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The Intermediate Band Solar Cell (IBSC) is a novel photovoltaic device with the potential of surpassing
the effciency limit of conventional solar cells. It is based on a new class of materials characterized by the
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The concept underlying the hot carrier solar cell is to slow the rate of photo-excited carrier cooling to
allow time for the carriers to be collected while they are still at elevated energies (“hot™), and thus al-
lowing higher voltages to be achieved from the cell. Signifcant reduction in carrier cooling has been
observed in Quantum Well (QW) nano-structures at very high illumination intensities due to a “phonon
bottleneck” mechanism. With the phononic gaps in nano-structures, the optical phonon lifetime can be
prolonged by blocking the main phonon decay from optical branches to acoustical branches (such as
the Klemens or Ridley decay channels). Si-based hot carrier cell is a very active topic and Si-Ge nano-
structures are especially interesting for the application, as their fabrication process is well developed.
In this chapter, the authors Frst analyse the operation of a hot carrier solar cell and lay down the general
principles. They then discuss the opportunity of phonon engineering to improve the phonon bottleneck.
Finally, they present how these can be modeled in nanostuctures comprising several thousand atoms,
where true 3D phonon dispersion relations for Si-Ge nano-structures are obtained using Frst principles
methods. The effects of the nano-structure size and geometry on the phonon dispersion relations are
investigated. The possible phonon decay processes in the nano-structures are discussed and compared
with the bulk crystal materials. The performance of calculated nano-structures on the hot carrier solar

cell is evaluated with the acquired knowledge of phonon modes.
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Luminescent Solar Concentrators (LSCs) offer a way of making Photovoltaic (PV) systems more attrac-
tive through reduced energy costs, the possibility of application in cloudy regions, and improved building
integration. LSCs collect light over a large area and concentrate it, both spatially and spectrally, onto
solar cells at the edges of the device, such that the total cell area required to generate a specifc power is
reduced. Since the solar cells constitute the more expensive component in the system, this leads to cost
reductions. Unlike conventional geometric concentrators, LSCs do not require solar tracking and can
collect diffuse as well as direct sunlight. The current research challenges lie in increasing the effciency
of the LSC and extending it to larger areas to make it commercially viable. In this chapter, the authors
outline the mode of operation of the LSC, with particular regard to cost considerations and device ge-
ometry. They then review recent approaches aiming to increase device effciency and, fnally, introduce
their versatile raytrace approach to modelling the LSC. The model is utilised here to investigate tapered
LSC designs and rationalise the optimal geometry and confguration for planar LSCs.
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This chapter presents the necessity for developing high performance, low-cost, and highly reliable solar
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Foreword

The speed and scale of the current deployment by the photovoltaic industry is truly astonishing. This
current success is the culmination of the sustained technological improvement that has occurred over
the past 30 years, such as seeing first the 20%, then 30%, and now even the 40% photovoltaic conver-
sion efficiency barrier broken. While these developments have been truly remarkable, only rarely have
photovoltaic developments been recognized in mainstream science and engineering circles.

It is somewhat surprising that the development in photovoltaics has not garnered more attention
when one considers that solar electric energy demand has grown by an average 30% per annum over
the past 20 years. This demand has been fuelled by rapidly declining costs and prices. This decline in
cost has been driven by economies of manufacturing scale, manufacturing technology improvements,
and the aforementioned improvement in the efficiency of solar cells. This decline in costs can be seen
in the fact that installed photovoltaic system prices have decreased in Europe by 50% in the last 5 years.

The photovoltaic revolution has in many ways mirrored the microelectronic revolution, except in
its transparency to most consumers. The irony is that the advances in photovoltaics and the long-term
positive impacts that they hold for the health of our planet may be far more important than the viral
explosion of the next electronic gadget.

One of the very attractive features is that the photovoltaic story is truly an international one. Without
the essential contribution of many nations and regions across the globe, the state of this industry and its
technology could not be where it is today. From its earliest beginnings in fundamental chemistry and
physics labs in Europe, to the modern silicon “solar cell” developed in the industrial labs in the U.S.,
to its early adoption of in Japan, and later in an even much greater deployment scale in Germany and
throughout Europe, to today’s surge in manufacturing in China and throughout southeast Asia, it has
truly been an international confluence of forces that has made the solar revolution possible.

The question ishow can the photovoltaic industry continue to grow and develop and help the worldwide
community continue to meet one of the greatest challenges of our time, the development of ubiquitous,
environmentally friendly, and affordable electrical energy generation. The answer undoubtedly lies in
capturing the same elements that have allowed this technology to get where it is today: specifically,
harvesting the talents of scientists around the globe in the development of new lower cost earth abun-
dant photovoltaic materials, new methods of photon management, and even more novel paradigms in
photovoltaic conversion.

The editors of Advanced Solar Cell Materials, Technology, Modeling, and Simulation, Laurentiu
Fara and Masafumi Yahaguchi, have assembled a premiere cast of the leading photovoltaic scientists
from around the globe who are indeed working at the very cutting edge of photovoltaic technology to
address the fundamental challenges in the field. This book examines the basic fundamental limitation
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of photovoltaic conversion, and describes how we can simulate the essential mechanisms using fun-
damental models to both better understand these mechanisms and to evaluate new methodologies. It
then goes on to look at some of the new materials, approaches, and device and system designs. Finally,
new paradigms in photovoltaic conversion using quantum confinement, as well as light and thermal
management, are considered.

The development of the materials and concepts and analytical tools discussed in this book will be
essential to the future of the photovoltaics industry. It is from these developments that the future break-
throughs in performance and corresponding cost reduction will come. Although the speed and scale of
today’s photovoltaic deployment is truly remarkable, we have not reached any sort of a limit—a limit
of where we can be or where we need to be in order to meet the growing demand for energy. Further
improvements in cost and performance will allow the industry to not only meet the new demands for
energy, but to start to displace the non-renewable forms of electrical energy production so damaging to
our planet.

Ryne P. Raffaelle
Rochester Institute of Technology, USA

Ryne P. Raffaelle is the Vice President for Research and Associate Provost at Rochester Institute of Technology (RIT). Prior
to his current position, he served as the Director of the National Center for Photovoltaics at the National Renewable Energy
Lab of the U.S. Department of Energy, from 2009 through 2011. Before joining NREL, Dr. Raffaelle was the Academic Director
for the Golisano Institute for Sustainability at RIT. He is also the Emeritus Director of the NanoPower Research Laboratory, a
laboratory that he founded at RIT in 2001. He currently holds appointments as a Professor of Physics, Imaging Science, Micro-
systems Engineering, and Sustainability. As a professor, he has been responsible for more than $20 million in research grants
in photovoltaics, batteries, and nanomaterials research. His career includes working as a visiting scientist at the NASA-Glenn
Research Center; the NASA Lewis Research Center; and at Oak Ridge National Laboratory. He was a Professor of Physics
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1784). He has a Ph.D. in Physics from University of Missouri-Rolla, and Bachelor of Science and Master of Science degrees
in Physics from Southern Illinois University.
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Preface

Photovoltaic power generation technology is one of the most promising options for a sustainable en-
ergy future. A permanent interest, both of research and the solar cell industry, has increased the effi-
ciency and dropped the cost of producing 1 kW. In this way, four generations of solar cells have been
developed.

The majority of solar cells that exist on the market belong to the first generation of solar cells, based
on silicone mono-crystalline. These products are based on silicon wafers, either single-crystalline or a
lower-grade multi-crystalline wafers. The production volume is growing with the focus on improving the
efficiency and reducing the cost. One of the high-efficiency technologies is based on “buried contact”
solar cells. Another technology is based on high-performance silicon-on-glass.

The second generation of solar cells has the objective of reducing the production cost by using
polycrystalline silicone or different semiconductors (CdTe, Culn, Se,) thin films. Large-scale commer-
cialization of these products leads to a completely different manufacturing cost structure compared to
the wafer-based products.

The solar cells from the third generation allow for high-efficiency, while remaining cheap (Green,
2006). There are three options of these solar cells, based on the utilization of nanotechnologies:

e The frst option is based on Quantum Well Solar Cells. Keith Barnham and his co-workers from
the Imperial College of Science, Technology and Medicine, London, United Kingdom, have de-
veloped such solar cells by interleaving 50 slices of InGaAs (Barnham, et al., 2001). They have
demonstrated the possibility of obtaining an effciency of 17% for concentrated solar radiation
with a concentration ratio of 300.

e The second option is based on the development of Sensitized Organic Dye Solar Cells as well as
Polymer Solar Cells. The best effciency of such solar cells was 11%, reported by Michael Gratzel
(O’Regan & Gratzel, 1991). These solar cells are 3-4 times cheaper than the Frst generation. The
effciency of the polymer solar cells is 10-11%.

. The third one is based on the Quantum Dot Solar Cells. The Martin Green Group, from the New
South Wales University, Sidney, Australia, successfully developed the frst solar cells of this type.
This technology offers an effciency of 20-30%. However, in order to become commercial, 10 to
15 years are still required.

The fourth generation of solar cells was launched and uses composite materials.
Thethird and fourth generations of solar cells are potentially able to overcome the Schockley-Quiesser
conversion efficiency (Shockley & Queisser, 1961) of 31% at I-sun and 41% under concentration for
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single bandgap solar cells. The third generation systems include multi-layer, multi-junction (tandem)
solar cells made of thin film Si or 111-V compounds, while new developments include intermediate bands
and hot carrier solar cells.

Taking into account this approach, the book, which is dedicated especially to the third generation of
solar cells, is structured on five sections, namely:

. Section 1: Basic Topics: Chapter 1, “New Trends in Solar Cells,” and Chapter 2, “Physical
Limitations of Photovoltaic Conversion”

. Section 2: Quantum Well Solar Cells: Chapter 3, “Quantum Well Solar Cells: Physics, Materials,
and Technology,” Chapter 4, “Quantum Confnement Modeling and Simulation for Quantum Well
Solar Cells,” Chapter 5, “Analytical Models of Bulk and Quantum Well Solar Cells and Relevance
of the Radiative Limit”

. Section 3: Hybrid and Polymer Solar Cells: Chapter 6, “Hybrid Solar Cells: Materials and
Technology,” Chapter 7, “Polymer Solar Cells,” Chapter 8, “Organic Solar Cells: Modeling and
Simulation”

. Section 4: High Effciency Solar Cells: Chapter 9, “Super High Effciency Multi-Junction
Solar Cells and Concentrator Solar Cells,” Chapter 10, “Quantum Dot Solar Cells,” Chapter 11,
“Intermediate Band Solar Cells: Modeling and Simulation,” Chapter 12, “Phononic Engineering
for the Hot Carrier Solar Cells”

. Section 5: Luminescent Solar Concentrators: Prospects and Strategies for Advanced Solar
Cells: Chapter 13, “The Luminescent Solar Concentrator: Advances, Optimization, and Outlook,
Chapter 14, “Prospects and Strategy of Development for Advanced Solar Cells”

The main goal of this book is to concentrate and present the main results obtained in research regard-
ing materials, technology, modeling, and simulation of different types of advanced solar cells.

The book is targeted at experts from universities and research organizations (engineers, physicists,
chemists), as well as young professionals (PhD students, master students, engineers, physicists, chemists,
aswell asunder-graduate students from the terminal years in physics, chemistry, material sciences, optical
and electrical engineering) interested in advanced solar cells. The book could be used also by specialized
companies in order to consider the development trends and market opportunities for advanced solar cells.

The editors would like this book to become a building block in the progress of PV conversion of
solar energy and, in this way, to a sustainable development society.

Laurentiu Fara
Polytechnic University of Bucharest, Romania & Academy of Romanian Scientists, Romania

Masafumi Yamaguchi
Toyota Technical Institute (TTI), Japan
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Chapter 1
New Trends In Solar Cells

Masafumi Yamaguchi
Toyota Technological Institute (TTI), Japan

Laurentiu Fara
Polytechnic University of Bucharest, Romania & Academy of Romanian Scientists, Romania

ABSTRACT

Photovoltaic (PV) power generation technology is one of the most promising renewable energy tech-
nologies because of the possibility of solving environmental problems and limited sources of energy. In
order to realize widespread deployment of solar photovoltaics and contribute to further development in
civilization, further development in the science and technology of PV is very important. That is, further
improvements in conversion effciencies and reliability and lowering the cost of solar cells and modules
are necessary. Regarding conversion effciencies of solar cells, because there is the Shockley—Queisser
conversion effciency limit of 31% at 1-sun and 41% under concentration for single bandgap solar cells,
several approaches to overcome the Shockley—Queisser limit should be made. This book will provide
readers some guidance to overcome the limit. This chapter presents the current status of solar cells and
new trends in solar cells from the viewpoint of conversion effciency.

INTRODUCTION

Photovoltaics (PV) is the technology that gener-
ates electrical power from mainly semiconduc-
tors, recently from organic and other materials,
when they are illuminated by photons. PV power
generation technology is one of the most prom-
ising renewable energy technologies because of
possibility of solving environmental problems
and limited sources for energy. Table 1 shows
sustainable potentials of renewable energy sources

DOI: 10.4018/978-1-4666-1927-2.ch001

presented by N. S. Lewis (2005). Fromthe 1.2x10°
TW (the Solar constant is 1.76x10° TW) of solar
energy that strikes the earth’s surface, a practi-
cal sitting-constrained terrestrial global solar
power potential value is about 600 TW. Thus,
for a 10% efficient solar farm, at least 60 TW of
power could be supplied from terrestrial solar
energy resources. Therefore, solar energy is the
only renewable energy resource that has enough
terrestrial energy potential to satisfy a 20 TW or
more carbon-free supply.

Copyright © 2013, I1GI Global. Copying or distributing in print or electronic forms without written permission of 1GI Global is prohibited.



According to the world energy vision 2100
recommended by WBGU (German Advisory
Council on Global Change) (WBGU, 2003) as
shown in Figure 1, solar electricity, including PV,
is expected to become a major energy source with
a share of about 20% in 2050 and about 70% in
thetotal energy of the world in2100. Thus becom-
ing the major energy resource inthe world because
of its resource potential and clean energy. That
means PV will play an important role in contrib-
uting to solving global environmental problems
as the major energy resource in the world. In
ordertorealize suchavision, further development
inscience andtechnology of PV isvery important.
That is, further improvements in conversion ef-
ficiencies and reliability, and lowering cost of
solar cells and modules are necessary. Regarding
conversion efficiencies of solar cells, because
there is the Shockley-Queisser conversion effi-
ciency limit (Shockley & Queisser, 1961) of 31%
at 1-sun and 41% under concentration for single
bandgap solar cells, several approaches to over-
comethe Shockley-Queisser limitshould be made.
This book will provide readers some guidance to
overcome the limit.

This chapter presents the current status of
solar cells and new trends in solar cells from the
viewpoint of conversion efficiency.

CURRENT STATUS OF
VARIOUS SOLAR CELLS

Dissemination of PV systems has been advanced
and solar cell module productions have also been
significantly increased in the world as a result
of R&D and national government and regional
government programs. Such a rapid growth in PV
system installation in the world needs production
of large-scale PV systems. That means necessity
for development of higher efficiency and lower
cost solar cell modules. Table 2 shows charac-
teristics of various types of solar cells developed
for terrestrial applications. Although crystalline
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Table 1. Sustainable potentials of renewable
energy sources (Lewis, 2005)

Renewable Theoretical | Technically | Economically
Energies Potential Feasible Feasible
(TW) Potential Potential
(TW) (TW)

Hydro 4.6 15 0.9

Electric

Geothermal 30 11.6

Ocean 2.7

Energy

Wind 50 2

Biomass 20 5-7 3

Solar Photo- 1.2x10° 600 60

voltaics

Sisolar cells are mainly used for terrestrial power
applications, varioustypes of solar cellsare studied
and developed. This section presents the current
status of various types of solar cells.

Crystalline Si Solar Cells

Even crystalline Si solar cells, solar cells are
very sensitive to defects, impurities, surface, and
interface in solar cell materials. Figure 2 shows
calculated results for changes in conversion
efficiencies of single crystal Si solar cells as a
function of minority-carrier lifetime and surface
recombination velocity. Key issues for achieving
higher efficiencies are reduction in bulk recombi-
nation loss, reduction in carrier recombination loss
at surface and interface, passivation of crystalline
grain boundary, and defects in grains, gettering of
heavy metal impurities, reduction in optical reflec-
tion loss at surface, reduction in series resistance
and parallel resistance, carrier confinement, and
photon confinement. R&D trends in the field of
crystalline Si solar cells and materials are rear
surface junction, hetero junction structures, thin-
ner Si wafer, effective utilization of low-grade Si
such as Solar Grade (SOG)-Si and Metallurgical
Grade (MG)-Si.
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Figure 1. Transforming the global energy mix: the exemplary until 2050/2100 (WBGU, 2003)

Table 3 shows efficiency table of crystalline
Si, thin film Si, CIGS, CdTe, 3-5 compounds and
concentrator, dye-sensitized, and organic solar
cells reported in “Progress in Photovoltaics”
(Green, Emery, Hishikawa, & Warta, 2011). The
highest efficiencies achieved in laboratories are
25.0% for single crystalline Si and 20.4% for poly
crystalline Si solar cells.

Thin Film Si Solar Cells

Thin-film Si solar cells has great potential for low
costsolar cells because of thin films, usage of low
cost substrate, lower processing temperature, and
easy production of large areasolar cells. However,
there are problems to be solved. One is lower
efficiencies with 7-8% for amorphous Si (a-Si)
solar cell modules compared to that (15-18%)
for single crystalline Si solar cell modules and
that (13-16%) for poly crystalline Si solar cell
modules. Another one is degradation of a-Si solar
cells under light illumination condition.
a-Si/micro-crystalline Si 2-junction tandem
cells with small area of 1cm? and modules with
area of 91cm x 45.5cm have recorded 15.0% and

13.5%, respectively. a-Si/a-SiGe/nc-Si 3-junction
tandem solar cells with small area of 0.25cm?
have reached initial efficiency of 15.4% and
stabilized efficiency of 13.3%, respectively. As
problems to be solved in the field of thin film Si
solar cells and modules, there are understanding
and reducing light degradation of a-Si solar cells,
improvements in material quality of middle and
bottom cell materials, development of higher sta-
bilized efficiency thin film Si solar cell modules
with efficiency of more than 15%, development
of low-cost glass substrates with transparent con-
ductive oxide layer, and development of low-cost
process technologies such as high-speed thin film
deposition, patterning, and so on.

CdTe Solar Cells

CdTe solar cells are expected as low cost and
high efficiency solar cells. CdTe solar cells with
small area of 0.845cm? and modules with area of
4874cm?have recorded 16.7% and 10.9%, respec-
tively. The First Solar, Inc. has developed low cost
mass production technologies of CdTe solar cell
modules with cost of $0.87/W and is producing
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Table 2. Characteristics of various types of solar cells developed for terrestrial and space applications.
Conversion efficiencies for various solar cells are the highest values achieved in laboratories.

Materials Conversion Efficiency Radiation Reliability Cost Application
Efficiency Potential Resistance Area
(%) (%)
1 Single crystal Si 25.0 289 Fair Good Fair Terrestrial
Space
Poly crystal Si 20.4 28.9 Fair Good Fair Terrestrial
2 Amorphous Si 145 175 Fair Fair Fair Terrestrial
Micro-crystal Si 15.2 235 Fair Fair Fair Terrestrial
CdTe 16.7 20 Fair Fair Fair Terrestrial
CulnGaSe, 20.3 235 Excellent Fair Fair Terrestrial
3 Concentrator 41.6 > 50 Fair Good Fair Terrestrial
3-5 Tandem
Space GaAs 27.6 30 Good Good Expensive Space
InP 22.1 30 Excellent Good Expensive Space
3-5 Tandem 35.8 > 40 Good Good Expensive Space
New Dye-sensitized 11.2 17.5 ? Poor ? ?
Organic 8.3 16 ? Poor ? ?

Figure 2. Calculated results for changes in conversion efficiencies of single crystal Si solar cells as a
function of minority-carrier lifetime and surface recombination velocity S



1HZ 7TUHQGV LQ 6RODU &HOOV

low cost CdTe solar cell modules. Figure 3 shows
conversion efficiencies of CdTe and CIGS solar
cells and modules versus area of solar cells and
modules. Improving conversion efficiency of large
area CdTesolar cell modules is very important for
CdTesolar cell modules because their efficiencies
decrease with increase in their area. As problems
to be solved in the field of CdTe solar cells and
modules, there are standardization of absorber
layer and production equipments, improvement
in large areamodule efficiency of more than 15%,
developmentin stable rear contacts, development
of thin active layer solar cells, and understanding
and controlling properties of CdTe related materi-
als and interfaces.

CulnGaSe, Solar Cells

CIGS (CulnGasSe,) solar cells are also expected
as low cost and high efficiency solar cells. CIGS
solar cells with small area of 0.5cm?and modules
with area of 30cm x 30cm have recorded 20.3%
and 15.22%, respectively. As shown in Figure
3, improving conversion efficiency of large area
CIGS solar cell modules is also very important.
As problems to be solved in the field of CIGS
solar cells and modules, there are improvement
in large areamodule efficiency of more than 15%,
development of Cd free solar cells and modules,
development of thin active layer solar cells,
improvements in stoichiometry and uniformity
of absorber and buffer layers, standardization of
absorber layer and production equipments, and
understanding and controlling propertiesand inter-
faces of CIGS related materials and buffer layers.

3-5 Compound Multi-Junction
and Concentrator Solar Cells

3-5compound Multi-Junction (MJ) and concentra-
tor solar cells have great potential for space and
terrestrial applications because they have high
efficiency potential of more than 50% and superior
radiation-resistance. As a result of developing

wide bandgap InGaP double hetero structure tun-
nel junction for sub-cell interconnection, InGaAs
middle cell lattice-matched to Ge substrate, and
InGaP-Ge heteroface structure bottom cell, 38.9%
efficiency at 489-suns AM1.5 have been demon-
strated with InGaP/InGaP/Ge 3-junctionsolar cells
(Takamoto, Kaneiwa, Imaizumi, & Yamaguchi,
2005). Mostrecently, 41.6% efficiency at 364-suns
has been reported with InGaP/GaAs/Ge 3-junc-
tion concentrator cells by Spectrolab (King, et
al., 2009) as shown in Figure 4. Figure 4 shows
chronological improvements in best research-cell
efficiencies summarized by Kazmerski (2009).
35.8% efficiency at 1-sun AM1.5G has also been
reported with inverted epitaxially grown InGaP/
GaAs/InGaAs 3-junction solar cells by Sharp
(YYoshida, Agui, Nakaido, Murasawa, Juso, Sa-
saki, & Takamoto, 2011). Details of fundamental
issues, present status, and future prospects of 3-5
compound MJ and concentrator solar cells will
be presented in Chapter 4.

Dye-Sensitized and Organic Solar
Cells

Dye-sensitized and organic solar cells are expected
as low cost solar cells. However, current efficien-
cies obtained with small area dye-sensitized and
organic solar cells are 11.5% and 8.3%, respec-
tively and it must be necessary for those cells
to realize more 15% in order to commercialize
those cells inwidespread applications. Therefore,
further development of science and technologies
in dye-sensitized and organic solar cells is very
important for the end.

Trends in Conversion Efficiency
Improvements and Cost
Reduction of Solar Cells

Increasing conversion efficiencies of solar cells
has huge positive impacts throughout the entire
value chain and means less materials, less glass
and other module materials, and less installation
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Table 3. Efficiency table of crystalline Si, thin film Si, CIGS, CdTe, dye-sensitized, and organic solar
cells reported in ““progress in photovoltaics™

Classification Effic. Area Voc Jsc FF Test Centre Description
(%) (cm?) V) (mA/cm?) (%) (date)

Si (single crystal) 25.0£0.5 4.00(da) 0.706 42.7 82.8 Sandia(3/99) UNSW
Si (multicrystal) 20.4+0.5 1.002(ap) 0.664 38.0 80.9 NREL(5/04) FhG-ISE
a-Si 9.6+0.3 1.070(ap) 0.859 17.6 63.0 NREL (4/03) U.Neuchatel
a-Si/nc-Si 12.5+0.7 0.27(da) 2.011 9.11 68.4 NREL(3/09) United Solar
Inc-Si(tandem) stabilized
a-Si/me-Si 11.9+0.8 1.227 1.346 12.92 68.5 NREL(8/10) Oerlikon
(tandem)
a-Si/mc-Si 11.7+0.4 14.23(ap) 5.462 2.99 713 AIST(9/04) Kaneka
(tandem)
CIGS 20.3+0.6 0.5015(ap) 0.740 35.4 775 FhG-ISE(6/10) ZSW
CdTe 16.7+0.5 1.032(ap) 0.845 26.1 75.5 NREL(9/01) NREL
GaAs 27.6+0.8 0.9989(ap) 1.107 29.6 84.1 NREL(11/10) Alta Devices
InP 22.1+0.7 4.02(t) 0.878 29.5 85.4 NREL(4/90) Spire
GalnP/GalnAs 41.6+2.5 0.3174(da) 3.192 1.696A 88.74 NREL(8/09) Spectrolab
/Ge 3-J 364-suns
(concentration)
InGaP/GaAs 35.8+1.5 0.880(ap) 3.012 139 86.3 AIST(9/09) Sharp
/InGaAs 3-J
(1-sun)
Dye-sensitized 11.2+0.3 0.219(ap) 0.736 21 72.2 AIST(3/06) Sharp
Organic polymer 8.3+0.3 1.031(ap) 0.816 14.46 70.2 NREL(11/10) Konarka

(da)=designated illumination area, (ap)=aperture area, (t)=total area.

Figure 3. Conversion efficiencies of CdTe and CIGS solar cells and modules vs. area of solar cells and
modules
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Figure 4. Chronological improvements in best research-cell efficiencies

cost. Although many R&Ds for various types of
solar cells have been carried out and improve-
ments in their conversion efficiencies have been
achieved, conversion efficiencies of almostall the
solar cellsare expected to have limitations. Figure
5 shows future efficiency predictions of various
solar cells (original idea by Professor A. Goetz-
berger [Goetzberger, Luther, & Willeke, 2001]
and modified by M. Yamaguchi [Yamaguchi,
2004]). Accordingto efficiency predictions shown
in Figure 5, limiting efficiencies are predicted to
be 28.9%, 23.5%, 23.5%, 17.5%, and 16% for
crystalline Si, thin-film Si, CIGS as well as CdTe,
dye-sensitized and organicsolar cells, respectively.
On the other hands, because 41.6% efficiency has
been realized with concentrator InGaP/InGaAs/
Ge 3-junction solar cells, concentrator 4-junc-
tion or 5-junction solar cells have great potential
for realizing super high-efficiency of over 50%.
In addition, developing new types of solar cells
based on new materials and new concepts is also
very importantto overcome conversion efficiency
limitations.

Cost reduction of solar cell modules is also
very important for large-scale penetration of PV
as a primary energy source. Figure 6 shows com-
parison of the projected module price with an
extension of the historical experience curve
(Swanson, 2006). According to the historical
experience curve, a price of $1.40/W will be
obtained in 2012. A module price of $1.40/W,
coupled with a system price of twice ($2.80/W)
should result in a cost-effective grid-connected
market in many locations. That means that crys-
talline Si is expected to be still the dominant
technology in 10 years. As low cost mass produc-
tion technologies of CdTe solar cell modules with
costof $0.87/W has already been developed, there
must well be several thin-film technologies that
are rapidly gaining market share. In addition,
concentrator PV is also expected to contribute to
large-scale power generation systems. Dye-sen-
sitized, organic, and new types of solar cells may
also have great potential for their further lowering
cost.
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Figure 5. Future efficiency predictions of various solar cells

NEW TRENDS IN SOLAR CELLS

Third generation solar cells proposed by M. Green
(2003) are solar cells that are potentially able to
overcome the Shockley—Queisser conversion
efficiency limit (Shockley & Queisser, 1961) of
31% at 1-sun and 41% under concentration for
single bandgap solar cells. This includes a range
of alternatives to the so-called “first generation
solar cells” (which are solar cells made of semi-
conducting p-n junctions) and “second generation
solar cells” (based on reducing the cost of first
generation cells by employing thin film technolo-
gies). Common third-generation systems include
multi-layer multi-junction (tandem) solar cells
made of thin-film Si or 3-5 compounds, while
more theoretical developments include intermedi-
ate bands, hot-carrier effects and other multiple-
carrier ejection.

3-5 Compound Multi-
Junction Solar Cells

3-5 compound Multi-Junction (MJ) and concen-
trator solar cells have great potential of more
than 50% as shown in Figure 6 because 41.6%
efficiency at 364-suns with InGaP/GaAs/Ge
3-junction concentrator cells by Spectrolab and
35.8% efficiency at 1-sun AM1.5G with inverted
epitaxially grown InGaP/GaAs/InGaAs 3-junction
solar cells by Sharp have already been achieved.

One of the most realistic approaches to over-
come the Shockley-Queisser conversion effi-
ciency limit (Shockley & Queisser, 1961) of 31%
at 1-sun and 41% under concentration for single
bandgap solar cells is the 3-5 compound MJ and
concentrator solar cells. Table 4 shows theoretical
conversion efficiencies of MJ solar cells at 1-sun
and under concentration in ideal case. As shown
in Table 4, 3-5 compound Multi-Junction (MJ)
and concentrator solar cells have great potential
of more than 50%.
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Figure 6. Comparison of the projected module price with an extension of the historical experience curve

Figure 7 shows concepts for increasing conver-
sion efficiency of 3-5 compound multi-junction
solar cells in the future (Luther, Bett, Burger, &
Dimroth, 2006). This section presents new ap-
proaches for high-efficiency 3-5 compound MJ
and concentrator solar cells.

Lattice-Mismatched InGaP/InGaAs/Ge
3-Junction Solar Cells

Conversion efficiency of InGaP/(In)GaAs/Ge
based multi-junction solar cells has beenimproved
upto31-32%atAM1.5G by considering the lattice
matching betweensub cell layersand Ge substrate.
However, because the present band-gap InGaP/
InGaAs combination is far from the optimum
combination for the AM1.5 spectra, the lattice-
mismatched system should be studied in order to
realize high efficiencies. Efficienciesupto 39%are
possible under ideal band-gap combination with
In composition 0.16 of In Ga, As middle cell.
Figure 8 shows conversion efficiency potential
and lattice-mismatching of InGaP/InGaAs/Ge
3-junction solar cells as a function of In content

ofthe InGaAs middle cell. The lattice-mismatched
InGaP/InGaAs/Ge system should be studied in
order to realize high efficiencies of about 39%
at 1-sun AM1.5G.

However, strain-induced dislocations and
defectsare thoughtto degrade solar cell properties
in lattice-mismatched system. The effects of
graded buffer layer and Thermal Cycle Annealing
(TCA) upon solar cell properties, dislocation
behavior and other physical properties in lattice-
mismatched In Ga, As middle cells have been
studied (Sasaki, Arafune, Lee, Ekins-Daukes,
Tanaka, Ohshita, & Yamaguchi, 2006).

Significant reduction in misfit dislocation
density in the lattice mismatched InGaAs cells
has been observed after thermal cycle annealing,
and as the cycle number is increased the reduc-
tion is greater. High quality InGaAs films with
a dislocation density of 3-5x10° cm with high
minority-carrier lifetime of about 8ns have been
obtained using only thermal cycle annealing witha
TCAtemperature of 800°C. As aresult of disloca-
tion density reduction by TCA, improvements in
minority-carrier lifetime (measured by the photo-



Table 4. Theoretical efficiencies of multi-junction
solar cells in ideal case

Number of | Conversion efficiency Conversion
junction under 1-sun efficiency under
concentrator
1 30.8% 40.8%
2 42.9% 55.7%
3 49.3% 63.8%
4 68.2% 86.8%

Table 5. Efficiency potential (ideal case) of 3™
generation PV technologies

Concept Year Conversion efficiency
proposed in ideal case
Multi-junction 1955 86.8%
(tandem)
Multiple excitation 1972 85.4%
Hot carrier 1981 86.2%
Multi band 1997 86.8%
(intermediate band)
Quantum well 1990 60%
Impurity band PV 1960 63%

luminescence decay method) and Voc of InGaAs
middle cells were obtained (Sasaki, Arafune, Lee,
Ekins-Daukes, Tanaka, Ohshita, & Yamaguchi,
2006). Although 31.7% efficiency with lattice-
mismatched InGaP/InGaAs/Ge 3-junction cell
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without TCA (Moc=0.74V) has been obtained,
over 33% at 1-sun by using higher Voc InGaAs
middle cells has not yet been obtained. More than
33% by using 0.775V middle cell is expected to be
obtained and 35% will be achieved if one realize
0.83V middle cell. For concentrator cells, 40%
will be realized by using 0.775V middle cell and
42% will be achieved if one realize 0.83V middle
cell as shown in Figure 9.

Most recently, world-record efficiency under
1-sun has been demonstrated with InGaP/GaAs/
InGaAs 3-junction solar cell by Sharp. By opti-
mizing buffer layer, 36.9% (Jsc=14.05 mA/cm?,
Voc=3.006 V, FF=0.875) efficiency metamorphic
3-junction InGaP/GaAs/InGaAs solar cells have
been achieved by Yoshida, Agui, Nakaido, Mu-
rasawa, Juso, Sasaki, and Takamoto (2011), as
shown in Figure 10.

New (In)GaAsN Material for 4- and
5-Junction Applications

Although 31.7% at 1-sun AM1.5G with InGaP/
InGaAs/Ge 3-junction cell has been attained,
it is necessary to develop new material such as
InGaAsN (Kurtz, Myers, & Olson, 1997) with a
bandgap energy of 1.04eV in order to realize 4-
or 5-junction cells with efficiencies of more than
40% or 50% as shown in Figure 11. In addition,

Figure 7. Concepts for increasing conversion efficiency of 3-5 compound multi-junction solar cells in

the future (Luther, Bett, Burger, & Dimroth, 2006)

10
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Figure 8. Conversion efficiency potential and lattice mismatching of InGaP/InGaAs/Ge 3-junction solar
cells as a function of in content of the InGaAs middle cell

1eV energy gap material should be lattice-matched
to Ge and GaAs. InGaAsN is one of appropriate
materials for 4- or 5-junction solar cell configura-
tion because this material has 1eV band gap and is
lattice-matched to GaAsand Ge. However, present
InGaAsN single-junction solar cells have been
inefficient because of low minority-carrier lifetime
due to N-related recombination centers such as
N-H-V_, and (N-As), and low electron mobility
duetoalloy scattering and non-homogeneity of N.

Figure 12 shows changes in minority-carrier
(electron) diffusion length of GaAsN films as a
function of N concentration (Kurtz, Johnston,
Geisz, Friedman, & Ptak, 2005) and calculated
acceptor concentration dependent of minority-
carrier diffusion length in GaAsN with changing
minority-carrier mobility p . Acceptor concentra-
tion  dependence of minority-carrier diffusion
length , were calculated by the following equa-
tions:

N / 1)

T 2

where, T is minority-carrier lifetime, Kis Bolt-
zamann constant, ( is electronic charge, " is
radiative recombination coefficient and

in GaAs was used in the
calculation. The minority-carrier diffusion length
in GaAsN is found to decrease very quickly with
the addition of nitrogen as shown in Figure 12.
Nitrogen in GaAsN seems to act as a shallow
acceptor impurity and the larger change inelectron
diffusion length likely reflects the larger change
in minority carrier mobility (Yamaguchi, et al.,
2008).

Since the minority carrier diffusion length of
this alloy is very short, the effect of InGaAsN
intrinsic layer in p-GaAs/i-n-InGaAsN heterojunc-
tion solar cells fabricated by atomic hydrogen-
assisted Molecular Beam Epitaxy (MBE) has
been investigated. Figure 13 shows a structure
and External Quantum Efficiencies (EQEs) of
p-GaAs/i-n-InGaAsN heterojunction solar cells
with varying intrinsic layer thickness, made by

11
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Figure 9. Voc of InGaAs middle cells and 3-junction cell efficiency vs. bandgap of InGaAs

Figure 10. Current (I)-voltage (V) curve of 36.9% 3-junction cell

using atomic-H assisted RF-MBE. In order to
increase photo current generation in poor quality
InGaAsN sub-cells, p-i-n structure was used. As
shown in the figure, the insertion of i-layer results
in the overall improvements of EQE. As a result,
itis thought that minority-carrier diffusion length
is equivalently improved from less than 100 nm
to 600 nm by inserting i-layer. Figure 14 shows
current-voltage curve of a p-GaAs/i-n-InGaAsN

12

heterojunction solar cell with i-layer thickness
of 600 nm. With an optimized i-layer thickness
of 600nm, 11.27% efficiency has been obtained
(Miyashita, Shimizu, Kobayashi, Okada, &
Yamaguchi, 2006).
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Figure 11. Theoretical efficiency mapping as a function of top cell and 3rd cell layer bandgap energies

for 4-junction solar cells

New Concepts

Third generation solar cells proposed by M. Green
(2003) are solar cells that are potentially able
to overcome the Shockley-Queisser conversion
efficiency limit (Shockley & Queisser, 1961)
of 31% at 1-sun and 41% under concentration
for single bandgap solar cells. In addition to
multi-layer multi-junction (tandem) solar cells
described earlier, third-generation systems include
intermediate bands, hot-carrier effects and other
multiple-carrier ejection.

Figure 15 shows efficiency cost per unit area
regimes for the three generations of technology.
Since cost studies of any thin-film to date have
shown large volume costs below US$100/m? are
likely to be attained, this would seem a reason-
able prospect for third generation thin-films. If
efficiency double that thought reasonable for
mature single junction thin-film modules of circa
15% can be obtained, this results in exception-
ally low costs per peak Watt, US$0.33/Wp for
this example.

As shown in Table 5, several ideas (Marti &
Luqgue, 2003) have been proposed to overcome
the Shockley-Queisser conversion efficiency
limit. Although conversion efficiencies predicted
in ideal case shown are 85-87% for multiple ex-
citation, hot carrier, intermediate band concepts,
realistic conversion efficiencies to be obtained
for solar cells by using the above concepts may
be less than 55% by considering possible effi-
ciency based on the realistic multi-junction (tan-
dem) concept.

The “hot carrier” cell approach is thought to
be one of the most elegant approaches suggested
for producing high performance cells. Basically,
light is absorbed in an absorber region with pho-
togenerated carriers extracted before they have the
chancetothermalize withthe lattice. Notonly does
this prevent the normal cell thermalization loss,
but it means that the semiconductor bandgap no
longer has to play a role in “stopping the rot” in
carrierrelaxation. Figure 16 shows calculations of
the limiting efficiency of hot carrier cells (Nozik,
2002) as a function of carrier temperature show-
ing the high performance available in principle,

13
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Figure 12. Changes in minority-carrier (electron) diffusion length of GaAsN films as a function of N
concentration and calculated acceptor concentration dependence of minority-carrier diffusion length
in GaAsN with changing minority-carrier mobility p

Figure 13. A structure and external quantum efficiencies (EQES) of p-GaAs/i-n-InGaAsN heterojunction
solar cells with varying intrinsic layer thickness, made by using atomic-H assisted RF-MBE

14
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approaching that of an infinite stack of tandem
cells. Therequirement for reaching efficiencies as
highasinFigure 16 isthatenergy relaxation times
by phonon emission and radiative recombination
lifetimes must be comparable in magnitude in
this region. Alternatively, photon absorption has
to occur over distances comparable to hot carrier
relaxation lengths. This will require both slowing
of energy relaxation processes and acceleration

of radiative recombination rates. Although low
dimensional structures may have the ability to do
both, further development of science and technol-
ogy such as photon absorber materials, selective
energy contact, extraction of carriers and so forth
in the hot carrier solar cell concept.

Another suggestion to improve solar cell per-
formance is the “intermediate band concept”
(Lugue & Marti, 1997) as shown in Figure 17.

Figure 14. Current-voltage curve of a p-GaAs/i-n InGaAsN hetero-junction cell with intrinsic layer

width of 600nm

Figure 15. Efficiency/cost regimes for the three photovoltaic generations (Green, 2003)

15
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Figure 16. Limiting efficiency of hot carrier cells as a function of bandgap and carrier temperature
(Nozik, 2002). The lowermost curve corresponds to that for a conventional cell.

Figure 18 shows maximum efficiency of the
Intermediate (IB) solar cell as a function of the
lowest of the bandgaps and for the optimum
bandgap (Luque & Marti, 1997). The limiting
efficiency of single gap solar cellsand of atandem
oftwosolar cells connected in seriesisalso shown
for comparison. In the case of 3 band configura-
tion, IB solar cells with Ec-Ev=1.9¢eV, Ec-
IB=1.2eVand IB-Ev=0.7eV (Ec: conduction band
minimum, Ev: valence band maximum) are pre-
dicted to be 63%. Although low dimensional
structures such as quantum dot structures may
have the ability to do both, further development
of science and technology in the IB solar cell
concept.

In the following section, some approaches for
solar cells by using quantum wells and quantum
dots are presented.

Quantum Well Solar Cells
The Multi-Quantum Well (MQW) solar cells

(Barnham & Duggan, 1990) have attracted at-
tention for high efficiency, however, the reported
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results are lower than the calculated values. In
ordertoachieve higher carrier collection efficien-
cies out of QWs thereby minimizing recombina-
tion losses, Potentially Modulated (PM) MQW
structure has been proposed (Okada & Shiotsuka,
2005). Figure 19 shows schematic energy band
diagram of 2-step potentially modulated QW and
related photoluminescence. InPM-QWs, radiative
recombination rates inside QWs are expected to
be reduced as a consequence of spatial separation
of carriers. Further, higher escape rates of carriers
out of QWSs can be realized.

Figure 20 shows schematic structure and I-V
curve of a PM-QW solar cell made by atomic
H-assisted MBE. By using 3-step QWSs, dark
current was reduced and External Quantum Ef-
ficiencies (EQE) in the wavelength regions of
650-850 nm and the longer wavelength region
above 900 nm are improved compared to those
of 2-step PM-QWsand conventional QWs. 3-step
InGaAs/GaAs PM-MQW solar cell has shown
projected efficiency of 18.27% that is higher than
16.56% of conventional QW solar cell.
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Figure 17. Representation of the p-i-n structure
solar cell and simplified band structure of an
intermediate-band material

Quantum Dot Solar Cells

Quantum Dot (QD) solar cells have also attracted
attention as possible photon utilization. If QDs
are periodically distributed in space leading to
the formation of an intermediate band rather
than a multiplicity of discrete levels, efficiency
enhancements around 60% are theoretically
predicted in such intermediate band solar cells
(Luque & Marti, 1997), which ideally incorporate
three-dimensional (3D) quantum dot superlattice.

By taking advantage of spontaneous self-
assembly or self-organization mechanism of
coherent 3D islanding during growth, known
as Stranski-Krastanow (S-K) growth mode in
lattice-mismatched epitaxy, In(Ga)As QDs with
dot diameter of 63-70 nm and size uniformity
of 12-14% have successfully been fabricated on
GaAs or InP (311)B substrate as shown in Figure
21. Superior size uniformity and laterally ordered
structure of QDs has been achieved by using
high-index GaAs or InP substrate as shown in this
Atomic Force Microscope (AFM) image. Inorder

to increase effective dot density by multiplayer
stacking of QDs, strain-compensation growth
technique inwhich compressive straindueto InAs
QDs is compensated by tensile strain induced by
InGaAlAs spacer layer as shown in Figure 21.
Figure 21 also shows schematic of InAs QD solar
cell fabricated by MBE on InP substrate.

Figure 22a shows External Quantum Effi-
ciency (EQE) of 30-multilayer QD solar cells in
near-infrared region with strain-compensating
spacer layer thickness of 20 and 40 nm. EQE is
found to depend on space thickness. Although the
sample with spacer thickness of 10 nm showed
poor structural and optical property, the best EQE
response was obtained for the sample with 20 nm
spacer layer due to smooth thermal escape and
sequential collection of carriers from QDs before
recombination. Figure 22b shows projected I-V

Figure 18. Maximum efficiency of the intermedi-
ate solar cell as a function of the lowest of the
bandgaps and for the optimum bandgap. The
limiting efficiency of single gap solar cells and
of a tandem of two solar cells connected in series
is also shown for comparison.
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Figure 19. Schematic energy band diagram of 2-step potentially modulated QW and related photolu-

minescence

Figure 20. Schematic structure and 1-V curve of a PM-QW solar cell made by atomic H-assisted MBE

curve of InAs QD solar cell with spacer layer
thickness of 20 nm. Efficiencies of the QD cells
with space layer thickness of 20nm and 40 nm
were 3.82% and 7.65%, respectively (Okada,
Shiotsuka, Komiyama, Akahane, & Ohtani, 2005).
The Present QD cell performance is thought to
be limited by large series resistance and current
leakage.
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SUMMARY

Photovoltaic (PV) power generation technology
is one of the most promising renewable energy
technologies because of the possibility of solving
environmental problems and limited sources for
energy. Inordertorealize widespread deployment
of solar photovoltaics and contribute to further
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Figure 21. In(Ga)Asquantumdots on GaAs(311)B and In(Ga)Asdot cell fabricated on InP (311)B substrate

Figure 22. (a) External quantum efficiency (EQE) of 30-multilayer QD solar cells in near-infrared region
with strain-compensating spacer layer thickness of 20 and 40 nm, (b) projected I-V curve of InAs QD
solar cell with spacer layer thickness of 20 nm
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development in civilization, further development
inscience andtechnology of the PV is very impor-
tant. That is, further improvements in conversion
efficiencies and reliability, and lowering cost of
solar cells and modules are necessary. Regarding
conversionefficiencies of solar cells, because there
is Shockley-Queisser conversion efficiency limit
of 31% at 1-sun and 41% under concentration for
single bandgap solar cells, several approaches to
overcome the Shockley-Queisser limit should be
made. This book will provide readers some guid-
ance to overcome the limit. This chapter presents
the current status of solar cells and new trends
in solar cells from the viewpoint of conversion
efficiency.

Although many R&D for various types of solar
cells has been carried out and improvements in
their conversion efficiencies have been achieved,
conversion efficiencies of almost all the solar
cells are expected to have limitations. Limiting
efficiencies are expected to be 28.9%, 23.5%,
23.5%, 17.5%, and 16% for crystalline Si, thin-
film Si, CIGS as well as CdTe, dye-sensitized
and organic solar cells, respectively. On the other
hands, because 41.6% efficiency hasbeen realized
with concentrator InGaP/InGaAs/Ge 3-junction
solar cells, concentrator 4-junction or 5-junc-
tion solar cells have great potential for realizing
super high-efficiency of over 50%. In addition,
developing new types of solar cells based on new
materials and new concepts is also very important
to overcome conversion efficiency limitations. In
addition to multi-layer multi-junction (tandem)
solar cells, third-generation PV systems include
intermediate bands, hot-carrier effects and other
multiple-carrier ejection. Although conversion
efficiencies in ideal case shown are 85-87% for
multiple excitation, hot carrier, intermediate band
concepts, realistic conversion efficiencies to be
obtained for solar cells by using the above concepts
may be less than 55% by considering possible
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efficiency based on the realistic multi-junction
(tandem) concept. However, further R&D for new
materials and new concepts is necessary to chal-
lenge to overcome the Shockley-Queisser limit.
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ABSTRACT

This chapter presents the factors that are included in the expression of the conversion effciency of a
solar cell. These factors are upper limited, and that is why the conversion effciency could not exceed
certain critical values. The chapter analyzes thermodynamic limitations, correction introduced by the
atmosphere, Shockley-Quiesser limitations (based on the detailed energy balance), as well as additional
limitations. Then it discusses ways to improve the conversion effciency and future research directions.

THERMODYNAMIC LIMITATIONS

One factor limiting the conversion efficiency is
the thermodynamic efficiency. A solar cell con-
verts the sun’s thermal radiation into electricity.
Therefore, thermodynamic laws may restrict the
efficiency to lower values of Carnot efficiency:

DOI: 10.4018/978-1-4666-1927-2.ch002

©=g-T 1
r T @)

where T, is the sun’s temperature and T_is the
cell’s temperature. The sun is usually considered
as a blackbody with temperature of 6000 K and
the solar cell is considered to be in thermal equi-
librium with the environmental temperature, so
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that n . Inreality, the sun is composed
of plasma, so its behavior is closer to the thermal
one of a metal, resulting in T,= 5800 K. On the
other hand, the solar cell is warmer than the en-
vironment (due to processes that are occurring in
it), so that we can take T_ = 320 K and the yield
falls to 94.5%. However, such a value is very
high.

A closer analysis of the thermodynamic effi-
ciency must take into account the thermal radia-
tion laws. If we use the blackbody model, both
for the Sun, and for the cell, and consider the cell
in thermal equilibrium with the environment, we
obtainthe Landsberg yield (Markvart & Castafier,
2003; Landsberg & Badescu, 1998):

n —— - = @

A more precise calculation requires the cell’s
temperature evaluation when the Sun and the
environmentare inathermodynamicequilibrium.
Considering the heat exchange between the Sun
and solar cell using the blackbody’s laws, and the
one between the environment and the cell cor-
responding to thermal contact, MUser obtained
the heat balance equation,

n — — (3)

and the yield value of 85.6% (Markvart & Casta-
fier, 2003; Badescu & Landsberg, 1998). The heat
radiation corrections of metals reduce this value
down to about 85.2%.

A particular problem which will be discussed
again in the next paragraph refers to the Earth’s
atmosphere selective absorption . This moves the
solar spectrum, giving the appearance of lower
temperatures (the blackbody model, this apparent

temperatureis leadington

n n (the metal heat
radiation corrections reduce these values by about
0.4%).

When it comes to space applications, the
situation changes. Here the environmental tem-
perature is almost 0 K, and the cell losses appear
only by thermal radiation. Even if we consider
the cell isothermal and the circuit open, the cell
temperature is:

/
n N

(Q =6,8:10" Sr is the solid angle under the Sun
is seen from Earth, R, = 696-10° km is the Sun’s
radius and D, = 149,6-10° km is the Sun — Earth
distance), so that the previously calculated yield
decreases by about 0.1% . Amore accurate calcu-
lation leads to a decrease of 0.2%. It can be seen
that these corrections are insignificant.

(4)

CORRECTIONS INTRODUCED
BY THE ATMOSPHERE

The Sun’s spectrum is not exactly that of a
blackbody (or metal). The solar photosphere and
chromosphere introduce absorption lines (Fraun-
hofer lines), modifying the energy distribution.
The Earth’s atmosphere introduces more correc-
tions, because of its much lower temperature, the
existence of molecules (absorption bands instead
of lines), the refractive index induced by the air
currents oscillations, the water vapours and the
thermal fluctuations, and the diffusion produced
by dust and other matter (Fahrenbrunch, Bube,
1983; Smestad, 2002).

It is estimated that in ideal conditions (clean
air, normal incidence), the solar spectrum in space
(denoted AM 0 - 0 atmospheric mass), with full
radiance of 1365 W/m?, is reduced to 70% of its
full radiance (taking into account absorption
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N (5)

bands), plus 7% diffused light—1 AM, with about
1000 W/m?.The full radiance of AM 1 is virtu-
ally equal to that of a blackbody temperature of
5767 K. Usually in order to take into account
various factors, a lower range like AM 1.5 is used,
it represents two thirds of AM 1 (700 W/m?)—
about half of AM 0. The radiance calculation took
into account the full solid angle under which the
Sun can be seen from Earth. At normal incidence,
it introduces a factor fQ=Q /n=2.16 ¢ in
the ratio of full radiance emitted by the Sun and
that received by the cell.

When it comes to space applications, AM 1.5
should be replaced with AM 0 and the same cell
produces two times more energy than on Earth.
As aresult, for space applications is not intended
primarily a higher conversion efficiency, but a
lower mass / power ratio and a larger reliabil-
ity in space conditions (high vacuum, ambient
temperature of OK, large temperature gradients
between the illuminated face and the shadowed
one, hard radiation, etc.).

DETAILED ENERGY BALANCE

The first self-consistent calculation of the conver-
sion efficiency, based on the detailed energy
balance of the solar cells was performed by
Shockley and Queisser (Shockley & Queisser,
1961). They have assessed the behavior of a p-n
junction, in which only appear radiative recom-
bination phenomena, exposed to the thermal ra-
diation of a blackbody:. In this case, we can define

24

a yield limit by the relationship in Equation 5,
where Eg is the forbidden bandwidth (gap) of the

used semiconductor. The n n depen-

dence is shown in the Figure 1.
Itis noted that the yield limit is the maximum
for the following equation:

(6)

Equation (6) admits as solution Xgm = 2,17, Eg
= 1,12 eV, the obtained yield is 44%. Note: x ¢ =
2,2 (Eg=114eV).

This calculation is completed by assessing
three additional factors.

Figure 1. The dependence of the limit yield gap
semiconductor (Shockley & Queisser, 1961)
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Equation 7.

-]

. The first one is the external quantum effi-
ciency , Where A, isthe

junction’s absorptionand n isthe internal

quantumefficiency; n representsthe prob-

ability that an absorbed photon (with energy
greater than Eg) generates an electron-hole
pair. Shockley and Queisser have taken for

simplicity n 1 and assumed cell absor-
bance equal to that of a blackbody(A, = 1),
S0 n

e The second one (see Equation 7) is the ra-

tio between the open circuit’s voltage and
the gap one.

In this relationship, f r is the proportion of the
recombination current that is given by the radio-
active recombination (also taken equal to 1 for
simplicity).

The third factor is the form factor,

/ (8)

where |_ the short circuit current is, and U, , I,,
represent the maximum voltage and current for
the power supplied in the external circuit.

If we consider / ,
/ , and an ideal diode (no serial
Equation 11.

or parallel resistance and the ideality factor is
1),the maximum power requirement cut is
Then the form factor

becomes:

9)

With these factors, the conversion efficiency
becomes:

non (10)

The maximum conversion efficiency given by
(10) is 31.2%, for X, = 2,5.. This value is close not
only the crystalline silicon, but also to those of
amorphous silicon, GaAs, Cu,S, and a few other
combinations. For crystalline silicon Ngo = 30%.

It must be taken into account that for obtaining
the Formula (10) several important approxima-
tions have been made.

In the first approximation, the blackbody ra-
diationwas used instead of AM 1.5; Luque (Luque

& Araujo, 1990) replaced the yield limit n
given by (5) in Equation 11.
Where

: /.

(11)
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represents the AM 1.5 number of
photons for the wavelength A, and

(13)

This limit does not exceed 37.5% efficiency.
The situation may be improved, if optical concen-
trators could be used, by increasing the number
of photons incident on the cell in comparison to
the geometric value.

A second approximation was to consider the
internal quantum efficiency as ideal. This is not
true. Internal quantum efficiency depends on the
absorption and on the wavelength of the absorbed
photon and may represent a percentage for certain
wavelengths. A rigorous calculation should take
this into account.

A third approximation was to neglect the ab-
sorbance. This may represent a major correction,
reducing the conversion efficiency at less than
half of the ideal value. To improve the situation,
textured entrance surfaces and back reflective
layers are used (Mdller, 1993), this increase over
the photonsinthe cell and enhance the absorption.

The fourth one was to neglect the non-radiative
processes. This can dramatically reduce cell effi-
ciency. Butthere are exceptions. The Auger effect
can multiply the number of electrons generated
by a photon and thus increase efficiency.

Finally, the lastapproximation wasto consider
anideal diode. Experience shows that such asitua-
tioncan never be found. Moreover, experimentally
was proved that it is unnecessary to use efficient
optical concentrators, because the efficiency tends
to a saturation value with the increasing incident
light flux.

26
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ADDITIONAL FACTORS LIMITING
THE CONVERSION EFFICIENCY

We will not discuss, in detail, the calculation of
internal quantum efficiency, because itdependson
the type of material from which the cell is made
(Bardeen, Blatt, & Hall, 1956; Ryvkin, 1964; Tauc,
Grigorovici, & Vancu, 1966; Kireev, 1975; Sze,
1981; Bube, 1992; Munteanu, 2003). By a proper
choice of the material a 90% internal quantum
efficiency can be obtained In order to assess the
external quantum efficiency is necessary to know
the absorbance. If we consider as known the input
and output reflectance from the layer:

(14)

(n,, K, being the real and imaginary part of the

complex refractive index of the active layer and

A » » beingthe inputand output refractive

indices) and the absorption coefficient

/  the absorbance for a normal in-

cidence on a layer of d thickness (see Equation
15).

Another important factor is the collecting fac-
tor n, representing the fraction of electron-hole
pairs generated by photons with a A wavelength
separated by a barrier and collected by the elec-
trodes. This factor has a complicated expression.
When it comes to thick active layers, this expres-
sion can be approximated as:

(16)
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Equation 15.

(15)

It seems that this correction can be quite
important.

Shockley and Queisser analysis refers to the
ideal diode. A real diode has a number of addi-
tional parameters. The p and n regions preclude
an ohmic resistance (series) R, due to the interac-
tion of carriers with phonons and impurities. This
resistance reduces the voltage at the junction of
the diode’s terminals. There are junction surface
currents (equivalent to a parallel resistance Rp).
A similar effect is introduced by the formation
of inversion layers at the diode’s contacts (more
metal-semiconductor junctions).Inaddition, under
strong injection (or another method that generates
no equilibrium), the effect of voltage on the junc-
tion is changed by a factor y, called the ideality
factor. As a result, the equation that describes the
operation of the diode in the dark is:

(17)

Inthe presence of the light a photovoltaic volt-
age is generated, usually described as a current
source in parallel with the junction (the illumina-
tion current | is proportional to the integral after
the wavelength of the product between the incident
light flux, the external quantum efficiency and the
collecting factor), so the Equation (15) becomes:

(18)

where U is the terminal voltage of the diode (U =
R_ I, R_ being the load resistance of the outside

ext ext

circuit). From this equation, we find that the open
circuit voltage and short circuit current satisfy
default relations:

— — (19)

(20)

Considering the diode ideal (R, =0, R =,y
= 1), these relations become:

— (21)

Comparing these relations, we see that can
introduce two subunit factors:

B B — — (22)

Combining all these factors and taking into
account the relations (11)+(13) the solar cell
conversion efficiency is obtained:

(23)
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Comparing this result with Shockley’s and
Queisser’s results, one sees that the value ob-
tained is reduced below 20% for a conventional
monocrystalline silicon cell. Furthermore, after
mounting the cell into a PV module the efficiency
is reduced by a technical factor (determined by
encapsulation, external circuit, etc.), leading to
the values obtained experimentally.

WAYS TO IMPROVE THE
CONVERSION EFFICIENCY

In order to improve the conversion efficiency of
the solar cells, we must take into account each
factor in the Equation (23). We begin with the
absorbance. The (15) relation shows that the ab-
sorbance depends exponentially on the thickness
of the active layer. On the other hand, only pairs
generated in the field barrier can be separated,
so that what really counts is the thickness of the
junction. This can be substantially increased if the
classical p-njunctionisreplaced withap-i-njunc-
tion, which introducesan intrinsic layer between p
andnregions, inthe barrier field (Crandall, 1983).
This design can improve conversion efficiency
up to 50% of its value. In addition, the photons
movement through the active area may increase
significantly when using back reflective surface
and input surface is textured in order to multiply
the possible paths of the photons.

As seen from above, the second factor is the
collecting factor. It depends on two phenomena:
the existence of a heavy field barrier—that can
be achieved by doping increasing - and a small
number of recombination centers - so few defects
and impurities. Ifthe first partiseasily achievable,
the second one requires special manufacturing
conditions. This explains why the in laboratory
created cells have achieved much higher con-
version efficiency (and cost prices) than those
produced industrially.
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The B, and B, factors also depend on the con-
struction of the diode and require detailed studies.
There are many variants, most kept confidential.

The form factor depends nonlinear on the cell
parameters. Its expression is complicated even
if we only consider the radiative recombination.
Usually, cellswith different parametersare builtin
the laboratory and then optimize the parameters.
It should be mentioned that the form factor and
the conversion efficiency are not the same for the
same maximum values of the parameters.

The ratio between the open circuit’s voltage
and the gap one (voltage greater than the barrier
one) depends on the recombination types and
(logarithmically) on the incident light flux. The
more recombination we have, the more the ratio
decreases. On the other hand, the ratio can be
increased if we have an Auger effect, which mul-
tiplies the number of carriers. These effects occur
only when there are high-energy carriers—"“hot”
electrons. Itis true that in such cells thermal equi-
librium between electrons and the crystalline net-
work does not exist, this iswhy thermal efficiency
decreases, but as we have seen, small changes in
thermal efficiency are, therefore, less important.
Optical concentratorsare used to increase the light
flow, which can introduce a multiplicative factor
ranging up to several hundred.

The most important factors are the internal
guantumefficiency andthe limityield. The internal
quantumefficiency depends essentially onthe type
of used material. The internal quantum efficiency
is higher in semiconductors with indirect gap, but
they usually have a non-radiative recombination.
Therefore, itwastriedtoreplace siliconwith GaAs
chalcogenic compounds. Improvements made
so far do not offset the cost increase. Another
improvement was the introduction of quantum
granules. These replace the energy band structure
with a level structure. Under these conditions,
the non-radiative recombination is significantly
reduced, which compensates a lower efficiency.
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Regardingthe limityield, it depends mainly on
the gap’s value. In order to extend the absorption
field there are several options. The first option
was the use of amorphous materials with band
tails (Carlson & Wronski, 1976; Hubin & Shah,
1995; Schiff, 2003). This option did not give the
expected results due to the instability of the mate-
rial and especially the great number of recombi-
nation centers. A second option was a design of
multiple series junctions, with the gap decreasing
as departing from the front surface. The light that
is not absorbed by the first junction is absorbed
by the following one. By combining this structure
with a textured front surface, mounting a rear
reflector, and using an optical concentrator, 42%
conversion efficiency was obtained (at laboratory
scale). The last option was the development of
intermediate-band junctions. These were achieved
using nanomaterials. The absorption band extends
the range without introducing non-radiative
recombination and reducing the radiative ones
(increasing the collecting factor). And this cell
type reached a conversion efficiencies of around
30% (at laboratory scale).

An alternative to the conversion efficiency
growth is the solar cell cost reduction. This is
why studying organic solar cellsis very important.
They are very cheap, thin, flexible, and easy to
handle. In contrast, the conversion efficiency has
(sofar) values below 10%. Obviously, the optimal
solution is depending onthe intended application.

On the other hand, one sees that the drastic
limitations of the Shockley-Queisser model can
be overcome.

FUTURE RESEARCH DIRECTIONS

Although many R&D for various types of solar
cells has been carried out and improvements in
their conversion efficiencies have been achieved,

conversion efficiencies of almost all the solar
cells are expected to have limitations. Limiting
efficiencies are expected to be 28.9%, 23.5%,
23.5%, 17.5%, and 16% for crystalline Si, thin-
film Si, CIGS as well as CdTe, dye-sensitized
and organic solar cells, respectively. On the other
hands, because 41.6% efficiency hasbeenrealized
with concentrator InGaP/InGaAs/Ge 3-junction
solar cells, concentrator 4-junction or 5-junc-
tion solar cells have great potential for realizing
super high-efficiency of over 50%. In addition,
developing new types of solar cells based on new
materials and new concepts is also very important
to overcome conversion efficiency limitations. In
addition to multi-layer multi-junction (tandem)
solar cells, third-generation PV systems include
intermediate bands, hot-carrier effects and other
multiple-carrier ejection. Although conversion
efficiencies in ideal case shown are 85-87% for
multiple excitation, hot carrier, intermediate band
concepts, realistic conversion efficiencies to be
obtained for solar cells by using the above concepts
may be less than 55% by considering possible
efficiency based on the realistic multi-junction
(tandem) concept. However, further R&D for new
materials and new concepts is necessary to chal-
lenge to overcome the Shockley-Queisser limit.
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INTRODUCTION

Solarenergy representsaclean, renewable energy
(Myong, 2007). As solar light is at our disposal,
it represents a primary source of abundant clean
energy. The internal quantum efficiency close to
100% in bulk heterojunction Solar Cells (SCs)
(Park, et Al., 2009) makes SCs promising candi-
dates among renewable energy sources. Almost
100% internal quantum efficiency means that
every absorbed photon produces a separated
electron-hole pair and that all these carriers are
collected at the electrodes. The role of SCs is to
convert the solar energy into electrical energy. In
asemiconductor one photon absorption generates
an electron-hole pair. These non-equilibrium car-
riersdo notcomply with the equilibrium statistics;
therefore, they recombine after their lifetime.
During their lifetime, the non-equilibrium carriers
move through an external circuit, and their energy
can be utilized. This is a simplified functioning
principle of a solar cell.

The first aspect that has to be analyzed gener-
ally in SCs, and particularly, in Quantum Well
(QW) SCs is light absorption. The calculation of
the absorption coefficient (a(A)) is essential for
the modeling of solar cells. The main absorption
phenomenon is the band-to-band absorption that
generates an electron-hole pair. There are two
types of semiconductors, with direct or indirect
energy band gap, considering the position of the
conduction band minimum (E) reI{ated to the

valence band maximum (E ) in the Kwave vec-
tor space. The most of 3-5 (GaAs) and 2-6 (CdTe)
semiconductors have a direct gap, while the
semiconductors fromgroup 4 (C, Si, and Ge) have
an indirect gap. The calculus of the absorption
coefficient depends on the gap type (direct or
indirect), and on both values of the orbital quan-
tum number (1) for the valence band and conduc-
tion one. The absorption coefficient is found by

34

4XDQWXP :HOO 6RODU &HOOV

determining the absorption rate and by evaluating
the Einstein coefficients (lancu, Mitroi, & Fara,
2009; Ciurea & lancu, 2010; lancu, Mitroi, Le-
padatu, Stavarache, & Ciurea, 2011). Besides the
band-to-band absorption, one should take into
account the excitonic and inter-band absorption,
and also the absorption on free charge carriers,
impurities, phonons, and defects.

To achieve higher conversion efficiencies,
multi-bandgap absorber systems such as multiple
QWsand Superlattice (SL) were proposed (Barn-
ham, & Duggan, 1990).

In the third generation of solar cells, nano-
materials based SCs have to be included. In QW
SCs, for the first time, the idea of extending the
spectral absorption appeared (Barnham, & Dug-
gan, 1990). This idea was confirmed by the first
experimental application, which used a p-i-n cell
withan intrinsic region (i) in a GaAs/Al ,Ga, As
multi-layered structure (Barnham, et al., 1991).
Since the 1990s, the solar cells with multi-layered
structures have been intensively studied (Ander-
son, 1995; Lynch, et al., 2005; Kirchartz, et al.,
2009; Munteanu & Autran, 2011).

Usually, the layers have thicknesses from tens
to hundreds of nanometers. The last ones are
actually submicronic structures, and therefore, at
these thicknesses, the quantum effects are weak.
However, they are named quantumwell structures,
even if the consecrated terminology is of multi-
layered photovoltaic cells.

Only recently, multi-layered cells with proper
quantum sizes—Iess than 10 nm (multi-layered
photovoltaic cells with quantum wells) were
studied (Kirchartz, et al., 2009; Berghoff, et
al., 2010; Munteanu & Autran, 2011). Indeed,
the quantum effects at low size (less than about
20 interatomic distances, approximately 5 nm)
become dominant, so that the continuous band
structure is replaced by a discrete spectrum or at
most with a quasiband structure due to quantum
confinementeffects (Nishida, 2005; Ciurea, etal.,
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2006; Ciurea & lancu, 2010). Eventhe momentum
conservation law is no longer valid (Heitmann, et
al., 2004) at these sizes.

QW SCsaswellas quantum dots SCsare based
on the advantages offered by the low dimen-
sional systems (Ciurea & lancu, 2007, 2010). In
low dimensional systems, the light absorption
domain is extended, and densities of states are
modified by restricting the size at least on one
direction to the order of magnitude of the electron
wave function. Inaddition, the thermalization can
be reduced. (Myong, 2007; lancu, et al., 2011).
These systemsare 0D (quantum dots), 1D (nanow-
ires), and 2D (nanolayers which can be described
by quantum wells). A low dimensional structure
has a nanometric size on at least one direction.
Atlow size one hasastrong quantum confinement
effect, while the nature of the material type plays
a secondary role (Ciurea, lancu, & Stavarache,
2006; Ciurea, etal., 2006; Ciurea & lancu, 2010).
Another contribution is given by the increased
role of surface interface, described by the ratio
between the numbers of atoms located at the
surface/interface ® of a low dimensional

system (0D, 1D, 2D) and the total number of
atoms (N). Thus, °/ & /, where
d is the system dimensionality (0, 1, or 2), a is the
mean interatomic distance and d, is the minimum
size of the low dimensional structure (Ciurea &
lancu, 2010). Let us analyze GaAs which has the
interatomic distance in the interval between a

(100)
= 0.2877 nm and I 0.2448 nm. If we con-

sider for simplicity ol%%alculus a=0.25nmvalue,
itresults °/ for dots with a diameter
of d, = 3 nm, nanowires with a diameter of d, =
2 nm and layers with a thickness of d, = 1 nm. If

d, = 5 nm, then the corresponding ratios are:

5/ for a quantum dot system,
5/ for a nanowire system, and
5/ for a quantum well system.

PHYSICAL PROCESSES IN
QUANTUM WELL SOLAR CELLS

The multi-layered photovoltaic cells are divided
incellswithmultiple QWSs (Barnham, etal., 2002;
Aeberhard & Morf, 2008) and cells with SL (Va-
ronides, 2008; Munteanu & Autran, 2011) depend-
ing on the thickness of the barrier layer (Myong,
2007). If the number of layers is big enough and
if the layers are thin enough, the resonant levels
are replaced with resonant bands (SL structure)
(lancu, Mitroi, & Fara, 2009). The criterion of
thickness is not sufficient; one has to consider
also the periodicity and number of layers, for the
same reason as those defining the quantum sizes.
The thickness of the layers becomes critical only
at high values (submicronic domain), because the
wave functions describing the localized states in
each quantum well no longer overlap.

It is known that the multi-layered structure
introduces resonant quantum levels inthe conduc-
tion and valence bands of films with relatively
small gap (Harrison, 2005). When the barrier
layers (having larger energy gap) are thin enough
to permit the superposition of electrons and holes
wave functions on the resonant levels and also
when the layers are periodically arranged and
sufficiently numerous, then the resonant levels
form mini-bands, equivalent to the formation of
energy bands in a crystal. In this case a superlat-
tice is formed. If the arrangement of layers is not
completely periodic, the mini-bandsare not clearly
separated (similarly with the amorphous materials)
or if the number of the layers is too small, instead
of mini-bands, quasimini-bands can form.

The energy band diagrams of the p-i-n type
single junction multiple QW and SL solar cells
under an external bias V are already well known
(e.g. Myong, 2007; lancu, Mitroi, & Fara, 2009,
see Chapter 8). They are illustrated in Figure 1.
Both structures, the multiple QW and SL struc-
tures, consist of alternate layers of two (or more)
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Figure 1. The energy band structure of p-i-n solar cells with: (a) multiple QW and (b) SL under applied
bias V (continuous lines—resonant levels and bands and dashed lines—quantum confinement levels)
(adapted from lancu, Mitroi, & Fara. 2009, see chapter 8)

differentsemiconductors with differentband gaps.
The first layer represents the host layer in the in-
trinsic region and has a wider band gap (E,) and
thickness t,, and it is named the barrier layer. The
second layer, named well layer, has a narrower
band gap (E,) and thickness t . The sequence of
these layers in the structure always begins and
ends with the barrier layer. For multiple QW
structures, the thickness of the well is of 5 — 10
nm, thin enough to form quantized energy states
inside. The barrier thickness is usually below 100
nm. One can observe that, besides the resonant
levels or minibands from the conduction and
valence bands, there are also quantum confine-
ment levels located in the band gap of both well
and barrier layers (Ciurea, et al., 1998; Harrison,
2005; Ciurea, et al., 2006; lancu, Mitroi, & Fara,
2009; Ciurea & lancu, 2010).
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An important parameter which validates if a
material is appropriate for SC application is the

internal quantum efficiency;, . Theinternal

quantum efficiency represents the ratio between
the number of generated electron-hole pairs and
the number of the absorbed photons, and depends
on the absorbed wavelength (A). It is given by the
formula:

M)

where h is the reduced Planck constant, B.(}) is
the Einstein absorption coefficient, c is the speed
of light, S is the area of the surface, normal to the
incidentdirectionofthe light flux. Experimentally,
one measures the current flowing in the external
circuitofthe device perincoming photon, thisratio
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representing the external quantum efficiency. In
the following, we will refer to the internal quantum
efficiency only.

The absorptionrate (R,) ata given wavelength
depends on the square modulus of the matrix el-
ement of the Hamiltonian (JH [?) corresponding
to the transition between the initial (i) and final
(f) states:

()

with w, as the spectral-volumic density of the
absorbed radiation energy.

The contributions of resonant levels as well
as of quantum confinement levels are given by
the relations (1) and (2) (lancu, Mitroi, & Fara,
2009). For the evaluation of matrix elements of
the interaction Hamiltonian between electrons
and electromagnetic field, the wave functions of
electron between the initial and the final states
have to be known. The simplest description of
quantum confinement process is given by the
infinite rectangular quantum well model (lancu
& Ciurea, 1998; Ciurea, et al., 1998; Ciurea, et
al., 2006; Lepadatu, et al., 2010). More refined
investigations use a finite rectangular quantum
well. However, it was proved that the infinite
rectangular quantum well model is a good ap-
proximation for quantum confinement process
in the limits of the experimental errors (lancu &
Ciurea, 1998; Ciurea, et al., 2006).

Let us consider the case of multiple QW SCs,
where 2D layers with nanometric thickness (t)
are described by the infinite rectangular quantum
well approximation. The thickness t is either t
for well layer or t, for barrier layer. In the most
cases, these layers are plane, parallel with the
crystalline planes. Then, the electron Hamiltonian
can be exactly separated as a sum of two parts:
one is Bloch-type, parallel with the layer surface,

leading to a 2D band structure, and the orthogonal
one can be described with an infinite rectangular
quantum well, leading to quantum confinement
levels. Therefore, the electron energy has the form:

=/

@)

where € (K, ky) represents the 2D band energy,

M isthe transversal effective mass (the effective
mass on the confinement direction), and p >0 is
a natural number.

The quantum confinement energy levels are
located in the band gap (at 0 K, the fundamental
quantum confinement level, and the energy level
corresponding to the valence band maximum are
occupied, so that they must coincide). Therefore,
we will shift the zero of the quantum confinement
energy and we will measure it from the top of the
valence band:

=/ @)

Here € , is the shifted band energy

andg_, is the quantum confinement energy level
with the quantum number p (with €, = 0).

The modeling of the 2D structures takes into
consideration the change of the band gap from
the well layer to the barrier one, and so on in the
subsequent layers. The well layers are described
by quantumwellsand introduce quantum confine-
ment levels in the conduction and valence bands.
These levels are named resonant levels, and they
contribute to the optical properties and do not
contribute to the electrical transport properties.
Therefore, they are not proper quantum confine-
ment levels. A complete analysis of the behavior
of a low dimensional system requires to take into
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account both quantum confinement levels and
resonant ones.

In the following, we will evaluate the contri-
bution of the quantum confinement levels and
resonant ones to the functioning of QW SCs
(lancu, Mitroi, & Fara, 2009; Ciurea & lancu,
2010). In order to calculate the internal quantum
efficiency for the absorption on these levels, the
matrix element of the interaction Hamiltonian has
to befirstcalculated. The most probable interaction
Hamiltonian is the electrical dipole one.

n s

(5)

where p, and p, are natural non-zero numbers (e is
the elementary charge, e > 0). The absorption rate
isgiven by therelation (3.2). Foranabsorption rate
different from zero, meaning to have absorption,
the matrix element of the Hamiltonian H, must
be different from zero, too.

In order to calculate the matrix elements, it is
necessary to take into account if the electric field

%is parallel with or perpendicular on the layer.
We consider a square QW (well layer) with lat-
eral size L. At a normal incidence, meaning that

% is parallel with the layer, the matrix element
of the electric dipole interaction Hamiltonian is
H, = eE, L/2, where the quantum selection rule
p, = P, was considered. This matrix element de-
scribesthe transition between resonant levels from
the valence and the conduction bands. If the field
isorthogonal onthe layer, then the matrix element
is e-E, t/2 also with p, = p,, meaning that transi-
tions between resonant states take place.

The matrix element is given by a different
formulafor transitions between quantum confine-
ment levels existing in the band gap, as it follows:
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(6)

In this case, H,, is non-null ifand only if p, — p,
=2p-1.

The solar light is not polarized, therefore
% % %{x/— Then, for transitions between
resonant symmetric levels in the well layer, the
absorption rate is:

()

()

where 6 is the external incidence angle, B is the
relative permittivity of the well layers and
/ =/ withe, asthe

correspondinggapand / /

the excitonic effective mass in the well.

If we consider the transitions between the
top of the valence band (p, = 1) and the quantum
confinement levels in the well layer, the absorp-
tion rate can be written as:

)

©)

with

/ =/
and the constants (t, and 3,) correspond to the
well layer. Similar relation describes the transi-
tions between the top of the valence band (p, = 1)
and the quantum confinement levels in the bar-
rier layer (replacing w index with b one).

The internal quantum efficiency can be deter-
mined from relation (1) where Sisreplaced by L2.
Then, for the case of transitions between resonant
symmetric levels in the well layer, it results:
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)

where B, is the vacuum permittivity and B is
the relative permittivity of the well layers. For
transitions from the top of the valence band to the
guantum confinement levels in the well layer, the
internal quantum efficiency is:

— (10)

From the comparison between Equations (9)
and (10) it results that the internal quantum ef-
ficiency for transitions between resonant levels
is several orders of magnitude greater than the
internal quantum efficiency for transitions between
the valence band maximum and the quantum
confinement levels.

It has to be remarked that in a multilayer
structure, the resonant levels are located in the
layers with smaller gap (well layers), while the
guantum confinement levels appear in both well
and barrier layers.

As Mazzer et al. (2006) evidenced in the
spectral response of external quantum efficiency
at zero bias, the light absorption on resonant
levels is extended to longer wavelengths in the
near infrared domain in comparison with the bulk
absorption. They used samples formed by 50
wells of In Ga, As inserted into tensile strained
GaAs, P, barrier regions. The near infrared exten-
sionisdependentonthe materials used. Inaddition,
the absorption on quantum confinement levels is
also extended to near infrared domain. From the
above formulas, (9) and (10), it results that the
internal quantum efficiency is also dependent on
both size and used geometry, so that by tuning
them, it can be increased.

An important problem for the third genera-
tion SCs, i.e. for multiple QW SCs, is given by
the trapping processes. The trapping centers are
mainly due to the misfit or stress (Ciurea, et al.,
2011) betweenthe layers of multiple QW SCs, and
therefore they are located at the surface/interface
(Ciurea, 2008). The shallow trapping centers are
discharged at the work temperature of cell and
they do not play an important role. The deep ones
create a frozen-in electric field (Ciurea, lancu, &
Mitroi, 2007; Ciurea, 2008; Ciurea, et al., 2011)
which adds itself to the barrier field, and in this
way it can increase or decrease the cell efficiency.
These effects can be beneficial or not, depending
on the trapped carrier sign.

MATERIALS AND TECHNOLOGY
FOR QUANTUM WELL
SOLAR CELLS

A QW SC has intermediate properties between
the properties of heterojunction cells and those
of tandem cells. In heterojunction cells, the cur-
rent is given by the sum of currents generated in
both materials, and the voltage is controlled by
the material with the lowest band gap. In tandem
cells the voltage is a sum of sub-cells contribu-
tion, but currentis controlled by the worst sub-cell
(Mazzer, et al., 2006).

The multiple QW SCs have two advantages,
one of them being the effective band gap that is
lower than the energy gap of the barrier layer,
E,. This is due to the quantum mechanical effect.
Consequently, the light absorption domain of mul-
tiple QW SCs is extended to longer wavelengths.
Another advantage is the enhanced well number
(N,) that leads to the increase of the short-circuit
current and thus, to an improved quantum effi-
ciency (Bushnell, 2005). An increase of the quan-
tum efficiency is also produced by the absorption
of extra photons. The carriers, photogenerated in
this way, will escape to the adjacent barrier layer
under the built-in potential from the depletion
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layer, thus contributing with an extra current. The
efficiency at room temperature due to the escape
carriersis relatively high (Barnham, etal., 1991).
The maximum value of the quantum efficiency
calculated for p-i-n type multiple QW SC is about
63% (Barnham, et al., 2002). The maximum pre-
dicted theoretical power conversion efficiencies
are in the interval between 44.5% and more than
63% (Wei, etal., 2007). The highest experimental
value achieved is 28.3% under AM1.5D 416 X for
single-junction QW SCs (Adams, et al., 2010).
As absorbers are necessary lattice-matched
materials in order toavoid the defect formation and
therefore the degradation of the SC photovoltaic
properties. So that, the materials used as barrier or
well layersand their thicknesses must be carefully
selected inorder to reduce the formation of disloca-
tions. As lattice-matched multiple QW absorbers,
successful candidates are the compounds from
group 3-5 and elements or alloys from group IV
(C or Si/Ge). An important problem to be solved
in a SC is to have an optimal collecting of charge
carriers from QWSs and an optimal open circuit
voltage V. (in order to minimize the reduction of
V. ). Forthis, abig enough electric field across the
intrinsic region is usually required (E ~ 30 kV/cm
or greater), that can be accomplished if the p-i-n
diode is sufficiently thin (Alemu, Coaquira, &
Freundlich, 2006). Another condition is to have
barriers with energy of 0.20 — 0.45 eV or less,
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over which the carriers to be thermally or opti-
cally excited (Alemu, Coaquira, & Freundlich,
2006). By a suitable choosing of the material for
well and barrier layers, this condition is satisfied.
For example, in a SC structure with an intrinsic
region thickness of 250 nm, the electric field
across the i region was estimated to be 48 kV/cm
inequilibrium, while at maximum power operating
voltage of ~ 0.4V, the electric field is 32 kV/cm
(Derkacs, et al., 2008).

