝑎𝑏𝑠 is increased equally for all wavelengths above the bandgap,

the radiative rate is increased. This brings the system closer to the radiative limit, as

indicated by the green arrow. As long as 𝜎𝑎𝑏𝑠 is isotropic, the efficiency can not increase

above the radiative limit, because 𝐽0,𝑟𝑎𝑑 (the radiative saturation current density) and 𝐽sc

are increased by the same amount. To surpass the radiative limit, the expansion of etendue

has to be reduced, which is the topic of the next section. This requires an angle dependent

𝜎𝑎𝑏𝑠
46
and as a consequence the whole radiative limit moves to higher efficiency for all

bandgaps (dotted line). If 𝜎𝑎𝑏𝑠 is increased more for some wavelengths than for others, the

effective optical bandgap of the material is changed and one moves along the bandgap axis,

indicated by the red arrow. Depending on whether the starting point is below or above the

optimum bandgap, this increases or decreases efficiency. When an individual nanoparticle

has a strong resonance at the bandgap, 𝑉𝑜𝑐,𝑟𝑎𝑑 can actually be decreased significantly. The

resonance strongly enhances emission and absorption at the bandgap only, by which 𝐽0

is increased much more than 𝐽sc,
46, 47

following the orange arrow. In a full scale solar cell,

this would be equivalent to a device with full absorption at the bandgap, but much lower

absorption at higher energy. Since a good performing solar cell should have full absorption

anywhere above the bandgap, larger absorption rates at the bandgap than at higher energy

are not desirable. By designing a structure with a both angular and wavelength-dependent

absorption cross section, potentially very high efficiencies can be achieved, as shown by

the green curve in figure 2.1. This will be discussed in more detail in the next section.
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Figure 2.3: Nanostructures can affect the efficiency and 𝑉oc in several ways, which occasionally leads to some

confusion. Four effects can be distinguished: by enhancing the radiative rate, the PLQY can be increased,

approaching the radiative limit (green arrow); the effective bandgap can be changed (red arrow); a resonance at

the bandgap effectively decreases 𝐽sc and 𝑉𝑜𝑐,𝑟𝑎𝑑 (orange arrow); or the whole radiative limit can be increased by

restricting the cone of emission (dotted line).

Throughout this section we have used the PLQY as a measure of solar cell voltage,

relying on the reciprocity relation between light absorption and light emission. The critical

reader might have noticed that this is technically incorrect, because the reciprocity relation

links PLQY to the quasi-Fermi level splitting, while solar cell voltage is connected to the

electroluminescence (LED) quantum efficiency. The PLQY and LED quantum efficiency

are equivalent when assuming perfect contacts and infinite carrier mobility, but can be

different for real materials.
48

However, in mature semiconductor systems, carrier extraction

is close to perfect and for most materials, except for organics, the mobility is sufficiently

high at one sun fluxes. In this case transport losses do not play a significant role, and

the optically and electrically measured quantum efficiency are almost the same.
48, 49, 50

PLQY is the upper bound and is the one we influence with nanophotonics. We do not

focus on carrier transport or carrier injection in this article and therefore use PLQY as a

characteristic parameter. Experimentally, PLQY is also often more useful since it can be

measured at every step of the solar cell fabrication, while the electroluminescence requires

a complete device.

2.4 Matching the angles
The second loss mechanism that we discuss, is the mismatch between absorption and

emission angles. This leads to an increase in photon entropy between the incoming and

emitted light. Since the conventional SQ limit assumes isotropic emission, this limit can

be exceeded by reducing the cone of emission. This leads to a decrease in the radiative

recombination 𝐽0,𝑟𝑎𝑑 , by which 𝑉𝑜𝑐,𝑟𝑎𝑑 , and thus the efficiency, are increased. Emission and

absorption are coupled via Kirchhoff’s law, so emission into the cone of the sun can not

be reduced without sacrificing 𝐽sc. The sunlight comes from a cone with a 0.5 degree half

angle, which allows for a maximal reduction of 𝐽0 by a factor 46200, compared to emission

into the full hemisphere. This corresponds to a maximum increase in voltage of 278 mV.
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The most conventional way to reduce the loss due to etendue expansion is by using a

concentrating lens. The light that comes directly from the sun is focused onto the cell, while

the thermal radiation that comes from all angles is not focused on the cell. Or equivalently,

the lens focuses the emission from the cell towards the sun. The resulting efficiency of the

SQ limit with 46200 times concentrated AM1.5 spectrum is shown in figure 2.1, orange

line. The maximum achievable efficiency is over 40%. However, in a typical terrestrial

situation, part of the sunlight is scattered by clouds and surroundings. This light is not

focused on the cell and as a consequence the absorption of this diffuse light decreases by

the concentration factor. In many terrestrial applications, this decreases 𝐽sc more than it

increases 𝑉oc and the efficiency decreases.

To see the consequences of this effect, we analyzed the impact of diffuse sunlight on

conventional concentrating systems. We derived an expression for the relation between

efficiency, concentration factor and fraction of direct sunlight. For a concentration factor X,

both 𝐽0 and the absorption of diffuse sunlight are reduced by a factor X. Plugging this into

the equations for 𝐽sc and 𝑉oc, and simplifying the expression by neglecting small terms, it

can be shown that efficiency approximately scales with concentration factor and fraction

of direct sunlight as:

𝜂 ∝ 𝐽𝑠𝑐𝑓𝑑𝑖𝑟
[

𝑙𝑛
(

𝐽𝑠𝑐

𝐽0
)
+ 𝑙𝑛(𝑓𝑑𝑖𝑟𝑋)+

1

𝑋

1− 𝑓𝑑𝑖𝑟

𝑓𝑑𝑖𝑟

𝑙𝑛
(

𝐽𝑠𝑐

𝐽0
)]

(2.9)

with 𝐽sc and 𝐽0 the short circuit and dark current for the cell without concentrating lens,

respectively, and 𝑓𝑑𝑖𝑟 the fraction of direct sunlight. The derivation can be found in

section 2.8.1. This equation shows that the concentration factor has both a positive (𝑙𝑛(𝑋 )

term), and a negative (1/𝑋 term) effect on efficiency, which originate from the increase in

𝑉oc and the decrease in 𝐽sc, respectively.
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Figure 2.4: Efficiency as a function of concentration factor at a bandgap of 1.11 for different fractions of direct

sunlight, calculated with equation (2.9). The black line indicates the efficiency at 1 sun and the orange lines

indicate the break even points, above which the efficiency is increased due to the concentration.

We used this expression to calculate the efficiency as a function of concentration factor

for a silicon solar cell, ignoring Auger effects. We used a bandgap of 1.1 eV and the AM1.5
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spectrum, which contains 90% direct sunlight, and a modified version of this spectrum

with 85% direct sunlight. Figure 2.4 shows how at low concentration the reduction in

𝐽sc is dominant and the efficiency is decreased. Only above a certain threshold value for

X𝑡ℎ𝑟 , concentration is beneficial. The lower the fraction of direct sunlight, the higher X𝑡ℎ𝑟

becomes. X𝑡ℎ𝑟 rapidly increases: by going from 90% to 85% direct sunlight, it increases from

40 to almost 400. Vice versa, the lower the concentration factor, the more direct sunlight is

needed. The minimum required fraction of direct sunlight for a given X can be derived

from equation (2.9) and reads:

𝑓𝑑𝑖𝑟 =
[
1+

1

𝑙𝑛(𝐽𝑠𝑐/𝐽0)

𝑋𝑙𝑛(𝑋 )

𝑋 −1 ]

−1

. (2.10)

For the AM1.5 global spectrum, a bandgap of 1.1 eV and maximum concentration (46200x),

at least 76% of the sunlight must be direct. For a more practically achievable concentration

of 400x, the break-even point lies just below 85% direct sunlight. In many places on earth

this value is not reached most of the time. In that case adding a concentrator will make the

system perform worse. To get a feeling for the numbers: in the Netherlands the fraction of

energy from direct sunlight is on average 36%, in Denver (Colorado, US) this is 76% and in

the Sahara this is 80%.
51

The AM1.5G spectrum assumes a clear sky, but still contains 10%

diffuse sunlight due to the presence of the atmosphere.

Instead of expanding the angular range of incident sunlight to match the angle of

emitted light (as with concentrating lenses described above), it is also possible to reduce the

emission angle of the solar cell towards that of the sun. This is done with angle restrictive

filters, that block emission and absorption into oblique angles. This concept was described

more than two decades ago,
23

and has been studied in order to find upper thermodynamic

limits for PV systems since then.
43, 52

When acting over the full solar spectrum, angle

restrictive mirrors are mathematically equivalent to concentrating lenses and they can be

described with an effective concentration factor. However, since emission occurs over a

narrow bandwidth, the angle restrictive mirrors can be made wavelength selective. This

way, the problem with diffuse sunlight can be circumvented: if the mirrors only block light

at the emission wavelength, while they are transparent at higher energy, 𝐽0 is decreased

while maintaining high 𝐽sc. In practice however, PV systems with angle selective mirrors

suffer from the decreased escape probability, which reduces the PLQY as discussed in

the previous section(equation (2.8)) as a consequence of photon recycling. The resulting

increase in 𝑉oc for an effective concentration factor X and initial value of PLQY is given by

(𝑘𝐵𝑇 /𝑞)𝑙𝑛{𝑋 /[𝑋 −(𝑋 −1)𝑃𝐿𝑄𝑌 ]}, which approaches zero as the initial PLQY goes to zero.
34

This approach was tried experimentally, using a high quality GaAs solar cell. Despite the

high PLQY in GaAs the increase in 𝑉oc was only a few mV due to the decrease in escape

probability.
53

As mentioned above, concentration and angle restriction are mathematically the same

in the radiative limit and without considering diffuse sunlight. When you look at the

combined system of solar cell plus concentrating lens or angle restrictor from the outside,

both look the same: only incoming light at normal incidence is absorbed and only collimated

light comes out. Both techniques have their limitations, and by combining the two losses

can be minimized.
24, 54

Concentrating lenses always act over the full spectrum, which leads

to significant losses in any realistic operating conditions with diffuse sunlight. However,
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they do have the advantage of having good light outcoupling, which makes them also

applicable to materials with a low PLQY like silicon. Angle restrictors allow for wavelength

selectivity, but they work based on reduced light outcoupling. In some cases this can

be beneficial, because this light trapping increases the absorption close to the bandgap,

increasing Jsc for a given thickness.
55

However, this comes at the cost of increased non-

radiative recombination, meaning that the efficiency will always be below the radiative

limit for non-ideal materials. Since most work on controlling the emission angles has

been focused on angle restricting filters on top of the solar cell, which enhance photon

recycling and reduce escape probability, this has led to the misconception that any type of

angle restriction only works for solar cells close the radiative limit. With nanophotonic

structures this does not have to be the case: they change the emission event itself, instead

of interacting with the light after it is emitted. Just like the efficiency of silicon cells can be

increased with concentrating lenses, which effectively also change the angular profile of

the emission, nanophotonic structures have the potential to improve efficiency also for

materials with low radiative efficiency.
21

Nanophotonic structures can combine the best of both worlds: maintaining high

light-outcoupling as with concentrating lenses, while providing wavelength selectivity

comparable to angle restriction filters. This requires directive nanoparticles: particles that

emit and absorb more in one direction than in all others. This is described by the so called

directivity, as used in antenna theory. It is defined as the maximum power absorbed or

emitted into a certain direction divided by the average power in all directions. The particles

must be directive over a narrow band width around the emission wavelength, and absorb

high energy light from all directions. This gives both directive light emission (i.e. reduced

emission loss) and good absorption of diffuse sunlight, while maintaining or potentially

increasing the escape probability. The resulting efficiency of such system, with the band

width of directivity optimized at each bandgap, is shown in figure 2.1, green line.

To achieve these efficiencies, one must have accurate control over the light emission. In

the field of nanophotonic engineering several methods have been developed for controlling

the emission at the nanoscale. Especially in the field of single photon emitters there is a

large demand for increasing the brightness, enhancing the Purcell factor and controlling the

directivity.
20

A frequently studied system is the Yagi-Uda antenna. On macroscopic scale

this is a well-known antenna design used for radio frequencies. By scaling it down to the

nm size, light emission of a single quantum dot can be controlled. Using five gold elements

a forward-to-backward ratio of the emission of 4.7 dB has been experimentally achieved.
56

Another well-known geometry is the Bull’s eye antenna, which consists of concentric

rings or grooves around the emitter(s). With shallow grooves in a gold film a directivity

of 7.5 dB was measured from an ensemble of particles.
57

Coupling emitters to plasmonic

resonances in an array of aluminum nanoantennas, gave a more than 60-fold directional

enhancement for the purpose of efficient light-emitting diodes.
58

By introducing spatial

variations in an array of nanoantennas, wavefront shaping with sub-wavelength resolution

can be achieved, which is being used for the development of flat optics or metalenses.
59

All of the above mentioned systems rely on plasmonic nanostructures. The main disad-

vantage of plasmonic structures is the parasitic absorption in the metals. This realization

has led to a shift away from lossy metallic (plasmonic) resonators towards dielectric sys-

tems. Here many of the nanophotonic advantages are still present, but without the parasitic
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absorption.
60

For example, a hybrid system of a titania Bull’s eye structure on a silver film

was realized, which gave emission into two lobes with full-width-half-max of 3 degrees.
61

An all-dielectric Yagi-Uda nanoantenna was fabricated from silicon spheres, reaching a

maximum directivity above 7 in the microwave range.
62

Also in the field of metalenses

the low efficiency associated to the dissipative losses in metals has led to the development

of all-dielectric metasurfaces, which show good potential for replacing their plasmonic

counterparts.
63

For the performance of solar cells, parasitic absorption is detrimental for both current

and voltage. Initially, work has been done on plasmonic structures for solar cells, mostly

to enhance absorption in the solar cell material.
64

Since it became clear that the parasitic

absorption in the metals will limit the achievable efficiencies, the attention has now shifted

to dielectric nanostructures.
18

Of course the dielectric materials have their own possibilities and challenges. An

advantage is, that dielectric nanoparticles can support both electric and magnetic reso-

nances simultaneously, which can be controlled independently.
60

On the other hand, these

resonances are usually less localized than in metals, leading to more broadband response

and lower directivity. Fabrication imperfections are challenging in any nanoscale structure

and cause sub-optimal geometries and rough surfaces. Insufficient surface passivation

has further decreased the performance of dielectric nanophotonic structures so far. Both

theoretical and experimental work is to be done on improving light management with

dielectric nanostructures and developing pathways to large-scale applications.

A specific example of the kind of design requirements is the angular and wavelength

dependent absorption and emission profile needed for the reduction in etendue. For a

material with a bandgap at 860 nm (e.g. GaAs), the ideal absorption cross section as a

function of angle and wavelength is shown schematically in figure 2.5. The structure

must have high absorption at normal incidence, to collect the direct sunlight efficiently,

and high absorption from all directions at high energy, to maximize absorption of diffuse

sunlight. Close to the bandgap, away from normal incidence the absorption should be low,

which makes the emission directional towards the sun. Radiative recombination should be

enhanced, while parasitic absorption must be avoided.

To realize such particles, morphologies have to be found and fabricated that lead

to anisotropic absorption cross sections. Finding the optimal shape for highly directive

particles is a non-trivial nanophotonics problem. Either the absorber material itself can

be made into a directive structure, or nanoantennas of dielectric material can be placed

around or on top of the semiconductor. The directivity of GaAs nanowires has been

increased from 2 to 20 by placing a ’nanolens’ on top of the wire. The nanophotonic

structure of the lens was designed through an evolutionary algorithm and fabricated using

two-photon lithography.
65

For future large-scale application, faster fabrication methods are

needed, based on chemical growth or self assembly. A good candidate might be the shape-

preserving transformation of carbonate minerals into semiconductors. Carbonate minerals

can mineralize into three dimensional shapes in a well controlled manner. Subsequently

the structure can be transformed into, for example, methylamonium lead halide perovskite,

which is a good solar cell material.
66

Potentially, high directivities can be reached by combining different effects. For example,

it may be possible to place the directive nanolenses in an array that provides additional



2.5 Matching the spectrum

2

23

0 200 400 600 800200400600800

λ (nm)

θ=π/2

θ=π/4

θ=0 θsθs
high σabs

low σabs

Figure 2.5: Schematic illustration of how the absorption cross section (𝜎
abs

) of a nanostructure should vary with

wavelength and angle of the incoming light in order to achieve the narrow band directivity. Around the bandgap

the nanoparticle should be directive, such that it emits light in the direction of the sun. This requires higher

absorption for normal incidence than for oblique angles. At energies further above the bandgap it should absorb

light from all directions, to also capture diffuse sunlight.

directivity. Another option is to choose specific emitter materials with intrinsic directional

emission, due to preferred dipole orientation
67, 68

and combining this with nanolenses or

array effects, or both. To achieve the wavelength selective directivity different materials or

molecules with specific dipole orientation must be combined and coupled.

2.5 Matching the spectrum
The biggest loss mechanism that applies to all single junction solar cells, is the mismatch

in absorption and emission spectrum. For the typical silicon solar cell, as analyzed in

figure 2.2, this contributes to an absolute loss of 42% in efficiency. All photons below the

bandgap are not absorbed, which accounts for 16% of the loss, and all excess energy of

above-bandgap photons is dissipated as heat, thereby losing the remaining 26% of efficiency.

There are several techniques available to reduce these losses. In this section we will discus

the ones that can benefit from nanophotonics.

A luminescent solar concentrator (LSC) consists of a plate or sheet of transparent

material with embedded luminescent particles. These particles absorb the sunlight and

subsequently emit light, which is then waveguided through the plate. Small solar cells

connected to the waveguide absorb the light and convert it to electricity. Although this

system has the name concentrator, it can not increase the efficiency above the SQ limit

like the concentrating systems discussed previously. This can be understood from the fact

that the thermal emission to the environment is not directed towards the sun, and thus

the entropy loss remains. However, LSCs have several advantages, both economical and

physical, and nanophotonics can help to improve their performance.

The economical benefit of using an LSC is that the transparent plate with luminescent

particles can be cheap and easy to fabricate: existing cover glasses or polymer coatings
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used in the solar cell industry can already fulfill the role of a waveguide. The actual solar

cells to which the light is guided are very small compared to the collection area. This

small size makes expensive, high efficiency solar cells affordable. LSCs can potentially

create high efficiency devices, because they can be used in tandem configurations for better

capturing of the full solar spectrum. Conventional multi-junction solar cells are complex

and expensive to fabricate, because many additional layers are required to accommodate the

lattice mismatch, charge transport and surface passivation. The cells are usually connected

in series, which limits the current to the lowest current in one of the cells. Stacking LSCs

with different bandgaps is less complex, and the cells do not need to be current matched.

This makes the tandem less sensitive to temperature and spectral fluctuations and easier

to fabricate. Promising results have been found in both theoretical
69
and experimental

70

work on the performance of LSC-tandem configurations.

Nanophotonics engineering is already being used for optimizing the absorption and

emission spectra of the luminescent particles in LSCs. With Stokes shift engineering, i.e.

the shift between absorption and emission spectrum, reabsorption in the waveguide can be

reduced. By properly matching the emission to the absorption of the solar cells, efficiency

can be increased. In a tandem configuration the bandgaps of the different layers can be

accurately tuned for optimal performance, by using quantum confinement or resonances

to change the effective bandgap of the material. However, the main challenge for making

high efficiency LSCs is to achieve efficient guiding of the emitted light towards the solar

cells. Many photons are often lost along the way, due to non-radiative recombination

in the particles, or because they are emitted into the escape cone of the waveguide. The

light that is coupled to the waveguide, is often reabsorbed many times along its way. Each

reabsorption event leads to another chance of non-radiative recombination or emission

into the escape cone.

With nanophotonic engineering, particles can be designed that minimize the losses in

the waveguide. By creating directive emission into the plane of the waveguide, the fraction

of light emitted into the escape cone can be reduced significantly. It has been proposed to

use for example photonic structures to enhance in-plane emission and reduce escape cone

losses.
71

By creating aligned directive emission into only one direction, also the chance of

reabsorption can be reduced: the structures emit light mostly in one direction (say towards

the right), but due to reciprocity they mostly absorb light traveling to the left. This leads

to a structure in which light can travel only in one direction. The structure requires a

lower directivity than the nanolenses in the previous section: as long as the light is emitted

into the cone of total internal reflection of the waveguide, the photons do not escape. The

required absorption cross section as a function of angle and wavelength is schematically

shown in figure 2.6. Again, at short wavelengths (high energy) the absorption should be

high from all directions, to maximize absorption of sunlight, and the particles should be

only directive over their emission spectrum.

Another system that reduces the spectral mismatch and that can benefit from nanopho-

tonic engineering, is a photonmultiplier. In this concept, high energy photons are converted

to two low energy photons. This process takes place in the so-called down converter layer

on top of a solar cell, from which the photons have to be emitted towards the solar cell.

This down conversion can be realized with singlet fission
72
or multiple exciton genera-

tion.
73, 74, 75

The efficiency of this type of devices can be increased by coupling the down
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Figure 2.6: Schematic illustration of how the absorption cross section (𝜎
abs

) of a nanostructure should vary with

wavelength and angle of the incoming light for the emitters in the LSC waveguide. The emission around the

bandgap should occur primarily within the cone of total internal reflection, which requires low 𝜎
abs

in all other

directions. At energies higher above the bandgap 𝜎
abs

should be large to absorb the incoming sunlight from all

directions.

converter to directive emitters. This will ensure that the down converted light is emitted

towards the solar cell.

Finally, nanostructures can form an alternative configuration for tandem or multi-

junction solar cells. Instead of placing layers that absorb different parts of the solar

spectrum on top of each other, spectral splitting can be achieved by placing nanostructures

next to each other. Thanks to the enhanced absorption cross section of nanowires, adjacent

wires with different bandgap can collect light from an overlapping area. Spectral splitting

can be achieved by making high bandgap nanowires taller, such that the high energy

photons are absorbed before they reach the lower bandgap material wires,
76

or by making

use of structures with different resonance frequencies, which cause an enhancement in

absorption cross-section at specific frequencies.
77

2.6 Future solar cells
In this section we propose two concepts for high efficiency solar cell designs, based on

the approaches discussed in the previous sections. In the first design, a high efficiency

is reached by reducing the cone of emission while maintaining high 𝐽sc and 𝑝𝑒 by using

narrow-band directive nanostructures. The second design combines existing bifacial silicon

solar cells with a luminescent solar concentrator, which leads to a low cost, high efficiency

tandem device. The performance of each design is evaluated in realistic operating condi-
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tions using measured solar spectra, and compared to a more conventional design without

nanophotonics.

2.6.1 Narrow band directivity nanolenses
The first concept aims at a reduction in emission cone, high light outcoupling and good

absorption of diffuse sunlight. This is achieved with nanostructures that emit the light into

one specific direction, rather than using structures that redirect the light after emission,

such that directivity does not come at the cost of light outcoupling. The constituent

nanostructures should have an absorption cross section varying with incidence angle and

wavelength as shown in figure 2.5. The optimal bandgap for this concept is 1.1eV, as can be

seen in figure 2.1. We assume a high quality solar cell material in combination with good

light outcoupling to give a PLQY of 85%. This could be achieved with, for example, an alloy

of III-V or halide perovskite materials, which provide tunable bandgap and high PLQY. For

comparison with state of the art concentrators, we propose a directivity of 400, similar to

existing record concentrating solar cells. The optimum band width of the directivity was

found to be 0.22 eV, based on simulations with the measured solar spectra. This design is

compared with solar cells of the same material (bandgap of 1.1eV and 85% PLQY), without

concentration and with macroscopic concentration over the full band width.

With these parameters the performance of the cells can be calculated for any given

solar spectrum. The spectra were taken from publicly available measurements from NREL

in Denver,
78
measured every 5 minutes throughout the year 2018. Measurements of the

direct solar spectra are readily available (SRRL PGS-100 Direct Normal). The diffuse solar

spectra could be calculated using the direct spectra, the global horizontal measurements

(SRRL WISER Global or Direct) and the azimuth angle of the sun. The temperature of the

cell, used in the calculation of 𝐽0, was approximated by the locally measured temperature

(Dry Bulb Temperature (deck)). For each spectrum and cell temperature, a detailed balance

model is used to determine 𝐽sc and 𝐽0, and from these the maximum efficiency is calculated.

The results are presented in figure 2.7, showing the increase in efficiency compared to the

cell without concentration or directivity, plotted versus fraction of direct sunlight. For low

fractions of direct sunlight, macroscopic concentration performs very poorly, as expected

from equation (2.10). The efficiency based on annual energy yield is 31.8%, which is a

relative decrease of 5% compared to the standard cell (33.6%). This difference is smaller than

it might seem from figure 2.7. This is because in general low fractions of direct sunlight

correspond to low total incoming power, so the absolute loss in generated power is limited.

The narrow band directivity concept outperforms the standard cell over the whole range

and the annual energy conversion efficiency is 38.7%, a relative increase of 15% compared

to the standard cell. This concept does not suffer from high fractions of diffuse sunlight,

which shows the importance of having high directivity only over a narrow band width.

There are still several challenges that need to be solved to realize this concept. As

suggested in the section on matching the angles, directive nanostructures can be made in

different ways, both from the semiconductor itself or from a dielectric nanolenses on top

of the semiconductor. A cheap and fast fabrication technique for directive structures has

to be found. A question is whether it is possible to obtain the desired directivity with a

texture on a planar film, or by using diffractive effects. Another question is what happens

when directive structures are placed in an array and the enhanced absorption cross sections
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Figure 2.7: Performance of a conventional concentrator system and narrow band directivity system compared

to a cell without concentration. The efficiency is plotted as function of the fraction of direct sunlight and the

simulations are based on measured solar spectra.
78

The values in brackets indicate the average efficiency over

the year. The concentrator reduces the efficiency by 2.7%, while the narrow band directive structures increase

efficiency by absolute 7.7%

start to overlap at certain wavelengths or angles. Also fundamental questions need to be

solved, to show if there is a limit on directivity in nanostructures or if there is a trade off

between directivity, LDOS and light outcoupling. It has to be shown, both theoretically and

experimentally, whether the required emission patterns can be achieved. High directivity

into a narrow cone requires accurate 2-axis solar tracking: one ’fast’ moving rotation

to follow the arc of the sun throughout the day and one slow rotation to adjust the axis

throughout the year. If a directive structure can be made that emits into a band matching

the arc of the sun, tracking throughout the day could be eliminated, allowing for the widely

available and inexpensive single axis tracking to be used. These questions and more require

further research to nanoscale directivity.

2.6.2 Bifacial LSC-Si tandem device
The second concept aims at combining cheap and well established silicon solar cells with

new techniques. We propose a bifacial tandem configuration, where a high bandgap LSC is

placed on both sides of a bifacial silicon panel. This concept combines the existing design

of silicon cells with a yet to be developed LSC and solves several problems at the same

time.

Currently the industry of silicon cells is moving towards bifacial cells, which can also

absorb sunlight from the back side. This can give a significant increase in energy output

per panel, especially in regions with large fractions of diffuse sunlight. To increase energy

output even further, the efficiency has to be increased. As discussed in relation to figure 2.2,

silicon solar cells perform close to their limit, and improving efficiency requires new

measures. The biggest gain can be found in going to a tandem configuration, with a high
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bandgap material on top of the silicon. As mentioned before, conventional tandem cells

are expensive to fabricate and suffer from current matching. Using an LSC can potentially

be a very cheap solution. Standard silicon solar cells already have a encapsulation layer,

that could serve a dual purpose as an LSC, without adding a fabrication step to the module

assembly. Currently existing LSCs suffer from low efficiency and this is the main challenge

that might be solved with directional emission from nanostructures in the LSC.

A typical solar cell module consists of an array of silicon wafers. For monocrystalline

silicon, these wafers are cut from a cylindrical ingot. The packing efficiency in a panel

is increased by cutting the circular wafers into squares. To limit the waste of material,

the squares are cut slightly too big, which leads to ’missing’ corners that are typically

visible on the modules. We propose to place the high bandgap cells of the LSC in these

empty squares of the module. For standard silicon cells used in industry (commonly called

6-inch wafers) the missing corners form a fraction of 0.6% of the total area. This gives a

concentration factor of 170 for the LSC. In figure 2.8 the layout is shown schematically.

For the small, high bandgap cells, high efficiency III-V materials can be used. These are

expensive, but the concentration of the LSC reduces the price by factor 170. By placing

them in between the c-Si cells, there is no need for lattice matching or wafer bonding.

