PHOTOVOLTAICS

Materials, Modeling
and Applications

) Edited by
Monika Freunek Miiller

Scrivener
»_ Publishing WILEY






Indoor Photovoltaics



Scrivener Publishing
100 Cummings Center, Suite 541]
Beverly, MA 01915-6106

Publishers at Scrivener
Martin Scrivener (martin@scrivenerpublishing.com)
Phillip Carmical (pcarmical@scrivenerpublishing.com)



Indoor Photovoltaics

Materials, Modeling and Applications

Edited by
Monika Freunek Miiller

7

grivener

Publishing

WILEY



This edition first published 2020 by John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030, USA
and Scrivener Publishing LLC, 100 Cummings Center, Suite 541], Beverly, MA 01915, USA

© 2020 Scrivener Publishing LLC

For more information about Scrivener publications please visit www.scrivenerpublishing.com.

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or
transmitted, in any form or by any means, electronic, mechanical, photocopying, recording, or other-
wise, except as permitted by law. Advice on how to obtain permission to reuse material from this title
is available at http://www.wiley.com/go/permissions.

Wiley Global Headquarters
111 River Street, Hoboken, NJ 07030, USA

For details of our global editorial offices, customer services, and more information about Wiley prod-
ucts visit us at www.wiley.com.

Limit of Liability/Disclaimer of Warranty

While the publisher and authors have used their best efforts in preparing this work, they make no rep-
resentations or warranties with respect to the accuracy or completeness of the contents of this work and
specifically disclaim all warranties, including without limitation any implied warranties of merchant-
ability or fitness for a particular purpose. No warranty may be created or extended by sales representa-
tives, written sales materials, or promotional statements for this work. The fact that an organization,
website, or product is referred to in this work as a citation and/or potential source of further informa-
tion does not mean that the publisher and authors endorse the information or services the organiza-
tion, website, or product may provide or recommendations it may make. This work is sold with the
understanding that the publisher is not engaged in rendering professional services. The advice and
strategies contained herein may not be suitable for your situation. You should consult with a specialist
where appropriate. Neither the publisher nor authors shall be liable for any loss of profit or any other
commercial damages, including but not limited to special, incidental, consequential, or other damages.
Further, readers should be aware that websites listed in this work may have changed or disappeared
between when this work was written and when it is read.

Library of Congress Cataloging-in-Publication Data
ISBN 978-1-119-60559-1

Cover image: Top right: GaAs photovoltaic array integrated on a microsystem, placed on top of a US
penny. Photo by Inhee Lee and Eun Seong Moon, University of Michigan

Other images provide by the Editor

Cover design by Russell Richardson

Set in size of 11pt and Minion Pro by Manila Typesetting Company, Makati, Philippines
Printed in the USA

10 987 654321



Contents

Preface

1 Will

Photovoltaics Stay Out of the Shadows?

Joseph A. Paradiso

1.1

Introduction
References

2 Introduction to Micro Energy Harvesting
Monika Freunek (Miiller)

2.1

2.2

2.3
24
2.5
2.6
2.7
2.8

Introduction and History
2.1.1 Brief History of Electric Generators and Loads
2.1.2 Forms of Energies and Energy Converters
Kinetic Energy
2.2.1 Oscillating Solid Objects
2.2.1.1 Human Motion
2.2.1.2 Vibrations
2.2.1.3 Flow of Gas and Fluids
2.2.1.4 Acoustic Vibrations
2.2.1.5 Elastic Energy
Thermoelectric Conversion
Electrochemical Potential
Electromagnetic Transmission
Atomic Batteries
Challenges
Conclusions and Outlook
Acknowledgment
References

3 Introduction to Indoor Photovoltaics
Monika Freunek (Miiller)

3.1
3.2

Introduction
Indoor Spectra and Efficiencies

xi

10
10
11
12
13
13
14
15
16
16
18
19
19
20
20
21
21

25

25
28



vi

CONTENTS

33
34

35
3.6

State of IPV Design, Issues, Approaches

Fields of Application

3.4.1 Customer and Office Applications

3.4.2 Ambient Assisted Living and Building Automatization

3.4.3 Industry, Agriculture, Horticulture, Retail,
and Logistics

3.44 Relation of IPV to Outdoor Applications —
Hiking, Emergency Kits

Degradation and Lifetime Issues

Conclusions and Outlook

References

Modeling Indoor Irradiance
Monika Freunek (Miiller)

4.1
4.2

4.3

4.4

4.5

Introduction

Fundamentals

4.2.1 Photometry and Its Impact on IPV

4.2.2 Comparison Measurements of Different Luxmeter
Products and Settings

4.2.3 Conclusions for Indoor Irradiance Measurements

4.2.4 Available Data on Indoor Irradiance

Radiometric Solutions

4.3.1 Structure

4.3.2 Settings of the Studied Rooms

4.3.3 Investigated Installation Points

Analytical Model

4.4.1 Solar Radiation

4.42 Artifical Lighting

4.4.3 Interaction with Objects

4.4.4 Indirect Contributions of Solar Radiation

4.4.5 Final Results and Limits of Analytical Models

Simulations

4.5.1 Ray Tracing: Fundamental Principles

4.5.2 Radiance

4.5.3 DAYSIM

4.5.4 Calculation Methods and Parameters

4.5.5 Daylight Coeflicient in DAYSIM

4.5.6 Environmental Parameters

4.5.7 Model Parameters

4.5.8 Results

4.5.9 Summary and Conclusion

31
32
32
32

33

34
34
35
35

39

39
40
41

44
45
45
47
47
48
49
52
52
56
60
61
62
62
62
64
65
66
68
69
71
73
85



CONTENTS Vil

4.6 Measurements 86
4.6.1 Available Measurement Methods 86
4.6.2 Long-Term Measurements Reference Year 89
4.6.3 Validating Simulation 94
4.6.4 Comparison Measurement Methods under

Controlled Conditions 100

4.7 Discussion and Recommendation 103

4.8 Conclusion and Outlook 104
4.8.1 Autarky Factors 105

4.9 Acknowledgements 106

4.10 Symbols and Abbreviations 106

4.11 Constants 109

4.12 Abbreviations 109
Appendix 110
References 112

Characterization and Power Measurement of IPV Cells 115

Stefan Winter

5.1 Features of IPV Compared to Outdoor PV 115
5.1.1 Irradiance 116
5.1.2 Spectrum 116

5.1.2.1 Consequences of the Different Spectra
Regarding Efficiency 117
5.1.3 Incident Angle Distribution 117
5.1.4 Modulated Light Sources 117
5.1.5 Further Effects 118
5.1.6 Standardization 118

5.2 Calibration Chain and Quality Management 119
5.2.1 Basic Laboratory Measurement Methods for the

Secondary Calibration of IPV Cells 119

5.3 Flexible and Precise Method for Comprehensive and
Primary Calibration of IPV Devices 122
5.3.1 Lamp-Based Facility 124
5.3.2 Laser-Based Facility 124

5.4 DSR Calibration of IPV Cells 128
5.4.1 Self-Referenced IV Characteristic 129
Acknowledgment 130
References 131

Luminescent Solar Concentrators 133

Evert P.J. Merkx and Erik van der Kolk
6.1 Introduction 134



viii

CONTENTS

6.2

6.3

6.4

6.5

6.6
6.7

6.8

A Crash Course in Luminescence

6.2.1 Luminescence in Organic Dyes

6.2.2 Luminescence in Rare Earth Ions

6.2.3 Luminescence in Quantum Dots

6.2.4 Hybrid Combinations

Principle of Operation

6.3.1 Absorption of Light

6.3.2 Emission within the LSC

6.3.3 Effects of Self-Absorption

6.3.4 Influence of the Waveguide

6.3.5 Conversion of Concentrated Light to Electricity

Calculating LSC Performance

6.4.1 Figures of Merit

6.4.2 Upper Bound for LSC Efficiency

6.4.3 Analytical Approach for Simple Geometries

6.4.4 Semi-Analytical Optimization Calculations for
Arbitrary Geometries

6.4.5 Monte Carlo Simulations for Ray-Traced
Complex Geometries

6.4.6 Considerations for Thin-Film LSCs

State-of-the-Art LSC Materials

6.5.1 Measures for the Visual Performance of
LSC Materials

6.5.2 Evaluating the Performance of State-of-the-Art LSCs

6.5.3 Dye-Based Luminescent Solar Concentrators

6.5.4 Rare Earth-Based Luminescent Solar Concentrators

6.5.5 Quantum Dot and Doped Quantum Dot-Based
Luminescent Solar Concentrators

Tm?*-Doped Halide Luminescent Solar Concentrators

LSC for an IPV Perspective

6.7.1 Performance Assessment

6.7.2 Application Examples

Conclusion

Acknowledgements

References

Organic Photovoltaic Cells and Modules for Applications
under Indoor Lighting Conditions
Birger Zimmermann and Uli Wiirfel

7.1

Introduction

135
136
138
142
143
144
144
145
146
147
147
148
148
149
152

153

157
162
163

163
165
167
168

169
174
177
177
179
180
181
181

189

190



CONTENTS ix

7.2 Implications of Indoor Lighting 192
7.3 OPV Modules 198
7.4 OPYV Devices and Applications 201
7.5 Acceptance and Safety Considerations 202
References 203
High-Efficiency Indoor Photovoltaic Energy Harvesting 213
Matthias Kauer and Mathieu Bellanger
8.1 Introduction 214
8.2 Approaches for Efficient Indoor PV Energy Harvesting 216
8.2.1 PV Energy Harvesting Technologies 216
8.2.2 Commercial PV Energy Harvesting Devices 217
8.2.3 Recent Research Results for PV Energy Harvesting
Devices 217
8.3 Lightricity’s PV Energy Harvesting Technology 221
8.3.1 Introduction 221
8.3.2 Energy Harvester Device Fabrication and Device
Characteristics 222
8.4 High-Efficiency PV Energy Harvesting Power Supplies 225
8.4.1 Introduction 225
8.4.2 Energy Harvesting Power Management Solutions 226
8.4.3 System Integration and Performance Testing 230
8.5 Applications of Light Indoor Energy Harvesting 233
8.5.1 Watches and Wearable Devices 233
8.5.2 Wireless Building Automation Sensors 233
8.5.3 Wireless Beacons 236
8.6 Summary and Concluding Remarks 237
Acknowledgments 238
References 238
Indoor Photovoltaics Based on AlGaAs 241
Jamie Phillips, Eunseong Moon and Alan Teran
9.1 Importance of AlGaAs for Indoor Photovoltaics 242
9.2 Design Consideration for AlGaAs III-V Photovoltaic Cells 245
9.2.1 Base/Absorber 246
9.2.2 Contact 247
9.2.3 Window 248
9.2.4 Emitter 248
9.2.5 Back Surface Field 248
9.3 Large-Area AlGaAs III-V Photovoltaics 249

9.4 Small-Area AlGaAs Photovoltaics 252



x CONTENTS

9.5
9.6

Index

9.4.1 Model of J-V Characteristics

9.4.2 Performance of mm-Scale AlGaAs Photovoltaics
9.4.3 Dark Current Limitations

Monolithic GaAs PV Cell Arrays

Conclusion

References

254
257
260
262
267
268

273



Preface

Indoor photovoltaics (IPV) has grown in importance over recent years.
This can in part be attributed to the creation of the Internet of Things
(IoT) and Artificial Intelligence (AI) along with the vast amounts of data
being processed in the field, which have been a massive accelerator for this
development. Moreover, since energy conservation is being imposed as
the national strategy of many countries and is being set as a top prior-
ity throughout the world, understanding and promoting IPV as the most
promising indoor energy harvesting source is considered by many to be
essential these days.

There are many contributing factors as to why this book is so special.
First of all, I would like to deeply thank all the authors from around the
world who found the time to contribute chapters on top of their world-
class research, industrial work, and the launch of companies, projects and
actual rockets. The book has exceeded my expectations in many ways. Not
only did we manage to cover all topics that are essential for building an
IPV device, but this book actually contributes to the research in the field.
It has yielded collaborations among the chapter authors and the research
community, many of which will hopefully be a seed for long-lasting and
growing collaborations. Many chapters contain original research that was
performed solely for this book, and some chapters contain work that is
being published for the first time for a larger audience. On top of all that,
the book was already in steady demand even during its writing.

Finally, I would like thank my publisher, Martin Scrivener, for his great
and always helpful support, and Jean Markovich, who did outstanding
work in copyediting the chapters. I am most grateful for this opportunity
and the joy this work brings.

I hope, you, the reader, will find this book helpful in designing and
understanding your IPV system.

Monika Freunek Miiller
Bern, Switzerland, August 2020

xi
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Will Photovoltaics Stay
Out of the Shadows?

Joseph A. Paradiso
MIT Media Lab, Cambridge, Massachusetts, USA

Abstract

Advances in ultra-low-power electronics capable of useful applications have
caused interest in energy harvesting to balloon in recent years. When needed
power drops to the point where harvesting is feasible, however, an embedded bat-
tery presents serious competition for many use cases, and the particulars tend to
rapidly become niche-driven, as they depend on the ambient energy environment
that the system experiences. Photovoltaics have long been a popular energy har-
vesting option, and recent developments expand their opportunities for low-light
indoor applications.

Keywords: Indoor photovoltaics, energy scavenging, low-power electronics,
human-powered systems, Internet of Things

1.1 Introduction

I'm going to start this book introduction with a confession. Although
I'm known for developing a variety of energy harvesting approaches
and implementations dating back a couple of decades now, I've never
actually really used any of them. Yes, we and others back then and since
[1-4] siphoned parasitic power from various modes of human motion
and activity — for example, from footfalls alone, my students and I made
compact shoe-mounted piezo harvesters in the late 1990s that sent radio
transmissions and shoe-integrated magnetic generators that could power

Email: joep@media.mit.edu

Monika Freunek Miiller (ed.) Indoor Photovoltaics: Materials, Modeling and Applications, (1-8)
© 2020 Scrivener Publishing LLC



2 INDOOR PHOTOVOLTAICS

a music system with loudspeakers [5, 6]. Others since have done more
evolved work in siphoning power from the foot [e.g., 7, 8], and even prod-
ucts or online DIY projects have appeared [e.g., 9-11], but nothing has hit
even close to the mainstream or for that matter even established a strong
niche market. The dream of capturing energy from human motion is an
opium to the public that hearkens to the appealing magic of perpetual
motion machines since there is an eagerness to see this kind of invention.
But when the rubber meets the road, even though ingenious implementa-
tions have been designed, nothing has gained much traction.

This is for a variety of reasons. One is physical; living bodies are evolved
to conserve their energy—our tendons act as springs while walking to
store and release ambulant power, and our vascular system constricts to
avoid excessive heat loss. Hence, pulling significant power from moving
or walking can become tiring, and large-area thermoelectrics can feel
cold. Another is expense and complication. Building harvesters into shoes,
where most tappable human energy resides, can get pricey and can inter-
fere with footwear designs that are already finely optimized for their pur-
pose (walking, running, climbing, etc.). The complication involved in large
mechanical harvesters also introduces fragility; again, going back to the
shoe, such devices always break there well before the shoe is worn out.
Then there is the issue of power distribution; without wiring the body or
clothing, the energy needs to be used where it is harvested. Although you
can perhaps glean a good fraction of a Watt from a shoe, it’s hard to use it
there; the power needs to be transported to a smart AR headset, for exam-
ple, where that level of energy would be welcomed (ditto for pretty much
any kind of mechanical harvester—you need to tap limb motion or the
inertial reaction of a heavy mass in a backpack [12] to get to this power
level). Sure, you could charge a battery in your shoe and move it—people
have implemented this several times. But even with multiple wearable
devices, the convenience of powerline charging them, at least in the wired
world, has well outpaced this strategy.

OK, so let me backpedal a little from my leading sentence. There is one
energy harvesting technology that I have used in my work routinely, and
that’s photovoltaics. Energy harvesting, by its nature, is a nichey opportu-
nity. Different kinds of harvesting suit environments with different energy
reservoirs subject to the constraints of the application and attached device
(e.g., energy levels required/available, the conversion efficiency at that
energy, and allowable area/volume/mass for the harvesting technology). If
your device is buried inside a wall, in a closed shipping box, or embedded in
the human body, for example, there is no light available, and then perhaps,
if the expense is warranted, thermal conversion (on a warm/hot steampipe,



WILL PHOTOVOLTAICS STAY OUT OF THE SHADOWS? 3

for example) is used [13], or mechanical harvesting (if there’s a lot of vibra-
tion, ideally at a higher frequency as in an engine) [14], and RF harvesting
of beamed or ambient radio with a backscatter tag can work for very low
power applications [15]. Within the body, power is generally proximately
inductively coupled from transmitting coils on the skin, but ongoing work
looks to harvest small amounts through adaptive RF beamforming [16],
vibrational scavenging via inertial reaction and induced strain (including
on the heart—an idea with a long legacy [17] but only now nearing imple-
mentation [18]) and using the body’s own energy transport mechanisms
via implantable biofuel cells [19]. But in most places where people spend
time, there is light by default, as we need it to see, and here photovoltaics
are often a top choice if energy harvesting is mandated.

Solar cells offer a harvesting mechanism that has been applied across
many orders of magnitude of scale and plant capacity, from urban power
systems to spacecraft to mm-scale “smart dust” [20] stacked IC dies ges-
tating in research labs that glean power from a top silicon layer with a
micro embedded solar array that also doubles as a coarse video sensor [21].
Photoelectric conversion technology has developed enormously since
Einstein won the Nobel Prize in part for explaining it a century ago, thus
playing his role (to his purported later chagrin) in ushering in the dawn of
quantum mechanics. They have gone through decades of laborious devel-
opment, enabled through (and likewise inspiring) advances in materials,
power conversion and energy storage. Indeed, they will play a major role
in renewable energy, together with safe, economical nuclear power and
within a few decades fusion reactors designed either by humans or the Als
that will augment us by then. The market and societal need for large-scale
solar power is now clear, and has driven the technology and manufactur-
ing into a variety of performance achievements with different form factors
while lowering the cost. Thanks to Elon Musk, one notable player out of
many in this field, I can now tile my roof with aesthetically-appealing solar
shingles and power my Tesla electric car significantly off-grid, even with
the available solar illumination up here in New England. The world is now
lacking only in political will to buck economic inertia and transition to an
emission-free/renewable energy basis in which the capture and harnessing
of incident solar photons will be a major part.

That, of course, is the topic of many other books. But the broad, recent
expansion of photovoltaics and associated research has also driven the
lower end, making light conversion increasingly feasible for low-power
embedded applications. Already as a child growing up in the 1960s, I
delighted in buying the cheap selenium solar cells they used to sell at the
Radio Shack (the dominant electronics component chain store in the US
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that enabled generations of fellow DIY-ers before it recently went out of
business) and hooking them up to small motors, etc., to see them work
with a little bit of daylight. With decades of subsequent improvement, solar
cells became cheaper and better—certainly at the microwatt level, if you
could afford the surface area for some cm’s worth of cell area, they have
powered simple LCD calculators with indoor light since the 1980s, and
watches have even hidden tiny solar arrays in their face—we were proud
back then to show off these versions of common gadgets that never needed
batteries replaced. But they stayed nichey, as in those days there wasn’t
much you could do when constrained to microwatts.

Moving to recent times, the long-anticipated explosion of wireless
devices in our living environments has taken hold, and simultaneously
the amount of function you can achieve at lower power has expanded.
Processing, sensing, and even wireless communication have exploited
advances in microelectronics fabrication/design, smart power manage-
ment, and frameworks/protocols to do much more with fewer ergs, while
energy conversion and dynamic optimal load matching has become much
more efficient, even at the microwatt level and for a variety of different
source impedances. This increased function per microwatt has boosted
what can be done with a little bit of exposed PV cell, and applications have
followed. Already in the mid-1990s we designed and deployed scores of
smart IR beacons for indoor location at the MIT Media Lab that ran off
light from proximate florescent bulbs [22]. During the last decade, we have
run several of our embedded wireless sensing systems from small PV cells
(e.g., our Tidmarsh environmental sensing node powers from a tiny solar
cell atop its package; a few hours of diurnal daylight or a bit longer in over-
cast skies will serve to keep it powered [23]), and for low duty-cycle appli-
cations, we have built similar embedded light-powered sensors that work
indoors.

This is no longer unusual, and various PV-powered wireless sensors have
appeared for years now, some by commercial vendors, like the Schneider
HOMES temperature/humidity/CO2 sensor developed by our former col-
laborators at Schneider Research in Grenoble a decade ago. But nonethe-
less, although the outdoor market for low-power wireless PV devices is
robust (witness, for example, commonplace solar-powered outdoor light-
ing), few indoor PV-powered sensors have achieved widespread commer-
cial viability. This is mainly due to the fact that as power decreases to the
point where energy harvesting becomes an option, an embedded battery
can last potentially many years, often approaching either the anticipated
device lifetime, the battery’s shelf life, or just lasting long enough to make
replacement a limited irritation (witness how we tolerated batteries in
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smoke alarms over the past decades), now often announcing over a wire-
less link when batteries need to be replaced. Batteries pose the ultimate
dilemma to energy harvesting, as they are just so cheap and convenient.
Plus, they don't run the risk of failing in darkness, and can deliver brief
pulses of high current (e.g., a commodity wireless IoT sensor bought today
can draw a couple of amperes from a pair of AA cells for a few seconds
when first joining an 802.11 network).

Things are changing now on many fronts, and this situation will evolve.
For one, indoor photovoltaics are themselves improving. Although the
efficiency of real high-end silicon solar modules in bright sunlight can
significantly exceed 20%, recombination and spectral mismatch effects
in the low light conditions we find indoors can cut efficiencies at least in
half [24]. Indeed, the efficient world of LED and fluorescent lighting that
we live in now emits at wavelengths less friendly to canonical silicon, and
partly in response, ongoing research in photovoltaics has developed many
approaches to converting light efficiently across broader spectral ranges.
Exploiting these techniques to exhibit better performance at spectra now
commonly exhibited indoors, as well as shifting away from straight silicon
to new materials like perovskite, GaAs, and Cd compounds, hint at raising
this efficiency by a factor of 2 to 3, albeit introducing some complexity in
toxicity, manufacturing, etc.; the following chapters in this book explore
this in detail. Similarly, needed power levels are still decreasing, not only
for processing and sensing, but also for joining “heavier” mainstream net-
works like 801.11 or 5G, not to mention continued evolution in their low-
power brethren like the now ubiquitous BLE and the multitude of other
short-range contenders (e.g., ZigBee, Z-Wave, RF-backscatter, etc.).

The sheer number of wireless devices in the environments we live and
work in will also continue increasing; at some point, this will cross a level
at which battery replacement is less tolerable, together with a profusion
of sensors in hard-to-access areas that still have low but usable levels of
light (e.g., for environmental control, material integrity, leakage and struc-
tural assessment, safety, etc.). Also, as lighting has become more efficient
and networked, and cheap renewable energy drops basic power costs,
one possibility would be for areas of dwellings to illuminate for an inter-
val when people aren't present just to charge the sensors; they will tell the
smart home or IoT servers when they are running low and need an illu-
mination hit, or just raise the shades to let enough daylight in. Long-range
inductive charging is a potential competitor here [25], but efficiency loss
with range, orientation, and still unacceptably large EMI are show stoppers
here, together with the lack of infrastructure; our homes and offices are
amply lit, but don’t yet (and probably won't) have large induction coils in
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the floors and walls (on the other hand, I see Helmholtz-coil-laden closets,
draws, and shelves as potential ways to conveniently charge wireless elec-
tronics embedded in clothing).

Hence, we're at a crossroads here—the dominance of batteries in low-
power sensors and systems may well be close to ending as IPV technology
advances and smart environments can coordinate their assets to conserve
the energy of distributed wireless embedded systems and even recharge
them when needed. Both batteries and photovoltaics are differently
weighted in terms of manufacturing energy, toxicity, etc., and it’s not clear
how much photovoltaics will come out ahead over a device’s lifetime, but
the race is certainly on, and the incentives will continue.

I'm delighted to see this book arrive now—this is certainly the right
time for it, and many of the things I've barely hinted at above are explored
much more fully in the chapters ahead. But let’s check back in after another
decade passes to see what will be energizing the low-power devices scat-
tered throughout our environments—and, in what I currently find most
exciting and profoundly important, how the data they produce is used and
leveraged. In the context-driven world of the future, every bit will mean
something—here’s hoping that they all will serve us well!
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Abstract

Trillions of IoT edge nodes are expected to be installed worldwide in the near
future. At the same time, many nations have set ambitious goals in order to reduce
the amount of required electric energy. How do we want to power these electronic
devices? A promising approach is the use of ambient energy by micro genera-
tors. This concept is also known as micro energy harvesting. The following chap-
ter provides an introduction to micro energy harvesting and its history, design
challenges, and future work. Different sources of energy and available conversion
mechanisms are discussed. Principles and challenges of miniaturized devices are
introduced.

Keywords: Micro energy harvesting, micro energy scavenging, internet of
things, wireless sensor nodes, edge nodes, energy conversion

2.1 Introduction and History

In 2018, McKinsey identified 104 use cases for IoT applications in 11
sectors with 3000 companies actively working on them [1]. The authors
reported a potential market value of $200 billion USD until 2025, and tril-
lions of IoT edge nodes are expected to be installed worldwide in the near
future. At the same time, many nations have set ambitious goals in order to
reduce the amount of required electric energy.

How do we want to supply edge nodes with energy? A promising
approach is the use of ambient energy in order to power electronic systems.
This concept is also known as micro energy harvesting. The following
chapter introduces micro energy harvesting and its history, the challenges
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in its design and future work ahead. Different sources of energy and avail-
able conversion mechanisms are discussed. The aim of this chapter is to
set indoor photovoltaics in the broader frame of Micro Energy Harvesting
in general. An introduction to conversion principles, achievable output
power, and literature suggestions for further reading are provided for each
type of converter. The principles of miniaturized and indoor photovoltaic
devices are the core topic of this book with a general discussion of the the-
oretical foundations in Chapter 3.

2.1.1 Brief History of Electric Generators and Loads

The use of ambient energy in human operated applications is far older than
the electric grid. Wind- and watermills have been constructed and oper-
ated by humans over thousands of years. Based on the work of Bélidor
[2], the first electrodynamic hydro generators were developed and applied
for local grids, such as by the US Grand Rapids Electric Light and Power
Company in 1880 [3].

The following decade mainly focused on large-scale electrification in
both appliances and connections. According to the World Bank, 89% of
the world was considered electrified in 2017 [4]. Grids were generally con-
structed as alternating current (AC) grids. Especially after the introduction
of nuclear plants, electric appliances were mostly designed for an abun-
dance of power. With the progress in semiconductor research, transistor
elements were invented in 1947 [5]. This enabled the development of elec-
tronic products based on semiconductor elements, such as silicon. Silicon
with its bandgap of 1.12 eV has an open circuit voltage of around 0.6 V. A
serial connection of many silicon elements then yields an operating DC
voltage around 3 to 12 V, which can be provided by batteries. Therefore,
these devices were and are preferably battery powered.

Both the small scale and the low required power of electronic devices
enabled miniaturization of products. In 1997, Chu et al. demonstrated a
cubic corner reflector below the centimeter scale [6]. This was the begin-
ning of the Smart Dust project 7], which aimed at fabricating distributed
wireless sensor nodes in a microscale. With a similar approach, DARPA
launched a program in order to developed miniaturized wireless sensor
nodes [8].

2.1.2 Forms of Energies and Energy Converters

In order to do work on an object, exergy needs to be available. If a system is
to use the exergy of another system, which might be surrounding energy or
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a converter, the systems have to be coupled. The form of coupling between
energies of the same form or between different types of energy are called
weak and strong. There are nine types of energies [9], and in principle, all
of them can be used for energy harvesting:

- gravitational
— kinetic

— heat

— elastic

— electric

— chemical

- radiation

— nuclear

— mass.

Besides the use of mass and gravitational energy, each form of energy has
been used in micro harvestings research so far. Reviews on the principles,
the history and the current state-of-the-art in industry and research have
been provided by various authors, such as [10-12]. As this book focuses
on indoor applications, this chapter discusses the level and usability of
these types of energy for indoor applications. Some of the most important
references are provided for further reading, and principles and examples
of demonstrated systems or commercially available devices are included
where possible. As most generators aim at converting energy from ambient
energy to electric energy, the converters discussed in this chapter will focus
on those.

2.2 Kinetic Energy

Kinetic energy can be found in many places in indoor environments, often
in the form of vibrating objects or motion from humans and machines.
Besides which, there is often flow from both natural and technical sources,
such as air or liquid flow streams within buildings, and from air condi-
tioning plants. Amongst the most classic electric converters using kinetic
energy as incoming energy are turbines, and piezoelectric generators in
forms of sheets.

Kinetic converters transfer oscillations to a mass. Its movements relative
to the supporting structures are coupled back under use of the piezoelec-
tric, inductive or capacitive effect onto an electric system. There are vari-
ous geometries and designs of converters. Reviews, modeling and research
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work include the work of Mitcheson et al., Roundy et al. or Safaei et al.
[11-14]. Kinetic converters are already available on a commercial scale,
with examples being Kinetron or ReVibe [15, 16]. These converters mostly
cover industrial applications, including rail and helicopter flight assistance.

The following subsections introduce simple general models and avail-
able power densities for some of the indoor applications.

2.2.1 Oscillating Solid Objects

Most kinetic converters for vibrations of solid objects are designed for res-
onance, which means they achieve their maximum electric power at a cer-
tain frequency f for an oscillating mass m. The maximum power P__can
be approximated following Roundy et al. [17]

4 m

P.= " 2.1)
W, 0o, (

where (_denotes the electric damping, { the mechanic damping of the
system. For a first approximation, the damping can be modeled to be {_ =
(,=0.015 [17]. In real applications, the modeling of the damping is complex.
The total damping  follows from {_ = { , with the damping coefficient d = (
2w,m, where w = 2mf. a is the acceleration of the vibration. The oscillating
mass m is damped electrically and mechanically (d). The resonance fre-

quency depends on the feather constant k, where

L3

w= (2.2)

Figure 2.1 depicts a schematic of the model.

Figure 2.1 Schematic of the basic model of a kinetic energy converter with an oscillating
mass m, a feather constant k, and a damping coefficient d.
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Following Eq. 2.2, both maximizing the mass m and minimizing the
damping d are required for an optimization of the electric power yield.
This is the reason why many converters of this type are very heavy. From
the models, it also follows that for a constant amplitude, the electric yield
increases with decreasing frequencies.

The acceleration of the human lower leg has been measured to be 10 m/s
[18], where the frequency f of a human walking is around 2 Hz. For a mass
m=0,2kg,and {_=(_ = 0.015 an electric power of 6.64 W could be harvested.
Decreasing the mass to a more comfortable m = 0.01 kg yields 331 mW.
This would already be enough to power small transceivers with low fre-
quencies of use, such as for paging applications in hospitals. As outlined in
the introduction of this book by Joe Paradiso, those applications are more
of research interest due to their low comfort for the user.

Exemplary demonstrated and commercial systems are outlined in the
following sections.

2.2.1.1 Human Motion

EnOcean uses kinetic converters in order to power their batteryless radio
switches [19]. Kinetron offers weight, rotational and linear based convert-
ers with a broad application range including watches, water industry, sani-
tary applications and similar applications [15].

The PowerWalk system by Bionic Power aims at avoiding soldiers hav-
ing to carry batteries on their mission by using kinetic converters, with
a targeted harvest of 10-12 W [20, 21]. Future applications are aimed at
forestry, mining and consumers.

Fu et al. demonstrated the use of airflows in micro turbine implemented
in a shoe with a power of 6 mW [22]. Many researchers demonstrated the
use of piezoelectric converters. A review has been provided by Sun et al. [23].

2.2.1.2 Vibrations

The commercially available converters for higher frequencies obtain their
maximum power at their resonance frequencies, usually 50-60 Hz, and
100-120 Hz, respectively. The bandwidth typically ranges between 1-2
Hz. It follows that the stability of the excitation frequency is their critical
parameter. An approach is to order generators that are tuned to application
frequencies.

ReVibe Energy sells converters for frequencies from 20-200 Hz with
power output from 500 mW to a few W [16]. Figure 2.2 depicts an exem-
plary generator with equipment from ReVibe Energy.



14 INDOOR PHOTOVOLTAICS

Figure 2.2 ReVibe Energy kinetic converter. (Photo reproduced by permission of ReVibe
Energy, 2019).

Non-resonant vibrational harvesters have been a research topic since
the beginning of micro energy harvesting. One approach is to tune the
electronics [24], the other is to adjust the springs and the length of the
resonating mass [25]. Nanoscale generators for implementation in clothes,
for example, have been developed by the Georgia Institute of Technology
with a corresponding power density of 10 mW/cm? [26].

Piezo generators and engineering services for customized generators are
offered by different companies, such as Piezo.com [27]. Piezoelectric genera-
tors mounted on the wings of beetles yielded 11.5 and 7.5 yW during flight in
prototypes from the University of Michigan [28]. The recent state-of-the-art
in piezoelectric harvesting has been published by Safaei and coworkers [29].

As in most energy harvesting generators, characterization standards
with reproducible test conditions are missing, including test temperature
and test frequencies. However, regarding their industrial stage, kinetic con-
verters have achieved a mature state.

2.2.1.3 Flow of Gas and Fluids

The theoretical limit of usable power P__of a gas flow from an electric tur-
bine is defined by the conversion coefficient ¢, following the Betz limit [30]

L o5
P.= EpAv ¢, (2.3)

where A denotes the flow area, p the density of the flow medium and v its
speed. ¢ is defined by the ratio of the flow velocity v, before the rotor of the
turbine to the flow velocity , after the rotor
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x=--, (2.4)
V2
with cp(x) defined as
Pt _ 1 2
2 =—(1+x)(1-x (2.5)
I (1+2x)( )
and the rotor speed v as
y="12 (26)
V2

The function has a maximum with x = 1/3 with power coefficient von
16/27. This equals 59.3% of the incoming kinetic power of the theoretical
limit of the electrically usable power. The Betz limit covers flow losses
due to the design of the rotor blades. Additional mechanical losses are
caused by fraction, the inertia of the bearing, and the converter behind
the rotor, typically electromagnetic. So far, large wind turbines demon-
strated a conversion efficiency of about 40%. New types of design might
exceed those limits. However, microturbines are expected to reach a range
of 10% due to nonlinear effects and the small ratio of converter to loss
surface [13, 31].

The flow speed in HVAC plants can reach up to 6 m/s. For an air density
p = 1.2 kgem?, an efficiency of 10% and an area of 1 cm?, an electric power
of 1.3 mW could be achieved. The current European low-pressure systems
reach up to 3 m/s, with a resulting power output of approximately 0.2 mW.

Although their maximum power limit is significantly below the limits of
large gas flow turbines, indoor air flow of all sources can be a very valuable
power source with achievable power in the milliwatt scale. This is sufficient
to power most IoT applications.

2.2.1.4 Acoustic Vibrations

Acoustic vibrations in indoor environments are available from humans,
machines and outdoor vibrations, including traffic. Their harvest is one
of the youngest disciplines in Micro Energy Harvesting with applica-
tions ranging from typical IoT systems, noise reduction to espionage and
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hacking. Typical designs are based on, but not limited to, the use of electro-
magnetic and piezoelectric converters or a combination of both. Yuan et al.
provided a recent review of the field [32].

Most converters achieve a power in the range of a few microwatts with
converters reaching the lower milliwatt scale as the exception.

2.2.1.5 Elastic Energy

Elastic energy has had a long tradition in human application, long before
electricity was discovered. Watches and clocks have been built based on
winding springs that stored energy in its elastic form, which then actu-
ated the pendula and the mechanics. The first turntables and many other
devices used the same principles. A common example of an elastic micro
energy harvester is the Seiko Kinetic watch.

2.3 Thermoelectric Conversion

Thermal energy can be converted to electric energy with thermoelectric
generators (TEGs). In their typical design, TEGs consist of semiconductor
materials. Thermocouples, that is pairs of p- and n-type legs, are connected
in parallel thermally and in series electrically. The main physical effects in
TEGs are the Seebeck, Thompson and Peltier effect, respectively, and Joule
heating.

A temperature difference ATg in such a thermocouple generates an elec-
tric potential. Following the Seebeck effect, the resulting output voltage
U for N pairs of thermocouples is

U=Na AT, (2.7)

where a_denotes the Seebeck coefficient in [V/K] of the thermocouple.
The ohmic resistance causes thermal losses of an electric current I in a
conductor of a resistance R, also known as Joule heating PI

P =PR. (2.8)
In a heterogeneous material consisting of materials A and B, an electric
flow at the material junction yields a heat flow. This is described by the

Peltier effect, where \p 1 the Peltier coefficient of the material in [V], with

II,=T(a,-a,). (2.9)
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In a homogeneous material, the emission and absorption of heat due
to temperature difference in a conductor is represented by the Thomson
effect. The Thomson coefficient in [V/K] is

do

The influence of these effects on the TEG performance depends on the
size, design and the application environment. Freunek et al. have investi-
gated the detailed modeling of the performance of TEG [33].

Any temperature difference of an environment couples into the TEG
with a thermal resistance K. K is optimized when it equals the sum of
the coupling resistance of the hot and the cold T, and T side of the TEG,
respectively, where

K =K +K, (2.11)

The maximum achievable temperature difference decreases with
increasing miniaturization. The heat sink needs to be dimensioned in a
sufficient size, to make a temperature difference usable for a thermoelectric
conversion. The size of the heat sink therefore is mostly the limit to minia-
turization in TEG systems.

The maximum power output of a TEG P_ can be approximated to [33]

S S !
"AT(K K, (1441421, )

(2.12)

The thermoelectric figure of merit Z is device specific. Figure 2.3 pro-
vides a schematic of a TEG.

The output voltage of TEG typically ranges around a few 100 mV.
Therefore, DC/DC converters are required.

In indoor industrial applications, the heat from machines can be used
with the room temperature as cold sink. In these applications, and espe-
cially if the system size is not limited, TEG systems can achieve output pow-
ers in the milliwatt range. The same is valid in cold areas or seasons if the
temperature difference between outside and indoors can be made usable.
However, in most consumer and office applications, the main source for a
temperature potential is the difference between wall temperatures and the
room temperature. In this case, a TEG will yield a few microwatts.
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Figure 2.3 Schematic of a TEG with n- and p-type legs, and a hot and cold side.

2.4 Electrochemical Potential

The electrochemical potential from biological sources can be converted to
electric energy. Biologic sources have the advantage that the host continu-
ously and actively recharges these power sources by eating and drinking or
photosynthesis. Such a host for a biochemical converter can be a plant, an
animal or a human.

The first research on the use of biochemical energy, such as adenosine
triphosphate (ATP) in the human body, was the ATP powered nanomo-
tor by Cornell University [34]. Voltree Power’s bioenergy harvester uses the
electrochemical potential resulting from the different pH concentration
between soil and a plant [35]. The output voltage was reported to reach 50 to
200 mV for an estimated short circuit current between 0.1 to 1 mA [36]. The
induced voltage U for an output voltage U’ results from the Nernst equation

U=U’—£ApH (2.13)
nF

where R = 8.31447 Jmol'K"' denotes the molecular gas constant, F =
96485,34 C mol' the Faraday constant, T the temperature, n the number of
transmitted electrons and DpH the difference of both potentials.

Other than in some horticultural and agricultural applications, indoor
bioelectrochemical potentials are almost solely found in animals and
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humans. Rasmussen and coworkers demonstrated a biofuel cell with a
power of 55 uW, that was implanted in a cockroach [37]. The output voltage
was 0.2 V. Such implantable fuel cells can work as an alternative to batteries
or cabled solutions with a main application field in medicine. Technical
challenges include the low output voltage of around 0.2-0.4 V and the size,
stability and nontoxicity of the cathodes. A review of the design, the cur-
rent state-of-the-art and challenges in biofuel cells has been provided by
Zebda et al. [38].

2.5 Electromagnetic Transmission

Other than all other forms of energy, electromagnetic emission, including
within the optical range, can be sent on purpose for charging applications,
as outlined in the introduction of this book by Joe Paradiso. This section
focuses on the use of radio frequencies (RF) based on antennas (radio fre-
quency harvesting).

In a simplified model, the efficiency ¢, of these systems is calculated from

_Poc (2.14)
P

Erp
The output power thus depends on the emitted power, its distance to the
RF harvester, and amount of damping in between. How much power the har-
vester can receive and convert to usable electric power, depends on the spe-
cific antenna design, its damping, and the rectification losses. Recent reviews
on this topic have been provided by Serdijn et al. and Cansiz et al. [39, 40].
The inductive charging of electric toothbrushes is a daily life example of
such systems.

2.6 Atomic Batteries

Atomic batteries use the energy of the decay of a radioactive isotope. This
energy is converted to electrical energy by different types of generators,
such as thermoelectric or optical. Therefore, these systems can be defined as
semi-ambient systems. The applied radioisotopes, such as Plutonium-238,
are unstable. Their resulting continuous heat emission is used for elec-
tric conversion. In the early seventies, some implanted pacemakers were
powered by radioisotope batteries based on Plutonium-238 and a TEG.
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About ten years later, Lithium-ion batteries superseded atomic pacemakers.
Lal and coworkers demonstrated the excitation of a piezoelectric converter
with radioisotopes [41]. Currently, atomic batteries have their main applica-
tion field in space. A review on the topic has been published by Kumar [42].

2.7 Challenges

This chapter focuses on micro energy harvesters for indoor applications
other than photovoltaics. Some generators are already available commer-
cially. A current challenge for researchers, product designers and custom-
ers is their lack of characterization and test standards. The reproducibility
and comparability of test results and data sheets remain difficult, if not
impossible, without standardized and representative test conditions.

Toxicity, recycling and lifetime are important topics for future energy
harvesting systems, especially for IoT applications. The devices might
remain in the field for decades, and some might even be forgotten or left
installed after their functional life has ended. This needs to be considered
during design. The long lifetime also poses a challenge to the security of
IoT edge nodes. Such a system needs to protect and secure its data now
and in the future, which might be 15 years ahead. So far, security has been
neglected in many IoT and comparable systems. In addition, the visible
and invisible interconnection of many edge nodes quickly results in giant
networks of an accordingly high attack surface [43].

Finally, a common motivation for the installation of IoT devices is the
classical idea of Big Data, that is, gathering as much data as possible in
order to realize data analytics applications. However, from a statistical point
of view, high quality data from a well-planned sample often yield a better
result for these applications than an unlimited amount of data of unknown
reliability [43, 44]. Thus, the real value gained from the data obtained by an
IoT edge node needs to outweigh its cost to security, privacy, operational
effort, toxicity, ecological considerations and so forth.

2.8 Conclusions and Outlook

The use of ambient energy to power low-power electronic devices seems like
a natural choice today. This chapter presented the most common types of
generators other than photovoltaic converters, their sources of energy, and
typical output power levels for indoor applications. From these, kinetic con-
verters including micro turbines and thermoelectric generators are the most
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mature generators. Commercial products are available on the market, and
the output power range is the highest discussed in this chapter. While some
of the converters and applications presented in the sections above might
seem exotic, and are elaborate in their fabrication or too unreliable for use in
commercial products, micro energy harvesting is a valid approach to power
IoT edge nodes and applications and a standard in space applications. The
appropriate type of generator, its detailed design and the overall design of
the IoT edge node depends on the application. Does the system only need
to send data at certain events? Does it have to be constantly available or are
delays or even outage times allowed? Is the ambient energy easy to predict
in its frequency of occurrence and level or is a battery part of the system?
A reliable micro energy harvesting system requires a design specific to its
application and as a whole system, including its data storage, processing and
communication units. An example are kinetic converters, which are tuned
to a certain frequency. The need for this application-specific design limits
economic mass production effects. Especially when the systems aim for min-
iaturization, standardized circuit boards that are produced on a mass scale
for different product lines cannot be used in micro energy harvesting.

An exception to this, with power levels as high or above the ones pre-
sented so far, is indoor photovoltaics, which is introduced in detail in the
following chapter.
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Abstract

Indoor photovoltaics (IPV) is one of the most promising technologies to power
IoT and consumer devices in indoor environments. Theoretical efficiency limits
exceeding 50%, an established technology, and power densities among the highest
of all indoor energy harvesting technologies available, make IPV attractive and an
upcoming technology in an expected trillion-dollar market. However, the typical
indoor spectral conditions, the optimization goals and processes during design
and manufacturing, and the ideal materials differ significantly from the well-
established outdoor applications. Thus, IPV devices require specific engineering
and characterization. This chapter introduces IPV with its spectra, irradiance
levels and operating conditions. Theoretical and demonstrated efficiencies, their
modeling, and characterization methods are discussed. Issues such as total energy
balance, recycling and lifetime are outlined. With properly adapted design, IPV
might be the enabler of many IoT applications in the near future. This chapter
provides the state-of-the-art, challenges and solutions for IPV products, and gives
an outlook on future products.

Keywords: Indoor photovoltaics, micro energy harvesting, internet of things,
wireless sensor nodes, edge nodes, indoor photovoltaic efliciencies, indoor
photovoltaic materials

3.1 Introduction
Indoor photovoltaics (IPV) started in the seventies following the inven-

tion of microprocessors [1, 2]. In the following decades, IPV was mostly
limited to applications such as kitchen scales, solar calculators, and some
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consumer fun articles [3, 4]. Those devices were designed far beyond their
theoretical potential and often suffered from lack of user acceptance, as
users most often had to actively place the device close to a window for a
proper functioning. In many applications, it was easier and more reliable
to power indoor products with batteries or power cords. The introduction
of narrow-banded artificial light and ultra-low power electronics, such as
the Phoenix Processor with a power consumption in the picowatt range
[5], are the technology enabler for IPV, enhancing their applications far
beyond those listed above. Recent studies expected IoT systems to become
a multi-trillion-dollar market within the next few years [6]. In many appli-
cations, IPV will be the ideal technology to supply the power for the IoT
devices.