The conventional growth techniques for mul-
tiple QW structures are metal-organic vapor-phase
epitaxy (Ekins-Daukes, et al., 1999; Bushnell,
2005), plasma enhanced chemical vapor depo-
sition (Berghoff, et al., 2010), chemical beam
epitaxy (Alemu, et al., 2006; Freundlich, et al.,
2007), molecular beam epitaxy (Barnham, et al.,
1991; Okada, et al., 2005). One main advantage
of chemical beam epitaxy for photovoltaic appli-
cations is the ability to grow films at higher rates
thanthose of molecular beam epitaxy (Freundlich,
etal., 2007).

The SCs can be fabricated by changing the al-
loy composition or the well thickness of well and
barrier layers (Barnham & Duggan, 1990; Tran, et
al., 2002; Prazmowska, et al., 2007). These SCs
are named graded band gap multiple QW SCs,
andthey absorbthe incident light more efficiently.
There are three types of band-gap gradation com-
monly used, namely normal, reverse and double

Figure 2. Band-gap profiling: (a) without gradation; (b) normal; (c) reverse; (d) double (adapted from

Prazmowska, et al., 2007)
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Figure 3. (a) Sketch of the energy band structure of GaAsP/InGaAs strain-balanced multiple QW SC
(adapted from Ekins-Daukes, etal., 1999; Mazzer, etal., 2006); (b) crystal structure of the strain-balanced

QW SC (adapted from Mazzer, et al., 2006)

gradation as one can see in Figure 2 (Adapted
from Prazmowska, et al., 2007).

Another possibility to achieve a good absorp-
tion at any (visible) Sun position of non-normal
incidence is to use a refractive grating (lancu,
Mitroi, & Fara, 2009).

In order to provide higher conversion efficien-
cies, themultiple QW tandem SCswere fabricated.
They are composed of stacked unit cells in series,
that guide the incident light to appropriate absorb-
ers leading to a higher conversion efficiency. A
tandem SC contains at least two cells: a top cell
that receives light first and absorbs higher energy
photons (UV and VIS) and a bottom cell that
receives light transmitted through the first cell.
The bottom cell, made of a material with smaller
bandgap, converts transparency losses of the top
cell, and therefore, absorbs lower energy (longer
wavelength radiation). Even for cells with low
quantumefficiency, the tandem cell isthe optimum
solution (Adams, etal., 2011); thus, they overcome
the fundamental limitation of a single cell.

Analysis of the photovoltaic response of the
INP/InAsP multiple QW SCs exposed to proton
irradiation shows their radiation hardness (Walters,
etal., 2000), meaning that they are appropriate for
space applications. Another application of multiple
QW SCs is the conversion of the heat radiation

from combustion processes into electricity (Rohr,
et al., 2002).

GaAshasabandgap of 1.42 eV whichis rather
high because for a good efficiency it is necessary
a bandgap of about 1.1 eV at 1 sun and relatively
high concentration (Barnham, et al., 2006). Ex-
tension of the spectral range of high efficiency
GaAscellscanbeachieved if strain-balanced QW
SCs are used (Mazzer, et al., 2006). In a strain-
balanced QW SC the lattice-mismatch limitation
is overcome by matching of the compressive
strain in the InGaAs wells with the tensile strain
in GaAsP barriers (Ekins-Daukes, et al., 1999).
These SCs with different numbers of QWs were
prepared by the metal-organic vapor-phase epitaxy
method (Bushnell, et al., 2005). The well layers
were incorporated into intrinsic region i of a p-
i-n diode fabricated on GaAs wafer. A sketch of
the energy band structure of a strain-balanced
QW SC is presented in Figure 3a (adapted from
Ekins-Daukes, et al., 1999; Mazzer, et al., 2006).
Figure 3bshows the individual crystal structure of
InGaAs, GaAsPand GaAs, and the matched crystal
structure that forms a strain-balanced QW SC. As
base, a GaAs layer doped with Si was used and
as emitter, a C doped one. The well layers were
made by nanometric layers of In Ga, As (with
low band gap and high lattice constant). These
were strain compensated with GaAs, P barriers
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(higher band-gap and lower lattice constant). The
alloy compositions, (given by x and y), and well
and barrier thicknesses (t, and t ) are adjusted to
minimize the formation of dislocations. Thus, the
QWsare compressively strained, while the barriers
are tensile strained. A Si,N, antireflection layer
was deposited. The devices were characterized by
measuring dark 1-5 and light 1-5 characteristics.
The quantum efficiency and reflectance were also
obtained. The authors conclude that these strain-
balanced QW SCshave areduced dark currentand
a significantly reduced number of dislocations in
the active region. In addition, these devices may
tune the short-circuit current of the cell by varying
the QWs number. Thereported efficiency is 26% +
1% under AM1.5d at around 200 x concentration
obtained onastructure with 50 shallow well cells.
Lynch et al. demonstrated that the increasing of
N,, induces an increase in recombination (Lync,
et al., 2005). Due to the small decrease of the
absorption at short A with the increase of N, the
authors showed that the cell efficiency decreases
as N increases from 20.7% to 19.2%.

There is an alternative way to decrease the
GaAs band gap, and consequently to fabricate
strain-balanced QW SC structures (King, et al.,
2003). King and co-workers proposed the growth
of strain-balanced QW SC structure on a relaxed
virtual substrate. The disadvantage is the produc-
ing of dislocations into the material.

Derkacsetal. (2008) succeeded toimprove the
performance of QW SCs by integrating dielectric
or metallic nanoparticles within the semiconduc-
tor device. They deposited dielectric or metallic
nanoparticles on the top of the semiconductor
device, in order to scatter the incident light. The
light scattering permits a better transmission
of photons into the active layers and coupling
of normally incident light into lateral optically
confined waveguide layers within multiple QWs.
Consequently, the absorption of photons is in-
creased, together with photocurrent generation,
and therefore the power conversion efficiency is
also increased.
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Figure4. Sketchofthe InP/In, Ga As P, multiple
QW p-i-n SC structure (adapted from Derkacs,
Chen, Matheu, Lim, Yu, & Yu, 2008)

The multiple QW p-i-n SC structure of InP/
In,,Ga As P, , fabricated by Derkacs et al., is
sketched in Figure 4. The n-type electrode consists
of a S doped InP substrate, while the intrinsic
regioniconsistsof In . Ga_ . .As P _well layers

. ) 0.81 0.19 04" 0.6 .
alternating with In . Ga, AS barrier layers

0.91 0.09 0.2P0.8
for ten periods. The p-type electrode is formed
fromtwo layers, subsequently deposited, one being
p-type InPand the other one p-type In,,.Ga, . As.
An active window region was defined using pho-
tolithography. The top In, ,.Ga, . As contact layer
was then removed from the window and a SiO,
surface passivation layer was sputtered over the
activewindowarea. Au or SiO, nanoparticles were
deposited atop the semiconductor device. The n-
type Ohmic contacts have a large-area (typically
1 cm?) and they were formed using Ti/Au metal-
lization deposited by electron-beam evaporation.
p-type contacts were then formed using Ti/Pd/
Au metallization and a standard lift-off process.

Using SiO, or Au nanoparticles, the short-
circuit current density increases with 12.9% or
7.3%, respectively, incomparison with the device
fabricated without nanoparticles deposited on the
top. In addition, the power conversion efficiency
increases with 1% when SiO, nanoparticles were
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deposited and with 1% only, when Au nanopar-
ticles were used.

An alternative QW SC is made by 3-5 diluted
nitride-based multiple QW (GaAsN/GaAs) SCs
(Freundlich, etal., 2007). The structures were fab-
ricated by chemical beam epitaxy. The dependence
of external quantum efficiency on bias shows that
the photogenerated carriers are incompletely col-
lected from the well layers.

Rolver et al. presents the results obtained on
Si/SiO, QW structures (Al/Si-QW/Pt and Al/Si—
QWI/AI) fabricated by remote plasma enhanced
chemical vapour deposition, followed by a rapid
thermal annealing in N, at 1100 °C (Rélver, etal.,
2008; Berghoff, et al., 2010). They implemented
these structures in order to explore the potential
for third generation Si based tandem SCs. They
used two geometries, one with standard vertical
contacts, and another one being an innovative ap-
proach, with lateral charge transport parallel to Si/
SiO, interfaces. The authors stated that the lateral
geometry enables to avoid inefficient tunneling
processes through the insulating barrier material.
It was found that the lateral transport parallel to
Si/SiO, interface is four orders of magnitude more
efficient compared to the vertical transport. Also,
in the same geometry, a strong decrease of the
-1 product, between the mobility and the carrier
lifetime, with the decrease of well layer thickness
was evidenced. The authors concluded thatan im-
portant improvement of y-t values, necessary for
an efficient energy conversion, could be achieved
by minimizing the influence of Schottky barrier
present in the investigated structures.

CONCLUSION AND FUTURE
RESEARCH DIRECTIONS

In this chapter, we have presented the main physi-
cal processes that take place in multiple quantum
well solar cells with p-i-n structure, the materials
withappropriate properties for photovoltaic appli-

cations, and the aspects related to the technology
used to implement these devices.

The quantum confinement effect produces
resonant energy levels located in the valence and
conduction bands of the well layers. In addition,
it produces energy quantum confinement levels
located in the energy band gap of both well and
barrier layers. The absorption on resonant levels
as well as on quantum confinement levels leads
to an extension of the internal quantum efficiency
in the near infrared domain.

In a quantum well solar cell with p-i-n struc-
ture, the alternative well and barrier layers are
deposited inside the intrinsic i zone of the p-i-n
structure. The number of pair of well and bar-
rier layers has to be carefully selected in order
to obtain quantum well solar cells with efficient
conversion parameters.

The quantum well solar cells have several ad-
vantages thatallow improving the cell parameters.
Thus, the light absorption is extended to longer
wavelengths inthe near infrared domain. Thisnear
infrared extension is dependent on the materials
used to implement the quantum well solar cell.
The quantum efficiency is dependent on both size
and used geometry, so that by tuning both sizes
of well and barrier layers, it can be increased.

In order to avoid the formation of defects
a lattice-matched material is necessary. Thus,
strain-balanced multiple quantum well solar cells
solve this problem. In addition, the choice of the
method to depositthe layersis of greatimportance
to fabricate good quality layers.

For an efficient absorption of the incident
light, a multiple quantum well solar cell with
graded band gap has been invented by patents.
The graded band gap can be achieved by chang-
ing the alloy composition and the thickness of
the quantum well layers. An open interesting
idea is the deposition of nanoparticle layers on
the top of the InP/In,_ Ga As P, quantum well
structure that increases the photon absorption.
Light scattering on these nanoparticles permits
a better transmission of photons into the active
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layers and coupling of normally incident light
into lateral optically confined waveguide layers
within the multiple quantumwells. The collection
of the photogenerated carriers is also important
for the parameters of quantum wells solar cells,
sothatanimprovementof the collection geometry
is necessary.

Tandem SCs overcome the fundamental limita-
tion of asingle cell. The top cell from tandem SC
converts the high-energy photons (UV and VIS),
while the bottom cell, made of a material with
smaller bandgap, converts transparency losses of
the top cell. Even, for the cells with low quantum
efficiency, thetandem cell isthe optimum solution.

The maximum theoretical power conversion
efficiency is predicted in the interval between
44.5% and more than 63%. The highest experi-
mental value achieved is 28.3% under AM1.5D
416 X forsingle-junction quantumwell solar cells.
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ABSTRACT

In this chapter, the authors present the modeling and simulation of the multi-layered quantum well
solar cells as well as the simulated results of this model. The quantum confnement of a semiconductor
induces new energy levels, located in the band gap, as well as resonant levels located in the conduction
and valence bands. These levels allow supplementary absorption in the visible and near infrared range.
The quantum effciency of the supplementary absorption is calculated within the infnite rectangular
quantum well approximation. As the absorption excites carriers in the gap of each layer, even a small
absorption signifcantly increases the photocurrent (by photoassisted tunneling) and, therefore, the cell
effciency. The results of the simulation are presented for the internal quantum effciency of the transi-
tions between the resonant levels of GaAs, as well as the internal quantum effciency of the transitions
between the confnement levels for GaAs and Al Ga, As. New directions for the research of quantum
well solar cells are indicated.

INTRODUCTION

The “guantum well” photovoltaic cells were first
proposed in 1990 (Barnham & Duggan, 1990),
based on the idea that the use of the quantum wells
couldimprove the photovoltaic cells by extending
their spectral response, as well as by increasing

DOI: 10.4018/978-1-4666-1927-2.ch004

the photocurrent. One year later, this idea was ex-
perimentally proved by using a GaAs/Al Ga, As
multi-layered structure (Barnham, et al., 1991).
Fromthismomenton, the use of the Multi-Layered
Photovoltaic (MLPV) cells became one of the
most used approaches for a high efficiency PV
cell. Generally, such cells are p-i-n type diodes,
with the intrinsic region formed by a multilayered
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structure (Paxman, et al., 1993; Anderson, 1995;
Connolly, 1997; Raisky, etal., 1999; Green, 2000;
Barnham, et al., 2002; Anderson, 2002; Abbott,
2003; Sato, et al., 2005; Jani, et al., 2005; Nor-
man, et al., 2005; Myong, 2007; Hong, et al.,
2007). Most of these cells have layers of tens or
even hundreds of nanometer thickness, so that the
guantum effectsarereduced; neverthelessthey are
also called in some texts “quantum well” PV cells
(see for instance Ref. 5). However, MLPV cells
with real quantum sizes (Multi-Layered Quantum
Well Photovoltaic—MLQWPV) are also studied
(Myong, 2007; Hong, et al., 2007).

The E 2456-06 ASTM International Standard
“Terminology for Nanotechnology” states that
sizes between 0.1 and 1 um are to be called “sub-
micronic,” while the prefix “nano” is to be used
for sizes between 1 nm and 100 nm only. On the
other hand, an analysis of the quantum effects
proves that the quantum size appears under about
20 interatomic distances (e.g. about 5 nm), where
the band structure is replaced by an energy level
structure and the momentum conservation law is
no longer valid (Heitmann, et al., 2004; Fara, et
al., 2007).

The true quantum well photovoltaic cells use
the special advantages of the low dimensional
systems, where at least one size is at quantum
scale. This leads to two important contributions.

e The frst contribution is a strong Quantum
Confnement (QC) effect. Indeed, at this
size, it was proved that the material nature
role is secondary with respect to the QC
(lancu, et al., 1998; lancu, et al., 2006).

e The second contribution is the increased
role of the surface/interface. The area/vol-
ume ratio is 1/d, where d is the minimum
size, so that, at quantum sizes, this ratio is
greater than 2x108 m. Then, the cells are
classifed with respect to their dimensional-
ity in 2D, 1D, 0D and fractals. The MLPV
(and the Multi-Layered Quantum Well
Photovoltaic—MLQWPV) cells are 2D.

In literature, they are divided in Multiple
Quantum Wells (MQW) and Superlattice
(SL) systems (Connolly, 1997; Myong,
2007), the difference being based on the
barrier layer thickness (Myong, 2007).
However, this interpretation is not correct.
The SL structures replace the resonant lev-
els from the conduction and valence bands
of the “quantum wells” with resonant
bands. This is not correlated with the bar-
rier thickness, but with the total number of
layers, for reasons similar with those that
defne the quantum size (Heitmann, et al.,
2004; Fara, et al., 2007). In the following,
only MQW structures will be considered.

We have to mention the recent results ob-
tained regarding plasmonic solar cells which
have important prospects for the future. They use
nanoparticles to benefit from plasmonic effect in
order to improve absorption and finally, the solar
cell current response (Catchpole, 2008).

The aim of this chapter is to model MLQWPV
cells in order to find out how to improve them.
Section 2 deals with the QC effects. Section 3
calculates the quantum efficiency of a layer and
discusses the optical improvements of the cells.
Section 4 summarizes all the simulation results.

QUANTUM CONFINEMENT EFFECTS

As we have stated, the MLQWPYV cells have
a p-i-n structure, with a multi-layered i region
(e.9. GaAs/Al Ga, As). It is well known that the
band gap difference between the layers acts like
a quantum well and induces the appearance of
resonant levels in boththe conduction and valence
bands (MQW structure). These levels improve
the absorption and therefore increase the cell ef-
ficiency. If the number of layers is big enough, the
resonant levels are replaced with resonant bands
(SL structure). An example of both structures,
under an external bias V, is presented in Figure 1
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Figure 1. (a) MQW and (b) SL p-i-n structures under applied bias V. Solid lines—the resonant levels (a)

and bands (b); dotted lines—the QC levels

(adapted from Jani, etal., 2005). E ,t and E, t,
are the gaps and thicknesses of the quantum well
and barrier layers, respectively. For MLQWPV
cells, both t and t, are of the order of 5 + 10 nm.

Several studies (lancu & Ciurea, 1998; lancu,
et al., 2006; Pana, et al., 2006) proved that the
main Quantum Confinement (QC) effect consists
in the introduction of QC levels in the band gap.
Indeed, the surface/interface of a low dimen-
sional system acts like the wall of aquantum well.
The analysis of different shapes proved that the
rectangular quantum well is good enough for the
description of the QC effects.

There are two more problems to analyze.

e The frst one is the depth of the potential
well. We have found that, for rectangular
guantum wells, deeper than 2 eV and larger
than 1 nm, the differences between the frst
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three levels in the fnite well and the inf-
nite well with the same width is less than
2.5% (lancu & Ciurea, 1998), so that the
use of the Infnite Rectangular Quantum
Well (IRQW) approximation does not ex-
ceed the experimental errors. As the rela-

tive error is proportional with \/_ where
U is the potential well depth, it results that
the IRQW approximation does not lead to
errors greater than about 5% for any known
MQW or SL structure.

The second problem is the location of these
additional energy levels. As at absolute
zero temperature the maximum energy of
an electron in a semiconductor corresponds
with the top of the valence band, the funda-
mental quantum confnement level should
be located at this energy value. This means
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that the QC levels must be located in the
band gap.

The electron energy has the expression:

B 1)

where € cis the shifted 2D band energy, E.. is
the QC level energy % " is the trans-
versal effective electron mass, and t the layer
thickness. These QC levels induce supplemen-
tary absorption in the visible and near infrared
range. It is important to remark that these levels
appear in both narrow and wide gap layers. At the
same time, one can see from Figure 1. that, at
convenient bias value, some levels from the con-
secutive quantum well and barrier layers have
practically the same energy value (differences
under k,T). This strongly increases the tunneling
rate through the junction.

INTERNAL QUANTUM
EFFICIENCY MODELING

This model (lancu, etal., 2009) does not take into
account the band-to-band absorption, butonly the
absorption induced by the resonant levels and by
the QC levels from the gap. This model calculates
the Einstein absorption coefficients for one layer;
the coefficients have the following expressions:

()

fortransitions between resonantsymmetric levels
in the quantum well and:

— @)

for transitions between the top of the valence band
and the QC levels.

The internal quantum efficiency is related to
the Einstein absorption coefficientby the relation:

— (4)

so that we obtain:

®)

for the transitions between resonant symetric
levels in the quantum well and:

— (6)

for the transitions between the top of the valence
band and the QC levels.

One can observe that the internal quantum
efficiency for the transitions between the top of
the valence band and the QC levels is several
orders of magnitude smaller than the one for
transitions between resonant symmetric levels
in the quantum well. However, the excitation of
even a few carriers in the band gap, on QC levels
that are practically equal between the different
layers (due to a conveniently chosen bias), leads
to a photo-assisted tunneling and significantly
increases the photocurrent.
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Figure 2. Schematics of a p-i-n MLQWPYV cell with refraction grating

In order to ensure a non-normal incidence for
any (visible) position of the sun, we suggest the
placement of refraction grating made from par-
allel prisms on the front surface of the cell (see
Figure 2), the prism edges being oriented in the
East-West direction.

In this case, in Equations ((2) + (3), (5) + (6)),

8 must be replaced with Equation 7 (lancu,
et al., 2009).where a is the prism angle, n, is the
refraction index of the prism, and 8 (as previous)
is the incidence angle (the angle of the light beam
with the normal to the layer surfaces).

Asthe prismrefraction index isalways smaller
than the semiconductor refraction indexes, there
is no risk of internal total reflection in any layer.

SIMULATION RESULTS

Solar Cells Dimensions
and Material Data

Based on the Equations (10), (11) and (12) simu-
lations have been carried out for cells with the
dimension of and the well thickness
of

Equation 7.

The analysed materials were GaAs and
Al Ga, As, where x is the Al concentration that
ranges within the interval For this materi-

als €, has the following expression (Catchpole
& Polman, 2008):

)

where:

(7)
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h is the Planck constant, c is the light velocity, €,
is the vacuum absolute permittivity.

The material constants utilises: for GaAs:
energy gap: effective mass of
electron: effective mass of gap:

for Al Ga, As: effective mass
of electron - and
m, - mass of electron.

The Al Ga, As band gap in correlation with x
is given by the Equations (9) and (10) (Catchpole
& Polman, 2008):

)

for X

(10)

for X

Simulation of the Internal
Quantum Efficiency for the
Transitions between the
Resonant Levels for GaAs

The internal quantum efficiency of the transition
between the resonant levels for GaAs was simu-
lated based on the relation (5). The dependences
on prism refraction index and on incidence angle
can be seen in Figures 3 and 4.

According to Figures 3 and 4 the internal
guantumefficiency-  forthetransitionsbetween

resonant levels in the GaAs:

. Has very high values ~ 75%;

. Increases with the increasing prism angle
-Q;

. Decreases with the increasing prism index
and the angle of incidence.

Simulation of the Internal
Quantum Efficiency for the
Transitions between the
Confinement Levels for GaAs

Taking into account, Figure 5, based on the Equa-
tions (11) and (12), we can determine the internal
quantum efficiency for the transitions between the
confinement levels for GaAs in correlation with
the prism’s refraction index and the prism angle.

According to Figures 5a and 5b, the internal
quantumefficiency- ofthetransitions between

the confinement levels GaAs:

. Decreases with the increasing prism angle
-q;

. Increases with the increasing of the inci-
dence angle;

. Increases with the increasing of the prism’s
refraction index .

Simulation of the Internal Quantum
Efficiency for the Transitions
between the Confinement

Levels for Al Ga, As

Taking into account the Figures 6 and 7, and
based on the Equation (6), we can determine the
internal quantum efficiency for the transitions
between the confinement levels for Al Ga, As
in correlation with the prism’s refraction index
and the prism angle.

According to Figures 6 and 7 the internal
quantumefficiency- ofthetransitions between

the confinement levels Al Ga, As:

. Decreases with the increasing prism angle
- a;

. Increases with the increasing of the inci-
dence angle;

»  Decreases with the increasing of the
prism’s refraction index;

. Increases with the increase of the alumin-
ium amount.
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Figure 3. (a) Internal quantum efficiency for the transitions between resonant levels in GaAs quantum

well versus the prism refraction index, for different values of the incidence angle — 6 (O A

f . the prism angle - (b) Internal quantum efficiency for
the transitions between resonant levels in GaAs quantum well versus the prism refraction index, for
different values of the incidence angle — 6 (O A f . the
prism angle -

Figure 4. (a) Internal quantum efficiency for the transitions between resonant levels in GaAs quantum
well versus incidence angle, for different values of the prism refraction index — n, (] A

f . the prism angle - (b) Internal quantum efficiency for

the transitions between resonant levels in GaAs quantum well versus incidence angle, for different val-
ues of the prism refraction index — n, (m A f . the prism

angle -
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Figure 5. (a) Internal quantum efficiency for the transitions between confinement levels for GaAs versus
the the incidence angle, for different values of prism refraction index — n, (m] A f
. the prism angle (b) Internal quantum efficiency for the transitions

between confinement levels for Al Ga, As versus the prism refraction index, for different values of of Al
concentration — x (O A f . the prism angle

Figure 6. (a) Internal quantum efficiency for the transitions between confinement levels for Al Ga, As
versus the prism refraction index, for different values of Al concentration —x (O X e X f
X A X the prism angle (b) Internal quantum efficiency for the transitions

between confinement levels for Al Ga, As versus the prism refraction index, for different values of Al
concentration —x (O X « X fX A X the prism angle
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Figure 7. (a) Internal quantum efficiency for the transitions between confinement levels for Al Ga, As
versus the incidence angle, for different values of the Al concentration — x (O X e X f

X A X the prism angle

(b) Internal quantum efficiency for the

transitions between confinement levels for Al Ga, As versus the incidence angle, for different values of

the Al concentration —x (O X e X

We remark the following:

e The internal quantum effciency of the
transitions between the confnement lev-
els is lower for Al Ga, As compared to the
GaAs (Figures 5, 6, and 7);

e The internal quantum effciency of the
transitions between the confnement lev-
els has very small values compared to the
internal quantum effciency between the
resonant levels (Figures 3, 4, and 7).

Although, the internal quantum efficiency of
the transitions between the confinement levels has
very small values, the emergence of electrons in
the gap increases significantly the photocurrent
through the photo-assisted tunneling.
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A X the prism angle

CONCLUSION

We have proved that the QC introduces energy
levels notonly inthe conductionand valence bands
(resonant levels), but also in the band gaps (QC
levels). The corresponding energy values can be
estimated from IRQW approximation withagood
precision. On this basis, the quantum efficiency
of the absorption for transitions between resonant
or QC levels were calculated. Arefraction grating
was proposed in order to ensure good absorption
conditions at any Sun position. Such an adaption
could provide to the present MLQWPV cells
several advantages over the classical PV cells:
increased efficiency, wider spectral response,
increased controllability. The simulated curves
for the transition between the resonant levels as
well as the transition between the confinement
levels were presented and discussed.
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The modeled and simulated results would
allow an improved design of the quantum well
solar cells.

FUTURE RESEARCH DIRECTIONS

Avery good candidate for high efficiency QWSC
is represented by GaAsP/GalnAs. The radiative
recombination dominates the dark-current at
high concentration levels, C=200 (Mazzer, et
al., 2006). The dark-current can be reduced by
photon-recycling effects. The suppression of
radiative recombination could be also exploited
to increase the efficiency of QWSC under high
concentrations.

There were identified two candidate material
systems for QDSC—Quantum Dot Solar Cells
(Dahal, Bremner, & Honsberg, 2010)—with
efficiencies greater than 50%. The first one is
InP, .Sb,,,QDswithAl _In . Asbarriers; ithas
a limiting efficiency up to 58% under C=1000.
The other candidate material QD barrier is repre-
sented by InAs, P, ., QDS with Al _In As; It
has a limiting efficiency of 53% under C=1000.
The second candidate could be preferred to the
first one.
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Chapter 5

Analytical Models of Bulk and
Quantum Well Solar Cells and
Relevance of the Radiative Limit

James P. Connolly
Universidad Politécnica de Valencia, Spain

ABSTRACT

The analytical modeling of bulk and quantum well solar cells is reviewed. The analytical approach allows
explicit estimates of dominant generation and recombination mechanisms at work in charge neutral and
space charge layers of the cells. Consistency of the analysis of cell characteristics in the light and in
the dark leaves a single free parameter, which is the mean Shockley-Read-Hall lifetime. Bulk PIN cells
are shown to be inherently dominated by non-radiative recombination as a result of the doping related
non-radiative fraction of the Shockley injection currents. Quantum well PIN solar cells on the other hand
are shown to operate in the radiative limit as a result of the dominance of radiative recombination in
the space charge region. These features are exploited using light trapping techniques leading to photon
recycling and reduced radiative recombination. The conclusion is that the mirror backed quantum well
solar cell device features open circuit voltages determined mainly by the higher bandgap neutral layers,
with an absorption threshold determined by the lower gap quantum well superlattice.

INTRODUCTION which reduces thermalisation losses. The second
isthe use of light concentration, reducing the solid
Despite great advances in physical understand- angle for light emission towards the minimum,
ing, in materials, and in fabrication, and despite which is the angle for light acceptance (de Vos,
reaching efficiencies over 40%, just two routes 1992). The current interest in novel phenomena,
to higher efficiencies have been comprehensively ofteninvolving nanostructures, is part of the effort
studied. The firstis the multi-junction cell concept, to go beyond these early ideas.
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This chapter investigates generation and loss
mechanisms in bulk and quantum well solar cells,
with emphasis on developing physical under-
standing via analytical models, rather than more
accurate but less revealing numerical methods.
The designs studied are bulk PIN cells contrasted
with QuantumWell Solar Cells (QWSCs), comple-
menting other nanostructured designs reviewed
in other chapters.

The quantumwell solar cell (QWSC, Figure 1)
is a p-i-n or n-i-p solar cell design with Quantum
Wells (QWSs) in the undoped intrinsic i region
(Barnham & Duggan, 1990). Carrier escape stud-
ies show efficient field assisted thermal escape
of the order of picoseconds, for carrier lifetimes
of several nanoseconds (Nelson, Paxman, Barn-
ham, Roberts, & Button, 1993). Early Quantum
Efficiency (QE) modeling (Paxman, et al., 1993)
further shows that escape efficiency is essentially
100%. More recent theoretical work by Tsai and
Tsai (2009) confirms this while showing that
escape times must be at least two orders of mag-
nitude shorter than recombination lifetimes for a
net efficiency again to be achievable.

Consequently, however, it is clear that this
efficient collection requires that the field be
maintained across the wells. The nominally un-
doped wells and barriers however inevitably
containanetbackground doping level, correspond-
ing to a fixed charge density, which increasingly
degrades the built in field, the wider the Multiple
QuantumWell (MQW) superlattice isgrown. This
brings us to the first design issue with these cells,
which is the practical upper limit on total intrinsic
region thickness Xi and corresponding limit on
absorbing MQW thickness that may be fabri-
cated. This materials quality dependent limit may
extend well over 1um, and even in direct gap
guantum wells makes this system well suited to
light trapping techniques, as we will see in sub-
sequent sections.

More recent analytical models by Rimada,
Hernandez, Connolly and Barnham (2007) have
followed a similar analytical methodology con-
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firming early results that an MQW can enhance
efficiency in non-ideal, high bandgap cells, butdo
not demonstrate an advantage for ideal material.
The MQW bandgap together with near unit col-
lection efficiency leads to a net increase in short
circuitcurrent (ISC). Thisincrease in Isc however
is accompanied by an increase in recombination
in the low gap well regions, as discussed in some
detail by Anderson (1995) for example.

Bearing this in mind, the first non-trivial
advantage of the QWSC is one of materials. The
alternation of thin barrier and well regions allows
the use of alternating tensile and compressive
materials: this is the strain balancing technique
(Barnham, et al., 2006) allowing a much wider
range of materials to be explored without dis-
locations. This variation is the strain balanced
SB-QWSC, illustrated in Figure 1 with the strain
balanced quantum well superlattice or SB-MQW.

The second potential advantage is the result
of the materials inhomogeneity and consequent
departure from the homogeneous pn junction
picture of solar cells. The difference in carrier
propertiesand carrier dynamics betweenwellsand
barriers have led to much discussion concerning
the quasi-equilibrium concentration of carriersin
the wellsand barriers. In particular, the possibility
of suppressed quasi-Fermi levels in the wells and
higher carrier temperatures has been investigated
by studies of steady state luminescence, as re-
viewed by Barnham et al. (2006) and developed
by Connolly et al. (2007).

Finally, the geometry of the QWSC introduces
afurtherinhomogeneity that demonstrably leads to
efficiency enhancement, which is the inhomoge-
neous luminescence from bulk and quantum well
layers, and its potential exploitation for reduced
recombination losses in practical devices.

In order to investigate this, the following
sections review an analytical QWSC model al-
lowing estimation of different loss mechanisms
ina QWSC, and comparing and contrasting these
with the case of bulk solar cells.
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Figure 1. The strain balanced quantum well solar cell (SB-QWSC) structure. Alternating strain balanced
wells and barriers of gaps Egw, Egb make up the intrinsic region of total width Xi, which is sandwiched
between p and n doped layers of width Xp, Xn, and bandgap Eg, with an optional higher bandgap window
layer. Widths are not to scale, and typical QWSCs contain some tens of QW periods.

ANALYTICAL MODEL

The modeling methodology uses analytical so-
lutions to allow explicit description of physical
phenomena. The use of analytical methods rather
than more exact numerical methods allows devel-
opment of greater physical understanding. This
comes at the expense, however, of accuracy and
generality as a result of approximations required.
This method is chosen since the prime focus is
developing understanding rather than optimis-
ing devices, for which numerical methods are
preferred. The modeling we develop nevertheless
focusses on quantitative modeling of experimental
data, and measured data is preferred to ab initio
calculation of parameters wherever possible.

Inthissection, we will describe the components
of the model SOL starting with notes on the de-
scription of structural and physical cell parameters
which includes quantum well density of statesand
absorption coefficient calculations. These notes
lay the foundation of the QE calculation first
reported by Paxman et al. (1993) and followed
by the integration of non-radiative (Connolly, et
al., 2000) and radiative (Connolly, et al., 2004)
mechanismsand finally light trapping and photon
recycling elements (Connolly, et al., 2007).

The method makes use of the complementar-
ity of generation and recombination phenomena.
This complementarity typically fixes all sample
parameters except the non radiative lifetime. For
example the QE determines cell absorption and
charge-neutral layer minority carrier lifetimes,
which in turn quantitatively determine radiative
and non-radiative recombination currents.
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Concerning the structures, we make the com-
mon assumptions of homogeneous composition
in doped and intrinsic layers, the depletion ap-
proximation in the Space-Charge Region (SCR),
and 100% photogenerated carrier collection in
the SCR.

The first cell characteristic simulated is the
Spectral Response (SR), yielding the cell QE and
short circuit current (ISC) for a given spectrum.
The fit to the QE determines the recombination
characteristics independently in charge neutral and
space-charge regions. This determines the radia-
tive and non-radiative recombination currents in
these regions as a function of applied bias.

The overall photocurrent is simply expressed
in terms of superposition, adding photocurrent
to the dark current in order to ascertain the light
current characteristic.

Bulk and Quantum Well Model

The materials of interest are the Al Ga, As
and In Ga, As P, families and their binary,
ternary and quaternary compounds. For the mod-
eling reviewed here, the materials parameters of
their materials in the bulk rely exclusively on the
rich literature in this field (Vurgaftman & Meyer,
2001; EMIS datareviews series 1990 no. 2, EMIS
datareviewsseries 1991 no. 6; Adachi, 1994,1992;
Madelung, 1996).

The quantum well parameters are calculated
in the finite square well picture under the effec-
tive mass approximation as described in detail
by Nelson (Nelson, et al., 1999) and references
therein. We summarise and extend the method
here in order to define assumptions and relevant
parameters.

Thewellswe are interested in are significantly
greater than the lattice periodicity allowing us
to use the envelope function approximation.
We further assume that the wavefunction in the
un-confined plane of the well and in the growth
direction are decoupled, such that the confine-
ment may be assumed one-dimensional and
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the effective mass may be assumed equal to the
growth-direction value. The problem is then that
of the one-dimensional solution of the Schrodinger
equation for a finite square well.

The well depth is evaluated from the bandgap
and band offsets of barrier and well materials
in the bulk, and the masses of the three carriers
estimated where possible from the literature and
calculated from k.p methods otherwise (Lynch, et
al., 2006). Inthe envelope function approximation,
the effective Shrodinger equation takes the form:

— 1)

for the envelope function @, carrier effective mass
m*, potential V and energy level E_ at position x.
The boundary conditions, after Bastard (1988),
are continuity of well and barrier wavefunctions
at the well-barrier interface x,, and continuity of
the gradient of the wavefunctions at the same
interface:

)

Solving of the Schrodinger equation Equation
(1) subject to these boundary conditions (2) gives
even and odd solutions:

@)

in terms of wave vector k, well width L and ex-
tinction coefficient ¢ which is found by solving
equations 5.3 numerically. This yields bound
electron and whole wave functions in the well
described by potential profile V(x). The result-
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Equation 5.

Q)

ing absorption coefficient is found from Fermi’s
Golden Rule defining the probability of transitions
from initial to final bound states with an additional
excitonic factor f. accounting for electron-hole
Coulomb interaction

(4)

in terms of the effective Rydberg for the material
R., and v the bi-dimensionality of the exciton.
Finally, the absorption for wells of index n at
angular frequency w (see Equation 5).

Where p” is the reduced effective mass for
initial i to final f states, m the free electron mass,
and is the bulk conduction to valence band
matrix element, defined for light and heavy hole
transitions by:

| — (6)

Ep in eV expresses the interband Kane matrix
element, and is a known tabulated materials pa-
rameter (Vurgaftman, 2001).

The quantum well modeling introduces two
free fitting parameters, which are the excitonic
strength and broadening v and the absolute well
absorption strength scaling all transitions and
accounting for uncertainties in effective densities
of states and systematic uncertainties in the
model.

Photocurrent

The methodology vyielding the photocurrent
follows standard methods described by Hovel
(1975) for example. It differentiates between
photogenerated carrier collection mechanisms
in diffusion dominated charge neutral layers and
drift dominated space-charge layers.

Charge Neutral Photocurrent

Inthe charge neutral layers, the Spectral Response
(SR) is calculated as a function of wavelength by
solving drift dominated transport and continuity
equations. Cell dimensions are defined in Figure
1. Thedoping densities and known intrinsic carrier
densities of the homogeneous pand n layers define
the depletion widths X and x by analytically
solving Poisson’sequation interms of fixed charge
density only in the depletion approximation.
The SR calculation method used is standard
(Hovel, 1975) and is briefly summarised here for
completeness forap-i-nstructure. The generation
at position x and photon wavelength A of incident
light flux F and front surface reflectivity R is:

()

in homogeneous material with absorption coef-
ficient a(A). In the absence of an electric field
in the charge neutral layer, current transport is
diffusive only. The generalisation to a structure
with a planar back surface mirror as discussed
below is a straightforward in terms of an infinite
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geometric sum of optical paths determining the
total generation rate.

Currentcontinuity defines the minority carrier
densities n, and p, in p and n layers respectively
as follows:

S (3a)

— — — (8b)

where L, and L, minority carrier diffusion lengths
andD, and, Dp minority carrier diffusion constants
in p and n layers respectively. Equations 8a and
8b are solved analytically for the p layer subject
to minority carrier current density Jn at front
surface position x  (see Figure 1) determined
by a surface recombination velocity Sn, and the
depletion approximation at the SCR of vanishing
minority carrier concentration due to the built-in
junction potential:

(92)
(9b)

Similarly for the n layer the boundary condi-
tions at the SCR and at the back surface in terms
of minority hole currentdensity J and recombina-
tion velocity S, are

(10a)
(10b)

Equations8a,b, 9a,b, and 10a,b provide analyti-
cal solutions for the electron and hole minority
carrier profiles in p and n layers. The SR is then
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given by the minority carrier density gradient at
the p and n depletion edges respectively. The QE
is defined by the SR as the number of charge car-
riers collected as a fraction of the incident photon
flux at a given wavelength.

Generalisingto more thanasingle layer neutral
regions follows the same solution methods. The so-
lution piecewise across all homogeneous layersis
found using the same boundary conditions (9a,b),
(10,a,b) with additional boundary conditions at
each interface between charge neutral layers of
continuous charge density and current continuity.
The model here uses a single homogeneous base
layer and a dual layer emitter in order to include
minor short wavelength contributions from the
window layer.

In terms of the methodology, we have set out
the solutions in order to explicitly define the vari-
ables that are set by the SR calculation and data
fitting. The surface recombination velocities and
transport parameters have similar effectsonthe SR,
but these effects are nevertheless distinguishable
if the corresponding losses are significant. That
is, a high surface recombination velocity tends
to reduce short wavelength response, whereas a
short diffusion length reduces photocurrent more
evenly over the entire wavelength range. As such,
the QE fitting can reliably determine both high
surface recombination velocities and low diffu-
sion lengths particularly in the case of cells with
poor performance.

Similarly, both parameters become less distin-
guishable in the case of good quality cells. How-
ever, this lesser accuracy applies to cases where
the transport losses are negligible. It therefore has
little effect on the QE, and on further calculations
of recombination currents as we shall see further
in the discussion.

Space Charge Region Photocurrent
The SR in the space charge region is calculated

in the depletion approximation assuming infinite
mobility and drift dominated transport, following



$QDOVWLFDO ORGHOV RI %XON DQG 4XDQWXP :HOO 6RODU &HOOV

work by Paxman et al. (1993) showing that car-
riers photogenerated in the Space Charge Region
(SCR) are collected with close to 100% efficiency
as long as the background doping in the i-region
is low enough that the built-in field is maintained
across the i-region at the operating point. The
calculation of the QE of bulk, barrier, and QWs,
therefore, reduces to integrating the generation
rate across the SCR. The barrier absorption coef-
ficient is again extrapolated from available data
in the literature and shifted in energy according
to strain, if present (Barnham, et al., 2006).

The QW absorption is calculated as described
above using effective masses for electrons, and
light and heavy holes estimated from k.p calcula-
tions for strained material, and values from the
literature for unstrained material (Lynch, et al.,
2006). The excitonic strength and broadening,
which are growth-dependent parameters, are vari-
ables to be fitted to the SR in the well but which
which nonetheless remain relatively constant in
good material.

Dark Current

Charge Neutral Layer
Shockley Injection

face recombination. We can therefore define the
Shockley injection current density J. over the
junction in terms of these parameters (Nell &
Barnett, 1987) as Equation 11 wheren,  n, arethe
p and nintrinsic carrier concentrations, N, N the
p and n doping concentrations, Dn, Dp minority
carrier diffusion constants, and other terms have
their usual meaning.

Equation 11 includes surface recombination
expressed as the diffusion of injected carriers to-
wards the surface of p and n charge neutral layers.

Space Charge Region Non-
Radiative Recombination

Calculation of non-radiative recombination via
defects in the space charge region follows work
developed by Shockley, Read, and Hall (Shockley
& Read, 1952; Hall, 1952), adapted to QWSC
structures by Nelson et al. (1999) and further de-
veloped asafunction of bias for strained materials
(Connolly, et al., 2000; Lynch, et al., 2006). The
formalism describes the non-radiative recombina-
tionrate U viamid-gap trapping centres at position
X in the space charge region as:

(12)
T T
The QE modeling, as we have seen, determines
values of the minority carrier transport and sur-
Equation 11.
— - (1)
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whereT, Tare electronand hole capture lifetimes,
and trap densities p,_and n, are calculated for the
dominant mid-gap traps. Carrier densities n(x)
and p(x) vary according to local potential and
local densities of states at position x, across the
space charge region (Connolly et al. 2000). The
calculationistherefore an integral across depleted
sections of the p-doped and n-doped layers, barrier,
and quantum wells. The non-radiative depletion
layer dark current density J . , is then the integral
of U over the regions for which the electron and
hole Fermi levels separate, namely intrinsic layer
width x; and p and n depletion widths x, and x .

(13)

Holeandelectron capture lifetimesare assumed
equal in QW and barrier regionsand inthe absence
of deviation from expected dark-currentidealities
as we shall see in the modeling section. All other
parameters are as defined by, and consistent with,
the QE calculation.

This method therefore introduces a single free
fitting parameter, which isthe non radiative carrier
capture lifetime in the space-charge region, the
others being constrained as we have seen.

Radiative Recombination

The generalised Planck equation expresses light
emitted by agrey-body asafunction of absorption,
geometry, and chemical potential or quasi-Fermi
level separation of recombining species. Nelson
et al. (1999) expressed the electroluminescence
of QWSC devices of cylindrical geometry and
Connolly et al. (2007) extended the formalism
to include light trapping and photon recycling.

The generalised Planck equation defines the
total luminescent flux from a radiative emitter as
an integral over the photon energy as:
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(14)

where n is the refractive index of the grey body,
A Mis the quasi-Fermi level separation, and the
other symbols have their usual meanings. The
radiative current is the integral of this flux over
all energies. The absorptivity a(E,8,s) is the line
integral along the optical path of radiation atangle
g with the normal exiting or entering surface S.

In the two-dimensional case of the QWSC
with front and back surfaces allowing light emis-
sion, three paths are possible at both interfaces. A
beam striking a surface may be totally internally
reflected at angles of incidents greater than the
critical angle giving afirst internal reflection. For
lesser angles, it may be partially reflected, giving
a second internal beam, or transmitted.

Tracking these possible absorption and emis-
sion pathways allows usto express the total internal
sum of light beams analytically as a geometrical
sum, where we neglect coherent beams and in-
terference effects, which is a good assumption
for the device dimensions (including substrates)
considered. The corresponding integral of the
absorptivity a defines the total absorptivity over
the emitting volume a, which is therefore givenas
the combination of internal and external geometric
sums over all angles (Connolly, et al., 2007) and
takes the form in Equation 15 where d is the total
material thickness, R, and R, the front and back
surface reflectivities for energy E, and A_and A,
the frontand back surface areas. We note the three
terms corresponding to total internal reflection,
partial internal reflection, and emission through
the back surface.

In the Planck grey body formalism, the differ-
ent contributions to the luminescence inside the
emitting volume contribute separately to the
overall luminescence. Therefore, we define well,
barrier, and charge neutral net absorptivities. The
Planck formalism describes the emitting grey
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Equation 15.

(15)

body as a point source allows us to separate the
contributions from different regions in the cell
confined between the front and back surface. We
can therefore define barrier, well, and charge-
neutral absorbancesa , a and a byanal-

ogy with Equation 15. well and recombination
current density corresponding to the net radiative
emission from the combined grey body can be
expressed as:

(16)

in terms of quantum well and bulk quasi-Fermi
level separations A M A N, and A N}, and car-
rier temperatures T, T, and T .

The terms , ,and enable us to
explicitly estimate the radiative recombination
current from bulk, well as a function of cell ge-
ometry and absorption coefficients, subject to

knowledge of the quasi-Fermi level separations
and temperatures.

In this work, we will assume an equal car-
rier temperature in all regions. We also assume
a constant quasi-Fermi level in well and barrier
material, equal to the applied bias. The situation
in the charge-neutral layers is more delicate, de-
pending on positionand onillumination. Anexact
solution could be obtained by numerical solution
of coupled transport and Poisson equations. Inthe
spirit of analytical solutions considered in this
chapter, however, we fall back onanother limiting
case, which is the case of high mobility in thin
charge-neutral layers, or equivalently, diffusion
lengths greater than the charge neutral width. In
this case, the injected minority carrier concentra-
tion remains close to its value at the depletion
edge throughout the charge-neutral layer, and the
resulting quasi-fermi level separation remains
approximately constant across the charge-neutral
width as assumed by Araujo and Marti (1994) for
example. In addition to compatibility with these
other authors in the field, this assumption is made
because it represents the maximum value that the
radiative recombination can attain in the charge
neutral limit, and therefore sets an upper limit,
or best case, for the radiative efficiency of the
structures considered.
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The Shockley injection we have mentioned
(Equation 11) combines radiative and non-radia-
tive mechanisms in charge neutral layers. We can
now combine the upper radiative limit with the
Shockley injectionin order to explicitly obtain the
lowest possible non-radiative recombination rate
in the charge-neutral layers which we define as:

(17)

Thisupper limitfor the non-radiative recombi-
nationinthe charge-neutral layers, combined with
the non-radiative SRH rate in the space-charge
region gives us the lower limit of non-radiative
recombination in the solar cell, including surface
recombination. We can therefore define a bias
dependent radiative efficiency as the ratio of
radiative to total dark current as follows:

n (18)

It is worth emphasising that this is an upper
limit on the radiative efficiency of devices, and
that devices closest to achieving this limit will
be those devices with short diffusion lengths
compared with relevant charge neutral widths.
We will see in subsequent sections that the most
interesting consequences of this analysis occur
for the more efficient devices with good minority
carrier transport.

Light Current and Efficiency

The sum of contributions from charge neutral p,
and n zones, and space charge regions gives the
total photocurrent density J_ . This defines the
external quantum efficiency including reflection
loss (QE) as ratio of collected carriers to number
of incident photons at a given wavelength, that
is, the probability that a photon incident on the
solar cell gives rise to a charge carrier collected
at the cell terminal.
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Finally, the light current density under applied
bias, assuming superposition of light and dark
currents is given by:

(19)

where we use the photovoltaic sign convention
of positive photocurrent.

Thislight IV enables us in the standard manner
(see for example Nelson, 2003) to evaluate solar
cell figures of merit such as the short circuit cur-
rent J.. = J (0), the maximum power point Vi
and fill factor FF. Effects of parasitic resistance
are included when modeling real data in the usual
manner, thatis, aseries resistance defining a junc-
tion bias, and a parallel resistance and associated
shunt current reducing the photocurrent.

Discussion

Having sketched the modeling methodology and
the separate analytical solutions that, together,
describe the overall solar cell performance, the
links between the physical phenomena described
merit some attention. Firstly, the QE modeling
determinesall cell parameters exceptspace-charge
SRH lifetime. That is, it sets the band structure,
absorption profiles, majority carrier densities, and
minority carrier transport properties.

The band structure and resulting carrier con-
centration profiles, together with minority carrier
transport determine the Shockley injection current
(11) across the built in potential.

The carrier densities injected across the SCR
in turn determine the SRH non-radiative recom-
bination current (13) with the introduction of a
free parameter, which is the non-radiative capture
lifetime.

Themajority carrier densitiesand minority car-
riertransport determine Shockley injection (11) as
a function of applied bias by diffusion across the
built in potential. The same carrier concentration
profiles as a function of position across the SCR
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determine the non radiative SRH recombination
profiles (13) with the addition of the non-radiative
lifetime as single free parameter, which is a sensi-
tive function of growth conditions. Thisapproach
has been found to fit data well for biases up to
the open circuit voltage (Connolly, et al., 2007).

These drift-diffusion profiles are consistent
with quasi-Fermi level separations determining
the luminescence, which again are determined
by the applied bias.

The Shockley Injection current includes both
radiative and non-radiative contributions since
both are subsumed into a single minority carrier
lifetime or diffusion length. Therefore, the SRH
calculation appliesonly tothe SCRregion, asdoes
the radiative recombination current.

For luminescence calculations, however, the
radiative calculation applies to the entire struc-
ture in those cases where the diffusion length is
comparable or greater than the relevant charge-
neutral layer thickness. This is always the case
in the high purity material considered, where the
dopant species are the only significant defects.
A noteworthy feature of this approach is that
modeling the QE of the samples uniquely deter-
mines all recombination mechanisms except the
non-radiative recombination in the SCR. This
being determined by a single lifetime, the model
therefore fixes excitonic characteristics and mi-
nority carrier transport that might otherwise be
free parameters. The electroluminescence spectra
and hence the radiative contribution to the dark-
current are also reproduced essentially without
adjustable parameters.

The conclusion, we cometo after this overview
of the interdependence of the analytical solu-
tions is that this analytical approach describes
recombination mechanisms in detail with no
free parameters in the limit of dominant radiative
recombination. The reason for this is the linking
physical processes common to photogeneration
and recombination mechanisms. This explicit de-
scription made possible with analytical solutions
methods comes at some cost in accuracy resulting

from the approximations required. The following
analyses of experimental data investigate show
whether the understanding gained is justified.

RADIATIVE LIMITS OF
BULK VS. QWSC

We now investigate bulk PIN and QWSC cases
to examine the operating limits of these two
structures. Both PIN and SB-QWSC structures
are fabricated by MOVPE. The dimensions are
similar but for the SB-MQW layer and can be
summarised as follows: the PIN consists of a
43nm Al .Ga,,As cap on a 0.5um GaAs p-type
emitter, a 0.9um intrinsic GaAs layer and finally
a2pum GaAs n-type base layer. The MQW sample
consists of a slightly higher bandgap Al ,Ga, ,As
cap, also ofwidth43nm. Thisisgrownonaslightly
thinner 0.4um GaAs p-type emitter, a 1.46pm in-
trinsic GaAs layer and finally a 2um GaAs n-type
base layer. The SB-MQW system is made up of
In,,.Ga, ..As wells of width 95A, compressively

0.11 0.89
strained between InGa_ . P. . tensile strained

0.911° 089
barriers of width 196A.

These structures are not optimal structures for
conversion efficiency, being instead designed for
minimal parasitic resistance effects together with
a intrinsic region width ensuring efficient carrier
collection at bias up to high bias approaching
flat band. As a result, they both comprise a high
metallisation and shading fraction, which are 70%
and 40% for the PIN and QWSC solar cell devices
respectively. In addition, the number of wells in
the QWSC sample is not the highest that has been
manufactured, leading to a non-optimum number
of wells. The following discussion therefore will
not address specific performance issues, focus-
ing instead on the limiting behaviour we have
discussed earlier.
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Bulk and Quantum Well Cells

The QE modeling and data for the bulk PIN is
shown in Figure 2a, showing a good fit to the
data overall. The photocurrent contributions are
broken down into n and p doped layer response,
including the depleted sections of these layers,
and the intrinsic or nominally undoped layer.
The contributions show the expected dominance
of the front-most p layer, particularly at short
wavelengths, followed by the intrinsic n-type
base layer, in order of decreasing light intensity
as a function of depth.

The QE of the QWSC in Figure 3a shows the
same features as the PIN for emitter and base
regions. The more intricate contribution from the
wells merits some discussion. The wells are
deeper than might be expected from the bulk
bandgaps once strain shifts on the band-gap en-
ergy are taken into account, which, in this case
shift the barriers upwards by about 50meV to
1.59eV or 782nm, and wells down by about 40meV
to 1.26eV. Confinement increases the effective
well gap to approximately 1.33eV or 926nm. The
structure visible from the dominant bulk GaAs
band-edge at 874nm to the strained barrier gap at
782nm is the higher quantum well bound states
identified by the model as heavy whole states with
just one light whole state lightly bound at the top
of the well. The peaks visible in the intrinsic i
region response are therefore bound excitonic
states of heavy hole and electronic states identified
by the model but not reported in detail here.

The main conclusions we draw from the
model is the illusory nature of the apparent close
agreement between bulk and QWSC responses,
since it masks the fine detail that may be revealed
by explicit evaluation of the response of the dif-
ferent regions making up the solar cells.

The PIN recombination current is shown in
Figure 2b, from approximately half a typical Voc
in order to see better the high bias behaviour.
As described above, we see the non-radiative
Shockley-Read-Hall (SRH) marked by the empty
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crosses dominating at lower bias, with an mod-
elled ideality of n=1.81 which is a striking match
for the data, showing to what extent the common
assumption of 2 is approximate.

Thehigher biasregime above 1V seesachange
in slope which, although masked by the onset
of series resistance, is clearly and very closely
modelled by the explicitly non-radiative contribu-
tion to the Shockley injection current marked by
the triangles, with an ideality of n=1. The final
contribution is the upper limit or maximum pos-
sible radiative current from the cellis indicated by
the empty circles. The assumption of upper limit
of radiative efficiency does not lead to a visible
overestimation of the dark current, despite the
radiative currentclearly approachingafew percent
of the total dark current at high bias.

This last point is underlined by the explicit
radiative efficiency (Equation 5.18) shown on the
right hand axis. The bulk PIN cell is of sufficient
quality to approach 20% radiative efficiency at
high bias, which quantifies the extent to which
this cell approachesthe ideal limit. This important
point shows that an ideality tending towards 1
cannot be taken to mean radiative dominance, as
a consequence of the analysis we have presented
which breaks down the Shockley injection cur-
rent into radiative and non radiative components.

Returning to the QWSC in Figure 3b, we
observe the same trend from an SRH dominated
regime with a slightly smaller ideality of n=1.78
again closely matching the data, to a regime of
ideality n=1 looking remarkably similar to the
PIN case. The fundamental difference however is
clearly shown by the model: in the QWSC case,
the contribution from the radiative recombination
limitisslightly over an order of magnitude greater
than the explicitly non-radiative Shockley injec-
tion recombination current. The corresponding
radiative efficiency for this case reaches 76% at
high bias.

The important result of this analysis is that
PIN bulk cells and QWSCs operate in different
physical limits despite apparently similar dark
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Figure 2. QE data and model for (a) the bulk GaAs PIN and (b) dark current fit together with radiative
efficiency peaking at 21% at flat band, and active area efficiency 21.0%

Figure 3. (a) QE data and model for a QWSC PIN with GaAs barriers and Galnas well and (b) dark
current fit together with radiative efficiency peaking at 75% at flat band and active area efficiency 22.5%
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current characteristics. The QWSC, radiatively
dominated at biases above 1.05V, operates closer
to the fundamental efficiency limit than the PIN
cell, which this analysis shows is dominated by
non-radiative recombination in the ideality 1
regime. This must be qualified, however: as we
have mentioned earlier, the structures are not
optimal. As aresult, it is a fortuitous consequence
of material quality that the total dark current
QWSC and bulk PIN devices are nearly equal,
underlining the point made in the introduction
concerning the greater importance of dominant
carrier transport and recombination mechanisms
rather than explicit performance issues.

Having established this powerful notion of
radiative dominance, we now focus on the obvious
flip side, which is that the radiative dominance
comes at the price of increased recombination.
This draws attention back to the magnitude of the
corresponding increase in photocurrent, which
is not, in this non-optimal design, sufficient to
counterbalance the increased recombination rate.
As a result, the bulk PIN cell, despite its less
ideal, non-radiatively dominated recombination
characteristic, is nevertheless the more efficient
design simply because of the high absorption
coefficient maintained to just a few nanometersin
wavelength above the band-edge. In this specific
case, however, the QWSC does perform more
efficiently than the bulk cell due to secondary
considerations, which are first the slightly better
window and emitter design, and the better anti-
reflection coating response for the QWSC.

This conclusion emphasises the introductory
remarks on the non-ideal design of each cell and
drawing attention to the physical regime the cells
operate under rather than the conversion efficiency
of each device. It furthermore echoes the observa-
tion made in the introduction regarding the rela-
tively lowwell number, and resulting low well QE,
with the first absorption continuum of just 33%,
which, in turn, raises the issue of light trapping
forincreased absorption and consequences for the
operating regime we shall cover next.
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The strong conclusion however is that design
specific issues apart, the QWSC is fundamentally
a radiatively dominated design in a sense that the
bulk PIN cannot be, unless non optimum, low
doping levels are adopted in order to reduce the
Shockley injection current. This demonstrates a
promising high efficiency characteristic of this
design.

Mirrors and Restricted Emission,
or Photon Recycling

The previous section has emphasised the MQW
low absorption as a weak point in the QWSC
design. This problem is common to other thin
film solar cell technologies however, and may be
addressed by a range of geometric solutions such
astextured surfacesand light managementincreas-
ing the optical path length. Of these, the first and
simplestsolutionisthe back surface mirroras used
in thin film solar cell photovoltaics, which is suf-
ficienttoillustrate the specific phenomenological
features of the QWSC in the light of the analysis
we have described. Coating surfaces with mirrors
traps light and reduces light loss, but furthermore
restricts light emission. The major advantage of
this restricted emission, as we will see, in that
coating a surface with a mirror cuts off the emis-
sion of light through that surface. As such, an
ideal cell is one with the angle of light acceptance
limited to the solid angle subtended by the spectral
source, the sun, as described by de Vos (1992) and
references therein, and complemented by Araujo
and Marti (1994). This concept is closely related
to photon recycling, differing by the increased
absorptivity implied by photon recycling. In the
ideal limit of an opaque cell and minimal spectral
acceptance solid angle, the two concepts give the
same radiatively limited efficiency.

Inthe case of abulk PIN cells and QWSCs, the
main difference is the transparence of the neutral
regions. In the QWSC cell, the neutral layers are
transparent to light emitted by the wells, whereas
the bulk cell neutral layers of the bulk PIN are ef-
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ficient absorbers of the i region emission. We will
consider both QWSC and bulk PIN cells fabricated
on substrates transparent to the luminescence in
order to focus the description on the interaction
between the active layers and the luminescence,
rather than the less fundamental interaction with
the substrate. We choose unit back reflectivity
R,=1 for similar reasons, but the results described
apply to arbitrary non-zero back reflectivities.
Considering first the bulk PIN cell, Figure 4a
shows the modelled QE with a back mirror and,
for reference, the same data as in Figure 2a. Given
the high absorption coefficient of GaAs, the bulk
cell absorbs nearly all incident light on the first
pass. Asaresult, the QE with a back mirror shows
onlyaslightincrease in QE for wavelengths within
a few nm of the band-edge, where the absorption
coefficient is weakest. The dark current modeling
in Figure 4b however shows a marked difference
to Figure 2b, inthata strong reduction in radiative
current is seen, whilst the non-radiative Shockley

injection and Shockley-Read-Hall space-charge
region currents are unchanged. The radiative ef-
ficiency therefore is reduced to slightly less than
one percent as shown by the arrow on Figure 4b.
This isa consequence of the reduced net lumines-
cence to the back surface, since that luminescence
is reflected back into the cell by the back mirror
accordingtoequation’5.15. The second terminthat
expression relating to partial transmission through
the back surface is reduced, while the third term
relating to total transmission through the back
surfaces vanishes for unit back reflectivity R =1.
The net result is a reduction in the bulk PIN dark
current, which is however relatively minor given
the non-radiative dominated character of this cell.
The practical advantage of the back surface mir-
ror is, as might be expected for this opaque and
non-radiatively dominated cell, relatively minor:
The modelled efficiency increases marginally
from 21% to 21.3% consistently with the minor
impact on cell performance.

Figure 4. Bulk PIN case QE theory (a) with back surface mirror compared with reference data without
mirror, showing a negligible increase in QE near the band-edge. A similar dark current comparison
(b) shows reduced radiative recombination, and hence a radiative efficiency peaking at just 1% at flat
band. The mirror increases efficiency marginally from 21.0% to 21.3%.
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Figure 5. SB-QWSC case (a) QE theory with back mirror compared with reference data without mirror
showing significantly increased well response. The dark current theory (b) shows the mirrored SB-QWSC
high bias dominated by the neutral layer non-radiative Shockley injection current, and a radiative ef-
ficiency of the order of 12%. The SB-QWSC mirrored dark current is dominated by the higher bandgap
charge-neutral. The mirror increases efficiency from 22.5% to 23.3%.

Figure 5a shows the corresponding effect on
the QE of the QWSC. The quantum wells with
the help of the mirror increase the short circuit
currentby 7% compared with abulk control where
wells and barriers are replaced by bulk GaAs, to
300.5A/m2 active area density under global spec-
trum AM1.5G. This furthermore represents a 3%
increase over the QWSC case mentioned in the
previous section without a mirror. It is clear,
however, thatthe absolute level remains well short
of the bulk QE, a level the quantum well must
achieve in order to approach the radiative effi-
ciency limits that it tends towards.

Concerning the radiative efficiency limit,
Figure 5b shows a striking reduction of dark cur-
rent and a reversion to explicitly non-radiatively
dominated Shockley injection dominance. The
addition of the back surface mirror has the effect
of reducing the luminescence by cutting off ra-
diative losses towards the back of the cell. Ne-
glectingemissioninthe smallin-plane solidangle,
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the only remaining net loss path is though the
small escape cone through the front of the solar
cell, typically of some 17 degrees. The removal
of the much greater 180-degree loss angle at the
back surface translates as a reduction of ap-
proximately an order of magnitude in net radiative
recombination that can occur. The balance of
luminescence, which is still inevitable emitted
via the Planck grey-body law, is re-absorbed,
leading to re-emission, and so on, according to
the formalism developed earlier in Equation (15):
This, inthe dark, isequivalentto photonrecycling,
and is the mechanism whereby the back surface
mirror transforms the QWSC from a radiatively
dominated device to a non-radiatively dominated
device.

Although at the first glance this appears a step
backward, the comparison of Figures 5b and 2b
shows us that the QWSC with a back mirror is
in fact dominated by the explicitly non radiative
Shockley injection recombination rate in the
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charge neutral layers at sufficiently high bias,
or equivalently, high current levels, such that
SRH recombination no longer dominates. Such
current levels are routinely achieved by cells
operated under concentration of a few hundred
suns as reviewed by Barnham et al. (2010). The
consequence is that the QWSC can be operated in
a regime where the fundamental absorption edge
is determined by the space charge region, but the
recombination mechanism remains determined by
the higher bandgap charge neutral regions.

This important result is the second key ad-
vantage of the QWSC introduced earlier in this
chapter, and suggested by Barnham and Duggan
(1990). This analysis however pins down this
conceptual disconnect between absorption edge
and dominant recombination mechanism to the
case where non-radiative recombination is present.
More precisely, the ideal radiative case of pure,
defect free material will show no such dominance
of charge neutral recombination current, since
this will have been reduced to a radiative level
determined by its gap. In this case, the cell will
return to being dominated by the fundamentally
greater radiative recombination current from the
lower gap region. This limiting case, however, is
clearly notone inwhichaworkingsolar cell, which
requires defects (dopants) in order to set up the
built-in potential at the root of photovoltaic action.

In light of these points, it is clear that that
the disconnect between observed dark current
dominance by the higher gap bulk regionsremains
consistent with theoretical work that has sug-
gested that the structure, while remaining subject
to the generalised Planck law and corresponding
efficiency limits, might offer routes to higher
efficiency (de Vos, 1992; Araujo & Marti, 1994).

We conclude with a mention of experimental
resultsreported by Johnsonetal. (2007). Thiswork
has reported the observation of the phenomenon
ofreduced radiative recombinationin SB-QWSCs
with Bragg reflectors incorporated at the back of
the cell, and demonstrate the dark current reduc-
tions of the order of those reported here.

CONCLUSION

Solar cell efficiency potential remains far greater
than the best achieved in the lab. The analytical
model described in this chapter helps shed light
onthis by linking the solar cell performance in the
light and in the dark, and using this to ascertain
the dominant losses responsible for non-dealities.
The setof approximations enabling thisanalytical
methodology make it all the more important to
minimise the free parameters. Consequently, the
comparison of dataand model crucial in determin-
ing what conclusions can justifiably be made. The
model described satisfies both these conditions:
the only free parameter isthe Shockley-Read-Hall
lifetime in the space-charge region, and further-
more, the modelled SRH ideality of slightly less
than 2 agrees well with experiment.

The more interesting high bias regime of
ideality one corresponding to higher efficiency
concentrator current level is, however, free of
any fitting parameters. Close agreement between
model and experiment is seen in both bulk and
quantum well cases.

In this higher bias ideality one regime, which
is the focus of this chapter, some remarkable
behaviour is revealed by comparing bulk and
guantum well samples. The modeling and result-
ing analysis shows allows explicit estimates of
the bias-dependent radiative efficiency of both
classes of device.

It first transpires that the bulk device is non-
radiatively dominated despite the transition from
dark current ideality slightly below 2 to Shockley
injection ideality 1. The radiative fraction in this
high quality GaAscellisonly of the order of 20% at
most, as the cell approaches flat band. The QWSC
in the same regime is shown to be approximately
75% dominated by radiative recombination.

The analysis of samples with back surface mir-
rors reveals a quite different operational regime.
The bulk PIN cell performance remains rela-
tively unchanged, as expected for a nearly opaque
structure, which is dominated by non-radiative
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recombination. The QWSC however changes
radically. First, the photocurrent increase is sig-
nificant, which is a consequence of the low well
absorption, and emphasising why lighttrapping is
important for these structures. Secondly, and more
significantly, the QWSC changes from a radia-
tively dominated to a non-radiatively dominated
regime. Examination of the contributions to the
recombination current fromthe differentregions of
the cell shows that the net radiative recombination
is suppressed by an order of magnitude through a
combination of photon recycling and restriction
of emission solid angle. As a result, the explicitly
non-radiative part of the Shockley injection cur-
rent dominates the dark current. In other words,
the dark current is primarily determined by the
higher bandgap bulk charge neutral layers, rather
than by the lower MQW layer.

The startling conclusion of this is that the Voc
of the mirror backed QWSC is partly decoupled
from the absorption edge. That is, the open circuit
voltage of the mirror backed QWSC isdetermined
by the high gap charge neutral layers, while the
absorption edge is determined by the lower gap
guantum well region. This is the original idea
proposed by Barnham and Duggan (1990), albeit
in a more restricted sense, in that this only holds
true for doped, and therefore non-radiatively
dominated structures: in a structure where only
radiative recombination is present, both PIN and
QWSC designs revert to the Planck grey-body
radiative limit, but without, however, the benefit
of a doped junction to enable photovoltaic action
and carrier collection.
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ABSTRACT

Conventional solar cells are usually manufactured from silicon, an inorganic material. This type of
solar cell has a high effciency, up to 40%, but these cells are using very expensive materials of a high
purity and energy intensive processing techniques. This chapter is dedicated to a critical presentation of
hybrid solar cells. They are a combination of both organic and inorganic nanostructure materials and,
therefore, combine the properties and advantages of their components. Unfortunately, so far, the hybrid
solar cells have a low conversion effciency of the sunlight, 6-7% (Kim, et al., 2007).

INTRODUCTION

Hybrid photovoltaic cells, classified as the third
and fourth generation solar cells, are a mix of
nanostructures of both organic (p-type conjugated
polymers, photosensitive dyes, carbon nanotubes,
etc.) and inorganic (nanostructures or nanopar-
ticles of TiO,, ZnO, PbS, PbSe, CdTe, Culns,,
CulnSe,, etc.) materials.

DOI: 10.4018/978-1-4666-1927-2.ch006

One of the materials (organic component)
acts as the photon absorber. In contrast to inor-
ganic semiconductors, photo excitation of organic
semiconductors results in a strongly bounded
electron-hole pair, called an exciton (Ginger &
Greenham, 1999b). These electron-hole pairs are
only effectively separated at an interface between
a p-type (electron-donating) material and n-type
(electron-accepting) material represented by
the inorganic component of a hybrid solar cell,
Figure 1.
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Figure 1. Energy (E) diagram at the interface
donor/acceptor in a hybrid solar cell

In order to have a favourable charge transfer
at the interface, the following condition must be
satisfied (Ginger & Greenham, 1999b): E A-
E,>>U, where E, is the electron affinity, U is the
columbic binding energy of the exciton on the
donor and superscript A refers to the acceptor and
superscript D refers to the donor. For the exciton
binding energy in commonly used organic mate-
rials (polymers, oligomers, small molecules,
carbon nanotubes) the value ranges from 0.3 eV
to 1.4 eV, which is considerably higher than the
binding excitonenergy for inorganic semiconduc-
tor materials, 0.02-0.04 eV (Scheblykin, Yartsev,
Pullerits, Gulbinas, & Sundstrdm, 2007). In order
todissociate the exciton inabulk organic medium,
the thermal energy at room temperature (=0.025
eV) is not sufficient, therefore the exciton dis-
sociation is possible only at the interface between
the donor and the acceptor materials with favor-
able HOMO and LUMO energy levels.

The difference between the LUMOs (or
conductive band) of the donor and acceptor will
compensate the energy required for the dissocia-
tion and the transfer of the electron (Saunders &
Turner, 2008). After charge separation, the car-
riers (electrons and holes) are transported to the
electrodes through a percolation network.

The exciton generated in polymer has a time
scale from one picosecond to one nanosecond
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(Shaw, Ruseckas, & Samuel, 2008) and the dif-
fusion length (at average distance an exciton can
diffuse through material before its annihilation
by recombination) is short in polymers (5-10 nm)
(Ginger & Greenham, 1999b). Only the exciton
generated within this length close to an acceptor
would contribute to the photocurrent of the cells.
For this reason, the hybrid solar cells often use a
nanostructured interpenetrating network of donor
and acceptor materials (bulk heterojunction) with
an enhanced interfacial area where the excitons
are separated into charge carriers (Saunders &
Turner, 2008). The bulk heterojunction concept
allows for more interfacial contact between the
organic (donor) and inorganic (acceptor) materials
than the phase separated bi-layer heterojunction.

Hybrid solar cells have some advantages over
the other types of photovoltaics (firstand second-
generation cells) (Gledhill, Scott, & Gregg, 2005;
Huynh, Dittmer, & Alivisatos, 2002; McGehee,
2009; Ong & Levitsky, 2010):

. Hybrid nanocomposite mixtures combine
the advantages of both type of materials:
the solution processing of organic semi-
conductors with the high charge-carriers
mobility and light absorption at longer
wavelengths if inorganic semiconductors;

e The existence of an organic component al-
lows hybrid solar cells to be superior over
conventional semiconducting photovol-
taics in terms of cost effciency, scalable
wet processing, and the variety of organ-
ic materials, lightweight, and Fexibility.
Moreover, the recent progress in advanced
semiconducting nanostructures in com-
bination with polymers and/or organic
nanomaterials, such as fullerenes and car-
bon nanotubes, opens new opportunities to
overcome the 8-10% barrier of light con-
version effciency for hybrid solar cells in
the near future (Li, et al., 2009; Ong, Euler,
& Levitsky, 2010).
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Figure 2. Classification of hybrid solar cells

CLASSIFICATION OF
HYBRID SOLAR CELLS

Thehybrid solar cells classification depends onthe
nature and morphology of organic and inorganic
components and it is presented in the Figure 2
(Ong & Levitsky, 2010).

DYE SENSITIZED SOLAR CELL

To date, Dye Sensitized Solar Cells (DSSCs) are
the most studied hybrid solar cell (Gledhill, et
al., 2005; Grétzel, 2003). Vlachopoulos, Liska,
Augustynski, and Graetzel (1988) reported energy
conversion from dye sensitized TiO, electrode
immersed in an electrolyte, titanium dioxide be-
ing a n-type wide band gap semiconductor and
transparent for visible light. This system has a
low light absorption coefficient because the dye
is adsorbed on a flat surface of the TiO, electrode.
O’Regan and Gratzel (1991), used a nanoporous
TiO, electrode which enhances the photoactive

interface by order of magnitude (200-300 m#/g for
nanoporous TiO, as compared to approximately 10
m?2/g of flat single crystal) and the effective light
absorption increased drastically. DSSC (Gratzel
type) is composed of:

1. Ananoporous metal oxide (TiO,, NiO, ZnO)
infiltrated with sensitized dye molecules
(Ru complexes or other organic dyes) and
deposited on Transparent Conductive Oxide
(TCO) electrode,

2. Electrolyte containing I/1,” redox system
filling the pores of the metal oxide,

3. Aplatinum counterelectrode (Gratzel, 2005)
(Figure 3).

After the absorption of a photon, the excited
electron within the sensitizer dyer is transferred
to the conduction band of TiO,. Electrons diffuse
in the nanoporous metal oxide to TiO,/TCO in-
terface, where they are extracted to external load.
In the same time, the resulting dye cations are
reduced by the redox system (Figure 4).
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Figure 3. Structure of DSSC

The process can be characterized by Incident
Photon-to-Current Conversion Efficiency (IPCE)
which is determined by Light-Harvesting Effi-
ciency (LHE), Charge Injection Efficiency (CIE),
and Charge Collection Efficiency (CCE). LHE is
the ration of the amount of absorbed photons to
that of incoming photons and depends on the
absorption coefficient of the dye and the density
orthe thickness of absorbed dye on the nanoporous
electrode.

CIE is determined by the potential difference
between the conduction band edge of TiO, and
LUMO of the dye, acceptor density in TiO, and
spatial distance between the surfaces of TiO, and
the dye.

The diffusion length of electrons in TiO, (L)
influences CCE and the thickness of the TiO,
electrode must be less than L. The length L is
defined as:

where D electron diffusion coefficient and t is
electron lifetime in nanoporous TiO,.

For a Gratzel type cell with nanoporous TiO,
electrode and Ru complex dyes, 10-30 pm thick-
ness (L) is required to achieve high LHE values
(Gratzel, 2004).
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Inordertoenhancethe cell efficiency many dif-
ferent dyes have been studied, such as porphyrins
(Mao, et al., 1998), phthalocyanines (Diacon, et
al.,2010; Nazeeruddin, Humphry-Baker, Gratzel,
& Murrer, 1998), coumarins (Rehm, et al., 1996),
transition metal complexes (Halme, 2002; Polo,
Itokazu, & Murakami lha, 2004), perylene, cya-
nines, and azulene (O’Regan, et al., 2008).

The best results were obtained using the dyes
with general structure ML, X, where L is 2,2’-bi-
pyridil-4-4°dicarboxylicacid, M-Ru or OS metals
and X isahalide, cyanide or thiocyaninde. Acom-
parative study (O’Regan, etal., 2008) regarding the
role of different dyes used as sensitizers in DSSC
into the value of VV_explains why none of others
dyes have surpassed the best ruthenium bipyridyl
dyes (e.g., N719). In this case, the LUMO level
of the dyes overlaps on the conduction band of
TiO,, which explains the fast electron transfer at
the interface dye-TiO, and a higher efficiency.

Due to the presence of the liquid electrolyte
there are some problems with sealing and long-
term stability of the cell.

The liquid electrolyte has been replaced by
different solid or gel-like electrolytes and the
results reported in the literature include true hole
conductors (p-type inorganic semiconductors and
p-type semiconductors) or ionic conductors (elas-
tomericor gel-like electrolytes containing iodine)
(Diacon, et al., 2010; Halme, 2002).

Kriiger et al. (2001) reported a moderate ef-
ficiency of 2.56% using a true hole conductor
(spirobifluorene), Cao, Oskam, and Searson
(1995) obtained cell efficiencies of 3-5% with a
polymer gel electrolyte and Kubo et al. (2001)
obtained cell efficiency of gel electrolyte cell up
to 5.91%. Diacon, = et al. (2010) have obtained
some promising results by replacing the liquid
electrolyte with a low T  polymer containing
quaternary ammonium salts in the pending chain
and nanocrystalline particles embedded in the
polymer matrix.
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Figure 4. Scheme of charge generation, transport and interfacial transfer in DSSC

Toshiba Corporation preparedacell with 7.3%
efficiency using apolymer gel electrolyte consist-
ing of imidazolium derivates, iodide and gelators
with controllable viscosity (Murai, Mikoshiba,
Sumino, & Hayase, 2002).

Other modifications of the initial DSSC com-
position have been reported (Mori & Yanagida,
2006). In order to avoid the sublimation of I, and
corrosion effect of the system 171, alternative
redox complexes have been suggested: cobalt
complexes, cooper complexes, SeCN etc. Dif-
ferent counter cations have been studied such as
Li*, 1, 2-dimethyl-3-propyl-imidazolium iodide,
4-tert-butyl pyridine etc., when I7/1, is used.

The energy conversion efficiency was also
correlated with some characteristics of the
nanoporous TiO, electrode: crystalline structure,
shape, porosity and diameter of the particles,
the cross-sectional area of the necks between
nanoparticles, TiO, surface treatment by various
thin metal oxide layer, etc.

The overall efficiency of a DSSC can be in-
creased by the sensitization of nanoporous TiO,
using CdS, CdSe and PbS, PbSe nanoparticle

quantum dots which enlarge the spectral range
of the absorbed light (Prabakar, Seo, Son, &
Kim, 2009).

In the classical DSSC with Ru complex and
I/1, redox system a platinum counter electrode
is used, but for mass production, platinum would
be replaced with other materials, such as graphite,
aluminiumor poly(3,4-ethylene-dioxythiophene)
(PEDOT). Graphite has not the same performance
as platinum whereas PEDOT shows equivalent
ability with platinum.

By replacing the liquid electrolyte in Grat-
zel’s cell with a solid charge transport materials
(p-type semiconductor or organic semiconduc-
tor), a solid-state DSSC is obtained avoiding the
leakage of electrolyte. In this type of cell (Glines
& Sariciftci, 2008) the dye is regenerated by the
electron donation from the hole conductor, after
electron injection into the conduction bad of the
TiO,.Aconstructive scheme of asolid-state DSSC
is presented in the Figure 5.

Inorganic p-type semiconductors (Cul, CuBr,
CuSCN) or organic p-type semiconductors such
aspoly (3-alkylthiophene), 2,2’, 7, 7’-tetranix(N,
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N’-di-p-methoxipheyl-amine) 9, 9’-spirobifluo-
rene (OMETAD), polypyrrole, triphenyldiamine,
p-phenylene vinylene copolymers have been in-
filtrated in the pores of TiO, with suitable or-
ganic dyes. After improvements, this type of cell
gave a maximum efficiency of 2.6% for organic
hole-conducting materials and up to 4% for p-type
inorganic materials (Lancelle-Beltran, etal., 2006;
Schmidt-Mende & Gratzel, 2006).

Themainelectric parameters proved for DSSCs
are presented in the Table 1.

Solar Cells Based on Nanostructured
MeO Infiltrated with Polymers

This type of hybrid cells contains an active layer
(heterojunction) which consists of a nanostruc-
tured metal oxide, as inorganic component, and a
p-type semiconducting polymer as organic matrix.

Transparent semiconducting metal oxides
like TiO, (Lin, et al., 2007), ZnO (Beek, Wienk,
& Janssen, 2006), SnO, (Kudo, Shimazaki,
Ohkita, Ohoka, & Ito, 2007), have been used as
the electron accepting materials in combination
with p-type conjugated polymers such as poly
(3-alkylthiophene) (P3AT) (Beek, et al., 2006)
(alkyl=hexyl, octyl, dodecyl), poly (2-methoxy-5-
(2’-ethylhexyloxy)-p-phenylenevinylene (MEH-
PPV) (Kudo, et al., 2007), poly (2-methoxy-5-
(3’,7°-dimethyloxtyloxy)-p-phenylenevinylene)
(MDMO-PPV) (Beek, etal., 2006), water-soluble
polythiophene polymer (McLeskey & Qiao, 2006),
poly (3-(2-methylhexan-2-yl)-oxy-carbonyl-di-
thiophene) (P3MHOCT), etc. (Krebs, etal., 2008).