Aligned directive nanostructures, with an absorption cross section as depicted in

figure 2.6, are used to optimize emission into the waveguide and to minimize reabsorption.

The exact requirements on the absorption cross section depend on several parameters,

like the refractive index of the waveguide (and thus the escape cone), the PLQY of the

emitters, the Stokes shift and the scattering cross section. Fully modeling this is beyond

the scope of this paper. A simple parameter that captures several effects is the internal

efficiency 𝑄𝑖𝑛𝑡 that gives the ratio of the number of photons that reach the LSC solar cells

compared to the number of photons absorbed in the LSC (sometimes also called the optical

quantum efficiency in the LSC community). This parameter accounts for the major loss

mechanisms in an LSC: photons escaping the waveguide and photons lost due to non-

radiative recombination, including the effects of reabsorption along the way. We use this

parameter to take into account the directive emission in the modeling of the performance of

the LSC-tandem concept: a high 𝑄𝑖𝑛𝑡 corresponds to high directivity, because this reduces

reabsorption and escaping of photons.

To simulate the performance of this concept, several parameters have to be quantified.

For the bifacial silicon cell a PLQY of 1% and a step wise bandgap of 1.1eV are assumed. The

optimum bandgap of the LSC was found to be 1.75 eV through optimization with measured

solar spectra. The high bandgap cells are modeled to have an PLQY of 85%. Different values

of 𝑄𝑖𝑛𝑡 have been evaluated. If less than three quarters of the photons absorbed in the LSC

are collected, it performs worse than the current matched tandem. If less than half of the

photons are collected, the performance is worse than only the bifacial silicon cell. Here we

model the performance of a system with 𝑄𝑖𝑛𝑡 = 90%. We assume that the back side of the

bifacial cell receives 75% of the diffuse sunlight. For a bifacial silicon panel without LSC

this gives a yearly increase in energy output of 15%, compared to a monofacial cell. Some

long running field tests with bifacial cells have shown an increase between 10% and 20%, so

the increase of 15% is a realistic approximation.
79

The performance of the LSC-Si tandem

is compared with a current matched tandem, with the same bifacial silicon bottom cell, but

no tandem on the back. The top cell has again a bandgap of 1.75eV and an PLQY of 85%.
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Figure 2.8: Schematic layout of the LSC-Si tandem configuration, where the high bandgap cells sit in the gaps

between the silicon wafers. The connection between the LSC and the small solar cells must be index matched,

such that the waveguided light leaks out and couples into the cell.

With these assumptions the performance is again calculated based on the measured

solar spectra
78
by simulating the tandem devices in a detailed balance model. The results of

the simulation are shown in figure 2.9, where the performance is plotted relative to a single

junction bifacial cell. In this case the efficiency is plotted versus the mean wavelength of

the spectrum. Spectral shifts reduce the performance of current matched tandem, because

the current is determined by the minimum current in either of the two cells. If the spectrum

is red-shifted, the current in the high bandgap cell decreases. The blue shifted spectra

correspond to high fractions of diffuse sunlight. In this case the reduced current in the Si

bottom cell due to the blue-shift, is compensated with the contribution of diffuse sunlight

on the back side and the efficiency remains high. The yearly energy output compared to

standard bifacial panel is increased by an absolute 9.2%, which is a 28% relative increase.

The bifacial LSC-tandem configuration exceeds the performance of the two others at

almost every spectrum. The yearly energy output is increased by 13.3% compared to the

single junction bifacial cell and 4.1% compared to the current matched tandem, relative

increases of 41% and 10% respectively. It benefits from the increased efficiency of a tandem

device, without current losses and with less complex manufacturing. This shows the great

potential of optimized LSC-tandem configurations.

The performance of the systems is given as a relative efficiency compared to a reference

bifacial cell. We want to mention that the efficiency of a bifacial device is ill-defined without

specifying the environment around the cell, PV packing density, and other geometric factors.

The great benefit of bifacial configurations is the fact that they can harvest diffuse sunlight

that is scattered from elsewhere. When the efficiency is calculated based on the incident

sunlight per unit area, this can lead to apparently very high efficiencies at high fractions

of diffuse sunlight, because light is effectively harvested from a larger area. This leads to

seemingly unrealistic results when reporting absolute efficiencies, and therefore it is more

insightful to look at the relative performance of the three systems.

For this concept the same questions apply regarding directive nanostructures as for the

first design. A detailed modeling of the aligned nanolenses in a waveguide must be done

to show whether asymmetric transmission can be achieved. One possible problem could
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Figure 2.9: Relative performance of a bifacial current matched tandem and a bifacial LSC-tandem configuration

compared to a bifacial silicon solar cell. The relative performance is plotted as function of the mean wavelength

in the spectrum and the simulations are based on measured solar spectra.
78

The current matched tandem and the

LSC tandem show an absolute increase of 9.2% and 13.3% in power generation compared to the bifacial silicon

cell, respectively.

be the scattering of light in undesired directions, but some preliminary modeling showed

that the transmission of directive nanolenses is high and that less than 10% of the light

incident on the back (low absorption) side is scattered backwards. Furthermore techniques

need to be developed to make waveguides with aligned nanostructures and couple them to

solar cells.

2.7 Conclusion
In this Perspective article we gave an overview of how nanomaterials can increase solar cell

efficiency. Nanomaterials have a great potential due to their strong and tunable interaction

with light, originating from their size being comparable to the wavelength of light. This

allows for controlling the emission event itself, instead of manipulating the light after

it has been emitted, which is a key difference compared to macroscopic approaches. In

this article we covered the different aspects in which nanomaterials can play a role in

increasing solar cell efficiency. To do so we took a step back and looked at the fundamental

properties needed to make a good solar cell. From thermodynamics we learned that an ideal

solar cell in open circuit should emit all light back to the sun. This shows the importance

of good light management, not only to optimizing absorption, but also making good,

defect-free materials and applying nanophotonic engineering to accurately control the

emission. By comparing a typical silicon solar cell to the idealized thermodynamic model

we identified three differences in the emitted light: the spectral band width, the intensity

and the angular emission profile. Each of these cause a reduction in 𝑉oc, while 𝐽sc is only

mildly affected. This is also seen in record solar cells: while 𝐽sc approaches the theoretical
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limit, 𝑉oc is typically lagging behind. This perspective focuses on ways to increase 𝑉oc

with nanomaterials, because this field has only recently emerged and is rapidly developing.

For each of the three loss mechanisms we gave an overview how nanomaterials can

help in reducing the losses. We have pointed out what has been achieved so far and what

the remaining challenges are. Finally we applied this knowledge in two conceptual solar

cell designs. We showed that with nanostructures that reduce the cone of emission while

maintaining sensitive to diffuse light, the performance in terrestrial application can be

increased by 15%. A conventional, macroscopic solution will actually decrease performance

by 8% due to its low performance in the presence of diffuse sun light. A bifacial LSC-tandem

configuration based on nanophotonic structures can increase performance compared to

a bifacial silicon cell by 41%, while a more conventional current matched tandem gives

an increase of 28%. Further development in designing and fabricating nanostructures for

accurately optimized light management has the potential for contributing to high efficiency

solar cells at low cost.

2.8 Supporting information
2.8.1 Derivation of effect of concentration
The maximum efficiency of a solar cell is given by the power output devided by the incident

solar power. The power output is given by the product of the 𝑉𝑜𝑐 , 𝐽𝑠𝑐 and the fill factor. In

this approximation we will only consider the effect of concentration on 𝑉𝑜𝑐 and 𝐽𝑠𝑐 , so we

can write:

𝜂 ∝ 𝑉𝑜𝑐 ⋅ 𝐽𝑠𝑐 (2.11)

The open circuit voltage scales with the logarithm of 𝐽𝑠𝑐 over 𝐽0:

𝑉𝑜𝑐 ∝ 𝑙𝑛(

𝐽𝑠𝑐

𝐽0

), (2.12)

and 𝐽𝑠𝑐 and 𝐽0 are finally the ones that depend on the concentration factor X:

𝐽𝑠𝑐 = 𝐽𝑑𝑖𝑟 +

𝐽𝑑𝑖𝑓

𝑋

, (2.13)

where 𝐽𝑑𝑖𝑟 is the photon current corresponding to the photon flux of direct sunlight, and 𝐽𝑑𝑖𝑓

the photon current corresponding to the photon flux of diffuse sunlight. A concentrating

lens or angle restriction filter blocks part of the diffuse sunlight, decreasing it with a factor

X. The dark current 𝐽0 is as a whole reduced by factor X:

𝐽0 =

𝐽0,0

𝑋

(2.14)

Filling in equations (2.12) to (2.14) into equation (2.11) gives:

𝜂 ∝ 𝑙𝑛
(

𝐽𝑑𝑖𝑟 +
𝐽
𝑑𝑖𝑓

𝑋

𝐽0,0

𝑋

)
⋅
(
𝐽𝑑𝑖𝑟 +

𝐽𝑑𝑖𝑓

𝑋 )
(2.15)

We assume that the fraction of current due to direct sunlight is proportional to the fraction

of direct sunlight, such that the fraction of direct sunlight 𝑓𝑑𝑖𝑟 can be calculated as:

𝑓𝑑𝑖𝑟 =

𝐽𝑑𝑖𝑟

𝐽𝑠𝑐,0

, (2.16)
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𝐽𝑑𝑖𝑓 and 𝐽𝑑𝑖𝑟 always add up to 𝐽𝑠𝑐,0, the total current without concentration, such that

𝐽𝑑𝑖𝑓 = (1− 𝑓𝑑𝑖𝑟 )𝐽𝑠𝑐,0. This allows us to write equation (2.15) as

𝜂 ∝ 𝑙𝑛
(

𝑓𝑑𝑖𝑟 𝐽𝑠𝑐 +
(1−𝑓

𝑑𝑖𝑟
)𝐽𝑠𝑐

𝑋

𝐽0/𝑋
)(

𝑓𝑑𝑖𝑟 𝐽𝑠𝑐 +

(1− 𝑓𝑑𝑖𝑟 )𝐽𝑠𝑐

𝑋 )
(2.17)

Reorganizing the terms gives:

𝜂 ∝ 𝑓𝑑𝑖𝑟 𝐽𝑠𝑐,0
[
𝑙𝑛

𝐽𝑠𝑐

𝐽0

+ 𝑙𝑛(𝑓𝑑𝑖𝑟𝑋 +1− 𝑓𝑑𝑖𝑟 )
](

1+

(1− 𝑓𝑑𝑖𝑟 )

𝑓𝑑𝑖𝑟

1

𝑋 )
(2.18)

The value of 𝑓𝑑𝑖𝑟 is smaller than 1, while X is always equal to or larger than one. In most

cases 𝑋 ≫ 𝑟 , so for typical values of 𝐽𝑠𝑐,0/𝐽0,0, we can simplify equation (2.18) by assuming

𝑙𝑛(𝑓𝑑𝑖𝑟𝑋 +1− 𝑓𝑑𝑖𝑟 ) ≈ 𝑙𝑛(𝑋 ) to get:

𝜂 = 𝑓𝑑𝑖𝑟 𝐽𝑠𝑐,0
[

𝑙𝑛
(

𝐽𝑠𝑐,0

𝐽0,0
)
+ 𝑙𝑛(𝑓𝑑𝑖𝑟𝑋)

][

1+

1− 𝑓𝑑𝑖𝑟

𝑓𝑑𝑖𝑟

1

𝑋 ]

(2.19)

Working out the brackets and noting that
1

𝑋
𝑙𝑛(𝑋 ) is much smaller than the other terms we

get

𝜂 ∝ 𝐽𝑠𝑐𝑓𝑑𝑖𝑟
[

𝑙𝑛
(

𝐽𝑠𝑐

𝐽0
)
+ 𝑙𝑛(𝑋)+

1

𝑋

1− 𝑓𝑑𝑖𝑟

𝑓𝑑𝑖𝑟

𝑙𝑛
(

𝐽𝑠𝑐

𝐽0
)]

(2.20)

The validity of the simplifications was checked by comparing the outcome of this

expression with a numerical simulation. The resulting efficiency with increasing the

concentration factor was calculated for a bandgap of 1.1 eV with the AM1.5 spectrum,

which contains ca. 90% direct sunlight. The result is shown in figure 2.10, with in blue the

efficiency as calculated numerically with a Shockley-Queisser type of calculation, and in

orange the outcome of the analytical expression of equation (2.20). The two calculations

show good agreement, so equation (2.20) can be used to draw conclusions about the

performance of concentrating systems in terrestrial applications.

2.8.2 Modeling of solar cells under realistic operating con-
ditions

Data preparation
From the NREL website the following data sets were downloaded:

• Direct solar spectra: SRRL PGS-100 Direct Normal

• Global horizontal spectra: SRRL WISER Global or Direct

• Temperature: Dry Bulb Temperature (deck)

• Zenith angle of the sun using the free calculation tool
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Figure 2.10: Efficiency as a function of concentration factor at a bandgap of 1.11 for the AM1.5 spectrum, blue

line corresponds to the numerical SQ-calculation, orange is the results of equation (2.20)

The solar spectra are taken every 5 minutes, while the temperature data set contains

measurements every minute. Also some data points are missing in the solar spectra data

sets. A script was written that matches the four data sets and keeps only those data poins

that are present in all four data sets.

The direct solar spectra run from 334 nm to 1075.4 nm. The global horizontal spectra

run from 290nm to 1650nm. To obtain realistic values for the calculated efficiency, the

spectra should contain higher wavelengths, like the AM1.5 spectrum that runs to 4000nm.

Therefore the long wavelength tail of the AM1.5 spectrum is appended to the measured

spectra, weighted by the average power in the last 100 data points of the measured spectra

(i.e. 1000 to 1075 nm for the direct spectra and 1550 to 1650 nm for the global spectra).

After appending this long wavelength tail, all spectra are interpolated over the wavelength

range from 334 to 4000 nm at 1 nm step size.

Efficiency modeling
The efficiency is calculated based on the Shockley-Queisser model. Using the equation:

𝐽 = 𝐽0(𝑒

𝑞𝑉

𝑘
𝐵
𝑇
−1)− 𝐽𝑠𝑐 (2.21)

The J-V curve is constructed for a given 𝐽𝑠𝑐 and 𝐽0. The efficiency is calculated from the

maximum power point and the given input power. 𝐽0 is calculated by integrating the

photon flux of the black body emission spectrum above the bandgap, assuming a step wise

bandgap. 𝐽𝑠𝑐 is calculated as the integral over the solar spectrum at all energies above the

bandgap in terms of photon flux.

The standard cell 𝐽𝑠𝑐 is calculated from the sum of the direct and the diffuse spectrum.

For the conventional concentrator, the contribution of diffuse sunlight is reduced by the

concentration factor X, and 𝐽0 is reduced by factor X. For the narrow band directivity model,

only 𝐽0 is reduced by factor X.
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For the bifacial silicon cell, 𝐽𝑠𝑐 is calculated using a total incoming flux of the direct

sunlight plus 175% of diffuse sunlight, corresponding to 75% diffuse sunlight on the back

side.

For the current matched bifacial tandem, the top cell receives just the sum of the direct

and diffuse spectra. The silicon bottom cell receives all that is not absorbed by the top cell,

plus 75% of the diffuse spectra from the back. In the LSC model the high bandgap cell is

on both sides and receives the direct plus 175% diffuse light and the silicon cell receives

everything that is not absorbed in the top cells.

The fraction of diffuse sunlight is calculated from the incoming power in the spectra,

weighted by the total incoming power. The mean wavelength is calculated with:

𝜆𝑚𝑒𝑎𝑛 =

∫ 𝑃 (𝜆)𝜆 𝑑𝜆

∫ 𝑃 (𝜆)𝑑𝜆

(2.22)

where 𝑃 (𝜆) is the spectrum in watts per square meter per wavelength.
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3
Integrating Sphere Fourier

Microscopy of Highly
Directional Emission

Accurately controlling light emission using nano- and microstructured lenses and antennas
is an active field of research. Dielectrics are especially attractive lens materials due to their
low optical losses over a broad bandwidth. In this chapter we measure highly directional light
emission from patterned quantum dots (QDs) aligned underneath all-dielectric nanostructured
microlenses. The lenses are designed with an evolutionary algorithm and have a theoretical
directivity of 160. The fabricated structures demonstrate an experimental full directivity of
61±3, three times higher than what has been estimated before, with a beaming half-angle of
2.6◦. This high value compared to previous works is achieved via three mechanisms. First,
direct electron beam patterning of QD emitters and alignment markers allowed for more
localized emission and better emitter-lens alignment. Second, the lens fabrication was refined
to minimize distortions between the designed shape and the final structure. Finally, a new
measurement technique was developed that combines integrating sphere microscopy with
Fourier microscopy. This enables complete directivity measurements, contrary to other reported
values, which are typically only partial directivities or estimates of the full directivity that
rely partly on simulations. The experimentally measured values of the complete directivity
were higher than predicted by combining simulations with partial directivity measurements.
High directivity was obtained from three different materials (cadmium-selenide based QDs
and two lead halide perovskite materials), emitting at 520nm, 620nm and 700nm, by scaling
the lens size according to the emission wavelength.
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3.1 Introduction
Controlling the direction of light propagation is an important element in modern technolo-

gies. It is used in energy, lighting and information technologies to increase device efficiency.

An important metric for defining how well the light is focused in a specific direction, is

the directivity, borrowed from classical antenna theory. It is defined as the maximum

intensity into the beaming direction, divided by the average intensity
80
(equation (3.1), as

we will discuss in more detail there). On the macroscopic scale, light is typically directed

with curved lenses and mirrors, which make use of refraction and reflection. Nanoscale

structures, with sizes similar to the wavelength of light, work in a fundamentally different

manner, by relying additionally on diffraction and interference effects to control the light.

These effects also naturally result in wavelength selectivity and by combining the tradi-

tional refraction/reflection effects with diffraction/interference effects the bandwidth can

be adjusted. This is an important aspect in nanophotonic design. Directional light emission

has been shown to increase the efficiency of LEDs,
58, 81, 82, 83

single photon emitters,
20, 84

photonic circuits
85, 86

and solar cells.
87

Different methods have been developed to control the direction of light with nanos-

tructures.
88

Especially structures made of dielectric material are of interest, because they

do not suffer from the parasitic absorption that is inherent to plasmonics.
60, 89

Zone plates,

which consist of concentric rings with spacings similar to the wavelength, focus light

based on diffraction rather than refraction used in conventional curved lenses.
90, 91

Meta-

surfaces, with nanoscale patterns far below the wavelength of light that modify the optical

phase, have been designed to make flat lenses, enhance light emission and control its

direction.
92, 93, 94

Relatively simple shapes like micro or nanospheres can also give rise to

directional emission: an emitter embedded asymmetrically in a lossless sphere can give a

directivity of 7.5.
46

By placing silicon dioxide nanoparticles on a mirror, surface enhanced

Raman scattering showed an increase in enhancement factor of 250 through the combi-

nation of plasmonic and refractive effects on both excitation and emission efficiency.
95

Numerical simulations have shown directivity up to 11 from nitrogen vacancy centers in

diamond with all-dielectric spherical nanoantennas on top.
96

To achieve higher directivity, shapes more complex than simple spheres have to be used.

Ideas of more versatile nanoantenna designs used with plasmonic structures have been

applied to dielectric materials as well. For a hybrid system that combines a single emitter

coupled to a gold nanorod with a silicon nanodisk for redirecting the light, simulations

predict a directivity of 8.5.
97

Even higher directivity of 40 (16 dB) was simulated using a

photonic nanojet with a hybrid antenna consisting of a dielectric sphere and a plasmonic

antenna.
98

Quantum dots (QDs) in the feed gap of a hafnium oxide nanoantenna showed

partial directivity of 18 (12.5 dB).
99
In a hybrid system inspired by the Yagi-Uda antenna

design, consisting of a gold bow-tie nanoantenna and three silicon nanorods, a directivity

up to 49.2 was estimated based on a combination of experiments and simulations.
100

In previous work we have reported on a method to create directional emission from

gallium arsenide (GaAs) nanowires with dielectric nanostructured microlenses designed

with an evolutionary algorithm (EA).
65
This led to a record directivity from all-dielectric

nanostructured microlenses of 22. The given examples of theoretical and experimental

work on directivity above are summarized in Table 1. Many different metrics are used

to assess directivity, caused by limited experimental access to the full directivity, which
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complicates comparison among different works. For example, manyworks use beaming half

angle instead of directivity, which then ignores all power outside of the primary emission

peak. Nevertheless, we have selected several relevant examples in Table 1, including

metasurfaces used to direct light from LEDs
93
as well as parabolic light directors

101
and

elliptical microlenses.
102

Directivity is typically measured with Fourier microscopy, which

provides the angular emission pattern only within the numerical aperture (NA) of the

objective. Either the relative enhancement or partial directivity within the collection cone

of the objective is reported, which strongly depends on the NA. Alternatively, the total

directivity is obtained from combining measurements and simulations.

Full

directivity

Partial

directiviy

(NA)

Beaming

half-angle

FWHM

Lens (largest

dimension)

Dielectric sphere

(sim only)
46

7.5 907 nm

Hybrid gold nanorod/

silicon nanodisk

(sim only)
97

8.5 620 nm

Sphere in nitrogen

vacancy centers

(sim only)
96

11 380 nm

Photonic nanojet

with hybrid antenna

(sim only)
98

40 20 𝜇m

Hafnium oxide

nanoantenna
99

18 (1.49) 9
◦

3 𝜇m

Hybrid Yagi-Uda

nanoantenna
100

49.2 44.3 (1.4) 4.6
◦
/ 27.3

◦
728 nm

InGaN/GaN quantum

-well metasurfaces
93

7
◦

3 𝜇m

Parabolic

light directors
101

5.6
◦

22 𝜇m

Elliptical

microlenses
102

1
◦

16.3 𝜇m

Nanolens from EA

(our previous work)
65

22 18.9 (0.9) 3.5
◦

6 𝜇m

Nanolens from EA

(current work)

61 12.9 (0.42) 2.6
◦

5.6
◦

7 𝜇m

Table 3.1: Overview of theoretical and experimental work on directional emission from (partly) dielectric nanos-

tructures

The directivity obtained in our previous work was also limited by experimental con-

straints, causing the obtained directivity to be five times lower than the value predicted

by finite difference time domain (FDTD) simulations. Limited by the NA of our objective,

the directivity was determined by extrapolating outside the cone of the objective, and by
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relying on simulation results for the emission into the substrate. The randomly dropcast

nanowires limited the lens alignment precision and provided extended emitters, both

reducing performance compared to an ideal point source at the lens center.

Here we show a new approach for the fabrication and characterization that has led

to a three-fold improvement in directivity. The enhancement relies on direct electron

beam patterning of quantum dot emitter arrays, which both simplifies lens alignment

and provides more localized sources. The more reproducible alignment also allowed for

nanoscale lens corrections in both shape and size to play a role in improved directivity,

partially overcoming previous limitations. Additionally, we have developed a new technique

for measuring the complete directivity, which combines a Fourier microscope with an

integrating sphere. figure 3.1 schematically shows the three parts of this work, which will

be discussed in more detail in the following sections: the theoretical lens design with the

EA, the fabrication process and the optical directivity measurements.

 
evolutionary algorithm 
with FDTD simulations

Emitter-lens alignmentTheoretical design  
E-beam 

patterning 

Complete angular 
measurements

a b c

Integrating 
sphere

Fourier
image

Objective

2-photon 
lithography

&
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Figure 3.1: Schematic representation of the process towards highly directional emission. The first step (a) is the

design of a 3D structure that gives directional emission from an emitter at the center. With an evolutionary

algorithm, a 2D matrix that describes the presence of material is optimized (left). By rotating around the

central axis a circularly symmetric 3D structure is obtained (center) for which the emission pattern is calculated

(right). Fabrication of lenses on top of emitters consists of first patterning the emitters with direct electron-beam

lithography (b, left). Upon exposure to an electron beam, the ligands in a film of CdSe-based QDs cross-link.

Subsequently, unexposed parts are washed off and localized clusters remain. Next, 3D structures are fabricated

from a transparent photoresist with 2-photon lithography (b, right). Finally, the complete angular directivity is

measured by combining Fourier microscopy with an integrating sphere (c).

3.2 Results and discussion
3.2.1 Evolutionary algorithm
Although the design of nanophotonic components in some cases can be guided by analogues

developed for longer wavelengths, the high material dispersion of emitter materials in the

visible, combined with the interplay between interference, refraction and diffraction effects

can complicate their efficient design. Inverse design avoids this issue, allowing simulations

of a component response to directly inform the creation of new designs. Broadly, two

categories of such design processes exist: gradient-based techniques, and gradient-free

techniques.
103, 104, 105

While gradient-based approaches generally offer more computation-

ally efficient solutions, they are inherently local optimization processes, and can suffer

in performance when many local optima are present.
106

Evolutionary algorithms offer a
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conceptually simple approach to gradient-free optimization, relying on the combination of

features from previous well-performing structures to iteratively improve performance. The

design here utilizes the same evolutionary process as described previously
65
to create a

new directive nanolens optimized for our specific source geometry and emission frequency.

In this case, we optimized for broadband and unpolarized absorption in a 100x100x50nm

volume, in the wavelength range of 470 to 570 nm. This leads to relatively broadband

directivity compared to resonant optics (figure 3.6), which tend to work only over a very

narrow bandwidth. At the same time, the EA still allows for optimization over a spe-

cific wavelength range, contrary to conventional macroscopic lenses, which typically act

similarly over the full optical spectrum.

The as-optimized lens shows a peak in directivity at 570 nm emission. For optimal

performance, the maximum directivity can be shifted to the emission wavelength of the

emitter of choice by scaling the lens size according to the wavelength. This can be done over

a range of tens to hundreds of nanometers, as long as the dispersion of the material does not

change significantly in this range. By increasing the size by 8%, the optimum was shifted to

the emission wavelength in our experiments of 620 nm, resulting in a theoretical directivity

of 160. The final lens geometry and 3D emission profile calculated for an orientation

averaged dipole are shown in figure 3.1a and the corresponding theoretical Fourier image

is shown in figure 3.1c. To prove the wavelength scalability, also lenses scaled for 520 nm

and 700 nm emission were investigated, giving a directivity of 152 and 146 respectively.

The small variations in directivity for the different wavelengths are within the accuracy of

the simulations caused by finite meshing.

3.2.2 Fabrication and measurement techniqes
An important aspect for optimizing the performance is the position and spatial extent of

the emitters with respect to the lens. The lens performs best for a point source at the center

of the lens, thus emitters should be fabricated that most closely resemble this. In earlier

work, misalignment and large emitter size were the major causes for a reduction in perfor-

mance.
65

For this work, we decided to use cadmium selenide/cadmium sulfide/zinc sulfide

(CdSe/CdS/ZnS) QDs, since they are efficient and stable emitters. With a recently developed

method, these QDs can be patterned in any design of choice with direct electron-beam

(e-beam) lithography,
107

shown schematically on the left of figure 3.1b and experimentally

in figure 3.2a. A spin coated film of QDs is locally exposed to an electron beam, which

causes cross linking of the oleate ligands and makes the QDs insoluble. Subsequently the

sample is developed by redispersing the unexposed QDs in tetrahydrofuran, such that only

the exposed QDs remain on the indium-tin-oxide (ITO) coated substrate. This allowed

us to make a square array of CdSe-based QD clusters of 200nm in diameter and 50 nm in

height(figure 3.8), spaced 20 𝜇m apart, and we included alignment markers for placing the

lenses, as shown in figure 3.2a.

The nanolens is fabricated from transparent photoresist, through 2-photon lithogra-

phy.
108

In the fabrication process the sample is exposed to high intensity infrared laser

illumination and different chemicals. To shield the QDs from these harsh conditions, two

protection layers are applied. First, 15 nm of alumina is evaporated on the sample to

protect the QDs from chemicals and to bind the clusters more strongly on the substrate.

Subsequently, a 120 nm film of transparent SU-8 photoresist is spin coated on the sample.
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Figure 3.2: (a) Dark field optical microscope image of the patterned CdSe-based QDs. The crosses act as alignment

markers for accurately writing the lenses on top of the small clusters. (b) Schematic of the full sample configuration.

The Indium Tin Oxide (ITO) layer provides conductivity required for e-beam patterning. The alumina (AlO𝑥 ) and

SU-8 photoresist act as protection layers against the harsh conditions of the 2-photon lithography process for

making the nanolens. Dimensions and thicknesses are not to scale.

This layer acts as a spacer layer, such that the QDs are not directly in the focus of the laser

during the lithography process.
65

The complete configuration of the sample, with all layers

and materials present, is shown in figure 3.2b.