Indoor photovoltaics presents an ideal application for photovoltaic sys-
tems. Due to the narrow-band emission of indoor lighting sources, spec-
tral losses are far beyond the losses from broadband thermal radiation,
such as solar. The often mandatory lighting conditions have to meet a cer-
tain and defined level, spectral distribution and frequency of occurrence.
This knowledge and the predictability of the light source are an ideal case
for photovoltaic design. The humidity and temperature operating condi-
tions are mostly stable and not critical to operation and aging. The tem-
perature range is usually around 20-30 °C, which is roughly the standard
characterization temperature in photovoltaics. Most loss mechanisms in
photovoltaic materials increase with temperature, where indirect band-gap
materials, such as silicon, are more affected than direct band gaps such as
III-V materials. While outdoor systems under solar radiation heat up to
temperatures around 80 °C, temperature effects can be neglected in most
IPV applications. Outdoor photovoltaic plants, especially when installed
in private applications, often suffer from the expectation of customers to
meet the performance of their characterization under IEC [7], which is
the standard testing reference for research and industry. Those conditions
cannot be met outside a laboratory [8], and in practice, the performance
varies with weather, latitude, longitude and air mass composition [9]. Thus,
customers sometimes complain about the seemingly poor performance of
perfectly operating devices, as the spectral and temperature conditions may
deviate significantly from conditions under IEC. Especially for owners of
private installations without much technical background, it can be hard to
understand this difference, which sometimes lowers the customers’ accep-
tance. This challenge should be much less present in IPV applications, once
an indoor characterization standard has been established for IPV.

With an optimized band gap and resulting choice of material, IPV effi-
ciencies exceeding 50% can be achieved theoretically [10].
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Besides the spectral conditions, the typical cell size and the available
radiation intensity differ from outside applications. While outdoor intensi-
ties range around 100-1000 Wm?, indoor intensities are typically between
0.1-10 Wm™ [11-15]. As a result, the ratio of photoelectric current to electri-
cal loss currents is reduced by orders of magnitude for many loss mechanisms.

The small size in the square centimeter or millimeter scale instead of
square meters leads to a stronger influence of miniaturization effects. The
loss effects due to shading from module integration and contacting, contact
areas and surface areas cannot be neglected as in outdoor applications, but
may reach the scale of the photovoltaic current. In real systems, the dom-
inating loss effects depend on the specific material of choice, its thickness
and its characteristics, such as doping and so forth. Thus, it is highly recom-
mended that IPV designers first choose their material and then model real-
istic values for their spectral application conditions based on their choice.

The applicability of efficiency models depends, among other things, on
the choice of material. For example, the well-known Shockley-Queisser
limit refers to the electrochemical conversion limit of an ideal absorber
material where, unlike in real systems, each photon contributes to the
photovoltaic current [16, 17]. Indirect band gap semiconductors, such as
silicon (Si), have other dominating loss mechanisms than direct band-gap
materials such as GaAs, and all of those effects are temperature and inten-
sity dependent. Optimization methods include doping and change of layer
thicknesses of the n- and p-layer, respectively. A great introduction into
semiconductor modeling in general has been given by Sze and Lee and by
Hovel for solar cells in particular [18, 19]. For amorphous Si, these models
have to be adjusted according to the material properties and effects [20,
21]. In organic materials, exciton processes have to be modeled [22]. In
order to overcome this challenge for IPV, Freunek has recently published a
handbook that shows material-dependent and application-specific models
for photovoltaic efficiencies [23].

Gemmer, who investigated realistic indoor cell efficiencies for c-Si, a-Si
and CIGS with analytical and numerical models, presented the first mod-
eling study for photovoltaic performance under indoor conditions [20, 24].
A current limit to the use of available photovoltaic simulation programs in
IPV is their optimization for outdoor applications in their efficiency mod-
els and spectra. In addition, in most programs the numerical models have
been developed for silicon only and neglect low irradiance or diftuse illu-
mination effects.

For Si, GaAs, and CdTe, Bahrami-Yekta and Tiedje investigated the
indoor efficiency limits and the optimization of real devices in indoor
conditions in detail [25]. With an absorption layer thickness about two



28 INDOOR PHOTOVOLTAICS

Table 3.1 Indoor efficiencies modeled by Bahrami-Yekta and Tiedje for different
photovoltaic materials (adapted from [25]).

Material Efficiency FL250 Lux [%] Efficiency LED [%]
Si 27.0 29.0
GaAs 37.1 40.3
CdTe 40.3 43.3

orders of magnitude below the ones of standard outdoor cells, Si devices
can achieve or even outperform their outdoor performance under artificial
light. Table 3.1 summarizes their results for three materials. It is important
to note that spectra for fluorescent tubes can vary significantly with man-
ufacturer and lamp type.

As Chapter 6 shows similar results to that, the optimization goals for
indoor organic photovoltaics (OPV) are contradictory to outdoor applica-
tions. For IPV, the influence of the serial resistance in organic devices can
be neglected whereas the parallel resistance needs to be maximized.

Customers, product engineers, and researchers require reproducible
and retraceable characterization methods in order to compare research
results and products. The efforts to establish a standard characterization
process has just begun and is outlined in Chapter 5 of this book. Methods
to overcome the current gaps in standards are described in Chapters
4 and 5.

The following sections outline general operating conditions, efficiencies
and product aspects for the state-of-the-art at the time of writing.

3.2 Indoor Spectra and Efficiencies

Outdoor spectra are broadband spectra resulting from the thermal radi-
ation of the sun. The human eye is sensitive only to a small fraction of it,
which has also been characterized as the human visibility function V()
(see Chapter 4 and 5 for detailed introductions). The users of artificial
light in indoor environments are humans, plants, and animals, so their
radiation is optimized for their optical range of sensitivity, such as V(L).
Broadband radiation sources in indoor environments are halogen lamps
and incandescent bulbs, as well as solar radiation filtered through a win-
dow. Depending on the place of installation, windows are manufactured
with functional coatings of a spectral transmittance T(A), such as heat or
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sun protection coatings. In general, the filtering function of these windows
is optimized to V(A). Thus, the indoor solar spectrum is different to the
outdoor spectrum not only in its intensity, but also in its spectral distribu-
tion. Figure 3.1 depicts typical indoor spectra. The window spectra result
is from the spectral irradiance of the so-called AM 1.5 solar spectrum [26]
that is transmitted through a heat and sun protection coating of a window,
respectively (see Chapter 4 for a detailed introduction).

As windows in most applications do not face the sky horizontally, the
actual irradiance E will result from the incident power P received on an
area A in an incident angle o following Eq. (3.1).

E=cosa£ (3.1)
A

In some applications, a sensor might be directly installed on a window
facing the outdoors. However, most devices will be installed within a cer-
tain distance to the window. As the intensity is inverse to the square of the
distance from the emitter, the incident irradiance is additionally lowered
following Eq. (3.2)
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Figure 3.1 Spectra for sunlight through heat and sun protection windows, LED, and
warm white fluorescent lamps. The emissions after 1800 nm are negligible for this
visualization purpose.
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Note that the discussion so far has only included direct radiation.
Indirect radiation resulting from reflection or transmission indoors has
been neglected. Its effects and modeling are discussed in detail in Chapter 4.

The photovoltaic efficiency limit for a conversion from optical radia-
tion to photoelectric power depends on many parameters. Some of these
parameters are spectrally dependent, such as the energy gap or the photon
flow, that is the intensity of the radiation. The number of photons N(A) per
area A and time ¢ yields the spectral photon flux ¢

0. Adt

(3.3)

The thermodynamic limit to photovoltaic efficiencies presented by
Shockley and Queisser was calculated for black body radiation following
Planck’s law [16]. It assumes that an ideal single absorber material, where
every incident photon is absorbed, yields the so-called external quantum
efficiency EQE = 1. Then the short circuit current density j,_ = j , where the
photocurrent density j | is

jn=a j 9, ,(WEQE()A, (3.4
0

with the elementary charge g = 1.602 10"*° As. The Shockley-Queisser limit
can be applied numerically to spectral distributions [17, 27]. Figure 3.2
shows the resulting maximum photovoltaic efficiencies for different indoor
spectra in comparison to the solar AM 1.5 spectrum.

All indoor radiation is optimized for its visibility by the recipient. For
humans, this is the band between 380 nm and 780 nm. Any radiation
beyond this narrow band is generally unused and thus lost. The maximum
indoor efficiencies therefore are significantly higher than outdoor photo-
voltaic efficiencies. The radiation filtered in windows outside the visibility
spectrum could also be used for photovoltaic conversion.

Resulting from the peak of the human visibility function, the ideal
indoor photovoltaic material has a higher band gap than for outdoor appli-
cations. Indoor cells optimized to indoor solar radiation have ideal band
gaps between 1.4 to 1.6 eV, whilst cells for current artificial light sources
have ideal band gaps between 1.8 to 2 eV.

Detailed model and technology discussions for the most interesting
indoor materials are provided in the following chapters of this book.
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Figure 3.2 Efficiencies for indoor spectra calculated following the Shockley-Queisser
limit (adapted from [10]). As a reference, efficiency for outdoor AM 1.5 is given. Due to
the adaption of functional window coatings to the human eye, the shift of the ideal band
gap to higher values also holds true for indoor solar radiation.

3.3 State of IPV Design, Issues, Approaches

As the irradiance level in indoor surroundings generally is very low, the
ratio of active conversion to loss area is very small. Thus, efficiency losses
need to be avoided where possible. Therefore, a good indoor design avoids
shading caused by module integration, ensures good electric contacts, and
aims to avoid recombination losses at surfaces, including edges.

Another issue is a reliable characterization of the device. As standards
and equipment are missing, reproducibility and comparability pose a chal-
lenge both to designers and customers. This is enforced by the fact that
today’s most common light sources vary in their spectral distribution and
that the available measurement instruments vary in their response to these
light sources, too. Furthermore, photometric measurement devices opti-
mized to measure human visibility exclude spectral radiation that is usable
for IPV devices. These issues and approaches to solutions are outlined and
discussed in Chapters 4 and 5. Miiller (Freunek) demonstrated the use of
a radiometric reference cell and pyranometers for indoor applications [12,
14]. Today, Enlitech offers an indoor solar cell light simulator, which is
capable of measuring both photometric illuminance and radiometric irra-
diance for low irradiance levels and narrow-band light sources such as
LED [28].
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Contrary to outdoor applications, where the geographic location and
the azimuth might be sufficient for the first stage of planning, in IPV spec-
tra, intensity and contribution of direct irradiance vary from application
to application. As these measurements can become too elaborate for the
first stage of product development, simulations can be alternatively used.
Different research groups have evaluated this for indoor conditions [13,
14, 29, 30]. Chapter 4 introduces the simulation of indoor irradiance
conditions.

3.4 Fields of Application

Everywhere humans live and work, some kind of lighting optimized for
the human eye is installed. Indoor photovoltaic devices can be operated
with it, and often the available light is defined in its spectral range and
irradiance following obligatory standards. This eases the design process.
Although the classical and well-known IPV products include niche prod-
ucts such as kitchen scales, LED powered lamps, and solar calculators, the
potential applications reliably realized with a proper IPV design are as var-
ied as human life. The recent industrial takeoft of the Internet of Things
(IoT) with billions of required sensor nodes in the field might drive a wide
use of IPV. This section outlines the most common or important applica-
tion fields for IPV today and in the near future.

3.4.1 Customer and Office Applications

Charging stations for mobile phones are common consumer IPV applica-
tions. Further examples include solar calculators, LED powered lamps such
as the IKEA Sunnan lamp, USB chargers such as IXYS Green Energy prod-
ucts, and wireless keyboards such as the Logitech K750 [31, 32]. Figure 3.3
shows the Soehnle Easy Solar White kitchen scale.

However, regarding the size of the consumer market, the distribution
of products powered by optical radiation is surprisingly low. Reasons for
this might be found in spectrally mismatched design, resulting reliability
issues, and standard mass production lines that are not optimized for low
power consumption.

3.4.2 Ambient Assisted Living and Building Automatization

The concept of ambient assisted living is strongly related to building auto-
mation, smart homes, and the IoT. The idea is to support humans in their
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Figure 3.3 Solar powered kitchen scale. (Photo reproduced by permission of Soehnle-
Leitheit, 2019).

homes with automated and often customized electronic assistance, often
with a focus on the elderly or handicapped individuals. In most appli-
cations, reliability is critical. That said, with ambient assisted living still
in its early stage of development, this application with its many required
sensors has huge potential for IPV; however, so far, the market coverage
is very low.

The aim of building automation is to provide comfort and efficiency and
to automate energy-saving measures, such as switching lights on and off
or regulating room temperatures. Besides financial losses or discomfort,
a malfunction of a sensor poses no significant risks. On the other hand,
installing automated energy-saving technologies will pay off for most appli-
cations very quickly. EnOcean provides different batteryless IPV powered
sensors in this application field [33].

3.4.3 Industry, Agriculture, Horticulture, Retail, and Logistics

These applications show some of the highest potential for a signifi-
cant market growth of IPV, as they are classical applications for IoT and
cloud-assisted Al solutions. Typically, the IoT edge node needs to transmit
or receive a sensor or actor signal in a regular period or even only under
certain circumstances. Therefore, the required average power consump-
tion of such an IoT edge node can range below a few milli- or even micro-
watts, which can be provided from photovoltaic generators in most cases.
There are different optimized products available on the market, including
electronics in the case of the TI Bluetooth Low Energy Beacon [34]. IXYS
specializes in manufacturing high-efficiency crystalline silicon modules
that have been proven to be reliable indoors [10, 35]. The challenge and in
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some cases the advantage for some of these applications is the frequency
of incident radiation. Applications with a typical schedule, such as pro-
duction hours or even automated and spectrally defined radiation, such as
in horticultural application, are an ideal case for IPV design due to their
known operating conditions.

Logistics and retail have often been discussed as possible fields of appli-
cation for micro energy harvesting. However, these applications often
suffer from sufficient radiation and/or recycling issues in single-use appli-
cations, such as in tracking logistics. As proposed in the introduction, a
dedicated radiation power beam might be an approach to some of those
applications.

3.4.4 Relation of IPV to Outdoor Applications - Hiking,
Emergency Kits

Many small-scale products available on the market were designed for out-
door use or outdoor charging. Among these are emergency kits for hikers,
and phone chargers, torches and lamps such as the Little Sun products or
the SOLVINDEN table lamp by IKEA [36, 37]. Generally, the module size
of these products is a few square centimeters and the material is crystalline
or amorphous Si. Although some products use high efficiency cells, they
are not optimized for the spectral indoor conditions in their distribution
and intensity. Other outdoor-related applications include solar fans for
camping or solar power LED lamps. The module sizes for these applica-
tions already come close to the range of square meters.

3.5 Degradation and Lifetime Issues

Degradation effects decrease the efficiency over time, thus limit the lifetime
among other effects. As most degradation effects are related to energy and
intensity levels, indoor conditions are again in favor of the photovoltaic
materials. The Stabler-Wronski-Effect in a:Si:H is related to intensity [38],
so a:Si:H can expect a longer lifetime indoors than in outdoor operation.
As the first generations of outdoor systems start to report lifetimes above
three decades, for most materials the photovoltaic module will not be the
limiting device for the total device lifetime in IoT edge nodes.

However, so far, few studies have been reported investigating the life-
time for IPV products. In a study from 2013, photodiodes from GaAsP
and organic solar cells (P3HT:PCBM) were irradiated by fluorescent light
for 3900 hours [39]. This would be approximately 2.3 years of use in an
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office with 222 working days per year and 8 hours of artificial irradiance
per day. The organic cells degraded about 15% from their initial efficiency,
the GaAsP about 10%. As these devices might be installed for a long time,
degradation issues need to be addressed during design.

A second topic in product design is recycling and toxicity. As IoT devices
are small, they might be forgotten in their installations or be integrated into
building structure and furniture. Easy removal and recycling and avoid-
ance or handling of toxicity is thus important during early design. Finally,
the total cost of ownership and the CO, footprint of those devices need to
be addressed over the whole production chain and life cycle. Reinders and
Apostolou provided an overview of product integrated PV, including IPV
and outdoor applications, such as in cars [40]. Chapter 8 introduces cur-
rent IPV product integration.

3.6 Conclusions and Outlook

The recent takeoff of the IoT could enable the takeoff of IPV. This chapter
showed its large potential, and issues to be solved on the way to a safe and
secure mass production enabling the full efficiency and reliability of IPV-
powered products. The time when we might start to wonder why devices
were not powered by IPV might not be so far away.
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Modeling Indoor Irradiance

Monika Freunek (Miiller)

BKW AG, Bern, Switzerland

Abstract

IPV is one of the most promising and most challenging photovoltaic applications
at the same time. Record efficiencies are realistic for this field of applications.
However, the intensity and the spectral distribution of available radiation can
change within centimeters even for the same room. This chapter discusses meth-
ods to measure, calculate and simulate realistic levels of indoor radiation.

Keywords: Indoor irradiance, irradiance modeling, ray tracing, spectral
irradiance, indoor photovoltaic, simulation

4.1 Introduction

Only a fraction of the electromagnetic spectrum is visible to the human
eye. This range from about 380 nm to 780 nm is called light. Light is avail-
able in almost any natural and human surrounding and can be used for
photovoltaic generation. In addition, depending on the specific spectral
sensitivity of the applied material, parts of ultraviolet and infrared radia-
tion, such as from the sun, can also be used for photovoltaic conversion.
In the outdoor area, intensities of solar radiation around 1000 Wm?* are
achievable. Typical values of indoor irradiance and methods of their deter-
mination will be discussed in this chapter.

In combination with the generally good predictability of occurrence,
the high power densities compared to other forms of energy make optical
radiation attractive for the operation of energy-autarkic microsystems in
many applications.
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Optical radiation for indoor applications, such as in building automa-
tion or process technologies, is a mixture of direct and diffuse solar radia-
tion filtered by windows, electrical light and heat radiation. In addition to
meteorological conditions, the latitude and other location-dependent fac-
tors, the amount of usable radiation depends on the distance to a window
and the artificial lighting, its type and its frequency of use. A reliable oper-
ation of an IPV micro energy harvesting system in an intelligent building
depends on both the order of magnitude of typical power densities and the
expected spectral distribution. The appropriate modeling boundaries must
be evaluated in order to define the optimal choice of generator.

4.2 Fundamentals

The photon formula from Albert Einstein defines the energy E of a photon
of frequency fand its wavelength A, respectively, to be

E:hf:h%o, (4.1)
where
f :%0. (4.2)

h = 6.626%107* Js denotes Planck’s constant, and C, = 2.998*10% ms™! the
vacuum speed of light, respectively. The photon flow @ (A) with its unit s~
is the number N of photons per time interval ¢

o =

N
P t '

(4.3)

The spectral photon flow @ | is often referred to in its distribution over the
wave lengths in [s'nm™]. The spectral photon flow density EPA in [m2s'nm™]
represents the number N of photons per time interval ¢, area A and per wave-
lengths interval \.

For any use of optical radiation, a realistic assessment of the incoming
optical power is essential. The incoming power P, is the integral of the
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number of photons of energy E per area A and time interval ¢ over the
incoming wavelength distribution:

P, = JWCD e h;‘)dk. (4.4)
0

The irradiance E,' is the ratio of power P per area A or energy E per area
A and time t:

I=E,=—=—-. (4.5)

Thus, E is the energy flow of a radiation on an area in [Jm™s™' = Wm™].
Taking into account the total spectral distribution of the radiator yields its
spectral irradiance E .

4.2.1 Photometry and Its Impact on IPV

Available data on indoor lighting often refer to photometric illuminance
E in Lux or Im/m’. Photometric measures are widely used in the planning
of indoor illumination. The illuminance E, is related to the radiometric
spectral irradiance E , following

780nm
E =K, E,V(N)dA. (4.6)

380nm

Photometric quantities have been developed in order to weight an irra-
diance with the spectral sensitivity function of the human eye. The electro-
magnetic spectrum which is visible to the human eye ranges from about
380 nm to 780 nm. For the vision in daylight, the visibility function is
based on measurements and represented by V(A). The factor K denotes
the photometric radiation equivalent and is 683 Im/W. Figure 4.1 shows
V(A). This figure is also known as the “visibility curve”. The sensitivity of
the three color receptors of the human eye is different for each color.

E, is measured with a luxmeter. Generally, a luxmeter consists of a sil-
icon photodiode and a filter which mimics V(A). The spectral sensitivity

' E, is also referred to as intensity L.
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Figure 4.1 Spectral sensitivity function of the human eye for daylight vision with the three
color receptors x (dots), y (dotted), z (line), and as resulting total function V(1) (=y).

S(A) of photovoltaic materials, such as germanium or indium gallium
arsenide ranges up to wavelength of 1850 nm, whereas crystalline silicon
ranges up to 1120 nm. From an IPV point of view, a part of the radiation
which could be used for photovoltaic conversion is excluded when mea-
suring with a V(1)-filter.

Following equation (4.7), a photometric value can be converted to a
radiometric value, if the spectral distribution of the radiation source is
known.

The spectral mismatch factor of a luxmeter is an important function for
its use. The mismatch factor (m ) is defined as the quotient of the spectral
irradiance E | of the measured light source and the spectral sensitivity S(A)
of the detector to the spectral irradiance E,, , and the spectral sensitivity
S,.,(A) of a reference measurement. Ideally, the (mmf) equals 1:

-I.(T Eekcal(k)dk

= . 4.7
" [ B, (VSO “r

Generally, there is no significant deviation between the spectral sensi-
tivity S, (\) of the factory standard of a manufacturer and S(A) of the prod-
uct. Variations can be caused by production tolerances. Quality products
document the deviation or calibrate it during production.

For historical reasons, E, (A1) consists of a so-called standard lighting
source A of the Commission Internationale de I'Eclairage (CIE). This is a
Planckian radiator with a color temperature of 2856 K (incandescent bulb).
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Luxmeters are calibrated to these radiators, as they have been developed
in the era of thermal radiators as light sources, such as incandescent light
bulbs. These radiation sources emit most of there radiation outside the vis-
ible wavelength range. Today they have been widely replaced by emitters of
narrow-banded wavelengths, such as LED or fluorescent lamps. Therefore,
the influence of the spectral mismatch is much higher for these radiators
to the extent that a luxmeter product might not be suitable for an IPV
application at all. Figure 4.2 compares the spectrum of a fluorescent tube
with daylight spectrum to a standard lighting source A. Exemplary mea-
surements of Hildebrandt showed different spectra also for lamps of the
same type, such as “white LED” [1].
The measured signal of a luxmeter finally results to

780nm
Ey=m K, E,(W)V(A)dL=

380nm

J5 BasaM)Sia)dh jmﬂmE - (4.8)
[T E,0sdy " o :

380nm

In most applications, the m__is unknown, for example due to a missing
statement in the technical datasheet or due to an unknown distribution
of E ..

el

e
N

— flourescent tube DAYLIGHT 18 W OSRAM
- incandescent bulb 60 W OSRAM
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Figure 4.2 Exemplary spectral irradiance of a fluorescent tube and an incandescent bulb.
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4.2.2 Comparison Measurements of Different Luxmeter
Products and Settings

Disregarding the aspects outlined above, luxmeters often are the first mea-
surement instrument of choice for indoor light measurements or to char-
acterize indoor photovoltaic modules. Figure 4.3 and Table 4.1 depict the
measurement results for three exemplary luxmeters of different accuracy
and three light sources. The accuracy of the luxmeters refers to a standard
lighting source A.

The maximum deviation of the measured illuminance E, of the total
mean under a standard lighting source A was 4%. For a blue LED the max-
imum deviation from the total mean exceeded 100% (Table 4.1). For these

Figure 4.3 Displayed results for different luxmeter products with uncertainties from 2%
to 4% under CIE standard lighting source A. For the fluorescent light of this measurement,
the left luxmeter shows 332 Lux, the middle one 340 Lux.

Table 4.1 Deviation of measured illuminance for different radiation sources
when neglecting the m_: total mean and maximum deviation.

mf
Mluminance E, in Lux - Arithmetic total Maximum deviation
Radiation source mean E, in Lux from E_in %
Incandescent bulb CIE Class | 2264.44 3.9
A OSRAM 40 W
OSRAM Lumilux Daylight 3856.76 16.8
840/18 W
LED Blue 74.97 104.3
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results, the m _has been neglected, as it is a common practice in datasheets
of amorphous silicon modules.

4.2.3 Conclusions for Indoor Irradiance Measurements

Currently, there are no standard procedures or commercial devices for the
measurement of available indoor irradiance and its spectral distribution.
This chapter provides the theory and practical methods in order to obtain
reliable results. Chapter 5 of this book outlines current work to obtain
international metrological standards for IPV.

At the time of writing, some projects or tests might include the use of a
luxmeter. As outlined in the above sections, the m_ and the deviation of
the spectral sensitivity of both the detector and the calibrated reference
device as well as the calibration spectrum need to be known, and appropri-
ate for the application. If data are published, the type of the luxmeter needs
to be part of the documentation in order to enable reproducibility.

The change of preferred lamp types also led to novel types of luxme-
ters, such as the PCE-LED 20 from PCE instruments [2], which is adapted
for white LED light, or the C.A 1110 from Atandra [3], which provides a
spectral error compensation for LED and fluorescent tubes. It is important
to keep in mind that each type of light source might require its own mea-
surement device. Also, the purpose of all luxmeters is to filter all radiation
outside the human visibility function. Thus, the determination of the total
available optical power usable for photovoltaic conversion still requires
additional steps or different approaches, such as the use of reference cells,
reference data, analytical models or simulation. Retractable and reproduc-
ible measurement as described in Chapter 5 are essential to any product
development, efficiency measurement or a comparison of technologies.

However, during the stages of product development or research proj-
ects, the required measurements might be numerous, too expensive or
elaborate or training is too complex. The following sections will guide the
reader through analytical and numerical solutions.

4.2.4 Available Data on Indoor Irradiance

Most available data on typical spectral distributions and intensities of radi-
ation in buildings refer to photometric use cases. A common example is
the standard for the illuminance of working spaces (EN 12464-1). This pre-
scribes an illuminance of 500 Lux for office work [4]. In general, there is
no standardized spectral distribution, although most office buildings are
illuminated by fluorescent tubes with daylight spectrum.
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Solar irradiance data are available for various measurement intervals
and from different sources, such as the data of more than 2100 weather
stations worldwide from the US Department of Energy [5]. More sites are
available from the climate simulation program Meteonorm [28].

Scientific studies on typical values of indoor spectral irradiance E
have been performed by Roth et al., Randall, Roundy et al., and Miiller
(Freunek) [7-11].

Roundy measured the irradiance as a function of distance from an
incandescent lamp and estimated typical indoor irradiance based on stan-
dards for office illuminance.

The study of Roth et al. investigated irradiance and illuminance for two
rooms in Freiburg, Germany. A luxmeter and the short circuit currents of
an amorphous silicon module and of a polycrystalline module were used
as detectors. The spectral sensitivity S(A), the m,. of the detectors, and the
influence of the intensity on the short circuit currents were neglected.

Irradiance and illuminance were measured as a function of distance to the
window and of the orientation of the detector area. In a long-term measure-
ment, typical groups of illuminance were classified for different positions in
each room. The spectral transmission of the window, the spectrum of the
radiation, and the reflectivity coefficients of the rooms were not measured.

For using the results in other rooms, the group recommended taking
different variables into account, such as the furniture, the room size, the
reflectivity coeflicients, the geographical position, user habits or the win-
dow size and type [13].

Without further specification, Roth et al. listed a presumed global radi-
ation of 600-1000 Wm™ for a clear sky, 200-400 Wm for a misty sky and
50-150 Wm™ for a cloudy sky [12].

Randall performed position-depended measurements taking into con-
sideration aspects such as shading from neighboring buildings, spectral
transmission from windows with an unstated sensor and basic theoretical
investigations [9]. Because of the high variability of the environment, he sug-
gested using ray tracing programs, such as Radiance for further investigations.
Roth et al. demonstrated an exemplary simulation with Radiance for one day
in March as part of their study. Miiller (Freunek) showed a detailed study with
a focus on IPV applications [11], which will be outlined in this chapter.

It is becoming clear from the above section, that the variability of factors
such as the presence of users, their habits or installation places of IPV systems
remains unsolved with the methods described above. Thus, IPV designers
have to perform their own measurements, which are complex, expensive and
elaborate, especially for low irradiance. In addition, measurement results are
bound to their specific place of measurement. The knowledge of the available
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radiation is essential for a reliable design of IPV systems. So far, spectral sen-
sitivities of the measurement devices used have not been considered in most
studies. Other than in reality, the studied room often consisted of most basic
equipment. And finally, despite the significant influence of seasonal differ-
ences, no study was conducted for at least one year.

In IPV, the converter area typically ranges in the centimeter scale. In
addition to that, most devices are stationary installed. Thus, ray tracing
programs for IPV applications require a high physical accuracy. This is in
contrast to their more common applications in architecture or film pro-
duction. Moreover, the simulation needs a meaningful implementation of
user behavior. Finally, the simulation needs to be able to perform annual
runs in order to simulate the influence of the seasons.

The following sections will cover the use of radiometric solutions and
the use of ray tracing programs for IPV applications in detail.

4.3 Radiometric Solutions

This section introduces a radiometric solution based on the ray tracing
programs Radiance [14] and DAYSIM [15] and a user behavior model. This
approach enables the evaluation and variation of IPV application scenarios
without the need of measurements. Furthermore, the section provides ori-
entation values and shows the most dominant factors influencing the typ-
ical irradiance in buildings. The aim is to provide a reliable, cost-efficient
and flexible planning of IPV systems.

4.3.1 Structure

The plausibility discussion of a simulation result is as important as setting
up and running the simulation itself. It is therefore important to under-
stand which assumptions are made in a simulation model and which
results are within a plausible physical range.

The following sections show exemplary analytical calculations for two
measurement points. These calculations help to understand the scientific
questions and the theory on which the simulations are based. Furthermore,
the theoretical limiting range of irradiance in buildings is evaluated. The
use of purely analytical models for IPV applications is very limited, mainly
due to the sheer number of parameters and their variation. These limita-
tions are discussed in the analytical section.

The following section investigates indoor irradiance based on numeri-
cal calculations. The last section of this chapter presents the measurement
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campaign for the model validation and the evaluation of appropriate radio-
metric measurement procedures.

4.3.2 Settings of the Studied Rooms

The methods were tested at two offices at the University of Freiburg/
Breisgau, Germany. The “South Office” received daylight from a window
oriented toward the south east, was sparsely furnished with light materials
and mainly used by one person. This office is a good example of sufficient
lighting on almost every point in the room. Due to its small amount of
furniture, the room is simple to model. Figure 4.4 depicts the room in a
hemispherical view. The Figures 4.5 and 4.6 show the room with normal
optics from the perspective of someone entering the room, and sitting at
the desk, respectively.

The “North Office” received light through a window facing north west.
The entrance was 10 m from the windows. Glass sliding doors shielded
working places near the windows from the rest of the room, which also
blocked incoming daylight (Figure 4.7). The room was about 10 m deep
and equipped with many dark furniture pieces, piping, cable routes, and
large plants. In total, this room is an example of a scenario with complex
application conditions. Figure 4.8 shows a hemispherical view of the room
from the entry of the room. Figure 4.9 depicts in normal optics the left side
of the room from the entry. The position of the investigated points in the
rooms is discussed in the following sections.

Figure 4.4 South office: hemispherical view.
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Figure 4.5 South office: view from entry.

Figure 4.6 South office: view from desk.

4.3.3 Investigated Installation Points

loT devices and autarkic sensor nodes in buildings are likely to be installed
on work desks, close to light switches, on the wall or close to a window.
Six of such typical installation places were measured, and analytically and
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numerically modeled. “N” refers to sensor points in the North office, “S”
stands for south office.

In addition, lines of virtual sensors with increasing distance to the win-
dow and varying orientations were simulated. All simulations included vir-
tual control sensors outside of the rooms. These additional virtual sensors

Figure 4.8 North office: hemispherical view.
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Figure 4.9 North office: left side of the room.

were used to control the correct implementation of weather data and as a
detector for major simulation errors.

Radiance uses location and orientation vectors for its calculations. Its
coordinate system has a fixed orientation to the cardinal directions, as
shown in Figure 4.10. The investigated points of installation are summa-
rized as vector description in Table 4.2.

Z =South

> Y =North

X =West

Figure 4.10 Schematic of vectors, the coordinate system and the cardinal directions in
Radiance. “S” stands for sensor.
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Table 4.2 Notation, orientation, position, and qualitative description of the
investigated points of installation.

- 0 2.55 orientation to window, light switch level, distance
N 1 0.05 ) to window: 10 m
0 1.08
—> 0 2.80 orientation to artificial lighting, work desk level,
N2 0 ) ( 520 ) distance to window: 4.8 m
1 0.62
—> 1 0.28 orientation into room, head level, distance to
N3 0 7.20 window: 3.0 m
0 1.83
- 0 1.00 orientation to window, light switch level, distance
S1 -1 5.29 to window: 5.3 m
0 1.10
—> 0 341 orientation to window, head level, distance to
52 —1) ( 0.30 ) window: 0.3 m
0 1.60
—> 1 3.69 orientation into room, head level, distance to
$3 0 0.40 window: 0.4 m
0 1.60

4.4 Analytical Model

4.4.1 Solar Radiation

In a simplified model, the sun is a spherical black body with isotropic emis-
sion. With the solar surface temperature T of around 5780 K, the Stefan-
Boltzmann constant o, of 5.67*10° Wm™ K™ and a mean solar radius
r, of 6.96*10° m, the solar radiative power P_, follows from the Stefan-
Boltzmann law of radiation:

P, =0sBT*4nr’ =3.85-10°W. (4.9)

S
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With a mean radius of the orbit of the earth around the sun r,= 1.496*10"
m and P, we can calculate the extraterrestrial solar constant EOZ:

P w
E, %" =1368.95—. (4.10)
4mr, m

e

The solar constant refers to the power received per unit area just outside
of the earth atmosphere. The receiving area is normally oriented toward
the radiation direction.

The incidence angle of the radiation on its way through the atmo-
sphere is a significant factor of the maximum receivable irradiance on the
earth. The photons interact with atmospheric gases and are absorbed and
reflected. A direct incidence of the radiation through the atmosphere leads
to a so-called Air Mass (AM) Factor 1.0. Standard Test Conditions (STC)
following IEC 60904-3 refer to an incident angle of 48.19° with a resulting
AM 1.5 [16]. Figure 4.11 compares the spectral irradiance of AM 1.5 with
the one of extraterrestrial radiation just before entering the atmosphere of
the Earth, AM 0.

Equation 4.11 relates the incident angle to the Air Mass Factor. [  is the
thickness of the atmosphere,/the way of the radiation through the atmo-
sphere, and ©, the angle against normal to the receiver unit on the earth.

am=to 1 (4.11)
l, cos®,

The irradiance E, also depends on meteorological, seasonal and geo-
graphic influences. The following section provides an exemplary calcula-
tion of the maximum irradiance on a unit area A = 1 m? for the investigated
building in Freiburg, Germany, and the four most important seasonal
points of the meteorological year. One surface is horizontally orientated to
the zenith, and two surfaces are at the windows of the investigated offices.
From this, the expected values of the direct irradiance for different seasons
are obtained.

2 The Equations 4.9 and 4.10 show the dependence of the extraterrestrial solar constant
from the astronomical parameters, such as the solar temperature. The official value from
NREL is 1366 Wm- [17].
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Figure 4.11 Spectral solar irradiance AM 0 and AM 1.5.

For homogeneous irradiance E, the incoming radiation flow P, is

P, = JmEexAdk. (4.12)

0

We will assume the radiated area A to be A = 1 m?? The radiation flow
P_depends on the incident angle ® of the solar radiation:

P =E AcosO, (4.13)
where
cos(®) = sin(d) sin(¢) cos(s,) - sin(d) cos(¢) sin(s,) cos(a,)

+ cos(8) cos(¢) cos(s,) cos(w) + cos(d) sin(g) sin(s,) cos(a,) cos(w)
+ cos(9) sin(s, ) sin(a,) sin(w). (4.14)
The latitude ¢ is + 48.0° (northern hemisphere), the longitude A + 7.8°
(eastern longitude). The angle s, between the horizontal surface and the

area A is 90° for the windows, and 0° for the horizontal surface, a,is the
azimuth angle of the receiver area, that is the deviation from an orientation

3 In radiometric literature, P, can also be found as .
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toward the south. w is the hour angle with morning as + and afternoon
as —. 0 is the declination, which is the tilt of the axis of the earth relative
to the sun.

At the winter solstice, around the 21st of December of the calendar year,
the sun is vertical at noontime at 23.5° of southern latitude. The angle ©,
then becomes

@, = (48.0 + 23.5)° = 71.5°. (4.15)

This results in an Air Mass Factor AM of

1
M=——=3.15. (4.16)
cos(71.5)

Already this simple calculation gives a powerful impression of the realis-
tic range of indoor irradiance when compared to standard conditions with
an AM 1.5. For summer solstice the reference latitude is 23.5° northern lat-
itude with a resulting total angle of 26.5°. The AM for Freiburg then is 1.12.
The beginning of spring and autumn on the 21st of March, and the 23rd of
September, respectively, refer to the equator. The angle is 48° with a result-
ing Air Mass Factor of 1.5°. The Air Mass condition from STC is therefore
approximately met in the discussed test area during spring and autumn.

The irradiance for E, = 1366 Wm™* can be approximated by the Lambert-
Beer law.

E,=E e e, (4.17)

c, is the extinction coefficient of the atmosphere, which depends on
meteorological and geographical conditions. For ¢, = 0.25 the maximum
irradiance through direct solar radiation is between 622 Wm™ (21st of
December) and 1032 Wm™* for Freiburg, Germany.

The declination § can be calculated using the simplified model of
Dufhe [18]:

284+ N
o= 23.45°sin(360°TT). (4.18)

N, is the day of the year to be modeled, here with N, = 1.365. The
hour angle w varies depending on N, the longitude A and the reference
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meridian of the time zone A . For this, the apparent time t needs to be
calculated following Duffie [18]

t, =0+ T +(4*(1-D) (4.19)

where A = 15° for the the official time o, = Central European Time and
A, = 30° for the Central European Summer Time (in 2009 from 29.03. to
25.10.). O, is calculated in minutes for this chapter. T is the result of the
solar local time equation in minutes. The time equation incorporates vari-
ations of the elliptical orbit of the earth around the sun, which are caused
by variations of the rotation of the earth or its orbit [18]. The following
calculations are based on the approximation by Spencer [19] where

T =229.18(0.0000075 + 0.001868 cos(D)
-0.032077sin(D) - 0.014615 cos(2D>) - 0.040849 sin(2D>))

and
D = N,(360°/365) (4.20)
The hour angle then results to
w=(12- tap)15° (4.21)

Table 4.3 provides the results following Equations 4.12-4.21 for the four
exemplary days within one year and the south-eastern oriented office.
Table 4.4 shows the assumed parameters and interim results. £ . denotes
the point where the indicated official time is reached, here witﬁ g =10 h.
The calculated maximum value directly on the window glass is 737 Wm™
on the 23rd of September.

The minimum accounts to 350 Wm™ on the 21st of March. Although
still idealized in many aspects, these values of maximum achievable irradi-
ance remain significantly below the results from Equation 4.17.

4.4.2 Artifical Lighting

Fluorescent tubes with daylight spectrum are the most common indoor
lighting sources in offices. An example of such a lamp is the OSRAM
Lumilux 58W/840, which has been installed in the investigated rooms. Its
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Table 4.3 Calculated maximum irradiance per unit area for Freiburg, south-east
office: a, = -20° horizontal h: s, = 0° window area: s, = 90°.

Gregorian 21st of 21st of 23rd of 21st of
calendar date March June September December

E,,¢in Wm? 574 932 615 169

E . in Wm? 460 350 627 450

E,,, in Wm 628 894 564 194

E,, in Wm? 680 476 737 577

Table 4.4 Calculated maximum irradiance per unit area for Freiburg, s = 0° and
interim results, apparent time t,in decimal hours.

Gregorian calendar | 21st of 21stof | 23rd of 21st of
date March June September December

AM 1.50 1.12 1.50 3.15

N, 80 172 266 355

E in Wm™ 939 1032 939 622

din° 0.242 23.450 -0.767 -23.450
®,,in° 24.57 8.20 5.86 22.30

£ 10y in himin 10.36 1145 | 11.61 10.51

®,, in° -5.43 -21.78 | -24.14 -7.70

£y, i0 himin 12.36 1345 | 13.61 12.51

spectrum has been used for the simulations within this chapter. In this
section, the received direct irradiance from this artificial light source is
calculated for the measurement point N2 in the north office. The Figures
4.12 and 4.13 depict the measurement point and its rough field of view.
Figure 4.14 compares the spectrum of the Lumilux to the terrestrial solar

spectrum.

The emission behavior of cylindrical bodies, such as a fluorescent tube,
is complex to model (see [21]). This section approximates the specific
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Figure 4.12 Position of the measurement point N2.

Figure 4.13 Field of view from the measurement point N2 (hemispherical).

emission of a fluorescent tube (FT) by considering the tube and the receiv-
ing area as two concentric cylinders facing each other. With an electric
incoming power of 58 W and an efficiency of about 20% for a fluorescent
tube the radiation power of the tube P, results to 11.6 W.

The radius r, of the FT is 1.3 cm with a length of 1.5 m. The distance to
the receiving area at N2 is 2.6 m.
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Figure 4.14 Spectral irradiance of a fluorescent tube with daylight spectrum and
terrestrial solar radiation AML5.

Emitted photons are assumed to move randomly in all directions.
Photons in z-direction are reflected at the side surfaces and account com-
pletely to I. There is only emission in the x- and y-direction, and the
Z2-areas do not contribute to the calculation. Figure 4.15 depicts this
model. With these simplifications, the irradiance on the measurement
point N2 follows from the lateral surface of the cylinder

P =11.6W (4.22)
Z=2mr]=24.38 (4.23)
P w
E.,=-1=048— 424
N2 Z m2 ( )

Assuming the emitted radiation is bundled to a quadrant yields a final
result of 1.9 Wm™.
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Figure 4.15 Schematic of the assumptions for the calculation of the fluorescent tube from
Equation 4.25. All photons in z-direction are reflected.

4.4.3 Interaction with Objects

The interaction of radiation with objects within the interior is most cru-
cial when modeling indoor irradiance, as it affects spectra and intensity.
For this section, the interaction is simplified and described based on the
coeflicients of absorption, reflection and transmission «, T, p, of the radi-
ated object with 1 = a + 7, + p. An ideal black body absorbs any photon
and converts its energy to heat, with « = 1 and p_= 0. An ideal white body
reflects any radiation completely with & = 0 and p_= 1. Real bodies are in
between these extremes.

Transmission

In indoor environments, transmission can be mainly found at the windows.
The incoming outdoor irradiance is reduced by the transmission factor. The
transmission coefficient can be measured or obtained from the window
manufacturer. Depending on the technology and the material, 7, typically
ranges around 0 in the far infrared range and is optimized for permeability
in the visible range. For heat protection glass, 7, is about 0.6 to 0.95 in the vis-
ible range. For wavelengths from 300 nm to 2500 nm, a typical transmission
coefficient is between 0.4 to 0.6, and is often denoted as g-value. Figure 4.16
shows the spectral transmission of typical isolation and heat transmission
windows in comparison to the spectral solar irradiance 1.5 AM. Close to
the equator, sun protection windows are used with g-values around 0.3. A
similar low g-value can be found for windows with special function coatings.

For a g-value of 0.6 and the maximum outdoor irradiance calculated in
Section 4.4.1, the achievable indoor irradiance thus reduces to 210-442 Wm™
due to transmission losses.
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Figure 4.16 Spectral Transmission of common isolation and heat protection window
glasses (source: Uniglas, 2010) and spectral solar irradiance AM 1.5 (axis right, qualitative).

Reflection

One of the most important reasons to use simulation programs for the eval-
uation of photovoltaic converters within buildings is the high contribution
of indirect irradiance to the available irradiance. As can be seen from this
section and during simulation, this is especially true for the meaningful mod-
eling of the reflection coeflicient. This requires determining the expected
number of reflections, as a ray passes until it is absorbed completely and con-
verted to heat radiation. The European Norm EN12464-1 suggests the values
from Table 4.5 as typical for the degree of reflection for elements in buildings.

4.4.4 Indirect Contributions of Solar Radiation

Solar radiation interacts with its environment, thus reflected, transmitted,
and absorbed. This is one of the reasons why solar irradiance can exceed

Table 4.5 Reflection coefficient following EN12464.

Element P,

Ceiling 0.6-0.9
Side wall 0.3-0.8
Desktop 0.2-0.6
Floor 0.1-0.5
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Table 4.6 Recommended albedo factors [22].

Surface P,

Snow 0.7..0.9
Sand 0.25..0.35
Forest, field 0.1..0.2

the well-known theoretical limits for terrestrial irradiance. High altitude,
desert or maritime locations can be examples of application fields benefit-
ing from this. Solar radiation which has been reflected in the environment
is called albedo. Table 4.6 summarizes recommended albedo factors [22].