The hybrid cell based on polymer nanostruc-
tured semiconductor metal oxides can take advan-
tages of both materials: solution processability,
high-hole mobility, and photosensitivity of con-
jugated polymers and high mobility of inorganic
semiconductors. Because the diffusion length of
excitonsgenerated in polymerisshorter than 15-20
nm, the metal oxide must be mixed with polymer
at a nanoscale so that the distance between two
inorganic nanoparticlesdoes notexceed 15-20 nm.
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The metal oxide can be nanostructured as a layer
composed by interconnected nanoparticles or as
an array of nanorods/nanofibers infiltrated with
polymer forming a bulk heterojunction.

A cell with the solar-energy conversion im-
proved up to=0.9% has been obtained from P3HT
and nanocrystalline zinc oxide (nc-ZnQ) after the
thermal annealing of the inorganic-organic blends
(Beek, et al., 2006).

An efficient bulk heterojunction can be made
using ZnO nanoparticles and MDMO-PPV poly-
mer (Beek, Wienk, & Janssen, 2004). The blend
ZnO-polymer (67% wt.-nc-ZnO) was processed
by spin-casting from solution into thinfilmswith a
thickness of ca. 80 nm on a glass substrate coated
with ITOand poly(3,4-ethylene-dioxythiophene):
poly(styrene sulphonate) (PEDOT:PSS). The
device structure is presented in Figure 6.

The maximum energy-conversion efficiency
provided by this hybrid photovoltaic system is
N=1.6% and the authors explain this value by the
relative energy levels (HOMO, LUMO, valence,
and conduction bands) in polymer and ZnO.

Figure 5. Constitutive scheme of asolid state DSSC

Table 1. The main electric parameters proves
for DSSCs

Cell type Gratzel cell Solid-state DSSC
Efficiency, % 10-11 =4
V.V 0.7 0.4
J.» mA/ecm? 20 9.1
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Photovoltaic devices based on conjugated
polymer, P3HT, deposited into the mesoporous
titania films (diameter of the pores=10 nm) which
provides continuous pathways for electrons, have
been demonstrated an energy-conversion effi-
ciency of =1.5% (Coakley & McGehee, 2003).

Recently, polymer-based solar cells consisting
of ZnO vertically aligned nanorods and conducting
polymers MEH-PPV (B, et al., 2010) have been
investigated and the results show a maximum
value for power conversion efficiency of 0.34%.

An interesting nanostructured photovoltaic
device based onZnO nanorods/P3HT+TiO, nano-
rods have been obtained by solution processes at
low temperature (Lin, et al., 2007). Thicker ZnO
nanorods (50 nm diameter, 180 nm length) are
grown on the surface of 1TO/glass electrode in
order to obtain an efficient electron collection.
Thinner TiO, nanorods (4-5 nm diameter, 20-30
length) are mixed with P3HT to provide increased
interfacial areaand the mixisthe incorporated into
nanostructured ZnO. Aschematic representation of
aphotovoltaic device base onthe ZnO/P3HT+TIO,
hybrid material is given in the Figure 7a, and the
corresponding energy levels in Figure 7b.

Figure 6. Structure of the photovoltaic device:
80nm thick MDMO-PPV:nc-ZnO blend layer,
sandwiched between PEDOT:PSS+ITO and an
aluminium electrode

This type of PV device gives for energy con-
version efficiency a maximum of 0.59%.

The use of water-soluble and light-harvesting
polythiophene, sodium poly (2-(3-thienyl)-
ethoxy-4-butylsulfate) (PTEBS) and TiO, to
fabricate photovoltaic devices was reported by
McLeskey (McLeskey & Qiao, 2006). Water as
solvent, brings some benefits:

. Controllable solvent evaporation rate

. Non-toxic solvent

. Improved stability for devices under atmo-
spheric conditions

This type of solar cells has been fabricated in
two configurations: in a bilayer heterojunction
(TiO, and polymer PTEBS) and in a bulk het-
erojunction (TiO, nanocrystals blended into the
polymer PTEBS). Unfortunately, the maximum
value for energy conversion efficiency obtained
with this device is 0.15%.

Chemical modification of inorganic semi-
conductors using organic materials improves the
electronic junction at the interface. Kudo et al.
(2007) reported that chemical modification of
the nanostructured SnO, film with fullerene deri-
vate, C,-malonic acid (C,,C(COOH),), activates
the electron injection at the interface organic/
inorganic. They fabricated a cell with the layer
structure: 1TO/SnO_+C, -C(COOH),/MDMO-
PPV/Auand foundanimproved energy conversion
efficiency (=0.84%) by chemical modification of
SnO, particles.

Hybrid Solar Cells Based

on Inorganic Nanoparticles
(Group 1I-VI, CdS, CdSe, CdTe)
and Conjugated Polymers

Hybrid solar cells based on blends of inorganic
nanoparticles (CdS, CdSe, CdTe) and conjugated
polymers have been extensively studied due to
their high intrinsic electron nobilities that exist
in inorganic semiconductor, high hole mobility
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Figure 7. a) Scheme of the PV device based on ZnO nanorods/P3HT+TiO2 nanorods; b) energy level
diagram for the PV device based on ZnO/P3HT+TiO2

observed in polymers (0.1 cm?Vv1S?), low cost
and the use of materials which can be processed
from solution (Ginger & Greenham, 1999a;
Greenham, Peng, & Alivisatos, 1996; Huynh, et
al., 2002; Kang, Park, & Kim, 2005; Wu & Zhang,
2010). The nature of the blend components and
the morphology of the nanocomposite photoactive
layer strongly dictate the performance of the cell.
Polymer domains must be limited in dimension
to the exciton diffusion length (typically 5-20
nm), for an efficient charge separation. In addi-
tion, both the organic and inorganic phases must
form percolation networks to assure an efficient
charge circulation.

Gingerand Greenham (1999a) fabricated acell
using a blend of CdSe nanoparticles (diameter=5
nm) and MEH-PPV (5 weight % polymer) with a
layerstructure: ITO/CdSe+MEH-PPV/Alandthey
obtained a power conversion efficiency of 0.25%.

In order to enhance the cell efficiency the
spherical CdSe nanocrystal particles have been
replaced with elongated ones (nanorods) (Huynh,
etal., 2002) and blended in P3HT to create charge
transfer junctionswith high interfacial area. Differ-
ent CdSe nanocrystals with aspect ratios ranging
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from 1to 10 (diameter/length): spherical particles
with diameter of 7 nm and nanorods 7 nm/30 nm,
7 nm/ 60 nm, have been obtained and dispersed
in P3HT. By varying the radius of the nanorods,
the quantum size effect can be used to control the
band gap and enhance the absorption of the light.
At the same time, the length of the nanorods can
be adjusted to the device thickness required for
optimal photovoltaic activity.

Solar cells were fabricated by spin-casting
a solution of 90 weight % CdSe nanoparticles
(7x7 nm and 7x60 nm) in P3HT onto an ITO
glass substrate coated with poly(3,4-ethylene-
dioxythiophene) doped with polystyrene sulfonic
acid (PEDOT:PSS) andaluminiumas counter elec-
trode. For this type of cell, the external quantum
efficiency (ICPE) increases directly proportional
with the length of the nanoparticles from ca. 20%
for 7x7 nm up to ca. 55% for 7x60 nm particles
(Avrici, Saricitci, & Meissener, 2004; Huynh, et
al., 2002).

A photovoltaic device with the structure de-
vice with the structure: Glass/ITO/PEDOT:PSS/
P3HT+CdSe (nanorods 7x60 nm)/Al under Air
Mass (AM) 1.g Global solar conditions hasapower
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conversionefficiency of 1.7%. (Kang, etal., 2005)
assume that this performance may be improved if
the nanorods are aligned vertically between the
two electrods to minimize the carrier transport
paths. APV device based on CdTe (not CdSe) an
aligned nanorods/poly (3-octylthiophene) with
Ti and Au electrodes, has been fabricated and
tested. The obtained value (=1.06%) for power
conversion efficiency is not improved but this
fact can be explained by the use of CdTe instead
of CdSe nanocrystals. While both CdSe and CdTe
semiconductors are considered good photovoltaic
materials, CdSe is significantly better than CdTe
in hybrid nanocrystal/polymer solar cells (Sun,
Snaith, Dhoot, Westenhoff, & Greenham, 2005).

A real improvement in current density and
power conversion efficiency has been observed
in CdSe nanorods/P3HT hybrid solar cells after
chemical reaction with 1, 3-dithiol benzene. The
change in the morphology of the blended film
is responsible for the performance enhancement
(Wu & Zhang, 2010).

Gur, Fromer, Chen, Kanaras, and Alivisatos
(2006) proposed the use of hyperbranched CdSe
or CdTe nanocrystals integrated into a matrix of
P3HT to fabricate an active film for hybrid solar
cells. The hyperbranched structure of CdSe nano-
crystals affords some advantages for a solar cell:

. Good and controlled dispersion of the inor-
ganic phase in the polymer matrix

. Large surface are for charge separation

*  Each hyperbranched particle contains a
percolation pathway for transport of elec-
trons through the thickness of the active
flm

Cells based on hyperbranched particles (150
nm x150 nm x150 nm) of CdSe and P3HT exhibit
and immediate rise of V_to its full value of 0.6
V and an immediate, near linear rise in both I
and power conversion efficiency with increasing
of CdSe concentration in comparison with other
types of nanocrystals.

An optimum value of 2.2% power conversion
efficiency using this type of solar cell, under AM
1.5 G solar conditions, has been reported (Gur,
etal., 2006).

Hybrid Solar Cells Based on
Inorganic Semiconductors
(Group 1V, 1lI-V) and Organics

Inorganic Semiconductors (Flat
Surfaces) Polymer Solar Cells

Sailor et al. (1990) fabricated a hybrid solar cell
form poly/ (CH,),Si-cyclooctatetraene deposited
on crystalline silicon (c-Si) surface and reported a
power conversion efficiency between 1% and 5%.

The layered polymeric materials have been
obtained either by spin-coating of preformed poly-
mers, or by polymerization of the monomers on
thesilicon surface. After the doping of the polymer
with iodine vapors, the film became transparent
to solar light so, in this case, the polymer is not
involved in excitons generation.

Gowrishankar, Scully, McGehee, Wang, and
Branz (2006) studied hybrid solar cells based on
hydrogenated amorphous silicon (a-Si) and con-
jugated polymers such as P3HT and MEHPPV. In
comparison with crystalline silicon, amorphous
silicon is inexpensive and can be deposited as a
thinfilmover flexible substrates. Based on experi-
mental data, the authors proposed a mechanism
for exciton production in the polymer, its disso-
ciation at the interface polymer-silicon, electron
injection to inorganic semiconductor and hole
injection in the polymer. Unfortunately, this type
of hybrid photovoltaics hasavery low conversion
efficiency, e.g, 0.16% for a-Si/P3HT and 0.01%
for a-Si/MEH-PPV devices.

After replacement of a-Si with c-Si in a thin
film hybrid solar cell P3HT/silicon, the power
conversion efficiency enhanced up to 2.46%.
This phenomenon is explained by faster electron
mobility, higher absorption spectral range and
lower charge recombination in the crystalline
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phase as compared with amorphous phase of
silicon (Nolasco, Estrada, Matsumoto, Marsal, &
Pallares, 2007).

A very efficient hybrid organic-inorganic
photovoltaic device has been described by Gar-
nier: n-type GaAs associated with organic p-type
device polythiophene derivate (Garnier, 2002). A
film of poly(3-methylthiophene) (25 nm thick-
ness) has been electrochemically deposited onto
amonocrystalline n-GaAs and then a thin film of
Au completed the cell. The power conversion ef-
ficiency measured with this device was of 17.5%
and compared to those of classical Schottky cell,
n-GaAs/metal (14%). It is considered that the
enhancement of the conversion efficiency is due
to the large increase of the open-circuit voltage.

Hybrid solar cells based on GaAs/ thiophene
oligomers (octithiophene) have been studied and
revealed the importance of the crystallinity of the
organic phase (Ackermann, Videlot, El Kassmi,
Guglielmetti, & Fages, 2005). The thiophene poly-
merwas replaced by thermally evaporated rod-like
octitiophene (8T) because these rigid oligomers
have demonstrated high charge-carrier mobility in
thin films, between 102 and 10*cm?V!s?, values
comparable to those of amorphous silicon.

The hybrid cell used has the following struc-
ture: GaAs/8T/Au, withthe organic filmthickness
of 20-120 nm having nano-or microscrystalline
morphology. In order to reduce the contact re-
sistance at the Au/8T interface and obtain higher
energy conversion efficiency, the gold layer was
doped with iodine.

Experimental tests demonstrated that micro-
crystalline 8T films (grain size 1-2 um) exhibited
higher energy conversion efficiency than nano-
crystalline 8T films (grain size 0.1 um). This
difference is explained by the existence of a high
trap density in nanocrystalline films, mostly at
the grain border and by using a semitransparent
gold layer (doped with iodine) as the front contact
deposited onto the 8T films, energy conversion
efficiency up to 4.2 has been obtained.
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Inorganic Semiconductors (Flat
Surfaces): Small Molecules Solar Cells

Alotof heterojunctions are based on small organic
moleculesandinorganic semiconductor suchas Si
and GaAs. The small molecules selected for this
purpose have some advantages over polymers:

. Higher degree of crystallinity

. Better environmental stability

e The charge carrier mobility is comparable
or exceed the mobility in thiophene based
polymers

. High absorption coeffcient in the solar
spectrum

Among these organic materials are the porphy-
rins (P) or metal free (H,Pc) and metal (Zn, Cu,
Pb, Fe, Mg) substituted phthalocyanines (MePc)
which are considered p-type materials. Pc and P
compounds have low solubility in organic solvents
and water; this is the reason that film deposition
requires vacuum sublimation, an expensive and
complex process.

Hybridsolar cellswith the structure Au/p-ZnPc/
p-Si (El-Nahass, Zeyada, Aziz, & El-Ghamaz,
2005), Ag/p-CuPc/n-GaAs/Ag (Karimov, Ahmed,
Moiz, & Fedorov, 2005), p-MgPc/n-Si (Riad,
2000), NiPc/p-Si (El-Nahass, Abd-El-Rahman,
Farag, & Darwish, 2005), n-Si/tetraphenyl P
(El-Nahass, Zeyada, Aziz, & Makhlouf, 2005),
etc. were reported in literature and photovoltaic
properties were evaluated. For example, the power
conversion efficiency has values for this type of
cells in the range of 1-3.5%.

Cooper Phthalocyanine (CuPc) is one of the
well-studied organic semiconductor with small
molecule because its purification is simple and
economical by recrystallization from organic
solution at normal temperature. The CuPc films
can be deposited on inorganic surfaces by vacuum
sublimation and this material has a high absorp-
tion coefficient in a wide spectrum of the light.
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Karimov et al. (2005) fabricated an organic/
inorganic cell with the structure Ag/p-Cu/n-GaAs/
Ag and studied its photoelectric properties in the
temperature range 23-74°C, using a laser beam
illumination.

Athin organic film of CuPc (p-type semicon-
ductor) was deposited by vacuum evaporation on
n-type GaAs single-crystal substrate. This device
showed that VV . and power conversion efficiency
decrease with temperature whereas | . is constant
for the temperature range studied.

NiPc is a potential candidate for photovoltaic
devices, because for thin films from this mate-
rial has been reported a relatively high charge
mobility (=10° m?Vs?), when compared with
the mobility reported for other phthalocyanine
compounds (7.6x10° m?Vis? for ZnPc, 3x107
m2?V1stfor CoPc, 107 7.6x10° m?V/1s for CuPc)
(El-Nahass, et al., 2005).

A photovoltaic device Au/NiPc/Si/Al was
fabricated by deposition of NiPc thin film using
thermal evaporation technique onto p-Si single
crystal, and tested. The junction exhibits the
following photovoltaic characteristics at room
temperature and under illumination of 6 mVcm2
whitelight: V. 0f0.32V, I of 186 pAand power
conversion efficiency of 1.11%.

The photovoltaic properties of a Au/Tetrap-
henylporphyrin (TPP)/n-type silicon (n-Si)/Al
heterojunction solar cell have been evaluated
and reported by El-Nahass, Zeyada, Aziz, &
Makhlouf (2005).

A film of TPP with 67 nm thickness was de-
posited onto single cystal of n-type silicon wafer.
Pure gold and aluminium film were deposited on
the faces of TPP/n-Si layer.

From experimental data using the photovoltaic
device Au/TPP/n-Si/Al the following cell param-
eters were deduced: I, .=0.442 mA, V _ =0.478 V
and power conversion efficiency 2.45%.

Inorganic Nanostructured
Semiconductors-Organics

Hybrid solar cells based on conjugated polymers
and inorganic nanostructured semiconductors
bring some advantages in comparison with flat
heterojunctions. Firstly, the blend with nanostruc-
tured morphology hasan increased interfacial area
and reduced average distance between organic/
inorganic components. As the excitons dissocia-
tion occurs at the interface, this morphology will
enhance the dissociationand, consequently, the in-
tensity of the photocurrent. Additionally, areduced
distance between the blend phases in the range of
excitondiffusion length isan important parameter
in diminution of the charges recombination.

Secondly, nanostructured inorganic semicon-
ductors (nanoparticles, nanopillars, nanorods,
nanowires, hyperbranched nanoparticles) have
favorable optoelectronic properties due to the
quantum confinement phenomenon. Therefore,
they have a tunable band gap, an enhancement of
the light absorption and an optimal compatibility
between the heterojunction phases.

These nanostructured inorganic semiconduc-
tors can be easily fabricated by various techniques
such as Chemical Vapor Deposition (CVD), laser
ablation; Molecular Beam Epitaxy (MBE), dry
wet etching and conjugated polymers are solution
processable so that these materials have great
potential for inexpensive large-scale solar cell
manufacturing.

Silicon, as inorganic semiconductor, is an
important candidate for polymer-nanocrystal cells
given its abundance, nontoxicity, and strong UV
absorption. Liu, Holman, & Kortshagen (2008)
fabricated a hybrid solar cell based on blend of
silicon nanocrystals (Si-nc) and P3HT polymer
wheresilicon nanocrystalsactaselectron conduct-
ing phase. Three groups of silicon nanocrystals
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were synthesized by dissociation of silane: 3-5
nm in diameter, 5-9 nm in diameter and 10-20
nm in diameter. Solar cells were fabricated by
spin coating, and Si-nc/P3HT onto Indium Tin
Oxide (ITO) coated glass substrate. Finally, 2 mm
wide aluminium electrodes (100 nm thick) were
evaporated on top of Si-nc/P3HT film.

The photovoltaic properties of this cell were
studied as a function of Si-nc size and Si-nc/
P3HT ratio. Experimental data showed that the
open circuit voltage (V) is inversely related to
Si-nc size and does not depend on the materials
ratio. Short-circuit current I also increases with
decreasing Si-nc size.

Anoptimization of Si-ncssizeand Si-nc/P3HT
ration showed that small Si-ncs size and roughly
35 wt. % Si-nc produced the best solar cells with
power conversion efficiency of 1.15%.

Recently, Kno and Gau (2009) fabricated a
solar cell based on Silicon Nanowires (SiNWs)
arrays covered with P3HT polymer mixed with
[6,6] —Phenyl-C_-Butiric acid Methyl ester
(PCBM). Silicon nanowires were grown verti-
cally onanindium tin oxide glass substrate by tha
vapor-liquid-solid process. The blend polymers/
inorganic nanorods or nanowires have the advan-
tages of very large donor-acceptor interface area,
continuous and minimized carrier-conducting
pathways that explain the increase of the power
conversion efficiency of the cell. The authors
above mentioned have demonstrated that the
cell with structure ITO/SINW/P3HT+PCBM/
Au has better photovoltaic properties (I,.=5.25
mA/cm?, V  =0.259 V, power conversion ef-
ficiency =0.427%) than the cell without SINWs
(I,.=4.41mA/cm?,V  =0.20V, power conversion
efficiency=0.299%).

Silicon can be replaced with germanium for
building of the hybrid inorganic/organic devices.
So, Germanium Nanowires (GeNWSs) were grown
on SiO, substrate by the vapor-liquid-solid method
catalyzed using 20 nm Au seeds (Pasquier, Mas-
trogiovanni, Klein, Wang, & Garfunkel, 2007),
dispersed in a P3HT solution and spin cast into
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films. The authors of this study concluded that the
GeNWs may act as a very good electron acceptor
for hybrid organic/inorganic photovoltaic devices.

Photovoltaic devices which combine inorganic
nanostructured semiconductors, such as GaAs,
and organic polymers could improve their energy
conversion efficiency. Bi and LaPierre (2009)
studied hybrid solar cells based on P3HT polymer
deposited onto vertically aligned n-type GaAs
arrays. The energy levels HOMO and LUMO are
-4.76 eV and -2.74eV, respectively, whereas the
values for GaAs HOMO=-5.49 eV and LUMO=
-4.07 eV. Therefore, GaAs nanowires are suitable
asthe electron acceptor, and P3HT as the electron
donor, in a PV device according to these energy
levels.

GaAs nanowires with a maximum length of
about 4 um and average diameter of about 70 nm
were obtained by molecular beam epitaxy method,
and P3HT polymer was deposited onto nanowire
arrays by spin-coating from solution.

The fabrication process for this type of PV
device is relatively complicated, and GaAs is an
expensive material so that the hybrid cellswith an
energy conversion efficiency of 1.04% fabricated
in the work, are not very economically attractive.

Hybrid Solar Cells Based on
Carbon Nanotubes (CNTs)

Since their discovery in 1991, carbon nanotubes
have attracted a high interest due to their out-
standing mechanical, mechanical and electrical
properties (Bokobza, 2007; Coleman, Khan, Blau,
& Gun’ko, 2006; Kaneto, Tsuruta, Sakai, Cho, &
Ando, 1999). Depending on how the carbon sheet
is rolled into a nanotube, the resulting nanotube
may have a gap in the electron spectrum. The gap
in the nanotube spectrum is determined by its
radius, which offersadirect root towards engineer-
ing semiconductors with a prescribed band gap,
for use in electronic and optoelectronic devices
(Odom, Huang, Kim, & Lieber, 1998).
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The primary application of CNTs in organic
solar cells has been as nanoscale fillers in poly-
mer films (Kymakis & Amaratunga, 2002; Landi,
Raffaelle, Castro, & Bailey, 2005). The nanotubes
were chosen due to their acceptor properties and
also to their large surface area, both elements
considered to be favorable for higher exciton dis-
sociation and increased charge carrier transport.
However, these configurations remainto have low
power conversion efficiency (<1%). CNTs were
also employed in solar cell design to serve as a
replacement for the transparent conductive oxide
layer (TCO, e.g. ITO) (Barnes, et al., 2007; Con-
treras, etal., 2007; van de Lagemaat, etal., 2006).

Recently MWCNTSs, have been used in hybrid
solar cells based on a heterojunction with and
n-type Si (Jia, et al., 2008; Wei, et al., 2007),
MWCNTs having the role of light-harvesting,
charge-separation and charge transport. Lin et al.
fabricated a hybrid solar cell using ananocompos-
ite obtained by coating of the MWCNT with Si
nanoparticles (Si-NP), this combination responds
more sensitively than those from P3HT/Si-NP or
P3HT/CNT (Lin, et al., 2010).

SWCNTs-CdS nanocomposites light-har-
vesting assemblies were also obtained by Robel,
Bunker, and Kamat (2005), they obtained both
suspensions and films. The Incident Photon-to-
Charge Carrier Efficiency (IPCE) was low (<1%)
indicating problems associated with charge col-
lection and charge transport in these films.

Functionalized carbon nanotubes (f-CNT)
were used to attach ZnO nanoparticles and used
in a photochemical solar cell by Vietmeyer et al.
(Vietmeyer, Seger, & Kamat, 2007). Although
they did not obtain a significant improvement to
the ICPE value, the photocurrent response proves
the charge transfer interaction between the excited
ZnO and f-CNT.

An interesting variety of CNT with superior
properties are the Stacked Cup Carbon Nano-
tubes (SSCNTSs), consisting of truncated conical

graphene layer providing a hallow tubular mor-
phology. This type of carbon nanotubes poses a
superior charge separation efficiency compared to
SWCNT and MWCNT. Hasobe, Fukuzumi, and
Kamat (2006) have studied the optical properties
and fabricated a high photoconversion efficiency
solar cell using this type of carbon nanotubes.
The SSCNT have been used in combination with
SnO, and TiO,. In the case of TiO, the photocur-
rent response was negligibly small, due to the
discrepancy in the band energy of the two com-
ponents. lodine redox electrolyte was used in the
photoelectrochemical solar cell.

Anotherapproachinhybridsolar cell involving
CNTs was to use the CNTs in order to improve
the efficiency of DSSCs. The CNTs are meant
to improve the charge collection and transport
of charge carriers. The first step in building a
DSSC incorporating SWCNTs is to obtain a
CNT scaffold that will allow the dispersion of
the TiO, nanoparticles, this has been studied by
Kongkanand, Martinez Dominguez, and Kamat
(2007). Brown, Takechi, and Kamat (2008) further
examined this approach fabricating a DSSC and
studying the transfer phenomenon. They observed
thatthe SWCNT do notinfluence significantly the
charge injection from the Ru complex to the TiO,
layer but they play an important part inimproving
the charge separation by slowing the recombina-
tion rate of the back electron transfer between the
oxidized Ru complex and the injected electrons.
However, this improvement in terms of current
generation comes with a cost, the photovoltage
being lower due to the fact that the modification
of the apparent Fermi level of the TiO, and SW-
CNT composite.

All this approaches in solar cells based on car-
bon nanotubes show their versatility and positive
effects in terms of charge collection and charge
carrier transport. This type of cell being able to
became the next generation in solar cells.
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TECHNOLOGIES FOR HYBRID
SOLAR CELLS FABRICATION

The hybrid solar cell “generation” uses a blend
of cheaper organic and inorganic materials but
the technology used for their fabrication is a very
important factor in total manufacturing costs.

In this chapter, we shall describe the tech-
nologies for fabrication of the most expensive
components of these devices.

Transparent Thin Films

Many photovoltaic devices use transparent thin
films as conductors of electrical charge (elec-
trodes). Among these materials are included
fluorine-dopedtin oxide (SnO,:F; or FTO), doped
zinc oxide (e.g. ZnO:Al), Indium Tin Oxide
(ITO), and Fluorine-Indium Tin Oxide (F-1TO).
They require very special deposition conditions
at high temperature and expensive equipment for
high vacuum.

Experimental procedure for preparing of F-1TO
(Takeuchi, et al., 2008) consists in the heating
the mixture of In,O, (99.99% purity) and SnO,
(99.99% purity) powders at 1400°C for 2 h. The
obtained ITO powder is mixed with HF solution
and heated at 80°C and then at 300°C for 2h.
The resulting light-green powder was sintered by
Spark Plasma Sintering (SPS) process at 1000-
1250°C and DC electric current of 1000-6000 A,
using a special equipment. Using the F-1TO disks
(obtained by SPS process) as sputtering target,
thin films were deposited on the glass substrates.

ITO powder without fluorine content was also
sintered by the same method SPS, and the films
were deposited in the same procedure.

Oxide Films
Nanoporous TiO, films, as electrodes for hybrid

solar cells, are typically prepared from colloidal
suspension containing TiO, nanoparticles. The
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suspension is applied on a substrate (e.g. a Trans-
parent Conductive Oxide, TCO) with doctor blade
or spin-coating techniques, and then the result-
ing film is sintered between 450°C and 550°C.
There are many commercially available TiO,
nanoparticles with different characteristics. TiO,
nanoparticles with anatase crystalline structure
and diameter around 20 nm give the best results
insolar cell fabrication (Mori & Yanagida, 2006).
Synthesis of TiO, nanoparticles can be achieved
from titanium (1V) isopropoxide and nitric acid
solution under vigorous stirring (Barbé, et al.,
1997). The white precipitate is heated to 80°C for
destruction of the agglomerates, filtered and heated
for 12 h in the temperature range of 200-250°C
to obtain particles with diameter of 10-25 nm.

TiO, nanoporous films can also be obtained
viasol-gel process or by electrodeposition starting
fromporousAl,O, films (Hoyer & Masuda, 1996).

Nanostructured SnO, films were prepared
from SnO, colloidal suspension containing 4 wt.%
polyethylene glycol coated on a substrate. The
SnO,-coated substrates were annealed at 400°C
for 1hinan electric furnance to obtain SnO, films
(Kudo, et al., 2007).

Nanostructured Film from
Other Inorganic Materials

Classical photovoltaic materials like CdTe (Mastai
& Hodes, 1997), CdS (Behar, Rubinstein, Hodes,
Cohen, & Cohen, 1999), CulnS,, CulnSe, and
other semiconductors derived from group 6A
of the periodic table (Rajeshwar & de Tacconi,
1997), have also been nanoscale structured onto
differentsubstrates using electrochemical deposi-
tion method.

This method offers several advantages, such
as: it involves relatively simple and inexpensive
equipment, films can be fabricated on large scale
andirregular surfaces; the deposition occurs closer
to equilibrium and the process can be precisely
controlled.
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Films from Organic/Inorganic Blends

Hybrid solar cells containaphotovoltaic active lay-
er based onthe blend of inorganic semiconductors
and an organic material, such as polymers or small
molecules. Inorganic material is nanostructured
(nanoparticles, nanocrystals, nanorods, nanowires,
hyperbranched nanocrystals) to increase the solar
cell performance.

Theactive hybrid layer is deposited either from
the mixture (solution, suspension) of inorganic
and organic phases, by spin-coating/casting, or
by coating of the inorganic phase with the organic
component.

Huynh et al. (2002) fabricated an efficient
inorganic/organic hybrid solar cell by spin-casting
asolution/dispersion of P3HT polymer and CdSe
nanorods in a mixture of pyridine and chloroform
onto an indium tin oxide glass substrate.

Hybrid solar cells based on blends of silicon
nanocrystals (Si-ncs) and polymer were obtained
by spin-coating a mixture Si-ncs/P3HT from a
common solvent (Liu, et al., 2008).

A bulk heterojunction based on a mixture of
TiO, nanoparticles and a watersoluble polymer,
poly [2-(3-thienyl)-ethoxy-4-butylsulfonate], was
obtained by drop casting a composite solution
TiO,/polymer on a FTO substrate (McLeskey &
Qiao, 2006).

Nanocrystalline-ZnO particles were blended
with a conjugated polymer MDMO-PPV with-
out the use of surfactant in a common solvent
(chlorobenzene-methanol) and the spin-casting
method was used to prepare thin bulk heterojunc-
tion films (Beek, et al., 2004).

Frequently, the hybrid active film organic/
inorganic is obtained by casting a prefabricated
nanostructured inorganic film with a polymer
solution.

ZnOnanorod arrays were grown on Au-coated
ITO substrate using a pulsed current electrolysis
method and then the space between the nanorods
was infiltrated witha P3HT solution in chloroform
(Lin, et al., 2007).

Hybrid active films were fabricated by spin-
coating P3HT as a solution in chlorobenzene,
onto vertically aligned n-type GaAs nanowires
synthesized by molecular beam epitaxy method
(Bi & LaPierre, 2009).

Vertically aligned CdTe nanorods were ob-
tained by electrodeposition on aluminium oxide
substrate and the active layer was formed by drop
casting or spin-coating of a poly(3-octylthiophene)
solutioninchloroform on the nanostructured CdTe
substrate (Kang, et al., 2005).

(Novotny, Yu, & Yu (2008) reported the syn-
thesis of InP nanowires from trimethylindiumand
phosphine on the ITO-coated glass substrate. A
P3HT solution in 1, 2, 4 trichlorobenzene was
drop cast onto the nanowires-1TO-glass layer and
the solvent was evaporated by heating at 120°C
under high vacuum (10 torr) to obtain a hybrid
active film.

Silicon nanocrystalswere synthesized inanon-
thermal radio frequency plasma via dissociation
of silane, mixed with a P3HT polymer solution
and deposited onto ITO coated glass substrate by
spin-coating method (Liu, et al., 2008).

Organic (Small Molecules)
and Metallic Films

Metal phthalocyanines or other organic dyes used
in hybrid solar cells are deposited onto different
substrates by thermal sublimation. For example,
copper phthalocyanine, one of the well-studied
organic photosensitive semiconductors was
thermally sublimated on GaAs substrate at 400-
450°C and 10 Pa (Karimov, et al., 2005). The
same method of thermal evaporation was used for
coatingsilicon waferswith nickel phthalocyanine
(El-Nahass, et al., 2005) or tetraphenylporphyrin
thinfilms (EI-Nahass, Zeyada, Aziz, & Makhlouf,
2005).

Other small organic molecules, such as octi-
thiophene (8T) were deposited on monocrystal-
line n-GaAs wafers under high vacuum (1-3x10°
mbar) and 100-140°C (Ackermann, et al., 2005).
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Metallic films (Au, Al, Ti) are deposited onto
different substrates by thermal evaporation under
high vacuum or by sputtering method (Novotny,
et al., 2008).

CONCLUSION

Hybrid solar cell combine the advantages of in-
organic semiconductors (high electron mobility,
long-term stability) with the advantages of organic
phase such as light weight, flexibility, low cost,
large diversity, and solution processing.

However, this type of cells suffers from low
efficiencies as compared to inorganic devices.
Their efficiency is limited by the low dissocia-
tion probability of excitons at the interface and
relatively inefficient charge carrier transport.

It is possible to improve the performance of
the hybrid solar cells by acting in the following
directions:

e Adding inorganic semiconductors with
very high carrier mobility and high elec-
tron affnity such as silicon crystals or
CdSe, GaAs crystals, nanocrystalline ox-
ides, etc;

. Changing bilayer (planar) heterojunction
with bulk (dispersed) heterojunction;

. Using nanostructured inorganic semicon-
ductors, such as nanoparticles, nanorods,
nanocrystals, nanopillars, nanowires, hy-
perbranched nanocrystals, etc;

e \Varying the size of the nanoparticles the
band gap can be tuned and consequently,
the absorption range can be tailored;

. Mixing organic and inorganic phases on
a nanometer scale (5-20 nm) comparable
with exciton diffusion length;

. Both the organic and inorganic phases
must form high-quality percolation net-
work spanning the thickness of the active
layer FIm for an effcient charge transport;
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. Enhancing light absorption in the red/NIR
part of the spectrum by chemical modifca-
tion of the organic phase;

. Incorporating  electroactive  surfactant,
which controls physical and electronic in-
teractions between inorganic and organic
phases.

Besidesthe efficiency, animportant character-
istic of a solar cell is represented by its lifetime,
which can make the difference between solar cells
with similar outputs. Solar cells presenting even a
low efficiency but presenting a high lifetime and
low manufacturing cost can represent the solution
for solar cells to be implemented at large scale
with affordable investment costs. Hybrid solar
cells present the possibility for the development
of this type of technologies.

In Chapter 8 isanalyzed modeling and simula-
tion of hybrid solar cells (DSSC and nanotubes)
based on J-V characteristics curves. In this way,
new information of improved design and manufac-
turing of solar cells from this category is obtained.

The recent progress in advanced inorganic
nanostructured materials in combination with
the new polymers or small organic molecules
opens opportunities to overcome the 8% barrier
of power conversion efficiency for hybrid solar
cells in the near future.
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Chapter 7
Polymer Solar Cells

Catalin Zaharia
Polytechnic University of Bucharest, Romania

ABSTRACT

Currently, the active materials used for the fabrication of solar cells are mainly inorganic. Materials
such assilicon (Si), gallium-arsenide (GaAs), cadmium-telluride (CdTe), and cadmium-indium-selenide
(CIS). Nevertheless, the large production cost for the silicon solar cells is one of the major drawback
in this feld. This chapter is dedicated to a critical presentation of another type of photovoltaics, called
polymer, or plastic, solar cell technology. Polymer solar cells have attracted signifcant attention in
the past few years due to their potential of providing environmentally safe, lightweight, fexible, and

effcient solar cells.

INTRODUCTION

Photovoltaics (PV) is one of the fastest growing of
all the renewable energy technologies. Solar cell
manufacturing based on the technology of crystal-
line, silicon devices is growing by approximately
40% per year and this growth rate is increasing
nowadays (Jager-Waldau, 2003). This has been

DOI: 10.4018/978-1-4666-1927-2.ch007

realized mainly by special market implementa-
tion programs to encourage a substantial use of
the current PV technologies based on silicon. Ef-
forts are now made to diminish the costs of these
silicon-based technologies. Toensure asustainable
technology path for PV, efforts to reduce the costs
of the current silicon technology need to be bal-
anced with variety in PV technology.

Copyright © 2013, I1GI Global. Copying or distributing in print or electronic forms without written permission of 1GI Global is prohibited.
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Figure 1. Molecular structures of conjugated polymers: polyacetylene (PA), poly(p-phenylene vinylene)
(PPV), and poly(2-methoxy-5-(3,7’-dimethyloctyloxy)-1,4-phenylene vinylene) (MDMO-PPV)

The new approach consists in entirely new
materials, namely conjugated polymers and mol-
ecules. Polymer solar cells are lightweight, flex-
ible, and cheap to make (Chen, Hong, Li, & Yang,
2009; Roncali, 2009; Tremolet de Villers, Tassone,
Tolbert, & Schwartz, 2009). Nevertheless, these
devices have been too inefficient to compete with
silicon solar cells for most applications. Now
researchers from a few institutions claim to have
made polymer solar cells with record-breaking
efficiencies. These cells still are not good enough
to compete with silicon, but polymer efficiencies
have been increasing at a rate of about 1 percent a
year. If this rate increases, plastic solar cells will
be competing with silicon within a few years.

Conjugated materials are organics consist-
ing of alternating single and double bonds.
Conjugated polymers and molecules have the
immense advantage of facile, chemical tailor-
ing to alter their properties, such as the band
gap. Conjugated polymers (Figure 1) combine
the electronic properties known from the tradi-
tional semiconductors and conductors with the
ease of processing and mechanical flexibility of
plastics. Therefore, this new class of materials
has attracted considerable attention owing to
its potential of providing environmentally safe,
flexible, lightweight, inexpensive electronics. The
field of electronics based on conjugated materials
started in 1977 when Heeger, MacDiarmid, and
Shirakawa discovered that the conductivity of the
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conjugated polymer polyacetylene (PA, Figure 1)
can be increased by seven orders of magnitude
upon oxidation with iodine, for which they were
awarded the Nobel Prize in Chemistry in 2000
(Heeger, 2001; MacDiarmid, 2001; Shirakawa,
2001; Shirakawa, McDiarmid, Heeger, 2003)
Thisdiscovery led, subsequently, to the discovery
of electroluminescence in a poly(p-phenylene
vinylene) (PPV, Figure 1) by Burroughes et al.
(1990). The first light-emitting products based on
electroluminescence in conjugated polymers have
already been emerged on the consumer market
by Philips (The Netherlands) in 2002, and light-
emitting products based on conjugated molecules
have been introduced by the joint venture of Kodak
and Sanyo (Japan).

In organic Photovoltaic Devices (PVDs), the
energy conversion efficiency up to 3% under il-
lumination of AM 1.5 has now been reached, in
devices based on organic small molecule solar
cellsand inpolymer-based systems suchas poly(3-
hexylthiophene) (P3HT) and poly (2-methoxy,
5-(3’,7’-dimethyl-octyloxy))-p-phenylene vinyl-
ene) (MDMO-PPYV, Figure 1) combined with a
fullerene derivative [6,6]-phenyl-C61-butyricacid
methyl ester (PCBM, Figure 2) (Brabec, Sar-
iciftci, & Hummelen, 2001; Chen, et al., 2009;
Hoppe, etal., 2006; Offermans, Meskers, & Jans-
sen, 2006; Padinger, Rittberger, & Sariciftci, 2003;
Roncali, 2009).
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Figure 2. Molecular structures of [6,6]-phenyl-C61-butyric acid methyl ester and phenyl-C_ -butyric-

acid-methyl ester, PCBM,, and PCBM_|

Polymer PVDs are thin film cells with a thick-
ness of only a few hundred nanometers (nm), in
which a polymer film deposited by solution pro-
cessing is the active layer. The film is sandwiched
between two electrodes with different work func-
tions, one of which is transparent for incident
light. The requirements for electrodes in such
devices are that they give solid film with high
conductivity and desired work function. Polymers
have not been routinely used as electrodes due to
their low conductivity compared to their inor-
ganic counterpart ITO. Even though ITO coated
on flexible substrates is an option for flexible
electrodes, its flexibility is limited. Gustafsson et
al. made a fully flexible PLED by using
poly(ethylene terephthalate) (PET) as the sub-
strate, soluble polyaniline (PANI) as the hole
injection electrode and polymer poly(2-methoxy,5-
(2’-ethyl-hexoxy)-1,4-phenylene vinylene)
(MEH-PPV) as emitter (Gustafsson, etal., 1993).
Their results demonstrated the possibility to use

conducting polymer PANI as an electrode for
polymer electronics. The optical absorption of
polyaniline is found in the visible wavelengths
and compromises the transmission to the active
layer. The use of a doped conjugated polymer as
aninjection layer inpolymer deviceswastherefore
extendedtothe polythiophene family of polymers.
Previous papers showed that poly(3,4-ethylene-
dioxythiophene) doped with polystyrene sul-
phonicacid (PSS) could be obtained by electropo-
lymerization, and used as the anode in nano-LEDs
and flexible nano LEDs (Cui, Teixeira, Zhang, &
Lee, 2006; Granstrom, Berggren, & Inganas, 1995;
Inganas, 2010). Another material PEDOT-PSS
wasalso employed, showing amajorimprovement
of performance and stability of LEDs (Kymakis,
etal., 2006; Nardes, Kemerink, & Janssen, 2007;
Nardes, et al., 2007) Flexible organic small mo-
lecular LEDs, using commercial PEDOT-PSS
conducting film coated on flexible substrate PET
as an anode, were fabricated and reached maxi-
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mum illumination 2760 cd/m?, and maximum
External Quantum Efficiency (EQE) of 1.3%,
which is close to the performance of similar Or-
ganic Light-Emitting Diodes (OLEDs) using ITO
as electrode, and with better flexibility.

As a conclusion, we may say that organic PV
devices show great promise for decreasing the
cost of solar energy to the point where it may
become widespread in the decades ahead. While
great progress has been made inthe last years with
respect to understanding the chemistry, physics,
and materials science of organic photovoltaics,
work remains to be done to further improve their
performance. Specifically, novel nanostructures
must be optimized to promote charge carrier diffu-
sion; transport must be enhanced through control
of order and morphology.

BASIC CONCEPTS IN
POLYMER SOLAR CELLS

This chapter will focus on the presentation of
the main types of polymer solar cells and their
characteristics.

Double Layer Cells

Thefirstapproach to obtain organic solar cells was
made by sandwiching a single layer of organic
material between two dissimilar electrodes. In
these cells, the photovoltaic properties strongly
depend on the nature of the electrodes. The power
conversion efficiencies reached almost 0.3% (Al-
Mohamad, 2004; Yu, Gao, Hummelen, Wudl, &
Heeger, 1995).

Tang proposed a double-layer structure of a
p-n organic semiconductor (Tang, 1986). A 70
nm thick two-layer device was made using cop-
per phthalocyanine as the electron donor, and a
perylene tetracarboxylic derivative as the electron
acceptor. The photoactive material was placed
between two dissimilar electrodes, Indium Tin
Oxide (ITO) for collection of the positive charges
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and silver (Ag) to collect the negative charges.
A power conversion efficiency of about 1% was
achieved under simulated AM2 illumination. In
the double-layer structure the photoexcitations
in the photoactive material have to reach the p-n
interface where charge transfer can occur, before
the excitation energy of the molecule islost viain-
trinsic radiative and non-radiative decay processes
to the ground state. Because the exciton diffusion
length of the organic material is in general limited
to 5-10nm, only absorption of light within a very
thin layer around the interface contributes to the
photovoltaic effect. This limits the performance
of double-layer devices, because such thin layer
can impossibly absorb all the light (Palmaerts, et
al., 2009; Sariciftci, Smilowitz, Heeger, & Wudl,
1992). Astrategy to improve the efficiency of the
double-layer cell is related to structural organiza-
tion of the organic material to extend the exciton
diffusion length and, therefore, create a thicker
photoactive interfacial area.

Bulk Heterojunction Cells

Organicsolar cellsrely onaheterojunctionresult-
ing fromthe contact ofadonor (D) and an acceptor
(A) material. Absorption of solar photons creates
excitons, which diffuse to the D/Ainterface, where
they are dissociated into free holes and electrons
by the electric field. This type of heterojunction
can be created with two types of architectures,
namely, bilayer heterojunction and bulk hetero-
junction solar cells. Bulk heterojunction cells
combine the advantages of easier fabrication and
higher conversion efficiency due to the high D/A
interface (Koetse, etal., 2006; Moulé & Meerholz,
2007; Parmer, et al., 2008; Roncali, 2009).

Solar cells based on conjugated polymers
gained a lot of attention since the discovery of
the bulk heterojunction cell in 1995 (Yu, et al.,
1995). Hereby we describe first the principles of
the bulk heterojunction process.

If we combine electron donating (p-type) and
electron accepting (n-type) materials in the active
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layer of asolar cell, we should be aware of the fact
that excitons created in material may diffuse at
the interface to enable charge separation. Due to
their short lifetime and low mobility, the diffusion
length of the excitons in organic semiconductors
is limited to about 10 nm only. This means an
important limit to efficient charge generation.
Anywhere in the active layer, the distance to the
interface should be on the order of the exciton
diffusion length. Despite their high absorption
coefficients a 20 nm double layer of donor and
acceptor materials would not be optical dense,
allowing most photonsto pass freely. The solution
to this quite serious problem is relatively simple.
By simple mixing the p and n type materials and
relying ontheintrinsic tendency of polymer mate-
rials to phase separate on a nanometer dimension,
junctions throughout the bulk of the material are
created that ensure quantitative dissociation of
photogenerated excitons. The main operation
scheme of such a heterojunction cell is presented
in Figure 3.

The bulk heterojunction is presently the most
widely used photoactive layer. As a result of the
intimate mixing, the interface where charge trans-
fer can occur has increased enormously. The
exciton, created after the absorption of light, has
to diffuse towards this charge-transfer interface
for charge generation to occur. The diffusion
length of the exciton in organic materials, how-
ever, is typically 10 nm or less. This means that
for efficient charge generation after absorption of
light, each exciton has to find a donoracceptor
interface within a few nanometers; otherwise, it
will be lostwithout charge generation. An intimate
bicontinuous network of donor and acceptor
materials in the nanometer range should suppress
exciton loss prior to charge generation. Control
of morphology is not only required for a large
charge-generating interface and suppression of
exciton loss, but also to ensure percolation path-
ways for both electron and hole transport to the
collecting electrodes.

Figure 3. Schematic representation of bulk het-
erojunction concept. The photoactive material
absorbs light and then the charge transfer occur
through nanoscopic mixing of donor and acceptor.
Next, the photogenerated charges are transported
and collected at the electrodes.

State of the Art in Bulk
Heterojunction Cells (BHJ)

Numerous combinations of donor and acceptor
materials have been used to set up bulk hetero-
junction solar cells in which the composite active
layer is inserted between two electrodes.
Amajor breakthroughtotruly appealing power
conversion efficiencies exceeding 2.5% under
simulated AM1.5 illumination was realized for
bulk-heterojunction solar cells based on MDMO-
PPVasadonorand PCBM asan acceptor (Hoppe,
Drees, Schwinger, Schaffler, & Sariciftcia, 2005;
Shaheen, et al., 2001). In PCBM, the fullerene
cage carries a substituent that prevents extensive
crystallization upon mixing with the conjugated
polymer and enhances the miscibility. In these
2.5% efficient cells, the photoactive composite
layer is sandwiched between two electrodes with
different work functions: a transparent front elec-
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trode consisting of indium tin oxide covered with
aconducting polymer poly(ethylene dioxythiophe
ne):poly(styrenesulfonate) (PEDOT:PSS) for hole
collection and a metal back electrode consisting
of a very thin (~ 1 nm) layer of lithium flouride
covered with Al for electron collection. A brief
representation of the architecture of polymer-
fullerene bulk heterojunction cell is shown in
Figure 4.

In the last years various studies have focused
on serious understanding of these MDMO-PPV/
PCBM bulk heterojunctions (Hoppe, et al., 2006;
Manca, et al., 2003; Martens, et al., 2003). Inves-
tigations into the morphology, electronic structure,
and charge transport have provided detailed un-
derstanding of the degree and dimensions of the
phase separation in the active layer, on the origin
of the open-circuit voltage, the influence of elec-
trode materials, and the magnitude of charge
carrier mobilities for electrons and holes. These
studies revealed that PCBM has high electron
mobility compared to many other organic or
polymer materials that can be deposited by spin
coating.

One of the most extensively investigated
and promising material combination in polymer
solar cells are that of regioregular poly(3-hexyl-
thiophene) (rr-P3HT) with a fullerene derivative
([6,6]-phenyl-C61 butyric acid methyl ester,
PCBM) as the donor and acceptor materials, re-
spectively, inabulk-heterojunction (Hauch, etal.,
2008; Keawprajak, Piyakulawat, Klamchuen, lam-
raksa, & Asawapirom, 2010; Li, Shrotriya, Yao,
Huang, & Yang, 2007).The bulk-heterojunction
PVCs made from a blend of rr-P3HT and PCBM
have been shown to have a PCE up to 3-5% and
more than 6% for tandem cells (Baek, etal., 20009;
Kim, et al., 2006). In order to achieve the high
photovoltaic performance, the band gap energy,
HOMO/ LUMO levels and carrier mobilities of
the heterojunction materials need to be optimized
simultaneously. Within a relatively short period,
P3HT has become the most important donor for
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Figure 4. Schematic architecture of a polymer-
fullerene bulk heterojunction cell

BHJ cells and power conversion efficiencies of
about5% have been recently reported in literature
[roncali]. Nevertheless, P3HT has a number of
drawbacks related to its synthesis, purification,
and intrinsic electronic properties. The synthe-
sis of this regioregular polymer is conducted in
harsh conditions (cryogenic). Grignard method
simplified the synthesis but terminal bromine
atom groups still remained in the polymer. Fur-
thermore, the molecular weight, regioregularity
and polydisperisty seriously affect the efficiencies
of bulk heterojunctionsolar cells (Roncali, 2009).
P3HT can absorb only a limited fraction of the
solar photons (around 30%) due to a law band
gap (1.90 eV). A relatively high-lying HOMO
level sets the maximum cell voltage to 0.60-0.65
V and represents a potential cause of instability
in atmospheric conditions. Post thermal process
treatment of the P3HT-PCBM material improves
the morphology of the bicontinuous phase and the
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Figure 5. Tandem solar cells for different connection types. Parallel and serial connections (right and

left side).

crystallinity of P3HT. Only in this way efficien-
cies up to 5% could be reached (Roncali, 2009).

An interesting type of polymer cell based on
conjugated polymer and fullerene composites is
represented by tandem polymer solar cells.

In tandem cells, two or more heterojunction
solar cells are deposited on top of each other.
Two methods are available to stack these cells:
parallel or serial (Figure 5). For parallel connec-
tions intermediate electrodes ensure the charge
collection for each cell. These electrodes have
to be transparent to minimize photon losses and
highly conducting to maximize charge carriers
collection. An obvious material for suchelectrode
would be Indium Tin Oxide (ITO). However, ITO
is usually deposited via reactive sputtering which
might severely damage the conjugated polymer.
Therefore, such parallel connections could be
achieved very easy in the case of organic semi-
conductor solar cells. Serial connection is much
likely to be obtained since it does just require
thin, non-continuous, non-absorbing metallic
layers to separate the different cells and act as
recombination layer.

Polymer-fullerene composites offer special
opportunitiesas renewable energy sources because
they can be fabricated to extend over large areas

by means of low-cost printing and coating tech-
nologies that cansimultaneously patternthe active
materials on lightweight flexible substrates. Al-
though progress has been made with power con-
version efficiencies (n ) of 5% (Kim, etal., 2007;
Reyes-Reyes, Kim, & Carroll, 2005), the limited
efficiency has negative impacts oncommercializa-
tion. The “tandem cell” system, a multilayer
structure that is equivalent to two photovoltaic
cells in series, offers a number of advantages
(Kim, et al., 2007). Because the two cells are in
series, the open circuit voltage (\Moc) is increased
to the sum of the V__of the individual cells. The
use of two semiconductors with different band
gaps enables absorption over a broad range of
photon energies within the solar emission spec-
trum. The two cells typically use a wide band-gap
semiconductor for the first cell and a smaller
band-gap semiconductor for the second cell.
Because the electron-hole pairs generated by
photons with energies greater than that of the
energy gap rapidly relax to the respective band
edges, the power-conversion efficiency of the two
cells in series is better than that of a single cell
made from the smaller band-gap material. Due to
the low mobility of the charge carriers in the
polymer-fullerene composites, an increase in the
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thickness of the active layer increases the internal
resistance of the device, which reduces both the
V_and fill factor (FF). The tandem cell can there-
fore improve the light harvesting in polymer-based
photovoltaic cells (Kim, et al., 2007).

Most of the tandem structures have been
proposed for small molecules heterojunction and
hybrid organic solar cells (Drechsel, et al., 2005;
Kim, et al., 2007). However, a lot of recent stud-
ies showed polymer-fullerene composite systems
in tandem architecture (Kawano, Ito, Nishimori,
& Sakai, 2006; Shrotriya, Wu, Li, Yao, & Yang,
2006). These polymer based tandem cells exhibit
ahigh'V_, close to the expected sum of the V. _of
the two subcells, but the short-circuit current (J_ )
is lower than that of either single cell. When the
same polymer was used for the front and back
cells, the small J_ was attributed to the absorp-
tion spectra being identical, so that the back cell
absorbs less incident light and thus limits the
photocurrent. Some authors show for the tandem
cells the TiO, intermediate layer was deposited
from solution (by means of sol-gel chemistry)
with no substantial interlayer mixing (Kim, etal.,
2007). The performance of the polymer tandem
solar cell is summarized as follows: J_ = 7.8 mA/
cm? V. =1.24V,FF=0.67,and n, = 6.5% (Kim,
et al., 2007).

Another interesting system is composed of
Single-Wall Carbon Nanotubes (SWNTs) do-
nor conjugated polymer composites (Kymakis
& Amaratunga, 2004; Park, et al., 2008; Song,
Lee, & Jo, 2010). We illustrate here an example
of hotovoltaic devices based on the dispersed
heterojunction concept, containing a blend of
SWNTs and soluble poly(3-octylthiophene)
(P30OT) (Carroll, Czerw, Harrison2006; Song, et
al., 2010; Stefopoulos, et al., 2008).

Here the approach focuses onthe the formation
of an interpenetrating blend of polymer electron
donors and carbon nanotubes electron acceptors.
The charge separation is achieved due to a band
offset at the interface and collection because of
the existence of a bi-continuous network along

108

3RO\PHU 6RODU &HOOV

which electrons and holes can travel through the
electron acceptor and the electron donor, respec-
tively, towards their respective contacts. In this
way, the blend can be considered as a network of
donor and acceptor heterojunctions that allows
efficientexciton dissociationand balanced bipolar
transport throughout its entire volume.

Poly(3-octylthiophene) (P3OT), acting as
the photoexcited electron donor, is blended with
SWNTs, which act as the electron acceptor. Ef-
ficientexcitondissociation isexpected atthe poly-
mer—nanotube interface. Charge transfer would
then follow by the transport of electrons through
the nanotube length to the electron contacting
contact (Al), and holes through the polymer to the
hole collecting contact (ITO). The polymer P30T
is assumed to behave as a p-type semiconductor,
since its hole mobility is much higher than its
electron mobility. While the carbon nanotubes
are assumed to behave as metals, due to the fact
that they are either metallic, or semiconducting
with a very small bandgap of 0.1-0.2 eV. When
the polymer (p-semiconductor) comes into contact
with the nanotube (metal), the difference in the
electrochemical potential of the polymer and the
contacting phase of the nanotube results in charge
equilibration at the heterojunction.

The current-voltage characteristics of these
types of devices (ITO/P3OT-SWNTs/Al) under
dark and under white light illumination (AM1.5,
100mW/cm?). Under illumination, the blend
device shows short circuit photocurrent density
(Jsc) of 0.12 mA/ cm? and an open circuit voltage
(V,) of 0.75V while the pristine device shows
J,=0.7 mA/cm? and V, =0.35 V (Kymakis &
Amaratunga, 2002).

The power efficiency of the blend device is
dramatically increased from 2.5x10° to 0.04%
with respect to the pristine one. Thus, a con-
siderable improvement of photovoltaic effect is
observed with the P3OT-SWNTs blend structure.
TheJ_ inthe blend device is larger than that in the
pristine device by about two orders of magnitude.
Moreover, the V., and the fill factor in the blend
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device are also significantly larger than those in
the pristine diode (Kymakis & Amaratunga, 2002).

Although the efficiencies of the polymer solar
cellsaresignificantly increased uponthe introduc-
tion of nanotubes, they are far from rivaling those
of fullerene-based devices. The low photocurrent
is caused by the mismatch of the optical absorp-
tion of the polymer and the solar spectrum, and
the fact that the nanotubes do not contribute to
the photogeneration process, as the fullerenes
do. Nevertheless, this type of polymer solar cell
represents an interesting alternative to organic
semiconductors for the manufacture of solar cells
with improved performance.

The last approach presented here is targeted
on Poly(2,5-bis(3-tetradecyllthiophen-2-yl)
thieno[3,2-b]thiophene) (pBTTT) which has
caused recent excitement in the organic electron-
ics community because of its high reported hole
mobility (0.6 cm?/V-s) (Parmer, et al., 2008) that
was measured in field effect transistors and its
ability to form large crystals. The hole mobility
of the most efficient pPBTTT:PCBM cells as mea-
sured by Space Charge Limited Current (SCLC)
modeling was found to be 3.8x107* cm?/V's. This
value is lower than the typical reported out-of-
plane mobility of PCBM. By varying the polymer/
fullerene blend ratio, the choice of fullerene, and
annealing conditions authors found a maximum
efficiency of 2.3% for a 1:4 blend ratio having
a short-circuit current density (J_)of 9.37 mA/
cm?, an open circuit voltage (V ) of 0.525V, and
a Fill Factor (FF) of 0.48 (Parmer, et al., 2008).
These initial results show the potential of pBTTT
as a light absorbing, hole transporting material
for use in high efficiency polymer:PCBM bulk
heterojunction solar cells.

TECHNOLOGIES FOR HYBRID
SOLAR CELLS FABRICATION

Most improvements in polymer cells have been
done through materials such as P3HT and the

fullerenesPCBM, ,andPCBM, . Interms of device
structure, efforts have been relatively limited for
various reasons. There is a considerable drive to-
wards achieving high power conversion efficiency
and this implies small devices and a high conduc-
tivity of the electrodes. Since the back electrode
forcellsistypically an evaporated metal electrode
the limiting electrode in terms of conductivity is
the necessarily transparent front electrode. The
best performing transparentelectrode material that
combines high transparency over a broad range
of wavelengths and high electrical conductivity is
Indium Tin Oxide (ITO). Fromthe point of view of
processing polymer solar cellsonalarge scale there
are several problems connected to the use of ITO
but for the purpose of breaking power conversion
efficiency records there are few. The reason that
nearly all reported devices with any significant
power conversion efficiency are prepared on ITO
covered glass substrates is understandable. This
has severely limited the evolution of both device
geometry and processing techniques.

Polymer solar cells typically showamultilayer
structure where each layer in the stack may be
formed by an individual film-forming technique.
This could be regarded as a particular advantage
of the technology. First, it is very versatile that
one in principle can arrive at the same device
geometry through many different routes. Next, it
is of some importance from an Intellectual Prop-
erty Rights (IPR) point of view as this implies
that it will be almost impossible to efficiently
protect a polymer solar cell product unless it
is materials specific. Since both the available
device geometries and many materials are prior
art there is little hope that one can protect ideas
through a particular process sequence and even
if possible it would be very easy to circumvent.
A further complication lies in the fact that it is
not always possible with a printed film at hand to
establish how it was made. While some printing
methods give rise to characteristics in the printed
film that does allow for their identification it can
be anticipated to be very difficult for multilayer
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films. This should be viewed as strengths of the
technology as it increases competition and places
focus of the competition on what matters, namely
overall performance, and places the judgment in
the hand of the consumer, where it should be,
rather than Olympic records in scientific articles.
Thirdly, this aspect makes it desirable to invent
new device structures and electrodes as thiswould
become valuable IPR in the event that a competi-
tive device could be prepared.

There are many explored film-forming tech-
niques for the processing of polymer solar cell
(Dang, Wantz, Hirsch, & Parneix, 2009; Kim, et
al., 2007; Krebs, Alstrup, Spanggaard, Larsen,
& Kold, 2004). The techniques that have been
explored are generally suitable for individual pro-
cessing of small substrates (i.e. spin coating, doctor
blading and casting) and this could be a drawback.
Nevertheless, there are many techniques special-
ized for developed for high volume processing
of paper, plastic and textile materials where the
substrate is in the form of a continuous roll of
material. This is often called roll-to-roll coating
or reel-to-reel coating and the processing equip-
mentgenerally comprises: unwinding, coatingand
rewinding of the material (Krebs, 2009a). Other
processes may be involved such as cleaning, pre/
post treatments of the fabric, heating, drying, etc.
(Krebs, 2009a). The coating techniques are very
useful for high-rate coating or printing and they
have been developed with the aim of achieving
a very low process cost. While this has not been
shown repeatedly in the context of polymer solar
cells it is generally accepted that R2R processing
is cheap and fast.

One of the challenges is to identify the ideal
coating techniques for polymer solar cells. Some
techniques are suited only for coating an even
layer over the entire substrate surface thus giving
0-dimensional control (i.e. no ability to create a
pattern), other techniques allow for 1-dimensional
control of the pattern and in the context of a
substrate passing a coating head this implies that
a striped pattern can be created (Krebs, 2009a).

110

3RO\PHU 6RODU &HOOV

Further, some methods allow for full 2-dimen-
sional control of the printed pattern where any
shape can be reproduced onthe substrates. Finally,
some coating methods allow for the formation of
multilayer films in the same coating step. Combi-
nations of these techniques can in principle enable
pseudo 3-dimensional control during printing (i.e.
both pattern and multilayer structure). A second
challenge is that with each of these coating tech-
niques there are often a window of operation in
terms of processing speed and achievable wet
layer thickness that all hinges on the properties
of the ink and the interplay between the surface
that is to be coated. Viscosity, surface tension,
surface energy, volatility are afew of the important
ink properties that have to be taken into account
when procuring the ink. It should be noted that
it is customary in the coating industry to employ
additives and adjuvants that are added to the ink
to adjust the properties such that printability/
coatability of the ink is achieved. This is all very
well for traditional coating and printing where the
transfer of a pattern is all that is required. In the
case of polymer solar cells, the coated pattern has
to be functional after the film is formed. It should
thus be anticipated that there is limited freedom
when choosing additives to aid printing/coating.

Coating and Printing Techniques

We have to establish from the beginning the differ-
ence between a coating and a printing technique.
Printing is used to describe a method by which a
layer of ink is transferred from a stamp to a sub-
strate by a reversing action. By contrast, coating
is used to describe a process by which a layer of
ink is transferred to the substrate by essentially
pouring, painting, spraying, casting, or smearing
it over the surface.

Printing techniques include techniques such
as screen-printing, pad printing, gravure print-
ing, flexographic printing, and offset printing.
Coating techniques include spin-coating, doctor
blading, casting, painting, spray coating, slot-
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Figure 6. Schematic illustration of the spin coating technique

die coating, slide coating, and knife-over-edge
coating. Some of them will be briefly discussed
within this chapter.

Casting on Single Substrate

Casting on single substrate is the simplest film-
forming technique available. The advantage is
that only a horizontal work surface is needed.
The procedure is to simply cast a solution onto a
substrate followed by drying. While it is possible
to prepare films of good quality and also thick
films the technique suffers from a lack of control
over the film thickness and often picture framing
effects are observed near the edges of the film or
precipitation during drying. In cases where the
surface tension of the liquid dominates the drying
isinhomogeneous. Also thereisarequirementthat
the material to be coated has a high solubility in
the solvent used if crystallisation or precipitation
is to be avoided.

Spin-Coating on Single Substrate

The film-forming technique which has been most
important for the obtaining of polymer solar cells
to this day is spin coating. In spite of the com-
plexity of film formation it allows for the highly
reproducible formation of films and has several
advantages over other coating techniques during
drying which allows for the formation of very

homogenous films over a large area (the diameter
of the substrate can be as high as 30 cm). The
technique is used in the microelectronics indus-
try during application of polymeric photoresists
to silicon wafers and is involved in crucial steps
during the production of Digital Versatile Discs
(DVDs) and Compact Discs (CDs). The typical
spin coating operation involves application of a
liquid to a substrate followed by acceleration of
the substrate to a chosen rotational speed (Figure
6). Alternatively the liquid solution may be ap-
plied while the substrate is spinning. The angular
velocity of the substrate with the overlying solution
results in the ejection of most of the applied liquid
where only a thin film is left on the substrate. The
thickness, morphology, and surface topography
of the final film obtained from a particular mate-
rial in a given solvent at a given concentration
is highly reproducible. Some examples of this
are the spin coating of P3BHT-PCBM mixtures
from 1,2-dichlorobenzene (Krebs, 2009a) while
allowing the wet film to dry slowly (either while
spinning or by leaving the wet film in an environ-
ment saturated with solvent).

Screen Printing on Single Substrate
The first developments of screen printing date
back to the beginning of the 20" century. It is a

very versatile printing technique that allows for
full 2-dimensional patterning of the printed layer.
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Its main distinction from all other printing and
coating techniques is a large wet film thickness
and a requirement for a relatively high viscos-
ity and a low volatility of the coating solution.
An interesting process is presented in literature
with silk fibre material (Krebs, et al., 2004). The
conjugated polymer MEH-PPV with a molecular
weight, M =100000 g/mol apolydispersity of 2.0
was commercially available and was issolved in
chlorobenzene at a concentration of 14.6 mg/ml.
The concentration was found to be critical since
the viscosity hasalarge influence onthessilkscreen
printing process and has to match the mesh used
in the silk screen mask such that the polymer so-
lution will not run through the mask but will be
transferred through the mesh upon application of
a mechanical pressure. The substrates were ITO
covered 200 mm Polyethyleneterephthalate (PET)
foil with a surface resistance lower than 70 Q.
The electrode pattern was prepared by standard
silkscreen printing of an etch resistand subsequent
etching as described earlier. Thermosetting silver
epoxy contacts were silkscreen printed onto the
etched substrates followed by hardening at 150
°C. The substrate with contacts was then ready
for printing of the conjugated polymer pattern.
The drying of the printed pattern was achieved
in approximately 15 s while we observed few
problems with drying (and subsequent changes
in viscosity) of the polymer solution on the silk
screen for the duration of the experiment (30
min) where the printing and drying of a solar cell
could be completed in 20 s by manually operating
the printing machine. The final polymer films
had thicknesses in the 140 150 nm range and
absorbencies equal to 3.0. The substrate with the
ITO electrode surface and the printed polymer
was then transferred to a vacuum chamber and
mounted with a shadow mask in front provid-
ing the pattern of the second electrode. The best
device performance was obtained by sublimation
of a thin layer of C_; (ca. 225 nm) followed by
aluminum (ca. 34 nm). The completed solar cell
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device was removed from the vacuum chamber
and was ready for experiments or for lamination.
The lamination was achieved using PET foil in
an office laminator at a temperature of ca. 125
°C. The areas of the conjugated polymer film
that were not covered by aluminum for the solar
cells that were not laminated bleached quickly
due to interaction with molecular oxygen from
the atmosphere.

The performances of this type pf solar cell
are the following: J_=20 pA/cm? V_ = 0.73 V,
FF=0.49 and the efficiency 0.0046% (Krebs, et
al., 2004).

Ink Jet Printing

Ink jet printing is a relatively novel process from
the pointof view of industrial printing and coating
andthe technology has beendriven forward by the
typical low-cost ink jet printer for the home office
(Krebs, 2009a). Industrial ink jet printers where
one has some choice in the type of solvents used
have become commercially available recently. The
printing head is ceramic or especially resistant
towards organic solvents and it is thus possible
for the experimentalist to procure an ink formula-
tion based on wide range of solvents. The ink jet
printing process has the advantage of quite high
resolution, which is easily 300 dpi and up to as
a much as 1200 dpi without too great difficulty.
In contrast to most other printing techniques
relevant to polymer solar cells there is no need
for a complex master as the source image to be
printed is digital.

It is difficult at the current stage to determine
whether ink jet printing will play animportantrole
in the high volume fabrication of polymer solar
cells. The advantages offered by the technique
and the good literature examples of its use makes
it likely that it will become of use for creating
complex patternsand perhaps devices withasmall
outline of the active area.
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Figure 7. Schematic representations of roll coating and printing techniques. Notice the dotted line show-
ing the coated material and the thin line showing the web.

Roll-to-Roll Techniques

These techniques involve substrates as long sheets
wound on a roll. Aweb-type substrate material is
used and requires mechanical flexibility. During
printing and coating the web material is unwound
from the roll and passed through the printing or
coating machine and once through the process
the material is rewound on a roll. Aside from the
printing or coating operation there may be other
process steps involved such as heating, drying,
UV-curing, etc. ldeally the raw substrate should
enter the processing machine at one end and the
completed flexible polymer solar cell should
emerge in the other end. This is appealing and
in the printing and coating industry one strives
to process in such an integrated manner as the
handling damage is significantly reduced and
often throughput can be increased.

Most printing and coating methods only deal
with the formation of the wet film and that the dry
film that is employed in the solar cell is obtained
by asecondary process to the printing and coating
operation such as drying or curing.

There are several examples presented in the
literature on these roll-to-roll techniques and es-
pecially on coating and printing systems (Krebs,
2009a, 2009b). The simplest one is presented in
Figure 7.

The printing or coating may take place over
unsupported web but is most often carried out
over aroller of some sort that guides the web past
the coating or printing unit and acts as a solid
support. The coating roller may be run by a motor
or may simply rotate freely and follow the web.
The simplest systems comprise at least one roller
(i.e. knife-over-edge, slot-die and curtain coating)
but more rollers may be involved as in 2-roller
gravure systems where one roller with the pattern
to be printed is brought into contact with web
supported by the coating roller. More rolls may
also be involved where a feed, metering or foun-
tain roller is employed that feeds the roller car-
rying the motif with ink.

Nextwe will present some examples of roll-to-
techniques based on recent literature data (Krebs,
2009a, 2009b).

Slot Die Coating

This type of coating is suited for multilayer solar
cell having materials stripes layered on top of
each other. The alignment of the pattern is easy
as the coating head is simply translated along the
direction perpendicular to the direction of the
web movement. The technique belongs to the
premetered coating techniques where all the ink
suppliedtothe coating head is coated with no loss.
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If we consider ink solution for polymer solar
cells (1-20 cPviscosity) the mask thickness should
be around 25-50 mm (Krebs, 2009a). The coated
pattern could be easily changed if the mask must
be changed.

This type pf coating is very popular and in-
tensively studied especially for viscous solutions
at high coating speeds (higher than 11 mm/min).
There are of range of web speeds in which slot die
coating may be applied for aspecificink composi-
tion. If we deal with lower or higher speeds this
type of coating is no longer possible.

Knife-over-Edge Coating
and Meniscus Coating

This technique is not so used in the processing
of polymer solar cells but it is an interesting one.
In this case the knife is stationary and the web is
moving. The knife is suitably used in conjunction
withan ink bath positioned in frontof the knife. The
knife may also be placed over unsupported web.

Knife-over-edge coating is a 0-dimensional
coating technique andthe coatingisapplied evenly
over the surface of the substrate (Krebs, 2009a,
2009b). While it is not suited for patterning, the
barriers of the coating bath may be adjusted so as
to limit the coating to a part of the knife width.
The edge definition is not sharp and depends on
the gap between the knife and the substrate and
the web speed. At slow speeds and a short knife-
to-web distance, the meniscus of the liquid will
draw out along the knife and will extend over the
entire length of the knife. This process works well
for liquids of low viscosity.

Knife-over-edge coating fills out an uneven
surfaceand ifthe ink has good levelling properties
very smooth filmsare obtained. Meniscus coating
offersthe possibility to coat an even layer over the
surface just like knife-over-edge coating but the
metering of the ink is done by a roller separated
by some distance from the coating roller carrying
the web. The direction of rotation of the roller may
be in the same direction as the web or opposite.
The meniscus formed in the gap between the
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two rollers can be controlled and a variation in
the thickness may be obtained by controlling the
gap distance and the speed/direction of the roller.

Curtain, Multilayer, Slot,
and Slide Coating

This is the most promising technique for polymer
solar cells manufacture. Nevertheless, it could
become a very expensive and complex technique
to be commercially applied for the polymer pho-
tovoltaics.

Slide and curtain coating use simultaneous
coating of amultilayer film (maximum 18 layers)
and they were developed for photographic film
industry (Krebs, 2009a, 2009b). For the proper
combination of ink solutions all the layers within
the solar cell could be printed in a single coat-
ing step. The large number of layers that can be
coated implies that it would be possible to process
tandem and multijunction cells in one coating
step. The challenge with these coating techniques
is that a very rapid ink flow is required and this
implies that a large web speed (4 m/s) is needed
for the coating to work properly when thin films
are prepared. This procedure requires also large
amount of material and substrate.

The potential saving in cost could be so large
that it is very likely that some or all of the lay-
ers in future low cost polymer solar cells will be
coated using slide or curtain coating techniques.

FUTURE DIRECTIONS
AND PERSPECTIVES

New materials thatare being developed in various
laboratories focus on improving the three pa-
rameters that determine the energy conversion
efficiency of a solar cell, i.e. the open-circuit
voltage (V,_), the short-circuitcurrent (J_),and the
fill factor (FF) (Platzer-Bjorkman, Zabierowski,
Pettersson, Térndahl, & Edoff, 2010; Wagner, et
al., 2010).
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The open-circuit voltage of bulk-heterojunc-
tion polymer photovoltaic cellsisgoverned by the
energy levels of the Highest Occupied Molecular
Orbital (HOMO) and the Lowest Unoccupied
Molecular Orbital (LUMO) of donor and accep-
tor, respectively. In most polymer/fullerene solar
cells, the positioning of these band levels of donor
and acceptor is such that up to ~0.4-0.8 eV is lost
in the electron-transfer reaction. By more careful
positioning of these levels, it is possible to raise
the open-circuit voltage well above 1 V.

One of the crucial parameters for increasing the
photocurrent is the absorption of more photons.
This may be achieved by increasing the layer
thickness and by shifting the absorption spectrum
of the active layer to longer wavelengths. When
the mobility is too low or the layer too thick, the
transit time of photogenerated charges in the de-
vice becomes longer than the lifetime, resultingin
charge recombination. The use of polymerssuchas
P3HT that are known to have high charge carrier
mobilities allows an increase in film thickness
from the usual ~100 nm to well above 500 nm,
without a loss of current.

Ahighfill factor isadvantageous and indicates
that fairly strong photocurrents can be extracted
closetothe open-circuitvoltage. The internal field
in the device that assists in charge separation and
transport is fairly small. Consequently, a high fill
factor can be obtained when the charge mobility
of both charges is high. Presently the fill factor
is limited to about 60% in the best devices, but
values up to 70% have been achieved recently.

CONCLUSION

We like to stress the fact that this field of research
of polymer solar cells is just at the beginning. The
bulk heterojunction conceptis promising for solar
energy conversion. Although chemical designand
synthesis offers almost unlimited possibility of
using new materials and material combinations,
the development of efficient bulk heterojunction

solar cells requires the optimization of closely
interrelated properties at different levels requir-
ing interdisciplinary expertise in various fields of
material science.

Recently, there has been an increase in the un-
derstanding and performance of polymer-fullerene
bulk heterojunction solar cells. Comprehensive
insights have been obtained in materials pa-
rameters in terms of morphology, energy levels,
charge transport, and electrode materials. Power
conversion efficiencies close to 3% are routinely
obtained and some laboratories have reported
power conversion efficiencies of ~4-5% and
now aim at increasing the efficiency to 8-10%.
By combining synthesis, processing, and materi-
als science with device physics and fabrication
there is little doubt that these appealing levels of
performance will be achieved in the near future.
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ABSTRACT

Modeling and simulation of organic (polymer, dye sensitized, and nanotube) solar cells is discussed.
High J-V theoretical curves, the calculation of key parameters, and also the relative infuence of dif-
ferent parameters on the cell operation, are evidenced and analyzed. On this basis, the authors obtain
information on the optimization of the solar cell design and manufacturing.

MODELING AND SIMULATION OF
ORGANIC CELLS BASED ON
POLYMERS

Introduction

The polymer-based photovoltaic devices pres-
ent some important advantages, such as the
low cost and the easy manufacturing from thin
films by chemical/physical vapour deposition,
screen-printing, or casting. The band gap of the
films can be adjusted by chemical synthesis to
convenient values and the carrier mobility can
reach 10 cm?/V-s (Dimitrakopoulos & Mascaro,

DOI: 10.4018/978-1-4666-1927-2.ch008

2001; Kwok, 2003). Therefore, the polymer-based
photovoltaic cells are competitive with those
based on amorphous silicon, so that the interest
for both the properties of the polymer materials
and the characteristics of the polymer-based cells
increases.

The first structure was a Schottky diode type
structure, which hasaconversion efficiency under
1%. In 1986, Tang (1986) introduced the planar
donor-acceptor heterojunction, which hasahigher
conversion efficiency. Hiramoto, Fujiwara, and
Yokoyama (1991) developedthisidea. Tang intro-
duced the concept of Bulk Heterojunction—BH.
Xueetal. (2005) introduced the concept of Hybrid
Heterojunction (HH) with higher efficiency 5%.

Copyright © 2013, IGI Global. Copying or distributing in print or electronic forms without written permission of 1GI Global is prohibited.



2UJDQLF 6RODU &HOOV ORGHOLQJ DQG 6LPXODWLRQ

Solar cells based on organic polymers used
photoinduced transfer of electrons from semi-
conductor polymers, donor / acceptor polymers
or acceptor molecules (such as C,)). Pairs of
layers polymer / fullerene have a poor conver-
sion efficiency of solar cell. Nanomorfological
control at nanoscale of the separate regions in an
interlaced network (BH) significantly increased
the conversion efficiency of solar energy cells
made of MDMO-PPV/C,_ . Typical dimensions
of the separate regions must be smaller than
the exciton diffusion length. On the other hand,
bicontinue percolation paths for the transport of
charge carriers at the electrodes must be provided
in order to increase the transport of charge car-
riers in organic and polymeric materials, and for
mesoscopic order to improve crystallinity. So, an
interlaced network at nanoscale with crystalline
order of the both constituents is formed (these
ones belong to individual sub-networks). Such a
network is a convenient structure for the active
layer of polymer PV devices. At the same time,
forbidden bands of the photoactive layer materials
should be chosen in order to absorb more light in
solar radiation spectrum.

Using a mixture of MDMO-PPV soluble
fullerene derivative (for example PCBM), it is
possible to obtain solar cells with a 2.5% conver-
sion efficiency.

It was shown (Shaheen, et al., 2001) that a
conversion efficiency of 2.5% (for AM 1.5) can
be obtained using chlorobenzenes as a solvent
for the deposition by centrifuging in the mass
ratio of 1:4 for the MDMO- PPV: PCBM. Using
chlorobenzenes instead of toluene nanomorfol-
ogy changes were remarked and the efficiency
conversion increases 3 times . Such BH solar
cellscontain 80% PCBM . However, the MDMO-
PPV polymer could be the main light absorber
from these solar cells, because PCBM does not
achieve almost no absorption in the visible and
near infrared region. So an increase in volume
concentration of MDMO-PPV was necessary for
a better absorption of sunlight.

Figure 1. Schematic representation of standard
bulk heterojunction solar cell

The electron mobility from pure PCBM is
proved to be higher compared
to the holes mobility from the MDMO-PPV

and the holes mobility in the
mixture increases with the increasing of fullerene
mass, despite of the fact that the addition of
fullerene introduces more defects (which would
reduce the mobility).

By replacing in PCBM the C, fullerene with
C,, one, the HOMO-LUMO transition would be
easier and would increase the absorption of light.
An improved efficiency of BH solar cells in iso-
meric mixture of MDMO-PPVand C, derivatives
was obtained (Wienk, et al., 2003). Mixtures of
thiskind are suitable when they are prepared from
a solution of o-dichlorobenzene (ODCB) and
solar cells have a conversion efficiency of
n for PM 1.5.

Operating Principle of
Polymer-Based Solar Cell

The process of conversion of light into electricity
using aorganic solar cell (Figure 1) can be plotted
by the following steps: 1) absorption of a photon
determining the formation of an excited state, that
is, the creation of an exciton (electron-hole pair);
2) exciton diffusion to a region where dissocia-
tionoccurs; 3) charge transport within the organic
semiconductor to the respective electrodes.
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The obtained photo-voltage is a direct result
of the departure from thermodynamic equilibrium
state after the movement of charge carriers, gen-
erated by solar radiation under the action of local
fields, which in the case of organic semiconduc-
tors is due to the change in chemical composition.
Because of the large band gap in organic materi-
als, only asmall portion of the incident solar light
is absorbed. A band gap of 1.1 eV (1100 nm) is
able of absorbing 77% of the solar irradiation on
Earth (Nunzi, 2002). But, the majority of semi-
conducting polymers have band gaps higher than
2 eV (620 nm), which limits the possible harvest-
ing of solar photons to about 30% (Nunzi, 2002).
On the other hand, because the absorption coef-
ficients of organic materials are higher than

only 100 nm thickness is enough to
absorb most of the photons when a reflective back
contact is used.

The primary photoexcitations in organic ma-
terials do not influence directly the release of
charge carriers, but determine to obtain the
electron-hole pairs (it is estimated that only
of photoexcitations leads to the free charge car-
riers in conjugated polymers). For an efficient
dissociation of excitons, strong electric fields are
necessary.