Directivity is defined as the maximum intensity (𝑝𝑚𝑎𝑥 ) divided by the average intensity

in all directions (𝑝𝑎𝑣𝑔 ), i.e. the total emission (𝑃𝑡𝑜𝑡 ) into the 4𝜋 solid angle of a sphere

divided by 4𝜋 :
80

𝐷 =

𝑝𝑚𝑎𝑥

𝑝𝑎𝑣𝑔

=

4𝜋𝑝𝑚𝑎𝑥

𝑃𝑡𝑜𝑡

, (3.1)

The conventional way to measure directivity is with a Fourier microscope. In these

measurements, only light emitted into the cone of the objective is detected, from which the

partial directivity within the numerical aperture (NA) of the objective can be determined.

For air objectives (oil immersion would alter the performance of the lens), which have

a maximum NA of ∼ 0.95, a maximum 69% of the forward hemisphere is collected, and

none of the light emitted in the backward direction. Even with two perfect objectives (one

on each side of the substrate), the substantial fraction of light that is waveguided in the

substrate and either scattered out or emitted at the edges will be lost. Previous works on

directivity only report the partial directivity
99
or rely partly on simulations for determining

the full directivity.
100

An alternative to Fourier imaging for wide angle measurements is to

place a detector on a rotation stage and scan in a circle at a fixed angle.
109

However, using

such an approach for complete directivity would be very time consuming and complex

as it would require very accurate scanning over the full three-dimensional sphere. For

individual nano and microstructured lenses the signal is too low for such an approach to

be feasible. Due to the difficulties above, experimental measurements of the full directivity

are absent from the literature.

We built a setup with which we can obtain the full directivity of an individual nanostruc-

tured microlens coupled to a 200 nm emitter patch in a single measurement. To achieve this,
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we combined a Fourier microscope with an integrating sphere (IS), shown schematically in

figure 3.3a. The integrating sphere gives the missing piece of information in the Fourier

measurement, by collecting all the light that was emitted outside the cone of the objective.

This light is scattered around in the IS and measured with a photodetector on the back,

while at the same time an image is taken with a CCD camera in the Fourier plane of the

microscope. The Fourier image provides 𝑝𝑚𝑎𝑥 and by combining the Fourier and IS signals

𝑃𝑡𝑜𝑡 can be determined. Combining these two signals demands careful calibration of the

collection efficiencies; a detailed description of the required reference measurements and

the full calculation can be found in the Supporting Information. With proper calibration,

our integrating sphere Fourier microscopy method can therefore provide an accurate full

directivity value for any structure with an emission peak that falls within the NA of the

objective lens.

The sample is mounted on a piezo stage, that allows us to scan the focused excitation

spot through the structure in three dimensions and find the position of highest directivity.

Here we benefit from the fact that the directivity can be determined in a single measurement,

allowing us to take detailed maps over the lenses. After finding the optimal position,

repeated measurements were taken on this fixed location, to determine the noise on the

signals and get accurate directivity values. With an additional lens in front of the objective,

we can create full field laser illumination to excite multiple lenses. We can find the structures

in a real space image (figure 3.3b) and by inserting the Fourier lens, Fourier images can

be taken for either full field illumination (figure 3.3c) or focused excitation (during the

measurements). Note that for combining the Fourier microscope with an integrating

sphere, an objective with a long working distance of 17 mm has to be used, which leads to

a relatively low NA of 0.42. As a consequence, our measured partial directivities might

appear relatively low. As long as the peak of maximum intensity lies within the cone of

the objective, this low NA is not a problem for the determination of full directivity.

With nanoscale corrections we optimized the fabrication of the nanolenses, to make

them closely resemble the designed structure. We optimized two aspects separately: the

size and the shape. Due to slight shrinking of the photoresist in the development process,

structures made with 2-photon lithography typically have to be written with slightly larger

coordinates in order to end up with the correct size. The amount of shrinking depends

on the laser power used for writing (see figure 3.9), and the density of points with which

the structure is written. Lenses with different size scaling were fabricated and measured

with a scanning electron microscope (SEM). The diameter of the lens is easily measured

from the top view. The height of the lens was checked by cutting a cross section through a

lens with focused ion beam (FIB) milling. To be less sensitive to the exact location of the

FIB cutting plane, we fabricated elongated lenses with a fixed cross section over several

micrometers, which is why the lenses shown in figure 3.4 are not circularly symmetric.

Higher laser power typically gives sharper features, but when the intensity is too

high, this results in small explosions in the photoresist (figure 3.10).
110, 111

Therefore we

fine-tuned the exact shape by comparing the FIB cross sections with the desired design.

figure 3.4a shows the first step, in which the lens was written based on the original binary

matrix from the EA together with the desired cross section in orange. Subsequently, pixels

corresponding to regions with too much material (marked red and orange in figure 3.4b)

are removed from the writing coordinates. This first optimization resulted in a close
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Figure 3.3: (a)Schematic representation of the combined integrating sphere and Fourier microscope for complete

angular measurement of directivity. By moving out the Fourier lens, the sample is seen in real space to find the

structures. Measurements are taken in the Fourier configuration with 450 nm long pass filters to remove the

405 nm laser excitation, where the CCD gives the angular emission pattern in the cone of the objective, while

the integrating sphere photodetector collects light emitted in all other directions. The tunable laser is used to

determine the collection efficiencies at the emission wavelength and the beam monitor tracks fluctuations in

excitation intensity. With the sample mounted on a piezo stage the exact position of maximum directivity can

be found. (b) Real space image of bare clusters (left column) and lenses (right two columns) in wide field laser

illumination; (c) Fourier image of lenses in wide field laser illumination.

resemblance between the observed cross section and the desired shape(figure 3.4c). In the

second optimization the two red pixels in the top are added again to better match the shape

of the top of the lens.

3.2.3 Complete angular directivity measurements
With the techniques and optimizations described above, we were able to accurately fabricate

nanolenses on top of arrays of CdSe-based QD clusters, as shown in figure 3.5a. The first

directivity measurements were performed on lenses from the original design, like the one

in figure 3.4a. The writing coordinates were scaled by 102%, 106% and 110% to find the

optimum size. These lenses all performed rather poorly, with a partial directivity, i.e. only

in the NA of the objective (𝐷𝑁𝐴), between 3 and 4 and a total directivity (𝐷4𝜋 ) between

8 and 26 (figure 3.5d left and table 3.2). The first optimization again consisted of lenses

in the three different sizes. The adjustment in shape turned out to be an essential step: a

partial directivity as high as 𝐷𝑁𝐴=10.9 was observed, corresponding to a total directivity of

𝐷4𝜋=41. All five lenses of scale 102% performed similar, see figure 3.5d middle and table 3.3

for all results. The last optimization consisted of a detailed size tuning and three small

variations in the design. The sizes were varied between 98% and 106% in steps of 2%. The

three designs were the design of optimization 1 (thus red and orange pixels in figure 3.4b

removed), the design of optimization 2, i.e. only the orange pixels removed, and this same
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Figure 3.4: Optimizing the lens shape. (a) Lens based on the original binary matrix, with too much material at

certain locations compared to the desired shape (orange line); (b) The original binary matrix (all pixels), the pixels

that were removed in the first optimization (red and orange), resulting in the lens in (c) and the pixels that were

added again in the last optimization (red).

design, but elongated in height by 2%, because SEM analysis showed that the previous set

of lenses was slightly too flat.

In this second optimization we found the highest partial directivity of 𝐷𝑁𝐴=12.9 and

a beaming half angle (𝜎 ) of 2.6
◦
, of which the Fourier image is shown in figure 3.5b (for

refrence of bare emitters without a lens on top, see figure 3.11). Repeated measurements

of the same position were taken to accurately determine the total directivity and the

uncertainty on this value, resulting in an average 𝐷𝑁𝐴=12.1±0.1 and 𝐷4𝜋=61±3 over ten

measurements. Repeated measurement over a longer time show a decrease in directivity,

as plotted in figure 3.5c lower panel. We attribute this to degradation of the QDs, since

also the signal intensity of both detectors decreases over time (figure 3.12) and degradation

was also observed for emitters without a lens on top (figure 3.13). On the other four best

performing lenses, 18 repeated measurements were taken, resulting in 𝐷𝑁𝐴 and 𝐷4𝜋 values

as plotted on the right of figure 3.5d. More measurements for determining the accuracy

and the effect of excitation power on mutliple lenses can be found in figure 3.15. Results of

the 15 best performing lenses, out of the 48 lenses that were fabricated and measured, are

summarized in table 3.4. From this analysis we can conclude that we have fabricated at

least fifteen lenses with 𝐷4𝜋>45, with probably even better performance before degradation.

All lenses with scaling of 106% performed similar and no trend could be observed between

the different designs in the final optimization step. Also each of the other size scales had

one or two high performing lenses.

As a proof of concept of the wavelength scalability, we fabricated lenses scaled in

size for two different wavelengths: 520 nm and 700nm, the emission wavelengths of

cesium lead bromide (CsPbBr3) perovskite nanocrystals and methyl-ammonium lead halide

(MAPbBr0.2I0.8) thin film, respectively. These samples consisted of a continuous film

of emitters instead of localized clusters and only the partial directivity 𝐷𝑁𝐴 could be

determined. Even with these limitations the results look promising: both systems reach

𝐷𝑁𝐴>11; Fourier images are shown in figure 3.16. This result is surprisingly good for
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Figure 3.5: Results of the complete process. (a) nanolenses accurately written on an array of CdSe-based QDs

clusters; (b) Fourier image of the lens with highest measured directivity, of 𝐷𝑁𝐴=12.9; (c) Repeated measurements

on a fixed location show degradation of the lens and/or emitter, causing a lowering in 𝐷𝑁𝐴 (lower panel) and an

increase in the noise on 𝐷4𝜋 (top panel); (d) Results of the best performing lenses of each of the optimization

steps.

lenses on a continuous film, where no localized emitters were created. However, these

halide perovskites are known for their photobrightening.
112

We hypothesize that focusing

of the excitation laser by the lens causes local photobrightening in the film, resulting in

more localized emission. We have performed optical simulations showing that the FWHM

of the excitation spot size created by the nanostructured microlens is approximately 200

nm (figure 3.14)and would lead to a directivity of 200, consistent with the patch size and

theoretical directivity of the localized CdSe emitters. This very interesting observation

requires further investigation in future work and may enable a self-aligned mechanism for

greatly improved performance.

From the large increase in directivity by adjusting the design, we can conclude that

the directivity is sensitive to the exact shape of the lens structure. The small variations

in the final optimization did not show any significant trend, indicating that lens to lens

variation due to fabrication inaccuracy is larger than the designed adjustments in this final

step. The dependence of the directivity on the exact shape matches well with results from
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simulations, where we also noted a large sensitivity to the shape of the structures. Since it is

impossible to have perfect agreement between the simulated and the fabricated structures,

combining experimental results with simulations will be inaccurate. This shows the

importance of our fully experimental measurement, which allows us to investigate the actual

fabricated structures without relying partially on simulations. For a cluster of emitters

with a diameter of 200 nm, simulations predict a total directivity of 𝐷4𝜋,𝑡ℎ𝑒𝑜𝑟𝑦=131 and

𝐷𝑁𝐴,𝑡ℎ𝑒𝑜𝑟𝑦=35. Although ourmeasured𝐷𝑁𝐴,𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡=12 is roughly 3 times lower compared

to theoretical performance, our measured 𝐷4𝜋,𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡=61 is almost half the theoretical

value and thus better than what would be predicted by extrapolating 𝐷𝑁𝐴,𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡 .

The fact that the measured directivity is still significantly lower than the theoretical

directivity, we assign to fabrication errors, primarily alignment errors. Simulations show

that the directivity is decreased by 50% if the emitter is misaligned by only 130nm with

respect to the center of the lens (figure 3.18a). The tilting of the emission peak from the

normal is also consistent with a misalignment of approximately 200 nm (figure 3.18). Also

small size variations might still play a role, as we predict a drop in directivity of 20% for

each 3% offset in size (figure 3.18b). In our last optimization step, the lenses with size

106% performed best, but each of the other sizes also had a positive outlier. This probably

corresponds to occasionally very well aligned lenses, such that they perform well despite

their slight size offset. The different optimal size found in the last two optimization steps

(102% vs 106%) we ascribe to variation in sample absorbance. Since the resulting size of

structures made by 2-photon lithography strongly depends on the laser power, a slightly

higher absorption in the sample requires larger writing settings in order to obtain the same

size.

3.3 Conclusion
With accurate nanoscale optimization of the fabrication technique, we have achieved a

record in directivity from all-dielectric nanolenses, three times higher than the previous

reported value. We have fully experimentally determined a maximum total directivity

of 𝐷4𝜋=61±3, corresponding to a partial directivity within the cone of the objective of

𝐷𝑁𝐴=12.1±0.1. At low laser power excitation, at which only 𝐷𝑁𝐴 could be accurately

determined, partial directivity values up to 12.9±0.1 were observed. This shows that with

accurate fabrication techniques, highly directional emission from CdSe-based QDs can

be obtained with all-dielectric nanostructures. An essential step to achieve this was the

patterning of emitters with direct e-beam lithography into an ordered array of small clusters

with alignment markers, such that an array of lenses could be accurately fabricated on

top of the emitters. The combination of an integrating sphere and a Fourier microscope

allowed for complete angular measurement of the directivity, which was 35% higher than

what would have been predicted by a combination of Fourier microscopy and simulations.

With the knowledge obtained here, we can take further steps in directional emission with

dielectric nanostructures. This work was focused on single nanolenses. The capability of

creating patterned emitters opens up possibilities for future work in which one could make

use of array effects on top of the individual nanolens effects or design periodic structures

that provide directivity.
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3.4 Materials & methods

3.4.1 Fabrication

All samples were fabricated on ITO coated glass cover slips of thickness 170 𝜇m with a

resistance of 8-12 Ohms per square from Diamond Coatings. Substrates were cleaned

before spin coating the quantum dot layer by 15 mins of sonication in demineralized

water, acetone and isopropanol, followed by 15 min oxygen plasma treatment. CdSe-based

QDs were fabricated according to an adjusted protocol from
113, 114, 115

, described in detail

in the Supporting Information. QDs dispersed in toluene were spin coated at 500 rpm

for 90 s followed by 30 s at 1000 rpm. These films were exposed in a Raith Voyager

commercial e-beam lithography system with an accelerating voltage of 50 kV, MC40 or

MC60 column mode with 0.94±0.02 nA or 2.20±0.05 nA beam current respectively. Samples

were developed in tetrahydrofuran for 30 s, followed by a 5 sec rinse in anhydrous n-octane,

before drying with nitrogen. The alumina layer was applied with an electron beam physical

vapor deposition system from Polyteknik. A source of Al2O3 was used with additional

oxygen inflow to evaporate 15nm of alumina (AlO𝑥 ) of unknown composition at a rate

of 0.2 nm/s. The spacer layer of transparent SU-8 photoresist was made by spin coating

120𝜇L of 1:10 diluted SU-8:cyclopentanone at 4000 RPM for 60 s. Subsequently the samples

were dried on a hot plate at 100
◦
C for 60 s, exposed with a hand held UV lamp at 365 nm

for 10 min and a further hardened with final hard bake on the hot plate of again 100
◦
C

for 60 sec. The lenses are fabricated with 2-photon lithography (Photonic Pro, Nanoscribe

GmbH) from undiluted OrmoComp photoresist (micro resist technology GmbH), which

has low fluorescence and high transparency and stability.
116

The alignment markers were

used for positioning the lenses. In case the actual clusters of emitters could be seen in

the Nanoscribe microscope (ca 30% of the time), small manual adjustments were made

to the exact position of the lens. The structures are developed with mr-Dev 600 (micro

resist technology GmbH) for 25 min, followed by 5 min in isopropanol. During the rinsing

in isopropanol, the structures are exposed to 365nm UV light to make the lenses more

robust.
117

For characterization with scanning electron microscope (SEM), lenses were

sputter-coated with 5nm chrome and 15 nm gold conductive layers. Focussed ion beam

milling for making cross cuts and SEM imaging was done on a FEI Helios Nanolab 600.

3.4.2 Measurement setup

The combined Fourier microscope and integrating sphere setup was created by adding

a Fourier microscope to an existing integrating sphere setup, which has been described

before.
118

The Fourier microscope was added by placing a pellicle beam splitter (BP145B1

Thorlabs GmbH) right behind the objective. Excitation was done with a 405nm laser

(S1FC405 Thorlabs GmbH). The light goes via a long pass filter at 450 nm, a set of telescopic

lenses, a Fourier lens that can be taken out for real-space imaging and a tube lens to

the CCD camera (Retiga Lumo model 01-RET-LUMO-R-M-16-C, Teledyne Photometrics).

Fourier images were taken at 200 and 500 ms integration time, with 2x2 pixel binning.
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3.5 Supporting information
3.5.1 Lens optimization
The nanophotonic microlens was optimized for maximizing broadband absorption. This

results also in broadband directivity, with some variations with wavelength. The maximum

directivity is found for 570 nm emission from the center of the lens.

Figure 3.6: The simulated directivity as a function of emission wavelength for the as-optimized lens from the

evolutionary algorithm.

3.5.2 Reference measurements and calculation of full direc-
tivity

The Fourier microscope was calibrated using a 4 𝜇m square grid. With the tunable laser

diffraction patterns in the range of 400 to 800 nm wavelength were collected. An example

is shown in figure 3.7 for 550 nm. The Fourier image of the diffraction pattern is summed in

vertical and horizontal direction, to obtain the blue graphs in figure 3.7 c and d, respectively.

The peaks are fitted with a Gaussian distribution to determine the peak position. From the

diffraction equation and the known pixel size of the CCD detector the relation between

position in the Fourier image and angle is obtained.

a b c d Intensity

Fit

Figure 3.7: a) Real space image of the 4 𝜇m square grid taken in the setup; b) Fourier image of the diffraction

pattern obtained by exciting the grid with a parallel laser beam at 550 nm. c) and d) vertical and horizontal

summed pixel intensities and Gaussian fits to the peaks.
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The detection efficiencies of the Fourier microscope and the IS photodetector were

determined using a tunable laser at the emission wavelength (600-650nm) of the CdSe-based

QDs. With a calibrated photodetector the number of photons coming from the tunable

laser and reaching the location of the sample were determined. The collection efficiency

of the Fourier microscope was determined by placing a mirror with a known reflectivity

of 95% at the sample position and integrating the counts on the resulting Fourier image,

to get the counts/photon of the Fourier microscope. The collection efficiency of the IS

photodetector was determined with the sample inside the integrating sphere but focusing

the laser just next to the sample. This way reabsorption by the sample of light scattered

around in the IS is accounted for in the resulting current/photon value. By weighting the

obtained values over the wavelength range of 600-650 nm by the emission spectrum of the

CdSe QDs, two single values are obtained, 𝐼 𝑆𝑚𝑖𝑠𝑠 and 𝐹𝑚𝑖𝑟𝑟𝑜𝑟 . Since both correspond to the

same number of photons with the same spectrum coming from the location of the sample,

they can be used to convert the integrating sphere signal for the sample measurements to

the same units of the Fourier image, such that they can be added together.

𝐼 𝑆𝑠𝑎𝑚𝑝𝑙𝑒,𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 =

𝐼 𝑆𝑠𝑎𝑚𝑝𝑙𝑒

𝐼 𝑆𝑚𝑖𝑠𝑠

𝐹𝑚𝑖𝑟𝑟𝑜𝑟 (3.2)

Which with we can calculate the total amount of emission

𝑃𝑡𝑜𝑡 = 𝐼 𝑆𝑠𝑎𝑚𝑝𝑙𝑒,𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 + 𝐹𝑠𝑎𝑚𝑝𝑙𝑒 (3.3)

To account for excitation laser light passing through the long pass filters, and for

any fluorescence coming from materials other than the QDs, measurements were taken

on a reference sample that contains all layers and materials, including the nanolenses,

but without QDs. The signals this gave on the IS photodetector and the CCD camera

were subtracted from the sample measurements before calculating the total emission. By

subtracting the Fourier image of the reference sample from the Fourier image of the real

sample (both taken at the exact same settings), also dark current and read-out noise are

removed from the CCD signal.

3.5.3 Fabrication
Synthesis of CdSe/CdS/ZnS QDs
Materials: CdO (99.99%), Cd(II)-acetate (99.995%), Zn(II)-acetate (99.99%) Octadecene (ODE,

90%), Oleylamine (OLAM, 99.8%), Oleic acid (OA, 90%), Butanol (BuOH, Anhydrous, 99.8%),

Methanol (MeOH, Anhydrous, 99.8%), Hexane (99.8%, Anhydrous), Octadecylphosphonic

acid (ODPA, 97%), Trioctyl phosphineoxide (TOPO, technical grade, 90%), Trioctylphosphine

(TOP, 97%), 1-Octanethiol (>98.5%) and Selenium powder (Se, 99.99%) were all bought from

Sigma-Aldrich and used as received unless specifically mentioned. Synthesis of CdSe core
nanocrystals (NCs). The CdSe core nanocrystals were synthesized according to a method

by Chen et al.
114

In a 50 mL three-necked flask, 60 mg of CdO, 280 mg octadecylphosphonic

acid (ODPA), 3 g trioctylphosphineoxide (TOPO) and a magnetic stirring bar were added.

This mixture of powders was heated up under vacuum to 150
◦
C, where the mixture melts.

The mixture was slowly stirred (it prevents the CdO from creeping up the inside of the

flask) and degassed at this temperature for one hour. The mixture was heated up to 320
◦
C,

where the liquid turned into a clear and colorless solution. Note that depending on the
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batch of QDs the time it took for the solution to become clear varied from 20 minutes to 4

hours; this has likely something to do with the impurities in one of the chemicals. 1 mL

of trioctylphosphine (TOP) was added to the solution, and the temperature was raised

to 380
◦
C, at which point 0.5 mL of a Se-precursor solution (60mg Se in 0.5mL TOP) was

swiftly injected. After a specific growth time the reaction mixture was cooled with an

air-gun to room temperature. For the CdSe cores in this work, we used a growth time of

±25 seconds. The crude product is washed once by addition of a 1:1 volume ratio of methyl

acetate, followed by centrifugation at 3000 RPM, and redispersion into hexane. Solution is

then filtered through several milipore filters (the polymerized ligands clog the filters easily)

with a pore diameter of 0.2 𝜇m. The filtered solution is washed and centrifuged again as

described above, redispersed in hexane and the resulting sample is stored in a nitrogen

purged glovebox for further use.

Synthesis of Cd-oleate and Zn-oleate for CdS and ZnS shell growth. For the
Cd-oleate synthesis, 1.32 g of Cd-(acetate)2 was dissolved in 52.4 g ODE and 7.4 g OA. The

mixture was heated up under vacuum to 120
◦
C and left there for three hours. Afterwards,

the reaction was cooled down to room temperature and the Cd-oleate solution was stored

in a nitrogen purged glovebox for further use. The Zn-oleate was made in a similar

fashion. Zn(II)-(acetate)2 was mixed with 1 g of OA, 1.6 mL ODE and 1.6 mL of OLAM. The

oleylamine serves as a stabilizing ligand for the Zn-oleate, since this has the tendency to

solidify out of solution at room temperature otherwise. The mixture was heated up in a 20

mL vial inside a nitrogen purged glovebox to 130
◦
C and stored there for further use. Note

that the Zn-oleate solution is extremely viscous and should be handled with care when

placed into a syringe.

Shell growth of CdS and ZnS. The shellgrowth of CdSe QDs into core-shell-shell

CdSe/CdS/ZnS nanocrystals was done according to an adapted method by Chen et al.,
114

Boldt et al.
115

and Hanafi et al.
113

For the CdS shell growth, 50 nmol CdSe cores, 3.0 mL

octadecene (ODE) and NO oleylamine (OLAM, after recent work by Hanafi et al.
113

) were

added to a 100 mL three-necked flask and degassed for one hour at room-temperature (21
◦
C)

and for 20 hours at 120
◦
C to completely remove hexane, oxygen and water. After that,

the reaction solution was heated up to 310
◦
C under nitrogen flow and magnetic stirring.

During the heating, when the temperature reached 240
◦
C, a desired amount of Cd-oleate

(diluted in ODE) and 1-octanethiol (diluted in 8 mL ODE) were injected dropwise into the

growth solution at a rate of half a CdS monolayer per hour using a syringe pump. We

define one CdS monolayer as one full layer of Cd and one full layer of S on the NC surface

(i.e. half a unit cell). After the addition of the CdS shell-precursors was finished, but before

the growth of the ZnS shell, the core-shell QDs containing solution was degassed at a

pressure of 0.5 mbar for one hour at 120
◦
C. For the ZnS shell-growth, the sulfur precursor

consisted again of 1-octanethiol diluted in ODE. The solution with freshly grown CdSe/CdS

QDs was heated up to 280
◦
C under nitrogen flow. When the solution reached 210

◦
C, a

desired amount of Zn-oleate and 1-octanethiol in 4 mL ODE (in two separate syringes) was

injected at a rate of 2 mL/hour (roughly one monolayer of ZnS per hour). After addition

of the precursors, the solution was cooled down to room temperature by removing the

heat and with an air-gun. The solution was washed twice by addition of methanol:butanol

(1:2), centrifugation at 3000 RPM for 10 minutes, and once with methylacetate followed by

centrifugation at 3000 RPM. The precipitate was each time redispersed in hexane. Finally,
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the solution was filtered through milipore filters with a pore diameter of 0.2 𝜇m and stored

in a nitrogen purged glovebox for further use.

Using the abovemethods, we synthesized several batches of core-shell-shell CdSe/8CdS/2ZnS

QDs.

Figure 3.8: Atomic force microscope line scan over an array of CdSe QDs patterned with e-beam lithography,

showing the height and width of the patches to be 50 nm and 200 nm respectively. For the actual experiments the

patches were spaced further apart (20 𝜇m).

Figure 3.9: 2-photon lithography at higher laser power leads to larger structures. Lens diameters were determined

from SEM images.
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10 um

Figure 3.10: SEM image showing how 2-photon lithography at excessively high laser power leads to explosions in

the photoresist.

3.5.4 Directivity measurements
The integrating sphere signal used for determining D4𝜋 is quite low and close to the noise

level. This causes some uncertainty in the calculated value of D4𝜋 . To check the accuracy of

our method, 18 repeated measurements were taken on the 5 best performing lenses at two

different laser powers, first at low power (24𝜇W) and then at high power (63𝜇W). The results

are shown in figure 3.15. At low power D𝑁𝐴 is consistently higher, but the uncertainty in

D4𝜋 is rather large (variations up to 20%). At high power D4𝜋 can be accurately determined,

but performance is already slightly degraded. The values for D4𝜋 obtained at low and high

power are quite similar, confirming the validity of our results. The best result at high power

was obtained for lens 5 with a D𝑁𝐴=10.4±0.1 and D4𝜋=57±3.8.

Table 3.4 shows the measurement results of the 15 best performing lenses. It shows

some very high values for D4𝜋 . However, these are single shot measurements at low power,

and thus the noise on these signals might be as large as ±20. Lenses marked with
⋆
have

bean used for repeated measurements at both low and high laser power, from which the

results are shown in figure 3.15. The average value for D4𝜋 for these 15 lenses is 55, with a

root mean square standard deviation of 9. Given that they all have quite similar D𝑁𝐴, and

that repeated measurements showed that this typically corresponds to D4𝜋 >45 (after laser

induced degradation), we estimate that all these lenses had an initial directivity D4𝜋 >45.

The reduction in directivity over repeated measurements, especially at high laser

power, we attribute to photobleaching of the QDs, as can also be seen from the reduction

in photoluminescence signals in figure 3.12. Especially the ones in the focusing hotspot of

the lens will experience high laser power. Due to reciprocity, the QDs in the hotspot will

have the highest directivity. If their contribution is reduced due to photobleaching, the

directivity will go down.
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D𝑁𝐴 D4𝜋

sc102_orig_lens1 3.5 9

sc102_orig_lens2 3.4 22

sc102_orig_lens3 3.2 8

sc102_orig_lens4 3.4 26

sc102_orig_lens5 3.4 15

sc106_orig_lens1 3.3 20

sc110_orig_lens1 3.6 15

Table 3.2: Results of first directivity measurement on lenses without adjusted design. Lens size was scaled by

102%, 106% and 110%.