The circumsolar radiation summarizes the radiation from the radial
surroundings of the sun. Most of this radiation results from interaction
with aerosols within the atmosphere. Thus, the circumsolar radiation var-
ies with season, geography, and meteorological and local factors, such as
industrial smog. A well-established model for circumsolar radiation is the
semi-empirical Perez model [23]. It covers four different scenarios for the
reflection of the sky ranging from clear to cloudy conditions.

4.4.5 Final Results and Limits of Analytical Models

The analytical approach discussed in this section can be helpful to obtain
first approximations for general considerations. With a spectrally constant
transmission coeflicient of 0.6 and a maximum irradiance through direct
solar radiation between 169-932 Wm™, a maximum irradiance between
210-442 Wm™ can be expected directly behind the windows of the mod-
eled rooms. The modeling of concrete and varied scenarios requires solving
numerous equations, rendering the use of a simulation program necessary
(see [24]). The following sections introduce the principles of the simula-
tion programs used in this chapters. These programs are classical in their
approach and based on the physical relations and models discussed above.

4.5 Simulations

4.5.1 Ray Tracing: Fundamental Principles

There are two concepts for the simulation of irradiance conditions: ray trac-
ing and radiosity. In ray tracing, the paths of individual rays are modeled
(traced). Ray tracing is the tracking of single rays after emission. Radiosity



MODELING INDOOR IRRADIANCE 63

first models the irradiance of the whole setting and then adds the effects
of an illumination to it. The general equation of radiosity models the radi-
osity B(x) on infinitesimal partial surfaces dA, (Eq. 4.26). B(x) on a point x
consists of intrinsic radiation E, the reflection factor P, the distance r and
the angle ® between the partial surfaces x and x". The relation V(x,x’) in
Equation 4.28 indicates whether a ray gets from location x to x’. All sur-
faces are assumed to be complete diffuse Lambertian reflectors, thus spec-
tral characteristics of materials and mirroring reflections are neglected.

S denotes all surfaces taken into consideration and the partial areas
dA. are of infinitesimal size. This leads to an infinite number of equations.
Therefore, radiosity models are generally combined with the finite element
method (4.28). In addition, it is assumed that all partial areas A, are planar
and that B, and p, are constant on these areas. This yields a simplified equa-
tion with a form factor

F,. This factor assesses how much of the radiation energy received by is
remitted and thus available for lighting applications.

B(x) = E(x)+p(x)/; B(x')%cosq)xcosq)’x V(x,x)dA  (4.25)
nr

B=E+p Y BEj (4.26)
j=1
1<i>n, (4.27)

with

, 1 for x visible from x’, otherwise
Vix,x") >

The alternative simulation method, ray tracing, provides more detailed
models of reflection. Ray tracing programs track individual rays, until they
have reached a predefined number of reflections on each object or if their
power falls below a certain power limit. Each material has a characteristic
spectrum of absorption. Materials within ray tracing programs, such as
Radiance, can be assigned with reflection properties. The foundation of ray
tracing programs is the conservation of energy. For this reason, they are
used for the physically correct simulation of radiation [14].
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4.5.2 Radiance

This section introduces the ray tracing program Radiance [14]. Its the-
ory and a practical application for the investigated rooms are presented.
Although simulation programs differ in details, much of the theory and
practical implications are valid for most of the ray tracing software available.

The received radiation on an investigated surface consists of any intrinsic
radiation on the surface (such as for the sun), the received direct radiation
from radiation sources in the environment, for example from installed illu-
mination, and the reflection behavior of the surrounding. This is described in
the following equation, which is the base of the calculation within Radiance:

cos0,

L0,0)=L.+ | [1,6,0)£.0,0.6,.6)/cos0sin0d0 0, (4.28)

where
L= incident radiation,
f, = bidirectional reflectance-transmittance distribution func-
tion BRTDE,
L, = intrinsic radiation of the object [25],
L = received radiation

The finally calculated resulting radiation L_consists of the self-emitted
radiation L, of the object and the integral of the function of the illumina-
tion distribution of the incoming radiation L, and the function of the sur-
face behavior ﬁ . Here, the fraction of direct radiation L. is influenced by the
local distribution and intensity of the radiation sources, and the fractions
of indirect radiation are a function of the properties of the surroundings
f. The function f, is called bidirectional because it models incident and
re-emitted radiation.

The BRDTF f describes the radiation scattering properties of a sur-
face. Thus, the definition of materials in Radiance directly influences the
BRDTE For an optically isotropic material, the BRTDF is

28f

—tan™——
2

e (o

ﬁ(ei,¢,,9r,¢r>=%+ P (4.29)

\/Ecos 0.0.) 4nc’

with the standard distribution o, the incident angle §, the diffuse reflection
p,and the mirroring reflection p. The detailed calculations can be found
in Larson et al. [14].
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4.5.3 DAYSIM

DAYSIM is a ray tracing program for daylight simulations based on Radiance.
Figure 4.17 shows the basic structure of such a simulation. DAYSIM models the
dynamics of solar radiation by combining measurement data from real weather
stations with sky models. In general, measurement data are available as hour val-
ues. For finer resolution up to minutes, DAYSIM generates data based on the
stochastic, autocorrelated models from Perez and Skarveith and Olsen [23].

The Perez Sky model generates sky conditions based on weather data
(see Section 4.4.4, and [23]) To that aim, two submodels are combined: The
Perez model of efficiency of illumination and the model of the distribution
of illumination at the sky.

The input parameters of the Perez model of efficiency of illumination are
the zenith angle, the altitude above sea level, the direct and diffuse irradi-
ation of the sun and the amount of precipitation water in the atmosphere.

The model of illuminance distribution is based on the albedo, the level
of brightness of the horizon, the gradient thereof, the relative irradiance
and the diffusion of the circumsolar region. The Perez model, which is also

Weather stations
world wide:
Climate data,

test reference year,
hourly mean

'

METEONORM:
Stochastic climate Radiance/CAD:
modell, spatial and optical properties

hourly and minute
values

y '

Radiance/DAYSIM:

Daylight coefficient approach
Perez-Sky-Model (direct and diffuse light)
stochastic, autocorellated model by Skartveit and Olseth:
dynamic light model, minute values, by Reinhart
user behavior: Use of blinds
Raytracing daylight

|

Indoor solar irradiance data

Figure 4.17 Structure of a DAYSIM simulation.
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implemented in Radiance, does not account for short-term fluctuations.
Thus, Skarveith and Olsen developed the model named after them, which
factors this aspect in. Based on this, Reinhart and Walkenhorst extended
the model of short-term dynamics further to a resolution of minutes [15].
The extended model is integrated in DAYSIM. In addition to that, DAYSIM
features user models for the use of electric illumination and shading as well
as the calculation of the daylight coefficient (see below).

4.5.4 Calculation Methods and Parameters

This section introduces the main calculation methods for direct and indi-
rect radiation in Radiance and DAYSIM. It explains the calculation of the
daylight coefficient. The simulation parameters used as the exemplary sim-
ulation in this chapter are presented.

Calculation of Direct Radiation

Direct radiation L, is mostly influenced by the position, type, and geom-
etry of the radiation sources. Further calculations of direct radiation in
Radiance contain, depending on the simulation model, so-called virtual
light sources resulting from reflections and weighting of light sources
when using multiple light sources (selective shadow testing).

For the calculation of incident indirect radiation L,a planar, homogeneous
radiation source is assumed. Large or geometrically complex radiation sources
are divided into smaller sources in order to avoid errors due to incorrect solid
angles or partial shading. This approach is controlled by the parameter ds.

Direct Subsampling “ds”

«

s” subdivides radiation sources for additional calculations. This is, for
example, necessary for significantly bent surfaces or very extended radia-
tion sources. Sunlight has an incident angle of 0.5 in DAYSIM. In order to
lower the required calculation time, “ds” is set to 0 in DAYSIM. A value of
0 means that a radiation source will not be subdivided.

The related parameter direct jitter “dj” subdivides radiation sources for
additional calculations. This is, for example, necessary for significantly bent or
very extended radiation sources. The incident angle of sunlight in DAYSIM is
0.5°. Thus, direct jitter “dj” is set to 0 in DAYSIM, in order to lower calculation
times. With a value of 0, a radiation source is not allowed to be subdivided.

Finally, the parameter direct jitter “dj” controls, how many rays per sub-
area in accidentally distributed x-y-directions are calculated.
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Direct Threshold “dt”

In order to optimize processing times, the parameter direct threshold “dt”
evaluates radiation sources regarding their visibility and radiant intensity. If
the radiation source undercuts a certain value, its influence on the investi-
gated surfaces is considered to be negligible and the radiation source is dis-
missed from the calculations. The maximum allowed error for this is defined
by the parameter direct certainty “dc”. In DAYSIM, “dt” is set to 0 automati-
cally for the calculation of the daylight coefficient DC, as only effects of sun-
light are investigated. The treatment of virtual radiation sources is defined
with the parameters direct relay “dr” and direct pretest “dp.”

Calculation of Indirect Radiation

Radiance uses two approaches in order to speed up the calculation of indi-
rect radiation: “Specular Sampling” and “Indirect Irradiance Caching”
Specular Sampling covers all diffuse radiation, that is non-Lambertian
radiation, such as refracted or reflected light. The calculation effort for
non-ideal mirroring reflection is minimized by using a so-called selective
Monte Carlo importance sampling [26].

The Indirect Irradiance Caching increases the performance by finding
the mean indirect irradiation for a point. Between investigated points, the
indirect irradiation is interpolated based on the results. To that aim, a large
number of rays are emitted in random directions within the hemisphere
of the investigated points. The number of rays is defined by the parame-
ter “ad” (ambient divisions). As this is a statistical approach, the accuracy
of the calculation of indirect irradiation increases with this number. The
direction of the emitted rays is defined by the following Monte Carlo inver-
sion procedure:

M-1 N-1
T
E=—— L, (4.30)
MN />
=0 k=0
where
Lj . denotes the indirect irradiation in the direction

i+X;  k+Y,
0@, = arcsinw/JTJ,ZTc N | equally distributed random variable

in the range from 0 to 1, and M. N the total number of samples is N = m M.
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Ambient Bounces “‘ab”

Ambient bounces “ab” define how often the reflection of a ray is traced and,
by this, how many indirect equations have to solved. Thus, this parameter
is crucial for the required processing time. For a room with simple reflec-
tion conditions, a value of 5 is considered to be sufficient.

Ambient Accuracy ‘aa”

The parameter “aa” defines the maximum allowed error in the calculation
of the interpolation of the indirect irradiation. Together with ambient res-
olution “ar]” it defines the maximum spatial resolution S of the interpola-
tion of the indirect irradiation (4.32):

S = maT (4.31)

D, represents the largest value of the dimensions of the investigated
scenario, “ar” specifies the minimum distance of a point and is analog to
the finest grid resolution of a Radiosity program. Scenarios thus should be
kept as small as possible. Furthermore, the processing time increases with
decrease of ar. In the exemplary simulation of the north office, the maxi-
mum dimension D is10m,so with aa = 0.1 and ar = 256 the maximum
spatial resolution becomes 3.9 mm. The results presented in the following

sections have been obtained using these settings.

4.5.5 Daylight Coefficient in DAYSIM

In general, a ray tracing program performs a unique ray tracing for each
sky condition throughout the year. In order to reduce the required pro-
cessing time, DAYSIM enables the simulation of a whole year by using the
daylight coefficient DC (x) approach. This approach calculates the daylight
coefficient for each investigated point following (4.33). The daylight coef-
ficient DC identifies possible position of the sun during the year. To that
aim, the sky is divided into segments of spherical angles S. The daylight
coeficient DC for a position x in a space then follows Reinhart [27]:

DC(x)= . S’ (4.32)
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Figure 4.18 Daylight coeflicient approach in DAYSIM (see Eq. 4.33). (Copyright: [27]).

with the illuminance E and the luminance of the sky L. Figure 4.18 depicts
the approach. In the radiation simulation, the determined daylight coefhi-
cient DC then is combined with the sky model of the simulation interval
of seconds or minutes.

4.5.6 Environmental Parameters

Indoor radiation consists of four components, which are subdivided into
the following variables:

o characteristics of the room: geometry, reflection coefficient,
transmission coeflicient

« artificial light: position, emission characteristics, spectral
irradiance, lamp ballast factor

« solar radiation: geographical position, temporal position
within the year, temporal position within the day (incident
angle), meteorological effects (shading), albedo

 user: presence, frequency and endurance of usage of artifi-
cial lighting and sun shields.

In this section, the geometrical and optical properties of a room and the
artificial light have been modeled in Radiance. Alternatively, architectural
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programs can be used for this step. The sunlight was simulated with
DAYSIM. The global radiation data as input parameters were obtained
using the climate simulation program Meteonorm, which is based on mea-
sured data from real weather stations worldwide [28]. For the validation,
the irradiance of the incident direct and diffuse solar radiation and the
total irradiance at the investigated points NI-N3 and S1-S3 were measured
for one year in each room of the study.

The frequency of use of electric light was modeled with user behavior
models, which were validated with measurements. In addition to Freiburg,
simulations were performed for Helsinki, Rom, Toronto, and Boston. The
study refers to the northern hemisphere.

Figure 4.19 provides an overview of the data flows between simulation
programs, the measurements, and the applied user behavior models. For
validations and the user behavior model, real measurement data were used
in the simulation.

A: Weather stations | | B: Measurements

world wide: on ssite:

Climate data, Solar irradiance,
test reference year, | | reference year 2009,

hourly mean 5 minutes mean

i

A: METEONORM: Radiance/CAD:
Stochastic climate Measured spatial and optical

modell properties,
hourly and minute parameter of location,
values building and material

i i !
DAYSIM: Radiance: Measurements on site:
Daylight coefficient approach Raytracing electrical light Use of electric light,
Perez-Sky-Model (direct and diffuse light) reference year 2009
stochastic, autocorellated model by } }

Skartveit and Olseth: dynamic light model,
minute values, by Reinhart
User behavior: Use of blinds
Raytracing daylight

User presence and use of electric light:

1) by schedule: 220 working days, 9-18 h, Monday to Friday
2) by measured data

3) by threshold values

| l

Combined irradiance data

Measurements on site:
Indoor irradiance, reference year 2009, 5 minutes mean

Figure 4.19 Data flow of the simulation of the combined irradiation from solar and
artificial sources and for validations.
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4.5.7 Model Parameters
Room

The north office has 70 m?* with a ceiling height of 3.87 m. The south office
has 38 m* with a height of 3.28 m. The position and size of all furniture
was measured and applied in the room models. Annex.2 provides some
detailed example of the room model of the north office in Radiance.

The reflection parameters of the most important surfaces in the room
were measured following the procedures described in [14] and imple-
mented in the simulation. Table 4.7 compares the measured values to the
recommended values for illumination planning in the European Standard
EN12464-1 [4]. The reflection coefficients of the surfaces of the rooms are
medium to high for the walls, ceilings and work surfaces, and low for the
floors when compared to the European Standard.

Artificial Lighting

In both offices, fluorescent tubes of daylight spectrum of the type
OSRAM Lu-milux 58W/840, cool white (5200 Lumen) were installed.
The emission characteristics and the efficiency factor of the luminaire can
often be found in the database of the Illuminating Engineering Society
of North America (IES). In this example, the original ies-files were not
available, and data of similar lamp types were used for the simulations
in Radiance. The efficiency factor of the luminaires in both offices was
set to 0.64.

Table 4.7 Comparison of the applied reflection coefficients to the recommended
values of the European Standard EN12464 for illumination planning.

Element EN 12464 North office* South office*
Ceiling 0.6-0.9 0.70 0.70
Wall 0.3-0.8 0.85 0.84
Workingsurfaces 0.2-0.6 0.47 0.47
Floor 0.1-0.5 0.24 0.23

*Arithmetic mean, measured following [14], n = 25. The coeflicient of the ceiling was
estimated based on experience.
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Daylight

The DAYSIM simulation in this example used the room models described
above, climate data from Meteonorm, the transmission coefficient T of the
windows, and the albedo values listed above.

The standard procedure in DAYSIM is to use the manufacturer data of
the investigated windows or measured data of the real transmission in the
visible range. Based on the measurement results the value required for the
simulation is calculated [14].

In contrast, IPV applications require the complete wavelength interval
of the solar radiation. Furthermore, the windows investigated in the exam-
ple were produced in 1996. The original transmission data were unavail-
able, and the windows did not meet the current technological standards.
For these reasons, two approaches were pursued in order to model the win-
dow transmission in the simulation.

The simulation models and results discussed in the following sections
have been obtained with an assumed g-value of 0.6. This is equivalent to a
transmission coeflicient of 300-2500 nm and covers most of today’s com-
mon types of glazing. As mentioned in Section 4.4.3, sun protection win-
dows need to be considered separately.

Subtracting 10% for dirt and another 15% for shading from window
frames finally yields a transmission coefficient T of 0.459 with a transmis-
sivity coefficient ¢ = 0.5426. The transmissivity coefficient ¢ was calculated
with a relative refractive index of 1.52 for glass and the reduced formula from
[14] (see Annex.3). For the simulation with data from measured solar inci-
dent radiation at the end of this chapter, a semi-empirical approach was used.

In accordance with the literature, the albedo was assumed to be 0.2 [22, 27].

User Behavior

Three approaches were investigated for the modeling of the frequency and
the duration of use of artificial lighting.

1. Simple time of use model: Assumed presence of users from
Monday until Friday from 9 h until 18 h, 220 working days,
in rough accordance with the user habits of the investigated
offices. The presence of users is assumed to imply the ue of
electric light.

2. Empirical: The indoor irradiation was measured perma-
nently, so the use of electric light was detected. For every
measured artificial light in the reference year, simulated arti-
ficial light was added in the simulation.



MODELING INDOOR IRRADIANCE 73

3. Threshold value model: Definition of threshold based on the
measured radiometric values in the reference year. Artificial
light is switched on when a certain irradiation is undercut.
The irradiation value is determined from the measurements.
In this approach, the spectral sensitivity of the human eye
adds an uncertainty to the results.

The “simple dynamic shading” model from DAYSIM was used for the
user behavior model of the utilization of sun protection devices (shading).
This model assumes from a certain level of glare from sunlight the exis-
tence and use of a simple sun protection with a transmission of 25% [27].

4.5.8 Results
Required Complexity of a Simulation Model

In real applications, rooms do not only consist of basic furniture. They also
contain various details, such as plants, shelf space, or smaller pieces of fur-
niture, all which rendering a simulation model very elaborate. In addition
to that, the statistical portion of the simulation increases due to the ris-
ing portion of indirect irradiance. For future applications, the minimum
required level of complexity and the resulting minimum effort for a sim-
ulation model are of interest, with sufficient accuracy for the design of an
IPV system.

These questions were studied for the three sensors in the north office.
Figure 4.6 shows a photo of the office: a room with many complex forms
and reflecting elements. Table 4.8 contains the simulation results for the
unfurnished room (Radiance model “geometry”, Figure 4.20), for a sim-
plified room “basic furniture” with desks and cupboards (Figure 4.21)
and for a model “details” with small furniture, plants, and shelf spaces
(Figure 4.22).

Table 4.8 Influence of the complexity of the simulation model on the result for
the irradiance.

Irradiation N1 Irradiation N2 Irradiation N3
Model in W/m? in W/m? in W/m?
Geometry 1.44 2.55 0.69
Basic furniture 1.29 2.04 0.49
Details 1.19 2.00 0.43
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Figure 4.20 The north office in Radiance: Model “Geometry;” hemispherical view.

Figure 4.21 North office in Radiance: Model “Basic furniture,” hemispherical view.
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Figure 4.22 North office in Radiance: Model “Details,” hemispherical view.

DAYSIM uses the same ray tracing as Radiance. Therefore, the valida-
tion of the Radiance model is valid for DAYSIM, too, besides the influence
of weather conditions. In order to obtain a constant radiation source, that
is independent from the daylight, only the electric light was simulated and
the ray tracing was performed in Radiance. The applied simulation param-
eters are listed in Table 4.9. The sensor N2 is placed on a roll-fronted cab-
inet directly under the luminaires. N1 is oriented toward the window at a
10 m distance. The sensor N3 faces the opposite wall and receives no direct
radiation. Table 4.8 summarizes the results.

As expected, the simulation results for an empty room differ from the
results obtained for a furnished room. The difference between the results
for the simple model from Figure 4.21 and the complex model from Figure
4.22 varies between 2% for N2, which receives mostly direct radiation,
and 14% for N3 with mostly indirect radiation. In DAYSIM, only rounded
numbers are implied for model assumptions and the results between both

Table 4.9 Values of the applied simulation parameters.

ab ad as ar aa ds

7 1024 128 256 0.1 0.1
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models were identical. Depending on the application, the simple model
thus can be sufficient for the dimensioning of IPV.

Characteristic Values of Solar Radiation in Buildings

In mass production items, a product powered with photovoltaics needs to be
reliable worldwide. This section investigates the effect of orientation towards
the window, and the effect of the latitude and of the orientation of the win-
dow itself on the annual mean of the irradiance. To that aim, three rows of
virtual sensors with a height of 1 m were simulated in the unfurnished model
of the north office without a glass dividing wall in DAYSIM. Each orientation
vector was simulated separately. The x-row is orientated toward the wall, the
y-row toward the window and the z-row toward the ceiling. The distance to
the window started with 0.5 m and increased in 1 m increments.

The Figures 4.24 and 4.26 depict the orientation of the measurement
points in the north office, and in the south office, respectively. For the sen-
sors in the south office, a daily mean maximum irradiance of 56 Wm (SI)
and 108 Wm™ (S2) was measured, for the north office between 1.5 Wm~™
(N2) and 9.5 Wm~? (N3). The annual mean was 0.87 Wm=2, 0.69 Wm=, and
3.03 Wm™2 for sensors in the north office. In the south office, the annual
mean for the individual sensors was 16.74 Wm™=2, 26.1 Wm™>2, and 43.45
Wm—2. The maximum instantaneous values were 444 Wm~=2, 528 Wm™=, and
471 Wm™—2. In the north office, the maximum instantaneous values were 6
Wm™, 9 Wm™, and 120 Wm=. Table 4.10 summarizes the results.
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Figure 4.23 Mean solar irradiance for sensors in the north office, detailed, DAYSIM
model, location Freiburg. o, =057, 0,,=0.40, o, = 2.05, mean and maximum values
when compared to the south office (see Table 4.10).
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Figure 4.24 Schematic of the orientation of the measurement points in the room, north
office.
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Figure 4.25 Mean solar irradiance for sensors in the south office, DAYSIM model,
location Freiburg. o, = 10.39, o, = 26.32 0, = 17.60. Mean and maximum in comparison
to the north office (see Table 4.10).

Figure 4.27 shows the results for the north office from Figure 4.23 in
the same scale as required for the south office in Figure 4.25. In the model,
the window was either orientated toward the north, as in Figure 4.28, or
toward the south, as in Figure 4.29. In order to investigate the influence of
the latitude, Rome and Helsinki were chosen as locations with a difference
in latitude of 19°. As a result, the influence of the orientation of the win-
dow itself exceeds the influence of the latitude. The simulation results for
Helsinki remained under the results for Rome with a factor of about 0.75.
For both latitudes, the irradiance in a room with a north window only
reached 25% of the irradiance received in a room with a south window.
For all simulations, the irradiance of the sensors facing a wall remained on
a base level.
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Table 4.10 Mean and maximum values of simulated solar irradiance for
Freiburg in the north and south office.

Sensor E oy W™ EcamaWm™
N1 0.87 6

N2 0.69 9

N3 3.03 120

S1 16.74 444

S2 26.10 528

S3 43.45 471

AN
1

Figure 4.26 Schematic of the orientation of the measurement points in the room, south

office.
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Figure 4.27 Mean solar irradiance for sensors in the north office, scaling in comparison
to south office, DAYSIM model, location Freiburg. o, = 0.57, ,,= 0.40, o, = 2.05.
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Mean natural irradiance by orientation and latitude - north window, DAYSIM-Simulation
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Figure 4.28 DAYSIM simulation with a mean solar irradiance in Wm for an empty
room with a north window. ‘R’ stands for Rome, ‘H’ for Helsinki, and %} ‘y} and 7’ are the
orientation vectors.

Mean natural irradiance by orientation and latitude - south window, DAYSIM-Simulation
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Figure 4.29 DAYSIM simulation with a mean solar irradiance in Wm for an empty

room with a south window. ‘R’ stands for Rome, ‘H’ for Helsinki, and %, ‘y} and Z’ are the
orientation vectors.
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Figure 4.30 DAYSIM model, location Freiburg, mean solar irradiance for sensors
in the north office, glare protection model, Oy =0.15,0,,,=0.14,0,, =041,
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Figure 4.31 DAYSIM model, location Freiburg, mean solar irradiance for sensors

in the south office, glare protection model, Oy = 117, 0y, =3.17,0,,,= 2.14,

Mgay = 2.54, Ly = 6.35, g3 = 3.87, Esir = 4.30, Esar = 11.14, Esq3 = 7.55.

In some regions, glare protection might change simulation results sig-
nificantly. The Figures 4.30 to 4.35 summarize the results for the two offices
with and without the use of glare protection.

Electric Lighting—Influence and User Behavior

The analysis of the first five months of indoor measurements showed, that
the presence of a user in the north office was identical to the permanent
use of electric light. Hunt reported similar results from a study in school
buildings [29]. The real working times exceeded the ones obtained from
the simple scheme model which assumed working hours from Monday
until Friday from 9-18 h.
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Solar irradiation by classes - DAYSIM, Northern Office, Freiburg
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Figure 4.32 Histogram of solar irradiance: DAYSIM model, north office, Freiburg.
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Figure 4.33 Histogram of solar irradiance - DAYSIM-model, north office, Freiburg, glare

protection model.
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Figure 4.34 Histogram of solar irradiance: DAYSIM model, south office, Freiburg.
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Figure 4.35 Histogram of solar irradiance: DAYSIM model, south office, Freiburg, glare
protection model.

The south office was used from one person. From the measurements,
the use of electric light was 50% below the assumptions of the simple time
of use model.

It is interesting to see, that the use of electric light showed no correlation
with the measured solar irradiance shown. Also, no influence of breaks on
the use of electric light could be shown. As it was verified afterwards, the
light remained switched on and was not switched off manually, when the
last person left the room for a break or during working hours in general. In
summary, the simple presence model correlates with reality up to a certain
degree. Offices with irregular times of use and/or a low number of users
need an adaptation to these conditions. The same is valid for rooms with
automatic lighting and potentially frequent episodes without electric light.

Time of Autarky with December as Example

The irradiance for an orientation to the south and close toward a window
can exceed 500 Wm™ for short periods of time. However, the critical value
for system dimensioning is the longest period with minimal radiation. This
period defines the required dimensioning for the photovoltaic module and
the required storage unit. For this reason the combined irradiance from
electric and solar radiation for the month of December was simulated
for the north office. Also, for the user presence, a worst case scenario was
assumed with an assumption of a weekend followed by two bank holidays.
Figure 4.36 shows the frequency of different classes of irradiance from
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Figure 4.36 Histogram of solar irradiance: DAYSIM model, north office, Freiburg,
December.

daylight. For Figure 4.37 electric light following the simple presence model
was added. For sensors with orientation toward the ceiling, the contribu-
tion of electric light was 50%. This is a very important conclusion for all
applications on window desks.

Table 4.11 Summarizes the relation between orientation of the receiving
area and the distance to the window for both an empty and a furnished
room. As a result, the influence of the orientation vector exceeds the
influence of the location vector. In addition to that, the influence of the
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Figure 4.37 Histogram of combined irradiance: DAYSIM + Radiance + user-model,
north office, Freiburg.
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Table 4.11 Influence of location and orientation vector on the annual mean
solar irradiance E, for two rooms in Helsinki and Rome.

Distanceto | North- North- South-
window Rome E, I;Ielsinki Sogth-Rome I;Ielsinki
in m in Wm™2 E, in Wm™ E, in Wm™ E, in Wm™

Orientation vector x=I, y=0, z=0

0.5 9.69 7.81 8.63 6.03

1 7.67 6.25 6.88 5.20

1.5 5.57 5.07 5.59 3.88

2 4.54 3.65 4.16 2.89

2.5 3.38 3.00 2.97 2.34

3 2.84 2.22 2.45 1.73

35 2.36 1.85 2.06 1.53

4 2.12 1.62 1.65 1.32

4.5 1.97 1.50 1.32 1.27

5 2.03 1.55 1.29 1.21

Orientation vector x=0, y=1, z=0

0.5 15.83 12.1 11.11 47.45

1 12.95 10.67 9.25 44.96

1.5 10.79 8.52 7.39 35.35

2 8.85 7.17 6.22 25.69

2.5 7.28 5.69 4.93 21.39

3 6.07 4.70 4.08 15.38

35 4.11 3.84 3.34 13.35

4 4.22 3.25 2.83 11.75

4.5 3.59 2.76 2.40 8.44

5 3.05 2.33 2.02 6.47

(Continued)
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Table 4.11 Influence of location and orientation vector on the annual mean
solar irradiance E, for two rooms in Helsinki and Rome. (Continued)
Distanceto | North- North- South-
window Rome E, I:Ielsinki Sogth—Rome I:Ielsinki
in m in Wm~ E, in Wm™ E, in Wm? E, in Wm™
Orientation vector x=0, y=0, z=1
0.5 12.01 9.16 52.70 34.38
1 9.65 6.95 39.44 29.52
1.5 6.26 4.84 26.41 18.53
2 4.56 3.54 17.65 10.81
2.5 3.45 2.63 10.42 8.73
3 2.71 2.06 8.71 5.84
35 2.25 1.69 5.76 5.16
4 1.99 1.49 4.65 4.73
4.5 1.89 1.41 4.43 4.02
5 1.97 1.47 4.39 3.85

Height for all vectors 1 m, 0,5 m-steps.
Position center of the room, and wall, respectively, for increment in the room.

metereological orientation is at first more important than the geographical
position. All of these results are very positive from a system design per-
spective, as they reduce the required effort for models and enable simple
recommendations as rules of thumb for installation places.

Figure 4.38 depicts the receiving characteristic for natural radiation
depending on the orientation of the sensor. The simulated location is
Freiburg.

4.5.9 Summary and Conclusion

Especially for the simulation of surfaces with an orientation toward a direct
radiation source, the modeling of the main objects of the room is sufficient.

The measurement of the use of electric light showed a tendency of the
users to permanent use, disregarding the season and the time within the
day. Hence, for regular use of a room the simple presence model with times
of use is sufficient as user behavior model.
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Figure 4.38 Influence of the orientation of the sensor to the radiation source: south office.

4.6 Measurements

4.6.1 Available Measurement Methods

For historic reasons, most of the existing methods to measure indoor opti-
cal radiation are photometric and lamps are characterized by their man-
ufacturers. Additionally, most outdoor measurement instruments are too
inaccurate for indoor applications due the different indoor spectra and
intensities up to four order of magnitudes below outdoor conditions.
Most radiation measurement instruments are based on thermal and
photoelectric effects. This sections introduces common instruments.

Pyranometer

Pyranometers (Figure 4.39) are standard instruments for outdoor mea-
surements of solar radiation. These instruments measure diffuse and direct
irradiance for a hemispherical field of view based on thermoelectric arrays.
Their unamplified output signal is a few pV per Wm ™ The spectral sensi-
tivity is roughly a rectangle function from 310 nm to 2800 nm.

These devices can be equipped with a shadow ring to exclude direct
radiation and detect only diffuse radiation.
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Figure 4.39 Pyranometer to measure the irradiance E,.

Pyrheliometer

Pyrheliometers use a thermal sensor element. Through a small opening
angle and field of view these devices measure direct radiation. In order to
measure solar radiation, they need to track it.

Sunshine Duration Transmitters

These instruments measure the endurance of the existence of a certain
minimum of solar radiation. In a classical setup, concentrated solar radi-
ation burns a trace into a measurement card. The minimum level to be
reached ranges, depending on the device, between 70 Wi and 280 Wi

Semiconductor-Based Radiation Sensors

When provided with a sufficient level of irradiance and a sufficient qual-
ity of material, the photoinduced short circuit of a silicon solar device is
proportional to the received irradiance. Therefore, silicon-based radiation
sensors with a cost of about 50-200 Euro are an economic alternative to
pyranometers with investment cost of 600-3000 Euro. In addition, the
effort for the signal processing is lower due to the higher signal-to-noise
ratio. For these reasons, silicon-based radiation sensors are common for the
monitoring of photovoltaic and solar thermal outdoor plants. Figure 4.40
shows the exemplary silicon solar radiation sensor. Depending on the
customer and the application, the sensors are handheld or installed as
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Figure 4.40 Commercial silicon solar radiation sensor for outdoor applications [30].

stationary instruments, and are individually calibrated to electronically
compensate for temperature effects.

Measurement made by other semiconductors, such as germanium, fol-
low the same principle and are sensitive in another spectral range.

Luxmeter

Radiation in buildings is optimized for the spectral sensitivity function of
the human eye, V(\) (Section 4.2.1). An illumination is measured with lux-
meters in Lux. Generally, luxmeters are based on silicon photodiodes, which
might be optimized for low intensities. Due to their integrated V(\)-filter
they are limited to measurements in the visible range from 380-780 nm. As
these instruments are nearly the only available standard devices for indoor
radiation measurements, they can also be found in indoor photovoltaics.
Section 4.2.1 outlines the effect of the spectral mismatch. The consequences
for the characterization of indoor photovoltaic devices are explained in
Chapter 5.

Spectroradiometer

Spectral irradiance E, is measured with spectroradiometers, which are
based on photoelectric semiconductor arrays and fiber optics. Due to that,
they are relevant for calibrations, but mostly unsuited for mobile or long-
term measurements. As for all detectors discussed above, the spectral mea-
surement range needs to be adapted to the measurand.
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Simulation Programs

As shown in this chapter, various variables, such as geographical position,
orientation toward the radiation source, shading, or, for indoor applica-
tions, furniture and user behavior, influence the measurable radiation.
These variables restrict the usability of the measurement results on the
specific measurement situation, which have been obtained with immense
effort. For a similar reason, the use of simulation programs, such as
PV*SOL or DAYSIM is common practice in the planning of solar plants
for outdoor applications. Simulations can replace measurement, depend-
ing on the application and the required accuracy.

Possible use and limits of the measurement instruments discussed above
are investigated in the following sections with regard to different aspects.

4.6.2 Long-Term Measurements Reference Year

In order to investigate the influence of solar radiation and user behavior,
long-term measurements were installed and ran for one year both in the
north and the south office. The room and the outside temperatures were
recorded. The irradiance E, was measured at the investigated points N1-N3
and SI-S83 with Kipp & Zonen CMP3 pyranometers [31]. At the windows, the
incident solar radiation was measured with semiconductor-based detectors
of the type depicted in Figure 4.47 [32]. The signal were processed and data
were stored in ADL-MX dataloggers [33]. The Figures 4.41 to 4.43 depict the
installations. The temperature data were measured to investigate the use of
thermoelectric generators (see Chapter 2).

As discussed in Section 4.6.4, there are no standard radiometric detec-
tors for indoor applications. Therefore, pyranometers were used for the
indoor radiation measurements. With regard to the orientation of the sim-
ulation points, most of the pyranometers were installed vertically (Figure
4.44). To the knowledge of the author, this has been the first use and instal-
lation of this type.

The measured solar radiation was used as input for the validation simu-
lation. The results of this simulation were compared to the results obtained
from the indoor radiation measurements (Section 4.6.3). The Figures 4.45
and 4.46 show the environment of the south office. The north office has a
similar situation.

The opposite building causes regular shading and reflection with a
strong portion of mirrored radiation. The outdoor connecting hallways are
especially complex to simulate. In a classical setup, the solar radiation mea-
surement would need to be performed for an unshaded area, such as on a
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Figure 4.41 Measurement installation in the south office with context. A: Pyranometer
S2, B: room temperature sensor, C: Datalogger, D: Floor temperature sensor.

Figure 4.42 Measurement installation in the north office with context. A: Datalogger, B:
Pyranometer N3, C: Room temperature sensor, behind wall temperature sensor.
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nE

Figure 4.43 Environment of the installation location of the pyranometer N1(A) and
N2(B) in the north office. Simulations were performed for the same locations.

Figure 4.44 Vertical installation of the pyranometer N3 in the north office. The
simulation was performed with the same orientation.

91
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Figure 4.45 Surrounding buildings of the south office viewed from soil level,
hemispherical photography. The environment of the north office is similar.

Figure 4.46 Outdoor connection hallway between buildings, south side. A similar
hallway leads to shading of the north window.
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Figure 4.47 Installation of the radiation sensor, outdoor, north window. The sensor is
oriented parallel to the window.

rooftop. Furthermore, the optically relevant parameters of the surrounding
architecture would need to be measured for a validation measurement and
integrated into the simulation model.

In order to avoid this tremendous effort and potentially resulting errors
from the simulation of this complex environment, radiation sensors were
mounted outdoors at the entry point of daylight in the simulation. For this
type of sensor, too, so far no vertical installation has been reported so far.

Results and Discussion

Measurement data were recorded from 19-12-2008 to 06-01-2010. Missing
data due to maintenance of around 8 days for the outdoor radiation mea-
surement in the north office caused an uncertainty of 2%. The measurement
data of the pyranometer measurements in the north office showed major
errors and were extracted. This equals a portion of 6.5% of the measure-
ment data. In the south office, the measurements of all radiation sensors
were interrupted for 6 weeks with a resulting uncertainty of 11%, referred
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to the mean of the total interval. This data loss is due to the measurement
effort of the evaluation of the new measurement procedure developed for
indoor radiation in the same study (see Section 4.6), which was performed
at the same time due to timing reasons of the overall study. Future applica-
tion will not require this effort, so their outage times should be comparable
to outdoor standard measurement setups.

Despite these limitations, the curve shapes and orders of magnitude
from simulation and measurements are already comparable when using
the Meteonorm data for global radiation. Figures 4.48 to 4.51 show the
results of the measured radiation graphically; Tables 4.12 and 4.13 summa-
rize the most important parameters for each measurement point. Due to
the vertical installation of the outdoor radiation sensors, the measurement
values for direct and diffuse radiation “direct” and “diffuse” are marked as
modified and denote direct and diffuse solar radiation normal to the clas-
sical horizontal measurement orientation.

The following section discusses the influence of weather data. The mea-
sured radiation data of the reference data were then used as input data for the
simulation of the models in Radiance. The dataflow is depicted in Figure 4.19.

4.6.3 Validating Simulation

In the final simulation, the measured radiation data were used directly as
input data for the weather directly in Radiance. Missing data were interpolated
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Figure 4.48 Measured indoor radiation, reference year 2009 in [W/m?], room with north
window.
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Figure 4.49 Measured indoor radiation, reference year 2009 in [W/m?], room with south

window.
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Figure 4.50 Measured direct and diffuse radiation in the reference year 2009 in [W/m?],
room with north window, sensor oriented parallel to window.

for graphical depiction and in order to model functions, but were excluded
from the evaluation. In accordance with the analytical modeling, the results
for the 21st of June, the 23rd of March, the 23rd of September, and the 28th
of December. The 28th December 2009 was chosen, as no artificial light
were used on this day. For constructional reasons, the original data for the
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Figure 4.51 Measured direct and diffuse radiation in the reference year 2009 in [W/m?],
room with south window, sensor oriented parallel to window.

Figure 4.52 North office in Radiance, location N1.

transmissivity coefficient of the windows from 1996 were not available.
Instead, data from similar window of similar technology at that time were
taken. For the south windows, a g-value of a double-isolation window of
T = 0.38 was assumed. Soiling and frames were assumed to reduce T, to
0.2907 and t = 0.4867. The details are outlined in Section 4.5.7 and A.3).
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Table 4.12 Characteristic values of measured indoor radiation in the reference year.

North Annual sum E, IAEe Ee =V o
N1 in Wm? 33.433 9.77 0.32 0.55
N2 in Wm? 106.140 16.00 1.01 1.36
N3 in Wm? 142.730 22.09 1.30 1.69
South Annual sum E, IAEe Ee =V c
S1in Wm? 55.536 84.24 0.57 2.1
S2 in Wm? 338.460 548.23 3.45 18.1
S$3 in Wm? 913.620 375.99 10.03 34.1

Table 4.13 Characteristic values of measured radiation in the reference year.

North Annual sum E, IAEe E.= u c
“Direct”mod in Wm? 208.370 384.24 1.98 11.75
“Diffuse” in Wm? | 2.07e6 420.60 19.66 31.74
South Annual sum E, IAie Ee =u o
“Direct”  in Wm® 4.87e6 837.73 49.72 122.02
“Diffuse, ,in Wm? 7.68¢e6 962.63 78.35 150.53

Table 4.14 Measured and simulated in Radiance irradiation on significant days
during the year, north office, without user model.

Sensor Ee June IA:" e June EeSept EeSept EeDec IA:" eDec
Window | 41.84 377.58 16.77 71.60 19.20 52.67
N1 0.37 1.22 0.59 2.44 0 0
N1 0.85 7.75 0.34 1.47 0.4

N2 1.30 491 1.50 3.68 0.09 1.22
N2, 0.62 5.52 0.25 1.05 0.28

N3 1.69 4.88 1.52 4.88 0.33 2.44
N3, 2.30 20.55 0.92 3.94 1.08

Subscript "S" denotes a simulated value.
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Table 4.15 Measured and simulated in Radiance irradiation on important dates
during the year, south office, without user model.

Sensor Ee June IA*? ¢ June Ee Sept IAE eSept Ee Dec IA*? eDec
Window | 97.08 605.15 96.75 573.59 18.65 185.55
S1 0 0 0 0 0.07 1.22
S1 3.90 38.47 9.07 53.59 1.74 16.78
S2 0.41 3.66 0.49 2.44 1.17 9.76
S2 9.27 44.65 21.50 126.95 4.13 39.77
S3 3.14 14.63 2.33 10.94 7.14 69.30
83, 17.87 8.44 41.53 504 7.97 76.85

Subscript "S" denotes a simulated value.

The north window is a heat protection glass with a special EMALIT coating.
AT =0.2witht =0.3785was assumed, including effects of soiling and frames.
These relatively low values are in accordance with the level measured in the
visible range. The measured transmission of both windows was T = 0.58
(north office) and T, = 0.63 (south office) in the visible range. For today’s
technological standards with (T, > 0.75) these values are in the lower range.

The Tables 4.14 and 4.15 show the irradiance measured at each inves-
tigated point on the north office, and in the south office, respectively. The
results are compared to the simulation results obtained from Radiance as
described in this chapter.

Table 4.16 summarizes the results obtained after including the user
behavior model as outlined in the beginning of the chapter. For the north
office, the simulation results in Radiance are tendentially too high. This is
especially valid for the sensor N2 oriented toward artificial light. In reality,
artificial light was used for approximately 5 hours on this day, which was
not yet included in this simulation. Similar to that, the simulated results
for the overall office are significantly below the results for the measured
irradiation. On this day, the glare protection was used for the entire day,
but not included in the simulation model.

When taking into account that not all objects, such as the glare pro-
tection, were measured exactly, and the weaknesses of the measurement
method discussed above for such a complex and vivid test environment, a
simulation is a valid alternative to elaborate measurements.

The following section provides approaches to optimize measurements
and simulations for indoor applications.
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Table 4.16 Influence of user behavior on the example of measured and
simulation irradiance. Sensors with an “S” denote simulation results, the others
measured results. The simulation results for June were multiplied by a factor of
0.25 for glare protection. For the simulation results for September, the simulation
results for the use of electric light were respected.

Sensor IA*?e June IAfesept EeDec
Window 377.58 71.60 52.67
N1 1.22 2.44 0
NI, 1.94 2.66 1.10
N2 491 3.68 1.22
N2, 1.38 3.05 0.78
N3 4.88 4.88 2.44
N3, 5.14 4.37 293

The measured values for irradiance and temperature throughout the year
and the days indicated the use of artificial light and glare protection. On June
21, the measured irradiance reached a maximum value of about 378 Wm= at
the window. The significantly lower values indoors indicate the use of glare pro-
tection. The agreement between measurement and simulation increases signifi-
cantly when assuming a transmission of 25% of the incident radiation due to
applied glare protection. With this approach, the results for the point N3 only
differ 2.5 to 3% from their joint mean value. A value of 25% for the transmis-
sion has also been implied in the simple, dynamic glare protection model in
DAYSIM, which was also applied in the DAYSIM simulations of this study [27].

The example of the 23rd of September shows a similar strong influence of
the use of artificial light. For this measurement day artificial light was used
in addition to daylight. Adding the electric radiation simulated in Radiance
to the simulation results of the daylight reduces the standard deviation to
values as low as 0.6 with a deviation from the joint mean of about 5%.

The last studied day in Table 4.16 was 31-12-2009. On this day, no arti-
ficial light, and no or very little glare protection was used. Here, the mea-
surement point N2 showed the largest deviations, which in this simulation
receives only indirect radiation.

To conclude, it is essential to account for the use of artificial light and
glare protection in simulations. The achieved accordance between simula-
tion and measurements when including the user behavior is a positive result
for IPV design. The validation still includes some uncertainties, such as
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Table 4.17 Comparison of measured and simulated irradiance for sensors in two
rooms, artificial light, Radiance model.

Irradiance [ Wm2]/Point Radiance Gossen! Reference module?
N1 1.19 1.5 0.8
N2 2.00 7.0 2.1
N3 0.43 3.0 1.2
S1 2.88 3.0 1.3
S2 0.83 1.0 0.8
S3 0.12 0.0 0.3

'Gossen Mavolux digital, radiometric mode.
*Yxis IXOLAR High Efficiency Solar Bits, IXOB17-12xl, I calibrated under 0.1, 1, and
10 Wm~?in 4.53.

missing data for the exact window transmission or factors such as shading
of sensor by office users. For this reason, a second, more elaborate measure-
ment was performed under controlled conditions. The following Section
discusses the results and the use of different measurement methods.