At an interface, where sudden changes of the
potential energy occur, strong local electrical fields
are possible (E = -grad U). Photoinduced charge
transfer can occur when the exciton has reached
suchan interface withinits lifetime. Therefore, the
exciton diffusion length limits the thicknesses of
the double layers. Exciton diffusion length should
be the same order of magnitude with the separa-
tion distance between donor and acceptor fields.
Otherwise, the excitons recombine radiatively or
non-radiatively before reaching the interface and
their energy no longer contributes to solar energy
conversion. Exciton diffusion length in organic
polymers is usually around 10+20 nm.

In the materials obtained by combining con-
jugated polymers with the acceptor materials, as
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fullerenes, the efficiency of converting the pho-
togenerated excitons to free charge carriers in-
creases. By the absorption of light in a donor an
excited state from which the electron can be
transferred to the LUMO unoccupied orbital of
the acceptor arises. Following the transfer, the
hole that appears remains in the donor material.
Measurements showed that the photoinduced
charge transfer in such a compound occurs in
so in a much smaller time than other
similar processes (e.g. photoluminescence transi-
tion lasts around 1 ns) (Brabec, et al., 2001).
Charge carriers are extracted from the device
by two selective contacts. A contact of Indium
and Tin Oxide (ITO) with a Fermi level of about
4.8eV matches with the HOMO levels of most
conjugated polymers (contact holes), and acontact
of aluminumwith a Fermi level of roughly 4.3.eVV
matches with the LUMO of the PCBM acceptor
(contact for electrons).

Theoretical Models

Anumber of models were developed aimed to the
modeling and simulation of the organic solar cells
based on polymers. Many of these models based
on the diode-like equivalent circuit of a solar cell
are analysing the characteristics; they can
simulate the cell behaviour and/or evaluate their
macroscopic parameters (Aernouts, 2006; Marlein
& Burgelman, 2007; Marlein, Decock, & Burgel-
man, 2009; Greulich, et al., 2010; Chuan, et al.,
2011).

In the absence of illumination typical current
density-voltage characteristics of a solar cell is
shown in Figure 2a; in the presence of illumina-
tion it is shown in Figure 2b.

In the following a modeling and simulation
analyses is presented (Mitroi, lancu, Fara, &
Ciurea, 2010).

To represent a solar cell under illumination,
an equivalent electronic circuit can be drawn as
shown in Figure 3. It consists basically from a
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Figure 2. Current density-voltage characteristic in the absence of illumination

Figure 3. The diode-like equivalent circuit of a solar cell under illumination

constant current source parallel to a diode. This
current source is supposed to be bias indepen-
dent and represents the current J , generated in
the device due to the incoming light. Its value
might thus vary according to the intensity of the
illumination. A series and parallel resistance, R
and R, respectively, are additionally included to
account for non-ideal behavior.

Under illumination the total current density
is:

— 1)

where J_is the saturation current density, E 0
is the elementary charge, V is the applied voltage,
R, and R, are the linear series and derivation re-
sistances, y isthe ideality factor, k isthe Boltzmann
constant, and T is the cell temperature, G is the
pair generation rate, V,, is the bias voltage, V is
the voltage on a external resistance R_, L is the
thickness of the active layer, and the product

is given by the relation:

: )

where Mo Mo, and T o T, are the hole and elec-
tron mobilities and lifetimes, respectively. This
product obviously depends on the recombination
and carrier transport processes.

The effect of R_and Rp on the illuminated J-V
characteristics is shown in Figure 4.

123



2UJDQLF 6RODU &HOOV ORGHOLQJ DQG 6LP

Figure 4. Parallel and series resistance influence on the J-V characteristic of the cell

This resistances act to reduce the fill factor,
whereas very high values of R_and very low
values of R can also reduce J, and V , respec-
tively.

From the Formula (1) the following relation-
ships results:

3)

and

— o @

Equations (3) and (4) allow the calculation of
the short-circuit currentdensity ~ and the open
circuit voltage  , respectively. Based on J-V
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theoretical curve, the Fill Factor (FF), and the
energy conversion efficiency (n) are defined as:
The Fill Factor (FF):

—_— — ®)

where is the maximum power den-
sity. V,, and J,, are the corresponding voltage and
current density and they are determined from the
J -V curve.

The power conversion efficiency ()
— (6)

where P is the incident light flux power density.
Results and Discussion

The analyzed model allows the determination of
the main parameters of the cell: the saturation
current density J, the series and derivation (par-
allel) linear resistances R, and R, the ideality
factory, the product  , the pair generation rate
G, the built-involtage V , the short-circuitcurrent
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density J_, the open-circuit voltage V_, the fill
factor FF and the power conversion efficiency n.
These parametersdescribe both the physical nature
of the active layer and the technological charac-
teristics of the cell.

From the Equation (3), one can see that J
depends on seven parameters: J, R, Rp, M, T,
Y, G, andV,.. These parameters can be obtained
by fitting the experimental data for the
characteristics with this formula. These values
were then introduced in the equation (8.1), and
theoretical curves can be drawn (see Figure 5).
Theoretical curves are obtained using the values
of J, and V,,. Then by solving the system of
Equations (3)and (4),J_andV _couldbe obtained,
and by using the Equations (5) and (6) FF and n
could be calculated.

The dependences of the fill factor and the
power conversion efficiency on the thickness of
the active layer highlights the following results
(Mitroi, lancu, Fara, & Ciurea, 2010): the fill

factor has a maximum at , namely
while the power conversion
efficiency has a maximum of - at

Conclusion

This model highlights the properties to be consid-
ered for improvement of photovoltaic cells based
on organic polymers. Results obtained using this
model are consistent with those reported in the
literature (Nelson, 2003; Dennler, et al., 2006;
Greulich, et al., 2010).

The model allows the determination of all the
main parameters of the cell: the saturation current
density J, the series and derivation (parallel)
linear resistances R_and Rp, the ideality factor v,
the product , the pair generation rate G, the
bias voltage V , the short-circuit current density
J_., the open circuit voltage V_, the fill factor FF,
andthe conversion efficiency n. These parameters
describe both the physical nature of the active

Figure 5. J — V characteristics for the investi-
gated cell

layer and the technological characteristics of the
cell. In addition, this model can determine the
influence of various parameters on the total cur-
rent density, fill factor and, importantly, the
conversion efficiency.

The appearance of a maximum of the conver-
sion efficiency leads to the optimization of such
solar cells design and manufacturing.

MODELING AND NUMERICAL
SIMULATION OF DYE-
SENSITIZED SOLAR CELLS

Introduction

Dye-Sensitized Solar Cells (DSSC) are based on
sensitized nanostructures or mesoporous metal
oxides. DSSC have attracted considerable at-
tention starting from the work of O’Regan and
Grétzel (1991; Grétzel, 2003).

Dye Sensitized Solar Cell (DSSC) is the
only one that can offer both the flexibility and
transparency.

Although, good results were obtained using
DSSC both with nanostructures of TiO, and

125



ZnO0 electrodes, ionic liquid electrolytes, carbon
nanotubes, graphene and solid state DSSC (Cheng
& Hsieh 2010; Nazeeruddin, et al., 2005; Gao,
et al., 2008; Giannouli, et al., 2010; Meng, et
al., 2003; Zhang & et al., 2004), maximum ef-
ficiency of such devices was only 11% (Chiba,
et al., 2006), in comparison with other reported
results (Zhao, etal., 1998; Contreras, et al., 1999;
King, et al., 2007). These cells have potentially
reduced fabrication costs in comparison with
conventional silicon-based solar cells, due to
the low costs of materials and the facility of the
fabrication process. An optimization of DSSC
requires a better insight into the interrelated pro-
cesses of transport and accumulation of electrons
in the mesoporous oxide phase and recombina-
tion of electrons with electron acceptors:(Ferber
& Luther, 2001; Knodler, et al., 1993; Smestad,
Bignozzi, & Argazzi, 1994). Charge generation,
transport, and recombination in DSSC are gener-
ally described by a continuity equation, in which
transport is assumed to be purely diffusive, i.e.
driven by concentration gradients only. However,
time-dependent characterization techniques have
later shown that charge transport throughthe TiO,
film is impaired by multiple trapping/detrapping
events (Bisquert & Vikhrenko, 2004).

Theoretical Model

The device structure of the DSSC used in our
model is presented in Figure 6. Sensitive dye solar
cell is formed by a TiO, electrode nanopores; the
pores are filled with an iodine redox electrolyte /
triodura, coated with a dye that provides absorb-
ing and transferring light task.

The two glass electrodes are made of transpar-
ent conducting electrode (fluorine-doped tin
oxide, FTO). The front electrode is a transparent
conductive oxide glass (FTO) coated with nano-
porous TiO, covered with a monolayer of the
Ruthenium-complex dye; the counter electrode
isaFTO glass coated with a thin layer of platinum
(~5 nm), where it regenerates the oxidized me-

126

2UJDQLF 6RODU &HOOV ORGHOLQJ DQG 6LP

Figure 6. Device structure of the dye-sensitized
solar cell

diator. The gap between the two electrodesisfilled
by an electrolyte containing an iodide/tri-iodide
) ) redox couple. Besides two different

anions, the electrolyte also consists of cations
being introduced by ionic liquid, usually by
propylmethyl-imidazolium iodide. The cations
provide electro-neutrality of the electrolyte; nev-
ertheless they are not involved in the charge
transport process in dye-sensitized solar cells.

Figure 7 shows the mechanism of a traditional
wet-type DSSC containing redox couples in elec-
trolyte. Under illumination, the dye molecules
become excited and initial charge separation oc-
curs in a femtosecond time regime by injection
of an electron from the dye into the conduction
band of the TiO,. This electron is transported to
the external load via the nanostructured TiO, and
TCO, while the positively charged photo-excited
(S*) dye is restored to its ground state (S) in a
nanosecond time regime by receiving an electron
from the iodide (1) (Wei, D., 2010).

Regeneration of iodide ions, which are oxidized
in this reaction to tri-iodide, is achieved at a
platinised counter electrode, according to Equa-
tions (7), (8), (9), (10), (11), and (12):

v | )
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Figure 7. The energy level scheme and the operating principle of a DSSC

| | ®

.| .| (9)
|- | - (10)

- - (11)

(12)

In these equations, S represents the dye sen-
sitizer.

lodide is subsequently regenerated by the re-
duction of tri-iodide (I, ) at the counter electrode
(Equation 12) to complete the circuit.

ThePtonthe counter electrode actsasa catalyst
for the reduction of tri-iodide. So far, the highest
reported efficiency for a small area (< 0.2 cm?)
DSSC is 11.3%, using acetonitrile electrolytes
(Grétzel, 2006) while great effort is still devoted
to enhance the recorded efficiency.

Electrical Model

We will present a electric model of dye-sensitized
solar cell where the active layer is modelled as a
onedimensional pseudo-homogeneous layer. The
electro active particles included in the model are
generated by free electronsinjected in nanoporous
TiO,; iodide and tri-iodide ions and cations are
introduced into the cell together with electro-
lyte. The electrical model is based on continuity,
transport, and Poisson’s non-linear differential
equationsand permits the steady-state calculation
of the complete J-V characteristics, concentration
of electro active species and their current densi-
ties in dye-sensitized solar cells (Oda, Tanaka, &
Hayase, 2006; Ferber, Stangl, & Luther, 1998;
Soedergren, Hagfeldt, Olsson, & Lindquist, 1994;
Smestad, Bignozzi, & Argazzi, 1994).

The first important equation that connects
generations and recombinations of dye-sensitized
solar cell is a continuity equation for conduction
band electrons:

-— (13)
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Here, e is the elementary charge, x represents
the position inside the TiO, film thickness in
interval [0, d], G(X) is the electron injection rate,
determined from the optical model, R(X) is the
recombination rate.

We assume that only electrons from the con-
duction band can recombine with tri-iodide in the
electrolyte and that the recombination rate is
linear in -

(14)

Here, Tis the lifetime of the conduction band
electrons and N is the electron number density
at equilibrium in the dark.

The movement of all four charged species in
pseudo-homogeneous medium could be described
by transport equations:

- — M
(15)
- — M
(16)
- — M
(17)
-—  — (18)
where , and are the diffusion
coefficients, , , and are electron,

iodide, tri-iodide and cations concentrations, pg
MMy and . are the mobilities of the indi-

vidual charged spices, while is the electri-
cal field. Relation between diffusion coefficient

128

2UJDQLF 6RODU &HOOV ORGHOLQJ DQG 6LP

and mobility of the same charged species could
be described with the Einstein relation:

—H (19)

where k; is the Boltzman constant and T is ther-
modynamic temperature.

Optical Model

The optical model is based on the Lambert-Beer
law to determine the electron injection rate G (x).
The rate of incident photons flux is given by:

(20)

Where A is the wavelength of radiation, limits
A,, A, are imposed by the characteristics of ab-
sorptance o (A) of dye used, MA) is the incident
photon flux density, and x is the distance from the
illuminated surface of the cell to the point found
inside the cell.

The incident photon flux density isreduced due
to absorptance, reflectance and glass substrates
(Smestad, Bignozzi, & Argazzi, 1994), and rela-
tion (20) becomes:

(1)

Here {3 is a factor that shapes the reflectance
and absorptance.

The electron injection rate G,(x) is obtained
multiplying the relation (21) with the injection
efficiency n

(22)

If the quasi-equilibrium approximation is used
(onesingle quasi-Fermi level for conduction band
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and trapped electrons), then, under steady-state
conditions, the continuity equation does not in-
clude terms due to trapping/detrapping.
Boundary Conditions

Boundary conditions, in the integral form, are
necessary to solve a coupled set of non-linear
differential equations.

Conditions of preserving the total number of
particles for each type of charge are:

(23)

(24)

(25)

The boundary conditionswhichassure electro-
neutrality of solar cells are:

(26)

(27)

The electric field at both boundaries equals
Zero, i.e.:

(28)

The electron current density at the front TCO
X equals to external current density:

(29)

No electron transfer exists at x = d since there
is no TiO, layer and only a tiny bulk electrolyte
layer exists:

(30)

The opposite is true for iodide and tri-iodide
ions where the iodide and tri-iodide current den-
sitiesat X 0 equals 0.

The cell’s voltage, V, is calculated by the fol-
lowing relation:

- 31)

Here, is the Fermi level of TiO, at the
TCO-TIO, interface which is determined from
the concentration of free electrons at TCO-TiO,
interface

— (32)

where N, is the effective density:

(33)

and " istheeffective electronmass, hisPlanck’s

constant, and E_ (d) is the redox potential at
counter electrode (the deviation of E_ from equi-
librium value due to diffusion limitation is not
taken into account).

Results and Discussion
For the numerical simulation, incident photon

flux density was calculated using the global dis-
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tribution of the solar spectrum type AM1.5, be-
tweenthe limits A and A
because ruthenium was considered as dye. It was
chosen because it is one of the dyes commonly
used, and has values of during the (A, A)
range (Ferber, Stangl & Luther, 1998). The
model permits the steady-state calculation of the
complete J-V characteristic, electro active spices
densities and their current densities in dye-sensi-
tized solar cell. Such a current-voltage character-
istic for illuminated DSSC is shown in Figure 8.

Using the simulated J-V characteristics could
be determined the following parameters:

The fill factor:

, (34)

where is the maximum power

density; V,, and J,, are the corresponding voltage
and current density and they are determined from
the J-V curve.

The conversion efficiency:

— (35)

2UJDQLF 6RODU &HOOV ORGHOLQJ DQG 6LP

where P is the incident light flux power density.
Conclusion

The method allow simulated J-V characteristics
of dye-sensitized solar cells and determination of
all main parameters characterizing solar cells: the
short-circuit current density J_, the open circuit
voltage V_, the fill factor FF and the conversion
efficiency n. These parameters describe both the
physical nature of the active layer and the tech-
nological characteristics of the cell.

. The used method also enable to determine
the infuence of the different parameters of
the cells on the total current density, the Fll
factor and, the most important, the conver-
sion effciency.

. Internal electric feld has low values, up to
1 mV / cm, confrming that transport tasks
are carried out mainly by diffusion.

e Theresults based on such a model (Wenger,
et al., 2009; Berginc, et al., 2009; Wenger,
2010) are consistent with theoretical results
reported by different authors (Oda, Tanaka,
& Hayase, 2006; Ferber, Stangl, & Luther,
1998; Oda, Tanaka, & Hayase, 2006;
Ferber, Stangl, & Luther, 1998; Green, et

Figure 8. The typical simulated J-V characteristics for illuminated DSSC
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al., 2011; Bowers, et al., 2010; Lai, et al.,
2010; Agnaldo, et al., 2009; Hardin, et al.,
2009; Deb, 2004; Yong, et al., 2008; Tian,
etal., 2011).

NUMERICAL SIMULATION OF
HIGH-ORDER TIO, NANOTUBE
DYE-SENSITIZED SOLAR CELLS

Introduction

The electron-collecting layer in a DSSC is
typically a 10 mm thick nanoparticle film, with
a three-dimensional network of interconnected
15+20 nm sized nanoparticles (Gratzel, 2004).
The slow percolation of electrons (through the
three-dimensional network) and low absorption
of photons are two major factors which are limit-
ing the conversion efficiency of DSSC cells using
nanoparticles (Law, et al., 2005).

By using the nanotubes we could obtain a
considerable increase in the photo- conversion of
the DSSC. This is due to the improvement of the
electrons transport in comparison to the nanopar-
ticlesone (Adachi, etal.,2010; Cummings, 2002).

In the last years, two different methods of
obtaining Dye Sensitized Solar Cells have been
studied (Mor, et al., 2006; Wang, et al., 2010;
Flores, et al., 2007; Martinson, et al., 2007; My-
ahkostupov, et al., 2011), both aiming to develop
new structures with improved properties in com-
parison with TiO, nanoparticles.

The arrangement of the highly ordered tita-
nia nanotube array perpendicular to the surface
permits facile charge transfer along the length of
the nanotube from the solution to the conductive
substrate and simultaneously reduce the losses
incurred by charge hopping across the nanopar-
ticle grain boundaries (Gratzel, 2004; Law, et al.,
2005; Tenne & Rao, 2004; Adachi, et al., 2003).

The enhancement in the electronic transport
also allows the improved light harvesting as

thicker films can be used to increase the optical
density, thus improving the absorption of low-
energy photons in the red and infrared without
losing the additionally harvested charge carriers
for recombination (Law, et al., 2005).

A highly-order TiO, nanotube dye-sensitized
solar cell (Figure 9) consists of a TiO, nanotube
electrode, coated with a suitable light-absorbing
charge-transfer dye and wetted with an iodide/
triiodide redox electrolyte. Thiscompound is sand-
wiched between two Transparentand Conducting
Oxide (TCO) glass. Usually fluorine doped SnO,),
exhibiting metallic conductivity, is used as the
TCO. The TCO layer on the back glass substrate
is covered with sputtered platinum, which acts as
a catalyst for the redox reaction.

Theoretical Model

The simulation model (www.paper.edu.cn/index.
php/default/feature/downCount/815) having a
TiO, barrier layer, an electrolyte layer in TiO,
nanotubesandabulk electrolyte layer. This model
introducesthe TiO, barrier layer and the distinction
between the electron transfer rate in the nanotube
and in the nanoporous layer. The electrical model
is based on that proposed by Ferber (Ferber, et
al., 1998) and Oda (Oda, et al., 2006).

In the developed model (www.paper.edu.cn/
index.php/default/feature/downCount/815), the
electric field E has been ignored because of the
negligible effect on charge carriers in the cell
(Ferber, et al., 1998). A system of differential
equations is obtained which is solved using the
finite difference method (Ferber, etal., 1998). The
equation system used in this model is very simi-
lar with the presented one. In this model, the ions

, and cations  depend on the porosity

of TiO, nanotube layer. Figure 10 shows the view
of nanotube arrays.
The porosity of nanotubes films is given by:
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Figure 9. Scheme of a cell structure with nanotube DSSC (Mor, et al., 2006)

Figure 10. Nanotube array with a corresponding top view

The incident photon flux density was calcu-

lated using the global distribution of the solar
- \/*— spectrum type AM 1.5 G, and has the value of
(36) : .

Material parameters are directly related to the
performance parameters of the cell. The influence
of the most important material parameters, such
as electron mean lifetimes and mobilities, on the

— — dint = pore size, t, cell performance was investigated. The model
permits the calculation of complete J-V curves,
from which characteristical parameters of the

where

= wall thickness, | = TiO, nanotube length
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solar cell are obtained: the short-circuit current

the open-circuit voltage the fill fac-

tor & & and the energy conversion efficiency

n  Optimum parameters of Dye Sensitized

Solar Cells based on TiO, nanotubes can be ob-
tained.

Results and Discussion

The following values were obtained for charac-
teristic parameters:
& & and n
These values are close to the experimental ones
(Mor, et al., 2006; Wang, et al., 2010). In com-
parison with the present values obtained for
nanocrystalline cells (Oda, et al., 2006):
& &
and n the first ones are a little lower.

Thereare several reasons for the low efficiency
of the nanotube DSSC cells:

*  The used solar cells had the nanotubes of
the negative electrode relatively short (of
6000 nm). This was refected in a lower ab-
sorption than in the case of standard DSSC
which have TiO, nanoparticles of 10 nm. It
suggests the need of increasing the length
of the nanotube array on the negative elec-
trode as the amount of the absorbed dye
appears to be the limiting factor.

. The low value of the form factor,

& & is caused by the serial resis-
tance barrier introduced by the barrier lay-
er thickness and poor contact between the
barrier layer and FTO substrate. The an-
nealing step used to crystallize the nano-
tube arrays can signifcantly increase the
barrier layer thickness up to approximately
Y, (Varghese, et al., 2003).

e The value of the conversion rate (power

conversion effciency) is infuenced by the

uniformity of the colorant absorbtion in the
pores of the nanotube arrays. The nanotube
has an array geometry which can absorb air
and that is why the dye is not uniformly
distributed.

CONCLUSION

Although the conversion rate of the nanotube solar
cells is still low in this moment, a great potential
can be foreseen.
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Chapter 9

Super High Effciency Multi-
Junction Solar Cells and
Concentrator Solar Cells

Masafumi Yamaguchi
Toyota Technological Institute (TTI), Japan

ABSTRACT

While single-junction solar cells may be capable of attaining AM1.5 effciencies of up to 29%, Multi-
Junction (MJ, Tandem) I11-V compound solar cells appear capable of realistic effciencies of up to 50%
and are promising for space and terrestrial applications. In fact, the InGaP/GaAs/Ge triple-junction
solar cells have been widely used in space since 1997. In addition, industrialization of concentrator
solar cell modules using 111-V compound MJ solar cells have been announced by some companies. This
chapter presents principles and key issues for realizing high-effciency MJ solar cells, issues relating to
development and manufacturing, and applications for space and terrestrial uses.

INTRODUCTION

Multi-Junction (MJ, Tandem) solar cells are com-
posed of multi-layers with differentbandgap ener-
gies are shown in Figure 1 and have the potential
forachieving high conversion efficiencies of over
50% and are promising for space and terrestrial
applications due to wide photo response. Figure
2 shows theoretical conversion efficiencies of
single-junction and Multi-Junction (MJ) solar
cells in comparison with experimentally realized
efficiencies.

DOI: 10.4018/978-1-4666-1927-2.ch009

Tandem solar cells were proposed by Jackson
(1955) and Wolf (1960). Table 1 shows progress
of the I11-V compound multi-junction solar cell
technologies. MIT group (Fan, Tsaur, & Palm,
1982) encouraged R&D of tandem cells based on
their computer analysis. Although AlGaAs/GaAs
tandem cells, including tunnel junctions and
metal interconnectors, were developed in the
early years, a high efficiency close to 20% was
not obtained (Hutchby, Markunas, & Bedair,
1985). This is because of difficulties in making
high performance and stable tunnel junctions, and
the defects related to the oxygen in the AlGaAs

Copyright © 2013, I1GI Global. Copying or distributing in print or electronic forms without written permission of 1GI Global is prohibited.
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Figure 1. A schematic structure of a multi-layer solar cell

Figure 2. Theoretical conversion efficiencies of single-junction and multi-junction solar cells in com-

parison with experimentally realized efficiencies

materials (Ando, Amano, Sugiura, et al., 1987).
A Double Hetero (DH) structure tunnel junction
was found to be useful for preventing diffusion
from the tunnel junction and improving the tunnel
junction performance by the authors (Sugiura,
Amano, Yamamoto, & Yamaguchi, 1988). The
authors demonstrated 20.2% efficiency AlGaAs/
GaAs 2-junction cells (Amano, Sugiura, Yama-
moto, & Yamaguchi, 1987). An InGaP material
for the top cell was proposed by NREL group
(Olson, Kurtz, & Kibbler, 1990). As a result of
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performance improvements intunnel junctionand
top cell, over 30% efficiency has been obtained
with InGaP/GaAs 2-junction cells by the authors
(Takamoto, Ikeda, Kurita, et al., 1997).
InGaP/GaAs-based MJ solar cells have drawn
increased attention for space applications because
superior radiation-resistance of InGaP top cells
and materials have been discovered by the authors
(Yamaguchi, Okuda, Taylor, et al., 1997). and
those have the possibility of high conversion ef-
ficiency of over 30%. In fact, the commercial
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Table 1. Progress of the I11-V compound multi-junction solar cell technologies

1955 Proposal of multi-junction solar cell Jackson

1960 Wolf

1982 Efficiency calculation of tandem cells MIT

1982 15.1% AlGaAs/GaAs 2-junction (2-J) cell RTI

1987 Proposal of double-hetero structure tunnel junction for multi-junction interconnection NTT

1987 20.2% AlGaAs/GaAs 2-J cell NTT

1989 32.6% GaAs//GaSh concentrator 2-J cell Boeing
(mechanical-stacked, 100-suns concentration)

1990 Proposal of InGaP as top a cell material NREL

1990 27.3% InGaP/GaAs 2-J cell NREL

1996 30.3% InGaP/GaAs 2-J cell Jpn. Energy

1997 Discovery of radiation-resistance of InGaP top cell Toyota Tech. Inst.

1997 33.3% InGaP/GaAs//InGaAs 3-J cell (mechanical-stacked) Jpn. Energy, Sumitomo &

Toyota Tech. Inst.

1997 Commercial satellite with 2-J cells Hughes

2000 31.7% InGaP/InGaAs/Ge 3-J cell Jpn. Energy

2003 37.4% InGaP/InGaAs/Ge 3-J cell (200-suns concentration) Sharp

2004 38.9% InGaP/InGaAs/Ge 3-J cell (489-suns concentration) Sharp & Toyota Tl

2006 31.5% large-area (5,445cm?) InGaP/InGaAs/Ge Daido Steel, Daido Metal,
3-J cell module (outdoor) Sharp &Toyota T.I.

2006 40.7% InGaP/GaAs/Ge 3-J cell (236-suns concentration) Spectrolab

2009 41.1% InGaP/InGaAs/Ge 3-J cell (454-suns concentration) Fraunhofer ISE

2009 41.6% InGaP/InGaAs/Ge 3-J cell (364-suns concentration) Spectrolab

2009 35.8% InGaP/GaAs/InGaAs 3-J cell (1-sun) Sharp

satellite (HS 601HP) with 2-junction GalnP/
GaAs-on Ge solar arrays was launched in 1997
(Brown, Goldhammer, Goodelle, et al., 1997).
More recently, InGaP/GaAs-based MJ solar
cellshave drawn increased attention for terrestrial
applications because concentrator operation of
MJ cells have great potential of providing high
performance and low-cost solar cell modules.
For concentrator applications, grid structure has
been designed in order to reduce the energy loss
due to series resistance, and 38.9% (AM1.5G,
489-suns) efficiency has been demonstrated by
Sharp (Takamoto, Kaneiwa, Imaizumi, & Yama-
guchi, 2005). Most recently, 41.6% efficiency has
been reported with InGaP/GaAs/Ge 3-junction

concentrator cells by Spectrolab (King, Boca,
Hong, et al., 2009). In addition, the authors have
realized high-efficiency and large-area (5,445cm?)
concentrator InGaP/InGaAs/Ge 3-junction solar
cell modules of an outdoor efficiency of 31.5%
(Araki, Uozumi, Egami, et al., 2005). as a result
of developing high-efficiency InGaP/InGaAs/Ge
3-junction cells, low optical loss Fresnel lens and
homogenisers, and designing low thermal conduc-
tivity modules. Some companies including Sharp
(Tomita, 2006) have announced to commercialise
InGaP/GaAs/Ge 3-junction concentrator cell
modules for terrestrial use.
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KEY ISSUES FOR REALIZING HIGH-
EFFICIENCY MJ SOLAR CELLS

Key issues for realizing high-efficiency MJtandem
cells are discussed based on our results.

Selection of Cell Materials
and Improving the Quality

MJ cells with different band gaps are stacked in
tandem so that the cells cover wide wavelength
region from 300 nm to 1800 nm. Cell materials
are selected by considering band gap energies
close to the optimal band gap energy combination
based on theoretical efficiency calculation, and
by considering lattice matching to substrates and
less impurity problems. Figure 3 shows minority-
carrier diffusion length dependence of GaAs
single-junction solar cell efficiency. Itis clear that
the higher minority-carrier diffusion length ,

(minority-carrier lifetime T where $
is minority-carrier diffusion coefficient) is sub-
stantially necessary to realize the higher effi-
ciency solar cells. Figure 4 shows carrier concen-
tration dependence of minority-carrier lifetime in
p-type and n-type GaAs (Ahrenkiel, Keyes,
Durbin, & Gray, 1993). Minority-carrier lifetime

T is dependent on carrier concentration . of
solar cell layers as expressed by:

T M)

where, " isradiative recombination coefficient.
Therefore, carrier concentration of cell layers
must be optimised by considering minority-car-
rier lifetime, build-in potential, and series resis-
tance of p-n junction diodes.

Selection of cell materials, especially selection
of top cell materials is also important for high-
efficiency tandem cells. It has been found by the
authors (Hutchby, Markunas, &. Bedair, 1985)
that oxygen-related defect in the AlGaAs top cell
materials acts as the recombination centre. As a
top cell material latticed matched to GaAs or Ge
substrates, InGaP has some advantages (Olson,
Kurtz, & Kibbler, 1990) such as lower interface
recombination velocity, less oxygen problem and
goodwindow layer material compared to AlGaAs.
The top cell characteristics depend on the minor-
ity carrier lifetime in the top cell layers. Figure 5
shows changes in Photoluminescence (PL) inten-
sity of the solar cell active layer as a function of
the minority carrier lifetime T of the p-InGaP
base layer grown by MOCVD (metal-organic

Figure 3. Minority-carrier diffusion length dependence of GaAs single-junction solar cell efficiency
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Figure 4. Carrier concentration dependence of minority-carrier lifetime in p-type and n-type GaAs

(Ahrenkiel, Keyes, Durbin, & Gray, 1993)

chemical vapour deposition) and surface recom-
bination velocity (S). The lowest S was obtained
by introducing the AllnP window layer and the
highesttwas obtained by introducing buffer layer
and optimising the growth temperature. The best
conversionefficiency ofthe InGaP single-junction
cell was 18.5% (‘Yang, Yamaguchi, Takamoto, et
al., 1997).

Lattice Matching between Cell
Materials and Substrates

Lattice mismatching of cell materialsto substrates
should be decreased because miss-fitdislocations
must be generated in the upper cell layers and
deteriorate cell efficiency. Figure 6 shows calcu-
lated and experimental dislocation density depen-
dence of minority-carrier lifetime in GaAs
(Yamaguchi & Amano, 1985). Dislocation den-
sity  dependence of minority-carrier lifetime
T isexpressed by the following equation (Yama-
guchi & Amano, 1985):

)

where T is radiative recombination lifetime and
T, is minority-carrier lifetime associated with
recombination at other unknown defects.

Application of InGaAsmiddle cell (Yamaguchi
& Amano, 1985) lattice-matching to Ge substrates
has demonstrated to increase open-circuit voltage
(V,) due to lattice-matching and short-circuit
current density (J.) due to decrease in bandgap
energy of middle cell.

Effectiveness of Wide Bandgap
Back Surface Field (BSF) Layer

Figure 7 shows surface recombination effect on
short-circuit current density J_ of In ,,Ga . As
homo-junction solar cellsasafunction of junction
depth. Therefore, in order to improve efficiency
drop attributed from front and rear surface re-
combination as shown in Figure 8, formation of

heteroface or double-hetero structure is necessary.
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Figure 5. Changes in photoluminescence (PL) intensity of the solar cell active layer as a function of the
minority carrier lifetime in GaAs, grown by MOCVD and surface recombination velocity (S)

Figure 6. Calculated and experimental dislocation density dependence of minority-carrier lifetime in
GaAs, InP, and InGa
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Figure 8 shows changesinV,_andJ_of InGaP
single-junction cells as a function of potential
barrier AE. Wide bandgap Back-Surface Field
(BSF) layer (Yamaguchi & Amano, 1985) is found
to more effective for confinement of minority
carriers compared to highly doped BSF layers.

Low Loss Tunnel Junction
for Intercell Connection and
Preventing Impurity Diffusion
from Tunnel Junction

Another important issue for realizing high-
efficiency monolithic-cascade type tandem cells
is the achievement of optically and electrically
low-loss interconnection of two or more cells. A
degenerately doped tunnel junction is attractive
because it only involves one extra step in the
growth process. To minimize optical absorption,
formation of thin and wide-bandgap tunnel junc-
tions is necessary as shown in Figure 9. However,
the formation of a wide-bandgap tunnel junction
is very difficult because the tunnelling current
decreases exponentially with increase in bandgap
energy.

In addition, impurity diffusion from a highly
doped tunnel junction during overgrowth of the
top cell increases the resistivity of the tunnel
junction. As shown in Figure 10, a Double Hetero
(DH) structure was found to be useful for prevent-
ing diffusion by the authors (Sugiura, Amano,
Yamamoto, & Yamaguchi, 1988). An InGaP tun-
nel junction has been for the first time tried for
an InGaP/GaAs tandem cell in our work (Taka-
moto, Ikeda, Kurita, et al., 1997). As p-type and
n-type dopants, Zn and Si were used, respec-
tively. Peak tunnelling current of the InGaP tunnel
junction is found to increase from 5mA/cm? up
to 2A/cm? by making a DH structure with AllnP
barriers. Therefore, the InGaP tunnel junction has
been observed to be very effective for obtaining
high tunnelling current, and DH structure has also
been confirmed to be useful for preventing diffu-
sion.

DH structure effect on suppression of impu-
rity diffusion from the tunnel junction has been
examined. Effective suppression of the Zn diffu-
sion from tunnel junction by the InGaP tunnel
junction with the AllnP-DH structure is thought
to be attributed to the lower diffusion coefficient

Figure 7. Surface recombination effect on short-circuit current density Jsc of In  ,Ga, ,As homo-junction

solar cells as a function of junction depth

145



BXSHU +LJK (IcFLHQF\ OXOWL -XQFWLRQ 6RODU &HOOV DQG &RQ

Figure 8. Changes in Voc and Jsc of InGaP single-junction cells as a function of potential barrier AE

Figure 9. Calculated tunnel peak current density and short-circuit current density Jsc of GaAs bottom
cell as a function of bandgap energy of tunnel junction
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Figure 10. Annealing temperature dependence of tunnel peak current densities for double hetero structure
tunnel diodes. X is the Al mole fraction in AlxGal-xAs barrier layers.

(Takamoto, Yamaguchi, Ikeda, et al., 1999) for
Zn in the wider bandgap energy materials such
as the AlInP barrier layer and InGaP tunnel junc-
tion layer.

Table 2 summarizes key issues of realizing
super-high-efficiency MJ solar cells

HIGH-EFFICIENCY INGAP/GAAS/GE
3-JUNCTION SOLAR CELLS AND
THEIR SPACE APPLICATIONS

Development of High-
Efficiency InGaP/GaAs/Ge
3-Junction Solar Cells

As one of the Sunshine Program in Japan, an
R&D project for super high-efficiency MJ solar
cells was started in 1990. Conversion efficiency
of InGaP/GaAs based multijunction solar cells
has been improved by the following technologies.

A schematic illustration of the InGaP/(In)GaAs/
Ge triple junction solar cell and key technologies
for improving conversion efficiency are shown
in Figure 11.

Wide Band-Gap Tunnel Junction

Awide band-gap tunnel junction which consists of
double-hetero structure p-Al(Ga)InP/p-AlGaAs/
n-(Al)InGaP/n-Al(Ga)InPincreases incident light
into the (In)GaAs middle cell and produces effec-
tive potential barriers for both minority-carriers
generated in the top and middle cells. Both Voc
and Isc of the cells are improved by the wide
band-gap tunnel junction without absorption and
recombination losses (Takamoto, Ikeda, Kurita,
etal., 1997). It is difficult to obtain high tunnel-
ling peak current with wide gap tunnel junction,
so thinning depletion layer width by formation of
highly doped junction is quite necessary. Since
impurity diffusion is occurred during growth of
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Table 2. Key issues for realizing super high-efficiency multi-junction solar cells

Key Issue Past Present Future
Top cell materials AlGaAs InGaP AllnGaP
3rd layer materials None Ge InGaAsN etc.
Substrate GaAs Ge Si

Tunnel junction

DH-structure GaAs Tunnel Junc-
tion (TJ)

DH-structure InGaP TJ.

DH-structure InGaP or GaAs TJ

Lattice matching GaAs middle cell InGaAs middle cell (In)GaAs middle cell

Carrier confinement InGaP-BSF AlInP-BSF Widegap-BSF
Quantum Dots (QDs)

Photon confinement None None Bragg reflector,
QDs, etc.

others None Inverted Epi. Inverted Epi.
Epitaxial Lift Off

Figure 11. Schematic illustration of a triple-junction cell and approaches for improving efficiency of

the cell

thetop cell (Sugiura, Amano, Yamamoto, & Yama-
guchi, 1988), carbon and silicon which have low
diffusion coefficient are used for p-type AlGaAs
and n-type (Al)InGaP, respectively. Furthermore,
the double-hetero structure supposes to suppress
impurity diffusion from the highly doped tunnel
junction (Takamoto, et al., 1999). The second
tunnel junction between middle and bottom cells
consists of p-InGaP/p-(In)GaAs/ n-(In)GaAs/n-
InGaP which have wider band-gap than middle
cell materials.
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Heteroface Structure Ge Bottom Cell

InGaP/GaAs cell layers are grown on a p-type Ge
substrate. PN junction is formed automatically
during MOCVD growth by diffusion of V-group
atom from the first layer grown on the Ge sub-
strate. So, the material of the first hetero layer is
important for the performance of Ge bottom cell.
An InGaP layer is thought to be suitable material
for the first hetero layer, because phosphor has
lower diffusion coefficient in Ge than arsenic and
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Figure 12. Change in the spectral response due to modification of the 1st hetero-layer from GaAs to

InGaP (without anti-reflection coating)

indium has lower solubility in Ge than gallium.
Figure 12 shows the change in spectral response
of the triple-junction cell by changing the first
hetero growth layer on Ge from GaAs to InGaP.
Quantum efficiency of the Ge bottom cell was
improved by the InGaP hetero-growth layer. In
the case of GaAs hetero-growth layer, junction
depth was measured to be around 1um. On the
other hand, thickness of n-type layer produced by
phosphor from the InGaP layer was 0.1um. An
increase in Ge quantum efficiency was confirmed
to be due to a reduction in junction depth.

Precise Lattice-Matching
to Ge Substrate

Although 0.08% lattice-mismatch between GaAs
and Ge was thought to be negligibly small, misfit-

dislocations were generated in thick GaAs layers
and deteriorated cell performance. By adding about
1% indium into the InGaP/GaAs cell layers, all
cell layers are lattice-matched precisely to the Ge
substrate. As a result, crosshatch pattern caused
by misfit-dislocations due to lattice-mismatch
was disappeared in the surface morphology of the
cell with 1% indium, as shown in Figure 13. The
misfit-dislocations were found to influence not to
Isc but to Voc of the cell. Voc was improved by
eliminating misfit-dislocations for the cell with 1%
indium. In addition, wavelength of the absorption
edge became longerand Isc of bothtop and middle
cells increased, by adding 1% indium.

As one of the Sunshine Program in Japan, an
R&D project for super high-efficiency MJ solar
cells was started based on our results in 1990.
Conversion efficiency of InGaP-based 3-junction

Figure 13. Surface morphology of InGaAs with various indium compositions grown on Ge
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solar cells has been improved by the following
technologies:

1.  Selection and high quality growth of InGaP
as a top cell material

2. Proposal of double-hetero structure and
wide-band gap tunnel junction for cell
interconnection.

3. Precise lattice matching of InGaP top cell
and InGaAs middle cell with Ge substrate

4.  Proposal of AlInP as a back surface field
layer for the InGaP top cell

5. Proposal of InGaP-Ge heteroface structure
bottom cell

As a result of the above proposals and perfor-
mance improvements, we have demonstrated a
world-record efficiency (33.3%at 1-sunAM1.5G)
InGaP/GaAs/InGaAs 3-junctionsolar cell in 1997
(Takamoto, Ikeda, Agui, etal.,1997). The conver-
sion efficiency of InGaP/(In)GaAs/Ge 3-junction
solar cellshas beenimprovedto 31.7% (AM1.5G)
(Takamoto, et al., 2000).

Radiation-Resistance of InGaP-
Based MJ Solar Cells

Figure 14 shows effectiveness of radiation-
resistance and high conversion efficiency of space
cells from the point view of power density. Since
radiation inspace is severe, particularly inthe Van
Allen radiation belt, lattice defects are induced
in semiconductors due to high-energy electron
and proton irradiations, and the defects cause a
decrease in the output power of solar cells. Fur-
ther improvements in conversion efficiency and
radiation-resistance of space cells are necessary
for widespread applications of space missions.
Recently, InGaP/GaAs-based MJ solar cells have
drawn increased attention because of the possibil-
ity of high conversion efficiency of over 40% and
radiation-resistance. AnAMO efficiency 0f 29.2%
has been demonstrated for an InGaP/InGaAs/Ge
3-junction cell (4cm?) (Takamoto, et al., 1997).
Figure 15 shows the maximum power recov-
ery due to light illumination of 100 mW/cm? at
various temperatures for 1-MeV electron-irradi-
ated InGaP/GaAs tandem cells (Yamaguchi, et
al., 1997). The ratios of maximum power after

Figure 14. Effectiveness of radiation-resistance and high conversion efficiency of space cells from the

point view of power density

150



6XSHU +LJK (I¢FLHQF\ OXOWL -XQFWLRQ 6RODU &HOOV DQG &RQFHQWUDWRU 6R

Figure 15. The maximum power recovery of the
InGaP/GaAstandem cell dueto light illumination
at various temperatures

injection, P,, to maximum power before irradia-
tion, P, are shown as a function of injection time.
Even at room temperature, photo injection-en-
hanced annealing of radiation damage to InGaP/
GaAs tandem cells was observed. The recovery
ratio increases with an increase in ambient tem-
perature within the operating range for space use.
Such a recovery is found to be attributed from
damage recovery in InGaP top cell layer (Yama-
guchi, et al., 1997). Therefore, the results show
that InGaP/GaAs tandem cells under device op-
eration conditions have superior radiation-resis-
tant properties.

Figure 16 shows DLTS (Deep Level Transient
Spectroscopy) spectrum of Trap H2 (Ev+0.55eV)
for various injection times at 25°C withan AM1.5
light intensity of 100mA/cm?. It is also found
(Kahn et al., 2000) by DLTS measurements that
amajor defect level H2 (Ev+0.55eV) recovers by
forward bias or light illumination. Moreover, the
H2 center is confirmed to act as a recombination
center by using the double carrier pulse DLTS
method. The enhancement of defect annealing in
InGaP top cell layer under minority-carrier injec-
tion conditions is thought to occur as a result of
the nonradiative electron-hole recombination

process (Lang & Leung, 1976) whose energy E_
enhances the defect motion. The thermal activa-
tion energy E, (1.1eV) of the defect is reduced to
E, (0.48~0.54eV) by anamount E_ (0.56~0.62eV).
Thus electronic energy from a recombination
event can be channeled into the lattice vibration
mode which drives the defectmotion: E, =E - E_..

Space Applications of InGaP/GaAs/
Ge 3-Junction Solar Cells

Advanced technologies for high efficiency cells
and discovery of superior radiation-resistance of
InGaP based materials are thought to contribute
to industrialization of InGaP-based multijunction
space solar cells in Japan. Figure 17 shows Sharp
space solar cell conversion efficiency heritage.
Since 2002, InGaP/GaAs/Ge 3-junctionsolar cells
have been commercialized for space use in Japan.

LOW COST POTENTIAL OF
CONCENTRATOR MJ SOLAR CELL
MODULES AND HIGH EFFICIENCY
CONCENTRATOR INGAP/GAAS/GE
3-JUNCTION SOLAR CELL
MODULES AND TERRESTRIAL
APPLICATIONS

Concentrator operation is very effective for cost
reduction of solar cell modules and thus that of
PV systems. Figure 18 shows configuration of
PV system composed of solar cell, optics and
tracker. Concentrator operation of the MJ cells is
essential for their terrestrial applications. Since
the concentrator PV systems using MJ solar cells
have great potential of cost reduction as shown
in Figure 19 (YYamaguchi, et al., 2003), R&D on
concentrator technologies including MJ cells is
started in Japan.

In order to apply a high efficiency MJ cell
developed for 1 sun condition to a concentrator
cell operating under ~500suns condition, reduction
in energy loss due to series resistance is the most
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Figure 16. DLTS spectrum of trap H2 (Ev+0.55eV) for various injection timesat 25°C with an injection
density of 200mA/cm?

Figure 17. Sharp space solar cell conversion efficiency heritage

important issue. Cell size was determined to be Figure 20 shows fill factor (FF) of the cell with
7mm x 7mm with considering total current flow. various grid pitching under 250 suns. Grid elec-
Grid electrode pitching, height and width were trode with 5um height and 5um width was made
designed in order to reduce series resistance. of Ag. Grid pitching influences lateral resistance
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Figure 18. Configuration of PV system composed
of solar cell, optics, and tracker

between two grids (RL) and total electrodes re-
sistance (RE). Series resistance of the cell (RS),
RE and RL are also shown in Figure 20. RE was
measured directly after removing electrode from
the cell by chemical etching. RL was calculated
by using sheet resistance of window and emitter
layers. Based on the data in Figure 20, the grid
pitching is determined to be 0.12 mm at this time.
In order to reduce series resistance down to 0.01Q
and obtain high FF under 500 suns, grid height
should be increased to be twice. High efficiency
under <500 suns is thought to be obtained by the

Figure 19. Summary of estimated cost for the
concentrator PV systems vs. concentration ratio
(Yamaguchi, et al., 2003)

optimal grid design without modification of the
cell layer.

Forconcentratorapplications, the grid structure
has been designed in order to reduce the energy
loss due to series resistance as shown in Figure
20. The authors have successfully fabricated high
efficiency concentrator InGaP/InGaAs/Ge 3-junc-
tion solar cells designed for 500-sun application.
The efficiencies by in-house measurement are
39.2% at 200-suns and 38.9% at 489-suns as

Figure 20. FF of the concentrator cells with various grids pitching under 250-suns light. Series resistance
(Rs), lateral resistance (RL) and total electrodes resistance (RE) are also shown.
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shown in Figure 21 (Takamoto, etal., 1997). The
solar simulator was equipped with both Xe lamp
and halogen lamp and adjusted AM1.5G spectrum.
Most recently, 41.6% efficiency has been re-
ported with InGaP/GaAs/Ge 3-junction concentra-
tor cells by Spectrolab (King, et al., 2009).

Concentrator InGaP/GaAs/Ge 3-junction solar
cell modules have also been developed for ter-
restrial use (Araki, etal., 2005). Anew concentra-
tor optics is introduced, consist of a non-imaging
dome-shaped Fresnel lens, and a kaleidoscope
homogenizer. The non-imaging Fresnel lens al-
lows wide acceptance half angle with keeping the
same optical efficiency with minimum chro-
matic aberration. The homogenizer reshapes the
concentrated into square solar cell aperture, mixed
rays to uniform flux. Injection molding is capable
of manufacturing thousands of lenses in a single
day and by a single machine. The drawback of
this method is difficulty of creating precise prism
angles and flat facets. The maximum efficiency
was a little above 80% and overall efficiency was
73%. Afterimprovement of the process conditions,
the averaged efficiency raised to 85.4%.

Anew packagingstructure for 111-V concentra-
tor solar cells is developed, applicable mainly to
Fresnel lens concentrator modules but may also

be used in dish concentrator systems. The solar
cell used in the new receiver package is I1-V
3-junction concentrator solar cell developed. It
is grown on a fragile Ge substrate with thickness
of only 150 um. The overall size was 7 mm X 9
mm with 7 mm square aperture area.

In addition, the following technologies have
been developed:

1. Super-high pressure and vacuum-free lami-
nation of the solar cell that suppresses the
temperature rise to 20 degrees under 550 X
geometrical concentration illumination of
sunbeam.

2. Direct and voids-free soldering technolo-
gies of the fat metal ribbon to the solar
cell, suppressing hot-spots and reducing the
resistance, thereby allowing a current 400
times higher than normal non-concentration
operation to be passed with negligible volt-
age loss.

3. Anew encapsulating polymer that survives
exposure to high concentration UV and heat
cycles.

4. Beam-shaping technologies that illuminate
the square aperture of the solar cell, from a
round concentration spot.

Figure 21. Efficiency of a high-efficiency InGaP/InGaAs/Ge 3-junction cell vs. number of suns
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5. Homogeniser technologies that give a uni-
form flux and prevent the conversion losses
that stem from chromatic aberration and flux
intensity distribution.

The concentrator module is designed with
ease of assembly in mind. All the technologi-
cally complex components are packaged into a
receiver so that a series of receivers and lenses
can be assembled with standard tools, using local
materials and workforce. The concept is similar
to the computer and automobile assembly indus-
tries, where key components are imported but the
product assembled locally. It is anticipated that
this approach will reduce the manufacturing cost
of the module as shown in Figure 22.

The peak uncorrected efficiency for the 7,056
cm? 400 X module with 36 solar cells connected
inseries was 26.6%, measured in house. The peak
uncorrected efficiencies for the same type of
module with 6 solar cells connected in series and
1,176 cm? area measured by Fraunhofer ISE and
NREL were 27.4% and 24.9%. The 5,445 cm?
550 X modules have also demonstrated 27-28.9%,
measured in house. Table 3 summarizes the mea-
sured efficiency in three different sites.

Anew 400X and 550X (geometrical concentra-
tion ratio) are developed and show the highest
efficiency in any types of PV as well as more than
20yearsof accelerated lifetime. Thisachievement
is blessed with new innovative concentrator tech-
nologies. The new concentrator system is ex-
pected to open a door to a new age of high effi-
ciency PV.

MOST RECENT RESULTS
OF MJ CELLS

Recently, more than 40% efficiency cells were
reported by Fraunhofer ISE (Bett, et al., 2009)
and Spectrolab (King, et al., 2009). Concentra-
tor 4-junction or 5-junction solar cells have great
potential for realizing super high efficiency of over
50%. We have been studying concentrator multi-
junction solar cells under Japanese Innovative
Photovoltaic R&D program started since FY2008
(King, etal., 2009). Figure 23 shows overview of
NEDO’s PV R&D Program. Japanese Innovative
Photovoltaics R&D Program has been started from
fiscal year 2008 and the target in this program is to
develop high efficiency solar cellswith conversion

Figure 22. Inside of the 400 X concentrator module with 36 receivers connected in series
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Table 3. Uncorrected peak efficiency measurement

Concentration Area cm? Site Ambient Uncorrected Efficiency | DNI W/m?

400 X 7,056 Inuyama, Japan 29C 27.6% 810
Manufacturer

400 X 7,056 Toyohashi, Japan 7C 25.9% 645
Independent

400 X 1,176 Fraunhofer ISE, Germany | 19 C 27.4% 839
Independent

400 X 1,176 NREL, USA 29C 24.9% 940
Independent

550 X 5,445 Inuyama, Japan 33C 28.9% 741
Manufacturer

550 X 5,445 Toyohashi, Japan 28C 27% 777
Independent

Figure 23. Overview of NEDO’s PV R&D program

efficiency of more than 40% and low electricity
cost of less than 7 JPY/kWh until 2050.
Mostrecently, world-record efficiency (36.9%)
at 1-sunAM1.5G has been realized with inverted
epitaxial grown InGaP/GaAs/InGaAs 3-junction
cells by Sharp (Takamoto, et al., 2010). Figure
24 fabrication process of InGaP/GaAs/InGaAs
3-Jsolar cell inverted epitaxial grown. Figure 24
shows I-V curve of world-record efficiency InGaP/
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GaAs/InGaAs solar cell. Figure 25 shows chron-
ological improvementsin conversion efficiencies
of 111-V compound MJ solar cells under 1-sun
and concentrator conditions (see Figure 26).
Most recently, 42.1% efficiency under 230-
suns has been obtained with InGaP/GaAs/InGaAs
cellasshowninFigure 27 (Takamoto, etal., 2010).
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Figure 24. Fabrication process of InGaP/GaAs/InGaAs 3-J solar cell inverted epitaxial grown

Figure 25. Current(l)-voltage(V) curve of world-record efficiency InGaP/GaAs/InGaAs measured by
the AIST

FUTURE DIRECTION to improve their conversion efficiency and reduce

their cost. The new Concentrator PV system with
Multi-junction solar cells will be widely used in two times more annual power generation than the
space because of their high conversion efficiency conventional crystalline silicon flat-plate system
and better radiation-resistance. In order to apply will open a new market for apartment or building
super high-efficiency cells widely, it is necessary rooftop applications. Another interesting appli-
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Figure 26. Chronological improvements in conversion efficiencies of 111-V compound multi-junction

solar cells under 1-sun and concentrator conditions

cation is what we call the tree planting PV and
large-scale PV power plant applications

Now, we are approaching 40% efficiency by
developing concentrator MJ solar cells as shown
inFigure 28. Concentrator 4-junction or 5-junction
solar cells have great potential for realizing super
high-efficiency of over 50% [29,30]. Therefore,
concentrator 3-junction and 4-junction solar cells
have great potential for realizing super high-
efficiency of over 40%. As a 3-junction combina-
tion, InGaP/InGaAs/Ge cell ona Ge substrate will
be widely used because this system has already
been developed. The 4-junction combination of
an Eg=2.0eV top cell, a GaAs second-layer cell,
a material third-layer cell with an Eg of 1.05eV,
and a Ge bottom cell is lattice-matched to Ge
substrates and has a theoretical efficiency of
about 42% under 1-sun AMO. This system has a
potential efficiency of over 47% under 500-suns
AML1.5 condition.

The new Concentrator PV (CPV) system with
two times more annual power generation than the
conventional crystalline silicon flat-plate system
will open a new market for apartment or building
rooftop applications. Another interesting applica-
tion is what we call the tree planting PV and
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large-scale PV power plant applications. Since
concentrator MJ and crystalline Si solar cells are
expected to contribute to electricity cost reduction
for widespread PV applications as shown in Fig-
ure 29, we would like to contribute to commer-
cialization of CPV technologies as the 3 PV
technologies in addition to the first crystalline Si
PV and the 2™ thin-film PV technologies. The

Figure 27. Concentration ration dependence
of efficiency of a high-efficiency InGaP/GaAs/
InGaAs 3-junction cell
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Figure 28. Future predictions of solar cell efficiencies

Figure 29. Scenario of electricity cost reduction by developing concentrator solar cells

scale of the CPV industry lags that of flat-plate
PV by about one or two decades. It is expected,
however, to make up this delay to the point where,
in, 2013 the cumulative installed capacity will lie
inthe region of several hundred MWp. R&D work
has to be undertaken particularly in the area of
large-scale production, i.e. high-throughput, to
realise this ambition. Material consumption must
also be reduced. A projection for future turnkey
CPV system prices extrapolated from current

prices are shown in Figure 30. Figure 30 shows
the expected yearly production of Concentrator
PV (CPV) systems (red) and the price of turn-key
installed CPV systems in Euro/Wp (black) (EC,
2007).

The mostimportant R&D in CPV manufactur-
ing will aim at (EC, 2007):

1. Improving the efficiency of mass-produced
cellstothe levelscurrently seeninthe labora-
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Figure 30. The expected yearly production of concentrator PV (CPV) systems (red) and the price of

turn-key installed CPV systems in euro/Wp (black)

Figure 31. World energy vision 2100 recommended by the German council on global change
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tory (over 26%) and to 35 to 45% efficiency
in the longer term

Improving optical elements (optical effi-
ciency, lifetime and product engineering)
Automated industrial module assembly
(adjustment of elements, packaging and
sealing), high-throughput manufacturing
with high yield, resulting in products with
long lifetimes

Construction of light, robust, and precise
trackers for all outdoor climate conditions
Set-up and monitoring of demonstration
systemsand large plants, in the range several
hundred kWp (short term) to multi-MWp
(medium term)

Techniques for guaranteeing the quality of
products with intended lifetimes of over 20
years, development of standards, in-line test-
ing, and recycling methods for the modules.
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Figure 31 shows World Energy Vision 2100
recommended by the German Council on Global
Change (WBGU, 2003). As a result of further
development of higher efficiency, lower cost and
highly reliable solar cells, larger contribution to
world energy by PV is expected.
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ABSTRACT

Advanced concepts for high effciency solar cells such as hot carrier effects, Multi-Exciton Generation
(MEG), and Intermediate-Band (IB) absorption in low-dimensional nanostructures are under focused
research topics in recent years. Among various potential approaches, this chapter is devoted to the de-
vice physics and development of the state-of-the-art technologies for quantum dot-based IB solar cells.

INTRODUCTION

By avoiding all the nonradiative recombination
processes within the solar cell, the theoretical
maximum efficiency to a thermodynamic upper
limit becomes ~ 85% for a fully concentrated
black-body radiation of 5,800K (Green, 2003;
Wirfel, 2009). On the other, the maximum ef-
ficiency of a single-junction solar cell is limited
to the Shockley-Queisser (1961) limit of ~ 31%
for AM1.5spectrum. The main physical processes
that limitthe efficiency of asolar cell are the losses
by thermal dissipation or thermalization, and non-
absorption of low-energy below-bandgap photons.

DOI: 10.4018/978-1-4666-1927-2.ch010

Thusimproving the efficiency means develop-
ing the methods to reduce these losses. One of the
concepts is to split the solar spectrum among mul-
tiple bandgap absorbers or sub-cells, e.g. tandem
or multijunction cells. The others employ more
advanced techniques such as hot carrier effects,
Multi-Exciton Generation (MEG), and Interme-
diate-Band (IB) absorption in low-dimensional
nanostructures such as semiconductor quantum
dots (Nozik, 2002, 2008; Green, 2003; Luque,
1997). Among various approaches available,
this Chapter is devoted to the device physics and
development of the state-of-the-art technologies
for quantum dot-based IB solar cells.

Copyright © 2013, I1GI Global. Copying or distributing in print or electronic forms without written permission of 1GI Global is prohibited.



Quantum Dot (QD) superlattice incorporated
inthe active region of a p-i-n single-junction solar
cell has attracted significant interest as a poten-
tial means of utilizing the sub-bandgap infra-red
photons to generate additional photocurrents,
through absorption via superlattice miniband
states, beyond that corresponding to the valence-
to-conduction band transitions (Luque, 1997). The
QDsalso offer the possibility for reducing thermal
dissipation loss. If such a nanostructure solar cell
were realized, the conversion efficiency could
not only exceed the Shockley-Queisser (1961)
limit of a conventional single-junction solar cell,
which is ~ 31% for AM1.5 spectrum, but further
provides a pathway to increase the efficiency up
to the thermodynamic limit of > ~ 60% under full
concentration.

In a QD solar cell, QDs are required to be
homogeneous and small in size, and are regu-
larly and tightly placed in all three dimensions.
This configuration then leads to formation of an
Intermediate-Band (IB) orasuperlattice miniband
that is well separated in energy from the higher-
order states (Tomi¢, 2008). Secondly, IB states
should ideally be half-filled with electrons in
order to ensure an efficient pumping of electrons

AXDQWXP 'RW 6RODU &HOOV

by providing both the empty states to receive
electrons being photo-excited from the Valence
Band (VB), and filled states to promote electrons
to the Conduction Band (CB) via absorption of
second sub-bandgap photons (Marti, 2001). This
implies that its own quasi-Fermi level is defined
within 1B, as schematically shown in Figure 1.
Proposed implementation of QD-IB solar cells
must accompany two-step carrier generation via
IB states and it has been difficult to clearly veri-
fy this concept at room temperature. The demon-
stration of QD-IB solar cellsis presently undergo-
ing two research stages. The first is to develop
the technologies to realize a high-density QD
array or superlattice of low defect density, which
is placed in the central active region of the cell.
The fabrication of QD arrays is most commonly
achieved by taking advantage of spontaneous
self-assembly of coherent three-dimensional (3D)
islands in lattice-mismatched epitaxy long known
as Stranski-Krastanov (S-K) growth in Molecular
Beam Epitaxy (MBE). However, the number of
QDs is severely limited by the lattice strain ac-
cumulation in the crystalline material as the
number of stacked QD layers is increased. In S-K
growth of InAs/(Al)GaAs system, misfit disloca-

Figure 1. Schematic energy band diagram of QD-IB solar cell shown with possible photo-absorption
processes involved. The energy bandgap of host material and quasi-Fermi level of IB are given by Eg

and E_, respectively.

P
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tions are generated after typically 10 ~ 15 layers
of stacking (Solomon, 1996; Blokhin, 2009).
Recently, it has been proven that strain-compen-
sated or strain-balanced growth techniques can
significantly improve the QD quality and charac-
teristics of QD solar cells even after stacking of
50~ 100 QD layers by S-K growth. To date, INAs
QDs in AlGalnAs matrix on InP substrate (Oka-
da, 2005), InAs QDs in GaAsP (Popescu, 2008),
and in GaP (Hubbard, 2008) matrix on GaAs
substrate, and INAs QDs in GaNAs on GaAs (001)
(Oshima, 2008; Okada, 2009; Takata, 2010), and
on (311)B substrates (Shoji, 2010a) of high mate-
rial quality have been reported.

The second stage is to realize ideal half-filled
IB states to maximize the photocurrent genera-
tion by two-step photon absorption, which is the
central operation principle of IB solar cells.
Marti et al. (2006) has used a modulation doping
technique to fabricate QD-IB solar cell, in which
GaAs barrier is delta-doped with Si impurities
with a sheet density equaling the InAs QD areal
density. Due to spin degeneration, this condition
equals half the density of electronic states in IB.
On the other, Strandberg et al. (2009) showed
that 1B must be partially filled by means of dop-
ing within reasonable optical lengths in order to
achieve high efficiencies, if QD-IB solar cells
were to be operated under 1 sun condition. How-
ever, it becomes possible to sustain a reasonable
population of photo-generated electrons even in
non-doped QD-IB solar cells if operated under
concentrated sunlight, typically 100 ~ 1000 suns.
Yoshida (2010a) has also recently reported similar
calculated results based onaself-consistent device
simulation.

The sub-bandgap photons can optically pump
the electrons both from VB to IB states and from
IB to CB states. However the rate of thermal
escape of electrons from IB to CB continuum
states as well as recombination loss from CB
to IB transitions will increase significantly at
room temperature. If all the carriers in IB states
are not in electrochemical equilibrium, then a

clear detection of photo-excitation of electrons
from IB to CB giving rise to an increase in the
photocurrent at room temperature more difficult.
A photocurrent production as a result of two-step
photon absorption has been successfully detected
at cryogenic temperatures by Marti et al. (2006),
and more recently at room temperature by Okada
etal. (2010), though the efficiencies are still small
and require improvements.

In this chapter, we will first review the theo-
retical analysis for various cell designs where QD
technology could be implemented to configure
a high-efficiency intermediate-band solar cell.
Then the self-organized growth of QDs, growth
mechanisms and control of size and density of
QDs, and direct doping of QDs will be reviewed.
We will summarize with specific experimental
behavior for proof of operation with two-step
photon absorption from current state-of-the-art 1B
solar cells implementing QD superlattice.

DEVICE PHYSICS AND
TECHNOLOGIES OF QUANTUM
DOT SOLAR CELLS

Device Physics and Efficiency
Analysis of QD Intermediate-
Band Solar Cells

Multi-stacked or three dimensional superlattice
Quantum Dot Solar Cells (QDSCs) can operate
as the intermediate band solar cells. To fabricate
QDSC, not only high crystalline quality but also
structural optimization is very important. Thus,
device domain simulations for IBSCs would play
important roles. In this section, we introduce 1
dimensional device domain simulation for IBSCs
by using drift-diffusion method (Selberherr, 1984)
and show its calculation results and future topics.
Device domain simulations also have been shown
in some papers (Lin, 2009; Strandberg, 2009;
Yoshida, 2010a, 2010b, 2010c; Tobias, 2010).
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Device Simulation for QD
Intermediate Band Solar Cells

Drift diffusion method (Selberherr, 1984) can
provide powerful solutions for semiconductor
devices analysis. Basic equations for semicon-
ductor devices are the Poisson equation, carrier
continuity equations. These equations must be
solved self-consistently. The Poisson equation
gives electrostatic potentials. Carrier continuity
equations provide carrier densities related their
mobility and life times. For IBSCs, the electrons
in intermediate band state also affect to the elec-
trostatic potentialsand also carrier generation and
recombination rates. Therefore, we have to solve
the basic equations with carrier continuity equation
forelectronsinintermediate band. In present stage
of QDSCs, coupling effects of each QD are not
clear. Therefore, we assume that electron transport
in intermediate band can be negligible and the IB
is treated as a locally fixed level.

According to our assumption, electron den-
sities in each local position in real space are
determined by the electron transition rates be-
tween from valence band to intermediate band
and from intermediate band to conduction band.
These transition rates must be balanced in the
steady state. For equilibrium condition, there is
no netrecombination rate in each position. Innon-
equilibrium condition, by using local equilibrium
approximation, quasi-Fermi levels can be defined
for each carrier because of the difference of “life
times.” The image of local balance treatment is
similarto Shockley-Read-Hall type recombination
except for allowing optical transition both from
VB to IB and from IB to CB.

Equation 1.

AXDQWXP 'RW 6RODU &HOOV

In the Poisson equation, net charge density is
determined by electrons in CB and IB, holes,
ionized accepterand donor densities (see Equation
1).

Where Cis elementary charge, € is the rela-
tive permittivity, €, is the vacuum permittivity,
p(x) is the hole density, n_(x) is electron density
in CB, n,(x) is electron density in IB, N*, (x) is
the ionized donor density, and N -, (x) is the ion-
ized accepter density. The relations between car-
rier densities and their quasi Fermi levels (or
Fermi level in thermal equilibrium) are approxi-
mately described by:

L EE— @
I @)

(4)

(®)

where k; is Boltzmann constant, T is the tempera-
ture of the system, N_ and N,, are the effective
density of states for CB and VB, N, is the effective
density of state for IB which is assumed as twice
the density of QDs, i, U, and y, are quasi Fermi
levels for CB, VB and IB, and f, is occupation
rate of IB, respectively. In the steady state, these
carriers satisfy carrier continuity equations. Quasi-

(1)
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Fermi level of IB can be distinguished from other
quasi-Fermi levels, especially for QD-1BSC case
and would be defined in the same temperature
of the system. This quasi-Fermi level splitting is
important for IBSC operation.

The carrier continuity equation for electrons
in CB is expressed as:

(6)

The continuity equation of holes is:

()

In Equation (6) and(7), G, is the optical gen-
eration rate, Uij is the recombination rate where
subscript ij=ClI, 1V, CV expresses CB-IB, IB-VB
and CB-VB transition respectively, J_ is the
electron current density in CB and J,, is the hole
currentdensity. For electrons in 1B, under present

assumptions:

Thisislocal IB balance equation. Thisequation
determines the electron density in IB. J_ and J,
are given by drift-diffusion equations.

— — (8)

Equation 12.

— — )

where p_and y, are the carrier mobility of elec-
trons in CB and holes, D_and D, are the diffusion
coefficients, respectively.

The optical generation rate for CV can be
described by:

(10)

where a*, is absorption factor of CV, a, is the
absorption coefficient of CV, Fon is AMO solar
spectrum, F(E) is decay factor of incident photons
which has an energy, E. Incident photon spectrum
can be expressed as the black body radiation:

T

(11)

where X is the amplitude of concentration, f,
expressesthe angular rage ofthe Sun, hisPlanck’s
constant, c is the speed of light, and T is tem-
perature of the sun. The optical generation rates
usually are assumed that occupation rates of
electrons in CB and holes in VB are negligible
because their rates are small compared to their
effective density of states. On the other hand, the
occupation rate of 1B affects the generation rate
via IB. Thus, these generation rates are expressed
by Equations (12) and (13) where o* _ and a* ,
are the absorption factors and a., and o, are the
absorption coefficients of Cl and IV transitions.
These absorption factors and the decay factor

(12)
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Equation 13.
a a (13)
Equation 14.
a a (14)
a a
Equation 15.
a a (15)
a a
Equation 16.
o a (16)
a a
depend on the relation of absorption coefficients, a
the 1B occupation rates and the position from the
solar cell surface. The absorption factors mean a
distributions of incident photon fluxes weighted
by each absorption rate. Thus, o, 0%, and o* a
are expressed in Equations (14), (15), and (16). (18)

The outside of the IB region, there is no IB state.
Therefore, a* ., is 1. The decay factor changes in
the front-, in- and back-side of IB region, respec-
tively. For the front-side:

a a7

For the inside:
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where X, is the starting point of IB region. For
the back-side:

(19)
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where X, is the end of IB region. In the device
simulation, recombination rates, Uij, in Equa-
tion (6), Equation (7), and Equation (8) usually
include recombination and thermally generation
processes. This pointis different from the detailed
balance method. The detail description of the re-
combination process isomitted here, (please refer
to some papers). The treatment of the boundary
conditions for Equation (1), Equation (6), and
Equation (7) are described in Selberherr (1984).

Simplified Examples of
Calculation Results

We present simplified results by using above-
mentioned models with non-overlapping absorp-
tion coefficients, radiative recombination process,
fixed boundary conditions and GaAs material
parameters except for the absorption coefficients.
About more detail description, please refer to
Yoshida (2010b).

Calculated band diagrams in an equilibrium
conditionand ashort-circuit condition under 1sun
illumination are presented in Figure 2. Electrons
in IB can act as fixed negative charge in each
position. Thus, the contact between IB region
and n-type base layer makes “p-n junction” like
profileinFigure 2a. In Figure 2b, the band diagram
is drastically changed by photofilling effects of
IB state (Strandberg, 2010). Therefore, the fixed
potential modeling is not suitable and the self-
consistent treatment is very important for IBSC
devicesimulations. InFigure 3, the band diagrams
withn-type dopingto IB regionare presented. The
doping density is set a half of IB effective density
of states (or same density of QDs) to satisfied
pre-filled or half-filled conditions. In the middle
of IB region, the electrostatic potential is almost
flat because of existence of the ionized donors
(Figure 3a). Under the short-circuit condition,
the diagram, Figure 3b is similar to Figure 3a by
ionized dopant in IB region. In Figure 4, optical
generation ratesvia IB states are presented in both
Figure 2 and Figure 3 cases. The difference of

G, (x)and G, (x) diminishes by the recombination
rates according to the requirement of Equation (8).
Effects of the doping in IB region can decrease
the difference and help the net optical carrier
generation via IB state.

InFigure 5, current density-voltage character-
istics are presented in both cases and the without
IB state case. Contrasting to the without IB state
case, short circuit current densities are enhanced
by two-step photon absorption via IB. While, the
open circuitvoltages of IBSC are slightly reduced
because of the existence of IB states. This reduc-
tion is an intrinsic behavior of IBSC operation.

Figure 6aand 6b are energetic position depen-
dence of conversion efficiencies of Figure 2 and
Figure 3 cases, respectively. Under 1 sun illumi-
nation, the undoped IB region case has the
maximum efficiency around 1.3eV. This peak is
created by the relation of quasi-Fermi levels both
CB and IB and recombination process works as
thermal carrier generation. Under lager concentra-
tions, this peak is diminished and occupation rates
of IB states are increased by photofilling effects.
On the other hand, in the doped IB region case,
there is a single peak for each concentration and
the peak is fixed around 0.95eV. This energy
position halves the incident photon fluxes absorbed
by G, and G,,. In this case, the occupation rates
do not strongly depend on incident light concen-
tration ratio and pre-filling effects dominate.

In the simplified example, the doping to 1B
region is very important to realize the high effi-
ciency IBSC operation and optimal 1B energetic
position is determined by the relation of absorp-
tionspectravia IB. The doping effects can suppress
Shockley-Read-Hall type recombination in this
region (Tobias, 2011). To investigate the optimal
design of IBSCs, the spectrum and values of
absorption coefficients must be treated carefully.
If absorption coefficients related IB state are very
small, the short circuit current enhancement de-
creases and the open circuit voltage increases—
thus just working as the single junction solar cells
(YYoshida, 2010c). For QD-IBSCs, low or non-
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Figure 2. The calculated band diagrams in equilibrium (a) and in short circuit (b) condition by using the
self-consistent treatment. The intermediate band region is undoped. (Reprinted from Yoshida, Okada, &

Sano, 2010. Copyright 2010, IEEE.)

Figure 3. The calculated band diagrams in equilibrium (a) and in short circuit (b) condition by using
the self-consistent treatment. The intermediate band region is doped. (Reprinted from Yoshida, Okada,

& Sano, 2010. Copyright 2010, IEEE.)

enhancement of short circuit current and non-
degraded open circuit voltage just are realized too
small QD density under low concentrations. Un-
der high concentrations, the open circuit voltage
ofthe IBSC increases and approaches single junc-
tion solar cells as net carrier generation increase.
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GROWTH TECHNOLOGY
OF SELF-ORGANIZED QD
SUPERLATTICE SOLAR CELLS

In QD solar-cells, the QDs must ideally be uniform
in size and closely and periodically positioned
in all three dimensions in order to formation of
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Figure 4. Optical generation rates in doped and undoped IB region cases with 1 sun illumination on
the short circuit condition. The structure and the parameters are the same as Figure 2 and Figure 3.

an IB or a superlattice miniband. Therefore, the
advanced crystal growth technologiesare required.

The most popular fabrication technique of QDs
isto take advantage of spontaneous self-assembly
orself-organization of coherent three-dimensional
islands in lattice-mismatched heteroepitaxy
known as S-K growth mode in MBE or Metal
Organic Chemical Vapor Deposition (MOCVD).
The heteroepitaxy of InAs grown on GaAs (001)
substrate is one of the most intense studies of
QDs formed by S-K mode. The lattice mismatch
between InAs bulk and GaAs bulk is about 7.2%.
The InAs 2D layer called wetting layer is grown
inthe initially growth step, and then the 3D coher-
ent island are self-organized with increase in the
InAs supply due to the increased strain energy.
Figure 7a shows the Atomic Force Microscope
(AFM) image for a 2.0 monolayers (MLs) of
InAs QDs grown on GaAs (001) substrate. The
mean diameter, height, and sheet density are 28.7
nm, 4.8 nm, and 6.1 x 10% cm?, respectively.
Although small size and good uniformity can be
achieved for InAs self-assembled QDs grown on

GaAs (001) substrate, QD structures grown on
high index (311)B substrate exhibit a particular
property. Figure 7b shows the AFM image for
a 8.8 MLs of In ,Ga, ,As QDs grown on GaAs
(311)B substrate. On GaAs (311)B, an in-plane
ordered QDs structure with a six-fold symmetry
caused by the large elastic anisotropy of surface
is obtained (Akahane, 2001). When the supply
increases over a critical thickness, the closely
InAs QDs grown on GaAs (001) substrate often
coalesce into large one and the strain energy is
relaxed as dislocations are incorporated in the
QDs. However, In  ,Ga, As QDs grown on GaAs
(311)B do not merge to form larger one beyond
the thickness as shown in Figure 7b.
Figure8showsthe AFMimagesforIn ,Ga, As
QDs on GaAs (311)B substrate grown at (a) 520
°C, (b) 500 °C, (c) 480 °C and (d) 460 °C, respec-
tively. The QD size and density are controlled by
changing the growth temperature with maintain-
ing an ordered structure. The surface coverage of
QDs is almost 100% for samples grown below
480 °C. An ordered QDs structure with a seat
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Figure 5. Current-voltage characteristics of undope (case 1), doped (case 2) IB region and without 1B
state cases (Reprinted from Yoshida, Okada, & Sano, 2010. Copyright 2010, IEEE.)

Figure 6. Conversion efficiency dependences on energetic position of IB state, E,, in undoped (a) and
doped (b) IB region cases. E, changes form middle of host material band gap to the conduction band
edge. (Reprinted from Yoshida, Okada, & Sano, 2010. Copyright 2010, IEEE.)

density of 1.4 x 10'* cm2has been achieved grown
at 460°C. As another means to fabricate the high-
density QDs, the growth on AlAs matrix layer
(Park, 2004), a high growth rate method (Chia,
2007), and InAs QDs using surface modification
effects by Sb atoms (Inaji, 2010) have been re-
ported.
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As explained above, high-quality single layer
QDs is obtained by S-K growth mode. However,
S-K growth in In(Ga)As/GaAs system usually
results in a degradation of stacked QD structure
and generation of misfit dislocations, typically
after 10 layers of stacking, as a result of accumu-
lation of internal strain beyond the critical thick-
ness (Solomon, 1996; Wasilewski, 1999). For this
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Figure 7. AFM image of self-assembled QDs grown by S-K growth mode. (a) InAs QDs grown on GaAs
(001), (b) InGaAs QDs grown on GaAs (311)B, respectively. The scan size is 1Jum x 1um.

reason, tensile-strained barriers have been studied
to balance out or compensate for the compressive
strain induced in QD active regions as shown in
Figure 9. This growth method is called the strain-
compensation technique or strain-balanced tech-
nique, which has been reported in PbSe/PbEuTe
grownon BaF,substrate (Springholz, 1998), InAs/
AlGalnAs grown on InP substrate (Okada, 2005),
InAs QDs in GaAsP on GaAs substrate (Popescu,
2008), and InAs/GaAsP grown on GaAs substrate
(Hubbard, 2008),

Oshima et al. (2008) studied the strain-com-
pensation technique for InAs/GaNAs system
grown on GaAs (001) substrate. Figure 10 show
a high resolution X-Ray Diffraction (XRD) spec-
tra for samples with 20 stacked layers of InAs
QDs embedded in (a) GaNAs Strain-Compensa-
tion Layer (SCL) and (b) GaAs spacer layer (SL).
The satellite peaks originating from the periodic
superlattice structure can be clearly observed in
each sample, and hence abrupt hetero-interfaces
are maintained. For InAs/GaNAs system, the
zeroth-order satellite peak S(0) indicated by an
arrow in the figure shows a near lattice match
with GaAs substrate as shown in Figure 10a.
Therefore, the net average compressive strain

induced by InAs QDs layers is approximately
compensated by GaNAs SCLs though not pre-
cisely balanced out in all three dimensions of
QDs.

Figure 11 shows the cross-sectional Scanning
Transmission Electron Microscope (STEM) image
measured for 20 stacked InAs/GaNAs QD layers
with 20 nm-thick SCL. An alignment of lens-
shaped QDs along the growth direction is main-
tained from one QD layer to the next without
degrading the structure and size homogeneity. In
addition, there are no strain-induced defects or
dislocations, which would otherwise be gener-
ated if the buildup of lattice strain exceeds the
critical layer thickness during the stacking. These
results indicate that the high quality stacked QDs
structure is formed by the strain-compensation
technique. Until now, Takata et al. (2010) dem-
onstrate a high quality growth of up to 100 layer
stacked InAs/GaNAs QD superlattice on GaAs
(001) substrate. Furthermore, Akahane et al.
(2010) succeeded in stacking 300 QDs layers for
InAs/AlInGaAs system on InP substrate.

Figure 12a—d shows the effect of strain-
compensation on the Internal Quantum Efficien-
cies (IQEs) of multi-stacked QD solar cells. The
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Figure 8. AFM images for In ,Ga  As QDs on GaAs (311)B substrate grown at (a) 520 °C, (b) 500 °C,
(c) 480 °C and (d) 460 °C, respectively. The scan size is 1um x 1um. (Reprinted from Akahane, et al.,
1998. Copyright 1998, American Institute of Physics.)