D𝑁𝐴 D4𝜋

sc102_opt1_lens1 10.4 40

sc102_opt1_lens2 10.5 42

sc102_opt1_lens3 10.9 41

sc102_opt1_lens4 9.5 39

sc102_opt1_lens5 9.1 32

Table 3.3: Best performing lenses after the first iteration, adjusting the design.

D𝑁𝐴 D4𝜋 FWHM (
◦
) 𝜎 (

◦
)

sc98_opt1_lens2
⋆

12.4 68 6.6 3.1

sc98_opt2_lens2 12.5 48 6.5 2.8

sc98_opt2_h_lens2
⋆

11.1 50 6.1 2.9

sc100_opt1_lens2 9.6 45 7.2 3.2

sc100_opt2_lens2 10.3 57 6.6 3.0

sc102_opt1_lens2 11.7 63 6.3 2.9

sc102_opt2_lens4 10.2 43 6.5 2.9

sc102_opt2_h_lens1 9.6 48 6.3 2.8

sc104_opt2_lens1 11.5 63 5.6 2.7

sc104_opt2_lens2 9.0 44 5.7 2.8

sc106_opt1_lens2 12.4 76 5.6 2.6

sc106_opt2_lens1 11.7 63 6.0 2.8

sc106_opt2_lens2
⋆

12.7 39 5.7 2.6

sc106_opt2_h_lens1
⋆

11.1 54 5.6 2.6

sc106_opt2_h_lens2
⋆

12.1 65 5.7 2.6

Table 3.4: Best performing lenses after the second iteration, comparing three different designs: from optimization

1 (opt1), the second adjustment, adding two pixels again (opt2) and opt2_h with lenses 2% higher, and different

scalings (sc##) Also the full width at half-maximum (FWHM) and the beaming half angle 𝜎 were calculated for

these lenses for reference with other work. In total 48 lenses were fabricated and measured: four of each of the

three design types for scaling 100%, 102% and 104%, and two of each type for scaling 98% and 106%.
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Figure 3.11: Fourier image of bare QDs without lenses on top, showing completely uniform emission. Small pixel

to pixel variation causes a partial directivity of D𝑁𝐴=1.8 and a total directivity D4𝜋=2.5.

Figure 3.12: Decreasing signals over repeated measurement on the best performing lens. Since the signal also

goes down for emitters without lens on top, we conclude that the emitters are degrading rather than the lens.
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Figure 3.13: Decreasing signals over repeated measurement on emitters without lens on top.

Figure 3.14: Simulated field intensity underneath the lens scaled for 700 nm emission, excited with a plane wave

of 400 nm. This results in a hotspot with FWHM of 200 nm underneath the center of the lens.

Figure 3.15: Measured directivities for the five best performing lenses of the second optimization, measured at

low (24𝜇W) and high(63𝜇W) laser power.
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a bNormalized
intensity

Normalized
intensity

Figure 3.16: Fourier image of the emission pattern from lenses on top of (a) CsPbBr3 nanocrystals, emitting at 520

nm and (b) MAPbBr0.2I0.8 thin film emitting at 700 nm.

Figure 3.17: Simulated Fourier image of orientation averaged dipole emitter 200 nm off-center of the lens. This

shows that misalignment of the lens with the emitter causes emission slightly away from normal direction.

a b

Figure 3.18: Simulations results on the effect of (a) lens alignment with respect to the emitter and (b) lens size on

directivity.
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4
Perovskite Plasticity:

Exploiting Instability for
Self-Optimized Performance

Halide perovskites are the new wonder material of the optoelectronics community due to
their outstanding photoluminescence quantum yield, tunable emission wavelength and simple
solution or vapor-phase deposition.119, 12, 14, 120, 121 At the same time, their facile ion migration
and transformation under optical, electrical and chemical stress are seen as a major limitation
for device implementation.122, 123, 124, 125 Mixed halide perovskites are particularly problematic
since optical excitation can cause changes in the bandgap that are detrimental for solar cell
and light-emitting diode efficiency and stability.126, 127, 128, 129, 130 In this chapter, instead of
preventing such changes,131 we exploit photo-induced halide segregation in perovskites to
enable responsive, reconfigurable and self-optimizing materials. We show how a mixed halide
perovskite film can be trained to give highly directional light emission using a nanophotonic
microlens: through a self-optimized process of halide photosegregation, the system mimics
the training stimulus. Longer training leads to more highly directional emission, while the
different halide migration kinetics in the light (fast training) and dark (slow forgetting)
allow for material memory. This self-optimized material performs significantly better than
lithographically aligned quantum dots,132 because it eliminates lens-emitter misalignment and
automatically corrects for lens aberrations. Our system shows a combination of mimicking,
improving over time, and memory, which make it compatible with the basic requirements for
learning,133, 134, 135 and give the intriguing prospect of intelligent optoelectronic materials.
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4.1 Introduction
The instability of halide perovskites that results from their dynamic nature has been seen

as a major limitation to implementing them in applications that require long-term stability,

such as solar cells and light emitting diodes.
126, 127, 128, 129, 130

In contrast, the push towards

intelligent materials has largely taken inspiration from natural and living systems, where

instability (material turnover and regeneration) is essential for environmental adapta-

tion, optimized properties and learning.
136, 137

By altering the response and regeneration

timescale, nature can span from slowly optimizing and relatively stable materials to those

that are much less stable but also respond more quickly. There are now synthetic analogues

trying to span this continuum as well. For example the ability of bone to strengthen itself

in response to mechanical forces has been artificially mimicked with composite materials

that cross-link upon mechanical loading.
138

Neuromorphic computing lies on a faster time

scale,
6
where self-learning optical neurosynaptic networks are being pursued to mimic

brain plasticity, due to the broad bandwidth and high speed inherent to optical systems.
5

The combination of rapid ion migration, sensitivity to many external stimuli, and

outstanding optoelectronic properties displayed by halide perovskites make them the

ideal platform for the next generation of reconfigurable, responsive, programmable, and

intelligent materials.
139

In this work, we exploit a photoinstability (light-induced halide

segregation) to train a mixed halide perovskite thin film to display user-defined optical

properties. Our case study consists of a mixed halide perovskite thin film that is trained

to give highly directional light emission using a nanophotonic microlens and exploiting

the rules of reciprocity. It exhibits many of the most attractive behaviors being sought

out for responsive, adaptive, intelligent, and self-learning materials. First, it interacts

with its environment by receiving a certain input (highly collimated light excitation) and

adapting its structure to transform initially isotropic emission into highly directional

emission, effectively mimicking the training input. In addition to this responsive behavior,

it remembers over time: the longer the system is trained with the excitation input, the

better the performance, and consecutive light/dark cycles show faster retraining, slower

forgetting, and better final performance. The system self-optimizes and is therefore robust

against fabrication imperfections, and converges to a global optimum without getting stuck

in a local optimum. The self-optimization results in performance significantly beyond what

can be achieved by design and nanolithography. This shows that by harvesting the right

dynamics, we can transform the instability of mixed halide perovskites from a bug into a

feature.

4.2 Results
The system, consiting of nanophotonic microlenses on top of a perovskite film, is depicted

schematically in figure 4.1. It consists of a dielectric microlens (∼7 𝜇m in size) on top

of a film of methylammonium lead iodide/bromide perovskite (MAPb(I0.5Br0.5)3). Upon

exposure to light, this material shows phase segregation leading to iodide-rich regions with

a lower bandgap energy. Due to exciton funneling toward these regions, photosegregation

results in strong, localized emission.
140

With the microlens we are able to control the

photosegregation and the resulting localized emission, to obtain a desired light output.

The process is indicated schematically in figure 4.1 and can be described as follows. Upon
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Figure 4.1: Training perovskite for highly directional light emission. A dielectric microlens of ∼7 𝜇m in size is

placed on top of a methylammonium lead iodide/bromide perovskite film (MAPb(I0.5Br0.5)3). When excited by

plane wave illumination (step 1), the microlens reshapes the electric field into a strong hotspot (step 2). This

causes photosegregation of the halides in the mixed halide perovskite, through which the perovskite adapts and

self-optimizes to form an iodide-rich region in the hotspot (step 3). This lower bandgap region acts as a localized

emitter. The emitted light is again processed by the lens (step 4) into the desired output of highly directional

emission (step 5).

light exposure (step 1), the microlens processes the incoming signal to a reshaped electric

field distribution underneath the lens (step 2). In this case, we shape the field to a single

hotspot of strong field enhancement. Under influence of the optical field, the mixed halide

perovskite adapts and optimizes itself through photosegregation in the hotspot (step 3). A

small iodide-rich region is formed, that acts as a localized emitter. The photoluminescence

emitted from this region is again processed by the lens (step 4) into the desired pattern of

highly directional emission (step 5).

Before studying the full system, the properties of the spin-coated MAPb(I0.5Br0.5)3 film

without lenses are studied. Characterization of the film confirmed successful formation

of perovskite (figure 4.6)a with a bandgap of 1.9 eV(figure 4.6b) and small grains, which

lead to stronger photosegregation.
131, 141

Time resolved emission spectra in figure 4.2a

show the expected vanishing of the initial peak at 660 nm, corresponding to fully mixed

MAPb(I0.5Br0.5)3, and the appearance of a peak starting at 700 nm and red-shifting further

to the expected emission of the segregated MAPb(I0.8Br0.2)3.
129, 142

Measurements of repeated cycles of light exposure alternating with a one-minute

recovery in the dark reveal that this material can be trained and has memory: consecutive

cycles show faster and stronger phase segregation, as visible in figure 4.2b. Although

in the dark the perovskite returns to its mixed state, some atomic-scale changes remain,

which allow the next cycle of phase segregation to happen faster.
143

Extending the dark

time revealed that it takes up to one hour for the material to fully return to its original

state(figure 4.7). The localized emission spot from a region that was previously excited with

a high intensity shown in figure 4.2c confirms this memory effect and the light-induced

local emitter formation.

The time dynamics of the emitter formation are investigated with real-space images



4

62 Perovskite Plasticity: Exploiting Instability for Self-Optimized Performance

Figure 4.2: Phase segregation dynamics in the MAPb(I0.5Br0.5)3 film under 405 nm focused laser excitation. a)

Emission spectra at increasing exposure times. The peak at 660 nm, corresponding to the mixed phase, disappears

and a new peak at longer wavelength appears and grows over time, corresponding to the formation of an iodide-

rich region. b) Development of peak position and intensity over several excitation cycles, alternating with a

1-minute recovery in the dark. After the first illumination the material responds faster. c) Spatial map of the

emission intensity between 740 and 760 nm around a previously illuminated spot. A local emitter is formed. d)

Emitter spot size over time, obtained from real space image as the average radial intensity. The emission is first

quenched upon nucleation of the emitter, and then increases while the emitter grows.

of the film under focused laser excitation. Figure 4.2d shows the spot size as a function

of time, obtained by taking the average radial intensity. First, a rapid decrease in emitter

spot size is observed, followed by an increase and gradual saturation. The initial decrease

is in agreement with the spectral response in figure 4.2a, where the initial peak at 660

nm disappears before the second peak starts to appear. This indicates that the emission

is quenched upon the initial nucleation of the segregated region. When the light is off,

some of this nucleation remains: in the next cycle, photosegregation occurs faster and the

emitter is immediately formed (figure 4.9).

To further support our claim of locally forming an iodide-rich region, we have in-

vestigated the nature of the photobrightening in the process. Besides photosegregation,

photobrightening has also previously been observed through photochemical surface pas-

sivation via environmental gasses.
144

To rule out this surface passivation effect, we en-

capsulate our samples with aluminum oxide to enhance stability and shield them from

the environment.
145

We compared samples of pure bromide perovskite with and without

encapsulation. Without encapsulation, it shows a strong increase in emission intensity

upon light soaking, while with encapsulation photodarkening occurs (figure 4.8), indicating

that the encapsulation fully blocks the photobrightning. The emission enhancement in our

encapsulated mixed halide film (figure 4.2a) and the formation of localized emitters can

therefore be attributed to halide segregation.

To control the observed photosegregation, we use a nanophotonic structure that re-

shapes the incoming light field in a designed manner. The self-optimization of our lens-

perovskite system relies on the principle of reciprocity, which states that source and detector

are interchangeable in an optical system. In our system, light at normal incidence is focused
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Figure 4.3: Directivity measurements during training of the lens. a) Directivity and intensity as a function of

time upon initial illumination of the lens with a focused 405 nm laser. The directivity increases first rapidly and

then more gradually, while the intensity first drops and then gradually increases, due to initial quenching while

the emitter nucleates, followed by a growth of the emitter. b) Upon consecutive illumination cycles, alternating

with a 1-minute recovery in the dark, the directivity increases each cycle due to training of the perovskite. c)

Measured Fourier image of the record directivity that was reached after several cycles of light and dark. The

white dashed circle corresponds to the NA of the objective of 0.42.

to the location of the hotspot via the microlens, and thus emission from the hotspot also

is collimated into a narrow beam in the normal direction. The microlenses used in this

study were reported to provide highly directional emission.
132

The size of these lenses

can be optimized to obtain maximal directivity at a desired emission wavelength, which

in this case is the wavelength of the iodide-rich regions. This lens design is particularly

suitable because it is optimized based on the same principle of reciprocity that we use here

for self-alignment.
65

Simulations predict a total directivity of 46 and a partial directivity

within the numerical aperture (NA) of the objective of 38 for this system (figure 4.5), where

directivity is defined as the emission power in the desired direction normalized to the

average emission power in all directions.
80

The directivity measurements were done using a Fourier microscope as described

before.
132

This setup has an objective with a relatively low NA of 0.42, which allows for

sufficiently intense excitation with a small spot size, while limiting angular spread in the

excitation beam to mimic a spatially confined plane-wave source. Figure 4.3a shows the

typical dynamics of the emission intensity and directivity as a function of time, when

a lens is illuminated for the first time. Initially, the intensity rapidly decreases, with a

simultaneous increase in directivity. We attribute this behavior to the nucleation of the

emitter, in agreement with what we observed when exciting the bare film with a focused

laser beam (figure 4.2a and d): the emission is first quenched before a red-shifted, enhanced

photoluminescence peak rises. The concurrent rapid increase in directivity indicates that

the emitter in the hotspot is already forming, and although the total intensity is low, this

emission originates from the hotspot. After the first 10 seconds, the dynamics slow down.

The directivity keeps gradually increasing, and the intensity stabilizes and then starts

to increase around 28s, indicating a growth in emitter strength. Figure 4.3b shows the

effect of several cycles of illumination separated by a one-minute recovery in the dark.

Remarkably, the second cycle starts at higher directivity than the end of the first cycle,

indicating the system has been trained. Initially, there likely is a competition for iodide
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Figure 4.4: Analysis of the competition for iodide through prolonged illumination. a) Directivity and intensity as

a function of time during 30 minutes of illumination. Under continuous illumination it takes longer to reach the

maximum directivity compared to cycles of illumination and dark. b) Fourier images of the points indicated in

panel a. Different spots correspond to different emitting regions underneath the lens. A shift in intensity between

these spots indicates a change in iodide distribution. The colormaps correspond to different intensity scales,

because of the large range of intensities covered. The white dashed circle corresponds to the NA of the objective

of 0.42.

between different spots underneath the lens. There are mechanisms through which iodide

rich regions can form away from the ideal location: either, another region also receives

a small part of the excitation light due to lens imperfections, or inhomogeneities in the

multicrystalline perovskite film promote the halide segregation to take place locally, for

example at grain boundaries.
131, 141

This initially causes a competition for iodide between

these rivaling regions and the designed hotspot, but with continuous training we observe

that the designed hotspot prevails. In the dark the halides remix, but the nucleation of the

iodide-rich region in the designed hotspot remains, as it is the most well-trained by the

excitation light. Upon the next excitation, this region responds faster, as we have seen

before, thus having an advantage over other regions that are not designed to be trained.

This training behavior and retention results in higher directivity in consecutive cycles,

until the system has reached its optimal configuration and the directivity stabilizes in

cycles three and four in figure 4.3b. The Fourier image of the highest measured directivity

of 16.4 is shown in figure 4.3c, which was obtained after several cycles of light and dark

(figure 4.10).

The proposed mechanism of rivaling iodide-rich regions and subsequent victory of the

designed emitter hotspot is confirmed by analyzing the Fourier patterns resulting from

prolonged illumination of the system, as shown in figure 4.4. On the left, it shows again

the directivity and the intensity as a function of time, but now during continuous training

(illumination) over the course of half an hour. Initially, the directivity is very low, due to

several bright spots in the Fourier image, most of which do not emit into the target angle

(panel 1). Although different spots in Fourier space in general do not necessarily correspond

to different real-space emission locations, the presence of the microlens provides a strong
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correlation between emitter position and angle (figures 4.12 and 4.13). In figure 4.4 the

spot closest to the center of the Fourier space images, i.e. normal direction, starts to gain in

intensity until point 2. Through competition for iodide, it loses power again, and directivity

decreases while intensity remains constant until point 3. Here the system starts to recover

and attract more iodide towards the designed hotspot, leading to an increase in intensity

and directivity (point 4), until it reaches a maximum directivity of 13.9 in point 5. Then

the intensity and directivity suddenly drop (point 6), which can be attributed to damage

inflicted to the perovskite during extended exposure to high laser power. Under continuous

illumination it takes the system more than 15 minutes to reach the maximum directivity,

which is longer than it took during cycles of illumination and dark. This indicates that

the emitter has a larger difficulty winning the competition for iodide under prolonged

illumination. The emitter in the hotspot, which is trained, has an advantage over rivaling

iodide-rich regions in the competition for iodide, as long as we make use of its retention:

while the rivaling spots are ’forgotten’ during the remixing, the trained spot is retained.

The remixing in the dark in combination with the training of the hotspot helps the designed

emitter win the competition for iodide, and thus convergence to the optimal configuration.

This behaviour shows a remarkable parallel to classical nucleation and growth theory. For

example, with the method of melt-recrystallization, large, high quality crystals can be

formed by cycling through heating and cooling, where in each cycle the initially nucleated

crystal grows. Although the system can lose all memory after an extended period in the

dark, the training rate is much faster than the forgetting rate. Thanks to the self-optimizing

processes, a well-trained system performs better than what could be achieved in our

previous work, where we used nanolithography to spatially confine and align emitters

with lenses.
132

Fabrication and alignment errors limited the directivity to 12.9, while the

self-optimized system results in directivity as high as 16.4.

4.3 Conclusions and outlook
We have demonstrated how we can train a system of mixed halide perovskite with a

microlens to self-optimize and retain the optimized configuration for highly directional

emission. To do this, we make use of the dynamic nature of the material and the rules

of reciprocity. Usually, the dynamic nature of mixed halide perovskites are regarded as

unfavorable instability, but this case study shows how we utilize the process of photosegre-

gation to make a system that mitigates fabrication errors in shape and alignment of the

microlens, and therefore performs better than its traditional counterpart that is fabricated

by nanolithography. We uncovered the underlying processes in the training and memory

by examining the directivity and intensity as a function of time. This revealed the presence

of different mechanisms, with each their own timescale. Nucleation of the iodide-rich

emitter happens at a millisecond timescale, followed by further light-driven halide segrega-

tion during seconds to minutes. Competition for iodide causes further optimization over

the course of tens of minutes. In the dark, the halides diffuse back within a minute, but

atomic-scale changes that facilitate rapid re-segregation at the designed nucleation site

remain for up to one hour. Light emission predominantly originates from the iodide-rich

regions, due to energy funneling that happens at the femtosecond to picosecond time

scale.
140

The presence of these different time scales makes it possible to train the system

over time and provide it with a memory for the previously trained task.
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This system has the capability to process an input and optimize itself to provide an

output that is an adapted copy of the input signal. Once trained for a specific input pattern

(in this case study simply a plane wave), it responds by mimicking this pattern. To any

other input, it will reply with a much weaker response. Therefore, it complies with typical

requirements for basic learning and memory capabilities in the social sciences,
133, 134

as

well as recent characteristics identified for intelligent matter.
135

This proof of concept also

gives the prospect for more complex learning tasks, for example leveraging reciprocity

to enable pattern recognition. What we present here is the discovery of a new way of

looking at the dynamics in mixed halide perovskites and a case study of how this can be

used to our advantage. The insight of using material instability as a feature, to reconfigure

the perovskite in a desired manner, can lead to a plethora of applications for intelligent

optoelectronic materials.

4.4 Materials & methods

4.4.1 Simulations

Optical simulations for the lens design were done with Finite-Difference Time-Domain sim-

ulations using the software program Lumerical. The directivity of the systemwas calculated

using the open-source matlab code RETOP for the near-to-far-field transformation.

4.4.2 Sample fabrication

Chemicals: lead acetate trihydrate (Pb(CH3COO)2 ⋅ 3H2O, 99.999%), dimethyl sulfoxide

(DMSO, anhydrous ≥ 99.9%), N,N-dimethylformaldehyde (DMF, anhydrous ≥ 99.8%) were

purchased from Sigma-Aldrich. Methylammonium bromide (MABr, CH3NH3Br, 98%),

Lead iodide (PbI2, >98%), lead bromide (PbBr2, >98%), methylammonium acetate (MAAc,

CH3NH3CH3COO, >98%), and PMMA were purchased from TCI. Metylammonium iodode

(MAI, CH3NH3I) was purchased from Solaronix. All chemicals were used as received.

Fabrication of thin films: Borosilicate glass substrate were thoroughly cleaned and

UV-ozone surface treated. Mixed halide perovskite films were spin coated in a nitrogen

glovebox from an 0.64M equimolar precursor solution of MAI, MABr, PbI2, and PbBr2 in

DMF. 150µL was drop casted and spun for 40 seconds. At 10s, 170µL of chlorobenzene was

dropcasted as antisolvent. Subsequently, the samples were annealed at 100◦C for 5 minutes.

MAPbBr3 films were fabricated from a precursor solution of 0.56M PbAc, 1.65M MAAc and

3.3M MABr in DMSO. 80µL of precursor solution was drop casted and spun at 5000rpm

for 30s, and annealed at 100◦C for 5 minutes. Encapsulation with 15nm AL2O3 was done

using an electron beam physical vapor deposition system (Polyteknik Flextura M508E).

Encapsulation with PMMA was done using a solution of 10g/L PMMA in chlorobenzene.

This solution was spin coated at 3000rpm for 30s and annealed at 100◦C for 5 minutes.

Encapsulation with AlO𝑥 and SU-8 photoresist and lens fabrication was done as described

in.
132

A 1:5 diluted SU-8/cyclopentanone was used to obtain a layer of 250 nm to avoid laser

damage to perovskite in the lithography process The lenses are fabricated as described

before,
65
with two-photon lithography.
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4.4.3 Characterization
Steady state absorbance spectra were measured using a LAMBDA 750 UV/Vis/NIR Spec-

trophotometer (Perkin Elmer). The spectrophotometer is equipped with an integrating

sphere, a deuterium lamp and a tungsten lamp, and an InGaAs detector. X-ray diffraction

patterns were recorded using a Bruker D2 phaser, using a Cu K𝛼 tube. Photoluminescence

spectra were recorded with a confocal imaging microscope (WITec alpha300 SR) equipped

with a 405nm diode laser (Thorlabs S1FC405).

4.5 Supporting information
4.5.1 Microlens simulation and fabrication
The microlens is designed with an evolutionary algorithm, which optimizes the shape to

maximize plane wave absorption, and thus field intensity, in a small region at the center of

the lens. Emission from this region is then highly directional into the direction of the plane

wave,
65
which is the aim in this study. Figure 4.5a shows the cross-sectional shape of the

lens and the insert shows the resulting electric field underneath the lens from plane wave

excitation at 405 nm as obtained from Finite-Difference-Time-Domain (FDTD) simulations.

Emission from the center of the hotspot results in the simulated Fourier image shown

in figure 4.5b, with a total directivity of 46 and a partial directivity within the numerical

aperture (NA) of the objective of 38. Note that the directivity is lower than reported before

because the continuous film of high index perovskite increases light trapping and the

slightly thicker spacer layer reduces performance.

Figure 4.5: Finite-difference time domain simulations of the microlens. a) Schematic rendering of the microlens

with plane wave excitation, and the resulting electric field distribution in the MHP film. Insert shows the hotspot

at the center of the lens. b) Simulated Fourier image of the emission pattern, originating from a point source

emitter in the center hotspot.
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4.5.2 Perovskite film characterization

Figure 4.6: a) XRD spectrum of the MAPb(I0.5Br0.5)3 film showing the characteristic peaks of the cubic perovskite

lattice in counts per second (CPS); b) UV-vis absorption spectrum of the MAPb(I0.5Br0.5)3 film, showing a bandgap

of 1.9 eV.

Figure 4.7: Elongating the recovery time in the dark between illumination cycles shows that it takes up to an

hour for the perovskite to copmletely return to the original state, where the phase segregation dynamics are the

same as for the initial illumination.



4.5 Supporting information

4

69

Figure 4.8: Effect of oxygen passivation on photobrightning of a single halide perovskite film. Without alumina

encapsulation, the film shows photobrightning, while after encapsulation we see photodarkening. This indicates

that the Al2O3 shields the perovskite from oxygen passivation.

Figure 4.9: Radially integrated intensity to determine the spotsize in repeated illuminations.
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4.5.3 Directivity measurements

Figure 4.10: Light and dark cycles that lead to the maximum directivity of 16.4. After reaching this value the

directivity stabilizes at ∼ 15.

Figure 4.11: In some cases, we observed a decrease in directivity while intensity was still increasing. We attribute

this to the emitter region growing too large: more emission from off-center locations underneath the lens reduces

the directivity. We expect this to happen for lenses that are positioned exactly on a grain boundary, where phase

segregation happens more strongly and the emitter grows more easily.
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4.5.4 Simulatiosn of off-center emitters
Simulations show a strong correlation between emitter location and emission angle: when

the emitter is located off-center with respect to the lens, the light is emitted under an angle,

as we show in figure 4.12. With multiple off-center emitters underneath a lens, we could

reproduce in in figure 4.13 the kind of emission patterns we observed experimentally in

figure 4.4.

Figure 4.12: Simulated Fourier image resulting from off-center emitters. Above each figure the emitter displacement

with respect to the center of the lens and the resulting beaming angle are indicated.

Figure 4.13: Simulated Fourier image resulting from multiple emitters underneath the lens. The three simulated

emitters are located at (0,0.2), (1,0) and (-1.1,-0.5) 𝜇m with respect to the center of the lens.
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5
A Solar Concentrator

Exhibiting Self-Tracking
and Diffuse Light

Utilization

The highest solar cell efficiencies are obtained with concentrating systems. However, for
practical application these systems have two major drawbacks: solar tracking is needed and
diffuse sunlight is poorly absorbed. Here we present a system that overcomes both limitations,
by exploiting light-induced halide segregation in mixed halide perovskite films. This approach
also shows that halide perovskite instability, which is usually seen as detrimental to solar cell
performance, can instead be leveraged for increased efficiency and environmental adaptability.
By placing a monolayer of silica microspheres on top of the mixed halide perovskite film,
incoming direct sunlight is focused into a hotspot under each of the microspheres. In the
hotspot, light-induced phase segregation takes place, and locally a low bandgap region is
formed. This focusing of the spheres, in combination with the funneling of excited states
towards the low bandgap regions, results in a voltage increase characteristic for concentrating
systems. Diffuse sunlight from any direction will still be absorbed by the high bandgap
material, avoiding this loss mechanism of conventional concentrators. The formation of low
bandgap regions in the perovskite is dynamic and can follow the position of the hotspot as the
sun moves throughout the day, making solar tracking unnecessary. With detailed optical and
electrical simulations, we show that this concept can lead to an increase in both voltage and
current, due to a combination of enhanced light absorption and carrier concentration. This
leads to an up to 6.8% absolute increase in power conversion efficiency compared to the film
without microspheres. Experimental verification confirms both the absorption enhancement
and directional light emission that, where the latter is a signature of effective concentration.
This shows the promising potential for exploiting rather than avoiding halide segregation in
perovskite solar cells for a self-optimizing concentrating system.
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5.1 Introduction
Concentrator photovoltaics are the record holders in photovoltaic efficiency.

146
However,

for practical applications, these systems have two major limitations. The first is the need for

solar tracking, which leads to bulky and expensivemechanical systems. The second problem

is the fact that diffuse sunlight is not efficiently absorbed in concentrating systems. In

most terrestrial applications, the loss in absorption due to the presence of diffuse sunlight

completely counteracts the efficiency gain due to concentration.
87

In this chapter, we

present a new concentrating solar cell that automatically tracks the sun and is able to

collect the majority of diffuse light, overcoming the two major limitations of modern-day

concentrators.