4.6.4 Comparison Measurement Methods under Controlled
Conditions

The results of the simulation of artificial light in Radiance were compared
to results obtained from measurements. Measurements were performed
with a monocrystalline reference module, a pyranometer (Figure 4.53) and
a luxmeter with radiometric function (Figure 4.54).

The reference module was calibrated for the installed and simulated
radiation source (Figure 4.55). The radiation source of the measurement
stand was characterized with a spectroradiometer.

The absolute value for the irradiance at the measurement area was mea-
sured with two CMP3 and CMP11 pyranometer each and with the short
circuit current of highly efficient monocrystalline silicon solar cell for low
irradiance [34]. For constant irradiance, a known short circuit current at
known spectral irradiance E, following IEC 60904-3 Ed.2 (2008) [16] and
known spectral sensitivity S(A), the m, was calculated in order to calculate
the short circuit current under the spectral irradiance E, for the fluorescent
light of a OSRAM Lumilux 18 W/840. In this measurement setup, the short
circuit current of the applied highly efficient silicon module was measured.
With this procedure the reference module for this study was obtained.
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Figure 4.53 Measurement setup with CMP3 pyranometers. Measurements were recorded
after reaching the thermal equilibrium with the environment. The shielded sensor served
as control sensor. The same procedure was performed for the CMP11-pyranometers.

Figure 4.54 Reference module (right, on top of the luxmeter head) and luxmeter with
radiometric function.

Reference module and simulation showed a high congruence for the
north office, as can be seen in Table 4.17.

The model includes the IES data of the original illuminance, that is its emis-
sion characteristic, geometry, lamp ballast factor, and the power and spectral
distribution of the installed fluorescent tube. The model in the south office
used the installed luminants and a simple geometric model of the lamps.
Table 4.18 compares the simulation results from Radiance for a simulation
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[l

Figure 4.55 Measurement setup for the calibration of the reference module (see [1]).
A: voltage regulation radiation source, B: radiation protection, C: top with radiation
source, D: height-adjustable surface, E: measurement line.

Table 4.18 Simulated irradiance, artificial light, Radiance model with OSRAM
Lumilux and simple geometric description of the light area, and original Trilux
IES data for the geometry and lamp ballast factor 0.64, respectively.

Irradiance[ Wm™2]/Point Geometry model IES model
N1 2.42 1.30
N2 3.75 2.04
N3 1.94 0.94

of the north office with IES data, and a simple geometric model of the lamps.
In accordance with the results from Section 4.6.3, the sensor with the most
contributions of indirect radiation, thus the largest statistic proportion of the
simulation, showed the largest deviation from the measurement results.

The installation point N2 was simulated in Radiance. The validation
measurement was performed with a reference module, a pyranometer, and
a Gossen luxmeter with radiometric function. The value of the luxmeter
exceeded the arithmetic total mean by 230%.

Due to the sensitivity of the pyranometer in the range of uV, ther-
mal radiation and electromagnetic radiation from the environment are
observable. Switching on and off the electric illumination was clearly vis-
ible in the results. Presumably, opening the doors influenced the results.
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Table 4.19 Comparison of the results from measurements and simulation
for the installation point N2.

Method Irradiance at N2 [Wm?]
Radiance' 2.04
Gossen Luxmeter? 7.00
CMP3 Pyranometer’ 2.20
¢-Si Modul YXIS* 2.13

! Simulation included the installed lamp with a OSRAM Lumilux Daylight
840W/18W.

* Radiometric mode.

* Setup as in Figure 4.54.

* Calibrated as in Figure 4.53 with OSRAM Lumilux Daylight 840W/18W.

The measurements of absolute values in order to validate the simulation
thus required a more elaborate measurement setup. The results for N2 are
displayed in Table 4.19.

The irradiance at N2 was determined with a CMP3 pyranometer. The glass
dome was isolated from thermal and optical radiation, in order to determine
the measurement deviation in dependence from the room temperature and
thermal radiation. The pyranometer was in thermal equilibrium with the
environment at the beginning of the measurements. The output voltage was
measured with two Agilent 6134 multimeters. The measured irradiance of
2.2 Wm differed 10% from the simulated irradiance in the detailed model.
The results between Radiance, the thermoelectric measurements with two
CMP3 pyranometers and a monocrystalline module diftered 4%.

4.7 Discussion and Recommendation

The existing commercially available measurements methods are only of lim-
ited applicability for IPV aplications. Most radiometric methods are opti-
mized for an irradiance beginning at roughly 50 Wi (see [30, 31]). On the
other hand, measurement instruments for indoor use are mostly only avail-
able as photometric devices, thus rating an environment for its usability by
the human eye based on their integrated V(M) filter. As a result, a portion of
photovoltaically usable radiation is not detected. In addition to that, luxme-
ters are optimized to the spectrum of incandescent bulbs.

A deviation of 230% from the total mean was attained by the luxme-
ter in radiometric mode when measuring the installation point N2 under
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fluorescent light of daylight spectrum. The deviation from the alternative,
purely radiometric methods was 4%. The maximum deviation among all
methods was 8%.

Due to their thermoelectric measurement principle, pyranometers are
sensitive the smallest changes in their environment. While this principle
enables the detection of signals as low as 0.1.1 Wm™, it also responds to
thermal signal variations from the surroundings. Already an air draft at
the sensor has destabilized the signal, which is only a few microvolts per
W2, This is similarly true for electromagnetic disturbances, which affect
the signal. For this reason it was necessary to build a stable environment, as
it can be found in an unused temperature-controlled room, in order to pre-
vent any unwanted thermal compensation current. The pyranometer needs
to be at thermal equilibrium with the environment at the beginning of the
measurements. This process took a few hours for this study. The required
effort thus makes pyranometers in their current setting as unsuitable for
mobile measurements in IPV applications. The broad range of spectral
sensitivity is a plausible explanation of why the measured value is the high-
est obtained with radiometric methods.

Due to the signal-to-noise ratio and the resulting effort and measure-
ment conditions outlined above, pyranometers were considered to be
unsuited for most IPV applications at the time of this study. A valid appli-
cation is the measurement of stationary installed light sources for constant
environmental conditions.

The demonstrated method used, to calibrate a solar cells using a spect-
roradiometer and a monochromator specifically for the radiation source of
interest, is the most effective and reliable method for most applications at
the time of writing. Until IPV has gained a certain maturity, few commer-
cial measurement instruments for this application field are to be expected.
Thus, the most reliable methods for IPV designers is to use exactly the
same material for detector and IPV generator and to calibrate the refer-
ence measurement cell to the dominating spectrum of the application. As
soon as technologies for IPV have been established, the required spectral
range of the measurement sensitivity will be known, and IPV measure-
ment devices based on photodiodes can be developed. A more detailed
discussion of materials best suited for IPV is provided in Chapter 3.

4.8 Conclusion and Outlook

For the first time, the work presented in this chapter systematically inves-
tigated orders of magnitude and typical irradiance levels for radiation in
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buildings on a radiometric base. This is essential for a reliable use of avail-
able optical radiation by photovoltaic generators.

Measured and simulated radiation were highly in accordance with their
characteristic values and annual profile, although for the validation of the
simulation of the dynamic contribution to radiation some real parame-
ters remained unknown due to construction reasons. For constant electric
lighting, an alignment up to 10% was achieved.

The validation showed the significance of the user behavior for the use
of glare protection and artificial light. Both are implemented in DAYSIM
with sufficient variability. Similar to the measurement devices, the next
step for future work for IPV is to optimize the simulation possibilities in
programs such as DAYSIM and Radiance for photovoltaic applications.
Besides program extensions of the simulation evaluation, which is cur-
rently limited to daylight aspects, an extension of the modeled spectral dis-
tribution would especially be required. It would also be helpful to include
an optional filter for wavelength intervals in order to simulate different
photovoltaic materials.

In the field, relevant measurement methods include indoor radiation
measurements with handheld devices and stationary long-term measure-
ments and simulations. This chapter investigated the possibilities and lim-
its of the current available solutions such as pyranometers, luxmeters, and
the ray tracing programs Radiance and DAYSIM. The setups and results
for experimental evaluation were presented. As a result, the indoor usage
of pyranometers requires a stationary environment, that is constant room
conditions including no temperature variations from air draft of other
sources due to their low signal-to-noise ratio. If this is provided, pyranom-
eters can be used for radiometric indoor measurements. As most applica-
tions are more dynamic, semiconductor-based sensors are currently the
most important radiometric instruments for IPV applications. As most
commercial products are designed for photometric applications, currently
the recommended approach is to cast a promising photovoltaic material
and to produce a sensor of the same material with a linearity and sensitiv-
ity optimized for the radiation level. This approach has been demonstrated
for the calibration of a measurement set up for IPV module characteriza-
tion [11, 35]. Chapter 3 includes theoretically ideal materials for IPV and
measured indoor efficiencies with radiometric methods.

4.8.1 Autarky Factors

For the energy supply of off-grid households, the autarky factor A, issetto A =
3 with respect to typical variations of the available solar radiation. In buildings,
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there are also variations of the energy from artificial light. Most often, the lon-
gest period without electric light depends on the presence of users. In the case
of a public building, such as the one investigated in this chapter, the longest
period without users depends on the type of institution. For a hospital, it might
last 0 days, whereas for a school it might reach several weeks. For office build-
ings not operating on weekends, the period typically is 2 days, with more days
added for buildings with plant holidays. The sensors studied in this chapter,
which were oriented mostly toward an electric light, received a contribution
of about 50% of their total received radiation from the electric light. For these
types of installations, the A, needs to be adjusted accordingly.
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4.10 Symbols and Abbreviations

Symbol Meaning Used size, unit
a, azimuth angle o

A area m?

A, autarky factor 1

AM air mass factor 1

B(x) radiosity 1

o extinction coefficient 1

C concentration factor 1

DC daylight coeflicient 1

E intrinsic radiation Wm™2

(Continued)
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Meaning

Used size, unit
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extraterrestrial solar constant
irradiance

spectral irradiance

spectral irradiance reference light source

indirect irradiance
spectral photon flow density
illuminance

mean measured Illuminance

surface function

form factor

area
intensity

current

saturation current
photo current
short circuit current

area

path through the atmosphere of the

Earth

thickness of the atmosphere of the Earth

instrinsic radiation of the object

incident light
indirect light
received light
mismatch factor
refraction index
frequency
number

day of year

[S)

- T T T T 22235

(Continued)
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Symbol Meaning Used size, unit
p power w
P, received power w
P incoming power w
P radiation power fluorescent lamp A
ol solar radiation power A
r radius/ | m
distance
r, mean radius sun m
r mean radius Earth orbit m
s standard deviation 1
Sy inclination angle °
S Raumwinkelsegment
S(V) spectral sensivity A/W
S(\)cal spectral sensitivity A/W
of reference module
T temperature K
TN transmission coefficient 1
V(\) human spectral sensitivity function
X, random variable
Y, random variable
o absorption coefficient
@, total angle °
5 declination °
C) incident angle °
A wavelength m
A longitude °
A, reference meridian °
0 latitude °
®, photon flow density Js'm?=W
D angle between x and x’ °

(Continued)
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Symbol Meaning Used size, unit
o, photon flow st

, spectral photon flow s'nm™

P, reflection coefficient

o standard deviation

T, transmission coefficient 1

w hour angle °

w, angular frequency s

Q solid angle °

4.11 Constants

Symbol Meaning Used size, unit

c, Vacuum speed of light 2.997925*10° ms™

e Euler number 2.7183

h Planckian constant 6.6256%1073Js

k, Boltzmann constant 1.3805%1072 JK!

k, maximum of the photometric 683 ImW!
radiation equivalent

q elementary charge 1.6022*107 C

I mean solar radius 6.96*10° m

R, mean distance Earth-sun 1.496*10" m

o] Stefan-Boltzmann constant 5.67*10"8 Wm2K™

4.12 Abbreviations

Abbreviation | Meaning
AM air mass factor
CAD computer-aided design

CIE Commission Internationale de I’Eclairage
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IEC International Electrotechnical Commission
Ies [lluminating Engineering Society
LED light-emitting diode
STC standard test conditions
Appendix

A.1 Luxmeter Accuracy

Table 4.20 summarizes the total error of all luxmeters discussed in this
chapter. The standard deviation s was calculated based on the arithmetic
mean E of al n measurements E,:

1 X P
= - E_E . .
S 1 igl (E ) (4.34)

Table 4.20 Measured illuminance for each luxmeter. The first error refers to the
calculated statistical error (standard deviation s). The accuracy of luxmeter is known
for operation under a standard light source A and listed as second error. For other light
sources, a reference measurement might be required in order to measure the accuracy.

Illuminance E, in
Lux/Light source | PeaktTech' | Gossen? Meterman® | Minolta*

Incandescent bulb CIE | 2352.8 £ 1.1 | 2270.0 + 1.4 | 2233.3 £ 3.0 | 2201.6 + 1.4
Class A OSRAM +94.1 +68.1 +66.9 +44.0
40W

OSRAM Lu-milux 3452.3+£0.2 | 4370.0 £ 0.0 | 3098.4 £ 5.6 | 4506.4 + 1.4
Daylight 840/18W

LED Blue 152.9+0.2 |[2510+£0.0 |101.3+1.0 |20.6+0.2

! PeakTech 5030 digital luxmeter, accuracy 4%.

> Gossen Mavolux digital, accuracy 3%.

> Meterman LM631 LIGHT METER, accuracy 3%.
* Minolta T-1H, accuracy 2%.
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A.2 Geometry and Materials in Radiance

Geometry and material parameters of an investigated scenario can be
directly modeled as Radiance files. Alternatively, a geometry from com-
mon programs, such as Auto-CAD, can be used. In Radiance, rooms are
built from walls, the so-called boxes, to which materials are attributed. The
structure in Radiance is genbox mat name xsiz ysiz zsiz [-r rad] [-b bev]

where “mat” denotes the attributed material, “name” the designation
of the particular “box”, and “x”, “y”, and “z” the measure of length of the
“box” in meters. With the options, “-r” and “-b”, corners can be radiused
or sloped.

The file geo.rad for the basic geometry for the investigated south room
was written as follows:

“Igenbox wallmat wallsouth 7.1 0.3 0.9/xform -t 0-0.3 0
“Igen box wallmat wallwest 0.3 5.3 3.28/xform -t -0.3 0 0
“Igenbox wallmat wa I least 0.3 5.3 3.28/xform -t 7.1 0 0
“Igenbox walldmat wall north 7.1 0.1 2.4/xform -t 0 5.3 0
“Igenbox floormat floor 7.1 5.3 0.1/xform -t 0 0 -0.1
“Igenbox ceilingmat ceiling 7.1 5.3 0.1/xform -t 0 0 3.28
“Igensurf a_glassmat a_glass 7.1*s’ 0" 2.38*t+0.9°1 1
“Igensurfi_glassmat i_glass 7.1%s’ 5.30” 0.88*t+2.4’ 1 1

The command “xform -t” translates the generated object along the ref-
erence coordinate system. The material parameters need to be declared
before. This file is typically named as “mat.rad”. Below is the example of
the file “wandmat” in the simulation discussed in this chapter: void plastic
wandmat

0
0
505050500

“Plastic” belongs to the classes predefined in Radiance, the following name
specifies the exact meaning of the applied type. The first number designates
the number of the following parameters. For the class “plastic,” these are the
values for red, green, blue, mirroring reflection and roughness. The mea-
sured total values for reflection were assumed to be equal for all colors and
were implemented into the material files of the simulation. Furniture, plants
and other room elements can be included in the model or included as sub-
model files.
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A.3 Transmissivity Coefficient

A measured T already includes rays which were reflected within the mate-
rial. Thus, the transmissivity-coefficient t needs to be determined. The
transmissitivity-coefficient ¢ for a refraction index n = 1.52 for glass is
Radiance Tn

t Ja=r) 4G, T~ (-1,
" 21’”2Tn

(4.35)

where
2
p | 120 (4.36)
"\ 14n '
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Measurement of IPV Cells

Stefan Winter

Department 4.5 Applied Radiometry, Physikalisch-Technische Bundesanstalt,
Braunschweig, Germany

Abstract

For a reliable operation of energy autarkic Internet of Things (IoT) devices, a suf-
ficient power supply is required. If the energy generation is realized with indoor
photovoltaic (IPV) cells, their performance must be measured within the scope of
quality management. However, the established methods for outdoor photovoltaics,
as described in the IEC 60904 standards series, cannot be used one-to-one for this
purpose. Instead, the special properties of the indoor application scenarios must be
considered both in the standardized measurement conditions and in the measure-
ment methods. As standardized spectra, since the spectrum of a white light LED
is already standardized in photometry, the spectrum of a fluorescent lamp and the
AML.5 spectrum of natural sunlight can be used, each normalized to an illuminance
of about 1000 lux, i.e., 100 times less than standard test conditions for outdoor mea-
surements require. The corresponding light sources can be used for secondary cali-
bration of IPV cells and the standard DSR method is very well suited for the high
accuracy primary calibration and a comprehensive characterization of IPV cells.

Keywords: 1PV, calibration, power measurement, indoor spectra, DSR, spectral
responsivity, I-V characteristics, traceability

5.1 Features of IPV Compared to Outdoor PV
Energy harvesting devices based on solar cells must be optimized for the
special requirements of their indoor application scenarios that differ signifi-

cantly from those of solar photovoltaic energy systems in solar parks.
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5.1.1 Irradiance

The most obvious difference between IPV and outdoor PV is the level of
irradiance. In cloudless summer weather, a global irradiance of 1000 W/m?
can be achieved if the solar module is oriented towards the sun and this
value is defined in IEC 60904-3 [2]. This corresponds to an illuminance of
roughly 100,000 Ix (more precisely: 109.500 Ix). In contrast, indoor lighting
with artificial light sources only achieves illuminances of 500 Ix to 1500 Ix.
These values are legally prescribed illuminances for work areas, e.g., office
workplaces. However, since IPV devices are typically not located in brightly
illuminated workspaces, they have in practice considerably less light for
power generation. All in all, a hundredth to thousandth of the irradiance
compared to a solar park must be expected. This aspect is very important,
because typical solar cells, optimized for high irradiance and thus for high
currents, must have a very good conductivity and often have more traps due
to the higher doping, which in turn leads to photo augmentation at lower
irradiance levels. While the traps are saturated at increasing irradiances and
no longer play a role at 1000 W/m?, the traps lead to an increased recombi-
nation rate of the electron-hole pairs at low irradiances and thus to signif-
icant efficiency losses. IPV cells must be optimized for low recombination
rates, i.e., the minority carriers should have a high diffusion length. The
success of the optimization must be checked for quality control.

5.1.2 Spectrum

Not only does the integral level of irradiance differ between indoor and
outdoor applications, but also the spectrum of the light. The IEC 60904-3
standard defines the AM1.5 spectrum as the standard spectrum for out-
door applications [2]. It is defined for a surface perpendicular to the sun
on which diffuse as well as direct sunlight is inclined toward. With the
sun 42° above the horizon, the direct radiation effectively covers a distance
through the Earth’s atmosphere that is 1.5 times longer than when the sun
is at its zenith. If the indoor area is illuminated through windows, then
the resulting spectrum on the solar cell depends on many parameters, e.g.,
whether preferably reddish direct sunlight or bluish diffuse light of the sky
enters, or the spectral transmission of the window and the spectral reflec-
tion of the ground. Therefore, the AM1.5 spectrum can be used as a rough
approximation for one of the standardized spectra. In artificial lighting, the
spectra of white-light LEDs and fluorescent lamps are the most common
and therefore have already been standardized for lighting purposes by the
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International Commission on Illumination (CIE) and can be taken from
CIE 015:2018 for use in IPV [7]. For reasons of efficiency, incandescent
lamps are almost never used in factory buildings and are being used less
and less in residential applications.

5.1.2.1 Consequences of the Different Spectra Regarding Efficiency

The choice of the correct spectrum is of considerable importance for the
future application. Even if all three spectra make a workplace appear equally
bright, the IPV cell can generate different electrical powers from them. The
reason for this is, for example, that natural light still has a certain amount
in the infrared spectral range that the eye cannot perceive, but that a sili-
con solar cell can still use. Conversely, the efficiency of a solar cell depends
on the defined spectrum. The less radiation is in wavelength ranges that
the solar cell cannot use anyway, e.g., in the infrared above 1200 nm, the
efficiency is better. Therefore, one and the same solar cell can have an effi-
ciency of 20% in sunlight, but 30% if an LED spectrum is used as reference
spectrum. For a more detailed discussion, please see Chapter 3.

5.1.3 Incident Angle Distribution

Since the revision of IEC 60904-3 in 2019, the angular distribution of inci-
dent radiation has been precisely defined. For metrological reasons, it is
assumed that the entire radiation hits the solar cell perpendicularly, which
is also approximately the case in a solar park at noon. For indoor appli-
cations, however, there is no generally preferred angle and there is a high
diffuse radiation component. For standardized application conditions, a
completely diffuse radiation distribution would therefore be obvious, but
the standardization process has just started.

5.1.4 Modulated Light Sources

While natural sunlight hits the solar cell continuously over time, artificial
light sources are almost always modulated for efficiency reasons. The mod-
ulation frequency of fluorescent lamps is 100 Hz or 120 Hz, depending
on the line frequency. For LED light sources, the modulation frequency
is in the kHz range, depending on its power supply unit. In order to con-
sider these effects metrologically, it is recommended to measure first with
a scientific, non-modulated lamp and then to determine a possible time-
dependent behavior by varying the modulation frequency.
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5.1.5 Further Effects

The non-uniform illumination that is possible in the area of IPV and that
will not be considered in the standardized measurement conditions pro-
vides a subordinate effect. This is because IPV cells are often tiny compared
to PV modules (e.g., 1 mm? in comparison to 2 m?). In addition, effects
due to curved surfaces are considered.

5.1.6 Standardization

All these aspects must be considered in the design of the IPV cells as well
as in the standardized test conditions. Standardized test conditions are
necessary so that not every manufacturer of IPV cells uses test conditions
optimized for their own cell type with the consequence that the efficiency
data in the data sheets are no longer comparable.

Figure 5.1 shows three preliminary spectra from the ongoing standard-
ization process within the IEC TC82 WG2. These are a) the global AM1.5
solar spectrum, b) a fluorescent lamp spectrum and c) an LED lamp
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Figure 5.1 Diagram with (a) AML.5 spectrum from IEC 60904-3, (b) fluorescent lamp
spectrum of the narrow band lamp FL10 with a correlated color temperature (CCT)

of 4000 K (cool white) and (c) LED spectrum (phosphor type LED-B3) with a CCT of
4100 K (cool white). All spectra are normalized to an illuminance of 500 1x. The spectra
(b) and (c) are based on CIE 015:2018.
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spectrum. The standardized irradiance is expected to be one hundredth to
one thousandth of the solar irradiance. The temperature will be 25°C, as in
the standard test conditions for outdoor applications.

5.2 Calibration Chain and Quality Management

For a reliable operation of energy autarkic Internet of Things devices, a suf-
ficient power supply is required. If the energy generation is realized with
Indoor PV cells, their performance must be measured within the scope of
quality management. The quality management requires a proven and unbro-
ken traceability chain by tracing the obtained measurement results back
to the seven fundamental constants of nature like the speed of light, the
PlancK’s constant or the elementary charge according to the International
System of Units (SI). The measurements are done in several steps (metro-
logical pyramid, see Figure 5.2a). The PV industry uses company internal
measurements for production control. Their measurements are based on
transfer standards (so-called “Golden Cells”) from the production, which
have previously been calibrated in accredited calibration laboratories. These
laboratories use secondary calibration methods that require reference solar
cells, e.g., in the World Photovoltaic Scale (WPVS) design (see Figure 5.2¢).
These WPVS-reference solar cells are calibrated against reference radiom-
eters like electrical substitution radiometers or reference photodiodes (see
Figure 5.2b) that where calibrated with the help of a high accuracy cryogenic
radiometer, which is the national radiometric standard. Those measure-
ments require a lot of effort and are performed by the National Metrology
Institutes (NMIs), e.g., the Physikalisch-Technische Bundesanstalt (PTB),
the NMI of Germany, that is the most active NMI in the area of reference
cell calibrations for calibration and testing laboratories. The NMIs are
responsible for the traceability to the fundamental constants of nature.

5.2.1 Basic Laboratory Measurement Methods for the
Secondary Calibration of IPV Cells

The structure for determining the electrical power of IPV cells essentially
consists of an optical and an electrical component. A light source with the
above standardized properties generates the optical power that impinges
on the IPV cell and is converted into electrical power by it. The maximum
electrical power that can be generated is then determined with an electrical
current-voltage characteristic measuring device. The quotient of electrical
and optical power is the efficiency of the IPV cell. For dimensioning IoT
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Figure 5.2 (a) The metrological pyramid with the NMIs at the top and the accredited
calibration laboratories in the middle, which bring the unit to the PV industry. (b) Photo
of a reference photodiode that is traceable to the national radiometric standard, a
cryogenic radiometer. (c) Photo of a reference solar cell in WPVS design.

applications, it is also important to specify the electrical power that can be
generated under standardized conditions.

Lamps, whose spectra come as close as possible to the spectra shown in
Figure 5.1, should be used as light source. Since the standard uses spectra
of typical commercial lamp types for artificial light sources, it is relatively
easy to build a solar simulator, i.e., an indoor light simulator. However,
consumer power supplies must not be used for the electrical supply, as they
generate modulated radiation. Instead, laboratory power supplies must be
used to generate constant light. In addition to the spectrum and stability,
the third quality criterion of the indoor light simulators is the uniformity
of the radiation field [5]. Even if the IPV cell is much smaller, the radiation
field should have a uniformity of at least 2% in an area of 2x2 cm? to fulfill
class A criteria. For the determination of the absolute irradiance, typically
a primary calibrated reference solar cell of the size 2x2 cm? is used, for
example, in the WPVS design.

To determine the maximum electrical power that can be generated by
the optical power, for example, a 4-quadrant power supply unit is used
to record the current-voltage characteristic curve. For each point of the
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characteristic curve, the product of the set voltage and the resulting cur-
rent is calculated. Its maximum value is the maximum electrical power that
can be generated.

If measurements are to be as accurate as possible, the deviations from
the standardized ideal conditions must be taken into account, i.e., non-
uniformities of the radiation field, deviations of the temperature from 25°C
and deviations of the spectrum.

The easiest way to consider non-uniformity is to use the smaller object,
usually the IPV cell, to measure its output signal at various points across
the entire illuminated area covered by the larger object, usually the refer-
ence solar cell. This leads to a mean output signal that includes the non-
uniformity of this illuminated area.

For temperature corrections, the temperature of the IPV cell must be
measured with a temperature sensor. Alternatively, the temperature of the
p-njunction can be determined according to the IEC 60904-5 standard [3].
The characteristic curve can be corrected using one of the three methods
specified in the IEC 60891 standard. This standard defines procedures to
be followed for temperature and irradiance corrections to the measured
I-V (current-voltage) characteristics of photovoltaic devices. It also defines
the procedures used to determine factors relevant for these corrections.

The most complex correction is when the spectrum of the indoor light
simulator deviates from the standardized spectrum (spectral mismatch,
[4]). The first step is to measure the spectrum, for example, with a cali-
brated and characterized array spectroradiometer. In order to determine
the influence of the deviating spectrum, the relative spectral responsivity
of the IPV cell must be determined. The procedure described in the next
section for the primary calibration of IPV cells can be used in simplified
form to do this. The spectral responsivity of the used reference solar cell
can be taken from its calibration certificate. The spectral mismatch correc-
tion is performed with these spectral curves:

[ Ba0s0202 [ B D (212
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(5.1)

where
E_(N)  isthe spectral irradiance of the reference spectrum,
E_ .. (A) is the measured spectral irradiance of the light
simulator,
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S () is the spectral responsivity of the reference PV device
at reference conditions,

A)  is the spectral responsivity of the IPV device under
testing at reference conditions.

SIPV (

All integrals shall be performed in the entire spectral range where the
respective quantities are not zero.

If the light source is to weight all directions in the same way, as
described in the paragraph “Incident angle distribution,” an integrating
sphere has to be used with the reference cell and the IPV cell placed at
a port of the integrating sphere. At this port the light source may not
directly be seen by the reference solar cell or the IPV cell. Direct light
must be avoided by baftles.

5.3 Flexible and Precise Method for Comprehensive
and Primary Calibration of IPV Devices

With the procedure described in the previous section, an IPV element can
be calibrated very quickly. If a complete characterization, including the
determination of the spectral responsivity, the spectral nonlinearity and
the spectral temperature coefficient or even the spectral angle of incidence
dependency is required, the method of differential spectral responsivity
(DSR) is the best choice. Since no reference solar cell is required for this,
but a highly accurate reference radiometer is used, this is a primary cali-
bration procedure.

The goal of a solar cell calibration is the determination of the short
circuit current under standardized test conditions (e.g., the STC AM1.5
spectrum according to IEC 60904-3, 1000 W/m? and cell temperature of
25°C [1, 2], or future test conditions for IPV as described before). This
can be performed with integral measurements under a solar simulator or
under natural sun. In both cases the spectrum of the source, especially
with the difficulty of measuring its absorption lines, must be measured
and taken into account [4], and this leads to additional uncertainty com-
ponents [10]. The alternative is to determine the absolute spectral irra-
diance responsivity and to calculate the short circuit current using the
formula
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In this case, the exactly defined spectrum from the standard IEC 60904-3
is used directly; thus, there is absolutely no measurement uncertainty con-
cerning the spectrum.

The main advantage for IPV application is that with the determination
of the absolute spectral responsivity the current for any light source can be
calculated. A further advantage is the possibility to measure the nonlin-
earity at any irradiances, that can be set by the bias lamps. The reference
radiometer is only used without bias light; thus it does not have to be linear.
The bias light for the solar device under testing is required to be set to the
same working point as it would be in the use case, which means that the
minority carriers should have the same diffusion length.

The spectral responsivity s (A, I ) cannot be measured directly, because
at standard test conditions with an irradiance of 1000 W/m? only the dif-
ferential spectral responsivity s (/I,Ibias (E)) can be measured. This is real-
ized with a two-beam method: In the presence of a sun-like bias light a
modulated uniform monochromatic beam irradiates the solar cell and is
measured with a lock-in amplifier. By integration over the wavelength, the
AM1.5 weighted differential responsivity s (I bias) is obtained:

Jm§(/1,1bias(E))-E,l,AMl5(l)d/l
§ (I )= - (5.3)
_[ Eruns(2)d2

Using the formula

E= | -——dl,,, (5.4)

where I . is determined by iteratively evaluating the integral until the

result equals 1000 W-m™ [8]. Finally, the spectral responsivity for standard
test conditions can be calculated [9]:
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The DSR method can be realized by different ways. They differ in the
way the monochromatic light is generated.

(5.5)

5.3.1 Lamp-Based Facility

Coupling the light of a quartz halogen lamp and a high-pressure xenon arc
lamp into a monochromator, monochromatic light in the wavelength range
between 210 nm and 1900 nm can be generated [11]. While the irradiance
of the bias light is about 1000 W/m?, the optical power of the chopped light
behind the monochromator is less than 100 uW at a spectral bandwidth of
5 nm to 10 nm. In principal, the bandwidth could be reduced by decreas-
ing the width of the slits of the monochromator, but this would reduce the
already low power even more. The same applies for the uniformity. A mea-
surement with additional diffusers or at a larger distance would increase
the uniformity and decrease the available monochromatic irradiance. To
reduce this disadvantage some parts of the measurement, e.g., the measure-
ments at different bias levels, are performed close to the monochromator to
increase the signal to noise ratio, while other parts of the measurements are
performed far behind the monochromator in a uniform monochromatic
radiation field. But in this case the combination of both parts leads to addi-
tional uncertainties, especially if the solar cell is nonlinear. Nevertheless, for
small solar cells the monochromatic irradiance is high enough and 2x2 cm?®
solar cells can be calibrated with an uncertainty of 0.5% (k = 2).

5.3.2 Laser-Based Facility

To solve the problems of the mentioned approaches a new type of facility
for the primary calibration of reference solar cells can be used [12]. By
using a tunable fs laser, the new setup (see Figure 5.3 and Figure 5.4) avoids
the main problem of a lamp-based system: the low optical power of the
monochromatic beam. The higher power of the new setup allows it to solve
the subsequent problems of low monochromatic power, like:

- a bad signal-to-noise ratio for large solar cells at high bias
radiation levels,

- the difficulty to reach a good uniformity,

- the high bandwidth of the monochromatic beam, and

- the interpolation error when merging absolute and relative
measurements,
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Figure 5.3 Schematic diagram of the Laser-DSR facility. In the lower half the laser setup
is shown (see Figure 5.5). The beam passes a chopper before it hits an optical fiber (Pulse-
to-CW converter). The fiber ends at the entrance slit of the monochromator. There the
spectral bandwidth of the laser is reduced. The exit optics homogenize the modulated
monochromatic radiation field on the solar cell. To get the same operating point as under
natural sunlight, the solar cells are irradiated by a solar simulator consisting of 80 bias
lamps. The spectrum of the bias lamps need not be identical to the reference spectrum, a
similar color temperature would be enough.

because no compromise has to be accepted and all measurements at all
wavelengths and all bias radiations are absolute measurements.

The full width at half maximum (FWHM) of the radiation, with values
between 1 nm to 10 nm, is much lower than that of LEDs but at the same time
is so high that no interferences appear, as it would be the case with CW lasers.

The principle of the Laser-DSR setup is identical to the standard DSR
setup in many ways: A chopped uniform monochromatic beam and sun-
like bias lamps irradiate the solar cell under test. The signal of the chopped
beam is measured with a lock-in amplifier and is used to determine the
absolute differential spectral responsivity and therewith the current under
standard test conditions. The main difference of the new setup is the source
of the monochromatic light. Instead of a quartz halogen lamp or a xenon
lamp, the Laser-DSR setup uses a tunable laser that is coupled into the
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Figure 5.4 CAD drawing of the Laser-DSR facility showing the three major parts of the
setup: On the lower right corner the laser setup is shown (yellow, see also Figure 5.5). The
monochromator (red), based optics (green), as well as the bias lamps (orange) are located
on the second table. The solar cells are mounted on the large x-y-z-table including the
goniometer (see Figure 5.6).

Figure 5.5 Photo of the complete laser setup with the beam routed through the SHG
(400 nm). All beam paths are aligned to be coupled into the optical fiber (not shown
here). During a measurement the laser setup is completely enclosed.
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monochromator via a quartz fiber (see Figures 5.3 and 5.4). The laser
beam starts at a hands-free, widely tunable mode locked Ti : Sapphire laser
(Chameleon Ultra IT) with a repetition rate of 80 MHz. The pulse duration
is about 120 fs. Depending on the wavelength needed, the beam passes
an optical parametric oscillator (OPO) and/or a second, third or fourth
harmonic generator (SHG, THG, FHG; see Figures 5.3 and 5.4). Most of
the laser components are purpose-built items that have a wider wavelength
range, a higher efficiency or are better automated than the actual standard
components. The beam routing is done by computer-controlled mirror
mounts. This enables an automated wavelength selection from 210 nm up
to 4000 nm (without automation even from 190 nm).

Before the laser beam is coupled into a fiber it passes through a neutral
density filter wheel and a chopper. A monochromator reduces the spectral
bandwidth and two lenses create a uniform monochromatic irradiation at
the measuring plane. Up to 80 individually switchable bias lamps create a
uniform bias irradiation of up to 10.000 W/m?. The measurement plane
can be tilted from -1° to 91° and rotated from -10° to 370° (see Figure 5.6).
Thus, it can be used as a solar cell goniometer to irradiate the solar cell
from any direction to measure a spectrally resolved angular dependence.

Figure 5.6 On the left-hand side of the photo the integrated solar cell goniometer can be
seen. The quartz glass entrance window of the climate chamber is in the top right corner
of the image. A mirror (not shown here) on the xyz table will reflect the monochromatic
and the bias beam to a solar cell inside the climate chamber. The absolute spectral
responsivity at 25°C will be measured on the xyz table and the relative change due to the
temperature will be measured in the climate chamber.
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Figure 5.7 Schematic diagram of the Pulse-to-CW converter: A fiber bundle with 100
multimode fibers, each with an individual length.

The temperature of the solar cells is controlled by the combination of water
cooling and Peltier elements.

A beam splitter reflects a small part of the monochromatic radiation
behind the monochromator to a monitor photodiode. This enables a cor-
rection if the irradiance level of the monochromatic beam changes.

While the peak power of the femtosecond (fs) pulses within the laser sys-
tem must be as high as possible to enable a wide wavelength range with the
help of nonlinear effects (the efficiency of the wavelength conversion within
nonlinear crystal increases with the irradiance), for the calibration itself con-
stant radiation power is necessary to enable quantitative and reproducible
results that are not biased by nonlinear saturation effects of the detector [13].
This challenge is solved by a special patented fiber design that smooths the
pulsed signal to a CW-like signal (Pulse-to-CW converter, see Figure 5.7): The
beam within the fiber bundle is divided into 100 paths with different lengths
respectively. Instead of one large pulse, 100 small pulses exit the Pulse-to-CW
converter, equally distributed during the cycle duration of 12.5 ns. Hence, the
repetition rate is increased from 80 MHz to 8 GHz. Because in addition each
of the 100 pulses is widened within the fiber and the following path through
the monochromator, the signal at the exit is nearly constant.

5.4 DSR Calibration of IPV Cells

The differential spectral responsivity of two different III-V-based IPV cells
are shown in Figures 5.8 and 5.9. The measurements were performed with
the DSR method. The ambient temperature was set to 25°C, but the cells
were heated up at higher irradiance conditions, although the bias lamps had
reduced IR irradiance. But this increasing temperature reflects a realistic
radiative heating at higher irradiances. The temperature was measured with
a PT100. The sensor was pressed against the IPV chip from the rear. From
the spectral responsivity curves, it can be seen that the chip has its respon-
sivity mainly in the visible spectral range, i.e., in the wavelength range in
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Figure 5.8 Absolute spectral responsivity of a GaAs IPV cell, produced by the research
group of Jamie Phillips, University of Michigan, see Chapter 9. The nonlinearity in the
UV and the IR is the result of the heating-up of the cell at high irradiance levels. The
measurements were performed with the DSR method at PTB.

which modern, highly efficient light sources emit. Since the bandgap, and
thus the open circuit voltage, is larger than for silicon, a higher efficiency
can be achieved for these light sources. Due to the bandgap optimized for
LEDs and fluorescence lamps, the thermalization losses are reduced.

5.4.1 Self-Referenced IV Characteristic

The last step of the calibration is the measurement of the IV characteris-
tic of the IPV cell. This can be performed by using the above-described
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Figure 5.9 Absolute spectral responsivity of an AlGaAs IPV cell, produced by the
research group of Jamie Phillips, University of Michigan, see Chapter 9. The nonlinearity
in the UV and the IR is the result of the heating-up of the cell at high irradiance levels.
The measurements were performed with the DSR method at PTB. In contrast to the GaAs
IPV cell, there is a drop of the spectral responsivity at very low irradiances. The bandgap
of the AlGaAs IPV has a better optimization for irradiance sources with only visible light.

secondary calibration facility. But after performing the DSR or Laser-DSR
calibration, the most important parameter is already known: the current
under standardized conditions. Thus, a further reference solar cell is not
needed anymore for IV characteristic measurement. The DSR calibrated
IPV cell itself is the reference cell for the irradiance. The irradiance of the
light simulator is set so that the IPV cell generates the predetermined cur-
rent under standardized conditions. With this setting the IV characteristic
is measured. If the current cannot be set exactly to the previously deter-
mined value, the IV characteristic can be corrected according to one of the
methods described in the IEC 60891 [6].
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Abstract

Intended as an electricity generating replacement for windows, luminescent solar
concentrators (LSCs) are at the borderline of indoor photovoltaics. In urban envi-
ronments, space to install outdoor PV is limited to just the roof of a building,
directly limiting the amount of energy that can be generated. LSCs aim to over-
come this limitation by seamlessly integrating PV into the building envelope. This
chapter explicates the luminescent phenomena and the working principle behind
LSCs. Analytical and discretized techniques for simulating LSCs are presented and
provided as downloadable examples. These same techniques show that an LSC can
increase the performance of its PV frame with negligible dimming, even at non-
perfect conversion efficiencies. This enhancement increases with window size. An
overview of the optical properties of 28 state-of-the-art LSCs is presented. These
LSCs are evaluated on performance for building-integrated purposes. Simulations
show that LSCs with an optical efficiency of more than 2.8% are already possible
for nontoxic quantum dot-based LSCs, without compromising on color rendering
properties. Next to these state-of-the-art LSCs, a new development in the form of
thulium-doped halides is highlighted. These halides are able to absorb the entire
visible spectrum without coloration, and could be scaled to efficient LSCs of arbi-
trary sizes thanks to their lack of self-absorption. As IPV is an emerging appli-
cation for LSCs, most of the chapter focuses on LSCs for window applications in
order to outline the theoretical foundations. In addition to that, developments in
LSCs for usage as indoor-only photovoltaic are illustrated with a fully worked-out
example of an LSC as tabletop. Next to this IPV simulation, colorful designs that
apply LSCs in other ways than just windows are highlighted.

Keywords: Building-integrated photovoltaics, fluorescent and luminescent
materials, luminescence, computation methods, concentrators, solar energy
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6.1 Introduction

Electricity-generating windows (PV windows) are literally at the border-
line of conventional PV applications and IPV. Currently, the thousands of
square kilometers of window area in the world are mainly' used to let sun-
light pass and illuminate the inside of buildings. An active area of research
is focused on using part of the incident solar spectrum to generate elec-
tricity with photovoltaic cells. Today’s commercially available electricity-
generating windows operate using thin and thereby semitransparent solar
cells made out of conventional absorber materials like Si, CdTe, CIGS, or
organics, laminated onto the glass window. Although impressive efficien-
cies have been achieved, they have not become the building-integrated (BI)
industry standard because of the relatively complex multilayer technology
used, which makes the windows too costly.

A luminescent solar concentrator (LSC) can be a cheap and much sim-
pler single-layer alternative technology to realize electricity-generating
windows. LSCs, as illustrated in Figure 6.1, were first studied in the 70s
[1-3] as an alternative to lens-based concentrators. Being able to absorb
both direct and diftuse light, LSCs do not need costly solar tracking sys-
tems to stay pointed towards the sun. Today, the value of LSCs is more in
their potential as a building-integrated PV (BIPV) window [4, 5] or, more
generally stated, as BIPV devices applied as or integrated with the trans-
parent parts of the building’s outer shell.

In this chapter, we will not consider applications of LSCs on non-
transparent parts of a building. Applying an LSC on non-transparent areas
causes the LSC to automatically compete with conventional (higher effi-
ciency) mass-produced PV technologies, such as c-Si panels.

In this chapter we will give an overview of topics related to the develop-
ment of an LSC intended for application as PV window. In Section 6.2, we
will give a short introductory course on the various types of photolumines-
cent centers used in LSCs. In Section 6.3, we will give a general account of
the principle of operation of an LSC by describing all separate optical and
electrical conversion steps. Here we will follow the incident photons from
light harvesting, to light trapping and transport and finally to photoelectric
conversion, by giving a qualitative account. In Section 6.4, we will give a
much more theoretical quantitative account of light transport through an
LSC. This involves computations using analytical models as well as Monte
Carlo simulations. These models can deal, for example, with the complex

'"Further functionality of windows can be found in Chapter 4 of this book.
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Figure 6.1 Traditional lens-based concentrator PV device (a) versus a PV-window
concentrator device (b) based on the luminescent solar concentrator principle: Sunlight is
absorbed by a coating on the window and is re-emitted by a process called luminescence
in all directions. A significant fraction (75% to 90%) of the light is trapped by total
internal reflection in the coating-window combination that acts as a light guide (like in a
fiber optic cable) and directs it to the window edges where strip-shaped solar cells convert
it into electric power.

behavior of self-absorption, or can be employed with the goal to obtain
maximum possible power conversion efficiencies of an LSC applied as a
window. We will translate the theoretical concepts to idealized material
properties, that is, define the ultimate properties that a luminescent coating
on glass should have to make an LSC PV-window with the highest possible
efficiency. This section will logically be complemented with an overview of
current state-of-the-art luminescent materials considered for LSCs, found
in Section 6.5. In Section 6.6, we consider a recently emerged class of halide
luminescent materials based on the element thulium in its 2+ valence state
(Tm?*), as these materials combine many favorable properties like a broad
absorption range up to 900 nm and no self-absorption. Next to these more
traditional uses of LSCs, a perspective on LSCs for full indoor use can be
found in Section 6.7. Besides its energy conversion potential, we will also
highlight some of the challenges ahead for realizing PV-windows and IPV
devices. These challenges involve techniques to apply coatings on glass and
ensuring material stability over long timespans. In the last section, Section
6.8, we conclude on the future potential of LSC PV applications.

6.2 A Crash Course in Luminescence

In order to understand the principle of luminescent solar concentrators,
it is imperative to get some grip on what luminescence entails, and what
machinery is behind it. If you are already familiar with the workings of
luminescence, you can skip this section and continue reading on the work-
ing principles of LSCs in Section 6.3.
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Luminescent centers, often also called luminophores, absorb light of
various wavelengths based on their characteristic absorption spectrum.
This absorbed light gets converted to a different wavelength: the emission
of the luminescent center. When the absorption and emission happen
between the same electronic states, the difference between the absorbed
and the emitted wavelength (and therefore energy) is referred to as the
Stokes shift. This conversion of light from one wavelength to another
occurs with an efficiency known as the (photoluminescent) quantum yield

oy defined as

# photons in
I (6.1)
# photons out

Three different types of luminescent materials that are of particular rel-
evance to LSCs-organic dyes, rare earth ions, and colloidal quantum dots-
will be treated in the following sections. In these sections we will give a
short overview of what the working principle of the luminophore in ques-
tion is, together with an explanation of some frequently used terminology.