Figure 9. Schematic image of strain-compensation technique
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four sampleswere identical inthe structure except
for the i-layer region. The samples (a) and (b)
were grown with 10 and 20 stacked pairs of an
InAs QD layer with 2.0 MLs thicknesses and a
20 nm-thick GaNAs SCL, respectively. The
sample (c) comprised of 20 pairs of 2.0 MLs InAs
QDs and 20 nm-thick GaAs spacer layers, and
hence the QD structure was strained. Last, the
sample (d) was a GaAs control cell with a 400
nm-thick i-GaAs layer used as a reference. The
IQE was determined from a direct measurement
of the external QE under a constant photon irra-
diation of 10 /cm?, then discounting for the
shadowing loss and residual reflection loss arising
from ARC. Additionally, Figure 12e shows the
Photoluminescence (PL) spectrum for 20 stacked
pairsofan InAs QDs layerand GaNAs SCL which
is used to identify the photo-absorption edge for
each layer. First, a single PL emission peak from
the ground state of INAs QDs is observed ataround
1170 nm. In addition, a shoulder peak originating
from both GaNAs spacer layer and InAs wetting
layer is seen at around 980 nm for (a) and (b), and
880 nm for (c), respectively. Second, the absorp-

tion edge redshifts from 1150 nm for (c) up to
1200 nm for (b), and this is because the quantum
confinement is lower at the conduction band in-
terface when GaNAs is used as the barrier instead
of GaAs. The filtered short-circuit current den-
sity (1.,) of sample (a) beyond the GaAs bandedge
of (880 nm), which gives the contribution from
QD layer, was determined to be 2.47 mA/cm? by
taking the product of IQE and solar spectrum
(AML1.5). This value was twice that of (a) and
four times larger than that of (c), respectively.
Though the obtained value is notably higher than
the reported values for QDSCs, the maximum
IQE from the QD layers even for (b) is still lim-
ited to 5%, and thus a larger stack of QD layers
is required to obtain higher photo-absorption.
Furthermore, the fact that the degradation of QEs
in the shorter wavelength is not observed after
increasing the QD layer from 10 to 20 stacks
suggests that the crystalline quality is maintained
inour strain-compensated QDSCs as the contribu-
tion to the photocurrent generated by the p-GaAs
emitter is notaffect. The |  improvedto 21.1 mA/
cm? for (a) compared to 19.0 mA/cm? for (b) and

Figure 10. Symmetric (004) XRD patterns for 20 stacked layers of InAs QDs structure embedded in
(a) GaNAs SCL and (b) GaAs SL, respectively. S( x) means x th-order satellite peak. (Reprinted from
Oshima, Takata, & Okada, 2008. Copyright 2008, American Institute of Physics.)
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Figure 11. Cross-sectional STEM image of 20 stacked layers of INnAs QDs embedded in 20 nm-thick GaNAs
SCL (Reprinted from Oshima, Takata, & Okada, 2008. Copyright 2008, American Institute of Physics.)

19.6 mA/cm? for (c), respectively, and I = 19.7
mA/cm?for the control cell (d) with 400 nm-thick
i-GaAs layerasareference. The projected conver-
sion efficiency is 8.5% and 5.7% for strain-
compensated (a) and (b) QDSC, respectively.
ForInGaAs/GaNAsQDsgrownon GaAs (311)
B, the multi-staked structure have an interesting
future. Figure 13a shows the high-angle annular
dark-field STEM image for the portion of embed-
ded QD structure with 40 nm-thick SCL viewed
along [01-1] and Figure 13b, ¢, and d show STEM
images for the embedded QD structure with (b)
40 nm-thick, (c) 30 nm-thick and (d) 20 nm-thick
SCL viewed along [-233], respectively. QDs are
vertically aligned in the growth direction when
viewed along [01-1] as in (a), because symmetri-
cal lens shaped QDs are observed resulting in the
generation of isotropic strain field along [01-1]
direction. On the other hand, the QD alignment
is inclined at an angle of 22° with respect to the
growth direction when viewed along [-233] as
shown in (b). Because their shape is asymmetric
with two dominant facets along [-233], the local
strain around QD extends further outward from
the lower angle facet (Shoji, 2010b). Further, the
inclination angle of vertical alignment QDs be-
comes smaller from 22° to 2° with decreasing
SCL thickness from 40 nmto 20 nm. These results
suggest that the strain field extends asymmetri-
cally resulting in vertically tilted alignment of
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QDs for sample with thick SCLs, while the
propagated local strain field is strong enough to
generate the nucleation site of QD formation just
above lower QD in the sample with thinner SCLs.

Figure 14 shows the projected AM1.5 current-
voltage curves measured for 10-layer stacked
InGaAs/GaNAs QDSC grown on GaAs (311)B
substrate. Ahigher | _of24.26 mA/cm?isachieved
compared to the GaAs p-i-n reference cells. This
result due to the high density QDs grown on GaAs
(311)B substrate. The Fill Factor (FF) and open-
circuit voltage (V) are determined FF = 0.791
and V__=0.840V, respectively. Further, the mea-
sured efficiency for 10 stacked InGaAs/GaNAs
QDSC grown on GaAs (311)B substrate amounts
to 16.1% under AM 1.5 irradiation.

EFFECT OF SPACER LAYER
THICKNESS

In QD-IB solar cells, QDs are required to be ho-
mogeneous and small in size, and are regularly
and tightly placed in all three dimensions. This
configuration then leads to formation of a super-
lattice miniband that is well separated in energy
from the higher-order states. For this, separation
thickness between QD layers becomes a factor
that needs to be controlled.
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Okada et al. (2009) investigated the effect
of spacer layer thickness on the performance of
multi-stacked QD solar cells. Each sample grown
by MBE, consists of 10 multi-stacked pairs of
an InAs QD layer with 2.0 MLs thickness and a
strain-compensating GaN As, _spacer layer with
varying thickness d nm and nitrogen composi-
tion x, (@) d = 15 nm and x = 1.5%, (b) d = 20
nm and x = 1.0%, (c) d = 30 nm and x = 0.7%,
and (d) d = 40 nm and x = 0.5%, respectively,
grown on GaAs (100) substrate. The net biaxial
compressive strain induced by InAs QD layer
has been compensated by the given GaN As,
spacer layer. Changing the nitrogen composition
has two effects; one is the change in the lattice
constant and hence the amount of tensile strain
that is used to compensate for the compressive

strain by InAs QDs. The other is the change in
the conduction band offset or bandgap energy of
GaN, As,  spacer layer and hence the position of
the quantized energy states in InAs QDs. Due to
a large bowing parameter of GaN As _ alloy, a
small change in nitrogen composition results in
a large change in the bandgap (Wu, 2002).
Figure 15 shows the projected AM1.5 current-
voltage curves measured for InAs/GaN As, QD
solar cells with varying thickness and nitrogen
composition of strain-compensating spacer layer.
The short-current density steadily increases from
| =23.7t0 24.5, 24.8, and 24.9 mA/cm? as the
thickness of spacer layer is reduced from d = 40
to 30, 20, and 15 nm, respectively. The filtered |
above the GaAs bandedge of 880 nm for QD solar
cell with d =20 nm and x = 1.0% is 1.2 mA/cm?

Figure 12. (a)-(d) show IQE spectra for (a) strain-compensated InAs/GaNAs QDSC with 10 stacks, (b)
strain-compensated InAs/GaNAs QDSC with 20 stacks, (c) strained InAs/GaAs QDSC with 20 stacks,
(d) GaAs p-i-n control cell, and (e) shows the PL spectrum at room temperature for strain-compensated
InAs/GaNAs QDSC with 20 stacks, respectively. (Reprinted from Oshima, Takata, & Okada, 2008.

Copyright 2008, American Institute of Physics.)
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Figure 13. (a) Cross-sectional STEM image for the embedded QD structure with 40 nm-thick SCL viewed
along [01-1]. (b), (c) and (d) show images for the embedded QD structure with (b) 40 nm-thick, (c) 30
nm-thick, and (d) 20 nm-thick SCL viewed along [-233], respectively. (Reprinted from Shoji, Oshima,
Takata, & Okada, 2010. Copyright 2010, Elsevier B.V.).

and the maximum QE from the QD layersis about
5% at a wavelength of ~ 1100 nm. On the other,
the open-circuit voltage shows a decreasing trend
with reducing spacer layer thickness from V=
0.805t0 0.729, 0.654, and 0.634 V, respectively.
The conversion efficiency is 15.7% for QD solar
cell with d = 40 nm and x = 0.5%, which steadily
decreases to 12.5% for the cell with d = 15 nm
and x = 1.5%, respectively. The fact that the series
resistance does not, in principle, affectV_ofsolar
cellandthe measured shuntresistance is practically
identical in all four samples could lead to conclu-
sions that (1) the strain-compensation growth
provides good junction quality in all samples with
afill-factor of 0.79 ~ 0.82, and (2) the drop in V|
isduetoanincrease in the conduction-band offset
AE atthe GaAs/GaN As, heterointerface, which
in turn increases the recombination loss within
QDs, thereby leading toan increased dark current.

Figure 16 shows a clear correlation between
thedropinV_andtheincrease inAE_atthe GaAs/
GaN As,  heterointerface asafunctionof nitrogen
compositionxin GaN As, . For GaAs/GaN As,
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heterointerface, the most portion of the band
offset is known to appear in the conduction band
(Wu, 2002). One further point to note is AV <
AE_/qhas been observed. The results suggest that
the predominant operation for these multi-stacked
QD solar cells is by the carriers generated in QDs
to escape out of the potential well by thermal
excitation thereby contributing to additional cur-
rent output, but not by absorption of 2 photons
with sub-bandgap energies of GaAs barrier mate-
rial to be harvested in generating additional one
electron-hole pairwhich isthe required mechanism
in high-efficiency IBSCs. Similar observations
have been reported in most reports to date (Mar-
ti, 2001, 2006; Okada, 2005, 2009; Oshima, 2008;
Popescu, 2008; Hubbard, 2008; Blokhin, 2009;
Shoji 2010).

Therefore, there is a large mismatch between
the rates of photo-excitation of carriers from the
VB to the quantized states in QD or miniband and
from QD states into CB in most of the QD-IB
solar cells reported to date. However, AV <AE_
/g has been often observed and the recombination
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Figure 14. Projected AM1.5 current-voltage curves measured for (a) 10-layer stacked InGaAs/GaNAs
QDSC grown on GaAs (311)B substrate, (b) GaAs p-i-n reference SC grown on GaAs(001) substrate

Figure 15. Projected AM1.5 current-voltage curves measured for InAs/GaN As, QD solar cells with
varying thickness d and nitrogen composition x of strain-compensating spacer layer, (a) d = 15nm and
x = 1.5%, (b) d = 20nm and x = 1.0%, (¢) d = 30nm and x = 0.7%, and (d) d = 40nm and x = 0.5%,
respectively. The net strain-balanced condition has been was achieved in all samples (Reprinted from
Okada, Oshima, & Takata, 2009. Copyright 2009, American Institute of Physics.).
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Figure 16. Dependence of decrease in the open-circuit voltage AV, (solid circle) and increase in the
conduction-band offset AE_ at the GaAs/GaN As,  heterointerface (solid line) as a function of nitrogen

composition x in GaN As,

loss within QDs is the key factor degrading V
even for the sample with the smallest spacer
layer thickness of d = 15 nm as from Figure 16.
The wave function delocalization via coupling of
QDs forming an IB (Tomic, 2008) as well as in-
creased radiative recombination lifetime (Kojima,
2008) should become possible if the thickness d
isfurther reducedto formamore ideal superlattice
structure.

EFFECT OF DOPING

In QD-IB solar cells, IB states should ideally
be half-filled with electrons in order to ensure
an efficient pumping of electrons by providing
both the empty states to receive electrons being
photo-excited from the Valence Band (VB), and
filled states to promote electrons to the Conduction
Band (CB) via absorption of second sub-bandgap
photons.

One method of providing carriers into QDs
is by modulation doping technique. Marti et al.
(2006) has fabricated InAs/GaAs QD-IB cell,
for which each GaAs barrier layer is delta-doped
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with Si with a sheet density equaling the InAs
QD areal density. Due to spin degeneration, this
condition equals half the density of electronic
statesin IB. Moriokaetal. (2010) have developed
a technique by MBE to fabricate Quantum Dot
(QD) solar cells with direct Si-doping of InAs
QDs in GaNAs strain-compensating matrix in
order to control the quasi-Fermi level of inter-
mediate QD states as schematically shown in
Figure 17. The structure consisted of 25 pairs of
a 2.0 MLs of InAs QD layer and a 20 nm-thick
GaN,,,As,,, strain-compensating spacer layer
in the i-layer whereby keeping the net average
lattice strain to a minimum. The Si atoms can be
evenly incorporated into QDs during the assem-
bling stage of growth (Kudo, 2008; Inoue, 2010)
such that a uniform partially-filled QD array has
been obtained. The sheet density of Si doping has
been set to be 5.0x10* cm per QD layer in order
to dope approximately one Si atom per QD. The
growth rate of QD layer is 0.09 um/h, and growth
temperature is 480°C. The mean QD diameter,
height, size uniformity in diameter, and areal
density reported for this structure are 24.6 nm,
4.7 nm, 11.1%, and 5.0x10% cm?, respectively.
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Figure 17. Schematic layer structure of QD solar cell grown on GaAs(001) substrate with 25 multi-
stacks of InAs QDs, either direct Si-doped or non-doped, embedded by 20 nm-thick GaN, , As, ,, strain-

compensating spacer layers (SCLSs)

One further important effect of Si-doping not to
be taken lightly is the passivation of non-radiative
recombination centers in GaAs and heterointer-
faces (Phillips, 1997; Attaluni, 2006).

Figure 18 show the measured Quantum Effi-
ciency (QE) spectra measured for QD solar cells
with (a) direct Si-doped, and (b) non-doped QDs,
respectively (Okada, 2011). The QE response for
A < 880 nm is mainly the contribution from the
top p-GaAs emitter layer, while the peak observed
around 970 nmisfrom GaNAsspacer layers. Then
QE response for A > 1000 nm is reported to be
solely due to contribution from InAs QDs. The
external QE of direct Si-doped InAs QDs is 6%
at the wavelength of ~ 1050 nm, which is notably
higher than the reported values. It is further noted
that Figure 16a shows a higher QE response than
for (b) inthe wavelength range of A<880nm. This
suggests that the electrons are transported across

the direct Si-doped QD region more efficiently
compared to non-doped QD region. In fact, the
dark current measured for direct Si-doped QDSC
isroughly halved compared to non-doped QDSC.
The results agree well with PL results and we
can firmly conclude that relaxation of electrons
by non-radiative process in the QD region is ef-
fectively reduced by Si doping. Consequently,
the short-circuit current density I of QD solar
cell increases from I_ = 24.1 (non-doped) to 30.6
mA/cm? (direct Si-doped QDs) under AM1.5 ir-
radiation.

Figure 19 plots the difference between the QE
curves AQE, measured at room temperature, with
(QE,,,) and without (QE,. ) IR light illumina-
tion, whose energies would only be able to pump
the electrons from IB to CB. Okada et al. (2011)
observed a clear increase in the photocurrent,
given by AQE = QE . - QE,. . for a direct Si-

IRoff

181



AXDQWXP 'RW 6RODU &HOOV

Figure 18. External QE spectra taken at the short-circuit condition for 25 layer-stacked InAs/GaNAs
strain-compensated QDSCs with (a) direct Si-doped, and (b) non-doped QDs, respectively (Reprinted
from Okada, Morioka, Yoshida, OshimaShoji, Inoue, & Kita, 2011. Copyright 2011, American Institute

of Physics.)

Figure 19. Difference in QE values AQE with (QE. ) and without (QE_. ) IR light illumination, whose
energies would only be able to pump the electrons from IB to CB. A clear increase of photocurrent, given
by AQE = QE,. . - QE_ . has been detected for direct Si-doped QDSC at room temperature (Reprinted
from Okada, Morioka, Yoshida, Oshima, Shoji, Inoue, & Kita, 2011. Copyright 2011, American Institute

of Physics.).
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doped QD solar cell. A sharp peak feature seen
at A ~ 1050nm matches with the condition that
the electrons are pumped from VB to IB, and a
consequent increase in the population in IB in
turn increases optical transitions from IB to CB.
The increase of QE at A ~ 1050 nm is ~ 0.3%.
The external QE of direct Si-doped InAs QDs is
~ 6% as from Figure 18, which thus implies that
the ratio of optical transition rate from IB to CB
with respect to thermal escape is estimated to be
~ 1: 20. Further, the photo-response is increased
over the whole wavelength range, which can be
qualitatively explained that; (1) non-radiative
recombination loss from CB to VB for the carri-
ers that have been pumped to high energy states
is reduced by the effect of Si doping such that
those captured into direct Si-doped QDs (IB)
after thermalization can absorb IR photons and
make direct optical transitions from 1B to CB, and
contributes to an increase in the photocurrent (A
= 450 ~ 850 nm), and (2) the electrons pumped
from VB to CB in GaNAs spacer layers undergo
similar steps (A = 900 ~ 1000 nm), respectively.
The results evidence the fundamental operation
principle of QD-IB solar cells.

CONCLUSION AND FUTURE
RESEARCH

We have attempted to review the theoretical
analysis and the QD technologies that could
be implemented to realize a high-efficiency
intermediate-band solar cell.

By using the self-consistent drift-diffusion
method for IBSC, doping in the IB region can
help the carrier generation via IB state, especially
for lower concentrations. However, the optimal
doping density must be carefully estimated not
to degrade the cell performance. Under higher
concentration conditions, photofilling effects
can control the occupation rates of IB and the
estimation condition will relaxed. To evaluate the

potential of QD-IBSCs, the relations of absorp-
tion coefficients for each band-to-band transition
should be clarified. Tomi¢ (2010) provided the
details of these relations.

Thenthe self-organized growth of QDs, growth
mechanisms and control of size and density of
QDs, and direct doping of QDs will be reviewed.
We will summarize with specific experimental
behavior for proof of operation with two-step
photon absorption from current state-of-the-art 1B
solar cells implementing QD superlattice.

Compensating for or balancing out the lat-
tice strain induced by self-assembled QDs with
a spacer layer which exerts an opposite biaxial
strainworks remarkably well to achieve improved
size uniformity and to avoid generation of defects
and dislocations in multiple stacked QD superlat-
tice structure. Up to 100 layers of multi-stacking
of InAs/GaNAs QDs are reproducibly achieved
with the present technology (Takata, 2010). The
junction quality is good and the fundamentals of
solar cell performance can be studied and analyzed
clearly without the need to be concerned about
the crystalline quality.

However, if the IB is not partially filled with
carriers, one can expect to observe a large mis-
match between the rates of excitation of carriers
from VB into miniband or IB in QD superlattice,
and from QD-IB into CB in I11-V based QD mate-
rial system. Of the two absorption processes, the
absorption rate from QD-IB to CB is the limiting
factor in maximizing the photocurrent generation
by two-step photon absorption and hence the re-
combination loss in QDs is the dominant factor
limiting V. in most of the QD solar cells reported
to date.

Modulation doping technique has been ap-
plied to fabricate QD-IB solar cell (Marti, 2006),
in which the barrier is delta-doped with a sheet
density equaling the QD areal density. Photofilling
is another approach to achieve partial filling of
QD-IB states (Strandberg, 2009). It is expected
that a reasonable population of photo-generated
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electrons is sustained even in non-doped QD-1B
solar cellsif operated under concentrated sunlight,
typically 100~ 1000 suns. Adirect doping method
is a new evolving technology in order to control
the quasi-Fermi level of QD-IB states in solar
cell. In direct Si-doping of InAs QDs in GaNAs
strain-compensating matrix, ithas been shown that
Siatomsare evenly incorporated into QDs during
the assembling stage of growth and a uniform
array of partially filled QDs has been obtained.
A clear photocurrent increase due to two-step
photon absorption has recently been detected at
roomtemperature for the firsttime in IB solar cells
with doped QDs (Okada, 2011). This evidences
the proof of concept of QD-IB solar cells and it
could open up a pathway for fast development
of high-efficiency IB solar cells with efficiencies
exceeding the Shockley-Queisser limit.
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ABSTRACT

The Intermediate Band Solar Cell (IBSC) is a novel photovoltaic device with the potential of surpassing
the effciency limit of conventional solar cells. It is based on a new class of materials characterized by the
insertion of a collection of energy levels within the material bandgap. These levels act as the so-called
Intermediate Band (IB) and cause a larger portion of the solar spectrum to be useful for photovoltaic
conversion. Sub-bandgap photons can ideally be collected via two-step absorption mechanisms through
the IB and thus enhance the photogenerated current without a signifcant voltage degradation. In this
chapter, the authors show the state of the art of the modeling and simulation within the IBSC research feld.

1. INTRODUCTION

The solar energy utilization is inherently and
fundamentally inefficient because it is very di-
luted compared to other sources of energy. This
causes the exploitation of the Sun as a direct
source of energy for cheap electricity production
to be very challenging.

DOI: 10.4018/978-1-4666-1927-2.ch011

There are two ways of reducing the cost of
Photovoltaics (PV): 1) reducing the solar cell
manufacturing cost and/or 2) boosting the solar
cell efficiency, which implies PV concepts with
a high efficiency ceiling. Both strategies cannot
be compared under the same standards, since the
cost associated to the PV module is expected to
be approximately half of the price of the whole
PV power plant (the Balance-of-System account-
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ing for the other half) and the solar cell cost (in
current flat panels) approximately accounts, in
average, for the 60% of the PV module cost (del
Caflizo, del Coso, & Sinke, 2009). This implies
thatany PV technology cost reduction only affects
approximately 30% of the overall cost; while
the efficiency enhancement strategy affects the
entire cost of the investment. Furthermore, the
marginal cost of operation and maintenance can
be neglected in PV and therefore, the generation
costof solar electricity ultimately depends on the
electricity produced and thus, on the efficiency.

One of the paths leading to a possible PV
breakthrough isthe Intermediate Band Solar Cell
(IBSC) concept, for which a limiting efficiency
as high as 63.2% (Luque & Marti, 1997) has
been calculated, to be compared to the 40.7%
of a conventional solar cell (Araujo & Marti,
1994; Shockley & Queisser, 1961). The IBSC
is based on the so-called Intermediate Band (IB)
materials, which can be regarded as a new type of
materials engineered so that an energy band or a
collection of energy levelsare inserted within the
semiconductor bandgap. These materials are ca-
pable of absorbing sub-bandgap photons, which
otherwise would be useless for PV conversion.
These sub-bandgap photons are collected via
two-step electronic transitions through the 1B,
thus enabling the pumping of an extra electron
flux from the Valence Band (VB) to the Conduc-
tion Band (CB). This mechanism is sketched in
Figure 1. The firststep, or sub-bandgap transition,
g, represents the pumping from the VB to the
IB, through the bandgap E,,. The second step is
denoted as g, and represents the electron pump-
ing from the 1B to the CB (through the bandgap
defined as E ). The conventional transition from
the VB to the CB is denoted as g, in the figure
(and occurs through E.). The choice of the lo-
cation of the IB closer to the CB and therefore
in the upper half of the host material bandgap
has been arbitrarily made in this example. In
this respect, the IB concept is symmetric from
a theoretical point of view (E, can be above E,,

Figure 1. Simplified band diagram of an IBSC
where the QFLs associated to each of the bands
(VB, 1B, and CB) are represented together with
their corresponding transitions and bandgap
distribution

andvice versa). Inmany practical cases however
(particularly in the implementation with QDs),
as it will be seen later, the IB will be located in
the upper half.

The overall effect of this double absorption
causes a larger portion of the solar spectrum to
become useful for the extraction of carriers. At
the same time, these photogenerated carriers
must preserve their electrochemical potential.
Asaresult, the IBSC has the potential to achieve
ashortcircuitcurrent (l..) enhancement without
a significant degradation of the open circuit
voltage (V,.). The latter occurs under the as-
sumption that three electron gases coexist, each
of them associated to each of the three bands:
VB, IB and CB. Out of the equilibrium, these
electron gases are defined by their own Quasi-
Fermi Level (QFL) and they are respectively
denoted as €., €., and €_, in Figure 1. The ex-
istence of three well defined and separated
electronic populations associated to each band
is on the basis of a V_ not limited by any of the
sub-bandgaps (E, or E,, in this case), but only
limited by the host or barrier material bandgap,
E

G
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Another important condition is the need for
electric isolation of the IB from the contacts so
that the electron and hole QFL split does not
collapse at these contacts (Luque & Marti, 2001;
Luque, Marti, & Cuadra, 2000). This isolation
is achieved by inserting two conventional semi-
conductors, called emitters, on both sides of
the 1B material. When this configuration is not
implemented, no QFL separation can be achieved
betweene_ande_ or €, and as a consequence,
the voltage cannot be preserved limiting the ef-
ficiency ceiling to that of a single gap solar cell.

The rest of the features concerning the opera-
tion of the IBSC will be extensively reviewed
in the following sections, firstly attending to the
general IBSC case and then to the specific case
of each particular implementation.

So far, none of the existing semiconductors
have shown to be endowed with the singular
features required for a proper operation of an
IBSC. This implies that a new generation of IB
materials has to be engineered. For this reason,
an extensive research has recently begun on the
identification of appropriate IB candidate mate-
rials. So far, most part of the research has been
focused on two different families: the Quantum
Dot (QD) IB approach and the bulk approach,
whichwill be reviewed in the following sections.
Nevertheless, other interesting configurations
have been proposed, as for example the molecular
approach (Ekins-Daukes & Schmidt, 2008) which
are out of the scope of this work.

At the beginning of the IB research, the de-
tailed balance model was used to calculate the
optimum bandgap distribution ofan IBSC. Under
maximum concentration (46050 suns for the
Earth’s surface) and the irradiance distribution
of a black-body at 6000 K, the following values
attainthe theoretical 63.2%: E, =1.24eV,E =0.71
eV and E_=1.95 eV (Lugue & Marti, 1997).

During the first years after the concept was
released, more IB features were modeled, either to
analyze the suitability of the different IB materi-
als or the impact of non-idealizations regarding
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the practical implementation of the IBSC. In an
initial stage, the concept fundamentals had to be
verified, for which some evidences concerning
the operating principles of the IBSC were to be
tested. The latter required the implementation of
dedicated experimental set-ups in order to mea-
sure these verification effects, i.e. the production
of sub-bandgap photocurrent, the preservation
of the voltage and the suppression of the non-
radiative recombination.

2. BACKGROUND

We will review in this section the different ap-
proaches for the implementation of the IBSC,
stressing some of their specific features in each
case.

2.1. The Quantum Dot Intermediate
Band Solar Cell (QD-IBSC)

Quantum dots are also known as ‘artificial
atoms or molecules’ because their electronic
properties are in same aspects similar to those
of the single atoms and can be tuned so that
they behave in a desired manner. A QD system
consists of a collection of small semiconductor
crystals of nanometric dimension (QD material)
embedded in another crystal of different nature
(barrier material). The barrier (or host) material
is characterized, in most cases, by the largest
bandgap, so that a confining potential is created
inside the dots. QDs can be treated in an ideal
way as spherical, although most of them resemble
a concave lens in practice (Sugawara, 1999).
Anyhow, they are restricted to the nanometric
range in the three spatial directions. This causes
the appearance of discrete confined energy levels
(electron, holes or both). Their Density Of States
(DOS) is therefore characterized by a delta-like
function (Figure 2d).

Quantum dots can be used to implement the
intermediate band solar cell concept (Marti,
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Figure 2. Schematics of DOS functions: (a) the crystal in bulk has a continuous DOS; (b) a QW is
characterized by a stair-like DOS function; (c) a QWR allows only one degree of freedom; (d) a QD

presents a delta-function like DOS

Cuadra, & Lugue, 2000). Under this approach,
the fundamental confined state is meant to act
as the IB and it requires to be well separated
from the CB so that carrier escape from this
confined state to the CB does not become too
large or otherwise the QFL split between IB and
CB will not take place. When the confined states
are separated by an energy greater than that of
the optical phonons, the carrier thermalization
through the emission of a single phonon is in-
hibited. This Non-Radiative Recombination
(NRR) blockade, peculiar to zero-dimensional
nanostructures, is also known as phonon-bottle-
neck-effect (Bockelmann & Bastard, 1990).
Not every kind of nanostructure is satisfac-
tory for the implementation of an IBSC. Any
nanotechnology approach with a lower degree

of confinement, i.e. Quantum Wires (QWRS) or
Quantum Wells (QWSs), respectively character-
ized by one or two degrees of freedom in real
space, allow carriers to move freely throughout
the crystal lattice in, at least, one direction.
Thus, these other approaches present in fact a
continuum inthe DOS function, starting from the
fundamental confined state towards higher ener-
gies. This has been represented in Figure 2b and
Figure 2c, where the DOS function for QWs and
QWRsare schematically shown. This continuum
in the DOS function prevents the existence of
an 1B isolated from both the VB and the CB and
thereby prevents the IB to CB QFL split.

As mentioned, the IB concept is theoreti-
cally symmetric with respect to the position of
the 1B within the host bandgap. However, when
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implemented with QDs, the high hole effective
mass leads to a hole energy level distribution
where the confined levels are separated from
their adjacent by a small energy gap. If we could
think of a QD-IBSC produced by hole confine-
ment, a strong carrier escape from the 1B to the
VB would dominate the g, transition. A very
little QFL separation would then be achieved,
implying that the voltage preservation condition
is not fulfilled. As a result of this reasoning, the
IBSC concept, when engineered with QDs, can
only be likely implemented through electron
confinement and not through hole confinement.

Afewimportantissues related to the practical
implementation of QD systems can be regarded
as frequent topics for modeling and simulation
of IBSCs; among them, the ones that are worth
mentioning are: impact of the shape, size, and
aspect ratio on the QD absorption, accumulation
of strain and impact of the wetting layer. All of
them will be discussed in Section 3.

Attending to the previous considerations, it
will be useful to define the ‘effective bandgap’
of a QD-IBSC with a significant Valence Band
Offset (VBO), which is a usual case in most of
the favorable QD/barrier I11-V material combi-
nations (graphically shown in Figure 3 for the
InAs/GaAs QD system). For that we will take
into account that in real QDs, most part of the

,QWHUPHGLDWH %DQG 6RODU &H

VBO can be considered full of energy levels.
Therefore, the effective bandgap, marked as S
E, . O E_ In Figure 3, accounts for the energy
reduction (with respect to the conventional values
of E, E, and E ) caused by both the Wetting
Layer (WL) continuum of states and the quasi-
continuum of confined hole energy levels. This
concept is important for a correct understanding
of the QD solar cell in terms of the interpretation
of electrical and optical measurements, as well
as the modeling and simulation of its electronic
performance.

The IB region of a QD-IBSC is constituted
by the QD layers, separated by the barrier mate-
rial spacers. As any other IBSC, it requires to be
sandwiched between a p-emitter and an n-
emitter, so the IB is not connected to the metal
contacts. A simple solar cell configuration of
this type is detailed in Ref. (Marti, et al., 2000).
The “n doping” appearing next to each QD is
meant to produce the partial filling of the IB by
modulated doping, which isdiscussed in Section
3.3.

2.2. The Bulk-Based IBSC
The other big group of IB materials besides QDs

isthe one based on bulk semiconductors. Several
lines have been proposed in this direction, which

Figure 3. Band diagram of the InAs/GaAs QD system illustrating the effective bandgaps. The confined
electron wavefunction is sketched together with the electrons populating the IB and coming from the

QD modulated doping.
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are, in most cases, based on the introduction
of suitable impurity atoms. Different material
systems have been theoretically investigated
containing impurities of the appropriate nature,
placed in the adequate locations within the peri-
odic lattice and being in sufficient concentration
as to fulfill the IBSC requirements.

Deep-Level (DL) impurities (atomic species
that introduce an energy level inside the host
material bandgap far from the band edges) could
be thought as the precursor of the IB. However,
they have been traditionally called traps (recom-
bination centers) and therefore, considered as
‘lifetime Killers’ in semiconductors. Therefore,
their use in high efficiency solar cells requires
further justification.

The answer to why impurities in high con-
centration inside the crystal might not increase
the Shockley-Read-Hall (SRH) recombination
(Luque, Marti, Antolin, & Tablero, 2006) as
it has been traditionally stated in conventional
semiconductor physics is related to the so-called
lattice relaxation multiple phonon emission
(Lang & Henry, 1975). The latter is believed to
be the main responsible for the SRH recombina-
tion, since the simultaneous emission of several
phononsis considered highly improbable in bulk
semiconductors. The electron is de-excited from
the CB to a DL trap, which implies a transition
from a delocalized state to a localized one, caus-
ing an important swift movement of the charge,
because itwas initially distributed throughout the
whole band and it is afterwards highly packed
next to the impurity atom. In this case, the atom
vibrates violently (in real space) in a mode other
than the usual lattice phonons, the so-called
breathing mode. This violent vibration is then
attenuated through the successive emission of
phonons produced by conventional electron-
phonon interaction. Thereby, if the impurities
giving rise to the 1B are present within the bulk
material in a sufficiently high concentration as
to produce the overlapping of their wavefunc-
tions, the recombination through intermediate

states takes place between delocalized states,
thus inhibiting the production of breathing modes
and the lattice relaxation multiple phonon emis-
sion. As a result, the SRH recombination is also
inhibited.

The idea of using DLs to study the possibil-
ity of sub-bandgap photon absorption is not
modern. Actually, Wolf introduced the concept
of multitransition solar cell in 1960 with the
purpose of improving the solar cell performance
(Wolf, 1960) and a year later, based on Wolf
proposals, Grimmeiss manufactured and tested
a DL impurity-based solar cell with negative
results (Grimmeiss & Koelmans, 1961). This
is not surprising because both the theoretical
proposal and the experimental implementation
paid no attention, for example, to the need for
selective contacts, i.e. they did not identified the
need for non-DL-doped portions of semiconduc-
tor separating the doped material and the metal
contact. Also, in the proposals by Wolf, there
was no explicit mention to the need for a high
enough impurity concentration as to enable the
formation of aband with the aforementioned NRR
blockade. Thanks to the IBSC theory, we now
know that because the previous considerations
were not taken into account, the voltage of the
DL solar cell proposed by Wolfand implemented
by Grimmeiss was fundamentally limited. The
efficiency ceiling of such configuration was in
the best case the one of a low bandgap conven-
tional solar cell.

DLsintroduced by impurities of any kind can
be considered as an option for bulk 1B materials
if they are located at an appropriate energy and
they can be half filled with electrons at room
temperature. Actually, even DLs associated to
a vacant or an interstitial atom might also lead
to adequate configurations.

The first stage after the IBSC concept was
first presented in 1997 dealt with theoretical
analysis of possible IB candidate materials. In
this respect, some bulk materials doped with
transition metal impurities were proposed, as for
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example, Ti-substituted GaAs or GaP (Wahndn
& Tablero, 2002), as well as other substituting
impurities such as Sc, V or Cr. An experimental
research line has been proposed using an MBE
reactor for the insertion of a high impurity con-
centration of Ti inside a GaAs matrix (Marti, et
al., 2009).

Another bulk-based IB candidate material isa
well-known semiconductor for PV applications:
silicon. Althoughinthe IBSCtheory itisfar from
the optimum in terms of efficiency (because of
its small bandgap), it seems to be a good mate-
rial to test some of the principles of the IBSC
theory. Hence, ahigh dose of Ti has been already
implanted thanks to ion-implantation techniques
together with pulsed laser melting in order to
recover the crystallinity of the implanted sample
(Antolin, etal., 2009; Gonzéalez-Diaz, etal., 2009;
Olea, Toledano-Lugue, Pastor, Gonzélez-Diaz,
& Martil, 2008). Some important conclusions
concerning the operation fundamentals of the
IBSC have been extracted from this work. They
will be presented in Section 4.

IB solar cells based on thin-film-based ma-
terials, such as CulnS,, CuGaSe, and CuGaS,,
which can also be doped with transition metals,
such as Ti, V, Cr or Mn (Marti, Fuertes Marron,
& Lugue, 2008; Palacios, Sanchez, Conesa,
Fernandez, & Wahnén, 2007; Tablero & Fuertes
Marrén, 2010) have also been proposed. This
research line seems to be very encouraging since
chalcopyrite structures can constitute an easy
and versatile way to produce 1B materials, i.e.
the insertion of certain transition metal species
seems realizable (in a sufficient concentration)
from a thermodynamic point of view. An experi-
mental line has also begun in this topic (Marti,
et al., 2009).

Another research line also based on the
thin-film technology is being developed at the
University of Michigan for the ZnTe material
doped with oxygen (Weiming, Albert, & Jamie,
2009). So far, it has rendered excellent results,
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including a substantial efficiency enhancement
with respect to the ZnTe reference cell.

In-thiospinels such as In,S, have also been
proposed with a high V concentration. This last
work allowed the recent implementation of the
IB material by solvo-thermal synthesis, in which
sub-bandgap absorption was measured (Lucena,
Aguilera, Palacios, Wahnén, & Conesa, 2008).

Recent works on bulk 1B materials are based
on the so-called highly mismatched materials
(Yu, et al., 2006), e.g. the GaNAsP alloy, which
has also shown IB properties through photo-
reflectance measurements. This kind of nitrogen
dilutealloysisbelievedto experience the splitting
of the CB because of the interaction between the
nitrogen level and the CB of the non-nitrogen-
doped host matrix (in this case, the GaAsP). In
some cases, a real bandgap is created between
the two splitted CBs as a result of this interaction
and the lower splitted CB is then regarded as
the IB. The mechanism leading to this effect is
known as band anticrossing (Shan, etal., 1999).

InGaN-based alloys have also been presented
as practically feasible candidates (Marti, et al.,
2008), since they present exceptionally high
solubility ranges for some metal transition im-
purities (e.g. Mn) and they cover a high range
of energy bandgaps.

3. MODELING AND
SIMULATION OF THE IBSC

Modeling and simulation on new IB material
candidates, as well as on IB practical features
are cornerstones for a fast development of the
IBSC. In this section, we will summarize some
of the master lines related to the modeling and
simulation tools available for the IBSC, empha-
sizing the results derived from their use.
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3.1. Detailed Balance Modeling

The detailed balance theory (Shockley & Queiss-
er, 1961) is especially useful for computing the
limiting efficiency of new IB candidate materi-
als. The basis of the theory is the account for the
minimal losses of the device, i.e. only radiative
recombination, disregarding any NRR mecha-
nism. Detailed balance calculations allow the
determination of the optimal bandgap distribution
of an IBSC with respect to the efficiency limit.

Figure 4ashows four different current density-
voltage (J-V) characteristics calculated from
detailed balance arguments under the irradiance
ofablack-body at 6000K and maximum concen-
tration. The black solid curve corresponds to the
ideal IBSC case and the other three correspond
to different single gap cases for comparison: the
blue and the red solid curves representsingle gap
solar cells with a bandgap E_ that equals one of
the sub-bandgaps of the optimum IBSC, E, or E,
respectively. The dashed black curve represents
the optimum ingle gapsolarcell (1.11eV). From
this plot it is clear how the IBSC benefits from
both high current and high voltage and renders
a maximized efficiency compared to any single
gap solar cell: it preserves the voltage of the
high bandgap solar cell at the time it increases
its photogenerated current approaching that of
the optimum single gap solar cell.

Figure 4b (Luque & Marti, 1997) shows the
detailed balance efficiency limit calculation of
an IBSC and a double junction tandem solar cell
as a function of the lowest of the bandgaps in-
volved in each structure and maximum light
concentration. The limiting efficiency ofasingle
gap solar cell is also shown for comparison. This
plot illustrates the higher potential of the IBSC
concept and as well as the bandgap distribution
that optimizes the efficiency in each case. Strand-
berg and Reenas (Strandberg & Reenaas, 2010)
have recalculated the IBSC limiting efficiency
considering the possibility of using selective

energy reflector filters and found that this effi-
ciency increases with respect to the original
calculation without filters for the case of low
concentrations.

Nevertheless, some IBSC configurations
have the potential for exceeding the previous
63.2% limit (Antolin, Marti, & Luque, 2006). For
example, a tandem of two IBSCs has a detailed
balance limit efficiency of 73.2% when the cells
are independently connected. When the cells are
connected inseries, the system exhibitsaslightly
lower efficiency limit of 72.7% (Antolin, 2010).
Regarding the number of bandgaps involved in
the structure, each of the aforementioned IBSC
tandem configurationsisequivalenttoaMultiple-
Junction Solar Cell (MJSC) with six junctions,
which respectively achieve 74.4% and 73.3% for
the independently and series connected cases.
When comparing both the tandem IBSC and the
MJSC for the two-terminal case (monolithically
grown), the obvious benefit involving the IB
concept is the need for only one tunnel junction,
instead of the five tunnel junctions required for
a MJSC with six junctions.

The problem would still be the difficulty for
engineering IBSCs endowed with such optimal
configurations. In this respect, other works have
identified the possibility of combining a single
gap solar cell and an IBSC (either as the top or
the bottom cell) in a tandem configuration as a
more realistic device with asufficiently high effi-
ciency threshold asto remain attractive compared
to its equivalent 4-junction single gap solar cell
(Antolin, Marti, Linares, Ramiro, Hernandez, &
Luque, 2010). The calculated limiting efficiency
of such concept is represented in Figure 4c,
where a tandem made of a single gap solar cell
and an IBSC are shown (the IBSC configured
as either the bottom or the top cell). The plots
also illustrate the constrained (sub-cells under
series interconnection) and the unconstrained
(independently interconnected) cases. The spe-
cific configuration based on a GaAs IBSC is
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Figure 4. Detailed balance calculations of the IBSC. (a) Ideal J-V curves, where X is the concentra-
tion ratio, in this case 46050. Reprinted with permission from (Antolin, 2010). (b) Efficiency limit with
respect to €,, which corresponds to the lowest bandgap in each structure. Reprinted figure with permis-
sion from (Luque & Marti, 1997). Copyright 1997 by the American Physical Society. (c) Efficiency of
the tandem constituted by a single gap solar cell and an IBSC plotted for the cases in which the IBSC
is the top (grey) and bottom (thin black) cell and also for the series connected (solid) or independently
connected (dashed) cases. The single IBSC with optimal configuration (thick black) is added for com-
parison. Reprinted with permission from (Antolin, Marti, Linares, Ramiro, Hernandez, & Luque, 2010).

identified as a feasible implementation capable
of achieving a high efficiency threshold (above
64%) when monolithically grown in a tandem
configurationtogether withasingle gap AlGaAs-
based top cell with a low Al content (<20%).
The latter is regarded as a specifically feasible
configuration because: 1) the IBSC may be more
easily achievable for the case of the well-known
GaAs technology; 2) the AlGaAs single gap so-
lar cell seems to be a feasible technology when
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implemented with a low Al content; and 3) both
cells are lattice-matched.

In Cuadra, Marti, and Luque (2000) the maxi-
mum bandwidth of the IB is calculated for the
case in which stimulated emission does not take
place. Awide IB may appear, for example, if the
impurity concentration (or density of confined
states) giving rise to the IB is large. As a result,
any of the IBSC sub-bandgaps, for example E_,
can get reduced (because it is defined from the
CB to the upper edge of the IB) to an extent
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where it is even smaller than the ¢_-¢_, QFL
separation, which causes stimulated emission
processes, thus degrading the solar cell perfor-
mance. Therefore, the maximum IB bandwidth
is limited by the maximum QFL separation at a
given sunlight concentration. The modeling of
this constrain sets an upper limit for the IB width
of about 700meV for a 1 sun illumination and
about 700meV for maximum concentration (for
the optimum E_ value of 1.95 eV).

3.2. Photon Selectivity and
Photon Recycling

The absorption coefficient determines the prob-
ability of an optical transition to occur as a func-
tion of the photon energy. In an IBSC, three of
them are identified for each transition: a.,, o,
and a, (respectively corresponding to g, 9,
and g, in Figure 1).

In the general case of an IBSC, a photon of
the appropriate energy could be absorbed produc-
ing an electronic transition between any of the
three bands. However, as stated in the original
reference (Lugue & Marti, 1997), the absorption
coefficient profiles have to be spectrally selective
in any of the transitions for an optimized IBSC
performance. In other words, no energy overlap
is permitted between them, what implies that
for maximum performance, an incident photon
should exclusively pump an electron in one of
the transitions, but not in the others.

Thereasonwhy this photon selectivity renders
the maximum possible efficiency can intuitively
be understood from Figure 5, where different
cases of high-energy photons being absorbed
in low energy transitions are displayed. Figure
5a sketches a qualitative absorption coefficient
diagram where the differentabsorption functions
overlap, i.e. their value is not zero in some of
the energy ranges where the other functions are
also defined. Figure 5b exemplifies one of the
cases in which the absorption of a high energy
photon (E . >E, ) inalow energy transition (of

photon

only E, eV) is associated with an energy loss
mechanism. The excess of energy is wasted via
the thermalization of the electron within the CB.
Figure 5¢c exemplifies another analogous case in
which the loss mechanism occurs for £ | >E_
and the production of a transition through E,
(and the subsequent thermalization of a hole in
the VB). An IBSC efficiency degradation effect
equivalent to those of the previous examples is
shown in Figure 5d, where the overlap between
absorption coefficients causes the energy loss
throughout the photon recycling process.

Several works have modeled the performance
of the IBSC taking into account the impact from
the possible overlapping between the absorption
coefficient profiles. In order to quantify the in-
fluence of non-ideal absorption coefficients, a
model was developed by Cuadra, Marti, and
Luque (2004) accounting certain degree of over-
lapping between them. The corresponding
simulations showed a degradation of the IBSC
performance which is traduced into an effi-
ciency loss that increases as the overlapping
increases. For reference, we will recall that, the
first efficiency simulation presented in this con-
text (the one in Figure 4b) assumed an ideal
situation: full light absorption (sufficiently thick
solar cell) and non-overlapping of the absorption
coefficients.

When taking into account the possibility of
absorption coefficient overlap, one hasto realize
that the cell thickness (W) becomes a parameter
to be optimized, even within the detailed balance
realm. The reason for this dependence of the
efficiency on the thickness is related to the loss
mechanisms shown in Figure 5d. These losses are
produced during the photon recycling processes
andthey are caused by the reabsorption of photons
in a transition with an energy threshold lower
than that in which it was created. Even though
these recombination processes are of radiative
nature, entropy is created, thus degrading the
cell efficiency. The optimum thickness of the
cell will be the result of the trade-off between
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Figure 5. Different situations implying the absorption of high-energy photons in low energy transitions.
The absorption does not always promote electrons in the highest possible transitions but in lower ones.
Therefore, the energy in excess above the bandgap is wasted. (a) Example of non-idealized absorption

coefficients; (b) a photon of Ephoton

>E,, produces a g, transition; (c) a photon of E

onoton> E Produces

a g,, transition; and (d) example of process involving photon recycling and generating entropy.

the absorptivity (a), typically given when aplain
back reflector exists by (Cuadra, et al., 2004):

a(E) ~ 1 -exp[-(a., +a, +a.)2W] Q)

whichincreasesas W increases, and the recombi-
nation, which depends on the bulk semiconductor
volume (and therefore, also on W) and is caused
by the inefficient photon recycling; therefore, it
also increases when W increases.

The photonrecycling mechanismisimportant
in radiatively dominated single gap solar cells
as well as in IBSCs. The latter can be deduced
from Figure 6, where the efficiency of an IBSC
of optimum bandgap is calculated for maximum
concentration (46050 suns), constant and non-
overlapping absorption coefficients and the
Sun modeled as a blackbody at 6000K (Marti,
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Antolin, Canovas, Linares, & Luque, 2008). The
simulation is carried out for the two cases of an
IBSC operating at the radiative limit and also
for an IBSC in which no photon recycling takes
place; both as a function of the cell thickness. In
this analysis, it is patent how the efficiency of
an IBSC in the radiative limit (accounting the
photon recycling processes) increases towards
the 63.2% maximum efficiency as the thickness
increases, that is reached once all the photons
are absorbed (aW>>1) and remains essentially
constant regardless of any further thickness in-
crease. However, when photon recycling is not
accounted inthe model (lower curve in Figure 6),
the efficiency initially improves as the thickness
increases (due to a higher absorption of photons)
reachingamaximumat 56.1%. Once the optimum
thickness corresponding to this maximum has
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Figure 6. Efficiency versus cell thickness for
two IBSC scenarios: with and without photon
recycling. The model assumes an IBSC with
optimum bandgaps, maximum concentration,
and 6000K blackbody irradiance. Constant
and non-overlapping absorption coefficients
are considered in both cases. Reprinted with
permission from Marti et al. (2008).

been reached, the efficiency decreases due to
the increased radiative recombination without,
however, recycling of photons.

As explained in Cuadra et al. (2004), when
more than one absorption coefficient are non-
zero in the same energy range, a drop in the
limit efficiency occurs even ina purely radiative
case; at 1000 suns, for example, the efficiency
drops from 57% to 32%, when considering
0.,~a,,=0,=4 10* cm™ (which is a value that is
in the range of the GaAs absorption coefficient).
But this harmful effect can be mitigated if the
IBSC is engineered so that a large difference
between each of the values of the absorption
coefficients exists, i.e. a,>>a,, as well as
a,,>>a.,. Forthe sake of simplicity, we represent
this difference by a fix proportionality factor
denoted as y so that:

y = aIV/GCV = GCI/GIV (2)

This situation, which has been sketched in
Figure 7a, causes one absorption coefficient
to dominate in each of the three energy ranges
(E,<E<E,, E, <E<E, and E>E ), approaching
the non-overlapping condition.

A problem derived from such scenario is as-
sociated to the weakness of the absorption re-
lated to the lowest absorption coefficient, which
inturn implies areduced g..,. A possible solution
relies on the use of light trapping techniques,
such as the texturing of the IBSC or the use of
a cavity (Luque, et al., 1991), which increases
the optical path lengthinside the cell. Other light
management techniques can be implemented
through the use of Metal Nanoparticles (MNPs)
that, withinthe near-field approximation, provide
encouraging results for amplification of the
absorption of the IR light. This amplification is
produced by the MNP plasmonic resonance and
depends on the MNP material and shape (Luque,
Marti, Mendes, & Tobias, 2008). On the other
hand, micrometric patterned diffraction grids
have also been postulated for their calculation
under the far-field approximation as another
possible strategy for light trapping applied to the
IR range (Mellor, Tobias, Marti, Mendes, &
Luque, 2010; Tobias, Luque, & Marti, 2008).

In Figure 7b a simulation from Cuadra et al.
(2004) is shown where the results from consider-
ing y=1 and y=10 are compared considering the
case of an IBSC with optimum bandgaps at 1000
suns (i.e. E,=1.32 eV and E =0.77 eV). For this
model, a constant numerical value of a =4 10
cm™has beenalso used. The use of light confine-
ment through the insertion of the cell inside an
ideal cavity is represented by dashed lines in the
figure. When considering this last condition, the
cell efficiency is enhanced and the optimum cell
thickness can be dramatically reduced. The thick-
ness of the IBSC, represented also on the curves
in Figure 7b, has been optimized for each case.

Other published works (Navruz & Saritas,
2008) also study the impact of the overlap of the
absorption coefficients, for different values of y,
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Figure 7. (a) Sketch of the absorption coefficients minimizing the detrimental effect of overlapping.
(b) IBSC efficiency for a concentration of 1000 suns and optimum bandgaps in accordance with the
degree of overlapping. The y parameter is either 1 or 10 in the model. Light confinement case is
represented by dashed curves. The optimum thicknesses are expressed in micrometers on the curves.
Reprinted with permission from Cuadra et al. (2004) © 2004 IEEE.

on the efficiency, the optimum IB position, the
IB material width or base width, the I-V curves,
the bandgap and the combined effect with NRR.

3.3. Partial Filling of the IB

It must be noticed that an electron pumped from
the VB to the IB does not necessary have to be
the same one that is promoted to the CB by the
absorption of the second low-energy photon that
pumps an electron from the IB to the CB. If the
same electron were the only available carrier for
the second sub-bandgap absorptionstep (g.,), the
associated probability of the process would be
that of a three-particle collision (involving two
photons and one electron), which is more unlikely
than aprocess involving atwo-particle collision.
In contrast, a steady state carrier population is
required in the 1B in order to assist the second
sub-bandgap transition. For the g, transition to
occur, the 1B states cannot be completely occu-
pied with electrons, otherwise there would not be
room for any other electron to be pumped from
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the VB and the associated probability would be
null. For the fulfillment of both 1B population
constrains, the IB has to be partially filled.

There are several ways to achieve such
partial occupation condition. The IBSC may be
engineered so that the IB is naturally partially
filled at room temperature. However, if empty
orcompletely filled it may be “artificially’ doped
with impurities that are ionized at the tempera-
ture of operation as to tune the desired IB fill-
ing level (in QD-IBSCs, this can be attained by
modulation doping in the barrier as explained in
Marti, Cuadra, and Luque (2001). Also, in steady
state conditions, it may be photofilled with the
electrons from the first transition (Strandberg &
Reenaas, 2009).

Figure 8 shows the efficiency of an IBSC
with different densities of IB states (N, ) in ac-
cordance with the solar concentration level and
considering the effect of photofilling according
to the work by Strandberg and Reenaas (2009).
Theirsimulation revealsthat high efficiencies can
be attained without prefilling the 1B only when
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Figure 8. Efficiency as a function of the concentration level for IBSCs with different number of 1B
states. Reprinted with permission from Strandberg and Reenaas (2009). Copyright 2009, American

Institute of Physics.

the cell operates at sufficiently high sunlight
concentrations.

There is a QFL associated to the carrier
population at the IB (g.;) and, ideally, it has to
remain clamped at its equilibrium position. The
latter depends on the IB density of states. When
the 1B exhibits a high capture cross section for
electrons in the CB (i.e. the IB is connected to
the CB through recombination), a low filling
factor seems to improve the IBSC Quantum Ef-
ficiency (QE) profile and consequently, the
extracted photocurrent. However, the voltage
and thus the efficiency will then be fundamen-
tally limited by the IB - CB transition. The lat-
ter is simulated using the Generalized Shockley
Read Hall model applied to the IBSC (Luque,
et al., 2006) in the study on the influence of the
filling factor (Luque & Marti, 2010), where the
effect of a pre-filled IB is discussed for different
cases of QD-IBSCs.

All the calculations presented are analytical
and may be improved in the future through the
use of numerical-based models that solve the
semiconductor equations that also account for
the specific 1B material physics.

3.4. Impact lonization

Auger recombination can cause de-excitation
of electrons, thus reducing the cell efficiency.
The complementary mechanism of the Auger
recombination is the Auger generation, through
which the electrons can be transferred to a higher
energy band. It is more likely to occur in bands
with a high density of electrons. Besides, this
kind of process is also more likely if the energy
required for the impact ionization-assisted tran-
sition is small.

Impact ionization may also be particularly
useful to exploit the IBSC concept when any of
the involved transition is limited or even forbid-
den for a certain polarization of the light. For
example, if the transition through E,_can only be
produced by impactionizationfromthe IB - VB
electron de-excitation, as depicted in Figure 9a.
This has been studied within the IBSC context
in Luque, Marti, and Cuadra (2003), where it
was assumed that selection rules imposed a zero
matrix element associated to g_. As a conse-
guence, according to detailed balance arguments
(Shockley & Queisser, 1961), no luminescence
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Figure 9. (a) Simplified sketch of a two-step VB — CB transition in an impact-ionization-assisted IBSC.
Two photons are absorbed in the E,, transition and the de-excitation of one of the electrons in the 1B
promotes an electron transition through E, by the impact ionization mechanism. (b) Efficiency limit
of an impact-ionization-assisted IBSC, together a double junction tandem cell and a purely radiative
photon IBSC. Reprinted with permission from Luque et al. (2003) © 2003 IEEE.

is assumed in this transition. In this model, flat
QFLs are also assumed, implying infinite mo-
bility of the carriers. In Figure 9b, the simula-
tion of the impact-ionization-assisted IBSC is
compared to a double junction tandem solar cell
and a purely radiative IBSC with the same lower
bandgap. The plot of the efficiencies reveals that,
although lower than the purely radiative IBSC,
the maximum efficiency achievable by the impact
ionization-assisted IBSC is comparable to that
of the double junction tandem cell.

Other simulation exercises have been carried
out (Navruz & Saritas, 2009) including the
simulation of IBSCs in which impact ionization
mechanisms are not substitute but complemen-
tary to the IB — CB photon absorption. This study
compares the IBSC with and without the addi-
tional impact ionization component for the case
of overlapping and not overlapping of the absorp-
tion coefficients and under different multiplica-
tion probabilities.
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3.5. QD-IBSC Modeling

There are several features defining QD structures,
which are worth discussing from the perspective
of their impact on the operation of the IBSC. We
will particularize them in the framework of the
InAs/GaAs QD system, which is the best-known
material system. These features are:

. Dot Shape and Aspect Ratio: The aspect
ratio is defned as the QD’s base width di-
vided by its height. Actual InAs/GaAs QDs
are often characterized by a rather high as-
pect ratio of about 4 or 5. Moreover, the
QDs that have been grown so far account a
convex lens or a truncated pyramid shape
with a large base (Sugawara, 1999). The
aspect ratio infuences the confned states
distribution. In this respect, QDs with
squat shapes host a collection of confned
states which are separated by a small en-
ergy (approaching the QW case).
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Minimum Size: The QD systems used in
crystalline solar cells are commonly grown
by means of a Molecular Beam Epitaxy
(MBE) reactor. The Stranski-Krastanov
(Sugawara, 1999) growth mode consists
on the 2-D to 3-D nucleation of the dots as
a way to release the strain of the InAs layer
after a critical amount of material has been
deposited on top of the GaAs. Because of
the specifc nature of the nucleation, the
dots do not achieve the desired small size
that allows the appearance of only one
energy state in the CBO. Depending on
the MBE growth conditions this size can
be tuned, although very small QDs in the
range of 3 or 4 nanometers are required,
as shown in Linares, Marti, Antolin, and
Luque (2010). So far, several levels seem
to be confned within the CBO (Luque, et
al., 2010).

Absorption and Dot Density: A strong IR
absorption of the dots is required for the
electron pumping through the IB. Both
sub-bandgap transitions are weak in QDs,
although the IB — CB transition is believed
to be weaker. The IR absorption depends
on the QD density, which has to be maxi-
mized. The use of high index GaAs sub-
strates, such as the 311B (Akahane, et
al., 1998) is intended to increase both the
density and ordering of the QDs. At a
suffciently high density, the IB electron
wavefunctions could ultimately overlap
and delocalize, forming a miniband and
strengthening transitions from 1B states to
the barrier CB continuum due to increased
wavefunction overlap (Marti, et al., 2006).
On the contrary, the selection rules do not
permit transitions from localized to delo-
calized states (Luque, Marti, Antolin, &
Linares, 2010).

cell absorptivity. The difference in lattice
constant between the QD and the barrier
material causes a hydrostatic strain that is
indeed at the origin of the QD nucleation.
The formation of the islands (QDs) relaxes
part of this strain; however, a signifcant
part of it is not relaxed but vertically trans-
mitted towards the next QD layer, which
will then add more strain to the system.
After several periods, the strain can relax
inelastically, producing threading disloca-
tions and damaging the material quality
(Marti, et al., 2007). There are two strat-
egies to solve this problem: 1) the intro-
duction of strain compensating layers, i.e.
portions of material with a lattice constant
producing a strain feld of opposite sign so
that the overall strain is cancelled (Oshima,
Takata, & Okada, 2008; Popescu, Bester,
Hanna, Norman, & Zunger, 2008); and 2)
growing thick spacers between successive
QD layers, thus causing the strain to dilute
before the new QD layer is grown (Antolin,
2010). The accumulation of strain can be
modeled so that the thickness and the com-
position of the strain compensating layer
as well as the strain release spacer layer are
optimized, so that the total volume of the
active region is optimally reduced.
Wetting Layer: QD growth techniques
such as the Stranski-Krastanov cause a
thin layer of QD material to remain unal-
tered under the dots (Sugawara, 1999), i.e.
not all the QD material is employed in the
formation of the dots. This is a WL, which
is a QW that worsens the performance of
the IBSC because of the introduction of a
continuum of states close to the CB (as de-
picted in Figure 3).

In order to better understand the nanostructure

e Accumulation of Strain: The previous ar-
guments lead to the necessity of stacking
several QD layers in order to increase the

non-idealities applied to the QD-IBSC, a model
including several 1B levels has been proposed
(Luque, et al., 2010). The equivalent circuital
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model increases the complexity beyond the one
of the conventional IBSC, which only accounts
for a generator/diode set for each of the three
transitions (Figure 10b). In this analysis, up to
four intermediate levels were identified through
photoreflectance and quantum efficiency tech-
niques, which corresponding equivalentcircuitis
the one shown in Figure 10c. The circuitisaimed
to evaluate the impact of each of the recombina-
tion processes associated to the diodes presentin
the multiple-level IBSC model. Thisiscarried out
through the fitting of the photogenerated current
density (J,)-V.curve (dashed and hollow circles
curves in Figure 10d), which is measured for a
wide range of concentrations, up to 1000 suns.
Two different cases are considered together with
their respective mathematical expressions for
the fitting of the J -V curve: the connection or
disconnection of the IB - CB transition through
recombination mechanisms. In the case of the
IBSC analyzed in this work, a connected-based
model best fitted the experimental behavior. At
the end of this analysis, the model sets a fitting
parameter to each of the involved transitions,
giving an idea of the recombination taking place
through it, although the parameter may also ac-
count for the combined effect of alow absorption.

Another theoretical work devoted to the
simulation of the QD-IBSC intraband absorption
(Luque, et al., 2010) is based on the quantum-
mechanic analysis of a parallelepiped potential
well for which the matrix elements are calcu-
lated. It verified that the absorption strength of
the 1B - CB transition (provided the IB is the
fundamental confined state and the CB is the
first confined state above the barrier CB) is very
weak, which supports what is experimentally
observed.

3.6. New IB Material Search

After the IBSC fundamentals have been verified
in QD-IBSCs, the search for new IB candidate
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Figure 10. Simplified circuital models of: (a) a
conventional solar cell; (b) asingle level IBSC;
and (c) a4 level IBSC. (d) Measured J -V . of a
GaAs reference and an IBSC with its correspond-
ing ‘4 connected level’ fitting. Reprinted with
permission from Luque et al. (2010). Copyright
2010, American Institute of Physics.
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Figure 11. Simulation of the Ga,P,Ti (a) band diagram in some directions of the Brillouin zone; and
(b) absorption coefficient for the most relevant IBSC transitions. Reprinted from Tablero (2006).

Copyright 2006, with permission from Elsevier.

materials with the potential of achieving high
conversion efficiency is still very important.

In Sections 2.1 and 2.2 several research lines
have been introduced including a wide variety
of structures fulfilling the IBSC constrains. The
detailed study of them all is out of the scope of
this chapter and therefore only one example of
bulk-based and QD-based IBSC involving quan-
tum mechanical calculations will be presented
as an example.

The simulation of one of the first proposed
bulk materials, the Ga,P,Ti, from first principle
calculations (Tablero, 2006), was based on the
Density Functional Theory (DFT) and the Local-
Density Approximation (LDA), leading to the
energy band diagrams shown in (Figure 11a). A
clear isolated band between VB and CB becomes
apparentwhenthe Tiatomsare included in the or-
dinary semiconductor structure. The momentum
matrix elements are calculated and together with
the band, energies and the occupation numbers
are used to calculate the main optical properties,
such as the absorption coefficient, which can be
appreciated in Figure 11b.

An exhaustive search for new QD/barrier
material combinations has also been undertaken
in order to identify an optimized candidate with
a high efficiency threshold (not only from fun-
damental point of view, but also assuming con-
strains thataccount for their practical implemen-
tation). One of the crucial problems of the
currently fabricated In(Ga)As/GaAs QD-1BSCs
is the short-circuiting of the g, transition because
of the large number of levels confined into a
relatively small CBO, favoring quick carrier
relaxation from the CB to the IB.

Several constrains have to be defined for the
selection of the QD material combination. Levy,
Honsberg, Marti, and Luque (2005) proposed
materials with zero or negligible VBO in order
to avoid the thermalization of holes giving rise
to a reduction of the effective bandgap and the
consequent efficiency loss. Recent calculations
also considered the following constrains: a CBO
greaterthan 0.4 eV andabarrier material bandgap
ofatleast1.2eV. Two QD material combinations
were identified: Al . In, ,As/InP_ . Sb, .grown

. 0.57" '0.43 . 0.87
on lattice matched metamorphic buffer layer and
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Al In As/InAs , P . grownonpseudomorphic
buffer layer, denoted as “fully strained” (Dahal,
Bremner, & Honsberg, 2010). Their respective
limiting efficienciesare 58% and 53% calculated
under the detailed balance realmand an AM1.5D
spectrum at 1000 suns.

Such modeling eludes the analysis of the ac-
tual position of the electron (and hole) confined
states inside the nanostructure and supposes a best
case scenario for the energy of the fundamental
confined level (IB), which will in turn define
the energy of the sub-bandgaps. The existence
of extra confined levels within the CBO is also
disregarded. However, the analysis of the pre-
cise number and position of the confined levels
is crucial for the calculation of the limiting ef-
ficiency. Otherwise, the assumption of having
a single confined level located at an optimized
energy within the CBO, may result unrealistic
or even physically unsound, for example, for the
case when this confined level is located at the
lower edge of the CBO, because it accounts for
an impossible situation, even for an ideal QD.

In Linares et al. (2010), a first analysis of the
band alignment is carried out taking the lattice
strain into account. The constrain for large host
material bandgap and CBO is imposed (above
1.6 eV and 1 eV respectively). On the other
hand, a negligible VBO is not indispensable in
this model, since it will help to define the effec-
tive bandgap as it was described in Section 2.1
(considering this VBO as short-circuited from
the fundamental confined hole state). After the
band diagram at the QD is calculated, both the
energy of the CBO (or VBO) and the estimated
effective mass values inside and outside the dots
are used as the data input for the computation
of the confined levels, for both electrons in the
CBO (or holes in the VBO), as a function of the
QD radius (under the assumption of spherical
dots, for simplicity). The choice of the optimum
radius is conditional to the existence of only one
confined electron state. The last step consists
on the computation of the potential efficiency
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of each I11-V candidate QD system, which is
essential to provide feedback for the survey.
Such efficiency is calculated for a black body
at 6000K and maximum concentration for an
appropriate comparison with respect to previous
analysis. Efficiencies over 61.5% are obtained
with this method for INAsN/AIAsSb and INnAsN/
AlGalnP QD systems with optimized QD radii
in the range of 3nm. The InAs/AlGaAs is also
identified as a promising QD material for its
manufacturing feasibility (the barrier is lattice
matched to GaAs) combined with a high potential
efficiency (over 56%).

4. FUTURE RESEARCH DIRECTIONS

The IBSCisregarded as a promising technology
for developing high efficiency devices capable
of surpassing the Shockley-Queisser single gap
efficiency limit. As it has been exposed through-
outthis chapter, the modeling of new IB material
implementations as well as the simulation of the
IBSC specific features regarding the performance
of real devices have been of inestimable help
for the improvement of the IBSC technology.
However, the future of the research will require
dealing with more experimental work and their
interpretation will require further modeling.

Some of the concept fundamentals have been
already verified through experimental analysis
and modeling of the results. Both bulk and QD-
based IBSC prototypes have been manufactured
and tested. The best results in this sense are: 1)
the verification of photocurrent production due
to the absorption of sub-bandgap photons; 2) the
verification of the voltage preservation; 3) the
demonstration of the increase of the minority
carrier lifetime in highly doped bulk 1B materials.
These results are summarized hereafter.

The capability of the IBSC for the produc-
tion of photocurrent due to the absorption of
low energy photons through both sub-bandgap
transitions, g,,and g, has been measured under
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Figure 12. (a) Comparison between V. and the barrier material absorption threshold of a QD-IBSC
(QD ground sate transition). Reprinted with permission from Antolin et al. (2010) © 2010 IEEE. (b)
Wafer effective carrier lifetime vs carrier injection level in samples implanted with Ti doses of 105, 5
10%, and 10 cm~2. Reprinted with permission from Antolin et al. (2009). Copyright 2010, American

Institute of Physics.

cryogenic temperatures in Marti et al. (2006).
The success of this so-called two-photon ex-
periment was achieved for a QD-IBSC sample
using lock-in techniques that confirmed that the
sub-bandgap photocurrent signature appeared
and disappeared when the infrared source was
respectively turned on and off.

The firstempirical demonstration of the IBSC
voltage preservation was first obtained also with
a QD-IBSC sample and presented in Antolin et
al. (2010). It consists on the verification of a V
not limited by neither E_nor E, sub-bandgaps.
In Figure 12a, a plot of the measured V. is
represented with black filled circles as a func-
tion of the temperature; the QD ground state
transition (VB - IB), obtained from the peaks
in the QE signature is represented with grey
hollow circles; and the GaAs gap (barrier mate-
rial of the QD-IBSC in this case) is represented
with a black solid line, them all as a function of
the temperature. The IBSC V. almost reaches
the absorption threshold of the GaAs, which is

a clear confirmation of the voltage not being
fundamentally limited by any of the IBSC sub-
bandgaps. The extinction of the ground state
transition signature from 150K towards lower
temperatures implies that no carrier escape is
being produced in this sample, firstly because of
the suppression of the thermal component at low
temperatures and secondly, because the tunneling
component has also been prevented through the
introduction of thicker spacers.

The last proof-of-concept concerns the bulk
IBSC lifetime recovery. In Figure 12b a lifetime
measurement from Antolin et al. (2009) is pre-
sented for different Ti-implanted doses in a Si
wafer developed . The model for highly-doped
impurity semiconductors presented in Luque et
al. (2006) predicts the suppression of non-radi-
ative recombination thanks to the delocalization
of the impurity wavefunctions, which occurs
when a sufficiently high impurity concentration
is reached (in the range of 6 10'° cm=). This is
a very important result, contrary to the classic
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intuition for which DLsare considered as lifetime
killers at any density.

The future success of this IB-based novel
concept in PV relies on the manufacturing of
new devices implemented with novel IB materi-
als and also on the capability of modeling their
experimental behavior so an appropriate feedback
is provided and they can be improved so that an
optimized IBSC is finally achieved.

5. CONCLUSION

According to the predictive model presented in
Ref. (Luque, 2001), a breakthrough in PV can
modify the relatively slow growth of PV, so
that the associated learning curve promotes a
sufficiently fast development.

In this chapter, the IBSC concept has been
reviewed as one of the technologies in the re-
search for novel PV concepts. Development of
modeling and simulation tools for this concept
are of crucial importance, since, as it has been
shown throughout Section 3, the concept can
be implemented by means of many different
approaches and the impact of their properties
and features still requires further understanding.

The simulation of the electronic and opti-
cal properties of new IB candidate materials
by means of first principle analysis is still a
relevant research field. Quantum mechanical
calculation including the confined energy levels
inside nanostructured materials, such as QDs
is a very fruitful tool for the understanding of
this new research field. Optimized QD systems
are required accounting both a high efficiency
threshold and a feasible manufacturing process.
Finally, the modeling of relevant IBSC features,
such as the ones presented in Section 3, account-
ing more realistic premises are also important
for the appropriate evaluation of the measured
prototypes.
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ABSTRACT

The concept underlying the hot carrier solar cell is to slow the rate of photo-excited carrier cooling
to allow time for the carriers to be collected while they are still at elevated energies (“hot™), and thus
allowing higher voltages to be achieved from the cell. Signifcant reduction in carrier cooling has been
observed in Quantum Well (QW) nano-structures at very high illumination intensities due to a “phonon
bottleneck’ mechanism. With the phononic gaps in nano-structures, the optical phonon lifetime can be
prolonged by blocking the main phonon decay from optical branches to acoustical branches (such as
the Klemens or Ridley decay channels). Si-based hot carrier cell is a very active topic and Si-Ge nano-
structures are especially interesting for the application, as their fabrication process is well developed.

In this chapter, the authors frst analyse the operation of a hot carrier solar cell and lay down the general
principles. They then discuss the opportunity of phonon engineering to improve the phonon bottleneck.
Finally, they present how these can be modeled in nanostuctures comprising several thousand atoms,
where true 3D phonon dispersion relations for Si-Ge nano-structures are obtained using frst principles
methods. The effects of the nano-structure size and geometry on the phonon dispersion relations are
investigated. The possible phonon decay processes in the nano-structures are discussed and compared
with the bulk crystal materials. The performance of calculated nano-structures on the hot carrier solar
cell is evaluated with the acquired knowledge of phonon modes.
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1. THE HOT CARRIER SOLAR CELL
CONCEPT

1.1. Principles of the Hot
Carrier Solar Cell

The conceptofhotcarrier solar cell was first intro-
duced by Ross and Nozik (1982). In standard de-
vices, the photon energy in excess of the threshold
absorption energy is given to the photogenerated
carrier population, and then to the lattice as heat,
with only the band gap energy being converted
as electrical energy. If the carrier thermalization
(thermal equilibration of carriers with the lattice)
is suppressed, then the conversion of the total
available energy into potential energy is possible
and leads to higher conversion efficiency.

The energy distribution of the photogenerated
carriers is, immediately after absorption, a non-
equilibriumdistribution that depends onthe energy
distribution of the incident photons, and on the
electron and hole effective masses and density
of states. After absorption, the fate of the carrier
distribution can be:

. Hot Non-Equilibration: The carriers are
not even equilibrated among themselves,
the carrier temperature cannot be defned.

. Hot Equilibration: The carriers equili-
brate among themselves but not with the
lattice, resulting in a hot carrier population
atT, > T, where T, is the temperature of
the lattice.

. Full Thermalization: The common situ-
ation where carriers are at thermal equi-
librium with the environment at ambient
temperature.

The comparison between the thermalization
rate (due to interactions with phonons, see section
1.3), the carrier-carrier scattering rate, and the
carrier extraction rate (the rate at which carriers
are removed from the system through contacts or

Table 1. Typical time constants of various carrier
interaction mechanisms in semiconductors, from

Othonos (1998)

Type of interaction Characteristic time (s)
Carrier-Carrier scattering 10 - 1012
Carrier - Optical phonon > 107
interaction
Optical phonon - Acoustic ~10%
phonon interaction
Auger recombination ~ 107
Radiative recombination >10°

by radiative recombination) will determine which
one of the above cases applies.

Typical time constants for these different
mechanisms in 111-V materials are given in Table
1, from Othonos (1998).

The carrier-carrier scattering time constant is
usually below the picosecond, and decreases with
an increasing carrier density, while the time con-
stant for the carrier-phonon interaction is of the
order of the picosecond. Considering these time
constants and without carrier extraction, the dy-
namics of the carrier after a pulsed monochro-
matic excitation is described in Figure 1 from
Green (2003). Immediately after absorption at t
= 0, carriers are generated in a narrow energy
range (2). Carrier-carrier scattering then occurs
and carriers are redistributed in a hot thermal
distribution (3)-(4), within a picosecond. This
distribution is then cooled towards the lattice
temperature because of interaction with phonons
(5). Finally, carriers recombine with a sub-micro-
second time constant (7).

If the excitation rate is higher than the ther-
malization rate, and lower than the carrier-carrier
scattering rate, a steady state hot distribution can
be established, and the carrier kinetic energy,
which is usually lost as heat, can be used and
contributes to the conversion efficiency.

Assuming such steady state hot carrier popu-
lation is achieved, a specific care is required
regarding carrier extraction. Ifthe photogenerated
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Figure 1. Time evolution of electron and hole population after a laser excitation from Green (2003)

electronsand holes are withdrawn towards metal-
lic electrodes, where interactions with the lattice
cannot be avoided before they produce work in the
external circuit, thermalization of excited carriers
to the lattice temperature will occur, and with it,
the carrier kinetic energy will be lost.

Aspecificcooling of the carrierswith minimum
heat losses (adiabatic cooling) is necessary to
cool down the carriers to the lattice temperature
with production of chemical energy that appears
as quasi-Fermi level splitting. In other words, the
carrier’s Kinetic energy has to be converted into
potential energy, or voltage. This can be achieved
with energy selective contacts (Wirfel, 1997) that
are described in Section 1.4.

InFigure 2,aschematic ofthe principle ofahot
carriersolar cell is presented. Photons are absorbed
in the absorber having a band gap E, where car-
riers are in thermal and chemical disequilibrium
with the lattice at temperature T. characterized
by a temperature T, > T_and a quasi Fermi level
splitting Ap,, = p° - u" # 0. Carriers are extracted
through selective contacts with a transmission
energy range OE, electrons at energy E°, , and
holes at energy E"_, towards electrodes with an
applied voltage V = (4" - pP) / g. The extraction
energy E_ is defined as the difference E°, —E"_ .
E,,. can be higher than the band gap.

216

1.2. Detailed Balance Models and
Limit of Efficiency

In order to evaluate the potential of the hot carrier
solar cell concept, models have been developed to
evaluate its maximal achievable efficiency. These
models are based on a detailed balance approach
thatdefinesthe electrical power output ofadevice
asthe difference between the power absorbed and
the different types of losses.

The first non-empirical method to determine a
solar cell efficiency limitwas proposed by Trivich
and Flinn (1995). In their analysis, they assumed
that all photons above the band gap are absorbed,
andthatall electron-hole pairs photogenerated are
collected with the energy of the band gap. In these
conditions, the electrical power produced is the
number of photons with energy higher than the
band gap that are incident on the cell times the
band gap energy and the efficiency is defined as:

M)
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Figure 2. Schematic of a hot carrier solar cell

where N = isthe photon current density and E
is the absorber band gap energy.

This model predicts an optimal efficiency of
44% for a non-concentrated black body spectrum
at 6000 K and with a 1.1 eV band gap absorber.
However, it does not account for any recombi-
nation process, and for that reason is not a true
indicator of the efficiency limit of a solar cell.

In 1961, a model was proposed by Shockley
and Queisser (1961) where the current is not only
determined by photon absorption, but is equal to
the difference between absorption and radiative
recombination.

(@)

where Jisthe electric currentdensity in A/m?, N_
is the absorbed photon current density in m2.s?,
N, is the emitted photon current density inm2.s™*

Equation 3.

depending onthe terminal voltage V of the device,
and q is the charge of an electron.

Assuming the sunemitsablack body spectrum
at their respective temperature T, the photon flux
incident on the cell per unit area, per unit solid
angle and per photon energy is seen in Equation
(3).

Where E is the photon energy, 8 is the inclina-
tion angle, and @ is the azimuthal angle.

Integrating over directions and energies, the
absorbed photon current density is then given by
Planck’s law:

(4)

where f is a geometrical factor that accounts for
the solid angle for photoabsorption. If incident
photons comes from a cone with halfangle 6 __,

3)
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()

f is given by:
It is 1 for

maximally concentrated radiation
and 6.7x10* for non-concentrated light (the sun
is viewed from a solid angle Q = 6.8x10%). The
absorptivity isassumed to be one above the band
gap energy, and zero below.

The photon current density emitted by the cell
with applied voltage V and at the cell temperature
T, is defined as:

— — ()

where n and p are the electron and hole densities
in the cell, and n, is the equilibrium carrier den-
sity. ., is the equilibrium black body emission
at temperature T, and is defined, for emission in
a 2m solid angle, by:

(6)

For a cell temperature T, = 0 K, radiative
recombinations become negligible and the open-
circuitvoltage isequal to the band gap. Thismodel
gives the same results as the Trivich-Finn model
(Shockley & Queisser, 1961). However, for higher
cell temperatures, radiative recombinations lead
to reduced current and open-cricuit voltage and
a lower efficiency. At 300 K, the efficiency limit
given by the Shockley-Queisser model under un-
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concentrated sun light is 31% foraband gap E, =
1.4eV. The efficiency limit for fully concentrated
sun light (Q =) is 41% with a 1.1 eV band gap.

If non-radiative recombination occurs, the
current-voltage characteristic isgiven in Equation
(7).

Where p is the fraction of the total recombi-
nation that is radiative, p(E) < 1 (p(E) = 1 in the
Scockley-Queisser approach.

The next major development in the detailed
balance theory was brought by Wiirfel (1982). He
provided a more detailed argument regarding the
expression of the radiation emitted by the cell.
By analyzing the balance between absorption,
spontaneous emission and stimulated emission,
he was able to relate the emitted photon current to
the internal electron-hole gas chemical potential
(or quasi-Fermi level splitting), and therefore to
the ouput voltage. The following expression was
obtained for the emitted photon current density:

(8)

In all the above models, the carriers were
supposed to be at thermal equilibrium with the
lattice. In 1982, Ross and Nozik (1982) suggested
a device where the carriers thermally equilibrate
among themselves, but are thermally insulated
from the lattice, and are therefore characterized
by a temperature T, > T_ . Equation (2) becomes
Equation (9).
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Equation 9.

©)

Equation 11.

(11)

Here, electrons in the conduction band and
holes in the valence band are assumed to be ther-
mally equilibrated at T,, and have a chemical
potential p° and " respectively. Ap,, = p° -p" is
the chemical potential difference between electron
and hole gases. A pathway is introduced for car-
rier extraction, where electrons and holes are
extracted at specific energy levels E® and E", and
the energy extracted per electron-hole pairis E_,
= E®- E". Such an extraction pathway provides a
limited interaction between the outside world and
the hot system that continues to be thermally
insulated. In those conditions, a relation between
the internal chemical potential Ap,, and the output
voltage V is related to the quasi-Fermi level split-
ting in the absorber Ap,, according to the Ross
and Nozik (1982) model:

1 — H— (10)

where T_ is the lattice temperature and T, is the
carrier temperature.

Equation (9) is not sufficient to determine the
current voltage characteristic because of the two
unknowns Ay, and T,,. An additional equation

describing the energy balance in the system is
required. The absorbed and emitted energy cur-
rent are simply obtained from the photon current
expressions by multiplying the integrand by the
energy E of the photons. The energy current
extracted through the utilization pathway is the
charge currentJ multiplied by the extracted energy
per electron-hole pair E__ (see Equation 11).

Combining Equations (9) and (11), the current
is determined for a given value of E, E_ and f.
The voltage is then obtained from Equation (10).
The current-voltage characteristic and the cell
efficiency are obtained, with a predicted optimal
limit of 66% under AML1.5 illumination and a
band gap approaching zero.

In this model, particle conservation was as-
sumed, which means that only radiative recom-
binations are considered, but also that Auger re-
combination and impact ionization are neglected.
In 1997, Wiirfel (Wrfel, 1997) proposed another
approach where impact ionization is assumed to
be dominant over all other recombination pro-
cesses and faster than carrier extraction. In these
conditions, the electronsand holes are at chemical
equilibrium (Ap,,) and are described by a Fermi-
Dirac distribution at a temperature T, > T_. The
limit of efficiency in that case is 53% under non
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o o) @nd carrier temperature

in optimal operating conditions (T,,) for conventional single junction and different hot carrier models
under unconcentrated (Q. = 6.8 x 10~°) and fully concentrated (Q, = 2m) 6000 K black body spectrum

Model Q, Niva N T,
Conventional single 6.8 x 10° 31% 1.4eV 300 K
junction 2n 41% l.1leV 300 K
Particle conservation 6.8 x 10° 66% OeVv 3600 K

2n 86% OeV 4200 K
Impact ionization 6.8 x 10° 53% 0.9eV 348 K
2 85% 0eV 2470 K

concentrated 6000 K black body illumination,
and 85% under full concentration.