To understand the working principle of this concept, we need to understand what

makes a concentrating system more efficient. The efficiency of a solar cell is determined

by the short circuit current (J𝑠𝑐 ), the open circuit voltage (V𝑜𝑐 ), and the fill factor. The V𝑜𝑐

is given by the equation V𝑜𝑐 = k𝐵T/q ln (J𝑠𝑐/J0), with J0 the dark recombination current,

k𝐵 the Boltzmann constant, T the temperature in Kelvin, and q the elemental charge.

In a concentrating system, V𝑜𝑐 is enhanced because the ratio of J𝑠𝑐/J0 is increased. The

underlying mechanism for this increase is directivity. Directivity means that emissivity,

and thus absorptivity, is high in one direction, and lower in all other directions. This

ensures that the sunlight is focused, while most of the thermal background is not. For

a macroscopic concentrator, one can see it as a fixed solar cell size with fixed thermal

background absorption, where more sunlight is absorbed since it is concentrated from a

larger collection area. Alternatively, one can view it as a decrease in thermal background

absorption as the solar cell size is decreased for a fixed collection area. In nanophotonic

systems, this geometric optics picture breaks down,
21

which makes directivity a more

suitable measure for defining the concentration factor.
46

Here one can view the increase

in V𝑜𝑐 as a reduction in J0 caused by limiting the angles from which the solar cell absorbs

and in which it emits thermal radiation. In all cases, the net effect is an increase in free

carrier concentration in the material, resulting in higher quasi-Fermi level splitting and

thus higher V𝑜𝑐 .

To overcome the limitations in diffuse sunlight absorption, a system is needed that

absorbs high energy photons from all directions (the diffuse light) and has a high directivity

around the bandgap, such that at the emission wavelength recombination is reduced.
87

High directivity over all wavelengths is what standard concentrator systems show, but for

the V𝑜𝑐 improvements you can get nearly all the gains making only the bandwidth around

the emission peak directive. This allows at the same time for most of the diffuse light also

to be collected. This behavior can be achieved by having low-bandgap emitters embedded

in a higher bandgap matrix, with concentrating microlenses on top of the emitters. The

high-bandgap matrix absorbs high-energy light from any direction. Excited states are

funneled to the low-bandgap regions, which gives an effective concentration of carriers.

The low-bandgap regions underneath the microlenses absorb most of the direct sunlight

down to the low-bandgap energy. Due to the energy funneling, emission predominantly

originates from these regions. Through coupling back into the microlenses, the emission

will be directive. This concept is shown schematically in figure 5.1.

To make such a system easy to fabricate, and avoid the need for solar tracking, a self-

aligning lens-emitter system is needed. This can be achieved with a material that locally
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Figure 5.1: Schematic representation of the self-tracking solar concentrator with absoprtion of diffuse sunlight.

Microspheres focus the direct sunlight to a hotspot in the underlying film. In the hotspot a low bandgap material

is formed, where excited states get concentrated. Diffuse sunlight from any direction is absorbed in the high

bandgap matrix and the resulting excited states are funneled to the low bandgap regions. The postition of the

hotspot, and thereby of the low bandgap phase, moves along with the motion of the sun.

converts into a lower bandgap under the influence of light. The lens should accept a light

beam from any angle of incidence and focus it into a hotspot. In this hotspot, under the

influence of light, the low-bandgap material forms. The rules of reciprocity then dictate,

that since this hotspot has strong coupling to the incoming sunlight, emission from this

region will also be highly directional towards the incoming light beam, in this case direct

sunlight. Diffuse sunlight, coming from any other angle, will still be absorbed by the

high-bandgap material.

An excellent material with the desired behavior is mixed halide perovskite, which

tends to segregate into lower bandgap regions under light illumination. Halide perovskite

thin films are in general good candidates for efficient solar cell devices, surpassing all

expectations in terms of solar cell efficiency over the past decade.
146

Their facile pro-

cessability, strong absorption, and long carrier diffusion lengths are a few of their most

attractive qualities for photovoltaics.
147, 148, 149

Additionally, one of their core qualities is

that the bandgap of the material can be tuned by mixing halides, where a combination

of bromide and iodide can give the highest efficiency single-junction solar cell.
150

Under

illumination, the uniform alloy tends to segregate into iodide- and bromide-rich regions,

with respectively lower and higher bandgap. This has been considered a major limitation,

as without additional measures this segregation reduces photovoltaic efficiency.
150, 151

This

reduced efficiency is a consequence of carriers funneling towards the low bandgap regions,

by which the recombination, and thus J0 and V𝑜𝑐 , become fully determined by this low

bandgap phase. However, for the system described above, this halide segregation is exactly
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the desired behavior. We have shown in previous work that the formation of iodide-rich

regions can be controlled through the use of microlenses (chapter 4). The specially designed

and fabricated microlenses create a strong hotspot in the underlying material,
132

where

through halide segregation and energy funneling a local emitter with high directivity is

formed.

Nonetheless, the previous approach has limitations. Due to the special design of the

microlenses, the fabrication of each individual lens is time-consuming and not straight-

forward on a perovskite layer. Furthermore, this system only performs well for normal

incidence, while the principle of reciprocity can be applied to any nanophotonic structure

that creates a hotspot somewhere in the material when illuminated with a plane wave

from any direction. To harvest the beneficial effects that were described for application

in self-tracking concentrator photovoltaics, a lens is required that can be processed on

larger scales and accept light from any angle of incidence. Silica microspheres are an

excellent candidate for this job. They can focus light to produce photonic nanojets,
152, 153

albeit with a lower directivity than the previously reported microlenses.
65

They can be

easily synthesized with various sizes and excellent monodispersity,
154

and subsequently

assembled in large-scale arrays of hexagonally packed spheres.
155

With a monolayer of

microspheres on top of a mixed halide perovskite film, the system as depicted in figure 5.1

can be achieved. The incoming direct sunlight will be focused into a hotspot underneath

each sphere, where locally a lower bandgap iodide-rich region is formed. Absorption

and emission at the low bandgap wavelength will be only enhanced in the direction of

the incoming direct sunlight. Diffuse sunlight from all other directions at higher energy

will still be absorbed in the unsegregated regions of the film, avoiding the decrease in

absorption of diffuse light displayed by conventional solar concentrator devices. We have

seen before (chapter 4) that the emitter formation in the perovskite is not permanent, and

ions stay mobile in the perovskite layer. This makes tracking of the sun to ensure normal

incidence not needed; the iodide-rich regions can move underneath the spheres and follow

the movement of the sun. Assuming the iodide-rich regions extend from the top to the

bottom contact, the carriers can be collected for all lateral positions of the low bandgap

regions (sunlight incident angles).

In this chapter, we analyze and quantify the effect of placing a monolayer of micrometer-

sized silica spheres on top of a mixed halide perovskite film on solar cell performance. With

optical simulations, the reciprocity between hotspot formation and directivity of emission

is investigated for a varying angle of incidence, and the effect on solar cell absorption and

emission is modeled. Through detailed balance calculations and electrical simulations of a

full solar cell device, the effect on the solar cell performance is investigated and a large

performance increase is found with the use of microspheres. Furthermore, we provide

experimental proof of concept by assembling arrays of hexagonally packed spheres on a

mixed halide perovskite thin film. Changes in absorption and emission directivity due to

the presence of the spheres in agreement with the simulations are observed. This concept,

of combining the optical properties of silica microspheres with the dynamic nature of

mixed halide perovskites, can overcome the limitations of both concentrator systems and

mixed halide perovskite solar cells, which opens up a new pathway to high-efficiency

perovskite solar concentrators.
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Sphere radius 2 𝜇m 3 𝜇m 4 𝜇m 5𝜇m 6 𝜇m 8 𝜇m 10 𝜇m

Directivity 20 30 40 51 80 97 153

Table 5.1: Directivity from silica microspheres on a glass substrate, from an dipole emitter at the center of the

hotspot when illuminated with a plane wave at normal incidence. Directivity increases with sphere size, due to

increasing quality factor.

5.2 Results and discussion
5.2.1 Simulations
How the silica microspheres perform in terms of hotspot formation, directional emission,

and potential array effects was investigated with Finite-Difference Time Domain (FDTD)

simulations. When a single glass sphere is illuminated with a plane wave at normal

incidence, a strong field enhancement, a nanojet, is observed in the substrate underneath

the center of the sphere (figure 5.2a). The location of the nanojet dictates where a localized

iodide-rich perovskite emitter is formed. To investigate the directionality of the light

emitted from this region, a dipole emitter is placed at the position of the nanojet. The

resulting emission pattern shows narrow beaming into the upwards direction (figure 5.2e).

Directivity rapidly increases with sphere size, due to the increasing quality factor of the

cavity (the sphere), as summarized in table 5.1. The ideal size of the spheres is a trade-off

between maximizing directivity and energy funneling towards the hotspot. If the spheres

become too large, emission from the higher bandgap film in between the hotspots might

become significant, because the spheres exceed the carrier diffusion length in the perovskite

and the carriers cannot reach the low bandgap regions. This reduces the concentrating

effect. All further simulations are done on 5 𝜇m diameter spheres, mostly motivated by

the commercial availability of this size for experimental verification. Potentially, the ideal

size is larger because perovskites are known for their long diffusion lengths up to tens of

micrometers. Simulations of 5 𝜇m diameter spheres in a hexagonal array yield the same

pattern of a single hotspot underneath each sphere for plane wave excitation, and the same

emission pattern from a dipole at the hotspot in the center of the array. This indicates that

no array effects are present.

The reciprocity between incoming angle, hotspot location and emission angle was

verified on a hexagonal layer of 5 𝜇m diameter spheres on a glass substrate. The array

is illuminated with plane wave excitation under increasing angle of incidence, from 0

to 45 degrees. The resulting field intensity in the substrate underneath the spheres is

shown in figure 5.2a-d. Upon increasing the angle of incidence in clockwise direction, the

hotspot moves towards the left. Subsequently, a second simulation is run, with a dipole

emitter placed at the location of the hotspot (with the plane wave excitation turned off).

The resulting emission patterns are shown in figure 5.2e-h. Up to a 40 degrees angle of

incidence excitation, there is an almost perfect correspondence between the excitation

angle and the emission angle, as expected from reciprocity. At 45 degrees, the hotspot is

moved almost a full sphere radius to the side, and thus moves underneath the neighboring

sphere, as visible in figure 5.2d. Emission from this hotspot location starts to couple to the

next sphere, resulting in emission in the opposite direction of -45 degrees, as visible in

figure 5.2h. The iodide-rich regions formed in the hotspot can thus follow the movement of

the sun over a cone of 80 °. This allows for automatic solar tracking without any mechanics
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Figure 5.2: Optical simulation results of 5 𝜇m silica spheres on a glass substrate. Top row: electric field intensity in

the substrate underneath the center of the sphere for plane wave illumination with increasing angle of incidence.

Bottom row: far-field emission pattern from a dipole source placed at the position of maximum field intensity in

plane wave illumination. The emission is beaming back into the direction of the incidence field due to laws of

reciprocity. At 45°, the emitter starts to couple to the neighboring sphere, and part of the emission is beamed into

the opposite direction.

having to be added to the modules, as the cone covers the brightest sun hours of the day.

We have investigated the potential solar cell performance of a mixed halide perovskite

film with a monolayer of silica spheres through detailed optical and electrical simulations.

The system under study consists of a 500 nm thick film of MAPb(I0.5Br0.5)3 on top of an

aluminum back contact. As a top contact, a uniform layer of Indium-Tin-Oxide (ITO) is

used, with a thin film of SU8 photoresist on top which is needed for encapsulation and

adhesion of the spheres. Although carrier selective contacts are not included in the optical

model, in the ideal case they are only a few (5-15) nm thick and thus do not substantially

effect the optical modeling. A hexagonal array of close-packed silica spheres forms the top

layer. Since the ITO and SU8 have a refractive index in between those of the perovskite

and air, these layers can also act as an anti-reflection coating. It was found that absorption

in the perovskite is maximized for an ITO layer thickness of 50 nm and an SU8 layer

thickness of 80 nm, where the lower limit of ITO thickness was set to 50 nm to ensure

sufficiently low series resistance values (figure 5.5). For calculating the performance in the

radiative limit, accurate modeling of J0 is required, as this limits the open circuit voltage. J0

is determined by the external quantum efficiency and the black body radiation spectrum.
33

Since the black body emission exponentially increases at lower energy, J0, and thus V𝑜𝑐 ,

is very sensitive to the low energy tail states of the absorptivity/emissivity spectrum.
156

This is also the reason that halide segregation is usually undesirable in solar cells. Only

one percent of a low bandgap phase can dominate the emission spectrum. This is known

as voltage pinning, where the V𝑜𝑐 is completely determined by the lowest bandgap phase.

Away from the radiative limit, non-radiative recombination becomes the dominant factor

in limiting the voltage,
130

but for determining the ideal performance in the radiative limit,

it is important to accurately model the tail states of both unsegregated and segregated

phases. Details on how this was done can be found in the Supporting Information.
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We have investigated several systems of perovskite films in different phases, with and

without a monolayer of spheres, which allows us to separate the contribution of the different

mechanisms that play a role in the final solar cell performance. We compare an unsegregated

film (from now on denoted high bandgap film), consisting of 50:50 iodide:bromide ratio

perovskite and a bandgap of 1.9 eV, a film completely consisting of 80:20 iodide:bromide

ratio perovskite with a 1.7 eV bandgap, which is the phase in which the mixed halide

perovskite locally segregates
129

(denoted low bandgap film), and a perovskite with the

high bandgap material as majority phase and 3.6% minority phase of the low bandgap

material. We assume that changes in the halide ratio in the high bandgap material are

negligible, because of the low fraction of low bandgap phase that is formed. The minority

phase regions are modeled as 1 𝜇m diameter cylinders throughout the film underneath

each of the spheres. This corresponds to the shape and size of the hotspot that is formed

under broadband, plane wave illumination (figure 5.7), and thus how phase segregation is

expected to occur. For each of these films we determine the absorption spectrum with and

without spheres. The resulting absorption spectra are shown in figure 5.3a. With detailed

balance calculations, the performance of these systems in the radiative limit is determined,

as summarized in table 5.2 and shown graphically in figure 5.3b, filled markers.

Without spheres, a large drop in V𝑜𝑐 of 130 mV occurs when the high bandgap film

segregates into the two phases, due to the above-mentioned voltage pinning of the low

bandgap phase. The increase in absorption above 650 nm is almost negligible, as can be

seen in figure 5.3a, resulting in only 0.2 mA/cm
−2

increase in J𝑠𝑐 , and overall efficiency goes

down by 1.2%. The bare low bandgap film has 200 mV lower voltage but significantly higher

J𝑠𝑐 due to the lower bandgap. The efficiency is higher because the bandgap is closer to

the optimum value. A monolayer of spheres enhances the absorption in the high bandgap

film by 0.3 mA/cm
−2
, due to a change in the interference in the film, while the voltage is

unchanged. In the low bandgap film, J𝑠𝑐 is unaffected. In the two-phase system, however,

there is a large increase in both voltage and current in presence of the spheres. The increase

in J𝑠𝑐 can be attributed to the focusing by the spheres. The incoming sunlight is focused

into the low-bandgap material, which gives a large increase in absorption between 650 and

750 nm, despite the fact that there is only 3.6% of the low bandgap phase present. This

increase in absorption results in an increase in emission as well, due to effective lowering

of the bandgap, but at the same time the directivity of the spheres reduces the radiative

recombination, and the overall effect is an increase in V𝑜𝑐 of 20 mV compared to the bare

segregated film. The increase in J𝑠𝑐 gives an increase in voltage of k𝐵T/q ln(16.1/12.3) = 8

mV, the directivity of the spheres gives an increase of k𝐵T/q ln(27) = 85 mV, and thus the

lowering in the bandgap decreases the voltage again by 73 mV. The spheres give an absolute

6.8% efficiency increase compared to the bare two-phase film. The resulting efficiency of

23.8% is higher than for both unsegregated films. The difference with the low bandgap film

is relatively small, because this low bandgap is closer to the ideal value for a single junction

solar cell. As we will see in the following, the concentrating effect of the spheres gives

some additional benefit in the presence of non-radiative recombination, which makes the

segregated system even more favorable over the all low bandgap film. Also for application

in tandem configuration, efficient high-bandgap perovskite solar cell designs are needed.

To obtain more realistic performance metrics, which include the effects of electrical

contacts and non-radiative recombination, each of the above-mentioned devices is simulated
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Figure 5.3: Absorption spectra and device performance simulation results for the 6 different systems: low bandgap

(1.7 eV) film, high bandgap (1.9 eV) film, and phase segregated film with 3.6% low bandgap regions in a hight

bandgap film, each as bare film and with a monolayer of 5 𝜇m silica spheres on top. a) Absorption spectra obtained

from FDTD simulations b) Open circuit voltage (V𝑜𝑐 ) and short circuit current (J𝑠𝑐 ) obtained from detailed balance

calculations and full device simulations, based on the absorption spectra in (a). The black dotted line gives

the ideal limit from detailed balance calculations assuming step-wise absorption onset, thus no tail states. The

two-phase system with spheres approaches this limit most closely.

Bare film With spheres

J𝑠𝑐 V𝑜𝑐 𝜂 J𝑠𝑐 V𝑜𝑐 𝜂

Low bandgap (1.7 eV) 18.0 1.44 23.6 18.0 1.44 23.5

High bandgap (1.9 eV) 12.2 1.64 18.4 12.5 1.64 18.9

Low + high bandgap 12.4 1.51 17.2 17.0 1.53 23.8

Table 5.2: Solar cell performance in radiative limit as obtained from detailed balance calculations, based on the

absorption spectra in figure 5.3a. The phase segregation lowers V𝑜𝑐 and thereby efficiency, while spheres increase

J𝑠𝑐 and efficiency. The combination of spheres and phase segregation gives rise to a large increase in both J𝑠𝑐 and

V𝑜𝑐 , thanks to absorption enhancement and directional light emission, which results in a 6.8% higher efficiency

compared to the segregated film without spheres. J𝑠𝑐 in mA/cm
−2
, V𝑜𝑐 in V, 𝜂 in %.
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in Lumerical Device CHARGE. The generation profile from the AM1.5 solar spectrum is

obtained with the same optical FDTD simulations as the absorption spectra in figure 5.3a

and imported into Device. The electrical model includes hole and electron selective layers

and planar contacts on each side. Details on the simulation and materials settings can be

found in the Supporting Information. The obtained performance metrics are summarized

in table 5.3 and shown graphically in figure 5.3b, open markers. Now the two-phase system

with spheres stands out even more. While the drop in voltage compared to the radiative

limit for the pure low and high bandgap systems is respectively 60 mV and 40 mV, the two

phase system with spheres drops only 20 mV. This reduced voltage drop is caused by a

combination of two effects, both related to the enhanced carrier concentration in the low-

bandgap cylinders underneath the spheres. This increased carrier concentration leads to

the increases in V𝑜𝑐 that is always observed in concentrating systems, also in the radiative

limit. However, in the presence of non-radiative recombination, there is an additional

benefit from increased carrier concentrations. The dominant non-radiative recombination

pathway, Shockley-Read-Hall recombination, scales linearly with carrier concentration.

The radiative recombination rate scales with the carrier concentration squared. Higher

carrier concentrations thus push the system toward the radiative limit, increasing the

internal quantum efficiency and thereby the voltage. Furthermore, the long diffusion

lengths in perovskite allow for efficient funneling towards the low-bandgap regions: with

the lifetime andmobility in the simulations of 1 𝜇s and 15 cm
2
V
−1
s
−1

respectively, the carrier

diffusion length of 7 𝜇m is large enough compared to the radius of the sphere. Therefore

most recombination occurs in the segregated regions, as all carriers are funneled towards

the hotspots. Proof of this funneling effect was found by comparing the recombination rates

in the segregated system without spheres to the all low bandgap system without spheres.

Since there is no focusing of the spheres, absorption per unit volume in the low bandgap

cylinders is the same as in the all low bandgap film. However, carrier concentrations are up

to an order of magnitude larger in the segregated film, which indicates that electrons and

holes from elsewhere in the film recombine in the segregated regions. This funneling effect

is not taken into account in the radiative limit calculations and explains the absence of a

voltage drop for the segregated film without spheres from the radiative to the non-radiative

system.

5.2.2 Experiments
The optical effects of adding a monolayer of glass spheres on a perovskite film have

also been demonstrated experimentally. A MAPb(I0.5Br0.5)3 film is spin-coated on a glass

substrate and encapsulated with a 15 nm aluminum oxide layer for enhanced stability as

described before chapter 4. Monolayers of silica spheres were created with a simple rubbing

technique, where a dry powder of spheres is gently rubbed between two slabs of PDMS.
155

This resulted in large area (several square milimeters) monolayers of spheres on PDMS. The

spheres do not stick well to the perovskite/alumina film, potentially due to the difference in

hydrophobicity and the surface roughness of the film. Successful transfer to the perovskite

film was obtained by spin coating two 100 nm thick layers of SU8 photoresist. The first

layer flattens out any irregularities on the film and further protects the perovskite. Directly

after spin coating the second layer and before curing it, the slab of PDMS with a monolayer

of spheres is pressed into the film, by which the spheres stick into the photoresist and are
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Bare film With spheres

J𝑠𝑐 V𝑜𝑐 𝜂 J𝑠𝑐 V𝑜𝑐 𝜂

Low bandgap (1.7 eV) 16.9 1.38 20.2 16.9 1.38 20.1

High bandgap (1.9 eV) 11.7 1.60 16.3 12.0 1.60 16.7

Low + high bandgap 11.9 1.51 15.6 15.8 1.53 20.7

Table 5.3: Solar cell performance in full device simulations, including non-radiative recombination as Shockley-

Read-Hall recombination and surface recombination. Enhanced carrier concentrations due to the focusing of

the spheres and funneling to the low bandgap regions drive the system towards more radiative recombination,

resulting in less penalty in V𝑜𝑐 due to phase segregation. The segregated system with spheres gives the highest

efficiency. J𝑠𝑐 in mA/cm
−2
, V𝑜𝑐 in V, 𝜂 in %.

transferred to the sample (figure 5.6). A single layer of SU8 was not sufficient, because the

spheres had to be pressed into the film with a large force in order to obtain a proper transfer,

but as a consequence the spheres appeared to be pressed into the perovskite, resulting in

damage to the perovskite film.

Accurate absorption spectrum measurements on the film with and without spheres, to

verify the spectra in figure 5.3, were hindered by the high photoluminescence of the films,

which keeps increasing under prolonged illumination (figure 5.8). This complicated accurate

absorption measurements around the bandgap. Accurate absorption spectra at short

wavelength were obtained using an integrating spheres setup as described before,
118

using

short pass filters to remove any photoluminescence (PL) from the signals. Subsequently,

simple transmission and reflection measurements were taken over the full spectrum with

the detectors far away from the sample, to minimize PL signals. These measurements

result in an anomously high apparent absorption, because scattered light is not detected.

By matching the spectrum to the integrating sphere measurements at short wavelengths,

the amount of scattering could be determined. Assuming that this value is constant over

the measured spectrum, accurate absorption values around the bandgap could be obtained

from the transmission/reflection measurements, which are shown in figure 5.4a. At short

wavelengths, the film with spheres has ca 4% more absorption compared to the bare film,

due to the anti-reflection effects of the spheres. Towards the bandgap of the mixed-phase

film, absorptance rapidly drops for the bare film, although there is a second bump in the

absorption spectrum that corresponds to the absorption of the iodide-rich phase. In this

spectral region, the film with spheres shows up to 25% more absorption. This confirms the

hypothesis that iodide-rich regions are self-aligned with the spheres, which focus the light

into those regions, with a large increase in absorption as a result. The fact that for both

samples absorption is higher than in the simulations indicates that there is more iodide-rich

phase forming. The absence of the interference pattern in the bare film absorption, as seen

in the simulations, can be explained by the surface roughness of the perovskite film, which
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Figure 5.4: Experimental results on mixed halide perovskite films with a monolayer of silica spheres on top. a)

Absorption spectra show an increase in absorptance over all wavelengths. At short wavelengths, this can be

attributed to anti-reflection effects, while in the 700 to 800 nm range this can be attributed to focussing into

the low bandgap regions underneath the spheres. b) Directivity and emission intensity as a function of time.

Directivity decreases over time, potentially due to the segregated regions growing too large. c) Fourier image of

the highest measured directivity of 6.2. in the NA of the objective

was not taken into account in the simulations. Given the chemical flexibility of halide

perovskites and the resulting effects on the light-induced phase separation, we expect that

the size of the phase separation at a given light intensity can be controlled.

Directivity measurements were done with a Fourier microscope in full-field illumination

mode. In this configuration, the sample is illuminated with a plane wave, and the directivity

of an ensemble of ca 50 spheres is measured (figure 5.9). The development of directivity

and emission intensity over illumination time is shown in figure 5.4b, with a Fourier

image of the highest directivity measurement in figure 5.4c. Upon initial illumination,

the highest directivity of 6.2 is measured, but longer illumination results in a decrease in

directivity. This trend opposite of what would be expected can be attributed to iodide-rich

regions growing too big. Emission in normal direction is only obtained from emission from

the center of the spheres. If the iodide-rich region grows and emission happens from a

large area underneath the sphere, directivity is decreased. This is in agreement with our

absorption measurements in figure 5.4a, where we also observed that more and/or larger

iodide-rich regions are formed compared to our simulations.

5.3 Conclusion and outlook
In this work, we have shown how light-induced halide segregation in mixed halide per-

ovskites can be exploited to improve solar cell performance. By placing a monolayer of

silica microspheres on top of the perovskite layer, phase segregation can be controlled to

take place in a highly functional manner. Each sphere focuses the incoming sunlight into a

hotspot. In this hotspot halide segregation occurs and a lower bandgap region is formed,

which acts as a local emitter. Due to the rules of reciprocity, light emitted from this region

will be highly directional into the direction of incoming light. With optical simulations,

we showed that reciprocity between incoming light, hotspot formation and emitted light

works for any angle of incidence between -40° and 40°. When this system is applied in

a solar cell, the focusing of the spheres causes an increase in J𝑠𝑐 of 4.6 mA/cm
−2

and an
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increase in V𝑜𝑐 40 mV in the radiative limit, resulting in an absolute increase in efficiency

of 6.8%. In a complete device configuration, including non-radiative recombination and

extraction losses, increases in J𝑠𝑐 and V𝑜𝑐 are 3.9 mA/cm
−2

and 20 mV respectively, and

efficiency is increased by 5.1%. Due to additional benefits of the increased carrier concen-

tration within the segregated regions, the voltage drop in the segregated films from the

radiative limit to the full device is less compared to the single phase films. Experimental

verification showed that the presence of a monolayer of spheres on a perovskite film indeed

increases the absorption significantly. This especially happens in the region between 650

and 800 nm, as light is focused on low bandgap regions that are formed in the film. Also,

directional emission was observed experimentally, with directivity of 6.2 within the NA of

the objective.

A logical next step after these initial experimental proofs of concept is to measure full

device performance experimentally. This requires the fabrication of a fully contacted device.

Since the sphere monolayer can be simply added to the device at the end, via the same

procedure as described for the optical experiments, full device fabrication is within reach.

A more challenging aspect is the further optimization of the mixed halide perovskite film.

Our experiments indicate that more phase segregation happens than what was assumed in

the simulations. Some of this might be attributed to the relatively small excitation area used

in experiments, which might cause the formation of iodide-rich regions everywhere in the

illumination area, instead of only underneath the spheres (figure 5.10). The mixed halide

perovskite films used here consist of very small grains, which give strong phase segregation.

Larger grains might lead to less phase segregation, resulting in smaller emitters and higher

directivity. However, initial experiments with large grain films resulted in rough films with

large variations in PL intensity and spectrum throughout the sample, which complicated

the transfer of spheres and optical characterization. By combining methods to decrease

phase segregation, for example by altering the A-site cation which drastically changes the

ion photosegregation process, and further optimizing the iodide:bromide ratio for best

performance, we believe that the outstanding performance predicted by simulations can

become reality.

Overall we can conclude that a simple, scalable technique of placing a monolayer of

silica microspheres on top of a mixed halide perovskite film can significantly improve

solar cell performance. A combination of anti-reflection and focusing effects causes an

increase in J𝑠𝑐 . Directivity or concentration (effectively the same effect) increase V𝑜𝑐 , with

an additional boost in V𝑜𝑐 in the presence of non-radiative recombination due to increased

carrier concentration, which pushes the system towards the radiative limit. This approach,

in which we embrace the light-induced phase segregation rather than preventing it, can

open up a new path for high-efficiency perovskite solar concentrators.