6.2.1 Luminescence in Organic Dyes

A large family of luminescent solar concentrators are based on lumines-
cent dyes. This is mainly due to their high quantum yields and ease of han-
dling due to their high solubility in waveguide matrices, like PMMA [6]
and polycarbonates [7].

These dyes are 7-conjugated organic molecules: molecules with a chain
of carbon atoms having alternating single and double bonds, causing the
p-orbitals of the carbon atoms to overlap. These dyes have a system of
de-localized m-electrons-electrons where two orbital lobes from different
atoms overlap-above and below the planar conjugated chain. Absorption
in these dyes is caused by a promotion of the molecule from the singlet
ground state S to an excited state S, through absorption of a photon with
sufficient energy. Subsequent luminescence is a result of relaxation of the
molecule to the lowest S, excited state, followed by emission of a photon,
leading the system to fall back to a higher S state, which in turn is fol-
lowed by non-radiative relaxation to the S, ground state. Figure 6.2 shows
a summary of the processes involved in dye luminescence, as depicted in a
Jablonski diagram. An excellent treatise of dye luminescence can be found
in Ref. [8], with a more brief explanation of the underlying concepts in
Ref. [9]. For dyes specific for LSCs, an overview can be found in the review
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by Debije and Verbunt [5]. An interesting property of the S, <> S, inter-
play is that the excitation spectrum mirrors the emission spectrum, as dis-
played for the popular LSC dye BASF Lumogen F Red 305 in Figure 6.3. In
organic dyes, the shape of the absorption/emission spectra and Stokes shift
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Figure 6.2 A simplified Jablonski diagram of luminescence processes in dyes. A photon
with energy hv__excites the system from the S| level. The system relaxes (non-radiatively,
indicated by a dashed arrow) either (efficiently) from S, — S under emission of a photon
with lower energy hv (fluorescence), or the system moves to the excited triplet state

T, through intersystem crossing. From the T excited level, the system either relaxes
through non-radiative relaxation k_, or through emission of a photon with energy hv
(phosphorescence). Non-radiative transitions to the ground state are not excluded for the
excited singlet states, but more unlikely than for the triplet states.
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Figure 6.3 Normalized absorption and emission for BASF Lumogen F Red 305 [7]. The
mirror image from absorption to higher lying singlet states and subsequent fluorescence
is clearly visible. The cross-hatched area shows the overlap between absorption and
emission. The area of this overlap should not be seen as a “self-absorption percentage,” as
both curves are normalized.
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between them is mainly governed by the chain length and the number of
n-electrons in the conjugated plane of the molecule.

The mirror-image of the absorption and emission is an immediate dis-
advantage of dyes for LSC use. As will be further explored in Section 6.3 on
LSC behavior, having an overlap between absorption and emission can be
detrimental to LSC performance when scaling up the LSC to dimensions
spanning nearly a square meter. For IPV applications, at square centime-
ter sizes, the effect of this overlap will only manifest itself as having an
impact on performance for high absorptions.> Absorption is only followed
by emission if the quantum yield of the luminophore is sufficiently high.
Therefore, if the dye is able to absorb its own emission, the LSCs overall
performance will decrease when the LSC increases in size, since a larger
LSC leads to more absorption taking place (and therefore also to absorp-
tion of its own emission).

Next to the limitation of self-absorption, dyes are also known to only
have limited absorption ranges, causing a single dye to never be able to
absorb the entire solar spectrum. A strategy to overcome this limitation
is of course to combine multiple dyes. This can be done by either having
multiple LSCs stacked on top of each other [5, 10, 11], akin to tandem
solar cells, or by mixing all dyes together in a single waveguide [5, 12]. The
absorption range of a dye can be altered by changing the conjugated chain.
However, when increasing the chain length for moving the absorption to
the infrared, the solubility of the dye in a matrix material decreases [13].
A lower energy between transitions also makes it easier for the dye to fall
back non-radiatively from its excited state, leading to a decreased quantum
yield when moving the emission to the near-infrared.

6.2.2 Luminescence in Rare Earth Ions

Inorganic hosts doped with rare earth ions® known as phosphors, are
widely used in various optical applications, such as laser materials, (LED)

*The crucial part for the impact of overlapping absorption and emission is the product
between distance and absorption. If light has to travel a long distance to the edges of the
LSC, but has only a small chance of being absorbed per distance, the overall absorption
during light transport will be the same as when the light only has to travel a short distance,
but with a high chance of being absorbed per distance.

SRare earths are the lanthanides, the elements with atomic numbers 57 to 71, from lantha-
num (La) through lutetium (Lu), often depicted as its own row underneath the periodic
table, combined with Scandium (Sc) and Yttrium (Y). “Rare” earth is a misnomer. While
the rare earths in nature are difficult to separate, and are typically not found in clusters of
pure elements, they are quite abundant in the Earth’s crust [14].
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phosphors, banknote security, and luminescent markers in the field of bio-
medics [15-17]. In the field of photovoltaics, various combinations of rare
earth materials doped in a great variety of hosts are used as either up- or
downconversion materials (though with NaYF, doped with Yb** and Er**
as most prominent class for up-conversion) [18-21] to improve solar cell
efficiency; and of course for use in LSCs, as will be elaborated on in this
chapter.

A remarkable feature of the rare earth ions in compounds is their (par-
tially) filled 4f shell. What makes these 4f electrons remarkable, is that
because of the completely filled 5s25p° shells surrounding them, their intra-
orbital transitions are well shielded from the influence of their environ-
ment. This means that, regardless of what host these ions are placed within,
they will have (to a great degree) the same 4f energy levels [22, 23]. The
intensity (and altogether presence) of transitions, and therefore emissions,
from these f levels is dependent on the local symmetry and available pho-
non modes of the host.

Intra-f absorption is strongly forbidden by the parity selection rule, but
not fully excluded due to mixing with opposite parity states [16, p. 26], and
therefore absorption transitions between the f states are generally extremely
weak. To become interesting for LSC applications, the much stronger (parity
allowed) absorbing f-d transitions have to be considered. 4f — 5d absorption
is typically 10* to 10* times stronger than 4f — 4f absorption.

The 5d orbitals of a rare earth are much more extended in space than
the 4f orbitals, and hence don’t have the same degree of shielding by the
outer filled 5s* and 5p?* shells. This means that the energy difference of the
excited 5d level with the 4f ground state is strongly dependent on the host
material. Therefore, it is possible to engineer the absorption range of a rare
earth-based LSC by changing the host material. The energy of the 5d levels
compared to that of a free ion, is mainly altered by the host in two ways:
by ligand anion type, and by the structure of the host crystal, as illustrated
in Figure 6.4.

If we imagine incorporating the cation in a host as surrounding the cat-
ion by a spherically symmetrical field with negative charge, screening the
charge of our cation, we can observe the binding energy levels of the cat-
ion’s states being lifted closer to the vacuum level. This effect is called the
chemical shift and affects both the 4f and 5d levels. The intensity of this
effect depends on the type of ligand anion and follows what is called the
nephelauxetic* sequence. In order of raising the level closer to the vacuum
level at 0 eV: E oxides, Cl, Br, N, I, S, Se, Te. The shift in binding energy of

*Greek for “cloud expanding”
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Figure 6.4 The development of the binding energy of an electron in a state of a divalent
europium cation when it is incorporated in a host, relative to the vacuum level (at 0 eV).
First, there is the free cation, with the electron’s binding energy well below the vacuum
level. Surrounding the cation with a spherically symmetrical field of negative ions leads to
a shifting of the energy levels altogether-the chemical shift-and the centroid shift ¢, of the
5d level. Transitioning from this field to negative ligands splits the 5d levels,” yielding the

Expanding the surrounding ligands to a crystal adds the valence

crystal field splitting € ..
and conduction bands. In this last frame the various types of possible transitions are also

shown. The many 4f levels are indicated as a light gray area above the ground state.

the 5d levels is on average smaller than that of the 4f levels. To correct for
this, the centroid shift ¢_is introduced. For ¢_the nephelauxetic sequence
is also followed, with the difference between 4f and 5d being highest for

fluoride ligands (i.e., low ¢ ) and lowest for telluride ligands (i.e., high ¢ ).
In reality, the host we place the cation in is not a spherically symmetrical
field, but rather has a certain type of (local) structure to the position of the
cation and its ligands: the coordinating polyhedron. The energies of the 5d
levels are affected through their orbitals by the local structure of the host.®

Because of spin-orbit (LS) coupling (not displayed in Figure 6.4), the 5d levels are already
split, covering a small energy range. LS coupling is around half as intense as the splitting
caused by the crystal field. In terms of overall influence to the energy w.r.t. the vacuum

level a general rule-of-thumb is: chemical shift> ¢_> e > LS coupling.
SIn principle, this also affects the 4f levels. However, the influence of the structure of the

surrounding crystal on them is ~50x weaker than for the 5d levels.
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This splits the 5d levels into different components at different energies
depending on the coordinating polyhedron: the crystal field splitting. In
practice, these splitting effects mean that rare earths can have absorption
ranging from just UV absorption, to covering the entire visible spectrum.
The splitting of the 5d levels can be observed by exciting the luminescent
material at different wavelengths, illustrated for CaBr,:Tm*" in Figure 6.5.

Next to excitation from a 4f — 5d transition, photoluminescence in rare
earths can also be generated through the allowed charge-transfer excitation
or host-lattice excitation (formation of an exciton), seen for AIN:Eu®**,0*
in Figure 6.5. In a charge-transfer excitation, an electron from the ligands L
surrounding the rare earth cation is excited to the 4f level of the rare earth
(4f"L1 — 4f™'L7"). Following this transition, the system relaxes back, but
leaves an excited 4f" state behind. This excited 4f state can radiatively emit:
4fLat — (4f%)%L1 — 4f"L1 + hv.

Host-lattice excitation is a special type of excitation where an electron
from the host is excited across the bandgap. The electron and hole can
travel through the lattice in a correlated motion and can transfer their
energy to the rare earth ion. This energy transfer leaves the rare earth ion
in an excited state, which again can lead to emission from the rare earth.

Quantum yields are to a great degree determined by interaction with
the host through the host’s vibrational frequencies. The hosts most rare
earths are doped in can have vibrational frequencies that are sufficiently
low, less than 4-5 times the energy difference of the energy difference of the
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Figure 6.5 Optical transitions in CaBr,:Tm** (top) and AIN:Eu**,0* (bottom). CaBr,:Tm**
displays a very broad 4f-5d absorption region, spanning the entire visible spectrum,
followed by 4f-4f emission at 1140 nm. AIN:Eu** O* shows two other types of absorption:
Exciton (E, ) and two charge-transfer (CT) transitions. These are followed by a series of
4f-4f emissions, centered around 622 nm.
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radiative relaxation [16, Section 4.2], leading to that only very little energy
is lost to lattice vibrations. With little energy lost to lattice vibrations, all the
remaining energy can be used for the generation of luminescence, which
establishes itself as a high quantum yield.

6.2.3 Luminescence in Quantum Dots

Colloidal quantum dots, often abbreviated as quantum dots (QDs) in the
luminescence community, are nanocrystals (NCs) of semiconductor mate-
rial so small in size that their optical properties are dictated by quantum
confinement effects, rather than by their bulk material properties. Because
of these effects, QDs are often likened to artificial atoms, since, to a very
good degree, the effects observed in QDs can be described with the same
equations as the hydrogen atom (see, e.g., Refs. [24, 25]). When concerning
a QD made of a single material, changing the diameter of the QD directly
influences its optical properties. By altering the diameter of the QD, the
emission wavelength can be changed. A larger diameter QD leads to a
smaller bandgap and therefore a more redshifted emission. Literature often
features images of vials of QDs, where each vial contains a solution of QDs
with a specific diameter, showing that the emission wavelength is tunable
over the entire visible spectrum. A disadvantage of QDs composed of sin-
gle materials, such as CdSe of PbS, are their negligible Stokes shifts, causing
the QD LSC to suffer greatly from self-absorption losses. Furthermore, due
to the size of a quantum dot (typically only a few nanometers in diameter)
there is a large surface-to-volume ratio. This means that there are many
surface atoms, leading to a large fraction of the QD having unsaturated
bonds. Such unsaturated bonds can lead to channels for non-radiative
recombination, thereby reducing the quantum yield of the QD [26].
Enabling larger energy shift between absorption and emission in QDs
can be achieved by separating the absorption from the emission by fabricat-
ing core/shell heteronanocrystals. In these core/shell QDs, the shell (made
from a different material than the core) serves as an sensitizer, transferring
its absorbed energy to the core, as seen in Figure 6.6. The core functions
as activator, eventually emitting the absorbed energy as luminescence [13,
27]. Here, the absorption wavelength is determined by the shell thickness,
in much the same way as the luminescence is governed by the diameter
of the core. Adding a shell to the emitting core of the quantum dot does
solve the problem the core dots have of unsaturated bonds at the surface.
However, depending on the core/shell configuration chosen, it does intro-
duce a different set of problems. With the addition of a shell, the QD grows
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Figure 6.6 The different types of core/shell quantum dots [27].

in size, increasing the likelihood of light scattering and therefore a drop in
efficiency. In the case of Type I core/shell QDs, the shell can still trap the
charge carriers or have them leak to the surface, leading to reduced quan-
tum yields [28]. In the case of Type II core/shell QDs, the hole and electron
are spatially separated. While this does give the advantage of tuning the
emission further to the infrared (avoiding self-absorption) than was pos-
sible with just the core or shell material, it does also mean that it will take
some time for the spatially separated hole and electron to recombine radia-
tively. This increased radiative recombination time can make it possible for
faster non-radiative quenching processes to dominate the luminescence,
leading to lower quantum yields [26].

6.2.4 Hybrid Combinations

All luminescence processes described in the previous sections concern
one family of luminophores. The processes involved all require transfer
of energy from one state to another, which does not have to be confined
to only one family of materials. Often combinations of two techniques
are seen. For instance, rare earths can be combined with dyes to form
an organometallic compound. In such compounds, the dye is responsi-
ble for absorption, but will transfer its energy to the rare earth, which is
in turn responsible for the emission. Similarly, one can dope QDs with
transition-metal [29] or rare earth ions [30]. Here, the semiconductor host
absorbs energy, which it transfers to the doped cation. As the shift from
absorption to emission is now governed by the dopant instead of the QD, a
large, structure-independent shift is possible.
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6.3 Principle of Operation

The workings of an LSC are schematically summarized in Figure 6.7. In
brief, an LSC works by concentrating direct and diffuse incident light
absorbed at the face of a luminescent waveguide onto photovoltaic cells
located at the sides of the waveguide. The concentration of light occurs
because luminescent centers absorb the incident light and convert it to a
longer wavelength, after which the waveguide guides the generated lumi-
nescence through total internal reflection to the sides. A more in-depth
explanation can be found in the following sections.

6.3.1 Absorption of Light

At its core, an LSC is nothing more than a luminescent material embed-
ded in, or placed on top of a waveguide. For an LSC to function, it needs
to be exposed to a source of light. An LSC works with both direct and
diffuse light. Dependent on the refractive index of the material used to
build up the LSC, light will be refracted into it. For an LSC made of a sin-
gle slab of PMMA. 96% of light incident normal to the surface of the LSC
will be refracted into the LSC. Light incident at different angles will have
lower efficiencies in accordance with the Fresnel laws, as will be explained
in Section 6.4.5. The light that has been refracted into the LSC can now be

Luminescent center

Luminescent waveguide

i:— PV cell

Total internal reflection

Incident sunlight

Transmitted sunlight

Self-absorption
/ Escaped luminescence
* DCpower output Optical coupling -!
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Figure 6.7 Schematic of the working of a single-layer LSC. Other configurations, such as
(laminated) films on a waveguide (e.g., glass or polycarbonate), or tandem configurations,
where two LSCs are stacked on top of each other, are also possible (Figure adapted

from [31]).
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absorbed by the luminescent particles within. Of course, not all refracted
light will be absorbed. The amount of absorption is dependent on both (i)
the physical properties of the luminescent particles, and (ii) design con-
siderations of the LSC. For LSCs intended for use as a building-integrated
photovoltaic window, an LSC intended to absorb ultraviolet (UV) light
can feature up to 100% absorption, whereas LSCs that absorb visible light
(up to a specific color, or the entire visible spectrum) should feature lower
absorption, in order to still provide sufficient light for the environment
behind the window. In a study by Vossen, Aarts, and Debije [32], it was
shown that 25% absorption is the limit for red-tinted LSC BIPV windows.
All things remaining equal, an LSC that absorbs 25% of the visible spec-
trum will always outperform an LSC that absorbs 100% of the UV, only
due to sunlight having substantially more photons in the visible spectrum
than in the UV. All light that was refracted into the LSC and not absorbed
will be refracted out the back of the LSC and illuminate the area behind it.

6.3.2 Emission within the LSC

The light absorbed by the luminescent particles will be converted to emis-
sion characteristic for the luminescent particle in question. Usually, espe-
cially with experimental materials, this conversion does not happen with
100% efficiency. Part of the absorbed light will excite the available phonon
modes in the LSC, eventually only generating heat. The absorbed light that
“survived” conversion will now be emitted isotropically within the LSC.”
This separation of absorption and emission is precisely what makes an
LSC independent of the direction and type of incident light, as the direc-
tion of the emitted photons is randomized independently of their origin.
As happened with the light incident of the LSC, the light emitted by the
luminescent particles can be refracted out of the LSC’s faces. Again, this
happens in accordance with the Fresnel laws. The light that is refracted
out is said to “be in the escape cone” The light that is not refracted out
of the LSC will remain “trapped” within the waveguide by total internal
reflection (TIR) and will start traveling through the LSC, much like light
coupled into an optical fiber would. The percentage of converted photons
trapped within the LSC is referred to as the trapping efficiency #, . For a
single-slab PMMA LSC, M\ AMMOUNLS tO approximately 75%.

’As with everything, exceptions to this generalization exist. A subclass of LSC materials
feature non-isotropic emission with, for example, specially oriented nanorods that are
optimized to couple the emitted light to the sides of the LSC, promoting total internal
reflection, and therefore overall efficiency [33, 34].
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6.3.3 Effects of Self-Absorption

Depending on the LSC material used, what is described in the previ-
ous paragraphs would be most of what happens within the LSC itself.
However, if the used luminophore has an overlap between its absorption
and emission spectrum, the emitted light traveling through the LSC can
be reabsorbed in a process known as parasitic self-absorption. As can be
seen for BASF Lumogen F Red305 in Figure 6.3, one of the best-known
LSC materials, quite a degree of self-absorption can occur. Parasitic self-
absorption is a problem, as it results in a photon that was traveling to the
LSC perimeter by TIR becoming reabsorbed by the luminescent particles.
The photon then might get quenched (non-unity 7, ) or get re-emitted,
but in such a direction that it is lost in the escape cone. It should, however,
be noted that self-absorption does not always have to be detrimental to
the overall efficiency of an LSC. First shown theoretically by Merkx, Kate,
and Kolk [35] and then experimentally by Krumer et al. [36], if a material
has a sufficiently high #_, paired with a sufficiently high absorption, self-
absorption can bolster the overall LSC efficiency, as shown in Figure 6.8.
If the absorption is sufficiently high, light originally emitted in the escape
cone will be reabsorbed and subsequently re-emitted with a high probabil-
ity of not ending up in the escape cone again, thereby contributing to the
overall LSC efficiency.
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Figure 6.8 Theoretical efficiencies of a Red305 LSC with varying absorption coeflicient
and quantum yield. At a sufficiency high quantum vyield, the trapping of light can increase
due to light being recaptured in the escape cone. This recaptured light can then partake
in the total internal reflection process [35]. The optical efficiency rises, since with an
increasing absorption coeflicient the absorption of incident sunlight rises.
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6.3.4 Influence of the Waveguide

Even with luminophores that have no overlapping absorption and emis-
sion, another constraint on the light transport efficiency is the waveguide
itself [37, 38]. Scattering of light during TIR is a loss mechanism in LSCs.
This scattering can happen either at the surface of the waveguide due to
surface roughness, or within the waveguide due to defects within the LSC
itself. This scattering leads to a randomization of the traveling direction of
the formerly waveguided light and therefore the light might be scattered
into the escape cone.® For LSCs > 1 m? such as LSC-based windows, the
eventual device efficiency can differ by a factor 10, based on the choice of
waveguide. As shown in Ref. [13], normal window glass (soda-lime) has
an absorption that is too high in the red to near infrared spectrum relevant
to LSCs to be of practical use in windows. Other materials, such as N-BK7
glass, fluorinated PMMA, or TIREXtreme, make a much more viable
non-absorbing waveguide. For IPV applications, the absorption from the
waveguide will not impact performance much, given the short distances
emitted light has to travel.

6.3.5 Conversion of Concentrated Light to Electricity

When the TIR light reaches the perimeter of the LSC, most conventional
LSC designs dictate that the light will be coupled out of the waveguide,
mediated by a form of optical coupling, to finally be converted into elec-
tricity by a photovoltaic cell. Most often, off-the-shelf Si PV cells are used
in LSC research [40], since most contemporary LSCs output yellow to red
light, where a Si PV cells has excellent performance. However, off-the-shelf
photovoltaics are to an increasing degree optimized to absorb the solar
spectrum, just the same way LSCs are. LSCs try to convert this sunlight
outside of their absorption range, i.e., out of the visible range and into the
red to NIR, where Si PV cells start to lose performance.

One strategy to overcome the spectral mismatch between LSC output
and Si input is to use high efficiency III-V PV cells, such as GaAs [10]
or InGaP [41, 42], which show that the LSC efficiency can be greatly
enhanced by using better matched cells (typically by a factor 2-3 [35]).
Another approach would be to latch on to the recent developments in
wavelength-tunable PV, such as perovskite-based solar cells, or by tuning

8Here it is also the case that sufficient scattering might lead to an increase in LSC perfor-
mance [39]. A high degree of scattering also means that the LSC will appear hazy, defeating
its use as a window-like PV.
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the bandgap of CGS cells that have better absorption characteristics in the
LSC output region [43].°

6.4 Calculating LSC Performance

With the qualitative description of the previous section in mind, an LSC
can be modeled in much the same way as one would model a PV module:
through ray tracing. As such, some LSC articles even add to conventional
PV modeling software or principles. This ray tracing approach will be
treated independently of software packages in Section 6.4.5. More analytic
or semi-analytic approaches that follow the same paradigm of tracing the
separate optical steps are described for “back-of-the-envelope” calculations
that yield the maximal possible output for an LSC with a simple geometry
are described in Section 6.4.2 and Section 6.4.3. A more detailed approach
suitable for any LSC geometry is described using a quick semi-analytic
approach in Section 6.4.4. In addition to the methods presented here, LSCs
can also be described through entropic models, as described extensively in
Ref. [45].

6.4.1 Figures of Merit

Before we start with how an LSC can be calculated in full, we first have to
define what it exactly is that we want to calculate. The goal of an LSC is
to convert light incident on its faces to light radiating from its sides. This
concentration of light is quantified by what in literature is referred to as the
optical efficiency

B # photons in RN
#photons out at edges Sedges (M) X '

(6.2)

opt

1,p i Sometimes also referred to as the LSC luminescence efficiency #"*

[46], and sometimes, confusingly, the external quantum efficiency [41],
although the external quantum efficiency can also refer to all light emitted
from the LSC (i.e., both from the faces and the sides).

°A more detailed discussion on the merit of solar cells other than Si for use as IPV can be
found in Chapter 3 or in Ref. [44].
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Here it should be noted that 7 is not concerned with the origin of the
photons or whether their wavelengths are useful for further conversion by
a photovoltaic cell. This is where the PV, or power efficiency, comes in:

1.V, .FF
nPower = SCP . (63)

in

Here, I _is the short-circuit current, V__the open-circuit voltage and FF
the filling factor of the LSC waveguide combined with photovoltaic cells
while exposed to a light source (such as the sun, an LED, or tube lighting)
with power P, .

In LSC literature, the optical efficiency is preferred over the power effi-
ciency. The power efficiency is too dependent on the performance of the
optical coupling and the types of PV cell used and therefore does not say
much about the performance of the LSC itself.

To quantify if using an LSC is more efficient than directly exposing the
attached PV cells to the light source, another figure of merit is introduced:
the concentration factor

F — GnPower , (64)
Moy

ALSC

where G = is the geometric gain (the ratio of the face area of the LSC

PV
to that of the attached PV cells) and 7, the efficiency of the used PV cells.

At the time of writing, the top-performing single-crystal Si PV cells
have 7, = 26.7% [47, 48].

If we assume a window measuring 1 x 1 x 0.05 m’, this would mean
that for an LSC with PV cells all around the window frame, A, =02 m>.
The LSC itself covers the entire window, measuring at A =1 m?. For an
LSC to make sense, I' > 1. Therefore, 7, > 5.3% for it to make sense to
install an LSC, as opposed to exposing the PV cells directly to the incident

sunlight.

6.4.2 Upper Bound for LSC Efficiency

In its most essential form, the behavior of an LSC can be summarized as

nopt = (I_R) M ’7QY I/Itrap Hsa Mwe: (6.5)



150 INDOOR PHOTOVOLTAICS

Here, R is the amount of reflection from the LSC face, 17, is the fraction of
light that the luminophores contained within the LSC are able to absorb, 77,,, is
the quantum yield of the used luminophores, 77, is the fraction of light emit-
ted outside the escape cone and 7, and 7, . are factors to take respectively the
self-absorption and waveguiding (scattering) efficiency into account.

An upper bound for this optical efficiency, which does not take self-
absorption into account, is given by

TNtrap
Thabs —
J1= RIS 1~ exp(—eMed) gy [1- - d
Pisc (66)

Mot = [svdn

Here, the first braced term is the Beer-Lambert law as a function of the
molar attenuation coeflicient ¢ (A) of the luminophore at concentration ¢
for an LSC of thickness d for a light source with spectrum (expressed in
amount of photons) S (A), usually taken to be the AM1.5g spectrum, when
discussing LSCs for solar (outdoor) applications. The term in the second
brace is 1, written out according to Snell’s law for a refractive index of
1,.» for an LSC surrounded by air at both faces.

We now have all the ingredients needed to see what a hypothetical LSC
should be capable of in order to be more effective than directly exposing
the perimeter’s PV cells to sunlight. As we saw in Section 6.4.1, fora 1 x 1 x
0.05 m’ LSC with a perimeter of Si solar cells, we want 7, > 5.3%. To
accomplish this, we can define two types of LSCs that would not cause arti-
ficial color blindness, shown in Figure 6.9a. One type absorbs uniformly
until 400 nm: a UV-absorbing LSC that leaves the visible spectrum unal-
tered. The other absorbs uniformly until 780 nm, thereby also dimming
the visible light that enters a building. Both LSCs feature no self-absorption
(as we cannot account for that yet) by emitting a 20 nm full-width half-
maximum Gaussian centered at 900 nm. These hypothetical LSCs further-
more have n = 1.49 (PMMA), yielding (1 — R) = 0.96 for light at normal
incidence and 77, = 0.75.

Calculating the power efficiency for such an LSC goes in much the
same way as one would calculate the theoretical efficiency for a solar cell.
The theoretical power efficiency for a solar cell is found by integrating the
external quantum efficiency EQE ()) of the PV cell multiplied by the spec-
trum of light incident on the PV cell. In our case, that is the edge-emission
spectrum of our LSC ®_ (M) in terms of photons per second. All these
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Figure 6.9 Power efficiencies for two hypothetical LSCs without self-absorption,

(a) Absorption spectra for two LSCs, one absorbing only UV light (until 400nm), one
absorbing UV and all visible light (until 780nm), both emit at 900 nm. Behind are
normalized photon counts for AM1.5g. (b), (c) Power efficiencies for the UV (panel b)
and visible (panel ¢) absorbing LSC. Grey reference lines are placed indicating at what the
surface area these square LSCs would exceed T = 1. Below the graphs is an indication of
the perceived brightness of light passing through at the specified absorption efficiency.

photons will get an energy equal to the bandgap of the PV cell E, which for
Siis 1.12 eV. Excess energy of photons will be converted to heat.

The power efficiency is ratio of the power output yielded by the con-
verted photons to the incident solar power (in this case with an AM1.5g
spectrum S, (M), expressed in photon flux). This leads to

_ [iL EQE(N) X E, x @, (M)dA

Power —

b

o h
Arse Jrso Samisg (7\')(;]&\' (6.7)

with EQE(1) the external quantum efficiency and E  the wavelength-
dependent external quantum efficiency and the bandgap of the used PV
cell, respectively. ®_ (A) and A are the edge-emission spectrurr’11 in terms
of photons per second and the area of the LSC, respectively, TC is the

energy-conversion factor (1240/X eV) from photon counts to energy.

Without self-absorption, the flux of converted photons ®@__can be eas-
ily retrieved from the optical efficiency, combined with the emission spec-
trum of the LSC S, (M):

S (M)
Sy Ser (M)dA

Normalized emission

D, (M) =Ny Arsc Jx Samrsg (M) dA (6.8)
. 0

Rate of photon conversion
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Figure 6.9b and c show the results of this calculation for our UV and
visible light absorbing LSCs, respectively, at different quantum yields.
From Figure 6.9b, we can see that a UV absorbing LSC only becomes really
effective at 100% UV-absorption (yielding 1, = 4.7%), with unity quantum
yield; and even then only when incorporated in large > 4 m* windows.
LSCs absorbing visible light perform more favorably, as shown in Figure
6.9c. Contrary to UV-absorbing LSCs, they do dim the incident visible
light (as seen in the color bars below Figure 6.9b and c), but a small amount
of dimming already yields appreciable power efficiencies. To exceed I' = 1,
fora 1 x1x0.05m’ LSC with a perimeter of Si solar cells at 7,,= 1, an 7,
of 12% is needed, which amounts to only a minor amount of dimming, as
can be seen in Figure 6.9c. Increasing the window size quickly yields T > 1
for LSCs absorbing the entire visible spectrum.

6.4.3 Analytical Approach for Simple Geometries

When considering self-absorption losses, the geometric-progression model
developed by Klimov et al. can be used when dealing with an LSC with
collection at two edges of length L, and mirrors at the other two edges [49].
Klimov et al. took for this model the analytical equations first introduced
by Weber and Lambe [1] in their seminal paper. They simplified the model
of Weber and Lambe, which does not take reemission of self-absorbed light

into account, by fitting the model’s self-absorption efficiency 7 with
n - (6.9)
WL T By T :
which resulted in f=1.440.54/L/150 from fitting with
Se(Ma(L) dA
_ /8y M) 610)

T s di

the average absorption coefficient of emitted light S, () by an LSC with
Napierian absorption coeflicient a(X)'.

To account for self-absorption, the model uses the notion that the
amount of light concentrated at the LSC perimeter is the light resulting

"In the case of sharp absorption edges, this equation will yield unexpected results. In such
a case, a non-averaged a2 should be used instead.
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from conversion by the luminophores, except for the light that is lost due
to reabsorption:

0
nior)l = Nsa, weaL Ty Mivap - (6.11)

Light that is reabsorbed is converted again, with an efficiency

772)31 = Ny Miwap (1= M wea )My 772231- (6.12)

Extending this for every reabsorption event leads to

T’g))n = (nQYntrap )y (1- Nsa, ) Nsa, waL (6.13)

and therefore, filling in the expression for % from Eq. (6.9):

SA,W&L

(i) _ nQY ntrap

ncon = ncon - (614)
; l+ﬁa2L(1_nQYntrap)
with, as mentioned before, f=1.440.5+/L/150.
This leads to a simple expression for the total optical efficiency:
Mopt — e R(M)]S,, (M) {l—exp[l—oa(N)d]} dA n
[S. (W)dA
_ J1=RMW)IS,(M{1—exp[1-a(M)d]} d A Moy Mheap
/S, (A)dAr 1+ fonL(1-ngyM,., )
(6.15)

A disadvantage of this model is its limited use cases, being only valid for
an LSC with two mirroring faces.

6.4.4 Semi-Analytical Optimization Calculations for Arbitrary
Geometries

Extending the notion of including self-absorption, a semi-analytic model
to calculate LSC performance for cylindrical LSCs was introduced by
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Kate et al. [50]. This model was later extended by Merkx et al. [35] for all
geometries. This model takes self-absorption into account by modeling the
LSC with several “generations” of light absorption steps, hence the name
of the model: Multiple Generation Light Transport (MGLT). What makes
this approach different from the geometric-progression model presented
by Klimov et al. is the possibility to calculate every aspect of LSC light
transport, not limited to just the device efficiency, for LSCs of arbitrary
geometries. Parameters such as escape cone losses, the exact shape (in
terms of intensity per wavelength) of the edge-emission spectrum, and the
degree of self-absorption of the LSC as a function of position can be cal-
culated. In the following, a summarized description of the used equations
is presented. After that follows a short example of how the model works
for a dye-based LSC with strong self-absorption. To further get a feel for
how the model works and how the equations involved influence the LSC
efficiencies, a worked out example in MATLAB code of the MGLT model
is available in Ref. [51]. For this model, only the absorption and emission
spectra, the quantum yield, and the refractive index of the LSC of interest
are required as input parameters.

In the MGLT model, the optical efficiency is calculated over a series of
light emission generations N,

N absorbed

1-R
Mo = ( )nabs ntmpx '[ J o, —niYidde’- (6.16)
i=0 trap

Arcs

Here, N, . .=(1-R),n, N are the amount of absorbed photons from

a total of N incoming photons, o, is the emission of the luminophores of

. . 1 . . .
generation i, while —————7, is the absorption of that generation,
r'trap+r'CA

including any photons in the escape cone that are reabsorbed before they
can exit the waveguide.

For every generation i the difference between emission and absorption
is calculated taking escaped or quenched photons into account, similar to
the geometric series model as presented in Section 6.4.3. The main dif-
ference between these models is how exactly the absorption is calculated.
In the MGLT model, absorption y, of a generation i is given by the two-
dimensional convolution of the absorption density a(x, y, 1) and the emis-
sion of that generation o,(x, y, A):

Y, (%, s }\)z[ntrap + 1o, Mo 6y N) **ax, y, 1), (6.17)



LUMINESCENT SOLAR CONCENTRATORS 155

with

a’(l)exp[a'(?»)\/xz +y° }

27r\/x2 +y°

a(x,y,\)= , (6.18)

where a’(\) is an “effective” absorption. This effective absorption corrects
the absorption spectrum in such a way that the path that light travels
through the LSC is independent of the polar emission angle 0:

-6,
, (M) 1
o' ()= .
() T—26, . sin(0) (6.19)
Eq. (6.17) corrects for absorption in the escape cone with
d 6, )
1 aA)z | .
Nea = dJ‘J.I— exp[— cos(0) }sm(@) dédz. (6.20)
00
Finally, the (re)emission spectra of the LSC are given by
Ser (A
7HQY {L( ) Nabsorbed 5 fOI' i=0.
o,(x, y,?\‘) = o
i S (O (6.21)
TIQY;:L() J. Ay (x,y,A)dA,  fori>0.
=0

A good way to understand what is happening in the equations above
is to do an example calculation. For this example calculation we will use
the dye Lumogen Orange (94738 Fluoreszenzorange) [52] embedded in a
sheet of 10 x 10 x 0.5 cm® PMMA (n = 1.49), with absorption and emission
spectra as shown in Figure 6.10a. This dye has a very high quantum yield
Ny = 0.95 and features strong self-absorption.
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Figure 6.10 Properties of Lumogen Orange [52]. (a) Absorption and emission spectra,
(b) Results for the first generation of MGLT. (c) Light spectrum observed at the edges
of the LSC, calculated with both MGLT and Monte Carlo. The lines overlap perfectly,
without any scaling.

We start at generation i = 0. To calculate the optical efficiency, we need
to see what is absorbed. For our LSC, this amounts to

Nabsorbed — / [1 - R(Q\')] S(A’){l —€Xp [1_ a(}b)d]} d)\,

N JS(?L)d?u =6.88% (6.22)

This absorbed light will then be reemitted by the luminophore in accor-
dance with Eq. (6.21). Looking at Eq. (6.16), the only thing still required
to calculate the optical efficiency of this first generation of light transport
is the amount of reabsorption of this emitted light, given by Eq. (6.17).
The results for emission and reabsorption in the first generation integrated
over the surface of our LSC are plotted for the input spectrum from Figure
6.10a in Figure 6.10b. From the difference in emission and reabsorption,
we can calculate the edge spectrum 7 (A) for the first generation. For
the first generation, this is shown on the right axis of Figure 6.10b, with a
more detailed image for all generations visible in Figure 6.10c. Integrating
Mopeo (A) over all wavelengths, gives us the solution to Eq. (6.16) with N = 1.
This integration yields a total optical efficiency for the first generation of
light transport of 2.14%. If we increase the number of generations, each
generation will progressively contribute less, as seen in Table 6.1, until cul-
minating in a total optical efficiency of 7, = 3.76%.

A practical usage of the MGLT model is for the precise optimization of
planar LSCs, using only a limited number of light transport generations.
For optimization, this model is preferable to Monte Carlo simulations
(detailed in the next section), because of the constant time it takes to cal-
culate each generation, regardless of LSC geometry or absorption strength.
Furthermore, this model has been shown to agree with Monte Carlo
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Table 6.1 Contribution to optical efficiency per generation for a
Lumogen Orange LSC plate simulated with MGLT. The simulation
was stopped after simulating 12 generations, with the total
contributions of generation 8 to 12 adding to less than 0.01%.

Generation i Contribution to optical efficiency (%)
0 2.14
1 0.92
2 0.40
3 0.17
4 0.08
5 0.03
6 0.01
7 0.01
8...12 0.00
Total 3.76

simulations to an excellent degree, as shown in Figure 6.10c. This agree-
ment serves as a kind of “litmus test” for the validity of the MGLT model.
Not only is the eventual calculated optical efficiency (1, , = 3.76%) identical
for both simulations, but even the details of the edge emission spectrum.

6.4.5 Monte Carlo Simulations for Ray-Traced Complex
Geometries

In addition to all (semi)analytical models presented in the previous sections,
there is the industry standard way of simulating LSC behavior: Monte Carlo
(MC) simulations. In MC simulations, individual incident photons are sim-
ulated, but the wave nature of light is ignored in favor of computationally
more efficient and highly parallelizable ray tracing. A great advantage of
using MC opposed to analytical models is that any geometry LSC can be
taken into account, as well as involved waveguide designs, without having
to alter any equations, contrary to what would be the case with the previ-
ously described analytical models. A disadvantage of MC when compared
to analytical models is that MC simulations do not run in constant time,
and may take a long time to converge to accurate results [53, Ch. 3]. Several
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commercial (e.g., Light Tools [54] or COMSOL [55]) and non-commercial
(e.g., PVTrace [56] or MC.m [35, 57] for unpolarized light) MC ray tracing
software products exist, making it easy to set up and simulate an LSC.

MC simulations approach the problem of ray tracing stochastically. That
means that an individual ray can only fully transmit, reflect, get absorbed,
etc., and that only when looking at the average of all simulated rays some-
thing can be said about, for instance, partial absorption of incoming light.

An MC simulation is initialized by generating a photon incident on the
LSC surface. This photon has a polarization (s or p), azimuthal angle ¢,
polar angle 6 and position in space X. For simulations of LSCs, it is efficient
to have the initial position to be somewhere on the face of the LSC; for a
rectangular LSC of dimensions [ x w x d:

X E,!xw
x=| y |=| &I | (6.23)
z d

with & a random number between 0 and 1, either random or chosen from
a Halton sequence [53, Ch. 3]. For most simulations, light incident on the
LSC is chosen to be normal to the LSC surface, i.e., ¢ = 0, 0 = 7 [58, 59].

A photon is reflected or transmitted at the LSC interfaces in accordance
with Snell’s law

n, sin (0,) = n, sin (6,) (6.24)

For transmission, these will be combined with the Fresnel equations

= 2m cos(6,) (s— polarization) (6.25)
n, cos(6,) + n, cos(6,)
2n, cos(6,) L
= 1 ! (p— polarization) (6.26)

n, cos(6,) + n, cos(6,)

leading to a probability of transmission for either polarization

_m cos(0, )‘ ‘ 627)

n, cos(6,)
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Similarly, for reflection

_ n;cos(6,) — n, cos(6,)
n, cos(0,) + n, cos(8,)

(s— polarization) (6.28)

s

_ n;c08(0,) — n,cos(6,)

— polarizati 6.29
”1C05(02)+n2cos(01)(p polarization) (6.29)

P

with probability of reflection for either polarization

2
R=|p|". (6.30)

The most common occurrence for LSCs is exposure to sunlight.
Sunlight can be considered to be unpolarized. This greatly simplifies the
above equations, as the contributions of s and p polarization can simply
be averaged:

R +R
R= 5 L. (unpolarized light) (6.31)

In MC ray tracing, to see if a ray is reflected, a random number & € [0,1)
is generated. If § < R, the light ray is reflected. Otherwise, the ray is trans-
mitted to the next medium. The MC algorithm is explained schematically
in Figure 6.11.

If the photon has entered the waveguide, the maximal path length ¥, it
can travel before absorption is given by

_ 1
T a))

log(1-¢,), (6.32)

with &, € [0,1).

Combined with the Fresnel equations, the new position of the photon
can be calculated. If the photon is absorbed within the LSC, we have to
check if luminescence occurs. This is the case if fQY <My with fQY e [0,1).In
the event of luminescence, the photon will be assigned a new wavelength
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Figure 6.11 A general schematic representation of the MC ray tracing flow. Reprinted
from [35].

A’ by inverse transform sampling the emission spectrum of the LSC. Here,
the emission spectrum is assumed a probability density function for the
wavelength our photon will have upon emission. The angles under which
the photon is reemitted are obtained using

¢ =27, (6.33)
0" = cos'(1-2¢)). (6.34)
Here, £¢, 59 € [0,1).

Following reemission, we have to check again where the photon will
head, solve the Fresnel equations upon interaction with an interface, or if
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the photon is absorbed on its path, check if reemission happens, until the
photon has either escaped the waveguide or is quenched.

For unpolarized light traveling in an LSC consisting of a single slab of mate-
rial, the transport calculation can be sped up. In this case, the new position
XA of our photon after traveling a distance ¢ at angles 6, ¢ can be found with

{sin(¢)
sin(6)
X=X+ Ccos(9)
sin(6) (6.35)
Az

Here, Az is dependent on whether total internal reflection happens. In
the case of total internal reflection (6, < 6" < w - 6), Az depends on the total
number of reflections

‘ﬁcos(9)+z‘
= (6.36)
Which yields for Az:
A ‘KCOS(G’)+Z‘ mod (d)-z, (9—’2’)><Ev(Nreﬂ)>O
7z =
d—|Ccos(6")+2| mod (d)-z, Otherwise
(6.37)

where Ev(N_,) returns 1 if N, is even, and -1 otherwise. In the case emis-
sion happens inside of the escape cone (no total internal reflection):

Az = ¢ cos (0). (6.38)

When the photon exits the LSC through the sides, it is assumed to be
collected by the PV cells. Otherwise, the photon has escaped through the
escape cone or has never been absorbed at all.

These ray tracing simulations can give direct insight into how light rays
propagate through an LSC. Also, the amount of self-absorption can be



162 INDOOR PHOTOVOLTAICS

10 ©¢

—=collected 4 b mw=10cm
———=escaped ] -w:;gcm
/'o\ mBw= am
TRt I = = 4 mw=40cm
Y e 4 & 6 s T mw=50cm
W L g O collected = 8 Bw=60cm
b = I 4 @ escaped o = Ew=70cm
SR B quenched = E 2 mw=80cm
. o B transmitted| =5 Ow=90cm
LA W W reflected Ow=100cm

e < .A.J'.'- 0
Ay 400 500 600 700 800 1 2 3 4 5 6

Wavelength (nm) Times absorbed

Figure 6.12 MC simulation for a hypothetical Red305 LSC with 80% visible transmission
and 7, = 0.8. (a) Simulation output giving an indication of where in the LSC light escapes
and where it is collected. Here only a limited number of rays are displayed for clarity,

(b) Distribution of where photons incident on the LSC end up. The wavelengths are the
wavelengths of the incident light, (c) Number of reabsorption steps a photon undergoes
in LSCs of differing sizes ((I = w) x w x 0.5 cm?). 0 times absorbed is not displayed, as that
value is determined by the transmission, and therefore the same for all LSC sizes (80%).
For LSCs of increasing sizes, the number of absorption events scales with the size.

quantified by looking at the number of absorption events a ray is likely to
undergo. This effect can be seen for a hypothetical Red305 LSC with 80%
transmission of visible light and a quantum yield of 80% in Figure 6.12.

6.4.6 Considerations for Thin-Film LSCs

All presented models and equations in the previous sections neglected the
wave nature of light. This assumption is reasonable, since all dimensions
in PMMA LSCs (> 1 mm) and waveguides laminated with a luminescent
coating (> 100 um) exceed the wavelengths of sunlight under consideration
(~ 300 nm to 1200 nm). In thin films (0.1 um to 10 um) this assumption does
not hold any longer, and the wave nature of light must be considered. For
thin films, the absorption, transmission, and reflection of light are altered by
constructive and destructive interference effects. These interference effects
can be taken into account when modeling LSCs using the transfer matrix
method (TMM). Many software packages are available that handle the equa-
tions of a thin layer stack. The work by Byrnes [60] gives a good overview of
what mechanics are at play when employing TMM for transmission, absorp-
tion, and emission calculations. For LSC work, one can assume that the
luminophores are randomly distributed throughout the thin film LSC. This
random distribution means that light transport can be assumed to happen
incoherently through the waveguide [61]. Therefore, after calculating the
amount of absorption using TMM, the methods presented in the previous
sections can again be employed to calculate LSC efficiencies.