1.3. The Mechanisms of
Carrier Thermalization

Inthe above determination of achievable efficien-
cies, itwas stated that the electron-hole plasmawas
thermally insulated from the environment, which
is notthe case in practical conditions. The carriers
thermalize with the environment mainly because
of interactions with the lattice vibration modes.
This process usually occurs in few picoseconds,
which is much faster than the carrier extraction
time in conventional cells. In order to allow a hot
carrier population regime, the carriers have to be
extracted before they thermalize, which meansthat
the thermalization rate has to be controlled and
reduced, but also that the extraction time should
be shorter than the thermalization time (Neges,
et al., 2006) (see Table 2).

1.3.1. Carrier-Carrier Scattering

Immediately after absorption, the photogenerated
electron-hole plasma distribution is not an equi-
librium Fermi-Dirac distribution. In the case of a
laser exciting the carriers, for instance, electrons
and holes are generated in a very narrow region
in the energy-momentum space. This population,
in chemical and thermal disequilibrium with the
environment, is subject to different scattering
processes that brings it to equilibrium.

220
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The intraband scattering comes from Coulomb
elastic interaction between free carriers (Yu &
Cardona, 2001; Ridley, 1999). Electron-electron,
electron-hole, and hole-hole scattering occur
with exchange of energy and momentum to more
uniformly distribute the excess kinetic energy
amongst carriers. Here the carriers stay in their
respective energy band (no recombination), and
this interaction is called intraband scattering.

The intraband scattering is a very fast two-
particle process that depends quadratically on
the carrier density. Its typical time scale is in the
femtosecond range.

Considering this process, the free carrier popu-
lation naturally evolves towards a Fermi-Dirac
distribution defined by a temperature that is com-
mon to electrons and holes (thermal equilibrium),
that can be much higher than the environment
temperature, since no interaction with the lattice
has occured. In the case of different time constant
forelectron-hole interactionand electron-electron
or hole-hole interaction, different temperatures
for electrons and holes can be obtained (Shah,
etal., 1985).

,QWHUEDQG 6FDWWHULQJ

The collisions between carriers can also result in
electron-hole pair generation or recombinationin
non-radiative processes. Two cases are possible
(see Figure 3)
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e Auger Recombination: An electron and a
hole recombine, and give their energy to a
third free carrier (electron or hole).

. Impact lonization: A high-energy free elec-
tron (or hole) gives a part of its energy to
give rise to an exciton.

Here again the free carrier plasmatotal energy
is conserved, but the number of particles is not.
It is a three particle process, and therefore less
probable than intraband scattering. A typical
time constant is 100 ps, given in Table 1. It also
depends on the band gap, and can become a very
efficient process in small band gap materials. The
exchange between electrons and holes results in
an equilibration of electron and hole chemical
potentials. In the limit of very fast Auger recom-
bination and impact ionization, electrons and
holes can be considered in chemical equilibrium
with quasi Fermi level splitting approaching zero
(Waiirfel, 1997, 2005).

1.3.2. Electron-Hole Plasma Dynamics

An insight into the dynamics of an electron-hole
plasmaafter photoexcitation and subsequent relax-
ation in a semiconductor is obtained by consider-
ing the case of a semiconductor illuminated by a
short, high intensity pulse of light with a narrow
spectral range suchthat fromalaser (Green, 2003).

The photogenerated plasma is subject to a
succession of scattering event that brings the
initial distribution in chemical and thermal dis-
equilibrium to a fully equilibrated Fermi-Dirac
population (see Figure 1). Inthe first femtoseconds
following lightabsorption, athermal Fermi-Dirac
distribution isestablished thanksto carrier-carrier
intraband scattering. This distribution is however
still at thermal and chemical disequilibrium with
the lattice. Then, interaction with the lattice occurs
in a picosecond time scale resulting in the cool-
ing of the carriers to reach thermal equilibrium
with the environment. Finally, interaction with
photons through radiative recombination occurs

in a nanosecond time scale, with reduction of
the quasi Fermi level splitting, until the initial
equilibrated distribution is reached.

The carrier-cooling rate has been investigated
using time resolved photoluminescence (Ulbrich,
1973; Tanaka, et al., 1980; Rosenwaks, et al.,
1993; Ryan, et al., 1984). It was observed that
the electron energy loss rate was reduced with an
increase of the carrier density inthe material, when
the injection level was varied. Two explanations
were proposed for such an effect:

e A screening of the photogenerated-elec-
tron-induced electric feld by free carriers
that weakens the electron-LO-phonons
interaction (described in the next section)
and reduces the phonon emission rate

*  The formation of a “hot” LO phonon pop-
ulation that is thermally equilibrated with
the electrons and not with the lattice. The
absorption of phonon becomes as probable
as the emission, and the energy loss pro-
cess is blocked.

Only the second possibility was proven to be
in quantitative agreement with experiments.

1.3.3. Electron/Hole-Phonon Interaction

*HQHUDO &DVH

The electron-hole plasma that is photogenerated
is initially hot (electron/hole with energy far
above/below the conduction/valence band edge)
immediately after absorption. This excess kinetic
energy is lost mainly by phonon emission that
comes frominteraction betweenthe charge carriers
and the ions of the lattice. This process brings the
excited carrier population to thermal equilibrium
with the lattice within a few picoseconds and can
be detected by time resolved photoluminescence
spectroscopy experiments (Ulbrich, 1973; Tanaka,
et al., 1980; Rosenwaks, et al., 1993; Ryan, et
al., 1984).
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Figure 3. Schematic of Auger recombination (a) and impact ionization (b). In Auger recombination,
the three carriers at initial time (1) end up in one carrier at final time (2) having all the energy. Impact
ionization is the opposite process with one initial energetic electron generating an additional electron-
hole pair.

The momentum conservation condition in a
scattering event implies that carriers are coupled
primarily to long wavelength (small wave vector)
phonons. There are four types of zone center pho-
nons in diamond- and zinc-blende-type semicon-
ductors: Transverse Acoustic (TA), Longitudinal
Acoustic (LA), Transverse Optical (TO), and
Longitudinal Optical (LO) phonons, involving
different types of interactions (Yu & Cardona,
2001; Ridley, 1999).
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Deformation Potential Interaction: In
the case of a long wavelength acoustic
phonon, the atomic displacement corre-
sponds to a deformation of the crystal that
changes the electronic energy levels. This
change in electronic energies induced by
static distortion of the lattice is described
by a parameter called the deformation po-
tential. Such lattice deformation affects all
energy bands, so electrons and holes are

coupled in the same way. It is independent
of the phonon wavevector and is therefore
a short-range interaction.

Piezoelectric Interaction: An acoustic
phonon is associated with an oscillating
strain that can induce a macroscopic elec-
tric polarization feld in noncentrosymmet-
ric crystals. This phenomenon is known
as the piezoelectric effect. The electron-
acoustic-phonon interaction that results
from this effect is a long wavelength inter-
action, thus a long-range interaction.
Electron-Optical-Phonon Deformation
Potential Interaction: A long wavelength
optical phonon involves relative displace-
ment of atoms that can be seen as micro-
scopic distortion within the primitive unit
cell. In non-polar semiconductor, such dis-
tortion affects the energy levels by chang-
ing bond length and bond angles. It is the
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analog to the deformation potential inter-
action of acoustic phonons.

. Frohilch Interaction: In a polar semi-
conductor, a longitudinal optical mode
involves a uniform displacement of the
charged atoms in the primitive cell, that
creates an electromagnetic feld that inter-
acts wih the charge carriers. It is analog to
the piezoelectric effect with acoustic pho-
nons. It is a long range interaction, spe-
cifc to polar semiconductors such as I11-V
compounds.

Interactions with small wavelength (zone edge)
phonons are also possible through intervalley
electron-phonon interaction. Azone edge phonon
can scatter an electron from a band minimum at
the zone center to aband minimum ata zone edge.
For indirect semiconductors, such as silicon, this
can play animportantrole in optical absorption. In
addition, the high energy electrons in a hot carrier
distribution can be scattered to band minima at
zone edges even in direct semiconductors. It can
be avoided with a well chosen material with X
and L band minima high enough to prevent such
intervalley scattering.

through emission of LO phonons. The coupled
modes have a small wave vector because of
the wave vector dependent Frélich matrix ele-
ment. Thus, the carrier cooling process results in
generation of a large number of zone center LO
phonons, which can result in an unequilibrated
LO phonon population (Shah, et al., 1985; Potz
& Kocevar, 1983).

The caracteristic time of this Frohlich inter-
action is typically the picosecond. Experimental
studies reported a time constant for electron-LO-
phonon interaction of a few ps in GaAs (4 ps in
[1], =1 ps in Green, 2003). A value of close to 1
ps (depending on the carrier temperature) was
theoretically determined in Luque and Marti
(2010) in GaAs at 300 K. The calculated value
is slightly higher in GaSb (~2 ps).

1.4. Energy Selective Contacts
for Carrier Extraction

In the paper by Ross and Nozik (1998) that first
introduced the concept of hot carrier solar cells,
the extraction of carriers was not treated in de-
tails. An extraction pathway was assumed that
removes carriers at an energy U and returns them
at another energy L where U - L = E__ is the en-

7KH &DVH RI1 ,,, 9 &RPS Rgy@X@ratted from the system per electron-hole

In the case of GaAs, which is an emblematic case
of a polar semiconductor that has been widely
studied, the intensities of the different interactions
depend on the phonon occupation, and therefore
on the lattice temperature. At low temperature
(<40 K), electrons are not sufficiently energetic
to excite LO phonons. Only acoustic phonons can
be generated and carrier-phonon interactions are
dominated by piezoelectric interaction and acous-
tic deformation potential (Pugnet, et al., 1981).
For temperature exceeding ~40 K, the Frohlich
interaction becomes dominant and other types of
interaction become negligible.

This means that at ambient temperature, the
electron-hole plasma loses its energy mainly

pair. It was simply stipulated that the hot carrier
system had to interact with the outside world ina
very limited way to ensure its thermal insulation.
Specific features of such extraction mechanisms,
anditstechnological feasibility were notdiscussed.

The withdrawal of electron-hole pairs was first
treated by Wiirfel (1997). Considering that the car-
rier thermalization in the electrodes could not be
avoided, a cooling mechanism is necessary when
extracting excited carriers towards the contacts,
to bring them to the lattice temperature without
entropy losses and prevent heat dissipation. He
proposed a system of membranes allowing car-
rier transport in a narrow energy range 0E <<
kT, that allows such isentropic cooling. In these
membranes, all carriers have the same energy,
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and no energy loss process can occur at constant
carrier concentration. This leads to an isentropic
cooling of electrons to the lattice temperature
with production of chemical potential. The car-
rier kinetic energy (temperature) is converted into
potential energy (chemical potential).

Extraction of electrons would then occur
through a n-type membrane, and extraction of
holes through a p-type membrane, the energy
difference between extracted electrons and holes
being the extracted energy E_ mentionned in Ross
and Nozik paper (see Figure 2). In the limit of
discrete energy levels and infinite carrier mobil-
ity in the membrane, this system enables optimal
energy extraction with minimal entropy losses.
The output voltage V is then related to the quasi-
Fermi level splitting Ay, in the absorber through
(Waiirfel, 2005)

1 — H o — (12)

where T is the lattice temperature and T,, is the
carrier temperature.

2. PHONONS ENGINEERING FOR
HOT CARRIER SOLAR CELLS

The energy loss rate of a carrier - also known
as the thermalization rate of the carrier - is de-
termined by both the rate at which the carrier’s
energy is lost by optical-phonon emission and
the rate at which the carrier gains energy from
optical-phonon absorption. This latter rate can be
significantin low dimensional quantum structures
since the phonon emitted by energetic carrierscan
accumulate in these structures due to the phonon
spatial confinement. The phonon densities in
confined semiconductor are typically well above
those of the equilibrium (called hot), phonons will
be reabsorbed by the carriers. This phenomenon
of reabsorption of hot phonons is referred to as
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the "hot-phonon-bottleneck effect,” which is an
important effect for many low dimensional semi-
conductor electronics performances (Othonos,
1998; POtz & Kocevar, 1983; Van Driel, 1979).
Moreover, according to the anharmonicity of
crystals, the emitted LO phonons in semiconduc-
tors have lifetimes of typically a few picoseconds
to about 10 ps. Afterwards, LO phonons decay
to two or several lower energy phonons based
on energy and momentum conservation. These
decayed LO phonons are no longer available for
absorption by carriers, inthis case clearly, the life-
times of the optical phonons are very importantin
determining the total energy loss rate for carriers
(Campos, et al., 1992; Das Sarma, et al., 1992).
It has been recognized that the Klemens (1966)
channel, where one optical phonon decays into
two Longitudinal Acoustic (LA) phonons, is the
dominant mechanism for many semiconductors.
However for some materials, like GaN and InN,
where the large gaps in phonons dispersion inhibit
the Klemens channel, Ridley (1999) proposed
that the decay channel where LO phonon decays
to a Transversal Optical (TO) phonon and an LA
phonon will dominate.

In conventional electronics, faster carrier
thermalization rate provides faster device per-
formances. While for the new concept of the
hot carrier photovoltaics, if we could collect hot
carriers with high kinetic energy before their
thermalization, thus the work per one absorbed
photon (Ross, et al., 1982) could be significantly
increased. Theoretical simulation on hot carrier
solar cells show optimal efficiency of 86%, close
to the maximum theoretical performance (Wiirfel,
1997, 2005; Nozik, etal., 1990). Experimentally, it
has been found that the hot carrier cooling rate can
be much slower in GaAs quantumwells compared
(at the same photo-generated carrier density) to
bulk GaAs at very high illumination intensities
(Rosenwaks, 1993). Experimental and theoretical
studies to achieve efficient hot carrier solar cell
absorbers with slowed carrier cooling rate up to
the nanosecond range and without applying high
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LOOXPLQDWLRQ LQWHQVLWLHD S3OH ADEIOHO EXXIFON YV HZ RV WKH LU Y
SKRQRQLF HQJLQHHULQJ E\ X WMDUX® RV GH P HIQQ/G& FODDMW LFH SDUD
FRQILQHG VWUXFWXUHV DQG LRD WK G LRIG O RRIE@J HIDKARX ODW LR Q\
KDYH EHHQ XVHG WR GHVLJQ %KRQR QWKL V WPUHIFKRXG HW KD/ SKRQR
JRRG KRW FDUULHU DEVRUEH WBK RERRQ FFFRHU L 8 WPHI@QW LQ UHVSHF
*XLOOHPROHV HW DGOGLPHQVLRRX LQ VXSHUODWWLFHYV
HYHU HYHQ WKRXJK WKH DFFXUDWW ®HVF U DS RE RYLWEH 4 XD Q
SKRQRQ GLVSHUVLRQ DQG SKRIQR QDO HI MM HRRHINH WQ FEDXIOON FD O F X O
,9 DQG ,,, 9 VHPLFRQGXFWRUV KDYH DOUHDG\ EHHQ
DFKLHYHG E\ DE LQLWLR GHQVLW)\ |8&RWQIRRD POHTHUXULEDY DQG
WLRQ WKHRU\ FDOFXODWLRQWLIHEHUWDWIY %XOMWKBQG 1DQR)
IXOO0O WKHRUHWLFDO GHVFULSWLRQ RI WKH DOOR\V DQG RWKHU
TXDQWXP PLFURVWUXFWXUHV,LWYW LFQJQ VIV BPIODIOV @ B DY ZMWKP L Q L
PRVW DYDLODEOH FDOF X0 DW LVRIQQUWHMRX Y BB\ B DIVEKAVE LRIV\W H Q D
FDOFXODWLRQV EDVHG RQ WKWXHPBILHWTKDOLER G X PWK RAMEEHIS € 8 G 3
DV WKH VKHOO PRGHO ERQG RKDWKH HRGH O L RULHED CMNVBRLELF SRV
FRQWLQXXP PRGHO 6ULYDVWDXDGUDWLF WHDIHRI WKH@PNRPLF C
EHHQ ZLGHO\ XVHG IRU PRUH VRRIOKDPWUWRIXFWXUHV

)X HW DO 5HQ HW DO +HUXHOMRXY MEHQRWHY WKH GLVSOI
RI DWRELQ WKH K @NW CFM@ O H
3KRQRQV ORGHOLQJ FDUWHVLDQ FRPSRQHWWK HD (R FH
/KHRUHWLFDO OHWKRG FRQVWDQW PDWUL[ JLYHQ E\ WKH

7KH GHULYDWLYH RI1 (

$E LQLWLR ")7 IRUFH FRQVWD%VMRDCEWKRFQ%FBEgég)EmeDMWR THW

ZLWK PDVV DSSUR[LPDWLRQ K |§§ X\<(/GWR FDOFX
ODWH WKH SKRQRQ PRGHV LQ 6'& WUXFWXUHY DQG
ZLOO EH SUHVHQWHG LQ 6HFWLRQ 7KH DFFXUDF\ RI

WKLY PHWKRG LV PDLQO\ GHSHQGHQW RQ WKH OLPLWDWLRQ
RI WKH PDVV DSSUR[LPDWLRQ )RU WKH ORZ GLPHQ

VLROQDO VWUXFWXUHV WKH PDVYV Dss;uR(,EPDFWLR?< LB w1
%q VBV Y

QHJOHFWLQJ WKH GHSHQGHQEH BIRYRE YR LRE

XSRQ FRPSRVLWLRQ zDV xVHEYFKY pEERJH@PREF PDWULL LV I
VXFK DSSUR[LPDWLRQ KDV EHHQ WHVWHG *LDOQR]IL_HW

DO DQG IRXQG WR EH JRRG T %9@@\9\)(/0’\‘/\%'3%%&69 PDVV R
LOQWHUPL[LQJ VWUXFWXUHV L& ¥ DVMEW/I—%PD(&W@%&W R/ WKHITLL
DQG HOHPHQWDO VHPLFRQGXEWRIVVSBYWKRCEFAM IR ,FPQ EH RE
WKH 6L *H VIVWHP wkH ppvW OEYHRAPDW IREPOWLRQ

(TXDWLRQ
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(TXDWLRQ

| FDOFXODWLRQV 9863 FRGH %O|FKO
HW DO 3HUGHZ HW DO

7TKH YLEUDWLRQ I:FFI'?SL.KJ)JLI—V\(/)S(EiI£/?§| ?\%?FXOVXHGGL gv JR DJOHOWWWKﬁHFIS( OO |:O X (I)RDUWF |-|;| (
WKH HLIHQ YHRWRWXDWLRQ

FROQVWDQWY WKH IXOO SKRQRQ GLVSH
FDQ EH UHSURGXFHG YHU\ DFFXUDWHC
— ZLWK H[SHULPHQWDO YDOXHV )LJXU
FDOFXODWHG IRUFH FRQVWDQW PDW!I
*H YHUVXV WKH GLVWDQFH EHWZHHQ

,Q WKLV VWXG\ DOO WKH QWHHR VRUAHWEKIRIW ¢ HWQHDWRPY GUDPD
SHDWHG SHULRGLFDOO\ WR IRALAWE GLVV$PHOBOHD WWHFLHOQWIRUDFWLRQ)
WKDW SHULRGLF ERXQGDU\ FR®KEH WHLROW EHlQ) EBERWPRWRRY 7KH LQV
HTXDWLRQV W R WKH XQLMWOFPW B PLV LWMKH LWK\E WIHFFHRRQRG QHDUH\
FRQWDLQLQJ WKH UHSHDWHG ®WQHRBVG UKHFW XVRDORW /IKHUHIRUH D

7KH IXOO IRUFH ILHOG GHULRHG 1ERRDWKEHHXE XVHIBOIRU WKH IRU
DWRPV GLVSODFHPHQWY FDQ PRPWHEKHOWRBQ WYOFXOPDXWOHPAVLRQV ¢
IURPE LQOWPRIWKRG +HUH WKBRYHRWBEYPEH FUI\WVWDO VWUXFWXU
3+21 FRGH $OIH DQG IXOU MIOHAEVWULXS® HY\VWDO SDUDPHWHUYV

J)LIXUH JLUVW SULQFLSOH FDOFXODWHG IRUFH FRQVWDQWYV YHUV
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¢ UHVSHFWLYHO\ 7KH IRUFH ERQMOIVQWYV RKRZKWLBKED®RQ FRQIL
EHKDYLRU LQ 6L DQG *H ,Q WKKM BDMH XIRYDWKH BRRD$6 09$6 |
GLPHQVLRQDO VWUXFWXUHV PDWBUYNVDDSSHIR[HPWW MRKH ORFDOL
KDV EHHQ XVHG WKH 09$6 LV VLIQLILFDQWO\ KLJKH
D VLQJOH PRGH WKHQ WKLV PRGH I

OHWKRGV IRU $QDO\]LQ/ L OWKIHLW LQGLFDWHY WKDW RQO\
(LJHQPRGHYV YHU\ VWURQJHU WKDQ PRVW RWKH
PD[LPXP YDOXH RI 936 DW WKH LQW!

,Q WKH FDVH Rl QDQRVWUXFWEHMZHHIQWKZ\R PO W HIUHDEQ WQGLFD\
PDWHULDOV WKHUH DUH VHY HUD® SKIRRIRD OB T HR L \S FOR\Q RIGH L QW
HLIHQPRGHV LQ WKH UHGXFHRBI L0988 DAG. O O6BXR DFMRQHRU WKH V
7KHUHIRUH LW LV LPSRUWD QW KR/ ILQGL B Q WHH M. FALKHIQW VZ LY PR G |
WR GLVWLQJXLVK DQG DQDO\PR GHKBIWUN K KOLWQMWFNUHDFH LEHUH Wk
RUGHU WR DFKLHYH SKRQRQ BPRWKGHPMRRW KRYLWEIDW OHDVW |
SXUSRVH WKH FRQILQHG SKRQW® PRBGHWUHRWDWVISH RI DWRP ).
PDWHULDO WKH FRPPRQ PRGRIVWHKH FKZBWRS® IDMMOWLWLHV IRU
WKURXJK WKH ZKROH VWUXFWRVHLWD XY HVEKW R. GWBIWDFMHHUL]H H
PRGHV VKRXOG DOO EH LGHQWLIGHYG. 0B ®RGEMWE LRIIRDWKHIGE DO $ R
JRU HDFK SKRQRQ PRGH WKHLYKRIQK® H@HKDRQ GLVWKHQ WKLV PF
WULEXWLRQ LQ VSDFH LV GHRVIFWHEHOOEY% DZRKOWLEDOW LV ORZ}L
TXDQWLW\ NQRZQ DV WKH 9ULBEUDWLIRI@Q I$6 SOR VWOGH ULDO $ ,I L
6TXDUHG 9%$6 5HQ HW DO WKBEKRR&H VVUBVVLIQHG WR FRPP
ODWHG WR WKH YLEUDWLRQ DFPIS® SW RS B YDRV HWWK K UIRWBRR \E RQY K P D
WKH ODWWLFHQG SURSRUW L FEGHDOQWW L\RIQH WKH VR FDOOHG 3DU!

ORFDO YLEUDWLRQDO HQHUJ\ 2N KoM W\H X v B35 36 R DY HrvriwR B W HQ
WKH PLFURVFRSLF GHWDLOV RINWKWKHPRWRVGHVFULEH WKH SKF

JRU HDFK VLQJOH PRGH WKRUKPHEIWMYKM oW&KIRIGHSHQGHQFH R
DOO WKH DWRPV LV QRUPDOL]ARFXMWRR \& KR QRQWIDH@HYR P EM UL QY H)

Rl DWIRPWU VXSHUFHOO GLITHUHQW FRQILIXUDWLRQV 7KH
SKRQRQV LQ WKH QDQRVWUXFWXUF

WKH SKRQRQ VSDFH FRQILQHPHQW
WRWDOO\ FRQILQHG LQ D FHUWDLQ
IRU SKRQRQ PRGHV LQ TXDQWXP G

1RWH DEVROXWH YDOXHYV RF%? gﬂRSO?LYHOLRQFI;NWK\
\ Ju
Q L;r< ,l_:|
7KUHH NLQGV RI FDOFXODWHG TX W S gG
IURP 986 DUH XVHG LQ FULWHY P Q \BH W LQ
FRQILQHG PRGHV FRPPRQ PRDH X @V FEW X UH YV
PRGHV )LUVW WKH $YHUDJH R 98670 2958 |

HDFK PDWHULDO LQ QDQRVWUXFWXUHV LY E O%ﬁ ,
iork proi wi vooxn ni wil L Bh ASDIHR MHIRY e
WKH WZR $9%$6 IRU WKH WZR PD L H V I¥

%WEH%DWKHH
SK\VLFDO PHDQLQJ GXH WR W K’g( %RY H

RI YLEUDWLRQDO DPSOLWXGHWP@:T \> I% @/
EHWZHHQ DWRPV ZLWKLQ RQH GH LV P I
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KDYH EHHQ ZHOO VWXGLHG D QFGX i Y$IWUIRRH BX\VIDND 6G& D WD *BIUH QF EOH Q
DYDLODEOH DOORZLQJ D FRP EXOIN R WRP\E R H HF® FRXBSWHGP HQW D
SURSHUWLHV %HVLGHVY WKHPPIWHUDSSOUR{VRDWVRQ@KIH DE LQLWLR
DSSOLFDEOH EHFDXVH RI WKBRYHGLWSPUQODRQFUKRAD HU\ JRRG D
VWUXFWXUHV DQG ODWWLFH S{j5B B HMHUWVDRO BD @M/ *HR ®YLQJ HW
LW LV VKRZQ LQ WKH IROOR ZLIJGF BIOFHX DIORQARQ \G WHIHWDOWLRQ DUH F
PDVV DSSUR[LPDWLRQ IURP WKH DE L
3KRQRQV LQ %XON 6L GHIRUFH FRQVWDQWY 7KH *H SKRQR
DQG 6L*H =LQF %OHQG 6WUXGWXERIONLVWHQW ZLWK WKH H[SHUL
VRQ HW DO 1HOLQ HW DO
3KRQRQ GLVSHUVLRQ KDYH EHHQYED®WERQOWHBX®AG IRXWE VPDOO UD
EXON 6L DQG EXON *H V\VWHP\D PRXGVALL FHP]R Q A \E OFKIGRSWLFDO SKR!
VWUXFWXUH DOOR\V ZLWKLQ WRKH6PDWVPRSSHWRQPWMH BQ *H JLQF EC
JLIXUH VKRZV WKH FDOFXODWHG SKRQRQ GLVSHUVLRQ

J)LIXUH D $E LQLWLR FDOFXODWHG SKRQRQ GLVSHUVLRQ RI 6L
ODWHG ZLWK PDVV DSSUR[LPDWLRQ F 3KRQRQ GLVSHUVLRQ RI *H
7KH GRWV LQ FXUYH D DQG F DUH H[SHULPHQWDO UHVXOWYV IRU
DO UHVSHFWLYHO\
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J)LIXUH S3KRQRQ GHQVLW\ RI VWDWHV IRU D 6L*H JLQF EOHQG

DUH DOVR VKRZQ LQ WKH ILIXWK WD) G, DWKH @@ERPEHYHPRIQY¥®$6 LV F
ZLWK WKH H[SHULPHQWDO GDWBDQOVRERMK W @G *H YLEUDWH
JRU QDQRVWUXFWXUHYVY FRPSRNWWH R R$WER Y IHV N D ODW R WKLV P
SKRQRQV VKRXOG EH LGHQWLGIRH Q DN EXEOUND Y IEINHR B W KQV PRGH
WHUIDFH OLNH PRGHV VR LW HW XBOV XVWKLY N R IFQW AXDMVRHD L Q (
WKH SKRQRQ PRGHV IRU EXONRBDRDWQIGEXWBQ & GLDEO WKH SKRQR
DOOR\V ILUVW WKHQ LQ WKH QH)RWVEXFONL RIQ M QB ERKRINDAH. VERHF D X'\
ZLOO EH PDGH WR SKRQRQ PRQHYURBWWILQH X QOWWKHO O KDYH V
6L *H EDVHG QDQRVWUXFWXUHVYP PO WLIX WHKH\WRMBKXKH VDPH YLE
QRQ 'HQVLW\ 21 6WDWHV 3'26IRLW DBOAR WRGIHEY | RMKEIL$9$6 ZLOO DO.
*H DQG JLQF EOHQG VWUXFWXRIHV BNV*H/ KHWUH[BHHWMW&H $9%$6 IRU E
EHFDXVH RI WKH PDVV GLIIHUMHOH K EWWEXREZQ &IHWDK G
*H WKH DFRXVWLF DQG RSWLFD®@ WKRQRN)VBHRIVEWOMNRI6L*H IRU
VWDWHYV IRU 6L*H VKRZV REYLRRKRXDW LHHSKRPRQV ERWK 6L DQG
PH9 DOVR YLVLEOH LQ WKH 6ViH@KIRERQVGQAQV SHUMLRQRU KLJIK |
FXUYH LQ )LIJXUH PRGHY YLEUDWLRQV RI WKH KHDY
J)LIXUH VKRZV WKH $YHUDJWRUEHUDMLRYH$SWEDIQ WKRVH RI WK
WXGH 6TXDUHG $9%$6 IRU 6L *HVUQBP BMKHOBSWALEFRE SKRQRQV Wk
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)J)LIXUH $YHUDJH YLEUDWLRQ DPSOLWXGH VTXDUHG $9%$6 YHUVXYV

J)LIXUH &DOFXODWHG JURXS YHORFLW\ YHUVXV SKRQRQ HQHUJ\
DORQJ WKH + ; GLUHFWLRQ



SKRQRQLF (QJLQHHULQJ IRU +RW &DUULHU 6RODU &HOOV

DWRPV VHHP WR EH GDPSHG WIEKSIVP D UQWLLGEIU DURIPR @/ KI) %UDJJ UH
HUJ\ FRPHV IURP WKH 6L DWR PV QLK]IRQHVERK@IGDBHIBY DUH FOHD U
DOVR E\PRIOWXODWLRQ VKRZQGLQY HFWURQ 31R8J )XUWKHUPRUH Wk
6L*H E ZKHUH WKH JURXS YHBDREFHWLDRO\*WKHR&HM HQHUJ\ RSW
HTXDOV IRU HQHUJLHV KLJKBAL YQK DIQF D QPM 9G IZKRLFKWH HQHUJ\ O
FRUUHVSRQGY WR WKH KLJKHRI*WKH SXBABBQDAMREHFH LV VPDOO
HQHUJ\ ZKHUHDV IRU 6L SKRQ@R® ®P®G H\Q PWIKH WHKRIXSDVH RI 6L *H
YHORFLW\ LQFUHDVHV LQ DEVROXWHZY BWXHR P MXQ®IL QI WKD®V DU
6L DWRPV YLEUDWH SKRQRQ FRQILQHPHQWGROR OW WK |

GHSHQGY OLQHDUO\ RQ WKH VL]H RI

3KRQRQ ORGHV DQG 3KIRQRQDV VKRZQ LQ )LIJXUH

&RQILQHPHQW LQ 6L*H 6XSHU®GDDOWOFHVWKH GLITHUHQW W\SF

WULEXWLRQ WKH 3DUWLDO 3KRQR
JLUVW ZH VWXGLHG WKH 6L*H X 36l UDDRQVULWK N/ VG XKBWKWHRQ IR
XVLQJ WKH VDPH OD\HU WKL FONIDMWVYFIRUZBW K @®\HJ WKLFNQHV!
,Q VXSHUODWWLFH VWUXFW X (BFD\R WWH GV LIQ[ $HPVWHIG WKIONPWDKB S
VSDWLDO FRQILQHPHQW DO R QL YK WX]S G UOHFWN IRFH 2R O)XEF W X U H \
LQGXFH SKRQRQLF %UDJJ UHIDXGMWBR @\ GZKHL ® R AHVWHKEH FRPPRC
SODQH RI OD\HUV WKH SKRQRBWHDIUD § WRKIDN DLVQHW K HHOQ HUJ\ UD
7KHUHIRUH WKH WRWDO 3'26WKQFORBKPWMWKSKWRABBM SURSDJD
GLPHQVLRQV '26 GLG QRW VKRR ® ®ON ODSMURUZRBRDO®H LQ WKH UDQ
FDOFXODWHG VWUXFWXUHV JBZHUXSKRQRW KR GHR QRG VKDUHG
GHQVLW\ Rl VWDWHYV LQWHJU CDHG *RHQ ODLIQUWKH R G IKUHRWURBQH
LV VKRZQ IRU GLIIHUHQW VXSHUODWWLFH WKLFNQHVVHYV

J)LIXUH SKRQRQ GHQVLW\ RI VWDWHYV 3'26 LQ WKH FRQILQHG ]
VXSHUODWWLFHYV
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J)LIXUH OLQLJDSV LQ FRQILQHG ] GLUHFWLRQ WKH ZLGWK RI JDS

YLIXUH &DOFXODWHG SDUWLDO SKRQRQ GHQVLW\ RI VWDWHV 3
SKRQRQ GHQVLW\ RI VWDWHY SURSDJDWLQJ LQ ERWK 6L DQG *H OT
LV RQO\ LQWHJUDWHG LQ WKH FRQILQHG ] GLUHFWLRQ
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HUDJH YLEUDWLR
%ﬁéyl\—' OFXODWHG IRU

ODUJHU WKDQ WKH PD[LPXP *HT%X%}Q%Q H

PH9 DUH WRWDOO\ FRQILQHG &D%$

1H[W DV GLVFXVVHG LQ 6HF L\Izyl H&W UHG VROLG
SKRQRQV GHULYHG TXDQWLWLHY © oQ % %Wz %EB?ER'T'JQ';%
WR DQDO\]H WKH SKRQRQ FRQ '9 é §< iy HUIL Z LW
GHSLFWV WKH $YHUDJH RI 'LV H Jé _Léé?)%
BTXDUHG $9$6 YHUVXV SKRQ Y kLo B WLRQV

DQG *H DWRPV &OHDUO\ IRU WKH ORZ HQHUJ\ DFRXV
WLF SKRQRQV PRZHERWKBQ DWRPV
DQG *H DWRPV VKRZ VLJQLILFDQW DPSOLWXGH RI YL
EUDWLRQV $9$6 ZKLFK PHDQV WKDW WKH SKRQRQ
PRGHV DUH QRW FRQILQHG QHLWKHU LQ 6L RU *H ODWWLFH
DQG VKRXOG EH DEOH WR SURSDJDWH IUHHO\ WKURXJK
WKH ODWWLFH 7KH ODWWHU SRLQW LV FRQILUPHG E\ WKH
JURXS YHORFLWLHY FDOFXODWLRQV VKRZQ LQ )LIJXUH E
,Q IDFW WKH SURSDJDWLQJ DFRXVWLF PRGHV DUH UH
ODWHG WR WKH QHDUO\ OLQHDU GLVSHUVLRQ UHODWLRQV RI
DFRXVWLF SKRQRQV Z+ WRLQWHFWRU DURXQG
ZKLFK XVXDOO\ SUHYHQW SKRQRQ FRQILQHPHQW IRU
DQ\ VIVWHP RI WZR JLYHQ PDWHULDOV WKHUH DUH
SURSDJDWLQJ DFRXVWLF PRGHV LQ ERWK PDWHULDOV
ZLWKLQ WKH UDQJH RI IUHTXHQFLHV IURP JHUR WR WKH
PD[LPXP SKRQRQ IUHTXHQF\ Rl WKH HODVWLFDOO\
VRIWHU RI WKH WZR Rl WKHP <X &DUGRQD
5\WR'Y JRU KLIJKHU SKRQRQ HQHUJLHV ZH
REVHUYH SKRQRQ PRGHV ZLWK $9$6 FORVH WR RU

7KLV LQGLFDWHYV WKDW SKRQRQV LQ WKLV UDQJH RI
IUHTXHQFLHV DUH FRQILQHG RQ HLWKHU 6L RU *H OD\HUV
ZKLFK PHDQV WKHUH DUH 6L OLNH PRGHV IRU ZKLFK
WKH *H OD\HUV DFW DV EDUULHUV DQG *H OLNH PRGHYV
IRU ZKLFK WKH 6L OD\HUV DFW DV EDUULHUV +RZHYHU
IRU HQHUJLHV XS WR PH9 WKH KLJKHVW HQHUJ\ IRU
WKH EXON *H RSWLFDO PRGHV WKHUH DUH VWLOO SKRQR

PRGHV WKDW FRXOG SURSDJDWEKWKFMWHDE%\K/KU%/HDD KRZQ LQ )

*H OD\HUV )RU HQHUJLHV KLJ%?RJQ@Q HV 3'26
\

-
Or

QO

<
=
=
o
o

XS WR PH9 WKH KLIKHVwW HOHIYVIRE WAt EWORQG R WKH 33726
RSWLFDO PRGHV DOO WKH SKE H@VLY[LEﬁBWP&%@LBﬂJFFXUYHV[
FRQVWUDLQHG ZLWKLQ WKH 6P DAPRPWACGH YLEUDWLRQV RI 6L DQ

7KLV LV FRQVROLGDWHG E\ WEKH fPoE% ol \Rd P RY WKW PRG
DYHUDJH DPSOLWXGH RI DWRP? LERYWY 2EWPl % Bt ODVHUA

QP 6L *H VXSHUODWWLFH )LJx@F OSWIPWLQHERP WRS OHIW
WLRQ RI PRGHV 7KHVH PRGHW B ERYFLYFXODWHG IR

U
PPRQ PRGH IRU 6L D
L

W
PRGHV SXUH 6L PRGHV RU FRfP F(\j,\j GRV
W ERW K DQG *H DWRPV YLI
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J)LIXUH 7\SLFDO 3'26 RI D QP 6L*H VXSHUODWWLFH FHQWUDC
DPSOLWXGH RI YLEUDWLRQ RI6L DQG *H DWRPV DORQJ WKH ] D[LV |
QP 7KH JUHHQ OLQH LQGLFDWHVY WKH 6L DQG *H OD\HUV ERXQC

TXHQF\ ZLWK D KLJKHU FRQW ULENCWALRMK R0I9$d DQRIPADWHY WKDW W
DFFRUGLQJ WR WKH 33'26 SORVRQRQIPRIEH LVFRQILQHG DW WKH L
VLPLODU EHKDYLRU YA XREWHD BRHGE G F HVEB\HUV )URP )LJIJXUH ZH
PH9 EXW ZLWK D PRUH HTXLKOHEWLDWHGE DFRQBMULEXP RGHY DUH SU
WLRQ IURP 6L DQG *H DWRPV URQHIRHREBWIZHWIO QQ@ WKDW IRU H(
HTXLOLEUDWHG GLVWULEXWLRQRXIQERP PFRH® PRGAHK LDVWKH PD[LP X
VKRZQ LQ WKH 33'26 SORW 7HBHWERRG RQMN DWW ERWK 6L DQG *
PH9 ZKLFK FRUUHVSRQGYV MRROWKMHEXWHN PREMWKH HQHUJ\ RI WKFE
IUHTXHQF\ VKRZV RQO\ YLEUDMRZRG@WUURP KH IKMRPWQHUJLHV WKH
DQG D YHU\ OLPLWHG DYHUDEHWWZEHDRVBLRIQYGIURPBIHUY DUH FRQ!
DWRPV DULVLQJ IURP WKH VOLRRWRKRIQM ULERWYRQ RI FRP
PRQ PRGHV LQ WKLV UDQJH RI | BHOHOHOIF\ VDKW KHIL WKK IHEBH UJ\ SKRQR
RQH REWDLQHG DW PH9 ROH FD Y XYIHUDIDENW\W WAR QUH FRQILQHG
RQO\ DULVLQJ IURP WKH 6L DWRPYWRRBPP® WRRGHWILQHG | GLUHF
ZLWK *H DUH OLPLWHG WR WKWHFW/L2RRR OH. PUBDXYHRDOFXODWLRQV
F\ 7KLV LV DOVR REWDLQHG LRLWKN MX®KUFXDWWIDRAMHY DUH GLVFXV
PH9 DQG LQ WKH VL[WK FXUYWRDWH H[WRUHBP FRWULPSRUWDQW ZKHQ
UHVSRQGLQJ WR WKH 6L /2 PRIKROQROQTSKRORQQ QWKHUDFWLRQV LQ \
ODWWHU FDVH WKH 6L YLEUDDWLB®R @RIV PRWHHU PISH UM QIVF WR U H G
GXH WR WKH RQO\ FRQWULEXWDR RY /3 LRERGH YV
7R LQYHVWLIJDWH WKH SKRQRQ LQWHUIDFH PRGHV WKH
OD[LPXP 9$6 09$6 DQG ,QWHUIDFH BKRAPQ &RQILQHPHQWYV LQ
9$6 ,09$6 DUH FDOFXODWHG IRU 6 H*I9 X® BHB@MWHV X BBOWXP :LUHV
ZLWK OD\HU WKLFNQHVVHV RI QP DQG VKRZQ LQ
YLIXUH $V PHQWLRQHG LQ 6MHFRA RMXH HOHFWWR QWKFHSRLQW R1 YL}
SHDNV RI 09$6 FRUUHVSRQG WR MWK H@®BEDL/LHIBUSKRQRIODQ LQ *H VI
PRGHV 6HFRQG WKH FRLQFLGHEBRHVRILWRHGHDWR/ RVH *H DV WKFE
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J)LIXUH &DOFXODWHG PD[LPXP 986 09%$6 DQG PD[LPXP LQWHUI
] GLUHFWLRQ IRU 6L*H VXSHUODWWLFH ZLWK OD\HU WKLFNQHVV}
6L PRGHVY WKH EODFN RSHQ GRWV DUH UHODWHG WR WKH *H PR

ZLUH RU GRW PDWHULDO DQEREHDNWUWRRPEDWHG[ RRM/KH 6L*H
+RZHYHU DV PHQWLRQHG LQ WKQMHEUHDHR XD VWKIE\L QWKHHU IDFH PR
KHDY\ HOHPHQW RI *H EHKDY HWXP VZ DUHNVUDUH PP RARVWK @ RFDWH G
6L SKRQRQ PRGHV ZKHUHDV WKH 6L FDQQRW FRP
SOHWHO\ SURKLELW WKH *H SKRQR BKRERQSERYDIQPWMPRHDQ W LQ €
7KHUHIRUH QDQRVWUXFWXUHA/XBIQOA XR "RIWPAD WX SHDOHD WWLFH\
DGGUHVVHG KHUH ,Q WKLV VHFWLRQ VLPXODWLRQ UHVXOWYV
RI 6L PXOWLSOH TXDQWXP ZLU#HWHQ ZH MH)SHMAW BKDW WKH SKRQ
04:5 DUH SUHVHQWHG WKUHH GLPHQVLRQ FRQILQHPHQW
7KH 3KRQRQ 'HQVLW\ 21 6WDWHVVWR2EFW®BAY 7KH IXOO0 SKRQ
WKH FRQILQHG GLUHFWLRQ LV )SGIWKP W WG XWX UKVHDUH H[SHF\
IRUD UDQJH RI 6L ZLUH VL]H IURPQW®P WRW PQWHULDO
ZLWK D IL[HG *H PDWUL[ VL]H 7XH XL FWHREZ HRXWFDOFXODWHC
OHYHOV LQ WKH GHQVLW\ RI VRNV DAWHDNWW BV H RAL & L B)PH6 LRTUX DIQUWHX P G
VLIHV ORZHU WKDQ a QP ILU W®H BEW RIG[FWSW PZHKHQ WKH VL]H RI
DV H[SHFWHG DFFRUGLQJ WR WKPHD PDVH FRYQIW U DHW \E WK DIOHQQ PV
WKH WZR HOHPHQWYV VWDWHYV IRU 6L *H TXDQWXP GRWYV
YLIXUH VKRZV WKH FDOFXVXHWHETH $OEBDRQHG ZLWK D PL[WX!
09$6 E DQG ,09$6 F IRU 6L641HDEUGS5EXON *H 7KHUH LV QR DEVR
7KH SKRQRQ FRQILQHPHQW LGHWHKIEW M@/ U RFWKKHI B KIROH HQHUJ\ |
VLPLODU WR WKDW LQ 6L*H VXR$W DDAOWI KR R QKHHQDIFR X L W L4F V K R
SKRQRQV FDQ SURSDJDWH WK®&R WX WH H X K RORI WE W WILLAHIJ UHIOF
ZKLOH RSWLFDO SKRQRQ RI ERWEK BQRXQ® R BHKRQRQWHH )LIXUH
VKRZ VWURQJ FRQILQHPHQW LQ WKHLU RZQ ODWWLFHV
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YLIXUH 3KRQRQ PRGHV LQ 6L *H TXDQWXP ZLUHV DV D IXQFWLRQ

J)LIXUH &DOFXODWHG $9%6 09%$6 DQG ,09%6 IRU 6L *H 04:5 7KH U
6L PRGHY WKH EODFN RSHQ GRWYV DUH UHODWHG WR WKH *H PRGH



SKRQRQLF (QJLQHHULQJ IRU +RW &DUULHU 6RODU &HOOV

J)LIXUH &DOFXODWHG SKRQRQ GHQVLW\ RI VWDWHYV 3'26 DQG
GRW LQ *H PDWUL[ ZLWK D QP GLDPHWHU

+RZHYHU WKLV PLQLJDSV ARQWSISEX W DR R/ WE KM KHUPRHOF
SKRQRQ GHFD\ DQG HOHFWURQ SERRKREDVEWHSIODEQRABGURSDJID)\
KDV WR EH VWXGLHG IXUWKHU SKIRH) R KDFRFD¥XS\OH.QV PIUSKRDBBOHYD
FRQILQHPHQWY DQG LQWHUIDFHRRGHYHRURBU THQODFFXUDWH GH'
DUH YHU\ VLPLODU WR WKH RS\ DREWDW QKIG LZQ VOK QVRAHW U X F W X
6L *H 04:5 VHH )LIJXUH RXU FRQYHQWLRQDO YLHZ LQ UHF
EH FKDOOHQJHG 3KRQRQ SURSDJD

'LVFXVVLRQ DQG &RQFOXWYWRQDFWLRQ HJ ZLWK HOHFWU
WKH LPSRUWDQW FKDQJH LQ WKH V

7KHUPDO SURFHVVHV OLQNHG®&RWW KHK A CBKIRQIRIQOG\@QDRUGLQDU\ P
LFV QHHG D JRRG PLFURVFRSUFGBWEYH®W VRPQQQ RYXBHHU RI DW
WR EH XQGHUVWRRG 7KLV LVGLNBHUWHE® QVRXUYGNUMWDBBELSURF
SURFHVVHV LQ VHPLFRQGXFWRUW KRU LSKRWRYWOR® ICFEBRRW WK H
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J)LIXUH &DOFXODWHG SKRQRQ GHQVLW\ RI VWDWHV 3'26 IRU D ¢
IRU WZR GLITHUHQW GRW VL]HV DQG QP OLQLJDSV QHDU WKH
DUH PRUH VLIJQLILFDQW LQ WKH FDVH RI WKH QP GLDPHWHU GRW

,Q QDQRVWUXFWXUHV %ULO@RXWE& H FQHV RD DD YRPOWOXFWXUDWLF
WKHUHIRUH TXDVL LPSXOVLRBDQVEHR WSEQ LIHS WRS RVWDKHU ZHOO V
TXDQWXP QXPEHU 2QH KDV WRWWHKY¥RXW HVR GBLLN HH UDISOWS O $V QD QR
WRROV KHUH ZH KDYH XVHG DE LABYWUR RHWHKRG VWIQLRUGW KNG\ FRXC
WR JHW D SUHFLVH GHVFULSWG&RQF BHWHK H S KRXQRIQRARSKHRWQRQ HQHU
LQ QDQRVWUXFWXUHYV ILQHG GLUHFWLRQV ZLWK PLQLJDSV
JLUVW RXU ILUVW SULQFLSOHPSIQRQR QVFDQ FIOODQWLRR VXSHUODY
PHWKRGV VKRZHG D JRRG DFEXWHWVF\ DAFG WKNBQWXW®KIRWY UHVSHFV
SKRQRQ VSHFWUD RI GLPHQVLR @ FRIQRIYQIHWG WR B FRPDVYXFRQWUDVW L
WXUHV 7KH SURSDJDWLQJ IR OIGHGRDFRRVEH W HKR@MROWKH SKRQRC
DQG KLJKO\ FRQILQHG GLVFUHRW B QRSX\PLY VO XSFKRQRHOW WEH SKRQRQ
QDQRVWUXFWXUHV ZHUH GHVEUWKHI® ZHOOQ FLWV X LIRWKHUVKDQ WK
PRGHOV +RZHYHU ZLWK RXUTRRGQHO /R RREGDIBH HOHPHQWY EHLQ.
VFULSWLRQ ZDV REWDLQHG IRWKHLO PRWH\ [R¥RDHY KK | WEKS ORZ IU|
%ULOORXLQ JRQH 7KH LQWHUSKRH) RQEHRDRR OV RIMIMMIE WKURXJIK
LQ WKH LQWHUIDFH EHWZHHQ WWZWRXPFIVWHH L DU \HpSHHAWBGVIR RP DFR X
DFFXUDWHO\ FDOFXODWHG DQRRIGGHQWLILHG ,Q WKLV VWXG\
6L *H VXSHUODWWLFHV PXOWLSKKH TXPRWRYPHEL GHHW FRIKGSWLRQ R
WLSOH TXDQWXP GRWV ZHUH FDQBPROPWHG QR RWWHRBWXUHYV LV
GHVFULEHG KHUH VKRZHG KR ZDWKHHULIVMEHUXYHR QY FRKQY HRWQ KRW FDU
DUH DOWHUHG DW WKH %ULOORKMHQ PRIYHFIR@IWHYD \DW 0H3 LFOFMWWRQ W K
SKRQRQ JDSV DQG KRZ WKHVH IS® RQIRD TOSYVHS NQYE XFWXUHV WK
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J)LIXUH &DOFXODWHG $9%6 09%$6 DQG ,09%6 IRU 6L *H 04' 7KH
6L PRGHV WKH EODFN RSHQ GRWV DUH UHODWHG WR WKH *H PR

RQ WKH SKRQRQ GHFD\ G\QD P:HF R ED/H® WHICH RIKFRBRRY SKRQRQLF .
OLIHWLPHV LQ QDQRVWUXFWXSHKR QRRP §D DB G KHR/ WHRIZ i) YEDO N K H
SDUHQWDJH WKH SRVVLELOLW\ MR [PGIPU HDE)\GH SR\ QW ILLFE@ RW OD S V
WKH QXPEHU RI /2 SKRQRQV FOROQB WHRGWKR PRWDLEHIR YlARFK N ZD°
JRQH FHQWHU DQG WR IDYRU /XBKBQRR FROWNERPUSYE PP QLS XOD
E\ HOHFWURQV LQ RUGHU WR W®RZ.GRP® QWK H KBDHFMQNR Q¥R ZH Y H
FRROLQJ SKRQRQ FRQILQHPHQW DQG GLVFUHI

$SSOLFDWLRQV WR WKHUP RGRG FHQWIUR\GHYYHEBY BOMRW RQ WK
IROORZ GLUHFWO\ IURP DERYH @ WAHXUDFWILRQ DV G ISKRRRQ SKRQR
SURSDJDWLRQ FDQ EH UHDGLEOREWOLREBGHUR®RR®XSW 7KH PR
YHORFLWLHV $V FRQFHUQHG WRRWRKY B$YSHUNVWRRORG WKEAILQH
KRW FDUULHU VRODU FHOOV \DWFEXE\WD YWUHH 8 KDRIHR@H 8 GUEHWR 1 X0 O
VLRQ LQ FRQILQHG VWUXFW X WH\D KDWWHL E § HQ RENMVDLHOHGQ WKH F
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5()(5(1&(6 YX + ;  2]ROLQV 9 =XQJHU $
3KRQRQV LQ *D3 TDQWDOR GRIWNVH Z
$O01q &KLDQWWULHYHG IURP KWOWEGSHQVHG ODWWHU DQG ODWHUL
FKLDQWL JHRO XFO DF XN GDULRGRL 3K\V5HY %
$ORQVR 0 , 'LQHU . *LD@ORALR 3 'H *LURQFROL 6 3DY
VSHFWBD*RIDOORKWLFDO SHYI4AXURQL 6 $E LQLWLR FDOFXOD
&RQGHQVHG 0ODWWHU DQG OD@WHSHPHOM BEWLEBKHVNLFRQ GHFW RD V
t GRL BK\VS5HY% % &RQGHQVHG ODWWHU DQG ODWHUL
%O|FKO 3 ( 3URMHFWRU DX3BHowHG3ZDVYpHY%
PHWKRGVLFDO S5HYLHZ % &RQGHMAOHEG GOMWWIHIIIHQHUDWLRQ SKRWHF
DQG ODWHULDOV 3K\\GIRV LFV $GYDQFHG VRODUR@HRQ\ FRQY
3K\V5HY % 8. 6SULQJHU

&DPSRV 9 % 'DV 6 6 BWURKEIOROHWPROHY - ) &RQLEHHU * -
3KRQRQ FRQILQHPHQW HIIHFW RQ BO$HUWRFEH® CLQHVIRI WKH WK 39

ORVV LQ RQH GLPHQVBRQDFDXDQWXRBKbOYINDL &KLQD 39 6(&
5HYLHZ % &RQGHQVHG ODWWHU DQGQOVDW3HU*LDOV 3K\V

LEV GRL 3K\V5HYo -OHPH $QKDUPRQLF GH
RSWLFDO SKRWOIFE@W 5HYLHZ

&RQLEHHU * - HW D3IURFHHGERBHU ,Q3K\V5HY

LQJV Rl VW (XUBHWGH@& *HUPDQ\

S 39 6(& .UHVVH * )XUWKP<OOHU - (

LWHUDWLYH VFKHPHV IRU DE LQLWLEF
&RQLEHHU * - (NLQV 'DXNHMW XD DWIROPHRROINVND SBDWQAHF ZOYH ED

- *UHHQ 0 $ SURPIBHE&HYLHZ % &RQGHQVHG ODWWHU DQG C
LQJV RI WKH WK (XURSHDQ 39 &RQIHUH@RH 3K\V5HY %
%DUFHORQD 6SDLQ (8 39

.UHVVH * +DIQHU - $E LQLWLF
&RQLEHHU * - . |QLJ ' *UHHRQDLHLFV &KUOORRWWIGF PEVBEONHZ %
OHPROHV - ) 6ORZLQJ RREBUHONVHG FRRVPWRUYU DQG ODWHULDC
LQ KRW FDUULHUL Q BRDU G HODPN GRL 3K\V5HY %

GRL M WVI

IXTXH $ ODUWt $ (OHFWURQ

'HEHUQDUGL $ BKRQRQ AORUHILGWIH GQRIHUYL Q KRROBDUULHU

VHPLFRQGXFWRUV IURP GHQVL\WH IR W WHURL® SV bWXUERODU &HOO
WLRQ WKWRBDO 5HYLHZ % &RQ@FR{QVHG OMWWHIRDW

DQG ODWHULDOV 3K\VLFV

1HJHV 0 6FKZDUJEXUJ . :LOOLJ )
'‘ROOLQJ ~ 3BRBEHHG @ JIVORIQWIHH&EDUOR VLPXODWLRQ RI HQHU.
6\PSRVLXP RQ ,QHODVWLF 6FRH¥WHROXRI KRMWWHKRDQUVYH FDUULHUV
LQ 6ROLGV DQGRATXLGV MRAQRMUHDOLVWLF KRW FDUULHU VROI
$XVWULD ,$($ 6RODU (QHUJ\ ODWHULDOV DQG 6ROD!

+ GRL M VROPDW
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IHOLQ * 1LOVVRQ * ‘HIDANOHE VR USWLRY XP SURFHVVHV LC
WDLOV LQ DPRUSKRIK\VHPD 6 REKFOXEXFRUWRWY: 8. 2[IRUG 8QLYHUVL)

YLHZ % &RQGHQVHG ODWWHU RQG ODWHULROY BEWAFY o juy. -

GRL 3KAVSHY% ' 0 $KUHQNLHO 5 . 1R]JLN $ -
1LOVVRQ * 1HOLQ ®BK\VL +ROMHEDUULHU FRROLQJ LQ *D$V 4X
FDO 5HYLHZ % &RQGHQVHG OEWOMKUVLEO M BWMUMD OV &RQGHQV
3K\WVLFV GRL 3K\W5HY%DQG ODWHULDOV 3K\\GRLY
1RJLN $ - 3DUVRQV & $ 'X@ébvtf’\Hy% "H\HV
% 0 $KUHQKLHO 5 . FHOHQ GHQFH RR]LN $ - (IILFI

KRW FDUULHU OXPLQHVFHQFHKRY EDUULHU W R DPNGKYWIIQ RRQY
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ZHOBROLG 6WDWH &RPPXQLFQ\\HbRQV) 7DVORU 5 $ 7XEHUILHO
. .

GRL 9 'RUORFN - 0 *RVVDUG $ & .
2WKRQRV $ 3URELQJ XOWUDIDVWPHDUMYROYHIEGSKRWROXP
SKRQRQ G\QDPLFV LQ $\BISPULARIDGR BWRHYVLRQDO KRW FDUULHUV
3K\VLFV 5HYLHZGRL KHWHURV3UXERDXQWBMYLHZ /HWWHU

+
3HUGHZ - 3  :DQJ < sSFEXUDWH bgg  SK'VSHY/HWW

VLPSOH DQDO\WWLF UHSUHVHQWDWRLYR 6 RIOWKH HOSFRWURNLBD® SU
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GHQVHG ODWWHU DQG 0DWHU LHF®RX 3 W\IWVALWF V

0,

3|W] .RFHYDU 3 (O HFDNBUIBPLLF-F RRBKBWRU 6FLHQFH DQG
WUDQVIHU LQ SXOVHG ODVHU HIFLWDWLRQ RI SRODU VHPLFRQ
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506 0DWHULDOV skiarty  okbXHC ARHKW s «rvvDUG 5 &
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3KAVSHY% DQG KROHV LQ *D$V IKD/QWIXE® ZH(
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&RPPXQLFDWLRQV GRL T

EDODQFH OLPLW RI HIILFLHQF\ RI
ODU FHRXOWDO RI $SSOLHG 3K\VLF)\
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6L*H DOOR\ QDRRNWURDMDDBWY LHZ "
&RQGHQVHG 0DWWHU DQG 0DW {YBY FPGRP +LOIHU

GRL 3K\V5HY % 6ULYDVWDYD * 33K\VLFBDSHHYLHZ
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ABSTRACT

Luminescent Solar Concentrators (LSCs) offer a way of making Photovoltaic (PV) systems more attrac-
tive through reduced energy costs, the possibility of application in cloudy regions, and improved building
integration. LSCs collect light over a large area and concentrate it, both spatially and spectrally, onto
solar cells at the edges of the device, such that the total cell area required to generate a specifc power
is reduced. Since the solar cells constitute the more expensive component in the system, this leads to cost
reductions. Unlike conventional geometric concentrators, LSCs do not require solar tracking and can
collect diffuse as well as direct sunlight. The current research challenges lie in increasing the effciency
of the LSC and extending it to larger areas to make it commercially viable. In this chapter, the authors
outline the mode of operation of the LSC, with particular regard to cost considerations and device ge-
ometry. They then review recent approaches aiming to increase device effciency and, fnally, introduce
their versatile raytrace approach to modeling the LSC. The model is utilised here to investigate tapered
LSC designs and rationalise the optimal geometry and confguration for planar LSCs.
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1. INTRODUCTION

In light of the world’s ever-growing energy
demands (OECD, 2009) and the urge to reduce
greenhouse gases, the development of sustain-
able energy is a pressing task for science. As a
renewable energy technology Photovoltaics (PV)
is likely to play a key role in our future energy
mix (MacKay, 2009). Indeed currently about a
quarter of the world’s population still lives without
electricity (World Bank, 2008). Climate change
andenergy independence aside, renewable energy
seems the only long term, sustainable solution to
the world’s growing energy need and diminishing
resources.

The point at which electricity from renewable
sources is cost-competitive with conventional
electricity fromthegridis called grid-parity. Grid-
parity has not yet been achieved for PV, but, since
solar irradiation does not vary notably from year
toyear, technological developmentand economies
of scale continuously drive the efficiency of PV up
and the cost down. Given that two thirds of con-
ventional electricity isglobally generated by fossil
fuels (IEA, 2009) with obviously finite supplies
we can expect a rise in the cost of conventional
electricity that will ultimately favour renewable
sources. The aim of the Luminescent Solar Con-
centrator (LSC) is to accelerate the process of
making PV more cost-effective, by boosting the
power conversion of solar cells with the use of a
relatively inexpensive, versatile concentrator. It
is a planar low-concentration device employing
luminescent centres such as dyes or nanocrystals
and is particularly well suited to Building Inte-
grated Photovoltaics (BIPV).

The LSC can collect direct as well as indirect
diffuse lightand, unlike geometrical concentrators,
doesnotrequiretracking. Costing more thanthe so-
lar cells, tracking is the highest single expenditure
inconventional concentrator PV systems (Extance,
2010). The non-tracking approach of LSCsallevi-
ates space, cost, and maintenance requirements,
allowing for adifferent range of applications. The

LSC outputsanarrow, red-shifted spectrum, which
can be matched to the PV cell absorption. This
way the light coupled into the cell is converted
more efficiently. Because thermalisation happens
in the LSC, unwanted heating of the cell can be
avoided. The LSC is versatile in that they can be
designed semi-transparent or coloured and also
flexible. By reducing the amount of solar cells
required, the LSC could help make photovoltaic
energy generation more viable.

In the next section, the operation of the LSC
is explained in terms of its light-capture and
waveguiding properties. Efficiency limits and
cost considerations are detailed and alternative
geometries are reviewed.

2. PRINCIPLES OF THE LSC

There are two main principles that govern the
luminescent solar concentrator: light capture
and waveguiding. A typical LSC as depicted in
Figure 1 consists of atransparent plate doped with
luminescent centres. Incident light is absorbed
by these centres and re-radiated. Due to the dif-
ference in refractive index between the plate
and the surrounding air a large fraction of the
luminescent radiation is trapped within the plate
by Total Internal Reflection (TIR). The trapped
luminescence is wave-guided to the plate edges
where it is converted by PV cells. Ideally, the
output is in a narrow spectrum that is matched
to the cells. The geometric ratio between the top
surface and the edges leads to the concentration.

2.1. Light Capture

Light impinging on the surface of an LSC is
either reflected or transmitted into the LSC. The
LSC is a dielectric waveguide and as such has a
refractive index n that is higher than that of its
surrounding, i.e. higher than 1 in the case of air.
Lightistherefore refracted intothe LSCatanangle
closer to the surface normal according to Snell’s
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Figure 1. A schematic representation of the luminescent solar concentrator (LSC). Incident light from
the top is absorbed by a luminescent centre and re-emitted. An escaping ray, a ray emitted toward an
edge and a ray trapped by total internal reflection (TIR) are depicted. Solar cells on the edges collect

the emission.

law. The refractive index change at the interface
to the LSC also gives rise to Fresnel reflection
described by the Fresnel equations. Variations of
the refractive index withwavelength can generally
bedisregarded inthe case of the LSC. For practical
application of the LSC it is also safe to assume
thatthe incident lightisunpolarised, inwhich case
the average of the two reflection coefficients for
s and p polarised light is taken (see Figure 2). A
typical LSC made of glass or poly(methyl meth-
acrylate) (PMMA) has a refractive index of:1.5,
which yields an average coefficient of reflection
of:4% for light at normal incidence.

The light capture efficiency n_, . is defined
as the ratio of photons absorbed (by luminescent
centres) to incident photons. Figure 2 shows that
reflection is only dominant at large angles
above:60°, which indicates that reflection has a
small effect on the light capture efficiency.

Equation 1.

Neglecting scattering losses due to surface
roughness, absorption in the host material and
multiple Fresnel reflections from the back and front
interfaces, the capture efficiency can be written in
terms of the internal spectral absorptance, A, ;.
=1-e®® (where a is the absorption coefficient
and zthe thickness of material, itself dependenton
the angle of incidence, B), the spectral reflectance
for reflection from the front surface, R,, and the
spectral photon flux @, (see Equation 1).

The capture efficiency is sensitive to the spec-
trum of the incident irradiation, which, in terms
of the LSC, is an external quantity.

2.2. Waveguiding

In contrast to the light capture, the waveguiding
is a purely internal property of the LSC. The
waveguiding efficiency n is defined as

waveguide

(1)

246



7KH /I XPLQHVFHQW 6RODU &RQFHQWUDWRU

Figure 2. The Fresnel reflection coefficients for unpolarised light incident from air onto media with

refractive indices of 1.5 and 2.0

the ratio of photons guided to the LSC edges
to photons absorbed. In order to trap light in a
waveguide, a change in its direction is required
since light thatentersaplanar waveguide will also
leave it due to the symmetry of light paths. The
LSC achieves this change in direction through
absorption and subsequent emission of light by
luminescent centres fromwithin the waveguide. In
the case of isotropic luminescence, the fraction of
light lost in a single emission step through escape
cones (at angles less than the critical angle for
TIR, 8, =arcsin(n /n,) for a ray travelling from a
medium of refractive n, ton,, withn,>n,), ...
is twice the ratio of the solid angle of the escape
cone Q.. to the solid angle of the sphere (4m)
in order to account for losses from both the top
and bottom surfaces. Consequently, the single
emission trapping efficiency isn, =1-n_ . =
cos6_ which may be rewritten as:

J o @)

Even though in real systems TIR is never per-
fect, reflectances of 99.99% are not uncommon,
and thus for all practical purposes TIR inthe LSC
can be treated as being perfect. The assumption
of isotropic luminescence is also a simplification
since the electronic transition dipole of a lumines-
centcentre dictates the angular dependence of both
absorption and emission. Therefore the emission
from an ensemble of isotropically oriented dyes
will be directional to a degree dependent on the
angle (or angular distribution) of the incident
light. However, this is a second order effect and
the simplifying assumption of isotropic emission
is generally considered to be sufficient.

Based on the typical refractive indices of n,
=1 (air) and n, = 1.5 (LSC), 75% of the initial
luminescence is trapped within the LSC accord-
ing to Equation 13.2. However, light can be re-
absorbed and re-emitted along its path. Assuming
no other losses due to the luminescence quantum
yield orabsorption in the host material, the overall
trapped fraction can be computed with respect to
the number of (re-)emissions. Figure 3 shows the
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GUDPDWLF ORVV Rl WUDSSHG) W %\MZ' g ls%g-l ill OLJKW W
HPLVVLRQV :KLOH LW LV HYLG r RO-R ;o GHFUHE
WKDW D KLJKHU UHIUDFWLYH 'Y v? Hg 'YQI{EQO@PHJVVLRQV
HVFDSH FRQHV DQG EHWWHU W8 D )EngH 14Xk VY LYH LQGLF
WKDW D KLJKHU LQGH[ DOVR OHDGV WR PRUH VXUIDFH
UHIOHFWLRQ DQG ZRUVH OLJKW FDSWXUH ,Q WKHRU\ WKLV
WUDGH RIl ZRXOG KDYH WR EH RSWLPLVHG LQGLYLGXDOO\
IRU HYHU\ /6& ,Q SUDFWLFH WKH UDQJH RI UHIUDFWLYH
LQGLFHV RI PDWHULDOV ZLWK KLJK WUDQVSDUHQF\ LQ WKH
YLVLEOH LV IDLUO\ OLPLWHG IRU RSWLFDO JODVV
DQG IRU SRO\PHUV %HVLGHV WUDSSLQJ OLJKW
D JRRG ZDYHJXLGH DOVR QHHGV WR WUDQVPLW LW ZHOO
7KH KRVW PDWHULDOV XVHG IRU /6&V W\SLFDOO\ KDYH
DEVRUSWLRQ FRHIILRY MKWMVY EMDREH P
VSHFWUXP DQG IRU KLJK TXDOLW\ JODVV RU 300%
WKH\ FDQ EH DV ORZ DV P

7KH ZDYHJXLGLQJ HIILFLHQF\ LV QRW VWUDLJKWIRU
ZDUG WR DQDO\VH ,W FOHDUO\ GHSHQGY RQ WKH WUDSSLQJ
HIILFLHQF\ WR VRPH GHJUHH 2WKHU IDFWRUV WKDW SOD\
D UROH DUH WKH OXPLQHVFH@EHVAGRWWEKELABERUIWLRQ DQG HP
DQG WKH VHOI DEVRUSWLRQ RZWHOROK F\O M VEQWEHHRWVWYKH FRQYF
6HOI DEVRUSWLRQ OHDGV WRRAOVYRMUYHWFBRIY RWWHHLEDO LQ /6&V
FRQH ORVVHV 4<V DERYH D WP WK DAHI\HREWDBVHKEVHG LQ GHWI
ZLWK RUJDQLF G\HV 7KH wuDbWSH SRWHEMHPRSIFWR RYHUFRPH VRPH
WKH SUREDELOLW\ RI OLJKW RMUDEIP QLF S RY RRWVEOFSN SRRU VSFH
HPLVVLRQ RID ZDYHJXLGH ZLWKISLM\EPRMOMIHAUBEWRYREWLRQ DQG
LQGH][ RI LV RQO\ (YHQ ZLWK D UHIUDFWLYH
LQGH[ RI ZKLFK LV XQUHDOLVWROPRHDYWURWRB@H® QG (ITLFLHC
/6& ZDYHJXLGH WKH WUDSSLQJ HIILFLHQF\ LV
VWLOO ORZHU WKDQ WKH W\STLEBR2¥WLAHOQ BHbRH QKD WKH OXF

WKH ERWWOHQHEN LQ WKH ZOVRRPAPHGWIPWMRYFLY JEKH WDWLR RIS
WKH HVFDSH FRQH ORVVHV WKH HGJHV RU FRXSOHG LQWR VROD

LQFLGHQW RYHU WKH WRS VXUIDFH
IXPLQHVFHQW &HQWUHVRI WKH FDSWXUH HIILFLHQF\ DQG WK
HIILFL'}QQVEF\DRDSWZ([DJHHJXLZFKH RSWLFDO HI
1RW WDNLQJ LQWR DFFRXQW I$KRWRQ PX3dWRSBPHRWIDLP'! OHVV W
DQ LGHDO OXPLQHVFHQW FHQOQWUH YR WRMV/ L ZRXQIVPV 7KH ORY
KDYH D 4< RI DQG D VWURQJ}QWRRUIMAVRP © FRI@GYY SHUWDLQLQJ
D ODUJH SDUW RI WKH VRODUWKIHWE WY XPRWNVDEF RYE HFO VIRRG LQWH
KDYH D UHODWLYHO\ QDUURZ HPL WR. RE VR4 IWU R b IWWDWKDW LV O
LV PDWFKHG WR WKH VRODU FHO\HBYWHYDIFR WEK W 0 AR HeeFHQW  F
DQG EH SKRWR VWDEOH IRU WHVOR WG IPyWR Y 7 kP U ¥ Y LRQ RXW RI
ORUHRYHU LW LV LPSRUWDQWWWHRIRIDSL ®IRMY 1 MR HEHIRBRIL@WHWIRG A C
WLRQ ZKLFK FDQ EH DFKLHYHRBRHMKIR APHHOERRPYHORBYSHY DUH DP!
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UH DEVRUSWLRQV UHQGHULQW LFRAF D SIHVFIR@WHR QRAVSWHW HQWYV D O
SDUWLFXODU D SUHGRPLQD QW UDROH RAHRKIHEW WR7EH WDNHQ L
RSWLFDO FRQFHQWUDWLRQ RUISKIRV/OEQ FROFHZHUDIWLRRY %\ P
& GHILQHG DV WKH UDWLR R QWKH ISERMRE® WKH RXW/ORMSHFW UD (
WKH HGJHV WR SKRWRQ 10X[ [EFRRLGHQW VRIQHWARRQ WHRGWXDWHG O L
IDFH LV WKH SURGXFW* R QUGKW KIBI® PHKAHUE B RDGQVRODU VSHFEWUX
WKH RSWLFDXO *H]|} ZKHYEV WKH 7KH RSWLFDO HIILFLHQF\ Rl WKH
UDWLR Rl WKH /6& FROOHFW L RRQWKX WIH H/ D]BIHBR! WWR ¥ RADRDS) V X U I D
FHOO DUHD )RU D VTXDUH WRERPHWDER BROEH@FUBWRHY OLQ!
RI OHQJWK OD@@ ZAGHEIWKK VRODVXAHOGON $V ORQJ DV WKH URWH RI
DWWDFKHG WR DOO IRXU HGJHY OWZH UHWR R B @ WLKHJ DDRHL FRRIQL Q F |

JLYH® EQG FHQWUDWLRQ LQFUHDVHV 6LQFH W
%DVHG RQ DQ DSSURDFK E\ RWV//68& LV<PERPFRRUWLRQDO WR WKF
QRYLWFK GHULYHG WKH /6&HRRGFMICRMDUDW RB® DRPQW I ILFLHQF

IURP WKHUPRG\QDPLFV E\ FRQRL GWKHL @ IVWWKHP HIDIW.FR BQF\ ZLWK V
FKDQJH DVVRFLDWHG ZLWK W B ® KHRUFHWALRVK DGR HPWVLF JDLQ
VLRQ E\ WKH /6& 7KH PD[LPXPRBERQPHIDWLRWYLERIODQFHY FRQFHGC
XQGHU WHUUHVWULDO FRQGLWILRPBILHIQWF \D\S & UR] [IPFOOW HGVBY SRZH

WKH PRGXOH DVVXPLQJ QR FRQVW

- &RVW SHU DWW

,Q RUGHU WR PDNH WKH /6& FRPSH\

ZKHWHYV 30DQFNIVWHRD VWRDONPDRYRFKQRORILHY WKH HIILFLHQF
FRQVWDIMKWM WHPSHUDWXWHKHLH HHUMWMWPHG RYHU D JLYHQ DUHD
IUHTXHQF\ RI WKH L @/KH LMW )GHIQURWDR Q@GP LQLPXP UHTXLUHPHQW\
RI WKH HPLWWHG OLJKWKHHQWSUNRYLW\ LV WR PLQLPLVH WKH F
VKLIW RI WKH OXPLQHVFHQFHRULBRVW SNUKRBWWKHKH FRVW SH
PD[LPXP FRQFHQWUDWLRQ DVWKHQ@RWWRRI RVKHVRRIFHIRQHQWV D
VKLIW 7KH GHSHQGHQF\ RI WKKH PRI RIWUPIWIRQ GKRLYWRZHU R:
RQ WKH LQFLGHQW ZDYHOHQJWK b H#HDHWKSO LIHR 5@ HEY WY RQEHHIUL F L H «
GLIIHUHQW ZDYHOHQJIWKYV 5HPP LYW b & BTREFHH QWH IFPRVRQ ¥ HU X G
DUH VXEVWDQWLDOO\ VPDOOH$RWHKD QWKEHRWYK BHBERW QB FEHDFVH RI
OLPLW 1HYHUWKHOHVV (TXDWIRRQOPSKDRYHGHN\KRZ
OLJKW FRQFHQWUDWLRQ YLD WKH /6& LV IXQGDPHQWDOO\
OLQNHG WR WKH OXPLQHVFHQW GRZQ VKLIW

$Q /6& ZLWK VRODU FHOOV DWWDFKHG WR LW LV FDOOHG
DQ /6& PRGXOH 7KH V\WVWHP HIILFLHQF\ RI VXFK D

PRGXOH LV GHILQHG DV HOHFWULFDO SRZHU RXW RYHU

LQFLGHQW UDGLDWLYH SRZHU DYGLY HHFEN REODWY kKWW KA oW LR
FHOO HIILFLHQF\ DV ZzHOO DV WK@HREQG RS & LWIKHA HpRPREDQFH

WKH /6& 7KH EDQGJDS RI WK FHILRO VRGP WrRADEHVLIQ WKFE
VRUSWLRQ UDQJH RI WKH /6& EKIFEYWbBPO ¥ U $HPHVRIIGYBLH QF\ DQC
VKLIW LQFUHDVHV WKH FRQFHRORWUEWL RRQY LW QPHRY! (1o D QG 3
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J)LIXUH 7KH WKHUPRG\QDPLF OLPLW IRU SKRWRQ FRQFHQWUDWLR
XSSHU OLPLW IRU FRQFHQWUDWLRQ GHSHQGYV RQ WKH 6WRNHV VKI
IRU WKUHH GLITHUHQW LQFLGHQW ZDYHOHQJWKYV

OLJKW RYHU D ODUJHU DUHD ,WKKDWRP EARFEG GHE FIHQF\ LV GHIL
FLHQF\,,DQG FDQ KDYH UHGXFRIGNBYMDORERVWALYLGHG E\ WKH LQFI
7KH FRVW SHU XQLW SRZHU L@Q/MHK LB BRBANFWLRQ DUHD DV RSS
FHOO DUHD DORQH $OWKRXJK LW Gl
IDFWRUV VXFK DV WKH VSHFWUDO P
/6& DQG WKH FHOO RU WKH RXWSXW L
WHP HIILFLHQF\ PD\ EH, DSSUR[LPDWH

7KLV \LHOGV
7KH DUHDO FRVW UDWLR RI§F(§‘&LBWR 39 FDQ EH

GHILQHG E\

ZKL FK DOORZV XV WR FDOFXODWH WH
&OHDUWHHGY WR EH FRQV'-Gr-'E'l WERY/ B PYRIMPRRYHU WKH VRODU

8VLQJ WKH H[SWHWVERREILRUH, \PrHEHB VXPLQJ WKDW WKH /¢
FRVW LQ WHUPV RI WKH JHRP'&‘M%JQJQ;L%JYW Q RAX EMONV O RMQ B O\ LV

FRQFOXGHG WKDW UHGXFLQJ WKH FR

_ _ PHDQV RSWLPLDQ@J, EEBADKLQJ LQ
PLQG WKDW WKHVH WZR IDFWRUV DU
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*HRPHWULHV ORVVHV ,Q SUDFWLFH WKLV HIIHF
DIIHFW WKH VFDOLQJ RI WKH /6& (
7KH /6& JHRPHWU\ PDLQO\ DIIKRWW \DENRWRWHRQ ORVVHY DUH VI
JDI*Q EXW LW FDQ DOVR DIIHFEN RRUH OXBEVWWBQBWBRXOHORVY PHFK
HIILFLHQF\ WKURXJK UHGXFHG UHWXHPWWR® RIFIRGH. GRH QDD QD U
OLJKW DQG WKH WUDQVSRUW RW CLLVI KWW WIRL WKW R H DDWG 2W RFKD O
GHSHQGY RQ WKH ZDYHJXLGLRY WX P DH\@RIQEBQWRWRH FHOOV DU
DYHUDJH SDWKOHQJWK WR W KHHQRHLOJGHV S RK PRRVOWISDOML R Q PR VW
/6& LV IODW VLQFH D WKLQ VKDSH.SDWGROMWIKHKLGEE ZLOO SUR
JHRPHWULF JDLQ 5HFHQWO\ WDRNWHRYH®OPIVWH VWKHG \RB\O\ SRO\J
OF, QWHRW IO KDV VKRZQ WKDWFRQGHWUERQWDWEY WKH WULDQJOH
FRQGLWLRQV ZKHQ WKH HPLVKHRYREG FZUWKF DHRR/AHHWR MWFKHD L QV F
FRQFHQWUDWRU VXUIDFH D FRO DQGEXFIDMRIHRPHWDQGDQ UHVSH
SURGXFH DQ RSWLFDO FRQFHW UWUHON L RIOHWK DWXIOW D ARARPWW U\ ¢
WZLFH WKDW RI D VIXDUH SODQDUDEQ RRUWVEH WYDRRIDUHD ZLWK
FROOHFWLRQ DUHD DQG YROXMRDVHKILYHQWPDLWRMH EXHYW WHVVH
WR WKH JUHDWHU JHRPHWULFKHIDQRQ WHID FHOLVY GRE L WRRVHV!
VRODU FHOOV RQ WKH WZR HQWGKRH 7R DG LWLWKRH WGHVYQJQH +R?
FRPSULVLQJ PXOWLSOH F\OLQERBNWULIFIQBIGQ QWKW KHEDJIJRQ SUI
HDFK RWKHU FDQ DFKLHYH D WWKRJW/HKHHU VITQXPUWHD VW RQ WAKH 5D\W U
FRQFHQWUDWLRQ E\ VHYHUD & BUHWIFH® VR XOW B\ UHH\VQXDHNG R | F
LPSURYHG OLJKW FDSWXUH IURRH RGWILEOD FRI@HFOW. BRWLRQV
EHWZHHQ QHLJKERXULQJ F\OLXHRHPHWULHY SURGXFHG UHVXOW\
,QFUHDVLQJ WKH /6& SHUIRURIBQLOHVFBQBRMQBHG LQ WKLV VHI
DFKLHYHG VLPSO\ E\ LQFUHDWHQ@XOWRHDUHRPEWRJ L) DJUHHPHQ!
JDLQ IRU H[DPSOH E\ LQFUHDPWDYX WHH G RO OEFIRREDOL DQG *
DUHD ZKLOH NHHSLQJ WKH W K.LHQ@HHGRGFDZVWR ) W RF OXKHLRQ W
GLPHQVLRQV RI WKH ZDYHJXLG\HKHQWO HIKWHO WIKIHI R B W LFFFDQDF H QW U |
HIILFLHQF\ LQHYLWDEO\ GHF U MKW K H/[IDJ RK) B B RGAHR/QV K DFRIVW F R C
ORQJHU SDWKV RQ DYHUDJH HEBYRXHW EWKLH Y TREOOUH FMRFGI WU\ $ 1)
$ ORQJHU SDWK OHDGV WR LQFWXGVEG/ K O R BEBFDOIBLRE@ L
DQG KRVW DEVRUSWLRQ ORVVEVLDWLRGWY LUDWHKHREWKHDU JHRI
GHFUHDVH LQ RSWLFDO HIILAHFQFR QG MWKHSNURRU MKHFH R1 WKH
WUDQVSDUHQF\ Rl WKH ZDYHJQYR @/ ® QW& K\ WY REFRWHDPEHRHIH U
WKH VHOI DEVRUSWLRQ 7KH WRIOW VEHRIQ WKL S: LEMHWZHHUH Q VXJIH
DQG,, P,HDQV WKDW WKH LQFUHPYHHRWWBOMW RS\ELAWXOPLUURUV RQ
FROQFHQ& WBHWLHR®DWLRQ * ZLWKBHBURIWQPDO FRQILIXUDWLRQ 7K
HYHQWXDOO\ IODWWHQV RIl )RWLB WILW HQHGHW/XRI 8 R WDRH ILQGLG
HWHUV LQFOXGLQNKMH PRVWRISBME PR ®LUURUY DV GLVFXVVHG L
GLPHQVLRQV WKDW PLQLPLVH WKKHFRNW WRE S REBEHRW UPAWLRI WKLV
* LV VFDOH LQYXP LY DIRW EGXHOWRLWYKWFHQW PDWHULDOV WKDW k
FRQVWDQW DEVRUSWLRQ FRHIRFLMIQW/RE& \BRIE KRG WDRWQD O VW
ULDO 7KLV PHDQV WKDW FRPXWUGIGY MR LD CRQMX QFWLRQ ZLWK
ZLWK LGHQWLFDO VKDSH DQG D ERRWYED QB FRREWSOWO /6&
ZRXOG KDYH D VPDOOHU IUDFWLRQ RI KRVW DEVRUSWLRQ
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5(9,(: 2) /80,1(6&(17 RI VWDELOLW\ DQG DEVRUSWLRQ SUR
0%$7(5,%/6 KDYLQJ D KLJK 4<
"\HV DUH SDUWLFXODUO\ DWWUDFWL
KLOH RUJDQLF G\HV ZHUH WKH<FRQWISQWDL.RQD G PNRILOHELOLW\ LQ
RI OXPLQHVFHQW FHQWUHYVY Y DXDRXW RWHKWWRARDWRZUERDW\D UHRZHY H
EHLQJ XVHG LQ /6&V WRGD\ 7HH®DWMEWHRQQPWHNRFZQMEW RUSWLRQ V.
WKH PDLQ W\SHV RI OXPLQHVWRQMWK IR DARIDDIUD QSFHFWRIQKP DYDLODEC
ZLWK WKHLU VWUHQJWKY DQGHRDHWNQARQYMWUVLRQ