5.4 Materials & methods
Chemicals: MABr (≥98%), MAI (≥99%), PbBr2 (≥98%), and PbI2 (≥99.99%) were purchased

from TCI. Chlorobenzene (≥99.8%) and dimethyl formamide (DMF, anhydrous ≥ 99.8%)

were purchased from Sigma-Aldrich. All chemicals were used as received.

Substrate preparation: Fused quartz substrates of 15 mm×15 mm×1 mm were cleaned

with soap and subsequentially sonicated in water, acetone, and isopropanol. The dried

substrates were then UV/ozone treated for 20 minutes and quickly brought into a nitrogen



5.5 Supporting Information

5

85

glovebox afterwards.

MAPb(Br0.5I0.5)3 thin film fabrication: Film preparation took place in nitrogen

glovebox. An 0.64 M equimolar solution of MABr, MAI, PbBr2, and PbI2 was made in DMF

and stirred over night at 70°C. The solution was filtered using a 0.2 𝜇m syringe filter. Thin

films were then fabricated by spin coating 80 𝜇l of the precursor solution at 3000 rmp

for 40 seconds. After 10 seconds, 200 𝜇l chlorobenzene antisolvent was dropcasted on

the spinning sample. To crystallize, the sample was placed on a hot plate to anneal for 5

minutes at 100°C.

Encapsulation of thin films: Encapsulation with 15 nm AL2O3 was done using

an electron beam physical vapor deposition system (Polyteknik Flextura M508E). After-

wards, the films were coated with two layers of 100nm SU-8, obtained by a mixture of

SU-8/cyclopentanone in a 1:10 ratio that was spin coated on at 4000 rpm for 30 seconds.

The first layer is cured on a hot plate at 100°C for 1 minute, exposed to 365 nm UV light for

5 minutes and again placed on the 100°C hot plate for 1 minute. Then the second layer is

applied, and directly after spin coating a slab of PDMS with a monolayer of silica spheres

is pressed into the soft SU8 and placed on a 100°C hot plate hot plate for 1 minute with a

weight of 160 gram on top. The second layer is not cured with UV light to avoid damage to

the perovskite film due to the focusing of the UV light by the spheres.

Sphere monolayer self-assembly: 5 𝜇m diameter silica spheres in aqueous solution

(Sigma Aldrich 44054-5ML-F) are dried to a powder on a hot plate. PDMS is mixed in a 1:9

ratio, poured into a petridish and cured in the oven at 80°C for 3 hours. The cured PDMS is

peeled off and cut into pieces of ca 15x15 mm. Some dry sphere powder is applied to one

piece of PDMS and another piece is rubbed across with light finger pressure to spread out

the spheres and form a monolayer.

Absorption measurements: Absorption at short wavelength is determined with high

accuracy using an integrating sphere setup described before,
118

using 600 short pass filters

to remove any PL from the signals. The full absorption spectrum up to 800 nm wavelength

is measured with transmission and reflection measurements with a Thorlabs Thorlabs

amplified Si detector (PDA100A) for the reflection signal and a passive Newport 818-UV

photodetector for the transmitted signal, both read out by Stanford Research Systems SR830

lock-in amplifiers. The sample is excited using a supercontinuum laser (NKT Fianium FIU

15) and acousto-optical tunable filters to select ca 2 nm bandwidth light in steps of 10 nm

from 400 to 800 nm.

Fouriermeasurements: Fourier images were taken in a home built Fourier microscope

with NA of 0.85. The sample is excited with 532 nm laser light in full field illumination,

resulting in a spot size of ca 60 𝜇m diameter. Fourier images are collected with a 0.85 NA

objective and recorded with a Andor Clara CCD camera.

5.5 Supporting Information
5.5.1 Simulations
Optical simulations
Material properties The optical properties of perovskite were implemented in Lumerical

FDTD as real and imaginary refractive index values (n and k values). The values used

are adjusted from experimental data on MaPbI3 film.
157

These were converted to mixed
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iodide/bromide perovskite according to,
158

which was shown to be a valid method in.
159

The data were shifted by first converting the imaginary part of the refractive index k to

absorption coefficient, using 𝑘 =
𝛼𝜆

4𝜋
, then shift 𝜆 by 45 nm and 135 nm for respectively

the 80:20 I:Br and the 50:50 I:Br phase, and then converting back to k. For the real part

of the refractive index n the spectrum is simply shifted by the above mentioned values.

For accurately simulating the emissivity at the bandgap, an Urbach tail is added to the

experimental data with an Urbach energy of 18 meV, which was added to the absorption

coefficient before converting this back to 𝑘. Lumerical FDTD uses a fitting model with

polynomials for experimental refractive index data. Close to the bandgap, when the k

values approach and eventually become zero, the polynomials often result in bad fitting. To

accurately simulate absorption in this region, simulations were split up in small wavelength

ranges, each time fitting only to a small part of the data to ensure accurate fitting. The

simulation over the full solar spectrum, ranging from 300 to 825 nm was split up in 9

simulations. At short wavelengths, far away from the bandgap of either of the two phases,

5 nm wavelength step size was used, while around the bandgaps a 1 nm step size was used

to accurately track changes in the Urbach tail.

Simulation lay-out The FDTD simulation is built up as follows, from bottom to

top: Aluminum back side (Al (Aluminium) - Palik), that extends into the metal boundary

at the lower z-limit, 500 nm of perovskite with 50:50 I:Br ratio with n and k values as

described above, if applicable: vertical cylinders with 600 nm diameter throughout the

perovskite film with 80:20 I:Br ratio, 50 nm of ITO (n and k values from
160

), 80 nm of SU8

(n=1.5525+0.00629*𝜆
−2
+0.0004*𝜆

−4
, k=0), if applicable 5 𝜇m diameter silica spheres (SiO2

(Glass) - Palik) in a background refractive index of 1. Top z boundary is PML, x and y

boundaries are Anti-Symmetric and Symmetric, respectively, excitation with plane wave

in downward z-direction. The simulation area is 5 𝜇m by 8.66 𝜇m, which is the smallest

unit cell for an hexagonal close packed array, with one sphere at the center, and a sphere

at each corner, resulting in a total to two spheres in the unit cell.

Electrical simulations
For the electrical simulations in Lumerical Device - CHARGE, the same unit cell is used,

but without the SU8 and silica spheres, since these do not contribute to the electrical

properties. Their effects are included in the optical generation profile, which is imported

from the optical simulations. Hole and electron transport layers of 15 nm of NiO𝑥 and

ZnO respectively are used in the electrical simulations. The material properties used are

summarized in table 5.4. For the aluminum back contact the default ‘Al (Aluminum) - CRC’

material in Lumerical Device is used.
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50:50 I:Br 80:20 I:Br ZnO NiO𝑥 ITO

Bandgap (eV) 1.94 1.7 3.2 3.75 3.5

DC permittivity 10 10 8.1 10.7 8.9

Work function (eV) 4.88 4.75 5.68 3.98 4.6

m𝑛 0.229 0.229 0.318 1.076 0.17

m𝑝 0.289 0.289 0.117 0.801 0.8

SRH carrier 1.3e-6 1.3e-6 1.3e-8 1.3e-8 -

lifetime [s]

Surface recombination 20 20 - - -

velocity [cm/s]

Doping 1e11 1e11 1e19 1e15 -

Table 5.4: Material properties as used in Lumerical Device CHARGE simulations. Perovskite, ZnO and NiO𝑥

properties from,
161

with adjustments in perovskite bandgap and work function to account for mixed phases. m𝑛

and m𝑝 are the effective mass of electrons and holes.

5.5.2 Supplementary figures

Figure 5.5: SU8 and ITO thickness optimization for maximizing absorption. The average absorptance at 500

and 600 nm was determined while sweeping the ITO thickness from the minimum value for good conductivity

of 50 nm to 100 nm, and sweeping the SU8 thickness from 70 to 150 nm, both in steps of 10 nm. The highest

absorptance was found for 50 nm ITO and 80 nm SU8 thickness.
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Figure 5.6: Optical microscope image of a self-assembled monolayer of 5 𝜇m silica spheres after transfer to the

perovskite film by pressing the spheres into soft SU8 photoresist. a) Overview of large area monolayer. b) Zoom

of a.

Figure 5.7: Hotspot in low bandgap perovskite film underneath a 5 𝜇m silica sphere under solar illumination.

Figure 5.8: The PLQY keeps increasing over prolonged light excitation with full field illumination.



5.5 Supporting Information

5

89

Figure 5.9: Real space image of the microspheres in full field laser illumination. Ca 50 microspheres are illuminated.

Figure 5.10: Emission intensity of the two phases. First the center is illuminated with full field illumination, such

that phase segregation occurs. Consecutively, emission spectra are collected while scanning in a vertical and

horizontal line across the illuminated area. In the illuminated region, the emission from the mixed 50:50 I:Br

almost completely disappears, indicating that the whole area has segregated into the 80:20 I:Br phase.
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6
Unlocking Higher Power

Efficiencies in Luminescent
Solar Concentrators
through Anisotropic
Luminophore Emission

The luminescent solar concentrator offers a potential pathway for achieving low-cost, fixed-tilt
light concentration. Despite decades of research, conversion efficiency for luminescent concen-
trator modules has fallen far short of that achievable by geometric concentrators. However,
recent advances in anisotropically-emitting nanophotonic structures could enable a significant
step forward in efficiency. Here, we employ Monte Carlo ray-trace modeling to evaluate the
conversion efficiency for anisotropic luminophore emission as a function of photoluminescence
quantum yield, waveguide concentration, and geometric gain. By spanning the full LSC
parameter space, we define a roadmap towards high LSC conversion efficiency. An analytical
function is derived for the dark radiative current of an LSC to calculate the conversion efficiency
from ray-tracing results. We show that luminescent concentrator conversion efficiency can be
increased from the current record value of 7.1% to 9.6% by incorporating anisotropy. We provide
design parameters for optimized luminescent solar concentrators with practical geometrical
gains of 10. Using luminophores with strongly anisotropic emission and high (99%) quantum
yield, we conclude that conversion efficiencies beyond 28% are achievable. This analysis reveals
that for high luminescent solar concentrator performance, waveguide losses are as important
as the luminophore quantum yield.
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Anisotropic Luminophore Emission

6.1 Introduction
Despite outpacing other forms of renewable energy,

162
solar photovoltaics still occupies a

limited fraction of the worldwide energy portfolio—with just 580 TWh of solar electricity

generated in 2019 compared to over 23,000 TWh of total electricity consumed.
163

Given

the disparity between solar generation and worldwide consumption, tremendous research

effort is underway to spur further adoption. Building-integrated photovoltaics is one such

area, and aims to incorporate solar generation into residential and commercial building com-

ponents (e.g., envelopes,
164, 165, 166

roofs
167

windows,
168, 169, 170

greenhouses.
171, 172, 173, 174, 175

The decreasing cost of solar modules and the proportionate increase in balance of system

and soft costs
176

motivates integration of photovoltaics into buildings to minimize overall

system and installation expenses.
165

First introduced in the mid-twentieth century for scintillation counting applications,
177

the luminescent solar concentrator (LSC) offers unique advantages for building-integrated

devices. An LSC consists of a dielectric waveguide containing suspended luminophore

particles at a given concentration (i.e., optical density). Upon illumination of the waveguide

top surface, the embedded luminophores absorb photons within their absorption band and

re-emit energetically down-shifted photoluminescence (PL) at a radiative efficiency given

by the luminophore PL quantum yield (PLQY). The spectral and angular PL emission profiles

of the luminophore, along with the index of refraction contrast between the waveguide

and surrounding media (often polymer and air, respectively), determine the amount of

PL trapped in the waveguide through total internal reflection (TIR). For photovoltaic

applications, solar cells can be optically coupled to the waveguide edges. Figure 6.1a

illustrates the fundamental operating principles and components of a general, single-edged

photovoltaic LSC device.

Thermodynamically, an LSC holds distinct advantages over both traditional geometric

concentrator modules as well as conventional, nonconcentrating photovoltaic systems. As

has been shown, the Stokes shift (spectral separation between luminophore absorption

and emission) sets the maximum achievable concentration limit.
178

Unlike traditional

passive concentrators whose limit depends upon the acceptance angle,
179

LSCs can absorb

and concentrate off-angle and diffuse irradiance.
180, 181

Consequently, LSC photovoltaic

cells maintain lower operating temperatures than both geometric concentrators and non-

concentrated, flatplate photovoltaics owing to decreased thermalization of high-energy

photogenerated excitons of the collection cell.
182

Economically, LSCs offer potential system-levelcost reductions owing to the flexibility

of these devices into building-integrated photovoltaic designs.
183, 184

The ratio of top

surface waveguide area to the net solar cell area, termed the geometric gain (GG), sets

the amount of the photovoltaic material required per LSC module. The optical density of

luminophores suspended within the waveguide, as well as the luminophore absorption

and emission spectral profiles, determines the visible transparency and color tinting of the

LSC.
185

Thus, LSCs can be aesthetically tuned to meet the need(s) of building-integrated

photovoltaic designs. The LSC aesthetic tunability also compels such devices for myriad

façade components and end-uses.
186, 187

Beyond such applications, previous studies have

also investigated routes toward high-efficiency photovoltaic applications as a promising

area for LSC research—exploring, for example, LSC–LSC70
and LSC–Si69, 188, 189, 190 tandem

structures.
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Figure 6.1: (a) 3D rendering of a rectangular luminescent solar concentrator coupled to an edge-lined solar PV

cell. Incident sunlight strikes embedded luminophores within the optical, dielectric waveguide where, given

the luminophore radiative efficiency (i.e., PLQY), down-shifted PL is emitted. Given the waveguide’s index of

refraction, a portion of PL emits into the TIR escape cone, while a portion occupies TIR angles. In this work,

we assume a waveguide with a broadband specular reflector cladding the bottom surface, as shown here. (b)

Three examples of luminophore PL profiles (arbitrary wavelength) given the emission angle relative to the top

waveguide surface normal. Here, we show the relative PL emission probability for the case of an isotropic

luminophore with equal probability of PL across all angles; a step function like luminophore with a probability,

Pesc, of emitting into the escape cone and a complementary probability, 𝑃𝑇 𝐼𝑅 , of emitting into TIR angles; and a

dipole emission pattern showing a continuous anisotropic profile. (c) Spectral profile that we assume for this

model, where we assume a luminophore with an absorption edge up to 700 nm (left y-axis), a PL center of 800

nm with an FWHM of 20 nm (left y-axis), and a GaAs cell whose external quantum efficiency (EQE) we show in

green (far right y-axis). We plot against the AM1.5G spectrum (right y-axis) for reference.

The concentration mechanism for an LSC introduces a large number of design and

performance parameters.
191

Among these include the luminophore PLQY, optical density

of luminophores, GG of the LSC system, Stokes shift of the luminophore absorption/PL

profiles, trapping efficiency of the emitted PL, reabsorption probability by the luminophore

species, attenuation and bulk/surface scattering by the host waveguide, and the quantum

efficiency of the photovoltaic cell collector.
192

Previous studies have highlighted the most

important parameters for LSC optical and conversion efficiency; PLQY, PL trapping, optical

density, and GG are observed to be highly influential for a given LSC and luminophore

system type.
193, 194, 195, 196, 197

While some parameters need to be maximized (e.g., PLQY) or

minimized (e.g., attenuation in the waveguide), others attain optimal values that strongly

depend on the entire LSC design, complicating the process (e.g., optical density, GG).
198, 199
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Anisotropic Luminophore Emission

In addition, there exist numerous pathways for photon loss intrinsic to the LSC design.

Consequently, the single-junction LSC conversion efficiency remains limited to below 10%,

with the current record achieving 7.1% under 1 sun illumination.
200

Among the many parameters that can be tuned for highly efficient LSCs, the methods by

which the waveguide layer traps and guides PL to the optically coupled solar cells remain

an active field of research. Common rectangular LSC waveguide materials (e.g., polymer

or glass) trap under 75% of the isotropically emitted luminescence radiation by TIR.
177, 201

To decrease the waveguide losses through the escape cone, methods for trapping have ad-

dressed either cladding the top/bottom LSC surfaces with Bragg mirrors to reflect a portion

of the PL emitted within the escape cone
202, 203, 204

or employing luminophore materials or

structures that preferentially emit outside of the escape cone.
205, 206, 207, 208, 209, 210, 211, 212

This

significant body of research has detailed the effects of LSC parameters on cladding losses

(i.e., external dichroic mirrors and photonic crystal structures) as well as anisotropically

emitting luminophores. With recent advances in the angular control of luminescence

radiation using nanophotonic structures, however, this has become a key focus area for

research in LSCs.
56

Together with semiconductor quantum dots whose emission efficiencies

can extend beyond 99%,
113

nanophotonic-luminophore designs open new directions for im-

proved LSC efficiency. Unlike previous works, here we quantify the effects of luminophore

anisotropic emission for a variety of profiles, for a common edge-lined LSC structure, while

covarying the device parameters of interest to unveil the pathway to achieving high power

conversion efficiency devices.

In this work, we compare the effects of several types of anisotropic emitters on LSC

conversion efficiency. Figure 6.1b illustrates different emission patterns for an arbitrary

PL spectrum. An isotropic emitter has an equal probability of emission into any angle, as

shown on the left of Figure 6.1b. To quantify the effects of angular emission, we model

luminophores with a step-function anisotropic profile, as illustrated in the center of Figure

6.1b. While useful in its analysis, such a step-function emission profile is unphysical.

As such, we next discuss and analyze the consequences of more realistic, continuous

emission probabilities, like that of the nanophotonic dipole emitter shown on the right-

hand side of Figure 6.1b. We assume that the embedded luminophore particles do not

anisotropically scatter incident photons below the absorption bandgap. Thus, Figure 6.1b

displays the PL profiles of example luminophores for photons with energies greater or

equal to the absorption bandgap, as given by Figure 6.1c. Further, unlike the absorption

cross section of certain luminescent dyes that depend on their physical orientation and

the angle of incidence, we assume isotropically absorbing luminophores regardless of the

tilt angle within the waveguide (e.g., two-dimensional transition-metal dichalcogenide

heterobilayer absorption/emission
213

or all-dielectric resonant nanostructures coupled to

quantum emitters
214, 215

).

We quantify the effects of luminophore PL anisotropy in a rectangular planar LSC

waveguide, employing four high-efficiency GaAs cells optically coupled to each edge of

a polymer matrix. We apply an experimentally validated Monte Carlo ray-trace model

to uncover the conversion efficiency performance for such an LSC employing an ideal

luminophore. By evaluating the performance of the LSC with respect to power conversion

efficiency (rather than, for example, concentration factor), we ensure area-agnostic compar-

isons across devices of differing GGs. Figure 6.1c highlights the external quantum efficiency
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(EQE) of the GaAs cell, the ideal absorption/PL spectral profiles of the luminophore, and

the simulated AM1.5G irradiance assumed to strike the device at normal incidence. We

include a thorough discussion of the Monte Carlo ray-trace computational method and

the implementation of luminophore anisotropy within such a model. In addition, we

provide a thorough physical picture of the radiative limit for such LSCs. We discuss the

impact of luminophore anisotropy on LSC performance and its covariation with PLQY,

GG, and optical density. We then model the impact of luminophore PL anisotropy on the

current record LSC. Finally, we end with a detailed thermodynamic breakdown of the loss

mechanisms for a variety of LSCs with anisotropically emitting luminophores.

6.2 Results and discussion
Here, we discuss the effects of anisotropy on conversion efficiency using Monte Carlo

modeling. To unveil the conversion efficiency performance with respect to luminophore

anisotropy, we begin with a discussion on the LSC system detailed balance, quantifying

the dark radiative current thermodynamics. Next, to consider how LSC parameters for

anisotropic luminophores affect conversion efficiency, we simultaneously vary the geo-

metric gain from 1 to 100, luminophore optical density at 750 nm from 0 to 3, and the

luminophore quantum yield from 75 to 100%. We introduce the case of a steplike emis-

sion pattern and its effect on this conversion efficiency, where we vary the luminescence

fraction trapped in TIR modes continuously from 75 to 100%. Finally, we analyze the LSC

performance given dipole and forward emitter anisotropy profiles.

6.2.1 Thermodynamics of Anisotropic LSC Devices
To elucidate the conversion efficiency behavior of an arbitrary LSC device, wemust quantify

both the resulting short-circuit current (𝐽𝑠𝑐 ) and open circuit voltage (𝑉𝑜𝑐 ). We can model

the resulting short-circuit current density given the high accuracy Monte Carlo ray-trace

methods, as described in the Computational Methods section. However, to calculate the

open circuit voltage, we first define the radiative limit case and subsequently include the

GaAs cell external radiative efficiency nonidealities.
216, 217

Beginning with the radiative

limit equation,
22
we have

𝑉
𝑟𝑎𝑑

𝑜𝑐
=

𝑘𝑇

𝑞

ln
(

𝐽𝑠𝑐

𝐽
𝑟𝑎𝑑

0
)

(6.1)

where 𝑘, 𝑞, and 𝑇 are the Boltzmann constant, electronic charge constant, and tem-

perature of the LSC (assumed to be at 300 K), respectively. As stated, 𝐽𝑠𝑐 gives the total

exciton generation under direct illumination by the sun (i.e., the short-circuit current),

while 𝐽
𝑟𝑎𝑑

0
gives the exciton generation under no direct illumination but instead in the

ambient, Blackbody background at temperature 𝑇 for purely radiative recombination and

generation.

In thermodynamic equilibrium, the total absorption by the LSC system from the Black-

body background (𝐽
𝑎𝑏𝑠

0
) must equal the total emission by the LSC into free space (𝐽

𝑒𝑚𝑖𝑡

0
),

as illustrated in Figure 6.2a. Therefore, when solving for 𝐽0, we can choose either the

absorption or emission picture.
218

Let us assume that X% of luminophore PL and Y% of

GaAs PL enter the escape cone and radiate into free space. Here, X% can be calculated via
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the specific luminophore radiance profile—as described later in this study—and Y% by the

waveguide index of refraction,
177

assumed here to be a constant 1.49 across PL wavelengths

(Y% ≅ 25%). Starting with the emission picture, we can distinguish the resulting LSC dark

current into the contribution from the luminophore (𝐽
𝑒𝑚𝑖𝑡,𝑙𝑢𝑚

0
) and GaAs cell (𝐽

𝑒𝑚𝑖𝑡,𝑝𝑣

0
) into

free space

𝐽
𝑟𝑎𝑑

0
= 𝐽

𝑒𝑚𝑖𝑡

0
= 𝐽

𝑒𝑚𝑖𝑡,𝑙𝑢𝑚

0
+ 𝐽

𝑒𝑚𝑖𝑡,𝑝𝑣

0
(6.2)

Figure 6.2a-c conceptually illustrates this dark current term in both the emission and

absorption settings. Given the X% and Y% fractions, we can rewrite eq 6.2 to include the

total amount of the luminophore and cell emission rather than emission solely into the

escape cone and thereby back into free space. Doing so, we have

𝐽
𝑟𝑎𝑑

0
= 𝑋% ⋅ 𝐽

𝑒𝑚𝑖𝑡,𝑙𝑢𝑚

𝑡𝑜𝑡𝑎𝑙
+𝑌% ⋅ 𝐽

𝑒𝑚𝑖𝑡,𝑝𝑣

𝑡𝑜𝑡𝑎𝑙
, (6.3)

where 𝐽
𝑒𝑚𝑖𝑡,𝑙𝑢𝑚

𝑡𝑜𝑡𝑎𝑙
and 𝐽

𝑒𝑚𝑖𝑡,𝑝𝑣

𝑡𝑜𝑡𝑎𝑙
give the total amount of PL by the luminophores and GaAs

cells, respectively. Given that total absorption into the luminophores or GaAs cells must

equal total emission out of the luminophores or GaAs cells, respectively, we can rewrite eq

6.3 in the context of the absorption profiles, as shown by Figure 6.1c

Figure 6.2: Conceptualization of the LSC system when in thermal equilibrium with the ambient Blackbody

background at 300 K. In this case, we know that absorption into and emission out of the LSC system must be

equal as shown in (a). Therefore, we can choose to analyze the system in either the absorption (b) or emission (c)

pictures. (d), (e), and (f) conceptually illustrate the spectral consequence to outgoing, free space PL via the GaAs

cell as the luminophore PL trapping increases. (d) depicts the case of no photoluminescence trapping, where the

luminophore absorption (blue) and luminescence (red) are shown to be separated by the Stokes shift energy, and

there is some spectral width to the cell PL (green) for an arbitrary cell absorption (gray). (e) and (f) show how

varying the amount of luminophore PL trapping affects the spectral location of the cell emission?where, as shown

in (f), complete trapping yields the highest open circuit voltage condition, which is given by the luminophore

absorption bandgap.



6.2 Results and discussion

6

97

𝐽
𝑟𝑎𝑑

0
= 𝑋% ⋅ 𝐽

𝑎𝑏𝑠,𝑙𝑢𝑚

𝑡𝑜𝑡𝑎𝑙
+𝑌% ⋅ 𝐽

𝑎𝑏𝑠,𝑝𝑣

𝑡𝑜𝑡𝑎𝑙
. (6.4)

As shown in Figure 6.2b, we know that the total GaAs cell absorption (𝐽
𝑎𝑏𝑠,𝑝𝑣

𝑡𝑜𝑡𝑎𝑙
) must

be a sum of both the trapped luminophore PL (i.e., 1 - X%) and photons entering the

waveguide and striking the edge-lined cell directly from the Blackbody spectrum at ambient

temperature, T—where the GG gives this amount of incident light reaching the edge-lined

cell. We assume, given the absorption profile of the luminophores and the fact that GaAs

PLQYs are significantly lower than that of the luminophores, that the TIR-trapped GaAs

PL contributes a negligible amount of the total absorption of the luminophores. Therefore,

we can write

𝐽
𝑟𝑎𝑑

0
= 𝑋% ⋅ 𝐽

𝑎𝑏𝑠,𝑙𝑢𝑚

𝑡𝑜𝑡𝑎𝑙
+𝑌% ⋅ ((1−𝑋%) ⋅ 𝐽

𝑎𝑏𝑠,𝑙𝑢𝑚

𝑡𝑜𝑡𝑎𝑙
+

1

𝐺𝐺

⋅ 𝐽
𝑎𝑏𝑠,𝑝𝑣

0
). (6.5)

Where, as shown in eq 6.5, we distinguish between 𝐽
𝑎𝑏𝑠,𝑙𝑢𝑚

𝑡𝑜𝑡𝑎𝑙
) and 𝐽

𝑎𝑏𝑠,𝑝𝑣

0
, where the

former gives the total amount of absorption by the luminophore species—which must equal

the total amount of PL—while the latter indicates the amount of irradiance absorbed by

the GaAs cells exclusively from free space, Blackbody radiation and not by luminophore

PL. We can now define each of these terms given our known absorption profiles and the

Planck spectrum

𝐽
𝑟𝑎𝑑

0
= [𝑋%+𝑌%(1−𝑋%)] ⋅

∫
𝜔

∫
Ω

𝐴𝑙𝑢𝑚(𝜔) ⋅Φ𝑏𝑏(𝜔)𝑑Ω𝑑𝜔

+𝑌% ⋅

1

𝐺𝐺

⋅
∫
𝜔

∫
Ω

𝐴𝑝𝑣(𝜔) ⋅Φ𝑏𝑏(𝜔)𝑑Ω𝑑𝜔), (6.6)

where 𝐴𝑙𝑢𝑚 and 𝐴𝑝𝑣 are the absorption profiles of the luminophore and GaAs cell,

respectively, Φ𝑏𝑏 is the Planck spectra at 300 K, 𝜔 is the frequency of the photon, and Ω is

the solid angle (2𝜋 steradians for this case of background radiation). With this expression

and our simulated photocurrent term from the Monte Carlo ray-trace model, we can fully

define the LSC open circuit voltage in the radiative limit. Given eq 6.6, we can conceptually

understand the effect of luminescence trapping within a waveguide in terms of spectral

shifting of the GaAs cell, highlighted by Figure 6.2d-f. In the limit where the geometric

gain is large and the luminophores exhibit perfect PL trapping within the waveguide (i.e.,

X% = 0), the dark radiative current is given by that of the luminophore absorption profile

(that is, electronic bandgap). In this limit, the LSC open circuit voltage is limited by the

bandgap of the luminophore and not the photovoltaic cell.