LUMINESCENT SOLAR CONCENTRATORS 163

6.5 State-of-the-Art LSC Materials

6.5.1 Measures for the Visual Performance of LSC Materials

As is evident from the previous sections, an ideal LSC is the result of a
careful balancing exercise. To bolster efficiency, as much light as possible
should be absorbed, but this absorption should have no overlap with the
emission, as self-absorption is mostly detrimental to performance. For win-
dows, high absorbance in the visible spectrum should be avoided because
of their application as light sources: an opaque plate does not make for a
good window. Next to the desired low absorption in the visible spectrum,
the absorption spectrum should be featureless, so the perceived color of
objects illuminated through the window is still close to what it would be
were the object illuminated with white light.

A measure for the perceived color is the color rendering index R, intro-
duced by the International Commission on Illumination [62]. R compares
the spectrum measured from a light source (in our case, an LSC trans-
mitting sunlight) with a standard illuminant operating at the same cor-
related color temperature (CCT). It does so by looking at the difference
in perceived color of fourteen standard samples (listed in Table 6.2) when
illuminated by the tested light source to that of the standard illuminant.
This difference gets assigned a value, with 100 being a perfect match with
the reference, and mismatches being lower, and sometimes even negative
values. The average of the first eight of these values is the color rendering
index. The European Standard (EN 12646:2011) requires a CCT between
3000 K and 5300 K (warm and intermediate white light) and a minimal R_
of 80 for work spaces like offices.

The perceived color of an LSC can be described by another CIE stan-
dard: the tristimulus values X, Y, Z. These values correlate the spectrum
of the illuminant of interest with the spectral sensitivity of cone cells in
human eyes, and can straightforwardly be found by integrating the trans-
mitted spectrum T (\)S (\) multiplied by the cone responsivity x (A), ¥ (A),
or z (\) over the visible spectrum A _ .

X=K J T)SA)EM) dA, (6.39)

Avis

for X, with K a scaling factor between 0 and 100. For Y and Z similar for-
mulas apply.
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Table 6.2 List of test color samples.

INDOOR PHOTOVOLTAICS

Approximate notation Appearance under
Name Munsell daylight Swatch
TCSO01 | 7,5R6/4 Light greyish red :
TCS02 | 5Y6/4 Dark greyish yellow :
TCS03 | 5GY6/8 Strong yellow green -
TCS04 | 2,5G6/6 Moderate yellowish green -
TCS05 | 10 BG 6/4 Light bluish green :
TCS06 | 5PB6/8 Light blue -
TCS07 | 2,5P6/8 Light violet -
TCS08 [ 10P 6/8 Light reddish purple -
TCS09 | 4,5R4/13 Strong red -
TCS10 | 5Y 8/10 Strong yellow
TCSI1 | 45G5/8 Strong green -
TCS12 | 3PB3/11 Strong blue -
TCS13 | 5YR8/4 Light yellowish pink
TCS14 | 5GY 4/4 Moderate olive green (leaf) -
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520 R: Red

B: Blue

G: Green

O: Orange

P: Purple

Pk: Pink

Lower case
refers to -ish
e.g.y: yellowish

0.8 4

0.2 4

Figure 6.13 Example of the CIE 1931 color space chromaticity diagram with approximate
regions and descriptions for colors added. The curve enclosing the colored regions
indicates monochromatic light with wavelengths as indicated along the curve (Adapted
from [63]).

The tristiniulus values can be normalized to chroniaticity color coordi-
nates x, y and z, e.g.:

X

Xx= (6.40)
X+Y+Z
Here, x and y represent the chromaticity, and Y a measure for lumi-
nance. These color coordinates make it possible to compare colors and can
be plotted in a standardized CIE 1931 color space chromaticity diagram,
an illustration of which is shown in Figure 6.13.

6.5.2 Evaluating the Performance of State-of-the-Art LSCs

To compare developments in LSCs, we have compiled a list of recently pub-
lished materials and “classical” LSC materials, such as BASF Lumogen F
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Red 305, and compared them based on a simulated 100 x 100 x 0.5 cm?
plate. This simulated plate is illuminated with AM1.5g light incident nor-
mal to the face of the plate. The performance of the plate is calculated using
the Monte Carlo approach, as described in Section 6.4.5 using 10 photons.
An assessment is made on the performance of the plate when transmitting
80% of the incident light, defined as

-/7wis SAMLSO\')GXP(_O(O\«)CI) dr _
/Xvis SAMI.S(Q\') d?\,

0.8. (6.41)

A 100 x 100 x 0.5 cm® square plate, without lamination on glass or tan-
dem construction is presented to provide a fair comparison between all
LSC materials. 100 x 100 x 0.5 cm® is a realistic size for a window in the
built environment. No power efficiencies are calculated, since the perfor-
mance of an LSC is highly dependent on the chosen PV cell. A fairer com-
parison is therefore to only look at the optical efficiencies for each LSC
material. For each family of materials: dyes, rare earth ions, and (doped)
quantum dots, an overview of the photoluminescent quantum yield, CCT,
and R at 80% transmission can be found in their respective sections. An
overview of absorptions and photoluminescent emission, combined with
the perceived color at 80% transmission can be seen in Figures 6.14 to 6.18,

] \_/A ol
] HITCI
] 02
. 0.2 0.4 06
X

] PP

/\/_k Red305
- N

Absorption/Emission (a.u.)

DPA
T T T T T T T T T T T T T T T T

400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200
Wavelength (nm)

Figure 6.14 Absorption and emission spectra of dye materials used for LSCs. In the inset
the color coordinates in a zoomed-in CIE1931 diagram of the dyes at 80% visible light
transmission are shown.
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also located in those sections. All materials are assumed to be evenly dis-
persed in PMMA plates (n = 1.49), with no absorption from the matrix
material. The calculated efficiencies in the following section are therefore
an upper limit for a realistic LSC plate. Setting these constraints allows for
comparison of all active compounds, not limited by fabrication methods.

6.5.3 Dye-Based Luminescent Solar Concentrators

The dyes presented here are amongst the more “classical” LSC materials,
and therefore also the most mature. The overview as presented in Figure
6.14 is far from all available dyes, as many exist (such as the Lumogen series
from BASE, or the Fluorophores from Thermo Fisher [66]). Therefore, we
have chosen to only present “proven” dyes, used in large-scale experi-
ments (BASF Lumogen F Red 305 [Red305], diphenylanthracene [DPA],
di-benzo-thiadiazole [DTB] [64]), or recently published dyes with high
experimental significance (perylene-perinone [PP] [7], and two cyanide
derivatives: CY, HITCI [65]).

As can be seen in Table 6.3, the quantum yields of these classical dyes
are excellent for luminescent solar concentrators, with Red305 repeatedly
reported with achieving 100% quantum yield. These dyes do, however,
have their drawbacks. At 80% visible transmission, these dyes have a faith-
ful color reproduction but are inefficient; with the UV and blue absorb-
ing DPA only achieving 0.2% optical efficiency. As seen in Figure 6.14,
DPA’s coloration is low, with a high color rendering index (>90, see Table
6.3), centered around the “white light” locus in the CIE 1931 chromaticity

Table 6.3 Reported quantum yields and simulation results for 80% visible light
transmission in dye-based LSCs. Both the average R and the worst-performing
R are reported; ‘index’ specifies the name of the worst-performing color test
sample (see Table 6.2).

Name . (%) | CCT(K) [ R, | Minimal R | Index Mot (%) | Ref.
DPA 83 5451 | 99 98 | TSCI10 0.2 | [64]
DTB 90 3698 | 83 43 | TS C09 2.5 | [64]
PP 80 6965 | 96 90 | TS C09 2.6 | [7]

Red305 100 5077 | 66 -26 | TS C09 3.5 | [7]

CY 14 5551 | 96 76 | TS C09 0.0 | [65]
HITCI 28 5965 | 96 75 | TS C09 0.0 | [65]
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diagram (see Figure 6.13). Alternatively, the dyes have an excellent optical
efficiency, with DTB at 2.5% and Red305 at 2.1%, but suffer from heavy yel-
low and red coloration, respectively. The high efficiency dyes are therefore
used in architecture applications where continued presence is not required.
For instance, Red305 was used as a luminescent solar concentrator noise
barrier next to a highway [67], and a mixture of DPA and DTB has been
utilized as a roof to charge electric bikes [64, 68].

A newer class of dye materials (CY and HITCI) aims to overcome the
heavy coloration by shifting the absorption from the visible spectrum to
the infrared. Unfortunately, these materials also face some challenges, as
their small Stokes shift leads to much reabsorption, with the low quantum
yields not able to compensate for these reabsorption effects.

6.5.4 Rare Earth-Based Luminescent Solar Concentrators

As seen in Figure 6.15, the europium-doped Eu(TTA),(TPPO), is a clear
example of the benefits and drawbacks of using UV absorbing rare earth
organometallic complexes in LSCs. Due to the large shift in energy"
between the absorption by the (TTA),(TPPO),* dye ligand, followed by
well-defined f-f emission at 614 nm, no self-absorption is observed while
retaining an excellent color rendering index of minimally 97 (see Table 6.4).
Combined with the high quantum yield, nearly all absorbed photons will
be emitted, contributing to the total device efficiency. Unfortunately, only
a small fraction of all solar photons are available in the UV part of the
solar spectrum, placing a serious cap on the efficiency. At 20% visible light
absorption, only 1.3% of incident photons are absorbed. Combined with a
trapping efficiency of 74%, this yields a maximally achievable #_, of 0.7%.

A notable exception to the materials reported in this chapter are the
Yb**-doped CsPbCl, perovskite nanocrystals [70]. This material belongs to
a new class of LSC materials that try to increase the quantum yield for an
LSC beyond 100% by employing quantum cutting. Quantum cutting is a
phenomenon where one high energy photon (ideally) gets converted to two
low energy photons by exploiting energy transfer within a material. This
approach allows for an LSC that only absorbs UV photons, and is there-
fore transparent in visible light. The absorbed sunlight can then be emitted
as infrared photons that do not suffer from reabsorption. Unfortunately,
currently quantum cutting only seems to work at low photon fluencies
for Yb’*-doped CsPbCl, perovskite nanocrystals, with quantum yields

"Not to be confused with Stokes shift, which only applies to a transition within the same
electronic state.
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CsPbClz:Yb3+
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Figure 6.15 Absorption and emission spectra of rare earth-based LSCs. In the inset the
color coordinates in a zoomed-in CIE1931 diagram of the rare earths at 80% visible light
transmission are shown.

Table 6.4 Reported quantum yields and simulation results of 80% transmission
of visible light LSC based on rare earth ions. Both the average R and the worst-

performing R are reported; ‘index” specifies the name of the worst-performing

color test sample (see Table 6.2).

CCT Minimal
Name Ny (%) (K) | R, R, index | 1, (%) | Ref.
Eu(TTA)3 73 5492 | 99 97 | TCS12 0.7 | [69]
(TPPO),
CSPbClS:Yb3* 302 3710 | 72 42 | TC S09 1.5 | [70]

©200% at extremely low photon incidence.

diminishing when exposed to high powers. This effect leads to a quantum
yield of 30% when exposed to sunlight [71].

6.5.5 Quantum Dot and Doped Quantum Dot-Based
Luminescent Solar Concentrators

The sheer size of the figures and tables presented in this section already
indicates the popularity of quantum dots for LSC research. The tunable
emission and absorption which, to a first degree, only depend on the size
and chosen material of the dot, make QDs a versatile research direction. At
the same time, QDs are cheap to fabricate and easily dispersed in organic
waveguide materials, either in polycarbonate plates or in laminated layers,
which makes scaling up to LSC prototypes possible while the material itself
is still in the lab stage. A recent development for quantum dot LSCs are
attempts to free the dots of toxic materials such as cadmium or lead. This
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is done by either choosing a different crystal, such as CulnSe or AlS, or by
using properties of nanocrystalline carbon or silicon.

As can be seen in Figure 6.16, QDs made up of only a core suffer from
very small Stokes shifts. Growing the QD leads to a smaller bandgap dic-
tated by the quantum confinement effect, and therefore to a larger absorp-
tion, as can be seen by studying the difference in absorption between 3
and 4 monolayers of CdSe as a nanoplatelet versus its “full” quantum dot
form. Combined with the low quantum yield of these QDs, the optical effi-
ciency of direct bandgap QDs does not exceed a few tenths of a percent,
as seen in Table 6.5. An exception to what is observed for core QDs are
QDs composed solely from Si. Figure 6.16 shows that these Si QDs have
almost no overlap between their emission and absorption. This effect can
be attributed to the luminescence coming from the indirect bandgap of the
Si QDs. This luminescence from the indirect bandgap is more prevalent
than the quantum confinement effect [77]. This smaller self-absorption in
Si leads to an optical efficiency of 1.3%, while still having a fair color ren-
dering index, carrying mild yellow coloring (see Figure 6.16).

In the core/shell QDs presented here, the shell acts as sensitizer, and
the core as activator. The much broadened absorption provided by the
shell leads to significantly improved color rendering over their core-only
varieties. Furthermore, these QDs are typically reported with reasonable

PbS
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CdSe (3ML)
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Si —%on = Cd
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Figure 6.16 Absorption and emission spectra of LSCs based on core quantum dots. In
the inset the color coordinates in a zoomed-in CIE1931 diagram of the QDs at 80% visible
light transmission are shown.
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quantum yields of over 50%. This combination leads to the core/shell
quantum dots being amongst the most efficient LSC materials.

Notable systems are the CdInSez/ZnS, CulnS,/ZnS and AlS/ZnS LSCs.
For CdInSe /ZnS, a 6.4% optical efficiency was shown ina 15.2 x 15.2 cm?
device. These would yield a 2.4% optical efficiency at 80% transmission,
without inducing artificial color blindness. The CulnS_/ZnS quantum dots,
for which an optical efficiency of 8.1% was demonstrated for a 10 x 10 cm?
LSC [81], lead in our simulations to an 2.8% efficiency at 80% transmission
while still boasting an excellent R, as seen in Table 6.6. A similar story
applies to the AIS/ZnS QDs, where, still with excellent color rendering,
high efficiencies of 2.7% could be reached. What makes these last two sys-
tems notable is that they retain a high efficiency, without having to resort
to toxic lead or cadmium.

The luminescence of the core QDs can be improved by doping the dots
with transition metals, such as copper. For CdSe, doping with copper leads
to the core of the QD acting as an activator, transferring the absorbed
energy to the Cu doping, which will then emit at the absorbed energy with
a higher quantum yield than the sole core would, while at the same time
shifting the emission out of the self-absorption region. The effect of this
for CdSe nanoplatelets can be observed in Table 6.7. Doping with cop-
per bumps the efficiency significantly, from 0.1% to 2.4%. Unfortunately,

Table 6.5 Overview of simulation results for core quantum dots as well as
reported quantum yields. Both the average R and the worst-performing R are
reported, ‘index’ specifies the name of the worst-performing color test sample
(see Table 6.2).

CCT Minimal
Name Moy (%) (K) | R, R Index Mot (%) | Ref.
PbS 30 | 4638 99 96 | TCSI12 0.8 | [72]
Si 46 | 3991 97 87 | TC S09 1.3 | [73]
CdSe 50 | 3615 | 91 77 | TCS12 0.3 | [74]
C 30 | 3911 93 75 | TCS09 0.1 | [75]
CdSe (4 ML)® 5.8 | 4123 81 59 | TC S09 0.1 | [76]
CdSe (3 ML) 243 | 3730 | 85 53 | TC S09 0.1 | [76]

*Quantum yield taken from Ref. [72].
"Nanoplatelets, 4 monolayers (ML) in thickness.
‘Nanoplatelets, 3 ML in thickness.
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Table 6.6 Overview of simulation results for core/shell quantum dots as well as
reported quantum yields. Both the average R and the worst-performing R are
reported; ‘index’ specifies the name of the worst-performing color test sample

(see Table 6.2).
CCT Minimal
Name Moy (%) (K) | R, R, Index ot (%) | Ref.
PbS/CdS 40 | 5170 | 95 81 | TCS09 1.9 | [78]
(0.5-0.7 nm)
PbS/CdS 50 5419 | 97 86 | TCS09 1.6 | [78]
(0.1-0.2 nm)
CISeS/ZnS 40 4803 | 98 94 | TCSI12 1.3 | [79]
AlS/ZnS 60.3 4362 | 99 94 | TCSI12 2.7 | [80]
CulnS,/Zn$* | 91(66) | 4868 | 98 95 | TCS12| 4.02.8) | [81]
CdInSe,/Zn$S 78 | 4499 | 99 96 | TCS12 2.8 | [11]
CuInSZ/CdS 86 4704 | 98 92 | TC S09 3.6 | [82]
CdSe/CdS 45 | 3673 | 86 51 | TC S09 1| [83]
(14 ML)
CdSe/CdS 40 3698 | 81 47 | TC S09 1.6 | [80]
(19 ML)

“Reports both values for solution and when dispersed in a waveguide.

Table 6.7 Overview of simulation results for doped core and doped core/

shell quantum dots. Both the average R_and the worst-performing R are
reported; ‘index’ specifies the name of the worst-performing color test sample

(see Table 6.2).
- CCT Minimal Hope
Name (%) (K) | R, R, Index (%) | Ref.
CdZnS/ZnS:Mn?** 75 | 3864 | 85 67 | TC S09 1.5 | [11]
ZnSe/ZnS:Mn* 53 | 3685 | 81 45 | TC S09 2.5 | [29]
CdSe:Cu* 40 | 4485 | 99 94 | TC S09 1.7 | [84]
CdSe (3 ML):Cu* 80 | 4001 | 84 63 | TC S09 1.2 | [76]
CdSe (4 ML):Cu* 97 | 3810 | 86 58 | TCS09| 24 | [76]
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Figure 6.17 Absorption and emission spectra LSCs based on core/shell quantum dots. In
the inset the color coordinates in a zoomed-in CIE1931 diagram of the QDs at 80% visible
light transmission are shown.
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Figure 6.18 Absorption and emission spectra LSCs based on doped core and doped core/
shell QDs. In the inset the color coordinates in a zoomed-in CIE1931 diagram of the QDs
at 80% visible light transmission are shown.
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the CdSe still dictates the absorption, which leads to a low R and yellow
coloring.

Similar to the core-only QDs, core/shell QDs can be doped with transi-
tion metals to boost their efficiency, and remove overlap between absorp-
tion and emission. While the doped materials in literature do not show
very broad absorption, limiting just over 400 nm for both Mn**-doped
CdZnS/ZnS and ZnSe/ZnS, the lack of self-absorption still puts them near
the top performers, demonstrating good scalability for practical applica-
tions. However, the limited absorption does yield color rendering indices
that are only just sufficient for application in an office environment, when
considering LSCs with 80% visible light transmission.

6.6 Tm?**-Doped Halide Luminescent Solar
Concentrators

A recently emerged class of possible LSC materials is the family of alkali
halide salts, doped with the rare earth element thulium, in its 2+ valence
state [43, 85]. As can be seen in Figure 6.19, it sets itself apart from most
other contemporary LSC materials by having a very broad absorption spec-
trum, covering the entire visible spectrum. In the case of Cal,, Tm** even
absorbs 63% of the entire solar spectrum. What also makes thulium-doped
halides unique amongst other LSC materials is the characteristic emission

06

Nal:Tm?*

Nal:Tm2+

CaBr,:,Tm2*

Absorption/Emission (a.u.)

W:Thﬂ*
T T T T T T T T
400 600 800 1000 1200
Wavelength (nm)

Figure 6.19 Absorption and emission of several Tm?**-doped halides. In the inset the
color coordinates in a zoomed-in CIE1931 diagram of the Tm?*-doped halides at 80%
visible light transmission are shown.
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of Tm. As explained in Section 6.2.2, divalent thulium will emit most
strongly at a single line centered around 1140 nm regardless of what host
it is doped in.

The broad absorption observed in Tm?**-doped halides is attributable to
the partially filled f-shell of Tm*', occupied by thirteen electrons. All these
electrons lead to a system with many possible transitions to the unoccu-
pied 5d shell. These transitions have such low energies while being great in
number that they are able to cover the entire visible spectrum. As an added
advantage, because of the proximity of the lowest 5d level to the highest
4f level (in terms of energy), an excited Tm?*" cation can efficiently non-
radiatively relax to the highest 4f level, whereupon it will emit the char-
acteristic 1140nm light resultant from a 4f[°F, ] — 4f"*[°F, ] transition.
This all leads to a material with a difference between emission and absorp-
tion that is sufficiently large for Tm?**-doped halides to have negligible self-
absorption, as seen in Figure 6.19.

The divalent valence state for Tm?* is not often encountered, due to the
groundstate level of Tm often lying close to or in the conduction band. For
a rare earth ion to be stable in its 2+ state, the distance between the Fermi
level and the lowest 4f level (E. = E,.— E, ) should ideally be smaller than
0 [87]. Due to the high lying 4f level of divalent Tm compared to other rare
earth elements, this condition is not often reached. The halides, as presented
here, are an exception, because of their low-lying valence band combined
with a large bandgap. This combination leads to the Fermi level being sufhi-
ciently near the lowest 4f level for the E_. < 0 condition to be fulfilled.

Next to their broad absorption, Tm**-doped halides are also known for
their remarkably high absorption coefficient. Research by Grimm, Beurer,
and Giidel [88] shows (decadic) absorptions of ~ 60 at.% 'cm™ for Tm?*'-
doped CsCaCl,. Those materials were synthesized as single crystals using
the Bridgman technique. While those measurements are done on bulk
crystals, something still can be said about how their properties would
translate to an LSC device. For most rare earth materials, concentration
quenching starts at around 1% of doping. This means that, to absorb 20%
of the incoming light, a thin film of 16 pm thickness would be required.
To put those numbers into perspective: the concentration of Lumogen F
Red 305 in PMMA can be increased to an absorption coeflicient of 30 cm™
before concentration quenching starts occurring.'” This means that for a

Desmet et al. [7] report 12 cm-1 decadic absorption for Red305 in PMMA at a concentra-
tion of 115 ppm. With PMMA having a molecular weight Mw = 120000, this leads to an
intermolecular separation of 11.4 nm. Quenching starts at ~ 8nm separation [6], leading
to an absorption of 30 cm-1.
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Red 305 LSC, 600 pm of material is required for 20% absorption. In the case
of Tm-doped halides, this opens the door to produce LSCs using physical
vapor deposition [85, 86, 89], as is commonly used in the glass industry for
the application of, for example, low-e coatings, or anti-reflection layers. All
materials presented in this section have already been successfully depos-
ited as thin films [85, 86].

A serious constraint on the successful development of a Tm-based LSC
is the hygroscopic nature of the halides. Apart from NaCl, all other halides
react with and dissolve in regular, even indoor, air. A halide LSC is pos-
sible, but an area for development therefore also has to be enclosing the
luminescent coating in a protective atmosphere. An important consider-
ation for these environments is that, contrary to how regular window glass
is sealed, the sealing should be transparent to 1140 nm light. Otherwise,
the sealing will interfere with the workings of the LSC.

An estimation of the potential of Tm-based LSCs can be easily made, as
these doped halides do not display any self-absorption. Table 6.8 presents
an overview of simulated properties of recently made halides doped with
Tm?* using the same simulation conditions as in the previous sections. All
halides still present good color rendering indices, with CaBr:Tm** per-
forming best. CaBr:Tm** shows almost no coloration, boasting a color
rendering index higher than 94, with its color close to the white locus, seen
in the inset of Figure 6.19. These simulations assume 100% quantum yield,
leading to optical efficiencies of ~ 4.5% for all halides presented. Because
of the lack of self-absorption, a lower quantum yield can easily be taken
into account with n_ =#_ .. % n,. Even at low quantum yields, the
lack of self-absorption would mean the Tm-based LSCs could outperform

Table 6.8 Properties of Tm?* halide-based LSCs, at 80% transmission of visible
light. For these materials, the same assumptions are made as for the simulations
presented in Section 6.5. Both the average R and the worst-performing R are
reported; ‘index’ specifies the name of the worst-performing color test sample
(see Table 6.2).

Name CCT (K) | R, Minimal R, | Index Mot (%) Ref.
Cal:Tm** 4755 | 95 67 | TC S09 4.5 | [86]
Nal: Tm? 5274 | 91 76 | TC S09 4.5 | [86]
CaBr, Tm?* 5276 | 98 94 | TC S09 45 | [86]
NaCl:Tm?* 5601 | 95 88 | TCS10 4.4 | [43]
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contemporary LSC materials. Based on work with Eu*, it is not expected
that rare-earth-doped halides have a low quantum yield. Eu** has photo-
luminescent quantum yields at 100% when doped in NaCl and NaBr [90].
It is therefore expected that Tm**-doped halides will behave similarly and
will therefore make an efficient LSC.

6.7 LSC for an IPV Perspective

6.7.1 Performance Assessment

Until now, the focus of this chapter has mainly been on the use of LSCs
at the borderline between in- and outdoor photovoltaics. Operating as
a window, an LSC receives most of its energy from sunlight incident on
the outside of a building, but it also receives energy from illumination
used on the inside. As outlined before, transparency and high color ren-
dering indices are of paramount importance for application as a window.
However, it is also possible to utilize LSCs as a design element embedded
in furniture or Internet of Things (IoT) devices. For these applications,
the color rendering index becomes of minor importance, and adding
color to a design might even be seen as beneficial [91]. Furthermore,
LSCs can be bent and molded into various shapes without much impact
on performance [73].

Calculating the performance of an LSC used for indoor applications
happens in much the same way as for windowing applications, explained

Culns/Zns_|

Eu(TTA)3(TPPO),

PP

Emission/Absorption (a.u.)

, Red305

T T T T

500 750 1000
Wavelength (nm)

Figure 6.20 Absorption and emission spectra of selected LSC materials from Section
6.5 superimposed on the emission spectrum of an Osram SOLERIQ" S white LED
(gray filled) [92].
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in Section 6.4. Instead of 1000 W/m? from AM1.5g sunlight, for indoor
applications a white LED (Figure 6.20) can be used with typical IPV pow-
ers of 1.5 W/m? [93]. Since indoors only visible and IR light is available,
a UV-absorbing LSC will not be of any use as IPV. Taking the idealized
visible light-absorbing LSC from Section 6.4.2 and performing the same
calculations, but this time with the white LED as input spectrum, yields an
optical efficiency of 29% to 52%, for an LSC the size of a small tabletop (55 x
55 x 2 cm?) at 50% to 90% absorption. These optical efficiencies translate to
a power output of 276 mW to 495 mW, based on the energy of the output
photons. Such powers are enough to power a low-power IoT device (LoRa)
or a Bluetooth antenna without the need for batteries [93].

Moving to a more realistic example, it is good to look at the LSC mate-
rials from the previous sections that absorb visible light. The top nontoxic
performers from the previous sections—the Red305 dye and CdInSe,/ZnS
QD—have this characteristic. We can also include the PP dye, because of
its good match with the white LED spectrum. As can be seen in Figure
6.20, rare-earth-doped Eu(TTA),(TPPO), absorbs only UV light, and will
therefore not show any appreciable power output.

We can run the same MC code as in Section 6.5, but now with a 1.5 W/m?
white LED as input. Here we use a 55 x 55 x 2 cm’-doped PMMA slab with
either 50% or 10% transmission of the incident LED light; 50% transmission
is chosen to maintain the design characteristic of LSCs, while 10% would,
barring self-absorption, yield best performance. These calculations yield the
results displayed in Table 6.9.

Table 6.9 Performance of 55 x 55 x 2cm?*-doped PMMA slabs of the best
performing LSC materials from Section 6.5 when illuminated by white LED light
giving off 1.5 W/m? (500 lux) of light. Materials are simulated with 50% and 10%
transmission. Output power is based on the energy of the photons exiting the
LSC, not on PV performance.

T =50% T=10%
low | Mop | Pou Mo | Pou
Name (%) (%) (mW) (%) (mW) | Ref.
PP 80 22 78 37 127 | 7]
Red305 100 30 115 20 70 | [7]
Eu(TTA)3(TPPO)2 73 0 0 0 0 | [69]
CdInSe /Zn$ 78 29 87 53 153 | [81]
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From Table 6.9 we can see that an unobstructed LSC used as tabletop
can give reasonable performance: about a third of the performance of
our model system. In Red305, the effect of parasitic self-absorption can
be noted when decreasing the transparency of the device. Here, the per-
formance drops from a power output of 115 mW at 50% transparency
to 70 mW at 10%. All other materials see their performance increase as
transparency decreases. Here it is again the case that a small LSC tabletop
would be able to power a Bluetooth antenna, or a low-power IoT device.
What can also be noted when comparing the results displayed in Table 6.9
to the results from Section 6.5 are the high optical efficiencies. These high
numbers can be attributed to the excellent match between the white LED
emission and the LSCs absorption spectra, as seen in Figure 6.20.

These high efficiencies when used indoors were also observed by Li,
Sun, and Zhang [94]. They measured Red305 LSCs with high absorption
(99.99% at the absorption maximum) of varying sizes (2.5 x 2.5 cm to 30.5 x
30.5 cm). For these LSCs of varying sizes, they measured power conver-
sion efficiencies (P /P, ) of 8.25% to 2.64% under fluorescent lighting
and 5.60% to 2.13% under LED lighting. Incandescent and halogen light
performed worse with 0.23% to 0.12% and 1.34% to 0.67%, respectively,
because of the large fraction of unused IR light in the spectra of those light
sources. Here, the decrease in performance can also be explained by high
parasitic self-absorption, due to the high optical density of their samples.
It should, however, be noted that while high efficiencies were reported, the
eventual power for their devices will range from 0.05 mW (at 2.5 x 2.5 cm?)
to 3 mW (at 30.5 x 30.5 cm?) for 1.5 W/m? white LED input.

For IPV purposes, if transparency of the LSC is not required, other
options are available to increase performance. The trapping efficiency can
quickly be increased by using a diffusive back reflector behind the LSC,
with an air gap between the LSC and the back reflector [95].

6.7.2 Application Examples

Apart from the work by Li et al. [94], no examples of systematic research
of indoor-only LSCs exist at the time of writing. However, for (dye-based)
LSCs as a means for design, many examples are available that show the
versatility of LSCs when used for designs other than windows.

The photoluminescent “LSC paints”, used by Renny et al. [96] are an
example of creative design with LSCs. This work allows the development
of aesthetically appealing LSC art by painting luminescent dyes on plastic
waveguides. As can be seen in Figure 6.21a, these paints allow for creative
designs, and also demonstrate the workings of LSCs in an engaging way.
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Figure 6.21 Examples of colorful LSCs used as designs, (a) Waveguide with LSC material
painted on under direct illumination using a UV flashlight. (b) Concept drawing of LSCs
used as a tabletop for (outdoor) furniture. (c) Prototype of the “Electric Mondrian”. Each
panel is an LSC with PV cells covering the perimeter. Panel a is reprinted with permission
from Ref. [96] (Copyright 2018 American Chemical Society). Panel b was created by Niek
Eggink, Gydo Nijensteen, and Mark Zwart and is reprinted with permission from the
author of Ref. [91]. Panel c is reprinted with permission from Ref. [97] (Copyright 2017
WILEY-VCH Verlag GmbH & Co. KGaA).

The paints were therefore also developed as a means to educate students
about how to harness the energy of the sun, and also the working principle
and potential of LSCs.

While only being conceptual works, the demonstrations from a student
project by Reinders et al. [91] also show the versatility of LSCs outside
of windowing applications. In their article, they demonstrate how in the
hands of designers, LSCs can be used to make all sorts of furniture (Figure
6.21b) or even entire constructions like a party tent.

A final example of LSCs as design element is the “Electric Mondrian” by
Sark et al. [97], displayed in Figure 6.21c. Inspired by the “de StijI” artform
propagated by Dutch artist Piet Mondrian, combined with art in stained
glass, Sark et al. prototyped a faceted colorful window, based on commer-
cially available luminescent concentrator Perspex plates and solar cells.
The full-sized 1 m* model depicted in Figure 6.21c yields a light-to-electric
conversion of 0.2%, providing 2 W energy when exposed to direct sunlight.

6.8 Conclusion

From the preceding sections can be concluded that since the conception of
the luminescent solar concentrator by Weber and Lambe in the 1970s, already
much has been accomplished. These days, LSCs are mainly composed of one
of three classes of luminophores: dyes, QDs, and rare-earth-doped hosts. A
signifier of the approaching maturity of the LSC concept is that industry is
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starting to embrace the technique. Many materials presented in the previous
sections are represented in one shape or form in industrial products. The
dyes from Ref. [65] have led to the company Ubiquitous Energy [98]. The
quantum dots from Ref. [73] laid the basis for Glass to Power [99] and
those presented in Refs. [79, 81] to the founding of UbiQD [100]. As for
the thulium-based LSCs, here industrial interest is also sparked, with the
NaCl : Tm** thin films leading to the founding of Physee [101].

As the LSC concept is making its way out of the lab and into actual win-
dows, new challenges have started to emerge. As already touched upon in
Section 6.3.4, scaling up the windows to sizes such that higher-than-unity
concentration factors can be reached will lead to not only broadband and
uniform absorption being required, but also a window that is free from
scattering. Accomplishing these feats will still require significant efforts by
the LSC community. However, as can be deduced from the previous sec-
tions, recent advances have brought us ever closer to a broadband absorb-
ing, self-absorption free, non-scattering luminescent solar concentrator.
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Abstract

Organic photovoltaics is based on molecular semiconductors with extended
pi-electron systems expanding over the carbon backbone. This can be small to
large molecules, fullerenes, oligomers and polymers. These materials offer the pos-
sibility to engineer the bandgap of the semiconductor by altering the chemical
structure of the molecules. Besides changes in the color, varying from red to yel-
low over green and blue to purple, this also has technical implications.

For indoor applications under artificial light, the optimum bandgap is in the
range of 1.9eV, matching the bandgap of a variety of OPV materials.

Organic solar cells can be produced by printing and coating in roll-to-roll pro-
cesses and even by digital inkjet printing, offering fast and cost efficient produc-
tion and the possibility to print nearly arbitrarily shaped solar cells. The low light
intensity and related low device currents open the path to use different materials,
device setups and dimensions as compared to full sun applications, where high
currents demand a highly effective current collection. On the other hand it raises
the requirements for defect free devices with very high values for the parallel
resistance.

This chapter will discuss these opportunities and challenges from basics to the
implementation of indoor optimized OPV devices.
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7.1 Introduction

Organic photovoltaics (OPV) is a technology where the absorber materi-
als are carbon-based molecular semiconductors with extended pi-electron
systems. These can be small to large molecules, fullerenes, oligomers and
polymers. Reports on electrically conductive polymers reach back to the
1950s [1] and it was already shown that the conductivity is caused by semi-
conducting properties of these materials [2] and there were even indica-
tions for the possibility of doping found at that time [3]. Roughly 25 years
later, significant progress was made in terms of achievable conductivities,
culminating in the Nobel Prize awarded to Hideki Shirakawa, Alan G.
MacDiarmid and Alan ]. Heeger in the year 2000 [4]. In single material
films, photo-excitation results in the formation of rather strongly bound
excitons and only very few of the latter dissociate into free charge carriers
at room temperature. These excitons can, however, be split at an interface
to another material with almost unity quantum efficiency, which offers an
energetically favorable state for either the electron or the hole (Figure 7.1,
left). A photovoltaic effect for organic hetero-interfaces was already reported
in 1958 [5]. Solar cells with a power conversion efficiency > 1% were first
reported in 1986 [6] and major improvements were achieved by the intro-
duction of fullerene acceptors [7] and the so-called bulk heterojunction
(BHJ) concept [8].

The latter—comprising an interpenetrating donor-acceptor network—
allows decoupling of the average distance to a hetero-interface from the
total film thickness; or, in other words, enables creating thick photoactive
films with large interfacial area for exciton dissociation, as cartooned in
Figure 7.1, middle. On the right-hand side of Figure 7.1 a typical device
stack with respective ranges of layer thicknesses is shown. In most labora-
tories, indium tin oxide (ITO) is used as first electrode, while for roll-to-
roll (R2R) production ITO-free solutions are highly preferred [9-11], but
the use of ITO is possible as well [12].

By replacing the fullerene acceptors with molecular non-fullerene
acceptors (NFA) which combine electron accepting properties with strong
absorption and a high electron mobility, another significant step towards
technically meaningful efficiencies was made, such that by 2019 the highest
reported efficiency for single junction OPV is over 17% [13].

The molecular nature of these materials results in high absorption coef-
ficients and offers the possibility to engineer the bandgap (E ) of the semi-
conducting material by altering the chemical structure of the molecules
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used [14]. Besides changes in color, varying from yellow to red over green
and blue to purple, this also has technical implications. Different applica-
tions demand different bandgaps for optimum performance. For indoor
applications under artificial light, the optimum bandgap is in the range of
1.8-1.9 eV, as discussed in detail in Chapter 3, matching the bandgap of a
variety of OPV materials [15-17].

The necessity to use a donor/acceptor system adds a significant lim-
itation to the obtainable device efficiency (1), mainly due to a reduced
open-circuit voltage (V). It is therefore of high importance to opti-
mize the energy level alignment and understand the exact mechanisms to
achieve the highest possible V _ [18].

Recent progress has allowed for devices with a V| of over 1V [19] and
an estimated efficiency under 1000 lux artificial light of 26%. Another pub-
lication even claims more than 28% efficiency [20], showing the potential
of the technology for highly efficient indoor photovoltaic cells. At these
high efficiency values the comparability of results between laboratories and
technologies should be increased, as discussed in Chapter 5.

Organic solar cells can be produced by printing and coating methods
in continuous roll-to-roll processes [11, 21-24] and even by digital inkjet
printing [25], offering fast and cost-efficient production and the possibility
to print nearly arbitrarily shaped solar cells. The low light intensity and
related low device currents open the path to use different materials, device
setups and dimensions, as compared to applications under full sunlight,
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where high currents demand a very effective current collection [16]. On
the other hand, it raises the requirements for defect-free devices with very
large values for the parallel resistance [26].

This chapter will discuss these opportunities and challenges, from fun-
damentals to the technical implementation of optimized indoor OPV
devices.

7.2 Implications of Indoor Lighting

Changing the illumination from solar radiation (AM1.5G) to artificial
light in buildings has two major impacts. First, the emission spectra of
artificial light sources are different from solar radiation, typically emit-
ting much less or even no infrared light at all. All modern power-efficient
light sources will emit only in the wavelength range of the sensitivity of the
human eye, which roughly ends at 650-700 nm, corresponding to a band-
gap of 1.8-1.9 eV. The narrow emission of modern light sources allows for
much higher theoretical efficiencies due to strongly reduced thermaliza-
tion losses, reaching 50-60%, as shown and discussed in detail in Chapter
2. Figure 7.2 shows the theoretical curves for AM 1.5G illumination and
a fluorescent lamp as a guide to the eye, together with experimental effi-
ciency values from the literature for Organic, Dye, and Perovskite photo-
voltaic (PV) cells. A non-optimized silicon device is added as an example of
a narrow bandgap solar cell. The data point for the silicon solar cell and the
lower efficiency OPV devices were measured by the authors under 500 lux
under a fluorescent lamp (Megaman PAR38 E27 23W/840 (MM16214)).
The measurement was calibrated by setting the lamp to a distance such
that a Fraunhofer ISE CalLab reference solar cell showed the current value
which it should give at 500 lux. This value was calculated by integrating the
product of the spectral response and the calibrated lamp spectrum at 500
lux. The spectrum was calibrated by measuring the spectrum with a cali-
brated spectrophotometer at Fraunhofer ISE CalLab and then normalizing
it such that the integral of the product of the spectrum, the photometric
radiation equivalent and the human eye sensitivity function gave 500 lux.
To double check for any error in the calibration procedure, the light inten-
sity was measured with a high quality luxmeter (PCE-174, PCE Group)
as a consistency check. In the majority of the literature measurements a
fluorescent lamp at 1000 lux was used.
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indoor measurements and only symbol shape (black) for their AM 1.5G efficiencies from
the respective publications. It is important to note that the exact lighting conditions vary
between different publications, such that this graph can only give a rough impression on
the current status of the different technologies. Calculating the ratio between the indoor

and outdoor efficiencies of the same device gives a consistency check of the low light
measurements, as deviations from the theoretical curve need a corresponding reason

(e.g., FF changes).
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Although the exact measurement conditions vary among the different
publications, to create a truly comparative graph similar to the well-known
solar efficiency tables [27] a measurement standard would be required (as
discussed in Chapters 3 and 5), this compilation can give a rough impres-
sion of the status of the different technologies. It can be seen that state-
of-the-art OPV devices are on par with perovskite and dye photovoltaic
cells, all reaching efficiencies approaching 30% [19, 20, 28-33]. An inter-
esting consistency check is to calculate the ratio between the efficiencies
under indoor illumination and AM1.5G illumination. This value is lower
than one for bandgaps below 1.3 eV (e.g., Silicon, blue circle) and reaches
around a factor of 2 at the optimum bandgap. Perovskite solar cells typi-
cally have a bandgap of 1.55 eV and the factor here is ca. 1.5. Experimental
data lines up well with this theoretical curve, largely independent of the
actual efficiency values (well reflected in the different low- and high-
efficiency OPV devices). Deviations for OPV devices can in most cases be
explained by significant changes in the fill factor (FF) due to mobility lim-
itations, as discussed below; or in the case of dye photovoltaic cells, by
a highly diluted electrolyte with a low iodine concentration [30], which
leads to a diffusion limited maximum current density [34] which is lower
than the short-circuit current under full sun illumination but larger than
the short-circuit current under artificial light. If there is no obvious rea-
son for a strong deviation, the measurements should be rechecked. Other
possible reasons for a strong deviation would be nonlinear dependence
of ] with light intensity, parasitic series or parallel resistance (R, R,) or
mechanisms which lead to deviation from the logarithmic V| _dependence
on light intensity. These effects are especially present in novel technolo-
gies with complex internal structures, such as OPV, Dye and Perovskite
PV, while they are pretty much absent in, for example, Silicon and III-V
semiconductor cells with close to perfect crystals and high charge carrier
mobilities (see Chapter 9).

The second important implication of indoor lighting is that the light
intensity is 2-3 orders of magnitude lower than for AM1.5G irradiation
(1000 W/m?). This is translated into a short circuit current density (J.)
reduced by more or less the same factor. While under full sun illumination,
current densities lie in the range of 10-40 mA/cm? under typical indoor
lighting, the short-circuit current density is limited to only ca. 50-100 pA/
cm? at 500 lux. Details depend on the exact light source and photovol-
taic cell, as discussed in detail in the previous Chapters 3-5. These very
low current densities have several implications. First of all, only very low
consumption ({W-mW range) applications can be driven with reasonably
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sized photovoltaic cells (Chapter 2). Ohms law teaches two further import-
ant aspects. The photovoltaic cells must have a very high parallel resistance
R, or else the parasitic current through this resistance easily reaches sim-
ilar values as the generated current, leading to very low FF, reduced V
and thus low efficiency [26] (more details are discussed in Chapter 2). This
issue is especially severe for OPV, as the soft polymeric layers are typically
only 70-300 nm thin, and thus scratching is a concern in laboratory pro-
cesses as well as in industrial production environments. Furthermore, the
liquid coating process is prone to defects by dewetting, dust particles and
roughness of underlying layers.

Figure 7.3 shows theoretical calculations of the maximum efficiency for
a photovoltaic cell with a bandgap of 1.78 eV as a function of R, While
under 1 sun illumination 10k Qcm? is sufficient, for indoor light conditions
this value would lead to nearly zero efficiency. Rp must be in the MQcm?
range to allow for high efficiencies, i.e., roughly a factor of 100 higher.
This translates into the typical situation that the consistency of results is
much higher at AM1.5G conditions than under low light measurements,
where the often observed variations in R, between 10*-~10° Wem? result in
strong variations in the efficiencies. Therefore, it is very important to find
a robust material stack and processing which allows consistently achieving
R, values above 10° Wem? by optimizing the coating quality or other strat-
egies. To minimize the impact of shunts caused by coating and structur-
ing defects, different strategies have been explored. A post treatment after
coating of the semiconductor layer which locally reduces the conductivity
of the underlying electrode where exposed was shown [35], and the use of
two interlayers with low conductivity and/or high contact resistance [12,
36] has been employed in the modules shown in Figure 7.7.

A positive effect is that due to the low currents the resistance of the
current extracting circuitry can be a factor of 100 higher than for solar
applications, leading to strongly relaxed constraints for the dimensioning
of cells and modules [16] and allowing the use of low conductivity materi-
als (see Section 7.2).