2UJDQLF '"\HV 1IDQRFU\VWDOV

'XULQJ WKH HDUO\ \HDUV R /6,& R HYHPLF KQ DRQRHF DDWDWOV VXFK DV
G\HV HPSOR\HG W\SLFDOO\ UKR®D KIDYH RAHARXSPDRERVHG DV DQ D
FRPSRXQGV KDG OLIHWLPHV IGQHWK 4 B U G KD PR |HGD D/OR U VLQFH
VKRUWHU %DWFKHOGHU HW BOV DUH DWWMWDZQDEPBW BOLYLVDWRYV
6LQFH WKHQ WKH SKRWR4WNVDEH QHB\RRIMGAE WIRDK/DYH 4<V UDQ
LPSURYHG VLJQLILFDQWO\ D QWRUH FH® WGE B YWH DHREKPIRONR L H V |
LQ WKH HQFDSVXODWLRQ RI| RRIQDWKHL B EQREXIDISY 6IRPMWRBYDQWDJF
2/(" LQGXVWU\ PDNH OLIHWLPHWRIWISHWB EURDGVDEVRUSWLRQ VSt
DSSHDU YLDEOH &XUULH HWIDQOWR WKH EOXH DQG 89 DQG WKH W;
,Q D GHJUDGDWLRMW /X G\ EDEBRRRSIWLRQ HGJH YLD FRQWURO RI
D %$6) /IXPRJHQ ) 5HG G\H KDFRH®RDOWHG O0XUUD\ HW DO
LQ D KRPRJHQHRXV /6& PDGH WIKWKKFRROWUGEUDDEDFNV Rl QDQRFU
SRO\PHU PDWUL[ 30H[LW ZD\DHHMDBLWHBD WKMHE®& H[SHQVLYH OXPL
ZDV LOOXPLQDWHG FROILDKIRXKE RV WIONKWKH QDQRFU\WWDOV DUH S
OLJKW VRXUFH ZLWKRXW 89 FRPEGRORIEND ORU\RWKHYRG RQ WKLV VFD
GD\V 7KH G\H ZDV IRXQG W@DGHRIFUDEWDRQYWLDH GURZQ XQGHU V
RYHU D SHULRG Rl DSSUR[LPDYLHDOYXFGBDWLRDSURBHVVHY LQ D VI
WR D ORVV LQ WKH /6& VKRUWSBHEKXMRFXBBERWRGY 7KH QDQRFU!
EXW LW WKHQ UHPDLQHG VWDEGBVRUWRH MXEXNHTXHQMRPSRXQGV \
GD\V $Q RXWGRRU VWXG\ Rl BEBGHCGWEHLRBOVS =Q6H DQG =Q6 3EG6
E\ ODQVRXU :LOVRQ 5LFKDUOGEVRUE VRRZKB 1,5 WKH RWKHUV LQ \
WKDW WKH %$6) G\H GHJUDGH® A% WRB\EURDG DEVRUSWLRQ VS
LQ WHUPV RI LWV DEVRUEDQFARPSWHH ® WRD RIHH{BWK VLPLODU D
VXUH WR GD\OLJKW )XUWKHUS$SGHKDOGP@IRWKDNWGUHRDEQV LV Wt
'LOVRQ DQG 5LFKDUGYV RBIILYH DERRUHEQQJ QDQRFU\WWDOV ZL
VHULHV G\HV LQ 300$ VKRZHG6RF&HUENGMON K@ YRH UHSRUWHG D OL
RQO\ WR LQ WKH DEVRUSW& RQWKRE LIRHFQ M DFR®R RR WK W
IRXU Rl WKH G\HV DIWHU D ZHPSIOHR[\SF/ XRIP PWHR PLD®WSE6 4'V IURP
KXPLGLW\ DQG WHPSHUDW XU HHFX @R ORI IH $ L XUKH4 <V R DQG Et
PDFKLQH 7KH 9LROHW G\H 4G\H DIED/RHWE HEG LQ WKH YLVLEOH DV Z
DV LW ZDV WKH PRVW VXVFHSABHEWH X\PR WKKN 89 WDALURWODU /6& ZD)
5HG ZDV IRXQG WR EH PRVW VSHPAWEDE PRQWFHKUWR VLOLFRQ VRO
DFKLHYHG DQ RSWLFDO HIILFLHQF\ R
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7KH 4'V XVHG LQ UHFHQW /8& GLHDWHORISPHORPELQDWLRQ LV Y
KDYH W\SLFDO GLPHQVLRQV RIXWHY AW F® @PRQRPHGHHYFW DQG U
FRQWDLQLQJ KXQGUHGV WR W K®X WIRQG K FR ODW R W DIW HR HR | VX U I L
VWUXFWXUHV FDQQRW EH FR@W. KUIHE VGIOHQV¥DRAD ®RVVHV |
LQ IDFW WKH\ KDYH DQ DSSURRPERQWBWLRQGHRVLWRYVYV PHFKDQ|
RI VWDWHVY 7KH 4' DEVRUSWLBRVWINPWURE WK K NXDWHG |IRU H]
WR WKH EDQGJDS Rl WKH EXO R PDWIGWL EXWE WK HT ¥ BIYWXWLQJ OX
FRQILQHPHQW DOWHUV WKH HQHOIZW VDK BNQBURDIOS MQNLID O EH
GHJUHH RI IUHHGRP LQ WXQLQ@IOWKH DEVRIUSWLRED QSHEPSURYHP
WUXP D VPDOOHU 4' VL]H OHDBW D/6R DKLDKH WEBQGJIPBGH RI D K
HQHUJ\ DQG YLFH YHUVD )RU WHPRSRA GWKW RED P&KLVSFUHDWHYV H
Rl &G6 FDQ EH YDULHG IURP LQ HX WK WHH HD®HFWURQ DQG KR
TXDQWXP FRQILQHPHQW $OLYDAMWMRMO LQ WRHHU ORZHVW H[FL
RYHU WKH VSUHDG LQ WKH 44V L6 \Z IGIHVKHWRHQBYHVK® VHSDUD YV
BWRNHV VKLIW LQ DFFRUGDQFMHWZRWK WKH 6XQIBBD QWHARPELQDW
30DQFN HTXDWLRQ %DUQKDPSWNMVNDBBG E\ FRQILQLQJ WKH H[FLW

$V LQ D EXON VHPLFRQGXFWWRISRWKHEDBVWRR DFKREYH WKLV E\
FURVV VHFWLRQ RI D 4' LQF U DMD\RH LR/ K KB FRHUDIVEZRUOH WKH H (
SKRWRQ HQHUJ\ RU GHFUHDVLQJWION HQWQUWKL' BKIQFK HW DO
OHDGV WR D EURDG DEVRUSWDRRBQURDFR VHIBIGM. MR Hi<V DERYH
3KRWR JHQHUDWHG HOHFWURQ KROHEXWY WWQIBOWR IRUPQG HY
HIFLWRQV ERXQG VWDWHV ZKLFKEGD@RPRFIDYHWKIQQIKHW DO
4" 1 WKH\ UHDFK WKH VXUIDPHK RO OWKFID4) ERMMSBEMH WKH SDVVLYL
VSRQWDQHRXV SKRWRQ HPLVDIORMH W MNHV VSSIHFRHU DCRQURSHU WL

J)LIXUH 7TKH VSHFWUD RI TXDQWXP GRWV IURP 1DQRFR 6" DUFE
RI D /XPRJHQ ) RUDQJH G\H IURP %$6) 7KH EURDGHU DEVRUSWLF
HIFLWRQ IHDWXUH LV REVHUYHG DURXQG QP LQ WKH DEVRUED
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,Q IDFW WKH LQGLUHFW RH[RXWR@RQ GIXERGXIUG DS IWHU WKLV |
W\SH ,, 4' OHDGV WR D VWURQW KW RBDRS O/ IGHEHBBX\GHE\ OHVV WK
WKH HQHUJ\ Rl WKH HPLVVLRQ GHGHI\WQ GD/ORQFBKKIBFDER ®XW D GHJU
RIIVHWV RI WKH FRUH DQG WKW L\RKH 8% XP®\WRHQ BIEBW &B 6 FKRUH VKH
FDQ EH VPDOOHU WKDQ WKH EPRGWIXY RIQH DWW KW B B W HIR OLJK W
.LP HW DO LQ WKH DEVRUSWLRQ VSHFWUXP ZDV

LW KDV EHHQ IRXQG WKDW EHWK B8 HA/<WEHFULH B'V W GHRVR B S H
RI D QDQRFU\WWDO DOVR DIIHRWN U WX RS S4B [DRIGS VWAKREWI\G L\W K D W
'HELMH HW DO 1DQRFUHQ¥DGSV X¥XO®MWEHR QURIZDXDQWXP GRWYV
ZLWK D KLJK OHYHO Rl FRQW URODIP® W QFIDORY HDWKHD® FR WHKH VWDE L
VKHOO VWUXFWXUH FRPSULVLDXDm WS RHWUHOIO 7KH\FEBHARQVWUDW
HJ &G6H DQG D URGOLNH 4" WKBW®OGX¥HJWRGSKRWR R[LGDWLRQ
&KDWWHQ HW DO 6 X F K DIE VRWUBECFQWH W RUBISISU R HLGP D W H O\ |
WR DV D QDQRURG FDQ RIIHYDDX®IDUIWKDEOVREBWLR® DQ DLU FRX
FURVV VHFWLRQ OLNH D TXDQWXKP FORMW VQ QG L4<D/ RRDWLQJ VXFK WKTE
:LOVRQ (IILFLHQW HQHUDRWLEFEDEBOGHIRP @/XWLRQ RYHU WKH
VKHOO WR WKH FRUH OHDGV WSRHD LORIAU J{) D IDGIMWKUGIIDOH Y &H B W H W W\
BWRNHV VKLIW :H KDYH VKRZRI\WHK® W WRPSDHYXRY RQWG6H =Q6 T)
UHGXFWLRQ LQ VHOI DEVRUSWILWR [ RXYRRIIM EGDQB IR XECHH ZDV UH
WKH RXWSXW RI DQ /6& FRPSDDKIGFW RVRB H'FRIQRWDR. GIHIYUDGHG ILYH
FRPSDUDEOH 4'V %RVH HW DWKDQ WKH G\H DQG IXOO\ UHFRYHUHG

6LQFH WKH\ FRQVLVW RI| VHFALFRK GXFOHR U+ POG\CHKUL D OLWWP HU VKD
QDQRFU\WVWDOV DUH H[SHFWHG WR EH SRWHQWLDOO\ PRUH
VWDEOH WKDQ RUJDQLF OXPLQHVEGBYW DIV LLOWK ORDLP DO
HYHU VLPSOH QDQRFU\WWDO\6MMQEEWR WESHWUBR®@H LQ WKH
SUHVHQFH RI R[\JHQ 7R SUHYHQW WKLV FRUH VKHOO
VWUXFWXUHV DUH XVXDOO\ XVH® VRRE HVW RH VEWROSPRWR ®@®QD\H D
HQKDQFHV WKH OXPLQHVFHQEHWIXBBQ XWK NLBEDGR ESXWLRQ DQG HPL
DOVR LPSURYHV WKH VWDELOUWG XHD B VIFBSHOFRQH ORVVHV DQG L
GHJUDGDWLRQ VWXG\ FDUULH®RYWHR QQLWHID®QRFVV\RWDO 6LQFH V
/6&V LQGLFDWHG D UHDVRQDEW®W\SRRIBOSE\RW RD $ S/HWEUY MWR EH LQVXII
4XLOLW] +RPRJHQHRXV SROPHWHBEQD FLWK UXBLQHVFHQW PDWHU
IDFH DUHDV RDQG DFWKLFNQHNBWEHMR FRQVLGHUHG ZKLFK JHQHL
ZHUH SUHSDUHG XVLQJ &G6H &P HGSQIBQFQ&EB6RUNMKH UHOD[DWLRQ
PXOWLVKHOO 4'V 7KH VWDELSKWW R® VWO\HZHNUW R DUYQHGIJHWLFDO
RXW E\ UHFRUGLQJ WKH VKRUW BEIDWFK LP FFR U DWW WUl WRCDQQW KH U D \
D 6L 39 FHOO DWWDFKHG WR R{PH V¥& RIEB J AKHWDEN R DY) FRPSRQF
LQWHUYDOV ZKLOH WKH VDPSRBYHZ B UH. XWLG HRD DRVOW IKQX KHU DEVR
RXV LUUDGLDWLRQ 7KH OLJKMPNVRWULEOH ERFSIRQHQW
VXOSKXU ODPS ZLWK D JRRG VSHREWUDG®LPBWEK WRHWBEHWUDQVIHU
VRODU LUUDGLDWLRQ LQ SDWRVAHEODQ MX MW KD BO\UHDBRWY RI /6& |
ZKLFK LV DVVXPHG WR KDYH WKMW KR 8 DWR \PW QFALRPQ W L\EKKO| DEVRU S\
WLRQ WR GHJUDGDWLRQ 7KHDMHVW ZDYORKRWHIVHG RV RRIU) | UV WH L

KRXUV ZKLFK LV FRPSDUDEQHUWR7WRQNHHPR®NKVLY VXFK D PHF
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ZKLFK OLJKW LV DEVRUEHG E\ W IO UUR ¥Q G RHDDNHD WQ FRQSRURFH V V
GRQRU PROHFXOHV DQG WU D QY HMFHHG W R$ DUHRED Q IOLFW & BHIQP LV V L
WUDWLRQ RI DFFHSWRU PR O H FXR MAK HZ IOLRFZKH I PHL@VHSKIR W R @\K H W U L
WKDW DUH VLIJQLILFDQWO\ UH GV R KW KMHHE FLKH 8 | MLFQ H@HFWR |
)5(7 GHSHQGV FUXFLDOO\ WR WRHUDWMW K BREKUO RQWKDQLGH FF
WKH VHSIEWIWZIHRI® WKH GRQRQHRBAPLKPHIWRURU \WWHUELXP <|
PROHFXOHV )JUVWHU 7 KHQVPIDIYO $R 3D Q D MW R/ 5RZDC
LQ WKH RUGHU RI QDQRPHW U HM VWRHIT XHWHB ORU HIILFHENJIWO G
)5(7 FDQ EH DWWDLQHG XVLQJ D WKIRY ELLGR ARQRIUJXBDNO\ DOORZ
WLRQ )RU H[DRASOBO %DHSRUWHBG WR D YHU\ ODUJH VHSDUDV
QHDUO\ HIILFLHQW )5(7 LQEVRUWSWLR® DQG HPLVVLRQ VSHF
ORUHRYHU )5(7 KDV EHHQ DFKHRAYWGLRUIR S HRODND QURUWKHU FRQVH
OXPLQHVFHQW FHQWUHV WR TXIBDDNV OE GRWIMW BRQ LF BHHRW B O/ HFWLR
DV ZHOO DV WKH RWKHU 2BK D FRPSG HOWD ISWHKWRUJIDQLF OL.
DO ZLWK )5(7 HIILFLHQF LIHW R V RIGHWRIR®H 7 KUV LQYROYHV L
7KH ODWWHU VHHPV DWW UDFRF YWHK FR V VDK 1© HAN& R WMKKHH WU L S C
EURDG DEVRUSWLRQ RI LQRUJDQGFRO@RQRFGLDWDON HE&XOE WUDQ
EH FRPELQHG ZLWK WKH QHD W RRREMH[4ZKRLIFR DIMQL DYV WKH HPLW
G\HV ORUH LQWHUHVWLQJ UHMHDKIPK H@H WK HV LLH@\WG HR) GHSHQG
UHVRQDQFH HQHUJ\ WUDQVIHUDSHEMHAMAHOH QUURB MHRYGBWLVHU DC
LQRUJDQLF OXPLQHVFHQW PDWGNWULDOYDISVLEHWRRFODULK GWKH Q
RXW E\ * &DO]JDIHUULYV JURXSKH HIQHRU\ WDP®®HHU LV FRPSUR
&DO]DIHUUL OLQNRZVNL EDWKHHWSELLY WRR VPDOO WKHQ \
$QRWKHU DSSURDFK XWLOIEWDH® HQHWMIDWSIDH\ENHU FDQ RFFXL
&XUBMHDO LV LQWHUV\VWHREURK MHQVQWLVHU ZKLFK RI FF
RUJDQLF PROHFXOHV ,QFLGH@W FEKRIWFEQ PH H BBEYRXPHE HOG
E\ WKH HOHFWURQ SDLUV WK DRRRIUPHMAH RKKIP LIFODPERQB®A.RQ R
EHWZHHQ WKH DWRPV Rl WKH PRORXBR QW X FKHOGHFWIURQLYV SRV
KDV D V'SLQ$RVLQJOHW VWDWHIVEHMFULEHV EDXQV D QDUURZ DEVRL
HOHFWURQ SDLU ZLWK DQ RYUHPDIRV I® LRIVXH Q WKLV
FDVH WKH WZR HOHFWURQV D 6B UDR\GUBWEMW H & D P G QWKHV W L JD
3DXOL H[FOXVLRQ SULQFLSOHDG IFRPBRWKYRSSRNHOW VS IEQB\ULG\C
,Q D WULSOHW VWDWH RQH RYLWKH BIOGF QYR RO D ILDENV[RUBWGCRQ
DQG WKH VSLQV RI WKH WZR HOHHFRHIR YK H DB ROLORKG 6 WR NHV \
WKDW WKH RYHUDOO NKIMQJP DB GMIGH \L M GBS HDU WR SRVH D FK
ULVH WR TXDQWXP QXPEHUVIRU WKLQ/GFRPZRXPIG :H KDYH DOVR
H[SODLQV WKH QDPH RI WKH WXYUW&HW O/X\PR\G H V F[HFQ W IPM QR\QU H V \
IURP D VLQJOHW JURXQG VW DAWID IWORE DR VISQVIORHQN W[KEH WIHDE RUR G
VWDWH LV PRUH SUREDEOH WKDQ WRWL R\QU LSO W H %R WHH \HV) PHD
WKH ODWWHU LQYROYHV D IRGHWOGOY DOGQEMRIBEVLWHE GK\FR
,QWHUV\VWHP FURVVLQJ RFFPOV ZKHQHMWKID FWHGVIURP DOJDH L
VLQJOHW VWDWH WUDQVLWLR®RRSEOHUSGRDMANWOR WR I DL WLLHG\U |
VWDWH ZKLFK FDQ VXEVHTXHQWO\ UHOD[ UDGLDWLYHO\ WR



7KH /I XPLQHVFHQW 6RODU &RQFHQWUI

ODUJH 6WRNHV VKLIW DQG KLOKWOERWRDWLYBXSOEHUQHU 7KH PXOWLS(

HW DO DQ LQFUHDVH LQ RXWSXW RI Fi
VLQJOH G\H /6&V FRPSULVLQJ WKH LQ
OXOWLSOH /I XPLOQHVFHQWLERBIBGHMYV PRGHOOHG /6&V FRQV

WR VHYHQ G\HV IURP WKH %$6) /XPR,
0DQ\ OXPLQHVFHQW PDWHULDQQ NVXF& LM GA\MHI WK DY MKHG 1,5 DEV
GUDZEDFN WKDW WKHLU DEVRAKHW LLR R QG MAKVD WX W KN KD VW V\VW
WLYHO\ QDUURZ ,Q WKLV VHFW L RZ® VWKEWOLID IRE ZXOWLISFH G\HV Z
OXPLQHVFHQW VSHFLHV LV FRRWWGEH UHG\ H\L \¥ KWKKGIRZHR) TXDQWXP
WR EURDGHQ WKH DEVRUSW L RWK K SV KW B R PHRIIL WIKHHQ F\&

7KH ILUVW JURXS WR SURSRVHQPROWHIQD \®XPH@®BBURDFK WR W
FHQW G\HV LQ WKHHW&DDOYVR @ZRMM] VXJIJHVWHG E\ J)DUUHOO

5LFKDUGYV ,Q WKLV FR QPRHBML S KIH OOQPAL@EHMEFWM QW VSHELHYV
UDGLDQW HQHUJ\ LV DEVRUEHRGYEUBRS RRWVRDWHN KW BOLVVLRQ VS
G\HV WKDW FROOHFWLYHO\ VSTHD BVZ LGHFRKHSOW QX PV KK HR XWSXW W
HQHUJ\ LV FDVFDGHG GRZQ WRR QKXW FOIRIHR QHH®RXWIG DFKLHYH VLF
G\H IRU ILQDO HPLVVLRQ 7KW ®MRP6¥ WM\RQFNSHF WUHUPV Rl RSWLPLV
RI HDFK G\H QHHGV WR EH PDYWXWDBJW REWWHZDEWYKRXS WKH QHHG |
WLRQ VSHFWUXP RI WKH QH[W ORZHU HQHUJ\ RQH 7KH
DEVRUSWLRQ VSHFWUXP RI WKH FRO®FHWW RO @REPAW \EIHR Q
WKH FRPELQHG VSHFWUXP RI HDFK LQGLYLGXDO G\H
ZKLOH WKH HPLVVLRQ VSHFWUXFPFDRX TR EH ROWHRIFDIQHEH DYRLG
ORZHVW HQHUJ\ G\H DORQH I\ WK [SQUH LIBHHD@WHQOUBPLVVLRQ LQ
WUDQVIHU 7KHUH DUH WZR FRPHBHWIXQ G H QHUM WIDWRDAK UHTXLUH
SURFHVVHV UDGLDWLYH DQG RIRIQUDRBWIDWSEYH IGQ URIERW RRQDO O\ HF
)5(7 7KH DGYDQWDJH RI )5(7 FRIYQMWU H D G BIMWIFEH GGG LFWHG WKD)
HQHUJ\ WUDQVIHU LV WKDW HWKDRSHFRRQIE CRWHQWAD® EH UHG XFH
E\SDVVHG 7KH HIILFLHQF\ RI HRZVIMLRE WQWHRQWNVFDSH FRQHV IURP
WLYH WR WKH LQWHUPRGMWFXODQ M&SPUWK WRQUBEMIWH LQGH[ RI
IDEULFDWHG /6&V ZLWK WZR GIJHRX&RYPELUWH) HVE& DO 9HUEXQW
DQG 5KRGDPLQH 5K * %HFDXYEWWHKHUILEAMZ MRHFDU U\ RXW UHVHI
KRPRJHQHRXVO\ GRSHG WKH FRQWHRQW OD WXR® ¥ RIVWRID OD\HUV L
G\HV ZHUH WRR VPDOO E\ DQ EUGIDOBRRPDIQYRWEGOHXWRBHU HW DO
IDFLOLWDWH HIILFLHQW )5(7 HW DO DQG 6FKPLGWYV JURXS

7KH KLJK GRSDQW FRQFHQWHMDWIORQV UHTKHYH® SBWRDFKHV DUF
)5(7 FDQ EH DFKLHYHG ZLWK WWHK LVQKILLGD PL 06R FRQ I L J X
UDWLRQ ZKLFK KDV EHHQ FKRVHG® PO LMHDBOUDQPHBMHQRI LQWHUHYV
DSSURDFKHV XVLQJ PXOWLSORQG\HA WKDWEBH\ PRWHBROHY DOLJQHC

S5LFKDUGYV %XUJHUV WKH ZDFMKDIXG®H DQG WKH KRPHRWUR
$V PHQWLRQHGHWEB®H % GLOEKMODU WR WKH SODQH RI WKH ZDY

UHSRUWHG D G\H /6& ZLWK KDEVRUBIWLR.® @WG5HPLVVLRQ RI D OXF
FORVH WR 7KH G\HV XVHG V. Q RAYKHHULQH GHEHRDWWVK WUDQVLWLRQ
ZHUH GHULYDWLYHV RI D PROHRPOIR\GHRELE HD® EJQ@PHARW PD[LPLVHV
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LQFLGHQW OLJKW LQWR ZDYHBUSROPRGH WL DQICRY KHDUHEHHQ REYV
HQKDQFHV WKH ZDYHJXLGLQJMDG®IILFLHRGE EXM QPKHQW RI QDQRL
GLSROH RULHQWDWLRQ DOVREHHIINE B R RWQK MW DEW R G SRV QP LF UR
VWUHQJWK DQG KHQFH WKH FERQMXHW HDIOLFLHQF\ 7KH
RSSRVLWH DSSOLHV WR S{ODQDU DOLJQPHQW 'HELMH
DO GHPRQVWUDWHG WKH FRQFHSW E\ VKRZ
LQJ DQ LPSURYHG ZDYHJXLGLQJI$HIITFRIHGFB7EX&7 BR(6
HQKDQFHPHQW RI WKH RSWLFDO HIILFLHQF\ ZDV QRW
DFKLHYHG GXH WR WKH ORVVHYH ® DVIQHORNVMHY EQSWKKHI H6 & DU H (
WLOWHG DOLJQPHQW ZDV VXJDEVWHSWLRQ RRRYBFRBHOW OLJIKW
EHWZHHQ WKH KRPHRWURSLF BD\QRD ®/H H SQD\) DAL YXRWK IRDLQO\ D
VWXGLHV 9HUEXQW HW DO RI LQFHBHRAHGLDIKWWKHGEGR SODVPR
SRWHQWLDO GUDZEDFN RI GLUHFWHRQYRU W DIGG/ALRQV MKW KH/ FD S
KRPHRWURSLF DOLJQPHQW WKH DEVRUSWLRQ DQG HPLYV
VLRQ GLSROHV DUH DUUDQJHG LQODZBRWWDW DPSOLILHV
VHOI DEVRUSWLRQ (YHQ LI HVFDSH FRQH ORVVHV DUH
UHGXFHG WKH /6& UHPDLQV V>OLFHRW IVEROH WWHR Gl FOMRR/WNH FD Q LPSU|
ZKLFK LQFUHDVH LQ WKH SUHWRZFHY RU VMO IWDKEY RRSWLRIQDQ\ SD L
OXOGHW DO PRGHOOHG OXWKDHW PDQ\EH GHVLUDEOH IRU FHUYV
PROHFXOHV DV +HUW]LDQ GL SRHOMDOD0QLE YXMWEGRLFMW ISG RGTAMY D V
WKH WUDSSLQJ HIILFLHQF\ RIPBDXLYQHJWIK®MW 2L WHK WDHIOHFWHG D
UHIUDFWLYH LQGH[ RI ZRXOA®EQFHAWVBIQURP $ VSHFEXODU UH
W R XQGHU KRPHRWURSLF D@RUJW RHQW&D B G HFFFLUHDOAHG R X EO H V
W R XQGHU SODQDU DOLJQPWRM /B& LI KHRPHR WKH SDWK RI
WURSLFDOO\ DOLJQHG &RXPDHUL@WKRXW DQBUB DMHIQDRKH VRODU
WLYH LQGH][ RI WKH\ UHSRURLH® PQ APSHIRW HQHMPIRYG\ WKH H V|
PHDVXUHG LQBURPVH WIR ‘IRXKM Rl WKH ERWWRP VLQFH UHIOHI
D GLIIXVHU RQ WRS RI WKH /6BRW R/ FIR HS/HFQBBIWHR QRIUZRXOG VLPS
WKH ZHDNHQHG DEVRUSWLRQ WKH WHRGSD WK M HDIGQFDUHDIVH R1 WKH
LQ WKH RSWLFDO HIILFLHQF\ Z\CKD IVFWIKHY 6 B QFRIRISSDWE OHQJWK L
WR WKH LVRWURSLF FDVH LQFLGHQW OLJKW DQG JLYHV OLJK
$QRWKHU ZD\ WR PDNH XVH RNVNEDSBHFPRIQRIQD OUHDLIWHU FKDQFH R
VLRQ LV WR HPLW SUHIHUHQWLQ® QW\HERZBBWWGVERIRUWKH/ FDSL !
IRXU /6& HGJHV WKHUHE\ UH GXRIEDIE WXIHWY RFGRXD G HIDAV R EH LQF
DUHD UHTXLUHG 9HUEXQW HWRPR® FRQFH@WADDMWRKQ@ GRI OXPLQH
WKDW D SODQDU G\H OD\HU SWRIGK ZHRX @G VIKRXRWW QHRXVO\ DF
HPLVVLRQ RXW RI WKH HGJHV ¥BODDEMR WERVWKG Y&RLDQWPRIOND G H
GLUHFWLRQ WKDQ RXW RI WK D ®I\GR H\H ISSHHFSM QG LIKWOIDW KR YK DQJ
ZHOO DV D KLJKHU PD[LP XPWHRPWKWHL REE WMIGDBVWGLUHFWO\ WRZI
LVRWURSLF OD\HU 7KLV HIIHFW LV RQO\ VLJQLILFDQW
7KH UHVHDUFK GHVFULEHG [RQ WIKH V 6\8X E\KHIFWK RENOBIW V RI1 WK H
VR IDU EHHQ IRFXVVHG RQ GWHKH BXWXDQH®RWBRGLW\ Rl WKH L
QDQRFU\WWDOV LQ WKH IRUP RG I QRN G M. [FHRX OWK IDFOWEH VYV WK
OHQG WKHPVHOYHV WR GLUHFRMILABBPW HEP IOV KRQ W,R) GHHHG RY HU T
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ZRXOG GHFUHDVH ZLWK LQFUHDWIKQD WKS ZROYHIFKH GWIKRXO0G EH UH
DQG KHQFH ZLWK LQFUHDVLQBE\ JHRPIBWUXKNH DHQOBRWRU 7KH QHW
SUDFWLFDO /6& GLPHQVLRQV PRIQH HIQ\M B VR RUDHPDEMREWIHIEKFHN R U F D G
OLJKW LV FRQVLGHUHG WR EHDERNHY® GI LFIDKNV D6 Q@ PHOWRHQHVFHQ
UHIOHFWDQFH RI D PHWDO UHWVEB RMWRWOEDY QRO F RBSBIVEH I 1 XVH ED
ZLWK 7,5 LW LV DGYDQWDJHRKBWRHGIYDYHURLQLPGUZLWKX UD\WUDFF
EHWZHHQ WKH UHIOHFWRU D QGRW KGIX/FBLLQWR FMHIQDMWFR 6 LWQWUDWRU |
SUHVHUYHG LQ 5HI EDVHG RQ WKHLU UD\WUDH

$ VKHHW RI ZKLWH SDSHU RUER®\ WWHWH ?DRXO ZWLWEBY DVVXPHG
VROLG SURGXFHV GLIIXVH UHNOHR®/ LBRP 'WIKXVEDENIUKBIDFH ZKLF}
WLRQ LV WKH UHVXOW RI PXQ\WE5S0RWLFDDMDOWHQLFQ) DFEIF RUGK\Y J WR *
XQGHU WKH VXUIDFH RI D PDVQHRUICDDIONR U H URHPF IV LURIXYKUIDFH FDQ F
VXUIDFH VHH IRU H[DPSOH +DOIUDKBPWLRQUX\HIHW LV LQGHSHQGHQ

JLIJKW LPSLQJLQJ RQ D GQAX®HQEHMIOHFWRU

VXFK DV ZKLWH SDLQW HQWHU\6 LWPKID DWRISR QB \R U ¥ DOFQNGUIM O HFW R U
UDQGRPO\ VFDWWHUHG LQWH UQDEHFWARWYLO ENSH[DAWVQB XRMRH RI W
WKH VXUIDFH 7KH OLJKW VFDA\§& HIGHE M URPPWKBRWX/UKDRHEHHQ SU
KDV D GLUHFWLRQ WKDW LV LZOHRHQRBUYWHRI WHEXFQDIHWRIH FHO
LQFLGHQFH 7KH LQWHQVLW\ SURXIGO H5 B HYHQOWHHFGY LRQEIMURPLRQ V)
D IODW GLIIXVH UHIOHFWRU LRR@ HMKWIEMIGRBD\ GRMEVHQRMWLHOG DQ
FRVLQH ODZ

%\ DWWDFKLQJ D GLIIXVH UHIOBFA\WRIE WILRY W K5H IEDHFRW R U V
VXUIDFH ZLWKRXW DQ DLU JDS LQFLGHQW OLJKW FRXOG
EH SDUWLDOO\ GLUHFWHG W R¥ DADG\H @/H®IJ W&J HRUD W QIHQUIO HV HO H F WA
WKDW XQGHUJR 7,5 DW WKH 8RS PHG RIFMWKHRERSHWXUIDFH RI WKH
ZLWKRXW 7,5 DW WKH ERW W R PWKH HDVFAD SH. FIRV® MV HB Y WWDICR @ JDV V KF

J)LIXUH 6FKHPDWLF RI D VHOHFWLYHO\ UHIUDFWLYH OD\HU WKDW
WLRQ VSHFWUXP RI WKH OXPLQHVFHQW FHQWUHY DQG UHIOHFWYV C
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&RPELQHG ZLWK D EDFN UHI|OHFOMR W RWKISW LPESSHRWEK '%5 UHVS
DIIRUGY WUDSSLQJ EH\RQG WKKR®IRLWDKOREGWHQ V)EIJHVWHG W
7KH GHVLUHG SURSHUWLHYV RO DM \GHGSHHFENGLHYQF W HL KD MAAWMRGH V L J Q
DUH D KLJK VSHEFWUDO WUDQBBUWMNDWQF\HV R OHHE WLKH 16O WHU 3t
DEVRUSWLRQ UDQJH DQG D KIVJK K DODHFRMROWQFAHRBYGBURQ WKDW
WKH HPLVVLRQ UDQJH 8VLQJI\WKLNLMHRER® | WHKH GDLQVVHOOLQ
FDSWXUH HIILFLHQF\ FDQ EH PO\ QW DZRXGGG!I EW WK R LPMRWVGV WR RQC
SDUW ZKLOVW WKH ZDYHJXL G LIMIJIDHVF LRI EQEY EREWWHGEKW 7KH
7KH DSSURDFK UHOLHV RQ W KAD QWERH HD\G G K HNWW G WZMHKQ GLPHQ
WKH DEVRUSWLRQ DQG HPLVWVRIOXF®XEW YD 3 ERWRWOLEFWAW UXEFW >
PRVW OXPLQHVFHQW PDWHULMNKHKDLYIHK U ADMMOHRYWKOLFDOH D
EHWZHHQ WKH DEVRUSWLRQ RQGEHRMMANH® Gl GHFVBUR® DDYHV LQ
BWRNHV VKLIW HYHQ DQ LGHD@DWHDIHFHND Q16 WHHDI DWW WRRIDERQ® W L F
QRW HOLPLQDWH HVFDSH FRQAUQRWDIOV +DEOIRGHROALILAKK RXW ,Q [
SD\LQJ D SHQDOW\ LQ WHUPV RN RVKH A DHOHFUHURIQILFLERBGJIDS LQ
5LEFKDUGVY DQG &RUNLVK SKRWRQLE ERYREVIPS LQ D SKRWRQLTF
WKH XVH RI D VHOHFWLYH UH | @HFHWIRIR 50U DWKHR/@ & L Q LRKM? W KD W
D 'LVWULEXWHG %UDJJ 5HIOHFWRN E®® G DIDS/R$U'WAH WWHIBVVHQWLE
WR DV D KRW PLUURU RU GLFKUVRRP DIOD SMFRIN R QA F FRQMPWMXW H - G
RI D VHTXHQFH Rl GLHOHFWULZWWXAWYX ZH W K O DRLIQD@DHN WEH D Q
UHIUDFWLYH LQGLFHV )UHVQBO H KM E MIRRIM COW W K B AVQIMYHHU D V
IDFHV EHWZHHQ WKH OD\HUV $OE@D®X UDR QAQWFHEXHUHQFH GLPHQ
ZKLFK JRYHUQV WKH UHIOHFWMWUXBWRIGHUWLWKHRR SWDIOH +RZHYH
'%5 7KH RSWLFDO WKLFNQH YV VZMKH BHIRG X WD @ F 1 ISIWMIEOHY WDL
WLYH LQGH[ DQG JHRPHWULF WRLEN @®HD\G\H BRUWKH FLID\G OV
LV JHQHUDOO\ D TXDUWHU RU D6KD®IFRILWK H ISHOHF WD REY FDQ DO
OHQJWK WKH '%5 LV GHVLJQHGEKRR HNHWBINEW FRCHVW.QRM PDGH I[UF
SULQFLSOH RI LQWHUIHUHQFHLO®VE DS\ HYVWRI D RWIDUWH F PR (
IOHFWLYH FRDWLQJV ZKHUH HL® PHWLWXHCRS KNV B @ KLKLFWM QRO O
RU WKH DUUDQJHPHQW RI WKWWUXFWXUHY FXKWMKHHEKWRHVWHUL]
SURGXFH WKH RSSRVLWH HIITHFAR RV' WKW FRUUD UKPHBDWLF SKDV
RQVHW RI WKH UHIOHFWDQFH DIV 1® DO1H @X® ZiH W IR QD DKWY L G X D O
LV UHTXLUHG $ YDULDQW RI WEHRWWN KM WIKWHHEXILCRDHD O LW\ EHW.
ILOWHU LQ ZKLFK WKH DOWHU®DWQ QYL QH ILLD VKB LLRDPGEL BHVU X F
DUH VLQXVRLGDOO\ PRGXODWHGT X\LR) W F@ X BB OD GRISDWMAY L H
VSHFWUDO UHIOHFWD Q FRV SURIQ OHIU *IRFOG VFKPHW W ZKLFK DOVR
KDYH IDEULFDWHG /6&V ZRW KKBDXQU®MG H\OW HRUW KH FKROH VYV
DQG DFKLHYHG UHODWLYH H Q KOMYRMHPHLFWAR DOV WEH WHVOHHPW V R Q (
HIILFLHQF\ RI OLJKW Rl PDWFKLQJ KDQGHGQHVYV
$ GUDZEDFN RI WKH '%5 LV ZIDW¥Y OHQIXOK E DXHG QP 7KH SF
SHQGHQFH VLQFH WKH RSWLBBOOSBWKRIREBDQGLPDQVKH WXQHG
LQWHUIHUHQFH GHSHQGV RQ RMKLH DQ JBRSBQWQBL@WFEFPMKH HPLV
WKH VSHEWUDO UHIOHFWDQFHVSXY@®SROHD ULVVHGLIVABPEKBOWLRQ
OLJKW LV QRW QRUPDOO\ LQRILGHKQRS SRIVNMH KMWQ GHIBRHVV ZRX
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FUHDWH D SUDFWLFDO VHOHFWI5Y B 25H 1O HRWERLL, (KH XVH RI
FKROHVWHULF FRDWLQJV RQ /6&V KDV EHHQ SLRQHHUHG

E\ ' HEHWHDKODELMH HW DO DQ®NKRQY WHRDUV /6& PRGXOH HIILFL
UHFRYHU PRUH WKDQ RI WKH KIDYHI XHHA @@ UAE8BRVYVMWWHG EDVHG RQ
LQ PRPPPPI PP VDPSOHV > @GURDPFKHY ODUF %DOGRYV JURXS UF

OLNH WKH '%5V FKROHVWHULFHBRDWLQWHYWLRQ IRBHW SXEOLFDW |
D VWURQJ DQJXODU GHSHQG HQRH RO WIKGH DHVOIWEWY YRIWG &YV DQG /
SURILOH &KDWWHQ HW DO  DFK&8 YCHY BIQIWHLHHQEILWYK HX S W R &
FKROHVWHULF FRDWLQJV RYHU LERUQD RIUUF UL P DKW RYNVIEWQW PD)
WKDW WKH\ FDQ EH GHSRVLW HIGQUU)BR7VRID X WR RRK RIDHD\ERM@AH *RO G

ObDUJH DUHD UROO WR UROO SURGEBVNKBRUGW HW DO PHDVXUH
HIILFLHQF\ RI XVLQJ D VWDFN RI

3ODVPRQLF /D\HUV /16&V LQFOXGLQJ D SKRWRQLF VWUXF\
UHIOHFWRU $Q HIILFLHQF\ RI [UF

$ IXUWKHU GHYHORSPHQW RI M EH REEX OV WHEW XNWBRRDHG E\ 60RRI
SODVPRQLF OD\HUV WR HQKD®@FMKWRKEG EHRORWFHGQAHRZHYHU WK
IURP G\HV :LOVRQ ‘LOVAD@RQH LBVHORW D VXIILFLHQW PHDVXL
IHO G $ SODVPRQ LV D TPDQWMKP 7KIHSDIRWAHPHQWLRQHG /6& P
RVFLOODWLRQV FROOHFWLYHHRPHWODANLRIQQV RRI WKH 1DBB U
HOHFWURQ JDV ZKLFK FDQ FR®SDHW LREHHROMFIMUIRKMDW KDW LQ VRF
QHWLF UDGLDWLRQ WR FUHDWH HU R XDV DS\WKXWQB 0 I FFRQHEB QW UD
D SODVPRQ SRODULWRQ ODLPOR@WZRWOI® JHQHUDWH PRUH SRZH
$ SODVPRQLF OD\HU RQ WRS ROOKCH §OSERQ WRDA LQ FRPELQDWL
VEFDWWHU OLJKW DQG FRXSOH+REZHYDMR ZWYGDHLBH /BROHYHV ZLWK
$OWKRXJK WKLYV DOVR HQDEOHYL@EYXHWKLWHENE@ SIODMKI HWISWIRYLGH G
FRXSOLQJ RXW RI OLJKW ZLWHKLIQFADQHIXERHVPERRBWVGHEFQHDVH WRI
WKH ORQJHU SDWKOHQJWKV RFIROQFIDXW HRIGI GV 6 D DKVE LFKDLQVD L8 YHU\ |
DEVRUSWLRQ $ SODVPRQLF OBXW WYRIWO WKFRIQVIK/ WMLEILHQF\ SXE
PLFURVFRSLF PHWDO LVODQGWW KN JSHRPMBAUG BB GWRL FR QWU LE X WL
RI WKH VWUXFWXUHVY GHWH U P DQ BK/WNV R R RSSOV IQRID G LUHRES\HOAWLGIW R W
RI WKH SODVPRQV 6LQFH WK HVRQ IV MASIUFHWIGR RV IZQ MLIG BQWK\W QJOH YV
DUH EDVHG RQ WKH ZDYH RSWQRW QRZOBIQED\E® RXKDEY GWRPHYLVK DW
RI WKH PHWDO LVODQGY DURX®& VLFDWQ BHDQXZIKLFQH QWKW GHVLJIQ
WR KDYH VWURQJ SODVPRQLF BIOHFW ¥ [ & DRWKH Y FSW\RGHWWOH VHOI |
RI VXUIDFH SODVPRQV WKDW FRXQOWGKEHR H IQRW H UAF-DLVYMODILIRUHODW L Y |
/6& UHVHDUFK LV WKHLU HIIHFRN R WRH HP HWHR QW RPJHRPHWULF
OXPLQHVFHQW HWQMOUHYHSRDWHIS/ FRQVWLWXWHY D UHODWLYH OR
DQ HQKDQFHPHQW RI WKH IOXRUR®EH@FURDGHUW®HEBRPHWULF UD\
G\HV LQ FORVH SUR[LPLW\ WRFRIQFFHQW U\DOVLR® | DEHNRIDWY HSRUWH G
UHFHQW 39 UHVHDUFK SODVPRRW BB ¥R EGLHIY WWKE MHVMAM U SURMHFW |
IXOO\ XVHG WR HQKDQFH VR OCBUWRH O ONK BSXHQGREMP DHFUIVE OH 6 X FK |
3U\FH HW DO JHUU\ HWFBR®OG EH DFKLHYHG ZLWK D JHRPHW
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HJ GLPHQVLRQV RI P E\ P EARPRYHWIKKKHQRRHQRORJLFDO VSH
RQ DOO HGJHV DQG DQ RSWLEBIOOHIFWDGRH \RRIWUDQVPLWWDQF
7KH UHPDLQGHU RI WKLV FK-DPSVOHDW B HVIKHY BHR'SRIALBEDO VWUXF
YHUVDWLOH 5D\WUDFH ORGHOWRHK MGIHH V6RDDQOM RVEH VLPXODW|
OHFWLRQ Rl VWXGLHV EDVHG RLQ DLW FXEH NQRXOBEWVYRGWRQ WKF
7KH ILUVW VWXG\ H[DPLQHV W'KH DVRI X &/ UV WHDWSIRQWIH BO QDW X U |
WKH /6& DQG LV FRPSOHPHQWHIU EN BPSHEHW ROQWDO/ WR REWDLQ
PHDVXUHPHQWYVY $V DQ H[WHQRLERQLRQWIKLYV VHRHNIKWWR SURGXF
/6& RXWSXWV XQGHU GLUHFW DRWHEUHXXB WX QRU DKW\BUFDO FRQ|
FRPSDUHG 7KH VHFRQG VWXGQH)DFPL\PWW Z RHWKEXWHY RQ D VW
PLUURUV RQ WKH HGJHV SURGXHAHH 6@\\VBUDFWLOFROGHOGFDQ VKHG
YDQWDJH 7KH VXEVHTXHQW VIHFWH B Q DLAY SHI\RW HYDAM M VRW KK H /6 &
HIILEDF\ Rl VSHFXODU DQG G LZLWWKI H[SHU VXWOMFHOURIEVHUYDW LR
IOHFWRUV DQG LV IROORZHG EDW DPTKOUFPNLRQGE RIIWHLSHUMGVRRO |
JHRPHWULHV ZKLFK DLP WR L PRSI USRD/UHDW K M/ H Q@ W H\JXQFDKO DO DKEW R U E H
JXLGLQJ SURSHUWLHV RI WKHFB& F&HHAM UDEVRU SSLPRIQLVRQV  E\ V
WKH GRPLQDQW ORVV PHFKDQWYRQ @® WKYH/ 6 DRQSHW KK DW D WLF
ILQDO VWXG\ IRFXVHV RQ PR G MO ® D WK IS\H 8 KRIDRPGIFHR SURMHFW L |
UHDOLVWLF LQSXW GDWD 3KRWRQ

PRGHO DV UD\V ZLWK SRVLWLRQ DQ

5$<75%$&( 02" (/ LQ GLPHQVLRQDO VSDFH DQG D Z
FRQFHQWUDWRU LV GHVFULEHG E\ L

7KH 5D\WUDFH ORGHO RI WKH Q& FPLIDMN B HDAV SWRGHWWLHY VXF}
FRQFHQWUDWRU LV D ORQWH &SIUORDFRGHRXDW DEYRUBWHRQ 7K
UDQGRP QXPEHUV WR GHWHUPRQWLWW HR IRKHWFHRIMDHO RRVW PDWH UL
SK\WLFDO SURFHVVHV EDVHG RH) GRSHELYWLKE RQ HSRUWUWLYEXJD O W
WLRQV ,W WUHDWV OLJKW D VFHDRW UMW RERB\RW HHG S\WM R LPIHYGHW V SHF
VLQFH WKH SURFHVVHV JRYHWHIQQ MK HQY @& VAHDMX SHIQOH 7KH VHYV
HUDOO\ EH GHVFULEHG E\ JHRWPSHFULEDD RISV IWARS D RRQHIKW VR X
7KH PRGHO FDQ EH DSSOLHG/SHRFDHAWDWRHEH RRERQOHG 7KH LQ
FHQWUDWRU FRQILIXUDWLRQYHDQFDX GMIQH DEY FWIDENRQ DQG HF
WKLQ ILOP /6&V DQG /6&V ZLWHKH WOHPIHFRWREWHQ RD4<V RI WKH OX
VXUIDFHV RU ZLWK PXOWLSOBUMKXBHQBVIHR@WY KSHEULHW SHFWLY |
7KH FRQFHQWUDWRU GLPHQVERQ\VEH D@ TKHUMGGIURRGI [SHULPHQV
DUELWUDULO\ EXW WKH JHRPRW URRPA/SHWHQ W QOOD\WHBLWKE FI
WR SODQDU VKDSHY DQG F\OLDGHYW X P KHNG CORP OWBRMULHRPHQW F
DUH QRW FRQVLGHUHG PDMRBD®RUBXDMDFMNYG VIRYUFW KMKSHXUSRVHV
VTXDUH SODQDU JHRPHWU\ DSSINDRWYPWQFEHSWRMHFRWIVRQ 7KHUH
SUDFWLFDO RQH 6LQFH LW IRQ BMKHGSRPWIHRRWMG LFKH 5D\W U
RSWLFV WKH PRGHO FDQQRWWH\VAFHGEMN D QOMWIHKBHPRGYRDPLF
FRDWLQJV RU 'LVWULEXWHG %HAD&K 5\ WOHHF WERRZWD Q %IBW D O 5
IURP IXQGDPHQWDO SULQFLSGHVYVWVHQGEH WK KD NHIDUWRY HW DO
LOQWHUIHUHQFH HIIHFWV JRYHWOBG E\ ZDDYQIG DSWRL\MWUDFH PRGH
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UHVHDUFK &HQWUH RI WKH 1H£§\7(§EH)% %H\/Wgs&sl_}le WIKH PHDVXUHPH
DUGV &RUNLVK $ VPDO % %% )l(_|C9 U?GFQ_F
GRSHG ZLWK D UHG G\H XQGHU $0 JLOOXPLQDWLRQ
ZDV PRGHOOHG 7KH IUDFWLRQ RI WKH LQFLGHQW OLJKW
RXWSXW IURP WKH GLIITHUHQW /6& VXUIDFHYVY YDULHG E\
OHVV WKDQ IRUDOO WKUHH PRGHOV DQG WKH H[FHOOHQW
DJUHHPHQW YDOLGDWHYV WKH 5D\WUDFH ORGHO XWLOLVHG
LQ WKLV ZRUN

7KH JRRG PDWFK EHWZHHQ WKH UHVXOWYV IURP
WKH 5D\WUDFH ORGHO DQG WKH 7KHUPRG\QDPLF
ORGHO LV UHPDUNDEOH FRQVLGHULQJ WKH IXQGD

PHQWDOO) GLIIHUHQW DSSURDEKHY WONHO E\ WHH WER
PRGHOV ZKLOH WKH 5D\wUDFHIORGIY I GRRWHERT B0 1Y 2L W -

PLFURVFRSLF GHVFULSWLRQ RKEWEREWIFHS Q0S$ ZLWK
H
W

_rK

Py

O
a0

R
7KHUPRG\QDPLF ORGHO LV ED\'?Q&‘FHS}WK REBRQLAFVRUSWLRQ F
RI GHWDLOHG EDODQFH 7KH 7Kkl pRANGPH RHEEFE OPVHU ZLWK
DVVXPHV WKHUPRG\QDPLF HTXAOLEDTR W HHR%;PV%PN XBVHG DV WK

UDGLDWLRQ ILHOG DQG WKH oXP? ot wr R gG EHDE

HPSOR\V UDGLDWLYH wWuDQVIHUHPAWVKRE G APR ERE S V VHEWL
WKH GHWDLOHG EDODQFH HT LRQFLGHQW RQ WKH FHQWUH RI Wk
7KH VKRUW FLUFXLW FXUUHQW GHYHGQ

VRODU FHOO SRVLWLRQHG DJDLQVW

$1*8/$5 5(63216( PHDVXUHG ZKLOH WKH /6& ZDV URWI
2) 7+( /16& D UDQJH RI LQFLGHQW DQJOHV 7KH
GLPHQVLRQV RI WKH /6& HQVXUHG WK

$YHUDJHG RYHU WKH \HDU  YRHRR¥H 9G] bW X QPWLRQ VSRW
FHLYHG LQ FHQWUDO (XURSH PV & QAR Y LARE W ERHRWRY DITHFW WKH
7KH PDLQ FODLP GLIIHUH Wib@?ggWPNVH?PQUHD DQG WKH G

R BH¢HRN YW QDO DUL
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‘U_%J Kd—\ﬁ{gJOH RI LQFL

Vi 4K LRELGHOW SK

HrR 3RAHYHU VLQ
D, NPDOQ,VSRW |
v

i)
&)

T
<
<U'_I
<I'|'I$Ix
%%W
T

QHVFHQW FRQFHQWUDWRU I1URBR S
HITHFWLYHQHVV LQ D QrRQ WUBFRRBY LR
GLIIXVH LUUDGLDWLRQ 8VLQJl R §&&P
FRQFHQWUDWRU PHDQV WK D W RMP
FRPSRQHQW RI VRODU LUUDGLE

WKDW LW LV LOQFLGHQW RYHU b8 FWREY
TXDQWLI\LQJ WKH DQJX0oDU URVRR I
LPSRUWDQW IRU SUDFWLFDO B9 AbBEvY

Q
ZDV FDUULHG RXW H[SHULPH(}'WS‘(’)’(‘S’\OQ%L{;D v w
RI WKH 5D\WUDFH ORGHO LPSRUWD WH WKDW LQ D St

R
RQH ZRXOG DVVXPH XQLIRUP LOOXPL

([SHULPHQWDO 'HWDLOVRXOG OHDG WR D UHGXFWLRQ RI LQJ
ZLWK VKDOORZHU DQJOH RI LQFLGHQ

7KH H[SHULPHQWDO VHWXS LV ¥ d/SkN-whowhe LCQDVyBT&UﬁSDUDWLR
7KH VDPSOH zDV D ViXDUH }gCXPLRBWLRQ VSRW DQG WKH 39 F
FA PP GRSHG KRPRJIHQHRXVRFASHRY QAW FRXOG QRW UHDFR

IDFH WKH FKI
R \LGHQFH
WRRV LQFLGHC



7KH /I XPLQHVFHQW 6RODU &RQFHQWUDWRU

ORUHRYHU GXH WR WKH UHY HIDALELRQWW RH Gl $KW LSDHVQKMN ZDV D (
LW LV FOHDU WKDW LQFLGHQW O JKIV ¥ D R PHR W RFRKS O BKIHQ WIRRD) V
ZDYHJXLGH PRGH YLD UHIUDF®/HAQLWK BPRIDIKX WHKGE EMRSB UHIHUHQ|
VXUIDFH RU UHIOHFWLRQ IURP6WKIGC EMEZDW XVHFBV'WHKH SHUIRU
WR WKH SODQDU V\PPHWU\ RI7TWHK I ZOXH\V XLGH SORWMHG RQ DQ |
HQWHULQJ WKURXJK WKH WRSRQOUWRH USBDWLYBOADHILDWLRQ R
RXW RI WKH EDFN XQOHVV LWRIM.QENGHERB ZDRDXWWGHIHB[RBLQD
VXEMHFWHG WR YJUHVQHO UH | ODFWLRRQ LR | WKHH §ORW R @ U DX¥[HD U L V
W LV WKHUHIRUH VDIH WR D VRIXIPGIF WEKIDGF W KD W EHHID HGFHO X G H G
WHFWHG E\ WKH 39 FHOO RUMLROQWWR DIOPW\SX HHBOXWKH UHVS|
VLYHO\ IURP OXPLQHVFHQW OXQKWLRRQYRQDWEKOM RWVKBFLGHQFH
VSDWLDO YDULDWLRQV RI WKH OO DWO R QKSR WGZ HURIX W S X
QHJOLJLEOH DQG WKDW WKH QRFUGIDWHHDIEW KZ DQ LWHRDWULR J D QJC
SLF LW LV VDIH WR DVVXPH WIRDW WX HQ FAIGLHEW. WQEORISSHG
GHSHQGHQFH PHDVXUHPHQW [REVWPHMWVULRED ZRXWFRROHLUPHG E\
QRUPDO DQJOH ORGHO 7KH H[SODQDWLRQ IRU WKL
WKH /6& XVHG LQ WKLV H[SHULPHQ

5HVXOWY DQG 'LVFXVVLBRQIKWO\ GRSHG ZKLFK PHDQW WK
ZDV ORZ DW WKH ODVHU ZDYHOHQJ

7KH H[SHULPHQWDO UHVXOW\WD I8 D UWHK H UDJFRA IGRIQ® W1 MERIUPD OO\ LC
GHSHQGHQFH DUH SUHVHQWH 6D BIVI XMKH R XJRKUWIRHP /6& 7KRXJK

J)LIXUH $QIJXODU UHVSRQVH RI WKH /6& IURP H[SHULPHQWDO PH
7KH UHODWLYH VKRUW FLUFXLW FXUUHQW GHQVLW\ JHQHUDWHG
SORWWHG DIJDLQVW WKH DQJOH RI LQFLGHQW OLJKW 6LQFH WK
VXUIDFH WKH UHGXFWLRQ RI WKH LQFLGHQW SKRWRQ IOX[ E\ W|
WKH UHVXOWY 7KHUHIRUH WKH JUDSK SXUHO\ VKRZV WKH /6& U
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J)LIXUH $QJXODU UHVSRQVH RI WKH /6& VLPXODWHG ZLWK WKH U]
7KH WUDQVPLWWDQFH RI LQFLGHQW OLJKW WKURXJK WKH WRS VXU

RI LQFLGHQFH LQFUHDVHV WKAR PSIDOHFWQRW KR | DIDKIH OMRIS UHV SR Q'
VXUIDFH LW DOVR LQFUHDYVHI\ RWPKH BOUMHK O H\D BOR RW WK ) H[W WR
OLJKW LQ WKH PDWHULDO D Q GVKSIIQFDHO WHIQHF DEVROEWE EHVLQLFRQ 39
D OLJKWO\ GRSHG /6& WKH JZRQFKWRM W ERHHDGIGRZQ IRU WKH 6L F
WLRQDO DEVRUEDQFH FDQ RXWXH LHKS WHKIHP G RVWAD OJ RPIDWKKHUHP HQ W V
UHIOHFWDQFH XS WR ODUJH DRQJ®HVRP WKH OLWHUDWXUH %DOHQ

'KLOH WKH LQLWLDO UHVXOWV VKREH OMMWWRBWIDAPLD PXOWL FU\\
WLF LQFLGHQW DQJOH GHSHQWBHEYRMHUR MWW KHH 06% S WRAHVVHG ZLWK (
DUH QRW FRQVLGHUHG WR EMHG HSRAEW K QWD WINFHK QRQFH DQG HQF
WKH UHIHUHQFH VDPSOH ZDV DQRMURSR GRBEGIG\ CGRZSHBGRQ IURQW JO
7KHUHIRUH D IXUWKHU UD\W UD® H W WYOG\QHD 9 LKD O WLAHGVXWH (9% O
RQ DQ RSWLFDOO\ GHQVH /68& JDON W HDXHVUWH VYWY DQIBUHVKLY FRPSD!

VKRZ D VOLJKW LQFUHDVH RWWHK H RMOMHFXWD ABHWRI WIKH HQFDSV X
7KH WUDQVPLWWDQFH RI LQFFE&HRKNVFAQMBWL @K VRN HU WK KD D\HUV V
WRS VXUIDFH FDOFXODWHG ERN X BWIDIFRVLLYQ WVQIGH FH WM V QR W KD W
UHIOHFWDQFH IURP XQLW\ LV\VSMRWR/G FRQ ERPSPREYBREOH ZLWK
$V H[SHFWHG WKHUH LV D VW BR QX FHR/6 & HD BIW WK EHWIZHFHWD QFH R
WKH WUDQVPLWWDQFH DQG W KH W E JH RXMW DXW L ¥ KW Q& H[SRIVL
WLYH HITHFW RI LQFUHDVHG S D W,KOMHRGMXXVZIRQK LY FKBND EHGLR HVWI
DQJOH LV QRWLFHDEOH 7KLV /& HFW HDPMRQD BRW RQO \LIOWLYH WR
OLJKWO\ GRSHG /6&V EXW DORR LIGF REMQPID XS\ \ER SHSSUR[LPDWHO
RQHV VLQFH D ORQJHU SDWKORQB V& RHMWQ WIKGHRYWIB®OQDKWUHVSRQ!
LPSURYHV WKH DEVRUSWLRQ QRWK®RWDE RN EHIMDWEDFWNKDQ WKDW |
RI D KLJKHU FRQFHQWUDWLRQOPWMH® VQBYFRQW HFBQWUHRZHYHU F
ZKLFK ZRXOG HVFDODWH UH DEVRUSWLRQ ORVVHV )RU
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J)LIXUH &RPSDULVRQ RI WKH DQJXODU UHVSRQVH RI DQ RSWL
HQFDSVXODWHG VLOLFRQ 39 FHOO IURP H[SHULPHQWDO PHDVX
&KHQOR @ 2QH FDQ VHH WKDW WKH UHVSRQVHYV DUH YHU\ V

PHWULF FRQFHQWUDWRUV W K48 HEFRAWKIXWY D FROLHEHD VGRYDHU D KHPL
WDJH LQ WHUPV RI DQJXODU WHYBROPA DQJOH RI LQFLGHQFH RY
GD\ LV QRW REWDLQDEOH ZLWKRXV
&DSWXUH RI 'LUHFW WKLV VLPSOLILFDWLRQ LV MXVWLIL
YV "LIIXVH /LIKW VHQVLWLYLW\ Rl WKH /6& HVWDEOL
VHFWLRQ $Q HTXDO UDWLR EHWZt
7KH VRODU LUUDGLDQFH KDV [BGILXIKW F FRPEBQR DA Q@W IKD WV V XP H
FDQ EH KLJKHU WKDQ WKH GLUH FWHF RIPGBIR@ HGQW W Q LEKKIL RRY RISk
OLNH WKH 8. )LIXUH VKRZV)WHKHK H L UHFRW D&YV VDIQHL QVLIKW LG
GLIIXVH FRPSRQHQWV Rl WKH $0Q /6/& SHWUXPPZRAHHXQGHU GLUHF
WKH GLIIXVH LV GHILQHG DV WEBL®WLHROHQWH ERXNIG IEE QRWHG
WKH JOREDO VSHFWUXP $0 XS W/®GWKKHVGOURR®W EDQG JDS R
$0 G 7KH GLIIXVH VSHFWUXPQPVZED R WHEROHG DQG WKXV W
VLQFH EOXH OLJKW LV PRUH HMKR®WQ YLHQO ) LVMKID\WW HD B 16 U@ QDKWL Y H
DWPRVSKHUH 7KH SHUIRUPDQ¥FKHRIOWKM SEBE&WIDGHULIIXVH OLJKW
GLIIXVH LUUDGLDWLRQ LV FOH®BR MQ LEEN HG M RFN R HUIHDFLKG WEW 3
DQJOH GHSHQGHDPH PPODBRIH+REZHYHU GXH WR WKH ODUJH JHRP
ZDV PRGHOOHG ZLWK WKH VDPW ISR SHUW R R G HIDSTHGBN WIRHP FRQ W L
WKH GLPHQVLRQV DV WKH RQIDLIXWKHRXSOY IQRXVOWHE WHRQV ZDV
LH D300%$ KRVW GRSHG ZLWK MEB HORPSHWAHHQWR WEH FRQWULE
G\H DV DFWLYH PDWHULDO 6LFRXDDWLBRW ZHUH FDUULHG
RXW XQGHU D GLUHFW $0 VSHFRHURSWIOFD G HOWFRWQF\ WKH H\
QRUPDO DQJOH DQG FRPSDUH® QGWKKB GQWX\WJHH® ORVVHV DUH V
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J)LIXUH 7TKH $0 GLUHFW DQG GLIIXVH VSHFWUD 7KH LQWHQVLW

LHV ZLWK JHRJUDSKLFDO ORFDWLRQ $FFRUGLQJ WR 5HI FHQWU
LUUDGLDWLRQ

J)LIXUH 5D\ WUDFH VLPXODWLRQV FRPSDULQJ WKH /6& SHUIRUPD
UDGLDWLRQ ,W VKRXOG EH QRWHG WKDW WKH DEVRUSWLRQ RI LQF

RI WKH VXUIDFHVY RU DQ LQWHUQDO ORVYV 7KHUHIRUH WKH DEVRU!
ILQDO EDODQFH ZKLFK RI FRXUVH DGGV XS WR
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RI LUUDGLDWLRQ EXW VOLIJKAANOQNKKSHUHFWPEHURGMIREGWKUHH
OLJKW 7KH GLIITHUHQFH LV SURGRDGNYRQW O IJWRRWHKYH DOHBRQ ILJ X!
HU DEVRUSWLRQ RI GLUHFW ORQKDM GBS VRN[SHEWHI\G .HQ Q\HKE
GLIIXVH FDVH WKHUH LV PRUHDUHTREBWLR& AURRKR RWKWHURBSES RQ WZ
VXUIDFH DQG FRQVHTXHQWO\ DIHW ¥ FESMRWHGV WHRQRRIHOZUWWR XW P
DQG OHVV WUDQVPLVVLRQ WHKURXNYDO WHKGWERWIRYIRBPDWLRQV \
SDUHG WR WKH GLUHFW FDVHVNKHREZRQHFO XEHRQVWEHIDZQ IURP WK
QLILFDQWO\ OHVV GLIIXVH OLIKOW E HLI)A LV URQ VW KWWHGKMW) W JO
WKH /6& WKH DEVRUEHG IUDFWKRQ2QRL@G )LIXXMIHHOLJKW LV
RQO\ VOLJKWO\ VPDOOHU WKDQ ,WKRWVRSEGHYHRYNVOLIKMH Q@ KHYW D
LV D UHVXOW RI WKH ORQJHU FREWWEFBQJ\W KV RUHILAFANX B H FOULE RWH V
LQ WKH /6& 7KLV VLPXODWLRBRWRHODOWW RN UVKIH HFREHFDXVH RI
WULEXWLRQ IURP GLIIXVH LUYDWK BDODMICRIQV KVBRHWXBIW/I6Q@J LQ PRUF
RXWSXW LV FRPSDUDEOH WR WKHNBEBRWYE DXWRRIQGWWULRB DGLQFH L
VLPSOLILHG FDOFXODWLRQ RILQEUHPBPW HW WIXGHLDWHB QLW DOVR Ul
ILFLHQF\ (GJH PLUURUV ZRXOG RQ!
LI WKH FRVW VDYLQJV IURP WKH VP
0,55256 21 ('*(6 RXWZHLJKHG WKLV ORVYV LQ RSWLF

OLUURUV DUH RIWHQ XVHG WR UHSJDISHKIL F R ODIH DH/QRMWL Q @
VRPH RI WKH /6& HGJHV VHH IRU H[DPSOH 60RRII HW
DO 7KH DGYDQWDJH RI VIKAK FOLBR Q ULV XQDRMRGYXOH E VHH )
IRU FKDUDFWHULVDWLRQ SXUSBRWYHY\ 8REQR YK HOHQBRWYK DORQ
DUH XVXDOO\ HDVLHU WR DWWDXPBIG UW)RS W K HV/GHE: RMRDRH § R’RQDW R U \
FHOOV EHFDXVH WKH\ GR QRW IUW THXTDULHY B O H DWW UW RDPRERG@HH D
WLRQV :KHWKHU HGJH PLUURUVYEDMHG RQ W& ¥ DRXW D HQWR/W D W H
WKH SUDFWLFDO DSSOLFDWLRXY RHUMNGL W KDWHWVMH JDVPHGVLRQ!
LQ WKLV VHFWLRQ XVLQJ D JURSKGFMROG X00H MYKHOYWDPD® U WK D
DQG D FRPSXWDWLRQDO DSSURDFRYHUHG IRUD SUDFWLFDO DSS¢
*RHW]EHUJHU SURSRVHWRDWI RHYHHRDBGIHYURUHG PRGXOF
DV WKH\ LQFUHDVH WKH HIIHEWLXYWUDQHBGRQ W WHWRR BDBK RWKH
FHOOV DV LOOXVWUDWHG LQDUWDUHHPHEW RRWEZPDVOLRRQILIXU
WR XVH HGJH PLUURUV LV WKRWHWKR @HRVFW@RNVRAHUWRDW [P\RG X O F
VLIJQLILFDQWO\ ORZHU WKDQ WIKBRWRIYWMRO DQ GLHAOL\Q JXLWKBEOH
SRZHU RXWSXW FDQ EH SUHVIKRWRQ PUR P RUWH FSRAL@® RI HPLVYV
UHGXFH WKH FRVW WR SRZHUWWDGHRWE F MY VBERMWK BDVHV D
SURYLGLQJ D KLJKHU JHRPHWRL®WEBLQQLWLDO SRVLWLRQ RU GLI
+DYLQJ GHPRQVWUDWHG LQ&RBNWIRBQWOWKDOWGBU WKH DVVX
VTXDUH JHRPHWU\ LV FRQYHQPHQWR WWK LEVRMQKY R R X OIHW L BQ DQ G
FDQ EH OLPLWHG WR PLUUR URSWIHFRRH WIUILFHVH @/K\DIWQ G WHH Q HU D V
HTXLYDOHQW WR VTXDUH VKDSHKH RIQDK RAWI RUHQRHW Q7 KALKVH FR V'V
LV WKH FDVH IRU PRGXOHV BNKDQMPRGEEBBLEWHGFIOXGHY DGGL
YLIXUH W KDV SUHYLRXVOVHKIHHYXKRYY \Z IWMWKDI LW LV IDYR
UD\WUDFLQJ DSSURDFK WKDWPDUWRKDWH FRQILIXUDWLRQ



7KH /I XPLQHVFHQW 6RODU &RQFHQWUI

J)LIXUH OLUURUV RQ VRPH RI WKH /6& HGJHV FDQ LQFUHDVH WKH
ODUJH VTXDUH ZLWKRXW PLUURUV D LV HTXLYDOHQW WR WKH VPEL
LQ WXUQ LV HTXLYDOHQW WR WKH WULDQJOH F ZLWK WZR PLUUR!
RQO\ H[SUHVV WKH UDWLR RI FROOHFWLRQ DUHD WR FHOO DUHD

DUHD GRHV QRW WUDQVIRUP E\ XVLQJ PLUURUV 7KH DUHD RI PRG:
WLPHVY WKDW RI PRGXOH F

J)LIXUH &RPSDULVRQ RI D PRGXOH ZLWKRXW PLUURUV D DQG D
XQLWV RI PRGXOH E DV GHSLFWHG LQ )LJXUH 2QH FDQ VHH WKI
VRODU FHOO LV WKH VDPH LQ ERWK FDVHYV

7KH SRZHU RXWSXW RI WKH /6& PRGXOH LV DS
SUR[LPDWHG E\

6LQENFDOHV ZLWK /6% WXHDFH DUHD—

SRZHU JHQHUDWHG E\ PRGXOH D LV WLPHV DV ODUJH

DV WKH SRZHU JHQHUDWHG E\ PRGXOH E JLYHQ WKDW

WKHLU RSWLFDO HIILFLHQFLHV 'IfbHF RY WDWR SREXIGHIDWLR RI PRGX
DOVR KDV WLPHV DV PDQ\ VREBUNRHWION &G IEWLRKHP O PLUURU FR
FRVW WR SRZHU UDWLR LV FDBRRXBOWHG HY PRESERHVRI WISH E RQ



7KH /I XPLQHVFHQW 6RODU &RQFHQWUDWRU

D FRUUHVSRQGLQJ PRGXOH DFRKLEGXRIHHDNVWK ORAHIRUY 7KH VI
FRVW SHU XQLW SRZHU 7KH PUKH RWWKGH B RSD L U X QRWERIN)RSU V F
ZRXOG RQO\ EH SUHIHUDEOH LP MKIHRDYDLFPPEZLOHW\LRXDDMWRRQ V>
UHVWULFWHG WKH FKRLFH WRWIX N POODQ P6WKDW WKH HIILFLHQF\
PLUURUV LV HTXDO WR WKDW RI D
5D\WUDFH 6LPXODWLRQPRGXOH ZLWKRXW PLUURUV ,W DO
HTXDO VL]HV WKH PRGXOH ZLWKR X\
7KH 5D\WUDFH ORGHO ZDV DEFHWWBUWRVFRPISQOUH FRIPSDULQJ W
WKH WZR W\SHV Rl FRQILJXFEPWIRRXQ VI POWD\VELRIGWHQW
VL]JHV 7\SLFDO /6& FKDUDFWHULVWLFV ZHUH LQSXW D
WKLFNQHVV RI PP D UHIUDFWLYH.LVEEMVRRQ D
EDFNJURXQG DEVRUSWLRQGFRHIILFLHQW RI P
IXPRIJHQ 9LROHW G\H ZLWK D 4%KRH HIIBOW RISPIDWRUV RQ /6& HGJ
DEVRUSWLRQ FRHIILAGQVEBHUIBMMG :KLOH PLUURUV LQFUHDVH
PLUURUV ZHUH PRGHOOHG 7KRl WHMHXORQADU RISD/Q¥ MDA EISURGXFt
ILFLHQFLHV DUH VKRZQ LQ )LIJPUK® WEHIHFQWDVHDG WR D ORZH
RSWLFDO HIILFLHQF\ ZLWK FRO/QBFW L\RHOD DIED RV REVRQ D& EDFI
ZKLFK FDQ EH DWWULEXWHG PDW) QQ WURHIDYHEGH DWHZDVHAXK QG WK
DEVRUSWLRQ DV ZHOO DV KRMWHBDFINNK RXQ & UDEVRUSURUHG /6&
WLRQ ,W LV DOVR HYLGHQW W/HKHW B/KHH SRRSAMIUF D@ Bl IO IDRLIHHQLE® G L\
RI WKHi FP PRGXOH ZLWKRXPHPDOWURQYDA® HGJHV 7KH DGGLWLF
LGHQWLFDO ZLWKLQ HUURUVJMYR WWBEW RILUWUKRK HGFPRQILJXUDW |

J)LIXUH $ UD\WWUDFH FRPSDULVRQ EHWZHHQ /6&V ZLWK QR PLL
HGJHV 7KH RSWLFDO HIILFLHQF\ LV SORWWHG IRU GLITHUHQW VX
ZLWK VL]H GXH WR LQFUHDVHG VHOI DEVRUSWLRQ DQG EDFNJUR:
HIITLFLHQF\ RI D PRGXOH ZLWK PLUURUV LV LGHQWLFDO ZLWKLQ
ZLWKRXW PLUURUYV



7KH /I XPLQHVFHQW 6RODU &RQFHQWUI

J)LIXUH 6FKHPDWLF RI /6&V ZLWK VSHFXODU D DQG GLIIXVH E
ZDYHJXLGH DQG WKH SODWH LV UHTXLUHG WR SUHVHUYH WRWDO L

FRVW WR SRZHU UDWLR HYHQUQGHBEWDKH B\RUX P SADIVRIQQBXW ZKLFF
UHIOHFWLQJ PLUURUV :LWHWKH HSG UL OURUW IR IMNDOLVWLF UH
UDWLR ZRXOG EH HYHQ ZRUVH 7KH RQO\ VLWXDWLRQ LQ
ZKLFK PLUURUV RQ WKH HGJHV ZRBDBXEOHDWIHRIQUDIEDKAWY DQG
ZKHQ WKH DYDLODEOH DUHD UHMWXMWAMEQKH VL]H Rl WKH /6&
WR RQH WKDW LV VPDOOHU WKDQ WKH RSWLPXP 6LQFH WKLV
LV XQUHDOLVWLF LQ PRVW SUDRW I5PD® DBFSH D RGW ORADW S VHIBQW R F
WKH IDFW WKDW HIILFLHQW /6 &V \DW H LIEXWILHR@W OI\RKI[ DHE DVBIIAQ /6& ZL
WR EH VPDOQKQUDWKDQLW LV FROHFOWBY GRWKDAMWK D VSHFEXODU UHIC
WKH XVH Rl PLUURUV RQ WKH B GG HIVXR/IHDQH/IBBHFRIGXIOXQGHU GLUHFYV
LV GLVDGYDQWDJHRXV LQ JHQMHBDWDWHO\ $ PRQRFKURPDWLF UHIC
ZDV DVVXPHG IRU ERWK W\SHV RI UHI
GLUHFW OLJKW VHH )LIXUH LW ZD)
%$&. 685)$&( 5()/(&7256 UHIOHFWRUV \LHOG D UHODWLYH |
RSWLFDO HIILFLHQF\ FRPSDUHG WR V
,Q WKLV VHFWLRQ WKH PRGH® IZDWRIS/S OTIKHHG GALRI A XD QMHLOHFWRU F
WKH LPSURYHPHQW LQ OLJKW SADRSGOEIHH (7R @/KH W KD WKID RQ JWKV RQ
UHIOHFWRUV RQ WKH EDFN VXBIDORUPIDI WZIRQWLSHQWIOLIJKW 7KL
UHIOHFWRUV H[DPLQHG ZHUHDWKBDQMBBFX QRURSWGFE HHIILFLHQF\ |
GLIIXVH ,Q ERWK FDVHV DQ DLKHUMSLADNOVHRID EPNIO FRQWULE X W |
WKH /6& DQG WKH UHIOHFW R UGLLQ REVE 6 U UHROUHHFW/BIICQ RHRW RO WK H H
,QWHUQDO 5HIOHFWLRQ 7,5 VWHHOHFXURU EXW DWRXO® KLV FRQWU
EH QRWHG WKDW ZLWK DQ DLW BRDSKRYQX OLQKWJIXHHOHFIMKHIGY XE X QL
RIl D PLUURU DW WKH EDEFN ZIOH® E¥ WRNRLQPDQ & WDBEVPLVVLRQ
FRQH VLQFH WKDW LV WKH ROW®URRY K W KHD B RMOMRPU GHWMSLWH WK |
/6& &RQVHTXHQWO\ WKH UHIQWEWMIGLY LIKDFEELABQ DWPRHWH OLNHO!
WKH /6& RXW RI WKH IURQW X@W®&HVWHLOHEW RE \PRDWEHHWGL RO $V H[SHF
VXEMHFW WR )UHVQHO UHIO HARWRIGRXF H 7K D BLPH QP RRKQW RI OLJKW
RI WKH PRGHOOHIGPI6 &P PHWHKHRKH WRS FRPSDUHG WR WKH SODLQ
UHIUDFWLYH LQGH[ ZDV FRQVWDR®W DION R T X DVXW LEIDHNW WKH HQKDQF
JURXQG DEVRUSWLR® PRI IWKM{EW ZOWIPNKH UHIOHFWRUV ZKLFK
OXPLQHVFHQW PDWHULDO ZD VDI &\SRW KWWY TR QWKXPSODLQ /6
GRW VHH )LIXUH ZLWK D 4<DEVRUBDRRFGUVWD @QWMUHVXOW RI WKH K