As shown in Figure 6.2d, if we assume general luminophore and GaAs cell absorption

and emission profiles—where the luminophore absorption and PL are separated by a certain

Stokes shift energy—we can qualitatively observe the impact of trapping on PL of the

GaAs cell. As seen in Figure 6.2e, partial trapping will yield blue-shifted cell PL, while

full trapping (Figure 6.2f) shows how the effective cell open circuit voltage saturates to

the luminophore bandgap for the limit of high GG. To include nonradiative effects of the

GaAs cell, we apply an explicit form of the GaAs external radiative efficiency, as well as

approximate fill factor calculations, as described in the Computational Methods section.
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6.2.2 Emitters with Steplike Anisotropy
To begin, we assume a steplike luminescence angular emission distribution, as shown in

Figure 6.3a,b. We vary the luminescence intensity fraction, 𝑃𝑇 𝐼𝑅 , emitted at TIR angles,

and assume this angular distribution to be symmetric about the z-axis (i.e., normal to the

waveguide plane). By representing the luminophore anisotropy with a single variable, we

can uncover the relationship between anisotropic emission, GG, optical density, and PLQY.

First, we vary the luminescence quantum yield and 𝑃𝑇 𝐼𝑅 of the luminophores, assuming

a high optical density of 3, such that 99.9% of the incident light is absorbed in a single

pass and a modest geometric gain of 20. As shown in Figure 6.3c, the optimal conversion

efficiency occurs for unity PLQY and 𝑃𝑇 𝐼𝑅 , where for this luminophore/cell system, we

observe a global maximum of approximately 29% under 1 sun illumination—approaching
the detailed balance limit with respect to the luminophore absorption and reabsorption

bandgaps, including nonradiative effects within the GaAs cell. In contrast, the isotropic

case (𝑃𝑇 𝐼𝑅 = 75%) falls short of 5%.

Within Figure 6.3c, we plot contours of the product (PLQY,𝑃𝑇 𝐼𝑅) for constant values of

0.60, 0.70, 0.80, 0.90, 0.95, and 0.99, finding qualitative agreement between these contours

and the simulation results. This agreement can be understood from the fact that the product

of luminescence quantum yield and 𝑃𝑇 𝐼𝑅 sets the probability that a trapped photon survives

an absorption event by a luminophore and is guided to the solar cell. Whether the photon is

lost through nonradiative recombination (for low PLQY) or by escaping the waveguide (low

𝑃𝑇 𝐼𝑅) is irrelevant for the resulting efficiency. Significantly, increasing 𝑃𝑇 𝐼𝑅 is as important

as increasing the luminescence quantum yield.

To examine the relationship between PL trapping, PLQY, GG, and optical density, Figure

6.3d,e shows stacked contour maps for TIR-limited and ideal trapping cases, respectively.

As seen in Figure 6.3d, there exists a global optimum optical density for all PLQY and GG

values of approximately 0.50 for PLQYs between 75 and 100%. As GG increases for PLQYs

at or below 99%, we observe a steep and monotonically decreasing conversion efficiency at

constant optical density. However, importantly, we find that for ideal emitters (near-unity

PLQY and unity trapping) lower GG limits the maximum concentration of the system

thereby constraining the open circuit voltage to the GaAs electronic bandgap. As the GG

increases for this high PLQY and trapping cases, the system bandgap tends toward the

luminophore absorption bandgap yielding higher overall performance.

We find a similar trend with a global optimum optical density near 1.0 for cases where

the PLQY falls below 95%. However, for higher PLQYs, we observe a shift in maximum

conversion efficiency with respect to optical density—in the case of unity PLQY, higher

optical density yields a higher conversion efficiency. Only in the case of unity trapping

and unity PLQY do we observe that conversion efficiencies remain nearly constant with

increasing GG. Figure 6.3c,e demonstrates the importance of achieving both near-unity

PLQY and PL trapping.

To more closely quantify the role of optical density and GG, Figure 6.4a,b examines

how various (PLQY, 𝑃𝑇 𝐼𝑅) pairs impact conversion efficiency. As seen in Figure 6.4a,

the optimal luminophore optical density depends strongly upon the waveguide trapping

and luminophore radiative efficiency. Since this density determines both the amount of

absorbed sunlight as well as the amount of PL reabsorption within the waveguide, a poor

PLQY and 𝑃𝑇 𝐼𝑅 results in detrimental nonradiative recombination and high escape cone
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Figure 6.3: (a) Two-dimensional (2D) polar plot of the step-function emitter profile, illustrating how the TIR

escape cone probability (𝑃𝑒𝑠𝑐 ) and TIR trapping probability (𝑃𝑇 𝐼𝑅 )affect the overall luminescence angle of emission

probability. As shown in (c), we assume symmetry about the polar angle (i.e., about the z-axis). (b) Effects of

luminophore anisotropy on the conversion efficiency of an LSC. Here, we vary the PLQY and amount of TIR

emitted radiation by the luminophore, assuming a geometric gain (GG) of 20 at a waveguide optical density of 3.

The analytical predictions for the waveguide efficiency (green contours) show close matching with the Monte

Carlo results. (d, e) Monte Carlo ray-trace simulations for the conversion efficiency of an LSC with luminophores

that emit 75% into TIR angles (i.e., anisotropic) vs 100% into TIR angles (i.e., anisotropic) as a function of GG,

optical density, and PLQY.

losses for the absorbed incident and re-emitted PL photons. As the (PLQY, 𝑃𝑇 𝐼𝑅) product

increases, the drawback of reabsorption diminishes while the advantage of increased

sunlight absorption remains, thereby increasing the optimal optical density. Figure 6.4b

illustrates the difficulty in achieving a high conversion efficiency for the increasingly
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large waveguide to cell area ratios for products less than unity. In all but the ideal case,

efficiency monotonically decreases with increasing GG. Even in this special case of unity

PLQY and 𝑃𝑇 𝐼𝑅 , increasing the GG beyond a certain value yields higher likelihood of

photoluminescence scattering inside the escape cone, resulting in lowered conversion

efficiencies. For efficiencies above 15% at GGs above 10, the (PLQY, 𝑃𝑇 𝐼𝑅) product must

be greater than 85%. Having demonstrated the upper performance limits of the LSC with

a steplike emission profile, we can readily observe the interplay between the various

LSC parameters as well as quantify how to reach increased power conversion efficiencies.

However, to understand the limitations of more experimental anisotropic profiles, we next

discuss several more realistic emission patterns.

Figure 6.4: (a) LSC power efficiencies as a function of optical densities for several (PLQY, 𝑃𝑇 𝐼𝑅 ) pairs, illustrating

how an increase in the (PLQY, 𝑃𝑇 𝐼𝑅 ) enables higher efficiencies and shifts the optimum OD to higher values. Here,

we assume a GG of 20. (b) LSC power efficiencies as a function of GG for the same (PLQY, 𝑃𝑇 𝐼𝑅 ) pairs as (a),

assuming an OD of 3. We observe monotonically decreasing efficiencies with increasing GG, regardless of the

PLQY and 𝑃𝑇 𝐼𝑅 due to the unavoidable surface and bulk scattering by the waveguide. The dotted lines in both (a)

and (b) correspond to the OD and GG for the current record LSC with a conversion efficiency of 7.1%, respectively.

6.2.3 Emitters with Dipolelike Anisotropy
For a more realistic approximation of a luminescent concentrator employing anisotropic

emission, we model a system comprised of dipolelike emitters. Figure 6.5a,b illustrates

the polar and 3D plots of the far-field dipole emission pattern, where we again observe

symmetry about the z-axis. We find upon integration that approximately 91% of the gener-

ated luminescence is emitted into TIR angles. Varying the PLQY, GG, and optical density,

we find that—similar to our previous analysis for nonunity (PLQY, 𝑃𝑇 𝐼𝑅) pairs—there exist
optimal optical densities. A PLQY of 95% and GGs below 60 yield optimal optical densities

of approximately 0.67. We find maximum conversion efficiency of approximately 25% for

the case of unity PLQY, an optical density of 3, and GG of 1. For a GG of 10, a geometry of

practical experimental interest, the maximum conversion efficiency is approximately 18.5%

for unity PLQY and an optical density of 0.75.
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Figure 6.5: Monte Carlo ray-trace results for the dipolelike emission pattern, where (a) shows a polar 2D plot of

the simulated PL profile with respect to the azimuthal angle and (b) illustrates the polar angle symmetry (i.e.,

about the z-axis). (c) Conversion efficiency of the LSC module with respect to GG, optical density, and PLQY.

6.2.4 Emitters with Forwardlike Anisotropy
Thus far, our analysis has employed anisotropic emitters with far-field radiation symmetric

about the z-axis. We now turn attention to optical structures that exhibit strong emission

in a single direction, breaking this symmetry. In the case of emission systems symmetric

about the z-axis, photons perform random walks throughout the waveguide. By contrast,

forward-emitting luminophores exhibit a decreased mean free path for photon propagation

to the collector cells. As detailed in the Methods section, we simulate forward-emitting

luminophores consisting of spherical absorbing/emitting nanoparticles embedded within a

nanocone. For such a forward-emitting luminophore, Figure 6.6a-c highlights the polar

radiation plot, spatial radiation profile, and nanocone structure. Integrating the lumines-

cence intensity, we observe that approximately 88% of the intensity from such structures

couples into the TIR waveguide angles—slightly less than for the dipole emitter.

As shown in Figure 6.6d, the dependence of forward emitter conversion efficiency on

optical density, GG, and PLQY closely parallels that of the dipole emitter case. However,

even though the forward emitter is 33% more likely to emit photons into the escape cone

relative to dipole structures, we observe a maximum conversion efficiency of 24%, approx-

imately 96% of the dipole emitter maximum. We find fewer luminescence reabsorption

events for forward emitters compared to their dipole emitter counterparts, suggesting that

breaking this z-axis symmetry enables shorter luminescence mean free paths within the

waveguide. This shorter path almost completely compensates the increased escape cone

loss. Further, we observe that for a GG of 10, the maximum conversion efficiency reaches



6

102

Unlocking Higher Power Efficiencies in Luminescent Solar Concentrators through

Anisotropic Luminophore Emission

17.3% for the case of unity PLQY and an optical density of 0.75.

Figure 6.6: Monte Carlo ray-trace results for the forward, nanocone emission pattern, where (a) shows a polar 2D

plot of the simulated PL profile with respect to the azimuthal angle and (b) illustrates the polar angle asymmetry of

the forward emitter, where the structure preferentially emits into angles along a single direction of the horizontal

x-axis. (c) 3D rendering of a cross section of the forward-emitting structure, consisting of the luminophore (red

sphere) at the narrow end of the cone (𝑅2) of length 𝐿 with a final, large radius of 𝑅2. (d) Conversion efficiency of

the LSC module with respect to GG, optical density, and PLQY.

6.2.5 Enhancing the efficiency of the Record LSC
While the dipole and forward emission cases correspond to physically realizable emitters,

the LSC structure itself assumes certain idealities. Specifically, we thus far have assumed

record GaAs PV cells coupled to ideal luminophore emitters with a narrow PL profile

matched to the GaAs bandgap (as shown in Figure 6.1c). Additionally, our simulated LSC

waveguide matrix assumes a constant index of refraction for generated PL. To illustrate

how anisotropic emission can significantly benefit less idealized systems, we model the

current record conversion efficiency LSC fabricated by Slooff et al.
219

As shown in Figure

6.7a, this device employs two luminophore species: Lumogen Red and Fluorescence Yellow

dyes, with peak optical densities of 0.71 and 2.36, and luminescence quantum yields of 87

and 98%, respectively. With a square waveguide side length of 5 cm and an overall thickness

of 0.50 cm, the fabricated LSC yields an overall GG of 2.5. Figure 6.7a displays the refractive

index of the waveguide polymer matrix material, poly(methyl methacrylate), as well as the

external quantum efficiency of the GaAs solar cell. Finally, a diffuse Lambertian-scattering
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back reflector is coupled to the bottom surface of the waveguide, with approximately 97%

averaged reflectance at PL wavelengths.

We first simulate this record efficiency LSC and validate our model by obtaining conver-

sion efficiencies equal to the experimental measurement. As a next step, we systematically

vary the luminescence fraction emitted into TIR angles in the waveguide. As shown in Fig-

ure 6.7b, the isotropic emission case (i.e., 𝑃𝑇 𝐼𝑅 of 75%) attains the experimentally measured

conversion efficiency value of 7.1% under 1 sun illumination. However, upon increasing

the anisotropic luminescence fraction, we find a monotonic increase in performance up to

9.6% in the ideal case of unity 𝑃𝑇 𝐼𝑅—a relative increase of 35%. The observed conversion

efficiency enhancement resulting from luminophore anisotropy underscores the crucial

role waveguide trapping plays in enabling high conversion efficiency.

Figure 6.7: (a) Spectral characteristics of the current record LSC device, consisting of two luminophores within the

waveguide (Lumogen Red, Fluorescence Yellow) (left y-axis), four edge-lined GaAs cells (cell quantum efficiency

at far right y-axis), and a PMMA waveguide matrix (refractive index at right y-axis). (b) Monte Carlo ray-trace

simulations showing the impact of anisotropy on the conversion efficiency for the current record device. At

the isotropic limit (𝑃𝑇 𝐼𝑅 of 75%), we observe close matching between measured and modeled efficiencies (7.1%

measured and 7.096% modeled). At the anisotropic limit, power efficiencies reach 9.6%, a relative increase of

approximately 35%.

6.2.6 Loss Mechanisms within Anisotropic LSCs.
As discussed in the Methods section, we track photons collected as well as photons lost. For

the luminescent concentrator, we categorize losses into five thermodynamic mechanisms.

Figure 6.8a-c illustrates these losses as a function of the luminophore optical density at an

LSC GG of 20, assuming PLQY of 95%. For each of the three emitter types (step, dipole, and

forward), losses can be understood as either: (i) nonabsorbed incident photons, either due

to sub-bandgap photon energy or low luminophore optical density; (ii) thermalization, i.e.,

energetic relaxation of photogenerated excitons to the luminophore bandgap energy; (iii)

waveguide escape cone loss; (iv) subunity PLQY loss; and (v) loss from the photovoltaic cell

itself, owing to thermalization from the luminophore emission energy to the cell bandgap,

subunity collection efficiencies (i.e., EQE), fill factor, and cell contact resistance.

Figure 6.8a-c illustrates the trade-off between optical density and maximum conversion

efficiency (black). Although a higher optical density minimizes the nonabsorbed incident
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light (blue), waveguide escape cone loss (yellow) and luminophore nonradiative recombina-

tion (orange) adversely affect the overall performance for the dipole and forward emitters.

For the perfect step emitter, we observe that increased luminophore optical density yields

substantially higher amounts of luminophore nonradiative recombination (orange). As

expected, we observe lower escape cone loss in the dipole emitter case compared to that of

the forward emitter. However, the forward emitter loses comparatively less power through

luminophore nonradiative recombination compared to the dipole case given shorter mean

free PL path lengths, as previously discussed.

Figure 6.8d compares four nonideal systems to an ideal case of unity PLQY and 𝑃𝑇 𝐼𝑅 ,

a high optical density of 3, and a GG of 20 (yielding a maximum conversion efficiency

of approximately 29%). For isotropic emission (i.e., 𝑃𝑇 𝐼𝑅 of 75%) at a PLQY of 95%, the

dominant loss mechanism is PL coupling into the escape cone. We also observe that for

dipole, forward, or perfect step emission and PLQY of 95%, the primary loss mechanism

is luminophore nonradiative recombination. In the ideal case of complete PL trapping

and perfect luminophore radiative efficiency, the LSC conversion efficiency reaches the

detailed balance limit of a photovoltaic system whose bandgap is given by the luminophore

absorption spectra rather than the GaAs bandgap. This can be understood given that

incident light with energies greater than the bandgap of the cell, but less than the lu-

minophore absorption edge, will not be absorbed by either the luminophore or waveguide

matrix—assuming a dielectric waveguide with an arbitrarily large bandgap (i.e., insulator).

As demonstrated by previous studies,
220, 221

LSCs can retain the detailed balance limit only

if this condition holds where the dark radiative saturation current is not scaled with the

short-circuit current.
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Figure 6.8: Overall conversion efficiency loss mechanisms of an LSC with respect to the optical density of the

luminophores within the optical waveguide for the case of the dipole emitter (a), forward emitter (b), and perfect

anisotropic step emitter (c). (a), (b), and (c) assume a PLQY of 95%. Here, we define the losses as (i) incident

irradiance not absorbed by the LSC, limited by both the absorption spectrum of the luminophore and, for lower

optical densities, the amount of in-band luminophore absorption; (ii) LSC thermalization energy loss, owing to the

thermalization of photogenerated excitons within the luminophore that relax to the PL band; (iii) TIR escape cone

loss of the PL, which can result from emitted PL coupling into the cone from an emission event or a scattering

event by the waveguide; (iv) luminophore nonradiative recombination of photogenerated excitons given nonunity

PLQYs; and (v) PV cell losses, which include parasitic absorption, given the limited internal quantum efficiency

of the coupled cell material and thermalization from the PL emission wavelength to the bandgap of the cell. (d)

Comparison of five cases at optimal OD given the emitter and GG of 20 for (from left to right): a PLQY of 95% and

TIR-limited PL trapping, the dipole emitter at 95% PLQY, the forward emitter at 95% PLQY, a PLQY of 95% and

perfect PL trapping, and the upper performance limit of unity PLQY and perfect PL trapping.
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Unlocking Higher Power Efficiencies in Luminescent Solar Concentrators through

Anisotropic Luminophore Emission

6.3 Conclusions and future work
In this work, we investigate the role that anisotropy plays in improving LSC conversion

efficiency. Through Monte Carlo simulations, we illustrate the importance of maximizing

the waveguide trapping efficiency, 𝑃𝑇 𝐼𝑅 , in addition to the luminophore radiative effi-

ciency, PLQY. By systematic variation of critical design parameters, we explore the role

of anisotropic luminophore emission for ideal step, dipole, and forward emitters on LSC

conversion efficiency. We find that for the experimental luminophores and LSC design used

for the present record LSC (conversion efficiency 7.1%), the upper anisotropic emission

limit (𝑃𝑇 𝐼𝑅 = 100%) increases this efficiency to 9.6%. Our model also shows that a modest

geometrical gain (GG = 10) can be realized with a conversion efficiency of greater than

15% via anisotropic luminophore emission (𝑃𝑇 𝐼𝑅 = 95%) with a luminescence quantum

yield of 99%. Notably, a conversion efficiency above 25% is achievable for PLQY = 99% and

full light trapping (𝑃𝑇 𝐼𝑅 = 100%) at such a geometric gain. The recent demonstration of

luminophores with ultrahigh luminescence quantum yield, combined with well-developed

nanophotonics design and fabrication methods for anisotropic scatterers, can open the

door to previously unreachable LSC conversion efficiencies.

6.4 Computational Methods
We employ aMonte Carlo ray-trace model to evaluate LSC conversion efficiency for varying

GG, luminophore optical density, PLQY, and PL emission patterns. Previous studies have

validated this model both with experimental data and also LSCs reported in the literature.
222

The Monte Carlo stochastically traces individual photons throughout each layer of the

LSC. We initialize a constant grid matrix across the waveguide top surface area of 150 by

150 for all GGs, simulating photon wavelengths between 300 and 1200 nm in steps of 10

nm. Following the previous methods,
223

we model approximately 2 × 106 photons for each

LSC module type to achieve statistically reliable results. We adopt an ideal luminophore

absorption and PL profile with a Stokes shift of approximately 200 nm from the absorption

edge (750 nm) to the PL center (950 nm). Each luminophore exhibits reabsorption, as shown

in Figure 6.1c. We base the luminophore absorption band tail and PL full width at half

maximum archetype core/shell quantum dot structures.

We track the photon’s previous and current positions (x, y, z), previous and current

velocity vectors (vx, vy, vz), and original and current wavelengths (𝜆0, 𝜆). Photons propagate

through the LSC in discrete steps of 5 µm, where the current velocity determines the

resulting direction. To determine the probability of luminophore absorption, we apply the

Beer-Lambert law, given the optical density constant of that particular LSC for a given

simulation step. To determine reflection and refraction angles at LSC layer interfaces, we

apply Fresnel and Snell laws, respectively, for an assumed waveguide with a refractive

index of 1.49 at the PL emission wavelengths, approximately 800-900 nm. We model current

record high-efficiency Alta Devices’ GaAs cells and simulate the photon-cell interaction

through the measured reflectance and internal quantum efficiency, where we assume 2.5%

of the cell surface area to be entirely reflective, representative of the front metal contact

area. We assume GaAs edge-lined cells to optically couple to each of the four perimeter

edges of 100 µm thick LSC waveguides, where we set the edge length according to the GG

(GG of 1 corresponds to a 400 µm perimeter). We assume a perfect specular back reflector
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optically coupled to the bottom surface of the LSC to evaluate escape cone loss for only

the top waveguide surface.

For each photon striking the LSC, we mark whether the photon is collected by one of

the four edge-lined GaAs cells or lost via a particular mechanism. If collected, we weigh

the original incident photon wavelength by the AM1.5G solar spectrum to calculate the

resulting photocurrent density of a given GaAs cell. We assume the four GaAs cells to be

connected in parallel. Once all photons are simulated and determined, collected or lost,

we calculate the open circuit voltage and fill factor. To calculate the former, we assume an

arbitrarily large dielectric waveguide electronic bandgap, such that any contribution from

the waveguide matrix to the radiative dark saturation current of the GaAs cell is negligible.

We then calculate the radiative limit open circuit voltage given the absorption spectra of

the luminophore—scaling by the luminophore optical density and the emission out of the

waveguide and into the escape cone. We also consider the contribution to the radiative

dark current via background spectra photons reaching the GaAs cells directly—scaling
by the system GG and emission out of the waveguide given by the refractive index. To

account for cell nonradiative combination of photogenerated excitons, we apply an explicit

approximation within such GaAs cells, as given by eq 7.60 Finally, we calculate the fill

factor given previous explicit models that have shown close experimental matching and

apply series and shunt resistances to match the diode behavior for current, record GaAs

cells.
224
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(6.7)

To vary the angular distribution of emission for embedded luminophores, we generate

a probability distribution function for each radiation pattern (i.e., a steplike, dipolelike, and

forwardlike emission). We assume a uniform alignment of all luminophore emitters within

the waveguide. The step emission profile, as depicted in Figure 6.1b, assumes a constant

probability of emission for angles inside the escape cone for a waveguide refractive index

of 1.49. We employ a dipole emission profile following previous studies of the emission

angle.
209

Finally, we model directional forward radiation to evaluate the LSC performance for a

luminophore whose angular distribution is anisotropic in both the azimuthal and polar

directions. Here, we assume a nanocone structure of a refractive index 2.5 hosting an

embedded spherical luminophore. We performed full-wave electromagnetic simulations

using the finite-difference time-domain (FDTD) method to model the far-field radiation

pattern. In the full-wave simulations, we varied the nanocone central axis length, front

and end radii, and emitter position along the central axis. We implemented a particle

swarm optimization routine within this four-dimensional design space (i.e., axis length,

front radius, end radius, emitter position) to probe the optimal performing structure, where

the fraction of emission into the forward direction is taken as the figure of merit. The

champion structure has an 887 nm axis length and radii of 180 and 1367 nm.
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7
Unidirectional Luminescent

Solar Concentrators

Luminescent solar concentrators have the potential to create low-cost solar energy conversion
systemswith reasonable conversion efficiency, if one succeeds in sufficiently reducing waveguide
losses. Together with non-radiative recombination in the luminophores, escape cone losses of
light that exits the waveguide before reaching the solar cells is one of the main loss mechanisms.
It has been shown with optical simulations that these losses can be efficiently reduced by
creating anisotropic emitting luminophores, which predominantly emit in the plane of the
waveguide. So far, these simulations considered only anisotropy in emission. Reciprocity
dictates, that such emitters will also demonstrate anisotropic absorption. In the case of
aligned, unidirectional emitting structures, which emit the light in only one direction into the
waveguide, the anisotropy in absorption can form an additional benefit in the reduction of
photon reabsorption events. As the structures have high emissivity in the forward direction
and low emissivity in the backward direction, light absorption from the backside will be
reduced. This facilitates efficient traveling of photons in the forward direction and reduces
waveguide losses. By implementing the effects of anisotropic absorption in a Monte Carlo
ray-tracing model (MC model), the effect on luminescent solar concentrator performance
is investigated. A large increase in efficiency is found, especially for high geometric gain
values, while scattering losses due to the high index structures turn out negligible. This reveals
the promising potential of unidirectional emitters for high efficiency, high geometric gain
luminescent solar concentrators.



7

110 Unidirectional Luminescent Solar Concentrators

7.1 Introduction
Luminescent solar concentrators (LSCs) are gaining interest with the growing demand for

photovoltaic (PV) systems for the transition to renewable energy.
225

Due to their ability

to concentrate light from a large area with cheap glass or polymer sheets to small area

solar cells, they can help in overcoming some of the foreseen material scarcity for the

production of PV systems.
4
Furthermore, with their potential for semi-transparent and

colorful designs, they are excellent candidates for building integrated PV
185

and other

niche applications.
225

In the past decades, large improvements have been made in creating

highly efficient luminophores, which are essential for creating efficient LSC devices.
226

In

chapter 6, we have shown the great potential of engineering anisotropic emission patterns

to reduce the escape cone losses, which up till now form one of the major loss mechanisms

in LSCs. We showed that reducing escape cone losses is equally important as reducing

the non-radiative recombination in the luminophores. In the analysis, we only focused on

the effects of the emission pattern. This was done by implementing anisotropic emission

patterns in a detailed Monte Carlo ray-tracing model. However, due to rules of reciprocity,

also the absorption pattern will be influenced and become angular dependent and additional

scattering might be induced. Given the encouraging results for anisotropic emitters, and

especially the unidirectional forward emitting nanocones, a more detailed investigation

including all optical effects is needed to reveal the full potential of this concept.

Anisotropic absorption will have both positive and negative consequences for the

LSC performance, and the balance between these deserves further investigation. On

the one hand, reduced emission into the escape cone will also lower the absorption of

incoming sunlight. On the other hand, in the case of the unidirectional, aligned nanocones,

reabsorption of photons traveling in thewaveguidewill be reduced. Again due to reciprocity,

high emissivity in the forward direction and low emissivity in the backward direction

will result in low absorption from the backside and high absorption from the front side.

Light emitted by the luminophores will predominantly travel in the forward direction, and

thus experience low absorption probability in the next, aligned nanocone. Any photons

emitted in the backward direction will have a large chance of reabsorption, with subsequent

re-emission in the forward direction. The path traveled by the photons in the waveguide

will no longer be a random walk like it is for isotropic emitting luminophores, but will be a

more straight path towards the solar cells. This reduces the total path length, and thereby

reduces reabsorption probability even further. Finally, there is the presence of higher index

nanophotonic structures in the waveguide, which introduce additional scattering. The

amount and direction of this scattering also require further investigation.

In this work, we have implemented anisotropic absorption and additional scattering

in the Monte Carlo ray-tracing model. To obtain the best LSC performance with these

aspects included in the model, a new particle swarm optimization was run for the design of

the unidirectional emitting nanocone. This time the structure was not only optimized for

maximizing emission in the forward direction, but also for maximizing sunlight absorption

andminimizing scattering. With these changes implemented in theMonte Carlo ray-tracing

model, we analyze LSC performance for several design parameters.
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Figure 7.1: Emission and scattering profiles of the forward emitting nanocones. (a) and (b) 2D and 3D polar plots

of the emission profile of a luminophore embedded in the nanocone, emitting at 850 nm. 49% of the light is

emitted in forward direction and 16.5% is emitted into the escape cone. (c) and (d) 2D and 3D polar plots of the

emission profile from an ensemble of 20 aligned but randomly positioned nanocones. Scattering with surrounding

nanocones only slightly reduces the forward fraction to 45% and increases the escape cone losses to 17.5%. Parts

in green experience total internal reflection and are guided by the waveguide, while parts in red are lost through

the escape cone.