A less obvious but related effect is that the charge carrier mobilities of
the absorber materials can be quite low without compromising efficiency,
as the low current can be carried by a lower bulk conductivity without sig-
nificant losses. Typical OPV materials have low charge carrier mobilities
in the range of 10°-10° cm?/Vs, which indeed limit the fill factors and
usable film thickness of these devices under full sunlight. More and more
materials with higher charge carrier mobilities exceeding 1 cm?/V's have
been found, allowing device thickness above 300 nm [37, 38]; however,
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Figure 7.3 Efficiency of photovoltaic cells as a function of Rp for different illumination
conditions. Under low light intensities, much higher Rp values are needed to maintain a
high efficiency. In contrast, the series resistance can be substantially larger under indoor
lighting, relaxing requirements for electrode conductivity and module dimensioning.

an increase in J . is still traded for lower FE resulting in efficiency pla-
teaus and not increasing efficiencies for thicker layers. The reason for the
reduced FF is that for a given voltage V with 0 < V <V __ (i.e.,, where the
photovoltaic cell delivers power), a device with a low mobility absorber will
accumulate more charge carriers. This leads to a quasi-Fermi level splitting
in the bulk which is larger than the external voltage, resulting in enhanced
recombination at this working point. This is reflected in a lower fill fac-
tor for such devices. Poor charge carrier transport can have a significant
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impact at high light intensity, but is much less an issue for typical indoor
lighting conditions, thus broadening the range of suitable organic absorber
materials and active layer thickness. Indeed, for materials with low charge
carrier mobility often a significant increase of the fill factor, and hence
power conversion efficiency, is observed for decreasing light intensity (see
Figure 7.2). The impact of charge carrier mobility on device efficiency is
shown in Figure 7.4 for the AM1.5G spectrum (left) as well as for a 500 lux
white LED (corresponding to 1.62 W/m?, right graph).

The absorber thickness in the simulation was set to 300 nm, see graphs
which is a typical value for optimized devices. It can be seen that for
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Figure 7.4 Maximum theoretical efficiency as function of bandgap for different charge
carrier mobilities and for AM1.5G (top) as well as for a 500 lux white LED (bottom).
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the AM1.5G spectrum the mobility should be 10® cm?(Vs)! or larger
to avoid losses, whereas for the 500 lux white LED spectrum, mobilities
>10”° cm?(Vs)! are sufficient. The calculations are based on an analytical
approach presented in [39]. Note that the thicker the active layer, the larger
the impact of the mobilities.

7.3 OPV Modules

For classical photovoltaic applications, very large area arrays (m?) are built
and extracting the generated electrical energy without significant ohmic
losses is a challenge. The reason is that the current is proportional to the
area of the device and the ohmic power loss is P=R*I*. The solution is a
combination of a highly conductive current collection scheme on cell level
and series circuitry of single wafers (for c-Si) or cell strips (for thin films).
Figure 7.5 shows this approach, as it is usually used for OPV modules as
well.

For typical indoor applications the target areas are usually much
smaller, in the range of cm?, as the photovoltaic array should be integrated
into a device in many cases. Furthermore, the low current densities relax
the challenge for current extraction significantly, allowing the use of less
conductive material and very large single cell units, leaving a series cir-
cuitry optional. This leads to a shift in design paradigm as described in the
following.

For classical applications the task is to determine the optimum dimen-
sions in order to achieve the best compromise between efficient energy
extraction and shading by metal fingers and series circuitry, i.e., minimiz-
ing parasitic series resistance and area loss. In contrast, the design of inte-
grated low light PV follows a different path; the focus lies on achieving the
highest possible parallel resistance and meeting the system voltage (typi-
cally ~3.7V) and energy requirements of the electronics used. The available

active area loss

Photoactive layer
Electrode 1
Substrate

Figure 7.5 Monolithic series circuitry in a module. The photovoltaic array is patterned
into cell strips, where the plus and minus pole of neighboring strips are connected to form
a series circuitry. In this way the current is limited to the current of one strip, while the
voltage multiplies with the number of cell strips.
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area will be covered with a fixed number of cell strips, and the individual
cells will be increased in area to generate more current, even if that will
drive the dimensions out of the optimum.

The first question to answer is which area is needed to generate the nec-
essary power and energy to reliably drive the functionality and whether
this area is available. An important aspect is whether storage is employed
or not, and which level of operational readiness is needed. If a high degree
of operational readiness is desired without energy storage, the layout must
be suited for functionality under worst case conditions. Using storage will
shift the layout more to safely provide the needed power averaged over the
typical conditions. Also, in this case it is of high importance to identify the
longest possible period of time where the energy drawn from the battery
exceeds the energy provided by the photovoltaic cell; photovoltaic array
and battery size can be traded to some extent in this case. A pragmatic
approach can be to cover as much area of the device as it is easily possible,
because the cost of the integrated OPV will probably not be dominated by
the area of it, but more by the system integration. Then the energy storage
can be dimensioned to meet the application specific needs.

The second question is what voltage is desired in order to determine the
number of series circuitries. It can of course only be adjusted in multiples
of the unit cell voltage, as each cell strip in the module will add the same
voltage. Taking the step from a single cell to a module leads to an area
loss, where the films are patterned to overlap the plus and minus pole of
neighboring cell strips (see Figure 7.5). This can be minimized by laser
processing to less than 100 um [40], but in typical printing and roll-to-roll
production environments with limited registration accuracy and limited
dimensional stability of the substrates it can easily exceed 1 mm. While
this is a major concern for power applications, in the case of indoor PV this
loss can be balanced by large cell areas. Another strategy is to employ only
local series connections such that the cell strips are just separated by one
line and the series circuitry is located only at the edge of the module [41].

The cell and module efficiency can be calculated as a function of sheet
resistance of the electrodes and length of the cell strips using a numerical
integration of the local diode currents and voltage losses due to the current
flow [15, 16]. Typically, the transparent electrode is the limiting compo-
nent, which is often formed by a transparent conductive oxide (TCO), a
thin silver layer or polymeric conductive materials. Figure 7.6 shows the
result of such calculations for single cells (black curves, squares) for a
sheet resistance of 10 Ohm (solid line and symbol, typical for high quality
TCOs and thin silver-based electrodes) and 1000 Ohm (dashed line and
open symbol, easily reachable by solution processed TCOs and organic
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Figure 7.6 Simulation of device efficiency for single cells (black) and modules with 1 mm
area loss (other colors). The input JV curve is the theoretical optimum solar cell. For real
devices the maximum output power will be proportionally lower, but the trends will be
the same.

transparent conductors). The red curves (circles) represent the same unit
cell but integrated into a module with 1 mm loss for the series circuitry.
Even for an electrode with 1000 Ohm sheet resistance a high fraction of the
efficiency can be maintained. And with 10 Ohm one can practically reach
the cell efficiency when the cell strips are more than 3 cm wide.

Alow R, in the unit cell globally reduces the obtainable efficiency (cyan,
triangle), while a local shunt at the series circuitry can be partially com-
pensated by larger device area (magenta, diamond).

The relaxed constraints for current extraction offer design freedom for
shaping the cells to match the shape of the housing or just achieve a pleas-
ant design, as shown in Figure 7.7. The possibility to coat and print the
organic photovoltaic cells [42] offers unique flexibility in designing the
shape of the photovoltaic cell—the production process is very similar to a
label printing process—just using highly specialized materials and adapted
machinery. Different coating and printing methods have been demon-
strated ranging from slot-die [9, 21, 38, 43-46] and spray coating [47-50]
to gravure [23, 51, 52] and inkjet printing [25, 53, 54]. Often printed silver
(grid) electrodes are used processed with screen [55-56], flexographic [57,
58] or inkjet [53, 59] or aerosol [60] printing. For indoor photovoltaics this
silver grid can be omitted, as the conductivity of the organic transparent
conductor which is used in most cases in combination with the silver grid
is conductive enough to collect the low currents over significant distances
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Figure 7.7 OPYV flower designed by Fraunhofer ISE and gravure printed by VTT (left,
© VTT) and equipped with a radio transmitting sensor by Wibicom (right, © Wibicom)
during the EU-project ArtESun.

[16], especially if optimized formulations [61] and additives [62] or post
treatments are used [63]. State-of-the-art materials reach values of typi-
cally a few hundred Ohm such that without problems single cells can be
several centimeters wide before a current collecting feature, like a conduc-
tive metal track or a series circuitry, is needed.

7.4 OPV Devices and Applications

A large number of applications can be addressed with highly efficient, easy
to integrate and pleasantly designable organic photovoltaic cells. The sell-
ing point would be the substitution of cables or batteries which need high
upfront costs or costly maintenance. Photovoltaic cells can ideally be used
to power devices which only need power when light is available, such that
no other power source would be needed. Examples are pocket calculators,
signage and sensors in supermarkets and stores, toilets and water taps; or
sensors which have very low data frequencies (a few times per day, when
gaps in the dark do not matter). A supercapacitor can be added when power
peaks exceed the average/worst case power of the photovoltaic module.
In more complex and long running applications the photovoltaic cell can
significantly reduce the needed battery size or replacement intervals, as
discussed in more detail in the proceeding Chapters 2 and 3. An example
of a product evaluation is given in Chapter 8.

The electrical integration into devices can be achieved by direct wir-
ing if the module is dimensioned to match the system voltage under typ-
ical light conditions. The direct wiring is simple and cheap, but it must be
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taken into consideration that the output voltage and current depend on
the actual light intensity. The photovoltaic module should be decoupled
from the battery to prevent draining of the battery through the module in
the dark, which can be easily achieved by a diode or transistor. If voltage
fluctuations are critical, a DC/DC converter could be the better option or
even a maximum power point tracker (MPPT) could be used. The DC/
DC converter will add cost and consume some energy, but keeps the out-
put voltage very stable, MPP tracking can theoretically increase the system
efficiency significantly as it always extracts the energy from the photovol-
taic cell at MPP, which depends on the actual light intensity as discussed
before. Nevertheless, for many low light applications the self-consumption
of state-of-the-art converters or even MPPTs is prohibitive. The optimum
dimensioning and layout are therefore application specific and highly
dependent on the exact lighting conditions (i.e., the generation profile),
the consumption profile, the degree of operational readiness required and
the geometrical constraints of the device.

Mechanical integration can be achieved by adhesive film lamination
[64] or, as in the example shown in Figure 7.7, the OPV device can carry
the electronics.

A remark should be made with respect to the long-term stability of these
devices. Although promising examples have been shown [65-75], the sta-
bility of these novel devices is highly dependent on the exact materials and
processes used and thus needs verification for any new material and pro-
cess. For the specific case of indoor photovoltaics only very few examples
of long-term stability investigations are available [76], but it is highly prob-
able that devices will last significantly longer than under outdoor exposure
due to much milder environment in terms of exposure to light and UV
light, moisture and temperatures.

7.5 Acceptance and Safety Considerations

Photovoltaic cells used in indoor and especially IoT applications are subject
to more strict boundary conditions in terms of product safety and release
into the environment than solar power plants. It is highly probably that IoT
products will have to be compliant with RoHS regulations and it should
always be considered that there is a much higher probability for these kinds
of products to be disposed of incorrectly or even taken apart by people and
in worst case by children. They should therefore not contain substances
with acute toxicity and bioaccumulation potential. Typical OPV, Dye and
Perovskite photovoltaic cells will contain only very little semiconductor
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material (on a mg-g scale), and from a purely scientific point of view one
may come to the conclusion that the risk of an incident with severe conse-
quences is very low. Nevertheless, from an acceptance point of view these
considerations suggest that the use of Perovskite photovoltaic cells in the
present form with a water-soluble and thus highly bioavailable lead com-
ponent is unlikely to be accepted in such applications. The use of GaAs
(apart from high cost) may as well be debated [77], although it is widely
accepted in LEDs and other electronic devices, mainly due to the lack of
alternatives. For DSSC and OPV it is more plausible that largely uncritical
products can be designed [78-80] but it is by no means a granted built-in
property. Aromatic organic compounds and liquid electrolytes can be toxic
and may turn out to have a potentially negative impact in the long term as
well. OPV seems to offer a high potential for uncritical products, as the
organic semiconducting materials are solid and largely insoluble in water
[79]. Nevertheless, this aspect should be taken into consideration during
the development of the different novel technologies targeting consumer
applications.

Another aspect are end-of-life scenarios. Recycling of OPV has been
shown, but the environmental impact of such processes must be compared
to the impact of just burning it in a thermal waste treatment, ideally in a
combined heat and power unit to figure out which is the most eco-friendly
choice [81]. As for indoor PV the use of silver can be omitted, it is highly
probable that the disposal of the photovoltaic cells will be established as no
valuable compound can be recovered. The substrate and encapsulating film
will be 99% of the photovoltaic cell, which for indoor PV is probably PET.
In principle this can be recycled well, but the photovoltaic cell will con-
tain several other layers, namely the semiconducting polymers, metals and
metal oxides as well as adhesives. To which extent these are problematic in
a PET-recycling process will have to be investigated. Especially for indoor
applications the use of nanopaper [82], bioplastics and even compostable
films [83] can be an option as well. Compared to packaging films the total
volumes will be marginal in any case.
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Abstract

An indoor photovoltaic energy harvesting device technology has been developed
that achieves high efficiencies and high power per area at low light levels. A 50 mm x
20 mm energy harvesting device comprising a compound semiconductor material is
demonstrated. At 200 lux white LED illumination (CCT 2,831 K), its operating
power at maximum power point is 170.0 uW with V. = 4.61 V and [ _= 43.8 pA,
corresponding to an active area power density of 21.8 uW/cm?.

Based on this high-efficiency energy harvesting device, an indoor photovoltaic
(PV) energy harvesting power module (IPEHPM) has been developed for auton-
omously powering IoT sensor nodes and other devices which ordinarily would
require disposable or user-rechargeable batteries to operate. The IPEHPM can
deliver 3.6 ~ 4.2 V output voltage, with 100 mA pulse current for up to 600 ms. An
average energy harvester to storage efficiency of 88.7% has been demonstrated at
200 lux. We demonstrate that the IPEHPM is suitable for perpetually powering a
wireless building automation CO, sensor node at 200 lux, with CO, measurement
and data transmission every 150 s.

Applications of high-efficiency energy harvesting devices in wearables and in
wireless beacons are also discussed.
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8.1 Introduction

Energy harvesting addresses the needs and challenges of the fast-growing
Internet-of-Things market, particularly in wearables, smart sensing and
monitoring, tracking and positioning of assets, building and home auto-
mation and retail applications. The main customer and industry pain
point is the current need to either have a wired power connection, which
is unpractical or even infeasible in some use cases, or to replace (or man-
ually recharge) the batteries in IoT sensors, devices and products. Battery
replacement involves labor, transport and chemical waste that have det-
rimental environmental impact, including increased CO, emissions and
financial consequences via the increased cost-of-ownership due to addi-
tional maintenance requirements.

Energy harvesting is ultimately required for sustainably powering all
use cases requiring sensing, information-storage or transmission at scale.
For example, in consumer retail, use cases extend from the in-store envi-
ronment via intelligent shelf-labels and retail displays into manufacturing
and logistics, via logistics and supply sensors. Many applications, whether
they are in commercial and residential buildings, factories, warehouses,
hospitals or supermarkets are tied to an indoor environment and there is
no current solution for harvesting efficiently ambient indoor light as the
low-level light of typically 10-1000 lux is a challenge. Wearable devices,
whether they are smart-watches, medical wearables, fitness trackers or
occupational safety devices face a similar challenge, in that they are worn
in indoor environments for most of the time they are used.

There is thus a large gap in the market for a compact, cost-effective,
battery-free system that can operate efficiently and be easily and seamlessly
retrofitted inside buildings of any kind, which indoor PV energy harvest-
ing technology can target.

High-efficiency indoor PV energy harvesting could thus eliminate the
need for primary battery replacements or manual recharging of secondary
batteries, reducing operational, maintenance and environmental costs in
large-scale deployments, saving millions of batteries per year.

Commercially available light energy harvesting devices to date have
been almost exclusively based on Silicon technology, with amorphous
(a-Si) or crystalline (c-Si) Silicon providing output powers of ~5 uW/cm?
under typical indoor lighting conditions (200 lux).

But the performance of current light energy harvesting technology is
insufficient to meet the power requirements of many current IoT devices,
from smart-watches and wearables with sensing, wireless capability and
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high-resolution displays (>50 uW average power consumption), asset
trackers with long-range wireless protocols (up to ~100 pW average power
consumption) to building automation sensors with gas sensors and wire-
less connectivity (up to ~150 uW average power consumption).

More recently, light energy harvesting technologies with higher efficiency
than silicon-based technologies are being developed. For example, Lightricity’s
energy harvesting technology converts very efficiently the ambient light into
electricity even under artificial low-light levels experienced inside buildings
and homes (50-500 lux), with >30% efliciency or up to 6x more power per
area than conventional silicon-based technologies at 200 lux demonstrated.

Such a high-efficiency PV energy harvesting device can then be com-
bined with ultra-low power electronics and storage to provide a plug-and-
play power solution, i.e., everlasting source of power, that directly connects
to an IoT sensor or device. As a result, for a product designed to be other-
wise powered by a coin-cell battery, up to 80 battery disposals per product
could be avoided over a 10-year period, saving hundreds of euros per device.

As was discussed in detail in Chapters 2 and 3, there are other meth-
ods of harvesting that could compete with PV harvesting, especially in
industrial applications. These rely on either thermal gradients [1] (ther-
moelectric generators), vibrations [2] (electrodynamic, piezoelectric) or
electromagnetic fields [3] (wireless RF energy). However, thermoelectric
generators require a heatsink and are too bulky to be used in many applica-
tions. RF chargers and piezoelectric generators have typically smaller sizes
that are suitable for integration, but have power densities at least one order
of magnitude less than PV energy harvesting when they rely on a standard
environment, or rely on an external high power source such as a high mag-
netic flux, or a mechanical excitation to deliver greater amounts of power.

Energy harvesting has been used for decades in solar panels or even
longer in bicycle dynamos, but the field has seen a resurgence of interest
and new technologies during recent years with applications ranging from
industry automation, smart city applications and many other Internet of
Things (IoT) applications [4]. The challenge in the field of light energy har-
vesting is to create a manufacturable energy harvesting solution that can
provide the required combination of performance, small size and low cost
(sub-dollar) for the billions of connected sensors that are widely forecast to
be deployed in the coming years [5].

Most of the materials and device technologies used for outdoor solar
power generation have been investigated for indoor energy harvesting,
too. However, the far lower energy available in the light spectrum indoors
compared with the outdoor solar spectrum and the substantially different
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light spectra found in indoor environments mean that an efficient outdoor
solar technology is generally not the most efficient solution for indoor
harvesting.

In this chapter, we will provide an overview of Lightricity’s approach
for high-efficiency indoor light harvesting. We will then discuss technical
approaches for integrating a light energy harvesting system into a power
sub-system, comprising energy harvesting device, power management and
storage. We will also describe in detail an autonomous building automa-
tion sensor and will discuss performance of light energy harvesting in this
application scenario.

8.2 Approaches for Efficient Indoor PV Energy
Harvesting

8.2.1 PV Energy Harvesting Technologies

In this section we will review the most commonly used or researched
materials for light energy harvesting devices.

Amorphous (a-Si) [6] and crystalline (c-Si) silicon provide output pow-
ers of 3-6 uW/cm? under typical indoor lighting conditions (200 lux),
corresponding to an efficiency of 5-10% indoors. They typically present
a blueish (c-Si) or brownish color (a-Si) caused by imperfect visible light
absorption and surface reflections (Figure 8.1 (a)). Amorphous silicon
(a-Si) is commercially available but its efficiency is reduced under very
low-level indoor lighting (<200 lux) conditions, as a-Si suffers a “cut-out”
at lower limit of illumination, when charge carrier mobility is low, and
recombination is a major issue.

(a) (b)

Figure 8.1 A silicon PV energy harvester (Panasonic) [10] (a). Dye-sensitized solar cell
(DSSC) PV energy harvester (G24 Power Ltd.) [13] (b).
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Dye-sensitized solar cells (DSSC), perovskites [7] and organic photovol-
taic (OPV) [8] offer a power density increase (~7 uW/cm? at 200 lux) and
can be made flexible (Figure 8.1 (b)).

Dye-sensitized solar cells (DSSC) are composed of a porous layer of
titanium dioxide nanoparticles, covered with a molecular dye that absorbs
sunlight. DSSCs work in low-light conditions and offer potential for
indoor use. The major disadvantages of DSSC are the use of a liquid elec-
trolyte (which can have temperature stability problems), and costly ruthe-
nium (dye) and platinum (catalyst) materials used. Despite over 10 years
of intense R&D on DSSCs their long-term stability and power output fall
short of the requirements for many practical applications.

Perovskite solar cells have achieved good efficiency levels (>20% out-
doors, up to 15% indoors) and whilst stability is improving, the required
investment into scale-up and mass-production technologies make deploy-
ment in products unlikely at least in the short term.

Organic Photovoltaics (OPV), like DSSCs, is in principle suitable for the
lower intensities experienced inside buildings. However, despite intense
R&D efforts by industry and academia, long-term stability is reliant on
effective encapsulation to prevent degradation of the OPV active material.
The power output per area is comparable to that of DSSCs.

A general description of advantages and disadvantages of each technol-
ogy is presented in Table 8.1.

8.2.2 Commercial PV Energy Harvesting Devices

Some of the PV energy harvesting devices which are or were commercially
available, and their operating characteristics are shown in Table 8.2.

8.2.3 Recent Research Results for PV Energy Harvesting Devices

Aside from commercially available photovoltaic energy harvesters, aca-
demic research has been proficient in the field of light energy harvesting,
often achieving higher performance than commercial PV devices. Much
of the research activity is currently focusing on perovskite materials that
show good promise for use in indoor environments, and to a lesser extent
on DSSCs and organic solar cells. Table 8.3 below summarizes some of the
most noticeable research results. It should be noted that it can be difficult
to compare results from different laboratories. Due to the current lack of
measurement standards for indoor solar cells, they are often characterized
under different test conditions (e.g., different illumination levels, spectra,
temperature and for different active area sizes).
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Table 8.3 Research results for state-of-the art indoor PV energy harvesters.

University/research
organization Technology | Performance | Comments
University of Perovskite 16.3-19.9 Measured under
Swansea (UK), UW/cm? at fluorescent
2018 [14] 200 lux illumination (light
spectrum not
indicated)
RCNPYV (Taiwan), Perovskite 11.7%-23.7% | Performance
2019 [15] indoors depending on solar
cell area
Linképing (Sweden)/ | Organic 26.1% at Performance
Beijing University 1000 lux depending on
(China), 2019 [16] illumination level
(worse at low light
level)
EPFL (Switzerland) DSSC 27.5% at 200 | Performance
[17] lux measured based on
photoactive area
(not total area).
Efficiency increases
with light level

8.3 Lightricity’s PV Energy Harvesting Technology

8.3.1 Introduction

As we have seen in the previous sections, realizing the full potential of
light energy harvesting in energy-harvesting powered systems requires
a new approach where device efficiency and manufacturing technology
are pushed beyond the state-of-the-art limits. Lightricity has developed a
high-efficiency PV energy harvesting module for efficient conversion of
indoor light. These are typically artificial sources such as incandescent and
fluorescent in legacy deployments, and LED in current indoor lighting
applications [18].

Lightricity uses a high purity and long lifetime (>20 years) III-V mate-
rial that delivers over 22 uyW/cm? under 200 lux conditions (white LED),
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Figure 8.2 (a) Comparison of commercial indoor Photovoltaic (PV) Energy Harvesting
technologies (Table 8.2 and Lightricity data, measured under 200 lux white LED
illumination). (b) Lightricity PV Energy Harvesting prototype module (2 cm x 5 cm).

corresponding to 30-35% under artificial lighting (indoor fluorescent,
white LED, high-pressure sodium lamps found in parking, outdoor street
lighting applications) (Figure 8.2). The conversion efficiency was deter-
mined by measuring the spectra of the light sources used, as well as device
quantum efficiency (measured with a Newport QE/IPC setup for solar
cell characterisation). The device can also be made fully black for seam-
less integration into a product or environment. After scale-up, Lightricity’s

technology is expected to achieve cost parity (per uW) with silicon for
small size devices (mm?-cm?).

8.3.2 Energy Harvester Device Fabrication and Device
Characteristics

A prototype was successfully scaled up from a first 1 mm?* experimental
cell to a packaged 10 cm? multi-cell module (Figure 8.3). Independently
verified module output power densities of 20.5 uW/cm? at 200 lux under

Optically transparent
PV die (inorganic material) encapsulant

|

Glass-
epoxy
board

Figure 8.3 Side view of semiconductor packaging method used for Lightricity’s energy
harvester.
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warm white LED lighting were achieved (3-6 times higher than the best
commercially available products).

In addition, the technology has a number of other technical advantages,
including:

« High dynamic range: The module operates with both high
efficiency (>30%) and high single-cell operating voltage (>1 V)
even at ultra-low light levels (<20 lux) where other technol-
ogy exhibit steep roll-off in performance. The 1 V operating
voltage complements emerging low voltage, power efficient
chipsets for wireless communications, power management,
and microcontrollers.

« High manufacturability and scalability: The technology is
compatible with existing manufacturing facilities.

 Highly stable material and device performance: The module
exhibits no performance degradation under indoor condi-
tions. Devices stored under ambient temperature conditions
have shown no measurable performance degradation over a
period of 5 years.

 Attractive cosmetic appearance. Its black finish enhances the
aesthetic impact on final product design.

 Superior outdoor performance: The module is also more
efficient than low-cost crystalline silicon (16.5% efficiency
under AM1.5G solar spectrum conditions). This means
system integrators are able to restrict their choice of PV
technology to a single option for several products covering
various indoor and outdoor applications.

The open-circuit voltage range of the PV energy harvesting module with
mechanical specifications as show in Table 8.4 is 4.0 ~ 4.9 V when light
intensity changes from 10 ~ 1000 lux. At the indoor illumination condi-
tions of 200 lux (white LED illumination, CCT 2,831 K), operating power

Table 8.4 Mechanical specifications.

Geometrical parameters

Shape Rectangular

Outer module dimensions 5.0cm x 2.0 cm

Thickness >1.5 mm
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Figure 8.4 I-V (blue line) and the P-V curves (red line) of the PV energy harvesting
module at 200 lux indoor illumination conditions.

at maximum power point is 170.0 yW with V. =4.61 V and I = 43.8 yA,
corresponding to an active area power density of 21.8 pW/cm? (Figure 8.4).

A technical comparison of Lightricity’s modules with the primary com-
peting technology is shown in Table 8.5, and its performance as a function
of illumination level and temperature in Figure 8.5.

Table 8.5 Comparison of Lightricity’s modules with the primary competing

technologies.

Specification at 200 lux
illumination

Voc (V)

Jsc (uA/cm?)

FF (%)

Max. output
power
(UW/cm?)

Lightricity energy
harvesting cell in
module

1.15

22.4

84.8

21.8

a-Si module (Panasonic
Amorton) “Best in
class”

0.63

17.0

65.4

7.0

a-Si module (EnOcean
ECS 310)

0.5

12.5

58.9

3.7

SunPartner Wysips
Crystal

~2.1 est.
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Figure 8.5 Output power density of Lightricity’s energy harvesting module as a function
of illumination level and temperature.

Therefore, it is apparent that PV energy harvesting can provide signifi-
cant amounts of energy for IoT-based application scenarios at illumination
conditions down to 200 lux and below [19].

8.4 High-Efficiency PV Energy Harvesting Power
Supplies

8.4.1 Introduction

A light energy harvesting component, such as the one developed by
Lightricity, is a necessary element to provide power to a IoT sensor but it
is not sufficient on its own to replace directly and effectively a primary bat-
tery. The main reason is that output from the PV energy harvesting device
is not regulated and will not sustain a load drawing more current than the
PV energy harvesting device continuously produces (~40 pA). In IoT sen-
sors, this situation occurs during measurement (peak currents of ~10-100
mA typically required for ~40-100 ms) and transmission (10-20 mA typ-
ically required for hundreds of ms) intervals [20]. A power management
interface is thus typically required between the energy harvesting compo-
nent and the load [21]. This power management interface should draw as
little power as possible and should be integrated with the energy harvesting
component to maximize overall system efficiency and to reduce the overall
system footprint. In this section, we discuss the approach we have taken to
provide efficient power management functionality.
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8.4.2 Energy Harvesting Power Management Solutions

There are two concerns when energy harvesting components are directly
connected to the energy storage components. Firstly, the energy storage
components might be overcharged when the harvested energy is too high,
resulting in degraded performance. Over-discharge of the storage compo-
nents, which happens when the harvested energy is too low for a sustained
period, should also be avoided to extend the lifetime of energy storage
components. Secondly, high charge efficiency is necessary to utilize most of
the energy generated by harvesting from low energy sources (e.g., dimmed
light). Lastly, sensor nodes typically require 3.3 V or 1.8 V voltage supply,
therefore a voltage boost stage is required as if only one solar cell is used.

The diagram of a typical power management circuit for energy harvest-
ing is shown in Figure 8.6, where PV voltage is boosted to a pre-set volt-
age (such as 4.0 V) to charge an energy storage element, e.g., a battery. To
output voltages such as 3.3 V or 1.8 V to a load circuit, a secondary buck
convertor is often employed. To operate the PV device at maximum output
power, an impedance matching block is added between the PV and the
boost converter for tracking the maximum output power point of the PV,
which changes with the illumination conditions (MPPT function).

In summary, the functions of the power management chip are to provide
impedance matching, boost/buck conversion and regulated output to charge
a battery/supercapacitor (also ensuring over-charge and over-discharge
protection) while providing power to a load such as a sensor node.

An interesting aspect of Lightricity’s energy harvesting device described
earlier is that with solar cells in series, the input boost convertor may not
be necessary since the output voltage of the PV module is sufficiently high
(~4 V at 200 lux), which means that a simple charger optimized for low
power applications can provide the functionality required.

A battery charger, LTC4071 from Linear Technology, has therefore been
employed for power management. The LTC4071 IC is a Li-battery charger
optimized for low power energy harvesting with over-charge (4.0~4.2 V
selectable) and over-discharge (2.7~3.2 V selectable) protection, a maximum

PV-EH Impedance Boost Buck
matching converter converter
Output

>0.3V MPPT — 33V
Energy T~ 18
storage

Figure 8.6 Typical circuit diagram of commercially available power management ICs.
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pulse current of 400 mA at <10 ms and a continuous current of up to 50 mA.
The block diagram of the chip is shown in Figure 8.7. The energy harvester is
connected to R_, a Li-battery or supercapacitor is connected to Bat, and the
output (load) is connected to V_. When the supercapacitor voltage is lower
than the over-discharge voltage, the supercapacitor is charged through R
and the diode. When the supercapacitor voltage exceeds the over-discharge
protection voltage, MP is switched on (4-6 () on-resistance). The charge cur-
rent will be shunted through the MP, path when the supercapacitor voltage is
higher than over-charge protection voltage.

The output current of the energy harvesting device changes with the illu-
mination condition, as shown in Figure 8.8. For a given illumination, the
output current is almost constant when output voltage changes from 0-85%
of the open-circuit voltage, which means that the output power of the energy
harvester mainly changes with operating voltage. The output power of the
EH changes as shown in Figure 8.9, where the maximum output power point
is labeled by a circle located at ~85% of the open-circuit voltage of the device.

Lightricity’s energy harvesting device provides an open-circuit voltage
of 3.9 V ~ 4.8 V, which can be directly used to charge a 3.7 V battery, or a
supercapacitor. That is, instead of setting operating voltage of the energy
harvesting device by MPPT, the operating voltage of the energy harvesting
device is directly set as the storage element voltage when the energy har-
vester is directly connected to the storage element.

Indoor PV Energy Harvester J - /\/\/\/
------------------------------ !
Power management (LTC4071) v I
cc |
: —e Vout
1
! i
Over-discharge protection ! :1} —] r: GD i
voltage setting ! Cmp, MP, D, !
1
Bat |
1
1
1
1 1 super-
I ~/T capacitor
Over-charge protection :
voltage setting GND!
1
1

Figure 8.7 Block diagram of the LTC4071.
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Figure 8.8 Light IV curves of Lightricity’s energy harvesting device as a function of
illumination level (white LED lighting).
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Figure 8.9 Output power of Lightricity’s energy harvesting device as a function of
illumination level (white LED lighting).

A charging chip such as the LTC4071 has been found to perform well
without MPPT. This can be explained from the characteristic curves of the
energy harvesting device tested under different illumination conditions.
Figure 8.9 shows the output power of the solar panel with its maximum
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output power point. Figure 8.10 shows the normalized efficiency when max-
imum output power is treated as 100%, demonstrating >80% efficiency if the
operating voltage of the solar panel is set in the region of 3.6 V to 4.2 V. In the
region of 3.5 V to 4.0 V, the lower the illumination, the higher the efficiency.
This property is advantageous under very low light level conditions.

The reason that this power management approach achieves high charge
efficiency is counter-intuitively related to the fact that it does not use MPPT.
Total efficiencies of 80% are not usually achieved in commercially available
power management chips with MPPT [23]. Referring to Figure 8.6, assuming
the efficiencies of the boost and buck converters are 80%, the total efficiency
of the power management chip becomes as low as 64%. Furthermore, MPPT
circuits contribute to quiescent current which decreases the charge efficiency
turther, especially under low illumination condition where harvested energy
might be even lower than the energy required for running these circuits.

We have tested a power module which is composed of Lightricity’s energy
harvesting device, a LTC4071, a Li-battery or supercapacitor with a switched
resistive load to simulate the power consumption of a wireless sensor node
during the measurement and data transmission periods, and during the
sleep period. This simulated environment integrates practical considerations
of the quiescent current of the LTC4071, the charge efficiency and the leak-
age current, to evaluate if the energy harvested is sufficient to, for example,
autonomously power a building automation sensor node.

Figure 8.11 shows the experimental setup, where the LTC 4071 is con-
nected to the PV energy harvesting module and a simulated load. The low
leakage switch used is a Vishay DG467, which has maximum on-resistance
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Figure 8.10 Normalized efficiency of Lightricity’s energy harvesting device as a function
of operating voltage.
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of 10 €, fast switch time of 100 ns and a maximum leakage current of 10
nA. The switch is controlled by a pattern signal generator which produces
a 15 ms pulse signal every 200 seconds. The load resistor is set to 100 Q.
With a pre-charged battery of 3.7 V, the total discharge of the battery within
a measurement period has been measured to be 3.7 V/110 QO * 15 ms = 504
tAs, which is higher than the 400 puAs required by the building automation
CO, sensor discussed in the next section.

8.4.3 System Integration and Performance Testing

This section presents the development of an Indoor PV Energy Harvesting
Power Module (IPEHPM) for wireless sensor nodes, using the approach
described in the previous section. The sensor node utilizes a low-power con-
sumption autonomous CO,, temperature and humidity sensor and its associ-
ated signal conditioning circuits from GSS (Gas Sensing Solutions Ltd [22]),
powered using the newly developed IPEHPM. The energy harvested using the
IPEHPM provides a high open-circuit voltage, directly stored in a superca-
pacitor without using a voltage regulator and accordingly without using maxi-
mum power point tracking (MPPT). Storage efficiency analysis and efficiency
testing of the IPEHPM are described to demonstrate that high energy storage
efficiency can be achieved for typical indoor illumination conditions of 200
lux. Testing of the supercapacitor in-circuit self-discharge current is reported
since the data sheet self-discharge current of the supercapacitor is typically
defined in the steady state only. Dry testing of the IPEHPM at a fixed illumi-
nation of 200 lux to validate the functions of IPEHPM, such as overcharge
protection, over-discharge protection and reactivation after over-discharge

Indoor PV Energy Rin
Harvester
Low leakage
switch
VCC
B Load
att resistor
Power o
management Li coin cell
(LTC4071) battery
Signal -
generator

Figure 8.11 Experimental setup for load simulation measurements.
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protection, was also carried out. Efficiency measurements of the IPEHPM are
reported, too. Powering the IoT gas sensor node with the IPEHPM to measure
CO, concentration at 200 lux indoor lighting for automatic building air quality
control is reported in Section 8.5.2: Wireless Building Automation Sensors.

The IPEHPM has been designed and fabricated as shown in Figure 8.12.
A low voltage drop Schottky diode has been added between the PV energy
harvester output and R _ to protect the PV energy harvester being charged
by the storage when illumination conditions are poor. The over-charge
protection voltage can be set as 4.0, 4.1 or 4.2 V on the board. The over-
discharge protection voltage has been set as 3.2 V. The connector located
on the right part of the PCB is for power output and also provides an addi-
tional fast charging access to the supercapacitor. All electronic components
are mounted on the bottom layer of the PCB. The PV energy harvesting
module, which has the same dimension as the PCB, has been soldered
on the top layer of the PCB. The fabricated IPEHPM has a dimension of
50 mm X 20 mm X 15 mm.

Figure 8.12 The 50 mm x 20 mm X 15 mm IPEHPM. Top: PV energy harvesting module
side of the IPEHPM. Bottom: electronic components side of IPEHPM.
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Storage efficiency of the IPEHPM has been examined using the designed
PCB by replacing the energy storage supercapacitor with a Keithley
source-meter acting as a voltage source, so that the charge current flow-
ing into the storage can be measured at different operating voltages when
the PV energy harvester is illuminated at 200 lux. Varying the voltage of
the Keithley source-meter from 3.6 V to 4.2 V with a 0.1 V voltage step, the
current flowing into the Keithley, together with the PV output current and
the output voltage, has been recorded at the same time.

Figure 8.13 shows that the maximum output power of the PV energy
harvesting module is 180.95 uW when the output voltage of the PV energy
harvester is at 4.0 V, while the maximum power the storage received is at
the voltage of 3.8 V. The 0.2 V difference is caused by the voltage drop mea-
sured across the protection Schottky diode.

Power output efficiency of the power module has been calculated by
dividing the storage received power by the maximum PV energy harvest-
ing module output power, as shown in Figure 8.13. The achieved maxi-
mum storage efficiency is 93.1% at the storage voltage of 3.8 V while the
minimum is 79.6% at 4.2 V. The average storage efficiency is 88.7% for the
tested storage voltage range of 3.6 ~ 4.2 V, demonstrating that the IPEHPM
has achieved high storage efficiency at 200 lux.

The quiescent current of the IPEHPM is composed of the quiescent cur-
rent of the power management chip and the static leakage current of the
supercapacitor, and has been measured to be 1.2 pA in total. The resistive
impedance of the IPEHPM has been measured as 5.5 +/-1.0 Q. Therefore,
outputting a high current from the IPEHPM can result in a relatively high
output voltage drop (mainly dropped across MP, in the power manage-
ment chip shown in Figure 8.7 due to its on-resistance). For low-power
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Figure 8.13 Output power of the PV energy harvesting module (pink squares), storage
received power (yellow circles) and the storage efficiency (green diamonds).
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applications such as the ~20 mA current pulses encountered for low-power
wireless transmission, the maximum output voltage drop in active mode is
less than 130 mV, which is insignificant (4% of the supply voltage of 3.3 V).

8.5 Applications of Light Indoor Energy Harvesting

As we have seen in the previous sections, energy harvesting can be com-
bined with low-power electronic circuitry and storage to provide a
complete energy harvesting solution for all use cases requiring sensing,
information-storage or transmission. We will discuss some of the use cases
with significant mass-market potential.

8.5.1 Watches and Wearable Devices

One of the promising applications of high-efficiency light energy harvest-
ing technology is in wearable devices. Commercially available light energy
harvesting devices to date have been almost exclusively based on amor-
phous silicon technology, with a-Si providing output powers of ~5 pW/
cm’ under typical indoor lighting conditions (200 lux). This is sufficient
to autonomously power the quartz movement in a traditional solar watch
(~5 uW average power consumption), or a solar watch or solar calcula-
tor with segmented LCD display (~10-15 pW average power consump-
tion). Indeed, solar powered watches and calculators have been the earliest
mass-market applications of indoor light energy harvesting technology.

Using high-efficiency light energy harvesting devices would increase
significantly the amount of electrical power available to watches and
wearable devices, offering the possibility of adding “smart functionality”
(e.g., BLE connectivity, health sensors) to the watch, and the possibility of
adding a more performant display such as a low-power memory-in-pixel
(MIP) reflective display (Figure 8.14).

8.5.2 Wireless Building Automation Sensors

Energy saving smart air quality control in buildings can be achieved via auto-
mated control of air handling systems based on the real-time measurement of
air quality parameters, such as CO, concentration, temperature and humid-
ity, using ambient energy harvesting powered IoT nodes. The environmental
parameters change slowly so the air quality parameters inside a building need
to be measured periodically rather than continuously. The power that the
ambient energy harvester can produce might be lower than that required for
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Figure 8.14 Functionality vs. power requirements in energy-harvesting powered watches.

a measurement, but the harvested energy can be continuously accumulated
into energy storage components so that a high-power pulse can be supplied
for short-term measurement and wireless transmission events.

For building automation applications, the harvested PV energy can be
stored in a rechargeable Lithium battery or a supercapacitor. Both energy
storage devices are suitable for powering low-power building automation
nodes in terms of the storage capacity. Millions of charge cycles may make
supercapacitors a better solution for lifetime “fit and forget” applications;
on the other hand, their higher self-discharge is a concern for their appli-
cation in low-power IoT devices [24].

We utilize the energy harvesting power supply module (IPEHPM)
described in Section 8.4: High-Efficiency PV Energy Harvesting Power
Supplies, to power the sensor node, with a 0.5 F supercapacitor from
VinaTech. The storage supercapacitor provides 3.6 V to 4.0, 4.1 or 42 V
with a peak pulse current of up to 100 mA, for up to 600 ms, to the build-
ing automation sensor. The building automation sensor is comprised of a
low-power CO, sensor, a microcontroller and a wireless radio, as shown in
Figure 8.15. During a measurement, the sensor is powered on to measure
CO, and to then send the measured value wirelessly to a gateway (active
mode, labeled as T, in Figure 8.16). Subsequently, sensor and radio are
powered off to enter sleep mode (labeled as T, in Figure 8.16), during
which time harvested energy is accumulated for the next measurement.

The current profile of the GSS gas sensor for air quality measurements is
shown in Figure 8.17, where the first peak is for sensor power on, followed
by the second peak for measurement and the last peak for wireless data
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Figure 8.15 A 70 x 50 x 20 mm autonomous IoT sensor node for building automation.
On the left is the PV energy harvesting power supply, on the right the CO, sensor,
microcontroller and radio module.

DC power
Sensors
(Co,,
temperature,
T, T,
f——pe———| humidity)
Active  Sleep
Power Micro- .
¢ < : > Radio
switch controller
DC power
PV power supply

Figure 8.16 Block diagram of the building automation sensor. Sensor and radio are only
powered during active mode (T).

transfer. All current pulses are within the IPEHPM specifications of 100
mA at 600 ms. The required current to maintain the microcontroller in
sleep mode is 4 pA. The total discharge for a measurement and transmis-
sion event every 2.5 mins is calculated as ~4.3 mC.

As shown in Table 8.6, the effective charge current of the IPEHPM is
38.6 HA at 200 lux, i.e., the total charge the PV energy harvester provided is
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Figure 8.17 Current profile for a single CO, measurement and wireless transmission event.

Table 8.6 Summary of the power generated and provided by the IPEHPM for
CO, concentration measurements every 2.5 mins at 200 lux (power in uW).

PV energy harvester output power 159.7
Available power from IPEHPM 38.6 x 3.6 = 139.0 (min)

38.6 x 4.2=162.1 (max)
150.5 (average)

Power consumed by the CO, sensor node 28.3 x 4.2 = 118.9 (max)

5640 pC during a measurement period of 150 second, which is larger than
the charge consumption of 4240 uC during the same period.

The CO, sensor node for building automation provides a successful
application example of using high-efficiency light energy harvesting for
powering an IoT node which could not be easily powered with light energy
harvesting otherwise.

8.5.3 Wireless Beacons

In a project funded by Innovate UK, and in partnership with Ilika (devel-
oping solid-state battery storage) a second generation of compact everlast-
ing power supply that can connect to any IoT sensor or wireless tracking
devices and beacons has been developed (Figure 8.18). The power pack has
been demonstrated to autonomously power a Bluetooth low-energy (BLE)
beacon, with applications in asset tracking in warehouses and hospitals,
logistics and location-dependent services.

In a second, final design the beacon was miniaturised to minimal size
(35 x 25 mm). With its thin form factor (<4 mm), the final device resem-
bles a thin patch. The final device comprises a Lightricity 25 x 10 mm light
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Figure 8.18 Energy harvesting power pack (Lightricity, Ilika).

energy harvesting device, an Ilika 250 pAh Stereax M250 solid state bat-
tery, a Nordic nRF52832 Bluetooth Low Energy SoC with built-in tem-
perature sensor and power management. The perpetual beacon measures
temperature at regular intervals and transmits the data using Bluetooth
Low Energy to a smartphone app. The app displays temperature infor-
mation as well as the battery’s state of charge. This device replicates non-
critical sensors where the data could be transmitted wirelessly to a hub
instead of smartphone. The minimal size and maintenance-free operation
of the beacon enables installation in difficult-to-reach places in many use
cases, e.g. industrial IoT, asset tracking and automotive.

8.6 Summary and Concluding Remarks

Powered using energy harvesting: this has been widely considered the
only logical and sustainable solution for providing power to IoT devices in
the medium to long term. The developments summarized in this chapter
demonstrate that powering IoT devices and sensors by energy harvesting
is both practical and beneficial for lowering cost of ownership. New energy
harvesting and sensor technologies are now making it a viable, practical
option for real-world deployments in the short term, too. It is also in line
with current trends of device miniaturization and low-power consump-
tion. As a consequence, there are now commercially available energy har-
vesting solutions which can provide enough energy and peak power for a
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wide range of wireless applications, including wearables. This opens the
way to large-scale deployment of connected IoT devices in the short term.
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Abstract

Photovoltaics based on III-V compound semiconductors offer high power con-
version efficiency associated with a wide range of attainable bandgap energies,
high optical absorption strength, excellent charge carrier transport properties,
and low non-radiative recombination pathways. GaAs and AlGaAs alloys offer a
mature materials technology that can offer high power conversion efficiency that
is well matched to the narrow indoor lighting spectrum, with high performance
under low-flux illumination conditions. Two key regimes are identified for indoor
photovoltaics: 1) large-area photovoltaics for general power generation, and 2) small-
area photovoltaics for self-powered miniature systems. Large-area GaAs photovol-
taics based on epitaxial liftoft show great promise as a cost-competitive technique,
though application to indoor power generation has not been explored in detail.
Small-area (approximately 1 mm?) photovoltaics offer an efficient energy harvest-
ing technology that is sufficient for perpetual operation of low-power systems.
AlGaAs photovoltaic cells offer among the highest reported efficiencies (>20%) for
small-area devices under indoor conditions, with performance currently limited
by perimeter sidewall recombination as cell area decreases. Furthermore, mono-
lithic photovoltaic modules with series-interconnected cells offer a means to pro-
vide sufficient voltage for direct battery charging, and bypassing needs for voltage
up-conversion circuitry.
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9.1 Importance of AlGaAs for Indoor Photovoltaics

Indoor lighting, from either the sun or artificial lighting, can provide a
key source for harvesting energy for general power generation or to inde-
pendently operate standalone devices. Sunlight is more than adequate for
substantial power generation, providing 1 mW/mm? of power under full
sun, or ~100 pW/mm? with a conversion efficiency of 10%. However, stray
sunlight is not available in all locations, or at all times. Artificial indoor
lighting may also provide sufficient energy, though the intensity and spec-
tral content are significantly different than sunlight. Today, efficient indoor
artificial lighting sources, such as light-emitting diodes (LEDs) and flu-
orescent lamps, provide a relatively narrow band of light in the visible
spectral region with a power density on the order of 1 yW/mm? (for an
illuminance of ~600 1x). In this chapter, we will focus on photovoltaic (PV)
energy harvesting from indoor artificial lighting sources, and use the term
indoor lighting to specifically represent this scenario.

The optical spectrum for indoor lighting is primarily contained in a nar-
row spectral band in the visible region. The spectrum can also vary depend-
ing on the light source (e.g., incandescent, fluorescent, and LED) and color
rendering (e.g., warm white and cool white). Fluorescent and LED lighting, in
particular, have similar spectral content such that the photovoltaic response
will be very similar in both cases. Further details on the spectrum of artifi-
cial indoor lighting sources are described in Chapter 5: Characterization and
Power Measurement of IPV Cells. The optimal bandgap energy for a pho-
tovoltaic cell for indoor lighting will correspond to the edge of the visible
spectrum, and will be larger than the optimal bandgap energy for solar illu-
mination due to the absence of spectral content beyond the visible region. The
larger bandgap energy will provide a larger voltage output while also absorb-
ing the full spectrum provided from indoor lighting. Theoretical calculations
suggest an optimal bandgap energy of 1.9-2 eV for indoor lighting sources
[1] in comparison with the Shockley-Queisser limit of 1.34 eV for AM 1.5
solar illumination [2]. Silicon, with bandgap energy of 1.1 eV corresponding
to the IR spectral region, is, therefore, smaller than desired for efficient energy
harvesting under indoor lighting conditions. Alternatively, III-V compound
semiconductor materials, such as GaAs, provide larger bandgap energy with
proven high conversion efficiency and a wide range of accessible spectral win-
dows. In addition to the bandgap energy of the material, which governs the
fundamental absorption properties, output voltage, and dark current limita-
tions, the parallel (shunt) resistance for a photovoltaic cell will have strong
influence on performance under low-light conditions [1, 3-6].
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We calculated the maximum energy harvesting efficiency under indoor
lighting conditions based on detailed balance theory assuming photovoltaic
cells with full optical absorption for energy above the material bandgap, radi-
atively limited performance, and full collection of photogenerated charge
carriers. Three indoor lighting spectra were considered: 1) fluorescent source
with daylight color rendering; 2) LED with phosphor; and 3) three-color
LED, with spectra given in [7]. It should be noted that indoor lighting inten-
sity is typically reported in photometric units of lumens or lux (Ix), rather
than radiometric units of watts or watts per unit area, respectively. Lighting
conditions will be described in terms of lux throughout while also provid-
ing corresponding values of radiometric power density for comparison with
values typically quoted for solar photovoltaics. Of the three spectra, the max-
imum efficiency can be obtained for a three-color LED corresponding to
bandgap energy of 1.9 eV with an efficiency of 60%. Analysis to compare
limiting efficiencies with variable indoor lighting sources has similarly been
conducted in Ref. [1], where an optimal bandgap energy of 1.9-2 eV was
determined. Higher efficiency may be obtained for indoor lighting sources
in comparison with sunlight, since the narrower spectral band mitigates
transparency losses and thermalization losses associated with the broadband
solar spectrum. It should be noted that the conversion efficiency near the
peak is relatively independent of the indoor lighting source. While higher
conversion efficiency may ultimately be achieved for indoor lighting relative
to sunlight, the actual light intensity is significantly lower (1-2 W/m?).

The calculated current density versus voltage and power density versus
voltage are shown in Figure 9.1. for select bandgap energies. The selected
bandgap energies are those of Si, GaAs, Al ,Ga  As, and In ,Ga P as viable
options for indoor photovoltaic technologies. All four materials have simi-
lar current densities, greater than 600 nA/mm?, since they absorb all of the
photons from the indoor spectra. The larger bandgap materials have larger
operating voltages which result in larger maximum power densities of up to
800 nW/mm? at 500 Ix illumination. The dependence of power density on
indoor lighting illuminance is perhaps the most relevant figure for mm-scale
systems. A comparison of maximum achievable power density versus illumi-
nance for select bandgap energies is shown in Figure 9.2. For these relatively
standard indoor lighting conditions, a power density > 100 nW/mm? can be
obtained. This analysis underscores the large improvements in energy har-
vesting that may be achieved by considering materials with larger bandgap
energy than silicon. The analysis described assumes perfect optical absorp-
tion and carrier collection, and does not consider material-specific parame-
ters and how they would influence device design and conversion efficiency.
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Figure 9.1 Calculated ideal (a) current density versus voltage and (b) power density versus
voltage for various semiconductor materials under 500 Ix illumination from a white LED.
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Figure 9.2 Calculated maximum power density versus illuminance for select materials
under white phosphor LED illumination, illustrating that target goals of >100 nW in a
1 mm? area may be reasonably achieved.

In this chapter, we focus on AlGaAs photovoltaics for indoor energy har-
vesting. GaAs-based technology is perhaps the most advanced compound
semiconductor technology based on decades of research and development
and increasing market growth for optoelectronics and radio-frequency
(RF) electronics. The mobile handset industry spurred major growth in
GaAs technology, and is expected to play a major role for the RF front
end to enable 5G [8]. Photonics are expected to further drive growth in
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the GaAs market, including areas in data communications and 3D sensing
for smartphones. The advanced material technology, and close match of
material properties for the spectral content of indoor lighting make GaAs
and associated AlGaAs alloys attractive for photovoltaic energy harvesting.
Al Ga, As alloys with x < 0.3 have been previously pursued in the design
of one of the top cells in multi-junction solar cells [9-11], heterostructure
solar cell designs [12], and broad-spectrum intermediate band solar cells
[13]. For indoor applications, AlGaAs-based photovoltaics target a narrow
spectral band corresponding to artificial lighting conditions, with differing
design parameters than solar cells. Applications can generally be dived into
categories of either large-area cells/modules (larger than 1 cm?) or small-
area devices (< 1 cm?) to harvest energy for portable or wireless devices.

9.2 Design Consideration for AlGaAs III-V
Photovoltaic Cells

High efficiency AlGaAs PV cells can be obtained using conventional p-n
junction architectures consisting of a wide bandgap window layer, heav-
ily doped emitter, and lightly doped base. Layers to achieve low resistivity
electrical contacts and a back surface field to reduce recombination are also
typically incorporated. PV cells use epitaxial techniques such as molecular
beam epitaxy or metal-organic vapor phase epitaxy, where the layer design
and achievement of high-quality materials is critical in achieving high con-
version efficiency. An example PV cell design is described in Table 9.1,
with considerations for choice of parameters described in the following.

Table 9.1 Example device structure for an AlGaAs PV cell for indoor energy
conversion.

Layer Material Thickness (nm) | Doping (cm?)
Contact GaAs >100 pt>10"7
Window Al Ga, As,x~0.8-0.9 | 30 pr~10"
Emitter AlealrxAs, x < 0.45 200 pr~10'

Base Al Ga, As, x<0.45 500-3000 n ~10"7

Back surface field | Al Ga, As,x>x, 100 n*~10"
Contact GaAs >100 nt~10"
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9.2.1 Base/Absorber

The primary design factor determining energy conversion efficiency for
AlGaAs PV cells operating under indoor lighting conditions is the spec-
ification of the base/absorber layer of the cell. The bandgap energy of the
absorber should be maximized to provide the highest voltage output, while
providing optical absorption across the indoor lighting spectrum. The
dependence of Al Ga, As bandgap energy on alloy composition at tem-
perature of 300 K is given by

E =1424+1247x (x<0.45) (9.1)

AlGaAs has a direct bandgap in this range of alloy composition, where
higher aluminum fraction results in an indirect bandgap where the con-
duction band minimum transitions from the I to the X and L valleys. Full
coverage of the visible light spectrum out to approximately 740 nm would
translate to a bandgap energy of 1.67 eV, and Al Ga, As alloy composition
with x = 0.2. Optimizing the power conversion efficiency for typical indoor
lighting conditions requires a bandgap energy of approximately 2.0 eV
[1], requiring an Al Ga,Z_As alloy composition near the direct/indirect
bandgap crossover of x = 0.45. In addition to optical absorption, the choice
of alloy composition can impact efficiency according to the bulk mate-
rial properties of the AlGaAs. The minority carrier lifetime of AlGaAs is
dominated by Shockley-Read-Hall recombination and exhibits a strong
dependence on carrier density. A clear dependence on aluminum alloy
composition is not observed, with minority carrier lifetimes ranging from
nanoseconds to 10’s of nanoseconds for x < 0.4 [14]. In the direct bandgap
region for AlGaAs, the absorption coeflicient exceeds 10* cm™ at the band
edge to approximately 5x10° cm™ at the short wavelength edge of the vis-
ible region. Full optical absorption may therefore be obtained for a thick-
ness of approximately 1 um. For higher aluminum content where the band
edge is near the cutoff of the indoor lighting spectrum, thicker layers are
required for full absorption. For GaAs and lower aluminum content layers,
thin layers of 0.5 pm or less are sufficient for full absorption.

Carrier collection in the base region for AlGaAs alloys can be a factor in
determining conversion efficiency. The limiting mechanism for collection
via minority carrier diffusion is hole transport in an n-type base. The hole
mobility ranges from approximately 260 cm?/V-s for GaAs to 80 cm?/V-s
at higher aluminum composition [15]. At the lower mobility value of 80
cm?/V-s, and assuming a minority carrier lifetime of 1 ns, the minority
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carrier diffusion length is approximately 0.5 pm. This is near the edge of
satisfying requirements for both high optical absorption and complete car-
rier collection.

The doping concentration of the base may be optimized to address a
tradeoff between maintaining high carrier lifetime and mobility in the base
while also maximizing the open-circuit voltage. The open-circuit voltage
for an ideal one-sided junction diode with an n-type base may be repre-
sented by [16]

Vo = len{wD +Ap)Ap +1} o2

q n’

i

where kT/q is the thermal voltage, N is the donor concentration in the
n-type base, n” is the intrinsic carrier concentration, and Ap is the excess
carrier concentration due to illumination. Increasing the base doping con-
centration provides a higher open-circuit voltage up until doping concen-
trations approaching an order of magnitude of the emitter doping. However,
increases in the doping concentration in the base may also lead to reduced
minority carrier lifetime and mobility, resulting in reductions in photocur-
rent and non-ideal factors that will cause a decrease in open-circuit voltage
in comparison to the ideal equation above. Typical doping concentrations
for the base are on the order of 10" cm™.

9.2.2 Contact

A top heavily-doped GaAs layer is typically incorporated to provide
high-quality ohmic contacts. The heavily-doped layer is selectively removed
outside of the metal contact layers, exposing the window layer and pre-
venting optical absorption in this layer. For p-type layers, high doping
concentrations near 10" cm™ may be achieved during the epitaxial growth
process, providing a means to form low resistivity contacts with or without
metal alloying with contact resistivity on the order of 10 Q-cm? [17]. For
n-type layers, alloyed contacts are often used due to limited doping levels
achievable by epitaxial growth techniques, where contact resistivity <10°
Q cm? is common [17]. For the photovoltaic cells in this work, the low con-
tact resistivity associated with GaAs is easily sufficient to avoid degradation
in PV cell performance. Series resistance issues will only occur at high illu-
mination intensities, such as under concentrated sunlight [18].
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9.2.3 Window

AlGaAs PV cells will typically utilize a top surface illumination geome-
try with a wide bandgap top window layer. The window layer serves as a
transparent layer to couple light into the absorption region of the PV cell,
while also providing an efficient means of reducing surface recombination.
AlGaAs window layers cannot offer full transparency in the visible region,
since the bandgap energy of AlAs at room temperature is approximately
2.2 eV. For x > 0.45, however, the bandgap energy is indirect, where trans-
parency of thin layers will ultimately be limited by the larger direct band-
gap. For AlAs at room temperature, this is approximately 3.14 eV [19].
This bandgap is still at the edge of the visible region, so full transparency
is not achievable. Furthermore, some gallium content is typically used to
avoid undesirable oxidation of the exposed surface. Semi-transparency
throughout the visible indoor light spectrum may be achieved for AlGaAs
windows with thickness of approximately 30 nm.

9.2.4 Emitter

For junction formation, a heavily-doped emitter typically utilizes the same
AlGaAs composition as the base. Doping concentration is typically near
degenerate doping, on the order of 10'® cm™. The choice of thickness pres-
ents a tradeoff between minimizing dark current and maximizing carrier
collection. At the thin extreme, short diodes will result in an increase in
reverse saturation current (dark current). Thick emitters may impede car-
rier collection due to reduced minority carrier diffusion lengths associated
with the high doping concentration used in the emitter. Efficient carrier
collection is critical in the emitter region since the photogeneration rate
will be highest near the top illumination surface. An emitter thickness of
approximately 200 nm provides excellent carrier collection while main-
taining a low reverse saturation current.

9.2.5 Back Surface Field

A back surface field layer between the base and bottom contact layers
is used to reduce surface recombination at this interface by reflecting
minority carriers via an energetic barrier [20]. In the case of the PV cell
structure shown in Table 9.1, the energetic barrier is achieved via an n-n*
junction. Advantages of the back surface field become more important
as the thickness of the base is reduced, which is common for optimized
indoor PV cell designs in comparison to solar PV cell designs.
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9.3 Large-Area AlGaAs III-V Photovoltaics

The relatively high cost of GaAs substrates (typically a factor of tens to
hundreds higher than silicon) is prohibitive for direct use of photovoltaic
cells on bulk substrates for large-area power generation. The cost of a 150
cm? GaAs photovoltaic cell is approximately $200, whereas substrate cost
is more than 80% of the total [21]. Epitaxial growth of III-V PV cell struc-
tures combined with wafer reuse can substantially reduce costs, where a
techno-economic analysis suggests that a lower bound on cost per cell is
achieved after approximately 20 reuse cycles with limiting factor associ-
ated with chemical mechanical polishing processes typically required for
wafer planarization [21]. Efficient photovoltaic cells may be achieved for
small layer thickness due to the strong optical absorption associated with
AlGaAs and similar direct bandgap compound semiconductors. The opti-
cal absorption coefficients are on the order of 10* cm™, where full absorp-
tion of incident light may be achieved for layer thickness on the order of
a few micrometers or less. Wafer reuse technologies incorporate a means
of selectively removing the epitaxial device layer from the substrate, which
include approaches such as spalling (mechanical removal) and epitaxial
liftoft (ELO). The ELO technique involves selective removal of thin epi-
taxial structures from GaAs substrates through selective wet etching [22],
and is among the most promising from a cost and technology standpoint.
GaAs-based photovoltaic cells based on ELO have demonstrated efficiency
comparable to cells on bulk GaAs substrates [23-27]. GaAs substrate reuse
may be achieved when high-quality surfaces are obtained following sacri-
ficial etches. Approaches for such wafer re-use include phosphide-based
sacrificial layers [24] and the use of InGaP/GaAs protection layers adjacent
to a sacrificial AlAs layer [26, 28]. The ELO process for the case of InGaP/
GaAs protection layers is illustrated in Figure 9.3.

The thin-film ELO approach and capability of wafer re-use make III-V
photovoltaics a possible candidate for indoor photovoltaics applications.
An illustration of resulting ELO GaAs cells from Ref. [26] is shown in
Figure 9.4, where a high cell conversion efficiency of >18% is achieved
for a sequence of ELO steps on the same GaAs wafer. Under simulated
AML.5 sunlight, the record GaAs conversion efficiency in 2018 is 29.3%
(Alta Devices) [29]. This record efficiency uses a thin-film cell based on
ELO, which is higher than for bulk GaAs, by taking advantage of photon
recycling [30]. The photon recycling approach provides an enhancement
in conversion efficiency for photovoltaic cells that operate near the radia-
tive limit, and is a result of restricting light emission from the cell.
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Figure 9.3 Schematic illustration of the generalized wafer structure used in nondestructive
epitaxial lift-off (ND-ELO). The active thin film device region is lifted-off by selectively
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layers, including the alternating GaAs-InGaP protection layers and the AlAs sacrificial
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Figure 9.4 Close-up image of the GaAs thin film photovoltaic cell array and current
density versus voltage (J-V) characteristics measured under 1 sun, AM1.5G simulated
solar illumination. (From Ref. [26])

GaAs ELO photovoltaic cells were tested under indoor lighting conditions
by Mathews et al. [31] using compact fluorescent and LED light sources.
These commercial GaAs cells, along with GaInP cells, demonstrate sub-
stantially higher conversion efficiency than current a-Si and dye-sensitized
solar cells used for indoor energy harvesting, with more than a factor of two
increase for light levels in the 200-1000 lux range. A credit-card-sized (45
cm?) cell provides approximately 4 mW of power under 1000 lux (similar
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to a bright office space), and is suitable for powering wireless sensor nodes
in many applications. While larger scale GaAs PV energy harvesting has
not been reported in the literature, arrays of GaAs ELO thin-film photovol-
taic cells have been reported to provide mobile power for military applica-
tions. The module consists of a 10x3 array of 20 cm? single-junction GaAs
cells, and is semirigid, lightweight, and provides the ability to recharge a
high-capacity lithium-ion battery. The conversion efficiency of the module
is approximately 19% (over cell area) under AM1.5G conditions. The high
conversion efficiency of GaAs-based PV cells is clearly attractive for indoor
photovoltaics applications and motivate further study, while ultimate appli-
cation will depend on continued breakthroughs in cost reductions for this
technology. While the ELO approach substantially reduces costs due to wafer
reuse, the costs associated with III-V substrates are not fully eliminated due
to substantial costs for preparing substrates for each reuse cycle [21].

A key factor in reducing costs is related to the epitaxial crystal growth
technology. In typical epitaxial crystal growth technologies, such as molec-
ular beam epitaxy (MBE) and metal-organic chemical vapor deposition
(MOCVD), the source materials and precursors are expensive, are not effi-
ciently used, and have very slow growth rates (in the range of pm/hour). All
of these factors contribute to a relatively high cost for the epitaxial growth
process that would limit feasibility of using III-V photovoltaics, even with
wafer re-use enabled by ELO technologies. Recently, a dynamic hydride
vapor phase epitaxy (D-HVPE) technology [32] has been developed as a
new route to low-cost III-V epitaxial growth. Conventional HVPE growth
processes enable high III-V growth rates, up to 300 pm/hour for GaAs [33].
The HVPE technique combines high quality material with high through-
put and high precursor material utilization. A downside to HVPE has tra-
ditionally been the inability to realize heterointerfaces that are needed for
high-performance optoelectronic devices, including photovoltaics. The
D-HVPE technique uses a reactor design with multiple growth chambers
that each have an independent steady-state deposition reaction for a partic-
ular material in an epitaxial layer design, with high-quality heterointerfaces
(32, 34, 35]. The D-HVPE technology has demonstrated single-junction
GaAs cells with solar energy conversion efficiency >25.3%, utilizing growth
rates of approximately 60 um/hour [32]. Analysis suggests that solar cell
manufacturing cost may be reduced from the current level of around $50/W
to below $0.50/W [36]. These cost reductions would rely heavily on both
substantial improvements in substrate reuse and development and scale-up
of a technology such as D-HVPE. Such cost reductions are imperative for
[I-V PV cells such as AlGaAs to be competitive for indoor applications.
The high performance of AlGaAs cells under indoor conditions, coupled
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with activity in reducing costs associated with III-V optoelectronics, are
expected to drive continued interest in AlGaAs indoor PV.

9.4 Small-Area AlGaAs Photovoltaics

Low-power electronic circuitry, including wirelessly interconnected sen-
sor nodes, promises to be a transformational technology that can enable
unsurpassed interconnectivity and a paradigm shift commonly referred to
as the Internet of Things (IoT). These low-power systems require a source
of energy, ideally from ambient sources. Power density for various energy
harvesting sources are discussed in Chapter 2: Micro Energy Harvesting,
Chapter 3: Introduction to IPV, and also summarized in Table 9.2 [37].
Ambient indoor lighting can provide sufficient energy for most of these
applications, with a power density of approximately 1 yW/mm? under dim
lighting conditions. The energy-autonomous operation of millimeter-scale
sensors requires a power supply under active and standby operation of
approximately 10 yW and 0.5 nW, respectively [38-41].

The functionality of these systems is highly dependent on power supply,
to minimally achieve perpetual operation and to ideally achieve a desired
number of operations for the system in a given time. A large fraction of
active mode operations is typically devoted to wireless communications or
specialized needs associated with sensor circuitry such as signal amplifica-
tion and processing. The total power required P, can be represented by

NP .t +P tandby (ttotul —Ni Lactive )

P active” active N

total — (93)

ttotal

Table 9.2 Energy harvesting sources (adopted from [37]).

Power source Power density
Photovoltaics (outdoors) 15,000 pW/cm?
Photovoltaics (indoors) 10 pW/cm?
Thermoelectric (5°C gradient) 40 uyW/cm?
Piezoelectric (shoe inserts) 330 uW/cm’
Vibration (building) 300 uW/cm’
Ambient radio frequency <1 pW/cm?
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where N is the number of operations within a total time period t .t _ isthe

total’ " active
time for each active operation, P . is the power consumption under active
mode, and P is the power consumption in standby mode. Rearranging
standby

terms, the number of number of operations is given by

_ Ptotul - Pstundby
- P P ttotal (94)
active tactive — Lstandby tactive
Under typical conditions where P >>P . and relating the total

power to the power of the source and efficiency for energy harvesting, the
number of operations is limited to

nPsource - Pstundhy
P ..t

active” active

N< ttotal (95)

where P is the power of the source,  is the efficiency of energy conver-
sion. The product P t . is typically given in terms of energy for each
operation, and the value of N/t describes the frequency of operations
achievable. The value for energy for each operation P t  has the largest
variation, since this is highly dependent on the type of application (e.g.,
ranging from low power for a simple temperature logger to higher power
for an application such as an imager). Furthermore, a particular system
may require a series of different operations with different energy require-
ments and different frequency of execution. For example, a data logger may
measure and record data periodically, and then wirelessly stream informa-
tion for a series of data points at lower frequency. An example scenario for
a mm-scale node is given in Table 9.3.

GaAs and AlGaAs-based PV cells are promising candidates for indoor
energy harvesting to power small-scale electronics under low-flux indoor
illumination conditions. In contrast to large area power generation, per-
formance becomes a more critical parameter, while the overall cost of the
PV cells becomes a smaller fraction of the overall system cost. To illus-
trate, assuming a cost of $200 for a 150 cm* GaAs PV cell [21] would
scale to approximately $0.02 for a 1 mm? cell. The dimensional scaling for
mm-scale systems is favorable for the use of high-performance PV cells,
where the cost of the unit becomes reasonable in comparison to the over-
all system cost, and the more common metric of cost per unit area is less

important. At these reduced device dimensions, however, there are more
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Table 9.3 Example parameters for power requirements

for perpetual operation of a mm-scale system, where the
source power of 1 uW corresponds to typical indoor lighting
conditions of approximately 600 lux in a 1 mm? area.

Parameter Value
source 1 W

P standby 0.5 nW
activeLactive 200 nJ

n 10%

it <0.5 operations/s

stringent requirements on dark current, recombination, and shunt leak-
age current in order to achieve high conversion efficiency. Recombination
losses result from the annihilation of photogenerated electron-hole pairs
prior to carrier collection. The low-flux conditions characteristic of indoor
lighting make recombination losses an important parameter in determin-
ing the power conversion efficiency of a photovoltaic cell. Recombination
can occur in the bulk, surface, or perimeter of the device, where the surface
and perimeter factors become more significant as cell area decreases. The
influence of perimeter recombination on the GaAs-based diodes and solar
cells has been reported previously [42-47]. The low current density asso-
ciated with PV cells under indoor illumination conditions typically makes
losses due to series resistance insignificant. The reduced current density,
however, requires higher shunt resistance to maintain high power conver-
sion efficiency. In this section, we examine the performance of mm-scale
AlGaAs PV cells under indoor illumination conditions.

9.4.1 Model of J-V Characteristics

The current-voltage (J-V) characteristics of PV cells, incorporating recom-
bination losses and shunt resistance, are described by the following mod-
els. The current density is given by

]: ]01 (qu/kT_l) + ]02 (qu/sz_l) (9.6)
where J is total current density, g is the charge of an electron, k is the

Boltzmann constant, T is temperature, and Iy and J,, represent reverse
saturation current densities for recombination in the quasi-neutral region
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and recombination in the space charge region, respectively. In the case of
GaAs and AlGaAs PV cells, the second term related to recombination in
the space charge region is dominant. The bulk and perimeter components
of the reverse saturation current density can be represented by

, P
Joo = Jo2p + Joop (AJ (9.7)

. . . . ’ . .
1o 18 the bulk recombination current density and J,, is the perim-
eter recombination coefficient. The perimeter recombination coefficient
can be written as

where ]

]gzp =qn;s,L; (9.8)

where n, is the intrinsic carrier concentration, s, is the surface recombina-
tion velocity, and L_is the effective surface diffusion length. The product s L
for high-efficiency GaAs solar cells have been reported as less than 1 cm?/s
[45, 46], where passivation of surfaces and sidewalls are critical for small
area cells.

Parasitic shunt conductance can degrade cell performance, and becomes
increasingly important under low-flux conditions where short-circuit cur-
rent values are small. The parasitic resistance components for a photovol-
taic cell are described by

a(V+IAR)) | V+JAR,

J=Tse=Jo| exp| = o AR,

where ] is the short-circuit current density, and R_and R, are series and
shunt resistance, respectively. Note that in this case, the reverse leakage
current is represented by ] and ideality factor n for the range of cases
where current is limited by recombination in the bulk region or space
charge region. Shunt resistance values may be obtained from current-voltage
measurements under extremely dim illumination, where I, and V. exhibit
a near linear relationship when shunt conductance is dominant. This
technique can be used to directly measure the shunt resistance of a solar
cell without prior knowledge of solar cell parameters [48]. Variable light
intensity measurements where shunt resistance is dominant allow for this
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determination, without need for accurate knowledge of the source inten-
sity. Neglecting series resistance, /] _and V. _may be related by

quc —1l= ‘/oc

Fee =l P per )71 T ar,,

(9.10)

Under dim conditions, the ] term becomes dominant, resulting in the
linear relationship

V.
=2 9.11
Jsc AR, (9.11)

To illustrate the impact of shunt resistance on diodes under typical
indoor lighting conditions, simulated J-V and P-V curves are shown in
Figure 9.5 for a diode (not material specific) with a reverse current density
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Figure 9.5 Simulated J-V and P-V curves for PV cells under typical AM1.5 and indoor
lighting conditions assuming a reverse saturation current density of J, = 10""° A/cm’.
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of 10" A/cm?, ideality factor of n = 1, and shunt resistance values of infinity
(ideal) and 10* Q-cm®. A value of ], = 40 mA/cm? is assumed under AM1.5
conditions, and a factor of 1,000 smaller for indoor illumination conditions
(400 nA/mm?). The solar cell J-V and P-V results under AM1.5 conditions
are relatively typical of a silicon PV cell, with no observable difference for
cases of 10* Q-cm? and infinite shunt resistance. Under the much weaker
illumination conditions of indoor lighting, the open-circuit voltage drops
significantly, and the finite shunt resistance dramatically degrades fill factor
and the maximum power point.

9.4.2 Performance of mm-Scale AlGaAs Photovoltaics

Example characteristics of an AlGaAs PV cell that is optimized for indoor
conditions are shown in Figure 9.6. As described in this chapter previously,
the primary differences from a conventional GaAs solar cell are the wider
bandgap for the base region (Al ,Ga ,As) in comparison to GaAs and the
reduced thickness of the base region (less than 1 pm for complete absorp-
tion). A comparison of the external quantum efficiency of PV cells with
GaAs and AlGaAs absorbers is shown in Figure 9.7, and compared to the
light output spectrum of a white phosphor LED typical of many indoor

Figure 9.6 Schematic diagram of an AlGaAs PV cell optimized for indoor lighting
conditions.
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Figure 9.7 External quantum efficiency comparison of PV cells with GaAs and AlGaAs
base regions and comparison to an example spectrum of a white phosphor LED.

lighting conditions. The external quantum efficiency of the PV cell with
Al ,Ga ,As absorber provides a more appropriate match to the indoor
lighting spectrum.

The J-V and P-V characteristics comparing PV cells with GaAs and
Al ,Ga  As base regions under white LED illumination are shown in
Figure 9.8 for cells with area of 1.22 mm?®. As predicted, the larger bandgap
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Figure 9.8 Measured (a) J-V and (b) P-V characteristics comparing GaAs and AlGaAs
PV cells under white light illumination with cell area of 1.22 mm?* Comparison is shown
to theoretical values based on the energy bandgap of the PV cell base material. White

LED illumination used a Vollong 5W high power white LED VL-H01xWx5 and lux was
measured using an Extech LT300 light meter.
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energy of the Al ,Ga ,As PV cell results in higher open-circuit voltage and
higher voltage for the maximum power point. The overall efficiency at the
maximum power point of the Al ,Ga  As PV cell is also increased, where
21.1% is observed in comparison to 19.4% for GaAs. While the Al  Ga ,As
PV cells show increased voltage and power conversion efficiency, there are
still greater losses in comparison to the GaAs PV cells, as observed in the
reduced short-circuit current density. The reduced short-circuit current
density is consistent with the reduced external quantum efficiency shown
in Figure 9.7. This may reflect a combination of factors, including incom-
plete optical absorption at longer wavelengths, reduced carrier collection
due to shorter minority carrier diffusion length in the AlGaAs base and
emitter, and increased non-radiative losses in higher aluminum content
AlGaAs alloys.

The dependence of the GaAs and Al ,Ga ,As PV cells on light intensity
was investigated and compared to commercial a-Si and crystalline silicon
cells, as shown in Figure 9.9. The a-Si cells exhibit a very stable intensity
dependence, though the overall power conversion efficiency is limited to
below 10% for the conditions tested. In comparison to performance under
AM1.5 conditions, the crystalline silicon cell shows a dramatic reduction
in power conversion efficiency under the indoor illumination conditions,
with efficiency lower than the a-Si cells and a strong intensity dependence.
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Figure 9.9 Power conversion efficiency and fill factor versus white LED illumination
intensity for GaAs and AlGaAs PV cells with cell area of 1.22 mm? Performance is
compared to commercial a-Si (CYMBET CBC-PV-02, 1797 mm? area) and crystalline
silicon (IXOLAR KXOB22-12X1, 22% efficiency at AM1.5, 154 mm? area). White LED
illumination used a Vollong 5W high power white LED VL-H01xWx5 and lux was
measured using an Extech LT300 light meter.
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The reduced conversion efficiency is apparent in a highly degraded fill
factor, and related to shunt resistance, as described in the simulations of
Figure 9.5. The highly degraded efficiency of crystalline silicon solar cells
under indoor lighting conditions is consistent with prior reports [1, 4].
The GaAs and AlGaAs PV cells provide dramatically higher conversion
efficiency, and provide a relatively stable intensity dependence. From these
results, it is clear that the shunt resistance of GaAs and AlGaAs PV cells
are sufficient to maintain high conversion efficiency for a range of typical
indoor lighting conditions. Measurements of the GaAs cells under low flux
conditions in the regime where the approximation J_ = V. /AR, is valid
resulted in shunt resistance of greater than 5 MQ-cm? [49]. This value is
sufficiently large to preserve PV cell fill factor, which is estimated to begin
degrading at approximately 0.1 MQ-cm? and lower [49].

9.4.3 Dark Current Limitations

Efficiency limitations for the GaAs and AlGaAs cells, and change from the
theoretical limit for efficiency shown in Figure 9.8, are related to the diode
dark current (reverse saturation current under dark conditions). Dark cur-
rent for an example GaAs PV cell is shown in Figure 9.10, where there is a
clear exponential behavior in the forward bias region until approximately
0.8 V. At higher voltages, a series-resistance limited behavior is observed.
Numerical fitting of the exponential region of forward bias results in diodes
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Figure 9.10 Dark current density of GaAs PV cell with area of 0.172 mm? and extracted
value of reverse saturation current and ideality factor in the exponential forward bias region.
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with an ideality factor near n = 2, with values for the reverse leakage current
J,» shows a strong perimeter/area (P/A) dependence for cells with area of
less than 1 mm?. The P/A dependence of dark current density of these GaAs
PV cells is show in Figure 9.11. Extracted values for bulk and perimeter
components of dark current are ] ,, = 140 fA/mm* and ] tep = 170 fA/mm,
and are similar to prior reports for high efficiency GaAs solar cells [45, 46].
Relating the perimeter dark current to surface/sidewall recombination, the
product s L_for these devices is determined to be 5.1 cm?/s, which is some-
what higher than the value of 1 cm?/s reported for high-efficiency GaAs
solar cells. These particular PV cells were passivated using (NH,),S surface
treatment and Si,N, passivation using the procedure reported in Ref. [50].
Further studies to passivate perimeter recombination will be critical in
improving the performance of GaAs-based photovoltaic for low-flux and
small-area applications.

The measured dark current values provide a useful means of projecting
the dependence of power conversion efficiency on illumination intensity
and PV cell dimension. Calculated values of power conversion efficiency
assuming the measured dark current values for GaAs PV cells in this work
are shown in Figure 9.12. The values for side length assume a PV cell with a
square geometry. The PV cell efficiency begins to reach the maximum value
for a 1 cm? cell, which is limited by the bulk recombination mechanism
described by J .. The power conversion efficiency shows a strong depen-
dence on PV cell size when the size decreases to approximately 1 mm?* and

25 T T T T T T

Passivation : (NH,4),S + SisN,
Jo2g =0.1409 pA/mm?
" Jo2p =0.1714 pA/mm

20

-
wu
T

Jo2 (PA/mm?2)
>

(1] 20 40 60 80 100 120
P/A (mm-1)

Figure 9.11 Reverse saturation current density of dominant space charge region
recombination component versus perimeter/area for GaAs cells with variable area.
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Figure 9.12 Calculated power conversion efficiency versus side length for PV cells at
varying indoor illumination conditions assuming measured values for bulk and perimeter
dark current. Illumination assumed a lux to photon ratio of 0.125 pmol/m?s.

below, limited by perimeter recombination described by J,p. This result
highlights the importance of perimeter recombination for small-area cells
under low-flux conditions, which may often be neglected for larger cells
under typical solar irradiation. Chemical studies have shown improve-
ments in the passivation of GaAs surface recombination using sulfides
and thiols [51-54]. While such techniques have typically been employed
in solar cells to boost open-circuit voltage and overall efficiency, they can
similarly offer a path for dramatic improvements for small-area cells oper-
ating under low-flux conditions.

9.5 Monolithic GaAs PV Cell Arrays

High-efficiency GaAs-based single PV cells at the mm-scale show out-
standing performance with above 20% power conversion efficiency under
indoor lighting condition. Nevertheless, the overall power generation
from these single PV cells is limited by losses associated with voltage up-
conversion required to reach the typical charging voltage of batteries for
mm-scale systems, which is several times higher than the output voltage
(<1 V) of a single PV cell [31]. Typically, a switched capacitor network is
used for voltage up-conversion, where resistive and switching losses limit
the efficiency to 50% [55]. A promising alternative is to direct connect PV
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cells in series, where the power conversion efficiency above 80% has been
demonstrated through bypassing voltage up-conversion [55]. However,
wafer-scale monolithic PV modules with series connected diodes are very
challenging due to requirements to electrically isolate individually diode
devices, and to avoid shunt leakage paths through the shared substrate
[56]. Monolithic silicon PV modules present several challenges due to rel-
atively low open-circuit voltage and low absorption strength, requiring a
larger number of cells (more susceptible to shunt leakage degradation) and
thicker absorber regions (problematic for device isolation and intercon-
nection). In this manner, GaAs or other III-V-based PV arrays are more
attractive solutions for monolithic PV modules due to the larger voltage
generation (minimizing the number of series connections) and higher
absorption strength (ability to use very thin device layers).

An example of a monolithic PV array on a semi-insulating substrate
is shown in Figure 9.13, along with a schematic equivalent circuit dia-
gram illustrating shunt leakage. It should be noted that this shunt leak-
age between series connected diodes differs from the shunt leakage path
across the junction described in the previous section. The high-resistivity
of semi-insulating substrates such as GaAs is typically sufficient for electri-
cal device isolation for many applications, but is not necessarily sufficient
for monolithic PV cells. A blocking junction diode may be incorporated
between PV cells and the substrate to provide an additional measure for
electrical isolation. A further consideration of importance when assess-
ing shunt leakage current paths is the possibility of light-activated shunt
leakage, where illumination conditions may increase leakage current due
to photoconductivity of the semi-insulating substrate material, or photo-
response of the blocking diode.
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Figure 9.13 Schematic diagrams of (a) device structure illustrating shunt leakage path
and incorporated junction barrier, and (b) equivalent circuit model of the PV module.
(c) Optical microscope image of fabricated PV module.
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Results from monolithic PV arrays of GaAs cells will be described in the
following [44]. Three approaches are investigated to characterize the shunt
leakage current and possible degradation of device performance: 1) use of
semi-insulating substrate alone, 2) incorporation of a p-GaAs diode junc-
tion barrier, and 3) incorporation of a p-Al ,Ga .As diode junction barrier.
The fabricated PV module has a series connection of 8 single PV cells with
a total module area of 1.27 mm?, as shown in Figure 9.13. PV cells are iso-
lated with 10 pm trenches between adjacent devices. The expected voltage
output for the 8-cell series connection is approximately 5 V under typical
indoor lighting conditions, with the intent to provide sufficient voltage for
direct battery charging.

The current-voltage (J-V) and power-voltage (P-V) characteristics of
PV modules with p-GaAs and p-Al ,Ga  As junction barrier isolation are
shown in Figure 9.14 for white LED illumination at 586 lux (1.4 yW/mm?).
Monolithic PV modules with both p-GaAs and p-AlGaAs barrier isolation
produce an open-circuit voltage around 5 V, which is sufficient for direct
battery charging without voltage up-conversion as designed. However, the
PV module with p-GaAs barrier demonstrates a drastic degradation in
fill factor from 0.752 to 0.565 in comparison to calculated J-V character-
istic for no shunt leakage current. The corresponding power conversion
efficiency under white LED illumination decreases from 17.7% to 10.97%
due to insufficient electrical isolation between cells by the GaAs junction
barrier under illumination conditions. The incorporation of p-AlGaAs barrier
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Figure 9.14 Measured J-V and P-V characteristics of GaAs PV modules under white LED
illumination with GaAs and AlGaAs junction barrier isolation. Comparisons are shown
to simulated results (dashed) without shunt leakage current and to the power density

of a single PV cell. White LED illumination used a Vollong 5W high power white LED
VL-HO01xWx5 and lux was measured using an Extech LT300 light meter.
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demonstrates the dramatic improvement in device performance, where
the measured overall power conversion efficiency of 16.32% is comparable
to the calculated value of 17.7% without the shunt leakage. Overall, there
is an obvious shunt leakage dependence on device performance for the
monolithic PV array, requiring detailed characterization of shunt leakage
current in order to understand limiting factors for monolithic PV arrays.
The shunt leakage current between bottom n-contacts of adjacent PV
cells without series metal interconnection between adjacent diodes is
shown in Figure 9.15. The approximately linear current-voltage character-
istic of shunt leakage through the semi-insulating substrate without junc-
tion barrier isolation suggests that shunt leakage is highly dependent on
the resistivity of the semi-insulating substrate. A clear reduction in leakage
current is observed when incorporating p-GaAs and p-Al ,Ga _As block-
ing junction diodes. The shunt leakage current for the p-GaAs junction
barrier sample shows a near exponential dependence, suggesting that the
leakage is limited by the energy barrier height of p-type junction barrier.
A further reduction in shunt leakage is observed when incorporating
the p-AlGaAs junction barrier, where the current is reduced to the pA
level. The further reduction in shunt leakage current is attributed to the
increased energy barrier height provided by the wider bandgap AlGaAs
material. While the three approaches show varying degrees of leakage cur-
rent, all three device isolation schemes demonstrate shunt leakage current
near or below the nA range, which would not be expected to degrade the
device performance dramatically. This contradicts the observed degrada-
tion in J-V characteristics of the modules shown in Figure 9.14. Therefore,
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Figure 9.15 Measured shunt leakage current (a) under dark condition and (b) under
illumination for three different barrier structures: no barrier, p-GaAs junction, and
p-Al,,Ga, As junction.
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the shunt leakage current characteristics under dark conditions are not
sufficient in explaining the behavior of PV modules under illumination.

The measured shunt leakage current under near-infrared (NIR, 850 nm)
illumination shows that there is a substantial increase in the shunt leakage
current by a factor of approximately 100 under illumination. This undesir-
able photoactivated behavior is attributed to an increase in photoconduc-
tivity at the junction barrier and/or exposed regions of the semi-insulating
substrate [13]. The shunt leakage for p-GaAs barrier isolation increases the
level of 10 nA, comparable to photogenerated current of PV module under
low-flux indoor light conditions. In contrast, the increase in the energy
barrier height by the p-AlGaAs barrier blocks shunt leakage down to the
level of 1 nA under illumination, which preserves the fill factor and the
overall power conversion efficiency of the PV array.

In comparison to the 6.4 mm? single PV cell shown in Figure 9.14, the
PV array with AlGaAs barrier isolation produces eight times higher volt-
age around 5 V, with 1/8 reduction in current. The generated voltage is
sufficient for direct battery charging directly and the PV module provides
high-efficiency voltage up-conversion process of approximately 90% under
white LED illumination. The conversion efficiency and fill factor for mod-
ules under variable incident light intensity are shown in Figure 9.16. The
results demonstrate that the p-AlGaAs blocking diode isolation preserves
the device performance to be comparable to a single PV across a broad
range of illumination intensity, including extremely dim light illumination
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Figure 9.16 Comparison of measured conversion efficiency and fill factor under white
LED illumination at variable power. White LED illumination used a Vollong 5W high
power white LED VL-H01xWx5 and lux was measured using an Extech LT300 light meter.
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below 100 lux. The degraded conditions of the PV modules with GaAs
blocking diodes emphasize the critical importance of limiting shunt leak-
age current to realize monolithic PV arrays with high energy conversion
efficiency.

9.6 Conclusion

GaAs and AlGaAs PV cells offer high power conversion efficiency under
typical indoor lighting conditions. Wafer reuse techniques such as ELO,
coupled with low-cost epitaxial techniques such as D-HVPE, provide an
opportunity for a viable indoor PV technology that is feasible in cost.
However, substantial work remains in testing these cells under indoor
conditions, optimizing device structures for the indoor spectrum and
light intensity, and in the integration of these cells into indoor PV sys-
tems. Small-area GaAs and AlGaAs PV have been characterized in more
detail under indoor illumination conditions with the objective of achieving
self-powered mm-scale systems for IoT applications. PV devices designed
for indoor conditions demonstrate power conversion efficiency exceed-
ing 20%, where the use of AlGaAs alloys in the PV cell base provides an
increase in operating voltage and higher efficiency relative to a compara-
ble cell with GaAs base due to the increase in bandgap energy. The power
density provided by these cells under typical indoor lighting conditions of
approximately 500 lux is sufficient in meeting the demands for perpetual
operation of present-day mm-scale low-power systems. While the power
conversion efficiency of these cells is among the highest to date under
indoor conditions, substantial gains are possible to achieve the theoretical
limiting efficiency. The GaAs-based devices on the mm-scale and below
are found to be limited by perimeter recombination, where further effort
to passivate exposed material sidewalls is expected to improve conver-
sion efficiency. Efficiency gains for indoor lighting may also be obtained
through a more thorough design optimization of cell design and AlGaAs
base layer composition. Energy harvesting for mm-scale IoT applications
may also be advanced using monolithic modules of series-connected PV
cells. These modules can provide efficient voltage up-conversion capable of
direct battery charging without the need for lossy voltage up-conversion cir-
cuitry. Efficient indoor PV power conversion may be achieved with AlGaAs
devices, where continued exploration of improved designs, mitigation of
non-idealities, and integration into application spaces are expected to result
in a robust energy harvesting solution.
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