7.2 Results and discussion
A new particle swarm optimization was used to find a structure with a combination of

high forward emission and sunlight absorption and low scattering. In addition to the two

radii and length of the cone, also the refractive index was left as an optimization parameter,

as this parameter plays an important role in the amount of scattering. The figure of merit

was defined as the fraction of forward emission plus the amount of absorption minus the

amount of scattering, each normalized to a value close to one, resulting in equal weight in

the figure of merit calculation. The forward emission and scattering were calculated at the

luminophore emission wavelength of 850 nm and absorption was determined at normal

incidence in the wavelength range of 400 to 650 nm. From an initial random particle swarm

with an average figure of merit of 0.79, the structures were optimized to an average figure

of merit of 1.17. The best performing structure is a cone with end radii of 65 and 325 nm,

a length of 234 nm, and a refractive index of 3.3 and has a figure of merit of 1.51. This

structure has five times more absorption and two times less scattering than the forward

emitter in the previous chapter, which results in ten times lower scattering for the same

amount of sunlight absorption. The emission pattern in shown in figure 7.1 a and b.
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Figure 7.2: Absorption spectra of new optimized forward emitting nanocones. (a) Absorption spectrum of only

the cone, as obtained from FDTD calculations with fixed imaginary part of the refractive index for all wavelengths.

Due to the combined optimization for high absorption up to 700 nm and high emissivity in forward direction at 850

nm, absorption for normal incidence drops above 700 nm. (b) Absorption spectrum of the LSC device as obtained

from the MC model, with and without the anisotropic absorption of the nanostructures implemented. Anisotropic

absorption slightly reduces sunlight absorption, especially at the emission wavelength of the luminophores.

Scattering due to the nanocones is primarily problematic for light emitted by the lu-

minophores: these are the photons that have to travel along the waveguide towards the PV

cells, and thus have many chances of interacting with adjacent nanocones, while ideally

they experience minimal disturbance along their way. We thus looked at scattering of

forward traveling light, and investigated how the emission profile is altered after inter-

action with surrounding nanocones. When a plane wave hits the nanocones in forward

direction, there is predominantly forward scattering, with a forward fraction of 60%. The

performance of the nanocones is significantly better than the scattering behavior from

isotropic particles like conventional luminophores, which give a forward fraction of 17%.

This indicates that scattering will not significantly decrease LSC performance. When

looking at an ensemble of nanocones, we observe only a small decrease in the forward

fraction. The angular emission pattern resulting from an ensemble of 20 aligned, but

randomly positioned nanocones is shown in figure 7.1c and d, and has has a fraction of 45%

of light going in forward direction and 17.5% into the escape cone. For random scattering

in the waveguide material, there is no decrease in performance for scattering distances

down to 2.5 mm, where efficiency starts to drop. This is in agreement with results for

isotropic emitters.
222

A complete analysis of the effect of scattering due to the nanocones

would require the implementation of the full scattering profile for each possible angle of

incidence of the cone. Since most light will be traveling in the forward direction through

the waveguide, we believe that the current analysis is sufficient to conclude that increased

scattering due to the presence of the nanocones will not significantly degrade performance.

The absorption spectrum for normal incidence purely due to the optical effects of the

nanocone is shown in figure 7.2a. This spectrum is generated disregarding the absorption

spectrum of the luminophore, by using a fixed absorption coefficient over all wavelengths.

Over the visible part of the solar spectrum, for which the absorption was optimized,

absorption is high. Above 700 nm it starts to drop, and at the emission wavelength of 850
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nm absorptivity and emissivity in normal direction are almost zero, since the emission is

guided in the forward direction. By implementing this nanocone absorption spectrum in

the MC model, where it is combined with the absorption spectrum of the luminophores,

the absorption spectrum of the LSC device can be determined. For approximately the

same optical density over the visible spectrum, implementing the anisotropic absorption

properties leads to a small decrease in sunlight absorption, as shown in figure 7.2b, especially

at the emission wavelength of the luminophores. However, as we will see in the following,

this lower absorption can be compensated by a higher luminophore loading, as reabsorption

is reduced with the anisotropic absorption implemented.

With the absorption spectrum and angular profile implemented in the model, LSC

performance was investigated for several design parameters. By comparing the nanocone

design of the previous work, with ten times more scattering, to the new optimized design,

we find an absolute increase of 2% in efficiency for the same optical density of 1, a geometric

gain of 10, and photoluminescent quantum yield (PLQY) of 95%, revealing the importance

of the three-fold optimization. Figure 7.3a shows the efficiency of the devices with the new

cone design for varying optical density (OD), PLQY of 80% and 95%, and a geometric gain

(GG) of 10, and shows the effect of implementing the anisotropic absorption properties.

Performance is significantly increased by the implementation of anisotropy in absorption.

For a PLQY of 95%, the maximum efficiency goes up from 11% to over 16%. While for

isotropic absorption the efficiency drops for optical densities above 0.5 due to increased

reabsorption losses, the anisotropic absorber peaks at an optical density of 1 and efficiency

barely drops for higher OD values. These trends hold independent of luminophore PLQY.

For increasing geometric gain the benefit becomes even more pronounced, as visible in

figure 7.3b. The isotropic absorber shows a rapid drop in efficiency with increasing GG,

but with anisotropic absorption, photons travel over longer distances with lower losses,

and efficiency stays above 10% up to a GG of 75. One could think that solar cells on only

one out of four LSC waveguide edges are required with this unidirectional emitter design,

resulting in a four-times higher geometric gain. However, simulations show that it is still

beneficial to have them on all four sides. With 50% of light emitted in the forward direction,

the other half is still partly guided in other directions, resulting in the efficiency being

halved with only one PV cell on the forward edge. As visible in figure 7.3b, the efficiency

goes down by only a few percent when the collection area is increased by factor four, while

keeping PV cells on all edges, which is thus the preferred way to increase GG. The low

drop in efficiency with increasing geometric gain opens up possibilities for high efficiency,

high geometric gain LSCs.
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Figure 7.3: LSC performance with forward emitting nanocones, comparing the model with and without anisotropic

absorption included. (a) LSC efficiency for varying optical density, for geometric gain of 10 and 20. Due to reduced

reabsorption probability with anisotropic absorption included, higher optical densities can be used, and efficiency

is significantly enhanced. The penalty for increased geometric gain is lower. This becomes more visible in (b),

with efficiency as a function of geometric gain. With isotropic absorbing structures, efficiency drops rapidly

due to the large losses associated with reabsorption. With anisotropic absorption, these losses are reduced and

efficiency stays above 10% up to a geometric gain of 75.

7.3 Conclusions and outlook
From this analysis, we can conclude that the effects of anisotropic absorption profiles,

which are inherently related to anisotropic emission profiles, have a significant effect on

LSC performance. Although the forward emitting nanocones cause a small reduction in

sunlight absorption and increase scattering, the net result is a large efficiency increase due

to reduced reabsorption probability and efficient paths towards the photovoltaic cells. The

reduction in sunlight absorption can be compensated with higher luminophore loading,

without directly being penalized with higher reabsorption losses. Light traveling in the

forward direction through the waveguide will predominantly experience forward scattering

from the nanocones, which therefore also does not lead to higher losses. To reach this

situation, optimization of the nanocones for directional emission, high sunlight absorption,

and low scattering is necessary.

In the current optimization, we focused on investigating the physical principles and

their effects on performance. Practical fabrication limitations were not considered, to first

see the maximum gain that can be obtained with this concept. As the improvements found

are large, also with practical limitations the system has great potential. The next step

would be a theoretical design and optimization of unidirectional emitting structures that

can be fabricated for experimental verification and subsequent experimental realization.



7.3 Conclusions and outlook

7

115





117

Summary

Many modern technologies involve some means of absorbing or generating light. This can

vary from simply absorbing as much light as possible in solar cells, or brightly emitting

with an LED light, to accurately detecting light signals from glass fibers or sending a

single photon into an on-chip optical circuit. For all of these technologies, accurate light

management is needed. This can be achieved with nanophotonics, where nanometer-sized

objects interact with light in an accurately tunable manner. With transparent dielectric

structures, light of a specific wavelength (range) can be sent into a specific direction, with

minimal losses. Combining this with newmaterials, like the fascinating group of perovskite

materials, directional light emission can be used to realize high-efficiency solar cells and

more efficient optoelectronic devices, which we need for the transition to renewable

energy.

Light management for solar cell performance does not only include maximizing light

absorption, also controlling light emission is important. This counterintuitive fact, that a

solar cell emits light, and actually has to be an efficient light emitter, is explained in Chapter

2 of this thesis. We derive that for reaching the absolute thermodynamic efficiency limit,

the emission of a solar cell should match the incoming sunlight, both in spectrum and in

angular spread. Sunlight comes in with a narrow beam, hence highly directional emission

is needed to achieve such matching. We then present different nanophotonic techniques

with which the spectral and angular emission properties of the solar cell can be better

matched to the incoming sunlight. We model two theoretical solar cell designs that involve

directional emission based on nanophotonic structures and analyze the performance in

terrestrial application. We do so by calculating power conversion efficiency based on

measured solar spectra throughout the year, to take into account the effect of cloudy

days with a high fraction of diffuse sunlight and variations in the solar spectrum. Using

nanostructures that reduce the cone of emission, while maintaining sensitivity to diffuse

light, the performance can be increased by 15% compared to a regular planar cell. A bifacial

LSC-tandem configuration based on nanophotonic structures can increase performance

compared to a bifacial silicon cell by 41%, while a more conventional current matched

tandem gives an increase of 28%. This shows the potential of nanophotonic engineering

for further increasing solar cell efficiency.

In Chapter 3 we present a nanostructured microlens with a theoretical directivity of

160, for which it was optimized with an evolutionary algorithm. An experimental full

directivity of 61±3 was measured, three times higher than the value found in previous

work. Earlier limitations were overcome by making adjustments on three levels. Since

the microlens performs best for point-source-like emission at the center of the lens, a

more well-defined, localized emitter was fabricated with direct electron beam patterning

of quantum dots. This resulted in clusters of ca 200 nm in size in an array with 20 𝜇m

pitch. Alignment markers helped in accurately positioning the lens on top of the emitter.

Secondly, the lens fabrication with two-photon lithography was refined to achieve better
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agreement between the designed and fabricated structures. Finally, a new setup was built

in which a Fourier microscope is combined with an integrating sphere setup. This allowed

for measuring the full directivity into all angles, contrary to other work, where emission

in the back is typically ignored or estimated from simulations. The combination of these

three improvements led to a record experimentally achieved directivity from dielectric

structures.

The challenges of accurately positioning the lens on top of the emitter were overcome

in the work described in Chapter 4, where we present a self-aligning and self-optimizing

system. We exploit the light-induced halide segregation in mixed-halide perovskites to

create a system that can be trained with an input stimulus of collimated light and responds

with directional light emission. The same microlens as is in Chapter 3 is used, which creates

an intense hotspot of strong field enhancement underneath the lens. This induces local

halide segregation, leading to an iodide-rich region in the hotspot. Excited states funnel to

this lower bandgap region, and as a consequence, almost all light emission originates from

the location of the hotspot. Reciprocity dictates that since this hotspot has strong coupling

to the incoming plane wave, there is also a strong coupling of the emission to this direction.

Therefore the excitation at normal incidence results in highly directional emission into

the normal direction. The resulting partial directivity into the numerical aperture of the

objective of 16.4 is significantly higher than in the lithography-defined system, where

a maximum value of 12.9 was found. In addition, the system shows some of the basic

requirements for material learning or intelligent matter. It does not only mimic the input

stimulus, but it also shows memory and learning over time: directivity is higher each time

the lens is exposed again, and longer training leads to higher directivity. By analyzing the

dynamics of emission intensity and directivity, some of the underlying mechanisms and

their different time scales are revealed.

In Chapter 5 we further exploit the self-optimizing properties of mixed halide perovskite.

Using simple silica microspheres, the self-aligning lens-emitter concept is used to make

a self-tracking solar concentrator with diffuse sunlight utilization. Hereby we overcome

the two main limitations of conventional solar concentrator systems, and at the same

time harvest functionality from the usually undesired phase segregation in mixed halide

perovskite solar cells. Although directivity from the spheres is lower than themicrolenses in

the previous chapters, their commercial availability and facile self-assembly in to large area

monolayersmakes them very suitable for application in solar cells. Optical simulations show

that placing a monolayer of 5 𝜇m silica spheres on top of a mixed halide perovskite film can

give an absolute efficiency increase of 6.8% absolute. In full device configuration, including

contacts and non-radiative recombination, the gain in efficiency is 5.1% absolute. Due to

the concentrating effect of the spheres and the funneling towards the low bandgap regions,

the higher carrier concentrations push the system closer to the radiative limit. This makes

the two-phase-with-spheres system outperform any single-phase system. Experiments

show that indeed a monolayer of spheres on top of the perovskite leads to directivity from

a large area, and enhanced absorption into the low bandgap phase.

The final two chapters contain a study to the effect of anisotropic light emission on

the performance of luminescent solar concentrators (LSCs). With an extensive Monte

Carlo ray-tracing model, the different processes and loss mechanisms in an LSC could be

accurately monitored. In Chapter 6 we present a systematic study of the effect of several



Summary 119

design parameters on power conversion efficiency and their interdependencies. We show

that reducing the probability of light emission into the escape cone of the waveguide

is equally important as reducing the probability of non-radiative recombination. With

out-of-plane dipole emission patterns, that have a doughnut shape in the plane of the

waveguide, photon escape probability can be reduced to 9%, compared to 25% for isotropic

emission. This increases efficiency by more than factor two, to a maximum efficiency of

25%. High index cone structures around the emitters can give emission into one in-plane

direction. When these structures are aligned in the waveguide, light travels predominantly

in one direction. This reduces the total path length in the waveguide and reduces the

associated losses. While escape cone losses are slightly higher compared to the dipole

emitter, the maximum efficiency is still 24%, thanks to the reduced path length. Modeling of

the current world record LSC reveals that if the escape cone losses are reduced to zero using

anisotropic emitters, the performance can be increased from 7.1% to 9.6%. This comprehen-

sive analysis shows that by combining anisotropic emission, highly efficient luminophores,

and optimization of the other design parameters, power conversion efficiencies of above

28% are achievable with LSCs.

In Chapter 7 we further investigate the effect of the unidirectional emitting nanocones

on LSC efficiency. While in the previous chapter only anisotropic emission profiles were

considered, we now implement also the anisotropic absorption that comes with such

structures. While absorption of sunlight is slightly reduced, the net effect is a large increase

in efficiency due to reduced reabsorption. As the nanocones emit predominantly in forward

direction, absorption from the back side is reduced. This results in low reabsorption

probability of photons traveling in the waveguide, and more direct paths towards the

photovoltaic cells on the sides. Additional scattering due to the high index structures will

not degrade performance, because the structures scatter mostly in the forward direction.

This allows for reaching power conversion efficiencies above 10% with achievable PLQY of

95% for geometric gains up to 75.

Overall, this thesis shows the potential and application of directional light emission

from dielectric nanostructures for optoelectronic devices, and in particular for efficient solar

energy conversion. We provided a detailed background of how nanophotonic engineering

can increase solar cell performance and a detailed study on how anisotropic emission can

improve LSC performance. With a combination of theoretical and experimental work,

we gave several examples of directional emission from dielectric nanostructures. On the

one hand, we studied highly optimized nanophotonic microlenses that resulted in record

directivity values. On the other hand, we show that with simple glass microspheres, which

are easily self-assembled in large monolayers, moderate directivity over large areas can

be achieved. By combining our photonic structures with mixed halide perovskite and

exploiting the photo-induced halide segregation in the material, self-optimization and

characteristics of material learning are observed. The insights from this thesis can lead to

new approaches in light management for photovoltaics and result in further improvement

in solar cell performance, which will be an essential aspect of the worldwide transition to

renewable energy.
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Samenvatting

Veel hedendaagse technologieën bevatten enige vorm van licht absorptie of uitstraling.

Dit kan variëren van simpelweg zoveel mogelijk licht absorberen in een zonnecel of zo

helder mogelijk licht uitstralen met een LED lamp, tot het zeer nauwkeurig detecteren

van lichtsignalen uit glasvezelkabels of het uitzenden van één enkel lichtdeeltje in een

optisch circuit op een chip. Voor al deze technologieën is het nodig om nauwkeurige

controle over het licht te hebben. Dat kan worden bereikt met nanofotonika, waarbij ob-

jecten van nanometerformaat op nauwkeurig afstembare wijze met licht interageren. Met

transparante diëlektrische structuren kan licht met een specifieke golflengte een specifieke

richting ingezonden worden, met minimale verliezen. Door dit te combineren met nieuwe

materialen, zoals de fascinerende groep van perovskiet materialen, kan directieve stral-

ing worden gebruikt om hoog efficiënte zonnepanelen en efficiëntere opto-elektronische

toepassingen te realiseren, welke nodig zijn voor de transitie naar duurzame energie.

Goede controle over de interactie tussen licht en zonnecellen gaat niet alleen over

het maximaliseren van licht absorptie, maar ook over het beheersen en sturen van licht

dat wordt uitgezonden door de zonnecel. Dit tegen-intuïtieve gegeven, dat een zonnecel

licht uitzendt, en zelfs een efficiënte lichtbron moet zijn, wordt uitgelegd in Hoofdstuk

2 van dit proefschrift. We tonen aan dat, om de maximale thermodynamische efficiëntie

limiet te bereiken, het uitgezonden licht overeen moet komen met het invallende zonlicht,

zowel in spectrum als in hoekverdeling. Zonlicht valt in met een smalle bundel, en dus

is zeer directieve uitstraling nodig om een dusdanige overeenkomst te bereiken. Vervol-

gens presenteren we verschillende nanofotonische technieken waarmee het spectrum en

de hoekverdeling van het door de zonnecel uitgezonden licht beter in overeenstemming

kunnen worden gebracht met het invallende zonlicht. We modeleren twee theoretische

zonnecelontwerpen die directieve licht uitzending gebaseerd op nanofotonische structuren

bevatten, en analyseren hun prestatie in aardse omstandigheden. Dat doen we door de

omzettingsefficiëntie te berekenen gebaseerd op een jaar rond gemeten zonlichtspectra,

om op die manier de gevolgen van bewolkte omstandigheden met veel diffuus zonlicht

en variaties in het zonnespectrum mee te nemen. Door gebruik te maken van nanos-

tructuren die de hoeken waarin licht wordt uitgezonden verkleinen, terwijl de zonnecel

tegelijkertijd wel gevoelig blijft voor diffuus licht vanuit andere hoeken, kan de prestatie

worden verbeterd met 15% in vergelijking met een reguliere zonnecel. In een tweezijdige

LSC-tandem configuratie gebaseerd op nanofotonische structuren kan de prestaties ten

opzichte van een gewone tweezijdige silicium zonnecel worden verbeterd met 41%, terwijl

een traditionele stroom-gelimiteerde tandemconfiguratie een verbetering van 28% oplevert.

Dit toont de potentie van nanofotonisch ontwerpen om het rendement van zonnecellen

verder te verhogen.

In Hoofdstuk 3 presenteren we een microlens met nanoschaal structuur met een theo-

retische directiviteit van 160, waarvoor de lens was geoptimaliseerd met een evolutionair

algoritme. We maten een experimentele volledige directiviteit van 61±3, een driemaal
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hogere waarde dan gemeten in eerder werk. Eerdere beperkingen overwonnen we door aan-

passingen op drie vlakken. Ten eerste, aangezien de microlens het best presteert voor een

puntbron van licht in het midden van de lens, is een beter gedefinieerde en gelokaliseerde

lichtbron gefabriceerd door middel van directe elektronenbundel-lithografie in kwantum-

dots. Dit resulteerde in clusters van ca 200 nm in omvang met een onderlinge afstand van

20 𝜇m. Uitlijnmarkeringen hielpen bij het nauwkeurig positioneren van de lens bovenop de

lichtbronnen. Ten tweede is de lensfabricage door middel van twee-foton lithografie verder

verfijnd, om betere overeenstemming te krijgen tussen de ontworpen en de daadwerkelijk

gefabriceerde vorm. Ten slotte is er een nieuwe meetopstelling gebouwd, waarin een

Fourier microscoop is gecombineerd met een integrerende bol. Hiermee is het mogelijk de

volledige directiviteit te meten in alle hoeken, in tegenstelling tot eerder werk, waarin de

bijdrage van licht dat naar achteren wordt uitgezonden wordt verwaarloosd of afgeschat

op basis van simulaties. Door de combinatie van deze drie verbeteringen bereiken we een

record in experimenteel behaalde directiviteit van diëlektrische structuren.

De uitdagingen van het nauwkeurig plaatsen van de lens bovenop de lichtbron zijn

overwonnen in het werk dat wordt beschreven in Hoofdstuk 4, waar we een zelf-uitlijnend

en zelf-optimaliserend system introduceren. We maken gebruik van halidenscheiding

onder invloed van licht in gemengde haliden perovskieten, om een systeem te creëren

dat kan worden getraind met een input stimulus van een parallelle lichtbundel, en dat

reageert met directieve licht uitzending. We maken gebruik van dezelfde microlens als

in Hoofdstuk 3, die een intens focuspunt met sterke verhoging van het elektrische veld

onder zich creëert. Dit veroorzaakt lokale halidenscheiding, wat leidt tot een jood-rijk

gebied in het focuspunt. Aangeslagen elektronen bewegen naar dit gebied met lagere

bandgap, en als gevolg hiervan komt vrijwel al het uitgezonden licht van de locatie van het

focuspunt. Reciprociteit vereist dat aangezien het focuspunt een sterke koppeling heeft met

de inkomende vlakke golf, er ook een sterke koppeling is tussen het uitgezonden licht en

de richting van de inkomende golf. Daardoor veroorzaakt het aanslaan met een loodrecht

invallende lichtbundel zeer directieve lichtuitzending terug in loodrechte richting. De

resulterende gedeeltelijke directiviteit in de numerieke apertuur van het objectief van

16.4 is significant hoger dan in het eerder beschreven, op lithografie gebaseerde system,

waarin een maximale waarde van 12.9 is gemeten. Daarbij vertoont dit systeem een aantal

basiskenmerken van lerende, dan wel intelligente, materialen. Het imiteert niet alleen het

inkomende signaal, maar het heeft ook een geheugen en kan leren over tijd: de directiviteit

is iedere keer dat de lens wordt beschenen hoger, en langere training leidt tot hogere

directiviteit. Door de dynamieken in licht intensiteit en directiviteit te analyseren, konden

enkele van de onderliggende mechanismen en de daarbij horende tijdschalen worden

geopenbaard.

In Hoofdstuk 5 benutten we de zelf-optimaliserende eigenschappen van gemengde

haliden perovskieten verder voor het verbeteren van zonnecelprestaties. Door gebruik te

maken van simpele glazen microbolletjes, wordt het zelf-uitlijnende lens-straler concept

gebruikt om een zonneconcentrator te maken die zelf de beweging van de zon kan volgen en

diffuus zonlicht kan benutten. Daarmee overwinnen we de twee voornaamste beperkingen

van conventionele zonneconcentratoren, en tegelijkertijd benutten we de normaalgespro-

ken ongewenste haliden scheiding in gemengde haliden perovskiet zonnecellen. Hoewel

de directiviteit van de bolletjes lager is, maakt hun commerciële beschikbaarheid en een-
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voudige zelforganisatie in monolagen met groot oppervlak ze erg geschikt voor toepassing

in zonnecellen. Optische simulaties laten zien dat met het plaatsen van een monolaag van

5 𝜇m grote glasbolletjes bovenop een gemengde haliden perovskiet film, een absolute ver-

hoging in efficiëntie van 6.8% kan worden behaald. In een complete zonnecel-configuratie,

waarin elektrische contacten en niet-stralende recombinatie zijn meegenomen, is de winst

in efficiency 5.1%. Door het concentrerings-effect van de bolletjes en de gebiedjes met lage

bandgap, ontstaan hogere concentraties van ladingdragers, waardoor het systeem meer

richting de stralingslimiet wordt gedreven. Hierdoor doet het twee-fasen-met-bolletjes

systeem het beter dan enig enkel-fase systeem. Experimenten laten zien dat het aanbrengen

van een monolaag bolletjes op de perovskiet inderdaad zorgt voor directiviteit vanaf een

groot gebied, en dat absorptie in de lage bandgap fase is verhoogd.

De laatste twee hoofdstukken bevatten een studie naar het effect van anisotrope lichtu-

itzending op lichtgevende zonne-concentrators (LSCs). Met een uitgebreid Monte Carlo

lichtstraal-traceringsmodel konden de verschillende processen en verliezen in een LSC

nauwkeurig in kaart worden gebracht. In Hoofdstuk 6 presenteren we een systematische

studie naar het effect van verschillende ontwerpparameters op energie-omzettingsefficiëntie

en hun onderlinge afhankelijkheden. We tonen aan dat het verkleinen van de kans op

lichtuitzending in de ontsnappingskegel van de lichtgeleider even belangrijk is als het

verkleinen van de kans op niet-stralende recombinatie. Met stralingspatronen van uit-

het-vlak-wijzende dipolen, die een donut-vorm in het vlak van de lichtgeleider hebben,

kan de ontsnappingskans gereduceerd worden tot 9%, ten opzichte van 25% voor isotrope

straling. Dit verhoogt de efficiëntie met meer dan factor twee, tot een maximale efficiëntie

van 25%. Nanokegels met een hoge brekingsindex rondom de lichtgevende deeltjes kunnen

zorgen voor emissie in één specifieke richting. Als deze structuren zijn uitgelijnd in de

lichtgeleider, zal het licht voornamelijk één richting op gaan. Dit verkort de totale we-

glengte in de lichtgeleider en vermindert de daarbij horende verliezen. Terwijl de verliezen

in de ontsnappingskegel een fractie hoger zijn in vergelijking met de dipool lichtbron, is

de maximale efficiëntie nog steeds 24%, dankzij de verkorte weglengte. Modelering van

de huidige wereldrecord houdende LSC onthult dat als de ontsnappingskegel-verliezen

naar nul kunnen worden gebracht door middel van anisotrope lichtbronnen, de prestatie

kan worden verbeterd van 7.2% naar 9.6%. Deze omvangrijke analyse laat zien dat met

anisotrope stralingspatronen, hoog efficiënte lichtgevende deeltjes, en optimalisatie van

de andere ontwerpparameters, energie-omzettingsefficiënties hoger dan 28% haalbaar zijn

met LSCs.

In Hoofdstuk 7 zoeken we het effect van unidirectioneel stralende nanokegels op LSC

efficiëntie verder uit. Terwijl in het vorige hoofdstuk enkel anisotrope stralingsprofielen

werden meegenomen, hebben we hier ook de anisotrope absorptie die hoort bij dergeli-

jke structuren geïmplementeerd. Terwijl de opname van zonlicht iets afneemt, is het

netto effect een grote toename in efficiëntie dankzij afgenomen reabsorptie. Aangezien de

nanokegels voornamelijk in voorwaartse richting stralen, is absorptie aan de achterkant

verkleind. Dit resulteert in kleinere kans op reabsorptie voor fotonen die zich door de licht-

geleider bewegen, en directere paden richting de zonnecellen aan de zijkanten. Bijkomende

verstrooiing van het licht door de aanwezigheid van de structuren met hoge brekingsindex

vermindert de prestatie niet, omdat de structuren voornamelijk in voorwaartse richting

verstrooien. Dit maakt het mogelijk om efficiënties boven de 10% te halen met haalbare
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luminicentie kwantumrendement van 95% voor geometrische versterking van 75.

In zijn geheel laat dit proefschrift de potentie en toepassing zien van directieve licht

uitstraling doormiddel van diëlektrische nanostructuren voor opto-elektronische apparaten,

en in het bijzonder voor efficiënte zonne-energie conversie. We hebben een gedetailleerde

achtergrond gegeven van hoe nanofotonische ontwerpen zonnecel efficiëntie kunnen

verhogen, en hebben in detail bestudeerd hoe anisotrope straling de prestaties van LSCs

kan verbeteren. Met een combinatie van theoretisch en experimenteel werk, hebben we

verscheidene voorbeelden gegeven van directieve straling van diëlektrische nanostructuren.

Aan de ene kant hebben we sterk geoptimaliseerde nanofotonische microlenzen bestudeerd,

die resulteerden in record waardes in directiviteit. Aan de andere kant lieten we zien dat met

simpele glazen microbolletjes, die zichzelf gemakkelijk organiseren in monolagen, redelijke

directiviteit over een groot oppervlak bereikt kan worden. Door onze nanofotonische

structuren te combineren met gemengde haliden perovskiet, en door gebruik te maken van

de lichtgedreven halidenscheiding in dit materiaal, zijn zelf-optimalisatie en kenmerken

van lerende materialen waargenomen. De inzichten uit dit proefschrift kunnen leiden tot

nieuwe benaderingen in licht sturing en controle voor zonnecellen en kunnen resulteren

in verdere verbeteringen in zonnecel prestaties, wat een essentieel onderdeel zal zijn van

de wereldwijde transitie naar duurzame energie.
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me in future steps in life and I will cherish all the good memories of the people at AMOLF.
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