7KH /I XPLQHVFHQW 6RODU &RQFHQWUDWRU

J)LIXUH 7KH DEVRUSWLRQ DQG HPLVVLRQ VSHFWUD RI D K\SR\
ODEHOOHG 4 RQ ZKLFK WKH VLPXODWHRHFRRWYK HZ A&V EALNHKC

WKH RYHUDOO LQWHUQDO ORDYH \E\DID K5 LDl OXMRH KELDIKNH W FZILOMKE W R U
UHIOHFWRUV EXW QRW DV KLUKDPW KB ZJIDQDRXW WKH SHULPHW
8QGHU GLIIXVH OLJKW VHH BXKWG YL UWKXDROSON VFR® VDPH LQFU
HIILFLHQF\ HQKDQFHPHQW IURRUWKAHH BRYMHMWRUYKLY FRQILUPV
DURXQG VPDOOHU WKDQ X@GRQ GRUUGIIFWHPWIRRXSRLYJ LQWR
LV DQDORJRXV WR WKH VP DO OSHWRIQFWW B ®H Z QWKK W HE VLRI U V H
WLRQ RI LQFLGHQW OLJKW RI JDERPSDUHG WR WKH SODLQ
/6& 7KH UHDVRQ IRU WKLV LV WKDW WKH SDWKOHQJWK RI
GLIIXVH OLJKW HQWHULQJ WKH /6& LV DOUHDG\ UHOD
WLYHO\ ODUJH DQG WKH UHODWLY$3(6EUHRUH/I5&@ DEVRUEDQFH
ZLWK WKH DLG Rl UHIOHFWRUV WKHUHIRUH VPDOOHU :LWK
ERWK UHIOHFWRUV WKHUH LV TZ® WD\SHM RIL ADG\W UALRQIWALMER W K
WLRQ RI LQFLGHQW OLJKW GLWHFHW®& BHLORBRDIGFRXKD RH WIKHQ F
HGJHV OHVV WKDQ LQ RSVBDAMWO HRH\WIEQFEIHUWQE® 6 FKLUPHL
HYLGHQW WKDW XQGHU GLIIXWDHMDSHIGDDWQR QV KHK H6 Bl [HHGFR\WM VF R Q
RI ERWK W\SHV Rl UHIOHFW R UWHD U Bl FYALLUWWXLDGDGOH [ LR-DH/QNAULLFEDAD W K D
2XU UHVXOWYV DOVR TXDQWEKLWKHR GIFHHSW RSIHSLEKWAG LQ )LJ;
EHLQJ GLUHFWO\ UHIOHFWHG IXREZRHG\D WWH QMBURIY DURP RWKH I
LQWR WKH 39 FHOOV ,Q WKH FDW B ®I WKH O-DURIBIQRRQFHQG XH WR
WUDWRU PRGHOOHG LQ WKLV WRXBRRW WHW R \WRQEKWWR®WDRQ |
IRXQG WR EH WKDQ 7KLV IWWHEI®LUHG DPRHOWEZVERDU FHOO PL
DQ LQYHVWLJIJDW IHRWQ (EQ 3UWKBWWRQIH G\ FDUULHG RXW UD\W
VKRZHG WKDW WKLV GLUHFW WHIRMF\WRORD RD DLDAW WXDR WBIG T
FHOOV RULJLQDWHY DOPRVW HEROKG LN H A UFDPV O/REDMULIR@ W R Z D
FORVH WR WKH FHOOV ,W ZD VHIRXD & MK PLW XOU M P D ODL WKYW KH PRV



7KH /I XPLQHVFHQW 6RODU &RQFHQWUI

Y)LIXUH 7KH HIIHFW RI EDFN UHIOHFWRUV XQGHU GLUHFW LUUDG
FRQVWDQW UHIOHFWDQFH RI DQG DQ DLU JDS EHWZHHQ UHIOHF
SURILOH Rl WKH GLIIXVH UHIOHFWRU ZDV DVVXPHG WR EH ODPEHU\

J)LIXUH 7KH HIITHFW RI EDFN UHIOHFWRUV XQGHU GLIIXVH LUUDG
7KH GLIIXVH OLJKW ZDV DVVXPHG WR EH LQFLGHQW RYHU D KHPLV



7KH /I XPLQHVFHQW 6RODU &RQFHQWUDWRU

WKH 39 FHOO DUHD DQG LP S URMDWKHDRRWWHSHDSKQLYJ EHFRPL
SRZHU +RZHYHU LW ZDV IRXQR W&HEWUHQ WHKILY WRMHRYHUDOO D
OLJKW RULJLQDOO\ WUDSSHG &LJK® ANVQHHVHFPWHZKLWHK LQFUHD)
WUDYHOOLQJ WRZDUGV WKH FHQGQ \WVDW KH. DX DW GRERWEDR/P G R ¢
VXUIDFH JUDGXDOO\ FKDQJHV FAPKW K IQFMNH3IQ PIOOIDQ BIGHHK SRRZHG LI
UHIOHFWLRQ 7KH RYHUDOO R YW FRPKIRI\DRQW XYW L@ DVRH WIKGI 39 F H
WRZDUGV WKH HGJH ZLWK WKW BSIHAUHQO DOZAD)VIXHBIGY )JLIXUH
WR D ORVV LQ RSWLFDO FRQF BDQGHFIMADR/G DQGWKKHD BH @ QW\LKHI S k
FRVW SHU XQLW SRZHU WKLFNQHVV Rl WKH WDSHUHG HGJ

$ GLIIHUHQW W\SH RI WDSHUWKGH WKRAEWQMYV R[DWVKH 39 FHOO H
LQHG LQ WKLV VHFWLRQ RQH WWDEXWEGRMOD RADNRQHGBRYHUD
FHOO HGJH EXW LV WDSHUHGWKRZ D P DB OMKHDHGEIUD RIS $RE WKLFN
LQJ WKH 39 FHOO DV VKRZQ VFIGHPBEFW LDFQD 06@\ WRLENRBNY RI  FP

'Q FRQWUDVW WR WKH SUH YLLRRXWYDW %R FRQ FWSW W LZPKHODHV LR Q V
WKH WDSHULQJ KDG WKH SXU®RRRURII WHEBXIAL\Q U PWKKLFNQE VYV RI
DUHD DQG WKHUHE\ LQFUHDV LWRPWKKHJIHRYXOW Y FL QD)LLQ X U H W
DQG KHQFH WKH RSWLFDO FR@EWGWWDIWHLR® JLQUW KLFKDORQ DSSU
FHSW WKH WDSHULQJ LV LOWWBGWGEDWRHLPSURYH WKH OLJKW
JXLGLQJ SURSHUWLHV 7KH LGHDQEFHKQRGXWKRQ LW KH RMLIDDHUH G Jt
WR WKH SULQFLSOH Rl WKH ZHIGY HVKK D SHIBFMR@RRH GWQ DWVPBURY H
SURSRVHG E\ ODUX\DPD MKHKDQ JIWKHRIBKMRZHYHU WR DO
ERWWRP VXUIDFH FDQ LPSDUW R YSHUHD Bild R@WR.OO (BL&UHEWHR QD PR
XSRQ UHIOHFWLRQ WKDW IDFLEHWD®WHARWEE BHJKMTWIUDHG IR UK
WRZDUGV WKH 39 FHOO HGJH WHKUPRNGHVVJDQEBERBROEDEHUHG FHQW
PRGLILHG WR DOORZ IRU 39 FH®XUDRY HQWHY RIQVD DA IRRHQWYV ZR
/6& HGJHV IRU H[DPSOH E\ WROSWKHQVUDBKKML/@&E& LQ D UHDO DSSH
UDGLDOO\ WRZDUGV WKH FHQWRPSGRZBWHRQW IO BLWEELPDUJLQ
ILHG FDVH ZLWK RQO\ RQFH 39WDBHOEB GHGHBNLVRRXOBQOLNHO\ WR
VXIILFH IRU WKH SXUSRVH RI GHWHUPLQLQJ WKH EHQHILW
RI WKH WDSHUHG GHVLJQ

5D\WUDFH VLPXODWLRQV ZHUH5BBOHS$E G GRMW<RQ) DQ
/6& ZLWK FPWRS VXUIDFH DUHI/IKHUG2 WXH, 2 1
WKLFNQHVV RI WKH 39 FHOO HGJH ZDV KHOG FRQVWDQW
DQG WKH WKLFNQHVV Rl WKH R6SHER VL DV RAUGSIW LAY RDULH®EVRUSYV
DV LOOXVWUDWHG LQ )LIXUH PHBKDQIUMPFBN. YW DPGBLRIHV OXPL(

DQG FRQVWDQW EDFNRIURXQG OGE VRRMWHVRD@®SE HVFDSH FRQH ¢

ZHUH LQSXW DQG WKH 4° VM H QX DXVULHD J WAIHNVAD Y HIXLGLQJ HIIL
D 4< RI ZDV PRGHOOHG DV 6K H WDX®P MKHRFWHQWLFDO PRGHOV k
VSHFLHV 7KH SKRWRQ 10X[ LQ\WRWKKH SIOVMH &/& W OHWIFYUH. EH VH
WR WKH FDVH ZLWKRXW WDSHQL®KILAD V HFHWFIRRI®G MK H7 KDVWVUDFH C
UHODWLYH SKRWRQ IOX[ LV SUR®XPWQRYHOMYR WEW XRSWRFPBO |
FRQFHQWUDWLRQ VLQFH WKH SREWQFXRQV RV MLKHVHF RHBQ H[DPL
DQG WKH /6& WRS VXUIDFH D USIDREDEH QIHVBW FB GADWR QWQHUD WL
&OHDUO\ WKH DYHUDJH WKLRNUBHW WRR @/HWHBRBLH ZK\ WKH ZH



7KH /I XPLQHVFHQW 6RODU &RQFHQWUI

Y)LIXUH 6FKHPDWLF RI D /6& ZLWK D WDSHUHG HGJH HQDEOLQJ
PDWHULDO 7KH WDSHU QHHGV WR KDYH D KLJKHU UHIUDFWLYH LQ
WKH FRQFHQWUDWLRQ

YLIXUH 6FKHPDWLF RI D WDSHUHG /6& WKDW JHWV WKLQQHU WR?Z
QHG\

J)LIXUH 6FKHPDWLF RI D WDSHUHG /6& WKDW JHWV WKLQQHU DZCLC

SDUHQWO\ VRXQG DQDO\WLF DWK P RGGI \E\ WEFD O K RHQKB\HAH QW [0 X[ 7
HW DO LV IRXQG WR EUHDN BRHE @ IEUIR[WVPOMLRQ WKDW UH DEVR
VHOI DEVRUSWLRQ LV VLIQLILF®P@W.GHUHG WR EH ORVW
% DW FKMOBBIUH[WHQGHG WKH DQDO\
5HYLHZ RI 7TKHRUHWLFDRRORGHOVHEHU DQG /DPEH E\ WDNLC
UH DEVRUSWLRQV LQWR DFFRXQW YL
,Q WKH ILUVW SURSRVDO RI WaDH/ H&EE& RE) WHKEHH UHDQBVRUSWLRQ SUR
/IDPEH DQ DQDO\WLFDO PRGHHRLMKUBWEEXDWLRQ DQG WKH
ZDV SUHVHQWHG WKDW HT XD W\HH KR LRBHWLFFHDQONHA HEWRIGIFW K H\ G H |
WR WKH SURGXFW Rl WKH DEVRWSWKHRDDMHIRLEDRGY MVKHLHQF\
OXPLQHVFHQFH TXDQWXP \LHOG DQG WKH FROOHFWLRQ
HIILFLHQF\ GHILQHG DV WKH UDWLR RI FROOHFWHG IOX[ DW
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YLIXUH ORGHOLQJ RI D WKLFN WDSHUHG DERGZD V8 & BHOXOU HIG-H D
QHVV RI FP 7KH WKLENQHVV RI WKH HGJH RSSRVLWH WR WKH
LQWR WKH 39 FHOO LV VKRZQ UHODWLYH WR WKH FDVH ZLWKRXW
WKH RSWLFDO FRQFHQWUDWLRQ 7KH UHVXOWV VKRZ WKDW WKH
E\ XS WR LQ WKLV H[DPSOH :KHQ WKH WDSHUHG HGJH JRHV E
HGJH WKHUH LV D GHFUHDVH LQ WKH SKRWRQ IOX[ ZKLFK LV SU
WR DQ LQVXIILFLHQW /6& WKLFNQHVV

J)LIXUH ORGHOLQJ RI D WKLQ WDSHUHG /B&IIDNXOCFNROIBEBHH \
QHVV RI PP 7KH WKLFNQHVV RI WKH HGJH RSSRVLWH WR WKH
LOQWR WKH 39 FHOO LV VKRZQ UHODWLYH WR WKH FDVH ZLWKR X\
WDSHULQJ LV VLIQLILFDQWO\ VPDOOHU WKDQ LQ WKH WKLFN FD
WKH PRGHOLQJ XQFHUWDLQW\
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FRPSDUHG WR WKH FRQWULEXWLRQ |
= WUDSSHG OLJKW L H

R R

ZKHUIHY WKH SUREDELOLW\ RI UH DEVRUSWLRQ RI OLJKW

WUDSSHG LQ D ZDYRIIXL\@KHPRGREDYP VVXPSWLRQ LV MXVWLILHG EI
DELOLW\ RI UH DEVRUSWLRQ REBRLWW RHPY W \WRERUPWR RfH GHSHQC
HVFDSH FRQH (TXDWLRQ VKRRWKOHRWWE WRGE 6LPRPW\SLFDO /68
RI OR UH DEVRUSWLRE® LWKHR! HVFDSLQJ OLJKW LV VLIQLILFDQWC
ZDYHJIXLGLQJ HIILEL&QF&RQXBOYUDSSHG OLIKW 7KH UHVXOWLQJ

YHUVHODSBVYRDFKHY WKH zD¥RYKIEES QP HILFLHQF\ LV

FLHQF\ YDQLVKHYV
.LWWLGDHWDODFXD&®HULYHG WKH PRGHO
RI %DWHRHKWOMEBHUIURP D WZR SKRWRQ
IOX[ PRGHO EDVHG RQ WKH GHWDLOHG EDODQFH PHWKRG

ORUHRYHU WKURXJK FRPSDULVER ZL WK O HRWIPEH | FiHor 1RU D
VLPXODWLRQV WKH\ YHULILHGyWHAIR BEVRHEWLRO SWRE™ oG b
DELOLWA IRU ILUVW JHQHUD WG HPd ¥ Wi A HEGL WK H S EbsoLiHe

WKH :HEHU DQG /DPEH PRGHO chpwwHG LO )LIXUH

$QRWKHU PRGHO ZDV SURSRVHEG R\ tROFRADRE 'RU WKH UH
*DUQLHU ZKR PDGH WKH MPPH B SHRIAL P D
WLRQ DV :HEHU DQG /DPEH eV WDNLQJ RQO\ WKH

ILUVW JHQHUDWLRQ RI HPLWWHG SKRWRQV LQWR DFFRXQW
WKHUHE\ QHJOHFWLQJ UH HPLVVLRQV 7KLV PRGHO DF

FRXQWHG IRU LPSHUIHFW LQW UHLQHF KRV W

PDWUL[ DEVRUSWLRQ $ NH\ S }—% HU q@gﬁ/@ﬁgﬁ %%\'%§Q\%H3v?<ng:

LV WKH PHDQ RSWLFDO SDWK A %F

FDOFXODWH WKH HIILELHQF\ IL\%?-« b LEH%% Y(X/ &?Vé R P 4< R
o' B EVRUSW IR o

ZHOO DV WKH SUREDELOLW\ R

(DUBN BOLIW HW DO (DUS SUH
VHQWHG D WKHRUHWLFDO PRGHO ZLWK WKH DLP WR SUHGLFW
WKH OXPLQRXV HIILFLHQF\ Rl WKH /6& VLQFH WKHLU
UHVHDUFK ZDV UHODWHG WR GD\OLJKWLQJ DSSOLFDWLRQV
7KHLU PRGHO DFFRXQWYV IRU UH DEVRUSWLRQ DQG PDWUL]
ORVVHV $ NH\ YDULDEOH LQ WKH PRGHO LV WKH /6&
KDOl OHQJWK GHILQHG DV WKH GLVWDQFH RYHU ZKLFK
WKH OLJKW LQWHQVLW\ GURSV E\ 7KLV TXDQWLW\
LV SUDFWLFDO IRU FRPSDULVRQ ZLWK H[SHULPHQWDO
PHDVXUHPHQWYV

&XUHWHDO DGRSWHG D VLPSOLILHG YHU
VLRQ Rl WKH PRGHOWERKREZY ALKHOGHU
(TXDWLRQ E\ DVVXPLQJ WKDW WKH FRQWULEXWLRQ
IURP UH DEVRUEHG HVFDSH FRQH OLJKW LV QHJOLJLEOH
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5D\WUDFH 6LPXODWLRQV
DQG 'LVFXVVLRQ

TKH HIILFLHQF\ DQG
7KLV H[SUHVVLRQ IRU WKH UREUH FDOEXOD

H
DELOLW\ LV H[DPLQHG ZLWK %HDQH%gﬁ &M RI /68
e & YO

ORGHO :HWVR@ DOVR SUHVHQWHG RO WKH VDPSWH GLVF
WUDFH VWXG\ Rl UH DEVRUSWERQ 7iH\\FDY YLHE RXW PQ LocH[ |
K

H[SHULPHQWDO GHWHUPLQDWLRQ W

adb v
O
o
=

JUﬁ'll'LE-YﬁE{%W'RFfQ DQG
SUREDELOLW\ E\ FRPSDULQJ Wd([5-| Iﬁ%%v ﬁLFVVV}éJﬁP‘]_% ﬁMK $ PROF
WKH VSHFWUXP LQ WKH DEVH_%FS_kIBLI %WVPI%&W\HLMVHOHQJWK

B P W Bv Hel HEL B Y e v L wx

DQG XVLQJ WKH UHG VKLIW W%%@_P(
UH DEVRUSWLRQV 7KH\ VWXGLH GV F\SHBFgﬁFV\}_ WR&Lo LQWR

SKRWRQV IURP LQLWLDO HPLVVAROWHPESLOH MEFRBSWH RO SUR
DV D IXQFWLRQ RI WKH RSWLFDS Gl QW¥R I OXRE OB VRO RI v
FHQW FHQWUHV DQG VXSSRU ERBSY G EW PRBDITIN G AbYVFHG |

UD\WUDFH VLPXODWLRQV 7KH YWXGY SYH YR WHGE bR WY Ho G
VHFWLRQ GLITHUV IURP SUHYLRXV RQEY b QM KDOW EWHIRESYHM 1y |

RQ WKH SUREDELOLW\ Rl UH DEYRYSYHR @ Gbols H REW
RI'SUHYLRXV UH DEVRUSWLRQY)Rp WKH 5D\WUDFH ORGHO HYHQ
4< Rl 6LQFH WKH 5D\WUDFH ORC

SURYHQ WR PDNH UHOLDEOH SUHGL
WKDW WKH DQDO\WLFDO PRGHO LV

J)LIXUH &RPSDULVRQ RI WKH WRWDO UH DEVRUSWLRQ SUREDE|
WKH DQDO\WLFDO H[SUHVVLRQ (TXDWLRQ DQG FRPSXWHG ZLW
EDVHG RQ WKH VDPSOH GLVFXVVHG LQ %RVH HW DO ZKLFK
WLRQ DW QP ZDV VLPXODWHG ,Q ERWK FDVHV 4< RI DQG
GHYLDWH VWURQJO\ IURP WKH UD\WUDFH PRGHO
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7KH 10DZ RI WKH DQDO\WLFWXK P BOPQLY IRX QBRWRWULHY 7KH E
OLH LQ WKH DVVXPSWLRQ Rl DV WRQIFWR QM LUVHVDEN KHSIWILRR®D IROOR:
SUREDHLO®EFW\UH HPLVVLRQ SDRGEXPHVHOQ WHE WULDQJOH +RZHYHU
VKLIW LQ WKH HPLVVLRQ VSHFRELOAL RAK LWK H KOLQIHUVHWRHY DUH PDU
RYHUODS RI WKH HPLVVLRQ ZLAVK DM H DENVRRISMORIDY SHFDVRQ WR
WUXP DQG KHQFH WKH SUREDEHRPWWR\ BEVIHKD/ RQSWHKRQ@DLQ
7KH YDULDILMRQVWRKH QXPEHU RI%WHHVDEMRWSHY WKHUH DUH D UDQJH
WLRQV LQ WKH FDVIR RAGDEDVHPOGWHULDOV EHLQJ HPSOR\HG LQ /6&
RQ WKH SURSHUWLHV RI WKH \[D/P % B PILE ROFOXVPVMEULQD BRFB\VWD OV
HW DO LV SORWWHG LQ XWXKOHVLQJWIHWRQYRGAWQHUJI\ WUD (
WKDW WKH DVVXP SWIVRQQR DD FR@W WD@WH FRPSOH[HV 7KH PDLQ
WKLV FDVH 7KH VKDEH RVKRKEKEKNEHQRWKH DEVRUSWLRQ WR PDL(
WR UHVHPEOH WKH VSHFWUDOQBEVRQEWDRBE B WXP DLEVIUBEG WR HC
W LV LPSRUWDQW W RJI\RWKHP SWKDLMMW KKIL BRIQWKRDUQMFRPLQJV LQ WKH
WLRQ ZRXOG EH YDOLG IRU OXPX®HEYFN G WQPD WHQ WBIW KDWKSRVHG
D YHU\ VPDOO RYHUODS EHWW®HKHQ DEYVREBW LRQ6RQUEHVHDUFK UHI
HPLVVLRQ 7KLV H[SODLQV WKHNVXER G \D ROHEFHQBWVEAH OO DV TXDQV
WZHHQ H[SHULPHQWDO UHVX®WUDW Q&KHVEHVRQBEG\WLFDWLPHV RI |
PRGHO UHSRUWWGDP\ &XUULH \HDUV FRXOG EH IHDVLEOH

7KH PDLQ ORVVHV RI WKH /6& DUH ¢
VRUEHG LQFLGHQW OLJKW DQG OXPL
&21&/86,21 $1' 287/22. RI HVFDSH FRQHV 'LIIHUHQW DSSURD
LQJ WKH /6& KDYH EHHQ UHYLHZHG L«
7KLV FKDSWHU GHVFULEHV WKHKSIVHQEQBEOX® HR MVKIKIHX/XIP LR1 OXPLQH
QHVFHQW 6RODU &RQFHQWUD VR W K/ 68L VZ WIORK RHIGIUN ENVRW SWLRQ Gl
XQLTXH DGYDQWDJH WKDW LWE BRI FJHHQ Q/HUWRUN GRQIG VSHKRWRQLF V
ZHOO DV GLUHFW VXQOLJKW 7RIHWHKQHH VB WLF GRZQVKLIW RI
FROOHFWHG OLJKW LV WKH NH\ MR AHR QHFH/QMWY BIDW VR QRY WDKW K/Id & X Q
/6& $Q /6& PRGXOH ZLWK VRO DW FHD & B\D B/WHIF KHE RMR/ WUDWHG YL
WKH HGJHV LV QRW H[SHFWH GRW RWR/X YASHI X IRQUHPVW K ) FHHOORQV ZL Wt
DORQH LQ WHUPV RI SRZHU SI6U DWHDQ BXOW WK BRUMDLED OQRQ W UL
FRQVLGHUDWLRQV VKRZ WKDW RVIKKRX@ WK BIWLWKH@®RQLHWOWDU UHVS
FRXOG EH DWWDLQDEOH ZKLPRPBDUQWOHQVLR WRDWRRHWWDQGDUG
RYHUDOO FRVW FHOOV +DYLQJ HVWDEOLVKHG WKDW

7KH FRVW WR SRZHU UDWLR LZTAL GHOMW) WG GRDWE&RQ LQWR WKH /6
PRGXOHV DQG LWV GHSHQGHQFN RY WKH DHR\PKHRWWLIFRIDL@LRQ WKD W
* WKH RSWLFD.Q,PIQIG LK) FR VW KD WHRORFWLRQ RII WKH WRS VXUIDF
/6& WR 39ZHHOKWVWDEOLVKHG $SUWDRRLIQM\WKDMWL UHIOHFWLYH FRDWLC
LV UHODWLYHO\ LQVHQVLWLY K RGRDW KFHH 06@VFWRIQQ E HXW R WILR Q H I UD FW
WKH IRFXV VKRXOG*EMQRQ, L P SWKRHY UBJOHFWDQFHV DUH FRQVLGHUI
EHDULQJ LQ PLQG WKDW WKHVMWWZA WHDYWRWWHKHDB& QROWMKE FDVF
cew L QHYLWDEO\ GHFUHBDVHWV ZXWMNKWQFQBBYHZKHWKHU WKH HIILFL
KDV EHHQ HVWDEOLVKHG WKDWRW KH BIEUFKDW UZKHRRHWSLFDOO\ F
SURGXFHV WKH KLJKHVW JHRPHWULF JDLQ DPRQJVW
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J)LIXUH 7KH YDULDWLRQ RI WKH UH DEVRUSWLRQ SUREDELOLW\
IRU D FPi FP /6& EDVHG RQ WKH SURSHUWLHV RI WKH VDPSOH
VKRZV KRZ WKH SUREDELOLW\ RI UH DEVRUSWLRQ RI D OXPLQHVI
UH DEVRUSWLRQV

HUDO OD\HUV RI YDU\LQJ UHIUDRAWEZDN LQEQBHW KR YWV WRW.HK W SHF;
WKH DGGLWLRQDO FRVW UHIOHFWRUV SHUIRUP DERXW HTXD(
7KH XVH RI PLUURUV RQ VRPWMKR R/KWMLBBOHBIM¥LHQF\ Rl WKH /
DV D PHWKRG WR HQKDQFH WWHK H FSRRHVDOWHLFI WIXL Q | KDQFLGHQW O
EHHQ H[DPLQHG :KLOH PLUURUM IDQFWRDW M KRG B8 IEHHFPDGH GHSFH
WLYH DUHD Rl WKH VRODU FHOBMB 6% BURG ¥R DL BHUDWMH R Q V
JHRPHWULF JDLQ WKH\ DOVR \WWKDG /K DF 8 RZH O REMREZR X0 G Q
HIILFLHQF\ 8VLQJ D JUDSKLFDW UBQV&RQUB QW Q6EQ DMMRWEKH DGYD
FDO DSSURDFK DQG UD\WUDFHHVILFXE QWL RQV QHMH &DW FE HEHHIQZ H L J K
HVWDEOLVKHG WKDW HYHQ SHHNFWK WL B RIHT RQUW R H QMBI H V
GR QRW EHQHILW WKH FRVW WR78RZHRIQFB\SWRRIQDIMOHEDIQF WD S
SHDOLVWLF PLUURUV ZLWK VXK XY EMHQHFRONWGBBEHZRXQG DOW k
SHUIRUP HYHQ ZRUVH (GJH PAR WRBVRFRXWEHRMAIKW JXLGLQJ S
EH RI DGYDQWDJH LQ WKH FDVW ZNHYRWW®IHN BOD VO EGIHS X UV X H
GHSOR\PHQW DUHD UHVWULFWRSWEFAWLLFBIORWWHW L/G&KH GHVLJ
*LYHQ WKDW WKH DQWLFLSDWHEQRSWGFDQWRDJIHW R%DB\RWG RQ FR
DUH FRQVLGHUDEO\ VPDOOHUDW K\DKH WHHDIV®IL R W LLFE G HSIWLRQ D QC
PHQW DUHDV LW LV FRQFOXGHHGOW X DMVMR | R VK E JSHXU NRKHH VT XD U
RI SUDFWLFDO DSSOLFDWLRQFRGVHGHUH®R SV HMKRXQGV EDIO
RPLWWHG DQG 39 FHOOV SUHIHWDEDY KIKREQ DXL WK RWKHG 5D \W U D
EH SODFHG RQ DOO HGJHV Rl WKH S8ERREDELOLW\ Rl UH DEVRUSW
HYHU\ UH HPLVVLRQ GXH WR WKH SL
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7KLV H[SODLQV ZK\ WKH WKHRDOA® IVXEY \WRGMWQ Y AWK DV HWRYH WKH |
VXPH D FRQVWDQW UH DEVRUKSWBRRQVSRREOWDOEWAQBUO\ WR
DFFXUDWHO\ SUHGLFW WKH SHUIRUPDQFH RI /6&V ZLWK
VLIQLILFDQW VHOI DEVRUSWLRQ

7KH /6& LV HVVHQWLDOO\ D503 (AROQEHQWUDWLRQ
GHYLFH EDVHG RQ FXUUHQW GHYHORSPHQWY FRQFHQWUD
WLRQ IDFWRUV XS WR FDQ EHOEKDBDYRWRYHE D3IHDVLEG®BHIUVSHFEWL
WDUJHW $OWKRXJK KLJIJK HIILBKMOADOHOKHP KYWH\ERH WG PLFRQGXFV
FRQVLGHUHG IRU WKH /6& LQ WRKWGEOVQRBKB/GKDO &KHPLVWU\
LW LV WKH DXWKRUfV RSLQLR®RWKDW WWK$H FKRLFH RI VRODU

FHOOV IRU WKH /6& LV FXUUH%\@Q%R}.&WWUG$WR3 UHODWI(‘ED’HQ\)VULFD'

LQH[SHQVLYH VLOLFRQ RU WK\HQPLLr_q:\PQIéIj(Q_ ’_@%M WDO EROC
DOWLFLSDWHG ORZ FRVW RI Wﬁw & HYHQ D

FRQFHQWUDWLRQ FDQ OHDG WR FR w DGYDQWDJHV YRU
HIDPSOH WR JHQHUDWH WKH $@®H SRZOHPNROV O JELIRQRIRODQL 5 9l
VRODU FHOO XQGHU GLUHFW LAOKRMWILQBWLRRPDOFR@RPROGXOH )|UVW
ZLWK D FRQFHQWUDWLRQ RI WUDRQMHUYORREONHDHBOWWLQJ SRO
JLYHQ WKBW RBYHLBIOUHDG\ WESRIFW B GERIH VKHODSDOALBIGVBXRVG RW V
FRQFHQWUDWLRQ IDFWRU RI LEPR&XKHUMWWHUNW GBL @

ZRXOG UHTXLUH RQO\ R WIgI—bVBQDLé F#ORQIGIQWHULDQDQHV 0 6
,Q IDFW ZLWK WKH ULJKW FKRLFH RI (SDIZX/BII'Q-IH\(/\'/:HQW &/S %HDXPRQV

FLHVY WKH /6& RXWSXW VSHFWUXP ?\f&?LE gw\;,gl_ DWLRQ HOHUJ\
WR WKH FHOO TXDQWXP HIILRLHQ v\@%ppL GRODU FR
ZRUNV PRUH HIILFLHQWO\ WK G 6RODU &HOO"
HYHQ OHVV FHOO PDWHULDO OG EH Mk\;@(&gﬁ@ FRVW
EHQHILW ZRXOG UHPDLQ DV ORQJ DV WKH FRVW RI WKH

/6& PDNHV XS OHVV WKDQ RO IWKHRQFPIWBIXW VKRXKEHQOR )

EH QRWHG KRZHYHU WKDW L®HR®UDE @ IDFRDO VS S/ORFD@IR@QDU UHV
WKH HIILFLHQF\ SOD\V D UROHQRD SWODD WH G FRMLEARAIQWRIO DWDF H O ¢
DOVR FRPHV DW D SULFH ,Q WKN IIDAQWKRQ G 16 RO DOERKHO ®V M
FRPPHUFLDOO\ YLDEOH RSDTXMR®PRPMXOG UHTXLUH DQ

HIILFLHQF\ RI DW OHDVW JLX/OIbQJ Il(IJJ')Iy\/ WKLQ ILOCE)PU¥§I9\PU /  +DV
FHOOV ZLWK HITLFLHQFLHV F ?QVLGH%B&B&WXP GRW ER
FRPSHWLWRU WR VXFK DQ /6&W4R ZB }élg‘MPFdDGq DPLE PRGHO IF

WDUJHW GLITHUHQW PDUNHWVUI?&’V\%EE/&)EHQ sRVLE 9%(\7)'/\/9\/Huv

LQ GLIIHUHQW FRORXUV DQG Hy VHPL WUDQVSD

DQG FDQ EH LQWHJUDWHG LQWR EXLOGLQJ IDFDGHYV

ORUHRYHU FRPELQLQJ WKH DYWOMHDIEBMURI- BBHFHIQIDLO $ + &R

GHYHORSPHQWYV VXJJHVWV /6&XI®PILQHIVHFGIRWWRORYHERQFHQWUDWR
FRXOG EH DFKLHYHG IRU S UDFMULIFW DRERGAG WHEKQLTXHV IRU SH

I 1 FP LQ WKH QHDU IXWXUMW I ISRRRPEHGBWREY GRL

RI DSSURDFKHV LV OLNHO\ WR2SURYLGH WKH LPSURYH

PHQW UHTXLUHG IRU WKH /6& WR EH FRPPHUFLDOLVHG
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%DWFKHOGHU - 6 =HZDLO $&KDW®RI@H $7 - )DUUHOO ' - %RV
IXPLQHVFHQW VRODU FRQFHQWUBWRKWH P S®UBPHQ@MWUW® K D P
DQG WKHRUHWLFDO DQDO\VLV/RHWRR GUQDRP\LV¥LERG HOLIFILRQ OXP L

FLH$SSOLHG 2SWLFVGRL FRQFHQWUDWRUV ZLWK UHGXFHG
$2 ,BURFHHGLQJV RI WKH QG (XURSH!
%OHXVH - 2SWLFDO S gggé#%ﬁ[{/uQPEHW[R@'HWBQFH(S
PXOWLVKHOO &G6H =Q BKEWL Q U\WWDOV

FD ( /RZ 'LPHQVLRQDO 6\VW&EDSBQ® ADQORGLQW] , / ODXUR
VWUXFWXUHV # GRL %M5 %DZHQGL 0 * ODWWRXVVL
SK\VH JOXRUHVFHQFH UHVRQDQFH HQHUJ

%RVH 5 )DUUHOO ' - &KDW@@W@E@YC&?\MUvﬁaiLEwJ
0 %XFKWHPDQQ $ 4XLOL . 3\4? M D h
- /IXPLQHVFHQW VROD BFLFﬁ HQV\TUDV\PRFUW

1DQRURGV DQG UD\WUDFH PRGKOUQH ,@ 3URMSH®LQJIJY +HLGHO

RI WKH G ,((( 3KRWRYRODWIS6F 6SHALOGRVWVRRQIHU 6 XSSRUWL.
HQFH ss 6DQ 'LHJR &PDWHBUB®VRU KLJK HIILFLHQF\ RUJ

%RVH 5 *RQ]DOH] -HQNL%/%DMR%%W&KF%\QRMR@WDLFV
ORUVHPDQ - ORVV 0 « %DUQKDP .
- 5HVRQDQFH HQHUJ\ WUDBBRMYLL Q60 XPLRRIGULIXH] 9LHMR

FHQW VRODU FRQURHFG@W G DQ/RUR FMK H &G6H =Q6 FRUH VKI
K ,((( 3BKRWRYROWDLF 6SHFEARWVVWW &WKHNHWM QR FKDUDFWH
+RQROXOX +, ,((( 3UHVV VHULHV RI KLJKO\ OXPLQHVFHQW

%XUJHUV $ 60RRII /| + %>-%F%)<(\H/QBB I3£(\VLFDO &KHPLVWU\
$ 0

YDQ 5RRVPDOHQ - UIRUP 8FH

Rl VLQJOH OD\HU OXPLQHVFH®WLMRIQPHAOWBDWRUV' ZLWK%DVWLI
PXOWLSOMWBRAMHGRQJV Rl WKH WK :RIUKEBW Rl G\H DOLJQPHQW F
&RQIHUHQFH RQ 3KRWRYROWDRIFD(QNBIQ&RONE WWRRB®B H FRIQFHQ

SS +DZDLL +, ,((( 3URVWKH QG(XURSHDQ 3KRWRYROW
&DO]DIHUUL * 20IDoLF¢RERTYBRTIE Erp (8 396(&
SRVLWHV DV SKREWRPILD DQWHOELMH 0 * 9DQ 0 3 9HUEXQW 3
+ 0 - YDQ 'HU %ORP 5 + |  %URH
o L (I1HF
&DUERQH / 1RELOH & 'H * \QI @ aggg
ORUHOOR * 3RPSD 3 « XW R XE’LQHVFHQW VRODU

6\QWKHVLV DQG PLFURPHWHU L%D ﬁgﬁgﬁﬁ t%ﬂP.Q,J—g%ZDYHOHQJV‘
ORLGDO &G6H &G6 QDQRURGV HHG

JURZWK D SIDURD FHKW W H W V
GRL QO
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'HELMH 0 * 9DQ 0 3 O9HUEXJHWU3 8 & 6BHBRWWRFN / $ 3DFLILFL
Lo %DVWLDDQVHQ & : 0 WHU 7KHSHIIHFW3ODVPRQLF QDQRVWU
RI DQ RUJDQLF VHOHFWLYHO\ IRHI GIHIEWLIQQ WP LOLURW FE@DNBKRH. QJ LQ W
SHUIRUPDQFH RI D OXPLQHVFHBWWHROWDA FRGRHLQ W U D VQROU

 @URFHHGLQJV RI WKH WK (XURSHPQ 3KRWRYRODLE
U = KHQPROHNXOTL
6RODU (QHUJ\ &RIABXHD FHHU zl%%\GHUXQJ XQ $QRPOHNY KEGIU 3K\VLN

8( 396(& * GRL DQGS

'"HELMH 0 * YDQ 'HU %ORP 5 + ./
Lo %DVWLDDQVHQ & : 0 RHWIE JOXRUHVFHQW

PHRNY
' H FRQGLWL
VHOHFWLYHO\ UHIOHFWLQJ RLJ:J%%P é %EW#@@Y
OLJKW RXWSXW IURP D OXPLQ H {%/ig%g \z% o Wi \7;&8
L @BURFHHGLQJV RI WKH :RUOG oHzZDECH (QHUJ\
&RQJUHY@ORUHQFH ,WDO\ ,(((*RHW]EHUJHU $ 6FKLUPHU 2

W.,D JH F UDWLRQ ZLWK WDSH
(DUS $ B6PLWK * % 6ZLIW )E%#@%@
- OD[LPLVLQJ WKH OLJKW RXWs § BYFKIVLFEV  %HUOLQ

QHVFHQW VRO DERPRYFHHWUID W RU
+ GRL M VROHQHU *RHW]EHUJHU $ LWWZHU 9

F SOD FROOHFWRU FRQFHQW
(DUsS $ $ 6PLWK * % )UDQ%E_%_1 - gé}ﬂw %
' 2SWLPLVDWLRQ RI D WK %/IL—JRéﬁ %XPLCmeV

FHQW VRODU FRQFHQWWBRWRU GD\OLJKWLQJ VA\VWHP
(QHUJ\ ODWHULDRBOV GRL *ROGVFKPLGW - & 3HWHUV 0 % R\
VROPDW PHUV + 'LPURWK ) *OXQ] 6 'LO

VLQJ WKH HIILFLHQF\ RI
(TURV $ / 5RGLQD $ 9 §)£$§C{IVHI8
BREMGR b

DEVRUSWLRQ DQG OXPLQHVF > %@I'_\IE'L%"O\ ODVI\\A/HULD'
QDQRPHWHUVLBK\ ¥ UKD\ DBH/Y 6

&RQGHQVHG 0DWWHU DQG 0DWHULDBBY sk\viLEv

GRL 3K\WEHY% *ROGVFKPLGW - & 3HWHUV 0 'LPU

(YLGHQW?HFKQF&CRFUJ—LHKHOO(%L'ZRWR/WHLGO / =HQWHO 5 « :LO;

+LJK \LHOG QDUURZ HPLVVLRQ_R%}%RH%WV&%ﬁ#O Ji b \?GQIH\I/\IILKT—lLHi
FHQW OERBRQW 7THFKQRORJILHY "o SHDQ 3KRWRYROWDLF 6RODU (QH

((WDQFH $7KH FRQFHQWUDWHGDFPHERWR Y ROUIWPDQ\ (8 396(&
LFV LQGXVWU\ &8SRRIGND \

I+

*ROGVFKPLGW - & 3HWHUV 0 'L
J)DUUHOO ' &KDUDFWHULVLQJ*WKB]SBUIRU :LOOHNH * (IILFL
PDQFH RI OXPLQHVFHQW3KRO DI®KRQFHBMAMD VRRUBXRUHVFHQW FRQ
7KHVLV /RQGRQ 8. ,PSHULDGRKRWREUIA WVRMWBFEWXUHY DQG PDWHU
,BURFHHGLQYYXRIRBKIPQ 3KRWRYROW|
BRODU (QHUJ\ &FDPHQAQFH6SDLQ (8
396 (&



7KH /I XPLQHVFHQW 6RODU &RQFHQWUDWRU

Goldschmidt, J. C., Peters, M., Pronneke, L., Steidl,
L., Zentel, R., & Blasi, B. (2008). Theoretical and
experimental analysis of photonic structures for
fluorescent concentrators with increased efficien-
cies. Physica Status Solidi. A, Applications and
Materials Science, 205, 2811-2821. doi:10.1002/
pssa.200880456

Grabowski, L. (1914). On the theoretical pho-
tometry of diffuse reflection. The Astrophysical
Journal, 39, 299. doi:10.1086/142086

Hanrahan, P., & Krueger, W. (1993). Reflection
from layered surfaces due to subsurface scattering.
In Proceedings of the 20th Annual Conference on
Computer Graphics and Interactive Techniques—
SIGGRAPH 1993, (pp. 165-174). SIGGRAPH.

Heidler, K. (1986). Design considerations for the
fluorescent planar concentrator / 111-V solar cell
system. In Proceedings of the 7th EC Photovoltaic
Solar Energy Conference. Sevilla, Spain: PVSC.

Hermann, A. M. (1982). Luminescent solar
concentrators - A review. Solar Energy, 29(4),
323-329. doi:10.1016/0038-092X(82)90247-X

Hyldahl, M. G., Bailey, S. T., & Wittmershaus,
B. P. (2009). Photo-stability and performance
of CdSe/ZnS quantum dots in luminescent solar
concentrators. Solar Energy, 83(4), 566-573.
doi:10.1016/j.solener.2008.10.001

IEA. (2009). Key world energy statistics. IEA.

Kennedy, M., Mccormack, S. J., Doran, J., &
Norton, B. (2007). Modeling the effect of device
geometry on concentration ratios of quantum dot
solar concentrators. In Proceedings of the ISES
World Solar Congress, (pp. 1484-1487). Beijing,
China: ISES.

Kim, S., Fisher, B., Eisler, H.-J., & Bawendi, M.
(2003). Type-Il quantum dots: CdTe/CdSe(core/
shell)and CdSe/ZnTe(core/shell) heterostructures.
Journal of the American Chemical Society, 125,
11466-11467. doi:10.1021/ja0361749

Kittidachachan, P., Danos, L., Meyer, T. J. J.,
Alderman, N., & Markvart, T. (2007). Photon col-
lection efficiency of fluorescent solar collectors.
CHIMIA International Journal for Chemistry, 61,
780-786. doi:10.2533/chimia.2007.780

Krahne, R., Morello, G., Figuerola, A., George,
C., Deka, S., & Manna, L. (2011). Physical
properties of elongated inorganic nanoparticles.
Physics Reports, 501(3-5), 75-221.d0i:10.1016/j.
physrep.2011.01.001

Loh, E.Jr, & Scalapino, D.J. (1986). Luminescent
solar concentrators: Effects of shape on efficiency.
Applied Optics, 25(12),1901-1907.doi:10.1364/
A0.25.001901

MacKay, D. (2009). Sustainable energy without
the hot air. Cambridge, UK: UIT Cambridge Ltd.

MacQueen, R. W., Cheng, Y. Y., Clady, R. G. C.
R., & Schmidt, T. W. (2010). Towards an aligned
luminophore solar concentrator. Optics Express,
18, A161-A166. doi:10.1364/0OE.18.00A161

Maier, S. A., & Atwater, H. A. (2005). Plas-
monics: Localization and guiding of electro-
magnetic energy in metal/dielectric structures.
Journal of Applied Physics, 98(1), 011101.
doi:10.1063/1.1951057

Mansour, A. F. (1998). Optical efficiency and
optical properties of luminescentsolar concentra-
tors. Polymer Testing, 17, 333-343. do0i:10.1016/
S0142-9418(97)00061-5

Maruyama, T. (1999). Wedge-shaped light con-
centrator using total internal reflection. Solar
Energy Materials and Solar Cells, 57, 75-83.
doi:10.1016/S0927-0248(98)00173-1

Mclntosh, K. R., Yamada, N., & Richards, B. S.
(2007). Theoretical comparison of cylindrical and
square-planar luminescent solar concentrators.
Applied Physics. B, Lasers and Optics, 88(2),
285-290. doi:10.1007/s00340-007-2705-8

283



Minkowski, C., & Calzaferri, G. (2005). Forster-
type energy transfer along a specified axis. An-
gewandte Chemie, 117,5325-5329. doi:10.1002/
ange.200500431

Mulder, C. L., Reusswig, P. D., Beyler, A. P,
Kim, H., Rotschild, C., & Baldo, M. A. (2010).
Dyealignmentin luminescentsolar concentrators:
I: Horizontal alignment for energy harvesting
in linear polarizers. Optics Express, 18, 91-99.
doi:10.1364/OE.18.000A91

Mulder, C.L., Reusswig, P.D., Vel’azquez,A. M.,
Kim, H., Rotschild, C., & Baldo, M. A. (2010).
Dyealignmentin luminescentsolar concentrators:
I: Vertical alignment for improved waveguide
coupling. Optics Express, 18, A79. doi:10.1364/
OE.18.000A79

Mulder, C. L., Theogarajan, L., Currie, M. J.,
Mapel, J. K., Baldo, M. A., & Vaughn, M. (2009).
Luminescent solar concentrators employing
phycobilisomes. Advanced Materials (Deerfield
Beach, Fla.), 21(31), 3181-3185. doi:10.1002/
adma.200900148

Murray, C. B., Norris, D. J., & Bawendi, M. G.
(1993). Synthesis and characterization of nearly
monodisperse CdE (E = sulfur, selenium, tellu-
rium) semiconductor nanocrystallites. Journal of
the American Chemical Society, 115, 8706-8715.
d0i:10.1021/ja00072a025

OECD. (2009). World energy outlook 2009.
OECD.

Olson,R.W., Loring,R.F., & Fayer, M. D. (1981).
Luminescentsolar concentratorsand the reabsorp-
tion problem. Applied Optics, 20, 2934-2940.
doi:10.1364/A0.20.002934

284

7KH /I XPLQHVFHQW 6RODU &RQFHQWUI

Peng, X., Schlamp, M. C., Kadavanich, A. V., &
Alivisatos,A. P.(1997). Epitaxial growth of highly
luminescent CdSe/CdS core/shell nanocrystals
with photostability and electronic accessibility.
Journal of the American Chemical Society, 119,
7019-7029. doi:10.1021/ja970754m

Peters, M., Goldschmidt, J. C., Loeper, P., Blasi,
B., & Willeke, G. (2008). Light trapping with an-
gular selective filters. In Proceedings of the 23rd
European Photovoltaic Solar Energy Conference.
Valencia, Spain: EU PVSEC.

Pravettoni, M., Farrell, D. J., Chatten, A. J., Bose,
R., Kenny, R. P., & Barnham, K. W. J. (2009).
External quantum efficiency measurements of
luminescent solar concentrators: A study of the
impact of backside reflector size and shape. In
Proceedings of the 24th European Photovoltaic
Solar Energy Conference. Hamburg, Germany:
EU PVSEC.

Pryce, I. M., Koleske, D. D., Fischer, A. J., &
Atwater, H.A. (2010). Plasmonic nanoparticle en-
hanced photocurrentin GaN/InGaN/GaN quantum
well solar cells. Applied Physics Letters, 96(15),
153501. doi:10.1063/1.3377900

Quilitz, J., Koole, R., Slooff, L. H., Chatten, A. J.,
Bose, R., & Farrell, D. J. (in press). Fabrication
and full characterisation of state-of-the-art CdSe
qguantum dot luminescent solar concentrators.
Solar Energy Materials and Solar Cells.

Reisfeld, R. (1984). Spectroscopy and nonradia-
tive phenomena of rare earths in glasses: Future
applications. Inorganica ChimicaActa, 95,69-74.
d0i:10.1016/S0020-1693(00)87369-7

Reisfeld, R. (1987). Industrial applications of rare
earthsinfiber optics, luminescentsolar concentra-
tors and lasers. Inorganica Chimica Acta, 140,
345-350. doi:10.1016/S0020-1693(00)81119-6



7KH /I XPLQHVFHQW 6RODU &RQFHQWUDWRU

Reisfeld, R. (2010). New developments in lumi-
nescence for solar energy utilization. Optical Ma-
terials, 32, 1-7.doi:10.1016/j.optmat.2010.04.034

Richards, B. S. (2006). Ray-tracing simulations
of luminescent solar concentrators containing
multiple luminescent species. In Proceedings of
the 21st European Photovoltaic Solar Energy
Conference. Dresden, Germany: EU PVSEC.

Richards, B. S., Shalav, A., & Corkish, R. P.
(2004). A low escape-cone-loss luminescent
solar concentrator. In Proceedings of the 19th
European Photovoltaic Solar Energy Conference.
EU PVSEC.

Roncali, J., & Garnier, F. (1984). Photon-transport
properties of luminescent solar concentrators:
Analysis and optimization. Applied Optics, 23,
2809. doi:10.1364/A0.23.002809

Ross, R. T. (1967). Some thermodynamics of
photochemical systems. The Journal of Chemical
Physics, 46(12), 4590. doi:10.1063/1.1840606

Rowan, B. C., Richards, B. S., Bcrowanhwacuk,
E., Robertson, N., Jones, A. C., Richardson, P.,
& Moudam, O. (2008). Near-infrared emitting
lanthanide complexes for luminescent solar con-
centrators. In Proceedings of the 23rd European
Photovoltaic Solar Energy Conference. Valencia,
Spain: EU PVSEC.

Rowan, B. C., Wilson, L. R., & Richards, B.
S. (2009). Visible and near-infrared emitting
lanthanide complexes for luminescent solar con-
centrators. In Proceedings of the 24th European
Photovoltaic Solar Energy Conference. Hamburg,
Germany: EU PVSEC.

Saraidarov, T., Levchenko, V., Grabowska, A.,
Borowicz, P., & Reisfeld, R. (2010). Non-self-
absorbing materials for luminescent solar con-
centrators (LSC). Chemical Physics Letters, 492,
60-62. doi:10.1016/j.cplett.2010.03.087

Shcherbatyuk, G. V., Inman, R. H., Wang, C., Win-
ston, R., & Ghosh, S. (2010). Viability of using near
infrared PbS quantum dots as active materials in
luminescent solar concentrators. Applied Physics
Letters, 96(19), 191901. doi:10.1063/1.3422485

Slooff, L. H., Bende, E. E., & Budel, T. (2009).
The non-fluorescent flat plate concentrator. In
Proceedings of the 24th European Photovoltaic
Solar Energy Conference. Hamburg, Germany:
EU PVSEC.

Slooff, L. H., Bende, E. E., Burgers, A. R., Bu-
del, T., Pravettoni, M., & Kenny, R. P. (2008). A
luminescent solar concentrator with 7.1% power
conversion efficiency. Physica Status Solidi, 2(6),
257-259. doi:10.1002/pssr.200802186

Slooff, L. H., Bende, E. E., Burgers, A. R., Budel,
T., Pravettoni, M., & Kenny, R. P. (2008). Sup-
porting information for a luminescent solar con-
centrator with 7.1% power conversion efficiency.
Physica Status Solidi, 2(6).

Slooff, L. H., Budel, T., Burgers, A. R., Bakker,
N. J., Danz, R., Meyer, T., & Meyer, A. (2007).
The luminescent concentrator: Stability issues. In
Proceedings of the 22nd European Photovoltaic
Solar Energy Conference. EU PVSEC.

Swartz, B. A, Cole, T., & Zewail, A. H. (1977).
Photon trapping and energy transfer in multiple-
dye plastic matrices: Anefficient solar-energy con-
centrator. Optics Letters, 1, 73-75. d0i:10.1364/
OL.1.000073

Swift, P. D., & Smith, G. B. (2003). Color consid-
erations in fluorescent solar concentrator stacks.
Applied Optics, 42, 5112-5117. doi:10.1364/
A0.42.005112

Swift, P. D., Smith, G. B., & Franklin, J. B.
(1999). Light-to-light efficiencies in luminescent
solar concentrators. In Proceedings of the SPIE
Conference, (pp. 21-28). SPIE.

285



Talapin, D. V., Koeppe, R., Gotzinger, S., Ko-
rnowski, A., Lupton, J. M., & Rogach, A. L.
(2003). Highly emissive colloidal CdSe/CdS
heterostructures of mixed dimensionality. Nano
Letters, 3(12),1677-1681.d0i:10.1021/n1034815s

Talapin, D. V., Nelson, J. H., Shevchenko, E. V.,
Aloni, S., Sadtler, B., & Alivisatos, A. P. (2007).
Seeded growth of highly luminescent CdSe/
CdS nanoheterostructures with rod and tetrapod
morphologies. Nano Letters, 7(10), 2951-29509.
d0i:10.1021/n1072003g

Verbunt, P. P. C., Bastiaansen, C. W. M., Broer,
D. J., & Debije, M. G. (2009). The effect of dyes
aligned by liquid crystals on luminescent solar
concentrator performance. In Proceedings of the
24th European Photovoltaic Solar Energy Confer-
ence. Hamburg, Germany: EU PVSEC.

Verbunt, P. P. C., Kaiser, A., Hermans, K., Bas-
tiaansen, C. W. M., Broer, D. J., & Debije, M. G.
(2009). Controlling light emission in luminescent
solar concentrators through use of dye molecules
aligned in a planar manner by liquid crystals.
Advanced Functional Materials, 19, 2714-2719.
d0i:10.1002/adfm.200900542

Weber, W. H., & Lambe, J. (1976). Luminescent
greenhouse collector for solar radiation. Applied
Optics, 15, 2299. doi:10.1364/A0.15.002299

Wilson, H. R. (1987). Fluorescentdyes interacting
with small silver particles: A system extending
the spectral range of fluorescent solar concen-
trators. Solar Energy Materials, 16, 223-234.
d0i:10.1016/0165-1633(87)90022-0

Wilson, H. R. (1988). Fluorescent quantum
yields and long-term stability of silver island/
polymer/dye systems, with applications to lon-
ger wavelength fluorescent solar concentrators.
In Proceedings of SPIE Conference. Hamburg,
Germany: SPIE.

286

7KH /I XPLQHVFHQW 6RODU &RQFHQWUI

Wilson, L. R., & Richards, B. S. (2008). High-
efficiency dyes for luminescent solar concentra-
tors - Photostability and modeling. In Proceedings
of the 23rd European Photovoltaic Solar Energy
Conference. Valencia, Spain: EU PVSEC.

Wilson, L. R.,Rowan, B. C., Robertson, N., Mou-
dam, O., Jones, A. C., & Richards, B. S. (2010).
Characterization and reduction of reabsorption
lossesin luminescentsolar concentrators. Applied
Optics, 49, 1651. doi:10.1364/A0.49.001651

Wittwer, V., Stahl, W., & Goetzberger, A. (1984).
Fluorescent planar concentrators. Solar En-
ergy Materials, 11, 187-197. doi:10.1016/0165-
1633(84)90070-4

World Bank. (2008). World development indica-
tors 2008. Washington, DC: World Bank.

Yablonovitch, E. (1980). Thermodynamics of the
fluorescent planar concentrator. Journal of the
Optical Society of America, 70(11), 1362-1363.
doi:10.1364/J0OSA.70.001362

Yablonovitch, E. (1993). Photonic band-gap
structures. Journal of the Optical Society of
America. B, Optical Physics, 10, 283. d0i:10.1364/
JOSAB.10.000283

Zhang, Y., Aslan, K., Previte, M. J. R., & Ged-
des, C. D. (2007). Metal-enhanced fluorescence:
Surface plasmons can radiate a fluorophores
structured emission. Applied Physics Letters,
90(5), 053107. doi:10.1063/1.2435661

Zhou, X., Kobayashi, Y., Romanyuk, V., Ochu-
chi, N., Takeda, M., Tsunekawa, S., & Kasuya,
A. (2005). Preparation of silica encapsulated
CdSe quantum dots in aqueous solution with the
improved optical properties. Applied Surface
Science, 242(3-4), 281-286. doi:10.1016/j.ap-
susc.2004.08.022



287

Chapter 14

Prospects and Strategy
of Development for
Advanced Solar Cells

Laurentiu Fara
Polytechnic University of Bucharest, Romania & Academy of Romanian Scientists, Romania

Masafumi Yamaguchi
Toyota Technological Institute (TTI), Japan

ABSTRACT

This chapter presents the necessity for developing high performance, low-cost, and highly reliable
solar cells in order to further deployment of photovoltaics, as well as the prospects and strategies for

developing advanced solar cells.

1. IMPORTANCE OF SOLAR
PHOTOVOLTAICS

As described in chapter 1, solar energy, including
solar Photovoltaics (PV), is the only renewable
energy resource that has enough terrestrial energy
potential to satisfy a 20 TW or more carbon-free
supply, because from the 1.2x10° TW (the solar
constant is 1.76x10°> TW) of solar energy that
strikes the Earth’s surface, a practical sitting-
constrained terrestrial global solar power potential
value is about 600 TW, and thus, for a 10% ef-
ficient solar farm, at least 60 TW of power could

DOI: 10.4018/978-1-4666-1927-2.ch014

be supplied fromterrestrial solar energy resources
(Lewis, 2005). According to the World Energy
Vision 2100 recommended by WBGU (German
Advisory Council on Global Change) (WBGU,
2003), as shown in Figure 1, solar electricity, in-
cluding PV, is expected to become a major energy
source with about 20% of the market in 2050 and
about 70% in 2100. That means PV will play an
important role to contributing to solving global
environmental problems.

On March 11, 2011, heavy earthquakes and a
tsunami struck the northeast region of Japan,
damaging the Fukushimanuclear power plantNo.
1, which now emits higher levels of radiation.
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D QHHG IRU WKH GHYHORSPHQW RI K

)857+(5 &267 5('8&7,21 DQG ORZHU FRVW VRODU FHOO PRGXC
2) 62/%5 &(//6 02'8/(6 DQ HIILFLHQF\ WDEOH RI FU\VWDOOLC
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Figure 8. Future efficiency predictions of various solar cells

Figure 9. Concepts for increasing conversion efficiency of 111-V compound multi-junction solar cells in

the future (Luther, Bett, Burger, & Dimroth, 2006)

lar cells described in section 3.1, third-generation
systems include intermediate bands, hot-carrier
effects, and other multiple-carrier ejection.

As shown in Table 3, several ideas (Marti &
Luque, 2003) have been proposed to overcome
the Shockley-Queisser conversion efficiency
limit. Although conversion efficiencies predicted
in ideal cases are 85-87% for multiple excitation,
hot carrier, intermediate band concepts, realistic
conversion efficiencies to be obtained for solar
cells by using the above concepts may be less than
55% by considering possible efficiency based

on the realistic multi-junction (tandem) concept.
However, further fundamental researches for solar
cells and materials based on new concepts and
fundamental understanding for new concepts is
necessary for realizing higher efficiency.

4, SUMMARY
Photovoltaic (PV) power generation technology

is one of the most promising renewable energy
technologies because of its possibility of solving
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Table 2. Theoretical efficiencies of multi-junction
solar cells in ideal case

Number of | Conversion efficiency Conversion
junction under 1-sun efficiency under
concentrator
1 30.8% 40.8%
2 42.9% 55.7%
3 49.3% 63.8%
4 68.2% 86.8%

Table 3. Efficiency potential (ideal case) of 3™
generation PV technologies

Concept Year Conversion efficiency
proposed in ideal case
Multi-junction 1955 86.8%
(tandem)
Multiple excitation 1972 85.4%
Hot carrier 1981 86.2%
Multi band 1997 86.8%
(intermediate band)
Quantum well 1990 60%
Impurity band PV 1960 63%

environmental problems and limited sources for
energy. Inorder to realize widespread deployment
of solar photovoltaics and contribute to further
development in civilization, further development
in science and technology of PV is very impor-
tant. That is, further improvements in conversion
efficiencies and reliability, and lowering cost of
solar cells and modules are necessary. Regarding
conversionefficiencies of solar cells, because there
is the Shockley-Queisser conversion efficiency
limitof 31%at 1-sunand 41% under concentration
for single bandgap solar cells, several approaches
to overcome the Shockley-Queisser limit should
be made.

Although much R&D for various types of
solar cells has been carried outand improvements
in conversion efficiencies have been achieved,
conversion efficiencies of almost all the solar
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cells are expected to have limitations. Limiting
efficiencies are expected to be 28.9%, 23.5%,
23.5%, 17.5%, and 16% for crystalline Si, thin-
film Si, CIGS, as well as CdTe, dye-sensitized,
and organic solar cells, respectively. On the other
hand, because 41.6% efficiency has been realized
with concentrator InGaP/InGaAs/Ge 3-junction
solar cells, concentrator 4-junction or 5-junction
solar cells have great potential for realizing ef-
ficiency of over 50%. In addition, developing
new types of solar cells based on new materials
and new concepts is also very important to over-
coming the conversion efficiency limitations. In
addition to multi-layer multi-junction (tandem)
solar cells, third-generation PV systems include
intermediate bands, hot-carrier effects, and other
multiple-carrier ejection. Although conversion ef-
ficienciesinideal cases are 85%-87% for multiple
excitation, hot carrier, intermediate band concepts,
realistic conversion efficiencies to be obtained
for solar cells by using the above concepts may
be less than 55% when considering the possible
efficiency based on the realistic multi-junction
(tandem) concept. However, further R&D for
new materials and new concepts is necessary to
overcome the Shockley-Queisser limit.

Figure 10 shows efficiency/cost per unit area
regimes for current crystalline Si, thin film PV,
and short, midterm, and long-term targets. Since
cost studies of any thin-film to date have shown
large volume costs below US$100/m?, this would
seem a reasonable prospect for short, mid-, and
long-term targets.

Figure 11 shows the PV market forecast made
by the IEA (International Energy Agency) PV
Power System Experts Task 8 Group (Kurokawa,
2009). As a result of further development for sci-
ence and technology of advanced solar cells and
modules, higher efficiency, lower costs, and
highly reliable solar cells will be developed, and
thus, a very large PV market is forecasted to be
realized (as shown in Figure 11).
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Figure 10. Efficiency/cost per unit area regimes for current crystalline Si, thin film PV, and short, mid-
term, and long-term targets

Figure 11. PV market forecast made by the IEA PV power system experts task 8 group (Kurokawa, 2009)
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VRODU FXO@VO RI $SSOLHG 3K\VLFYXOOHUHQH PRUSKRORJ\ DQG WKH IRUP

GRL LQYHUWHG SROWGMDQREBWBWHOYDOV '
ILHOG % HDFK )OD + GRL
&DOJDIHUUL * 2UJDQLF LQRYIDQLF FRPSRVLWHV DV
SKRWRQLF&BQMIHIDQQD +
&KLD & . =KDQJ < : :RQJ 6 6 <ROQ
&DPSRV 9 % 'DV 6 6 6WURVELR 0.8 s

< &KXD_ 6 - G *XR -
SKRQRQ FRQILQHPHQW HIIHFW RQ HBAHFNERR WARIY Q59D YHo1 pvvhre

QP )
RQH GLPHQVLRQDO SRXD OP SHIML gRé)Q DW KLIK$FSRIWE BRWHFYV /HWWHL
&RQGHQVHG ODWWHU DQG ODWHULDOV GSI-}2<I§VLFV

GRL 3K\V5HY %
&KLED < VODP $ :DWDQDEH < .RPL!

*
f;\tl)viw)H é\’:‘i)/PH VLWLB:ZUVRQ ;’m% +D VEOLG G\H VHQVLWL]HG VROI
Q ] SHRERNRRIOOR \)ﬂfhd‘ﬁ?Rfm%%HRH -RXUQDO RI {
3K\WLFDO &KHPLVW U4 GRL

M D SOLHG 3K\YLRV GRL --$3 /



&RPSLODWLRQ RI 5SHIHUHQFHV

&KLWUH 6 5 $ KLJK YROXPH ERDWSHISLBLHOMGEQRGXF / ODXUR - 0 )L
WLRQ PDFURVWU X B WRKAH.IQG LSQUUIR/FRINGMXAE QWK 0 * ODWWRXVVL + )OXF
((( WK ,((( 3KRWRYROWDLF 6SHFUDOR YWY FMRQOHWHQAMUDQVIHU EHWZHHQ T.
Ss ‘DVKLQJWRQ '& ,((( 3UBI% G\H ODEHOHG SRORIDIDLOY RIPRKIBSWRHVY L
S KXD FDQ &KHPLFDO 6RFLHEW\ GRL
Q - 7LDQ]JH / [XDQ + ¥ =
5SHVHDUFK RQ WKH FKDUDFWHULVWLFV RI RUJDQLF VRODU FHOOV
-RXUQDO RI 3K\VLFV &RQIHUHQFH &RDNKWH\ . 0 OF*HKHH 0 3KRWRY
GRL FHOOV PDGH IURP FRQMXJDWHG SRO\PHUV
PHVRSRURXESHOWD® LIK\VLFV /HWWHUV
&LXUHD 0 / ,DQFX 9 K\ WKH HQHUJI\V'OHY
HOV REVHUYHG LQ HOHFWULFDO WUDQVSRUW SKRWRWUDQVSRUW DQG
SKRWROXPLQHVFHQBHURFWHH GLOHWU RRBIEPPQ - 1 .KDQ 8 %ODX : - *XQTY
,QWHUQDWLRQDO 6HPLFRRQGXFWRU &PQIGIOHEXMH VWURQJ $ UHYLHZ RI WK
1HZ <RUN 1< ,((( 3UHVV SURSHUWLHV RI FDUERQ QD@®WXEH SRO\PH
&LXUHD 0 / 7UDSSL RBE * SRS M FDUERQ
QJ SKHQRPHNQD LQ QDQRFU\V
WDOOLQH VHPLFRQGXFWRUV ,Q .RURQQEMHU 5RVHL(NLQMGWXNHV 1 *XLOOHP
1DQRHOHFWURQLFS/SDQG:3KRWRDERWMHQ 0 $ 3GRBHHGL®JIV RI WKH WK (
1< 6SULQJHU GRL URBSHDQ 39 &RGIHUH®PWFHORQD 6SDLQ (8
&LXUHD 0 / %DOWRJ , /D]DU &RQDE@FX U9 * /D]DOW DOURFHHGIDEBINURIQ
6 3HQWLD ( (OHFWULFDO EMWDOKLRRX BIRG(RGHI\DK DHQUP DQ\ S 39 6(&
VWRUHG SRURXVKVQOGRA&QRGI)DORYV
. GRL 5 &RQLEHHU * - .|QLJ ' *UHHQ 0 $ &XL
- ) 6ORZLQJ Rl FDUULHU FRROLQJ L
&LXUHD 0 / ,DQFX 9 4 X D QWRXOPD BRRH Q @BRFOHL@BW) LOP\G R L M
LQ QDQRPHWULF VWUXFWXUHV ,Q WINOHDQX ' *XYHQF = %

ODFKDGR - $1HZ (WHQGV LQ lDQRWHFK ROR

- 3
DQG )UDFWLRQDO &D GBFRX 0O X%V $S°/BI€DLI1 OBGHOOLQJ DQG RSWLPLVLQJ
*HUPDQ\ 6SULQJHU GRL $0 D$V OWLSOH TXDQWXP' ZHIOHOVYRODU FH

/RQGRQ 8 8QLYHUVLW\RI/RQGRQ
&LXUHD 0 / ,DQFX 9 OLWURL

SLQJ SKHQRPHQD LQ VLOLFRQ EDV%%QSB%QEU\\;\Ntﬁbeoq_%[ﬂiU\SaHPL %»DUQKDP

FRQGXBR®RUY 6WDWH (OHFWWRQLFV SREHUWV - 6
OLPLWV RI TXDQW X P3UHREG 6 H/RIODIW RH G\CKH

WK (XURSHDQ 3KRWRYROWDLF 6RODU (QH
&LXUHD 0 / ,DQFX 9 6WDYDUDFE&H , IXDOWXYRPDQFH (8 396(&
FRQILQHPHQW PRGHOLQJ RI HOHFWULFDO DQG RSWLFDO SURFHVVHYV

LQ QDQRFU\VWR®ROQOQO Ruasmoﬁ*ﬁ/@@&f’ﬂ:v DQgG -RKQVRQ & %DOODUG

$GYDQFHG ODWHULDOV 0DJIHU LEELWV 7 1 &DO
OLUURUHG VWUDLQ EDODQFHG TXDQW

&LXUHD O / /D]DQX 6 6WDYDUDPKHBDWR/HFBGODW XL G BOKRIFHBGLDQWL YRH W KPLYV

GRL M VVH

,DQFX 9 OLWURL 0 5 6 W U&l6/®/ LSBGXFHG YWBRSV
LQ PXOWLOD\HURXGUQW O XEWHSSOLHG 3K\VLEV
Q . GRL @ &RQQROO\ - 3 1HOVRQ - %DUQKDP

5REHUWYV & 5REHUWYV - 6 JRIRQ & 7
&LXUHD 0 / 7HRGRUHVEX 9 6 LDRIFXX OW L SHOBEX G W X B RAHMHG VRODW R I FH O (
, (OHFWURQLF WODQRFRPEWRMMKWMH 6WK ,((( SKRWRYROWDLF $SSHFLDOLVW)
ILORMKHPLFDO 3K\VLFV /HWWHUV $QFKRUDJH $. ,((( SUHVV
GRL M FSOHWW



&RPSLODWLRQ RI 5SHIHUHQFHYV

&RQWUHUDV 0 $ %DUQHV 7 YDRDOGH6/MIJHRDBWQHU 6 3 +RQVEHUJ
5XPEOHV * &RXWWV 7 - ‘HHNVWEILFDWLRH)SRDFBQGLGDWH PDWHULDO \
PHQW RI WUDQVSDUHQW FRQGXFWLR/®D B [EB & 8 VEL QAMXN@HRUMGICHY HIQHFKAR R |
FDUERQ QDQRWXEHV LQ &X ,@KHD 6 M REROINEDY RO DUHNVHOOY¥K DQE $SSOLFDW

-RXUQDO RI 3K\VLFDO &KHPEVWU\ &
GRL MS E 'DKDO 6 1 %UHPQHU 6 3 +RQVEHUJ

,GHQWLILFDWLRQ RI FDQGLGDWH PDWHU|
&RQWUHUDV 0 $ (JDDV % GLDPD@RPWKLIRODU FHOWQHWQFOBGRQUHVKH HIII
6ZDUW]ODQGHU $ +DVRRQ ) 1RXQL 3 XKRWRYRBOWDUHYYV 5HVHDUFK DQG $¢
WRZDUG HINTLFLHQF\ LQ &X ,Q *D 6H SRO\FU\VWDOOLQH
WKLQ ILOP inRFOIIUHE’MCD_QWKRWRYRO%VDJLFOV 75HVHDUFK

DQG $SSOLFDWIxRQVGRL 6 &, QW] +LUVFK /  3DUQHL]
$°33 1| g2 =+ BROXWLRQSURFHVVLQJRISRO\PHU SKRW

DLU RU XQGHU LQ&KGJWIDWQYPBNWKRQM
&UDQGDOO 5 6 BK\WLFV RI DPRUSKRKRL VLOLFRQ DOOR\

SLQVRORXUFGDOWRI $SSOLHG 3K\VLFV
GRL GH 9RV $ (QGRUHYHUVLEOH WKHUPRG\QD

HQHUJ\ FRQYHRWERE) 2[IRUG 8QLYHUVLW!
&XDGUD / ODUWt $ ORTGXHOLRI R
WKH DEVRUSWLRQ FRHIILFLHQWYV RIH\;:VRH I%\/lﬂjl\ﬁ-f'uF’%HGLDWI-:?IE%%Y‘%Q Bb%HZLGW
FH@BOSHU SUHVHQWHG DW WKH (%(/LFFSH% SW I XQFWLRQD

0,
6RODU (QHUJ\ &RQIHUHQFH *ODVJSK\VLF\?O SHYLHZ % &RQGHQVHG 0DWW

&XDGUD / ODUWt $ IXTXH $ OXHQFH . ‘
\%DVWLDDQ

RI WKH RYHUODS EHWZHHQ WKH DES'RMEWER& F0 Hﬁt'll—J HQW

WKH HITLFLHQF\ RI WKH LQWHUPHGLDWH 'L %%IR%\Q-IUDF—OI-I'(S PHQ RQ WKH |
7UDQVDFWLRQV RQ (OHFWURQ 'HY HQW VRODU3IEREHHGWQDWRUW KH

GRL 7 (XURSHDQ 3KRWRYROWDLF 6R®DU (QHUJ
+ (8 396 (&
&XL + 1 7HL[HLUD 9 =KDQJ -

6LIJH FRQWUROOHG QDQR PHWHU SI{%E&\%E@N%XFWX(%% L}_EBU O/(kq_%PIL% %U

RI EOHQG SRO\WKLRBKIH® H REOH.EL Y VLQJ VHOHF
+ GRL M WVI RUJDQLF PLUURUV WR LPSURYH OLJKW RX

VRODU FRQBMQ WHIHDGMRU V, 81 WKH :RUOG 5|
&XPPLQJV )$SSOLFDWLRDRWXEHMHQJ\ &RQJIYGIRVHQFH ,WDO\ (((
G\H VHQVLWLVHG VRODU FHOOV IRU LPSURYHG FKDUJH WUDQVSR

3DSHU SUHVHQWHG DW WKH 5HQHZI5|IJ:56MI QP!UJ\ ?IPIQW&Y%O%L“::{(/QW 3 3 &

6$ *HUPDQ\ :RUNVKRS RQ 3KRWRYROWBVMFPRBXRB Rz 7KH HITHFW
VHOHFWLYHO\ UHIOHEWLQJ PLUURU RQ

*

HUPDQ\ OXPLQHVFHQW VRO BURFRIGIFGHQ@WY CRW RWUK
&XUULH 0 - ODSHO - . +HLGHO WK '(X¥WRSHDQ63KRWRYROWDLF 6RODU (
%DOGR 0 $ 6XSSRUWLQJ RQ®DOE X DIW HHWUPDQR B KBIK (&

HIILFLHQF\ RUJDQLF VRODU FRQFHQWUDBWRUV, IRY %KRongRQOW 5 s 3
6FLHQFH = GRL VFLHQFH

- YDQ 'HU %ORP 5 + /| %URHU ' -
'DEERXVL % 2 B5RGULJXH] 9LHMR& -: OOLNXOHFHFW RQ WKH RXWSXW RI I
&G6H =Q6 FRUH VKHOO TXD@W®B UWGRRQFHIQWBOMARLY RQ DSSOLFDWLR
DQG FKDUDFWHUL]DWLRQ RI D VL]HWHOHFHW LR KISIRDKREKPIS \Y H Y VEH Q W
QDQRFU\VREOQDWHR/I 3K\VLFDO &IGHRALVWU\ $2
+ GRL MS \



&RPSLODWLRQ RI 5SHIHUHQFHV

'"HE . 6 '\H VHQW.KMIQHGOPL YROD B 6PLWK * % 6ZLIW 3 JUDQNO
FHOO UHVHDUFK DW WKH QDWLRQDI®D |LHQMEZQEWKH@HLUKXWOREWISHEWRRI\D OXPL
15(/ 6RODU (QHUJ\ ODWHULDOV D QFEHER\OEROERO QW UJI\ + GRL M

+ GRL M VROPDW VROHQHU

GHO &DxL]R & GHO &RVR * 6LQNHRYV & / SBROVQD $ 9 %DQG HGJH

WDOOLQH VLOLFRQ VRODU PRGXOHWLHREK QRGROXFRIBVBNVQF KHR(XWRQVSKHULF
SHU ZDWW SUHDINVBRVYQA Q 3KRWRYROGAWDLWBOIHNBPIOUFKYLHZ % &RQGHQVHG 0D\

DQG $SSOLFDWLRQWRL SLS ODWHULDOV 3K\VLFW GRL
- BK\VW5HY %
'"HQQOHU * OR]JHU $ - -XaND * 3LYULNDV $ gVWHU
EDFND 5 JXFKVEDXHU $ 6DULMLU@NFLDXNHY 1 - %DUQKDP . : - &RQ

&KDUJH FDUULHU PRELOLW\ DQG OB8IHBRPHUYWA V-X\6 FRPBMRYVNWLRL +LOO *
RI'FRQMXJDWHG SRO\PHU IXOOHUHQH EXOW KIHVWOHEROMXQFME RQ $SAROPQF DSV TXD

FHO2MDQLF (OHFWURQLFWRL WRODUSSEBODWG 3K\VLFV /HWWHUV

RUJHO GRL

'"HUNDFV ' &KHQ : 9 ODWKHX ZINDQV/LBXMHW 1 - 6FKPLGW 7 : ‘
<X 3 . [/ <X (7 IDQRSDOWEKOBU QSXBRGFK WR WKH LQWHUPHGLDYV

OLJKW VFDWWHULQJ IRU LPSURYHG\BHAHWUSFDRTMHE | SKXDIORVWX/HWWH UV
ZHOO VR ®BYHOAHH®OIK\VLFV /HWWHUGR L

GRL (O 1DKDVV 0 0 $EG (O 5DKPDQ . ) )DUL
'LDFRQ $ )DUD / &LQFX & OLWURLDWZLYWK =KD $ 3KRWRYROWDLF
ULD & 5XVHQ ( 1HZ PDWWUHDOR/ IRUWBK\EBLG RUIJDQLF LQRUJDQLF |
G\H VHQVLWL]HGSWREDO FEOWEVLDDWIDQLF (OHFWURQLFV GRL M

+ GRL M RSWPDW RUJHO
'LPLWUDNRSRXORV & ' ODVFDUR IDKDVV 020 =H\DGD + 0 $]L] 0 6

JDQLF WKLQ ILOP WUDQVLVWRUV $KIHPOHZ RBUHFHQ VW DWGYIIHUFMWUDQVSRUW |
,%0 -RXUQDO RI 56HVHDUFK D@G 'H DH)GRSIRPRIWRYROWDLF SURSHUWLHV RI $X S =

GRL UG 6ROLG 6WDWH (OHFWUR Q IGRL M

'ROOLQJ * 3RFHUGL@D IV RI WKH 6\p

SRVLXP RQ ,QHODVWLF 6FDWWHUL@HUHXWURQMNLR 6RGIIBKMPDAG 'XQODY\

/LTXLGWRO s 9ILHQQD $XVWIRIRVELS % ORULDUW\BURFHHGBRSWU ,Q

'UHFKVHO - 0DQQLJ % R]OszRglgWP)(H 3|HL|||—(Q.§ SOERWRYROWDLF 6SHFLDOL
: UN 1< ,((( 3UHVV

/HR . +RSSH + (I'"LFLHQW RUJDQLF VRODU FHOOV
EDVHG RQ D GRXEOH S L Q DUFKLW8FWXUHVWULDRW KBMRFHEHXYHOPHJFK DIJHQGD IR
JDS WUDQYV SHELsW LI\ BKVYVLFYV /HWWBUNW VRODU HQHUJ\ WHFKQRORJ\ 39 WHFK

+ GRL 5HWULHYHG IURP KWWS ZZZ HXSYSODWIRL
'RFXPHQWV 3937865$B&RPSOHWHB SGI
(DUs $ % 6PLWK * % JUDQNOLQ - ZLI 3

2SWLPLVDWLRQ RI D WKUHH F(WOBNQ\AD)VHIE&QRDH?QIWI—WRHIDCDJ(YL RWV +LJK
FRQFHQWUDWRU GRODLUKWHQJI\VADWHRILGA OYDUURZ HPLVVLRQ SKRWRVWDEOH
+ GRL M VROPDW (YLGHQW 7THFKQRORJLHV

([ WDQFH $ 7KH FRQFHQWUDWHG SKRWRYI
LQGXVWU\ URIBUMGD\



&RPSLODWLRQ RI 5SHIHUHQFHYV

JDKUHQEUXQFK & / PX@EDPHOQWPDIHMXQGOLFK $ )RWNDW]JLNLV $ %KXVI
RI VRODUHAHORWN 1< $FDGHPLF 38B¥YPX $ =KX : GLOXWH QLW

5 e & TVDXU % < spop DXOWL TXDQWXP RMOQDMRRDUWRMIOO *UF
)bQ - 0 0 M MFU\VJUR

+ G

,BURFHHGLQJM, (Rl 3WKRWRYROWDLF 6SHFLDOLVWYV
&RQIHUH®FH 1HZ <RUN 1< ,((( 3U¥V¥ : 2]ROLQV 9 =XQJHU $

*D3 TXDQWKWIFDWVY5HYLHZ % &RQGFH

L
)puD /= OLWURL 0 5 &LQFX & d:){%/\/F\%H% D:(?éDOl]{)LV\PHL?LDOG%LK\VLFV
3

)DUD 6 « ,DQFX3K\VLFV DQG WHE Q\?W%
RI VRODU FHOOV DREKDUNWWHHBRWPDQLD 5R
PDQLDQ 6FLHQWLVWYV $FDGHP\ 3XEMRVKLQIDORX¥H 6KL ' =KDQJ - :DQJ
J < (QKDQFH WKH RSWLFDO
\ﬁvl\éBH/V\gD_GDG?L KLRLJK PRODU H[WLQ
YR RO LS BALRRY RBeBiuy 1RU
VLWL]HG RXROPOJ FRIOW K H $PHULFDQ &
)DUD / OLWURL 0 5 ,DQFX 9 AR BIHHMW X * 1R GRL MD M
DMH * ORGHOLQJ DQG QXPHULFD*%UVd'LPI-)I(L?D)WLRQ R

DQRVWUXFWXUHBFKRO B VW HBDROPD XQF F\EULG RUJDQLF RQ LQ
QDbQ - @H{BWBLQ-@%LYQB@VM 2SWLFV $ 3XUH DC
3XEOLVKLQJ +RXVH

2SWLFV 6 GRL

J)DUUHOO ' &KDUDFWHULVLQJ WKH,{%IB%I Fy)?é)lf‘)':d_' Ré\UURNRVWDV . <LDQ
OXPLQHVFHQW VRODU FRI@\FH\QWBQ(‘HB V RI XVLQJ PXOWL FRPSRQHQW HO!

8. ,PSHULDO &ROOHJH /RQGRQ ELOLW\ DQG SURSHUWLHV RI VRODU FHO
YHUEHU - IXWKHU - ORGH®RUFID R L BHRHAWROMWD SKRWRYROWDLFV !
DQG SKRWRFXUUHQW LQ G\H VHQV I$\8 EIHL.G DWW W@ X P GIRR[LGH VRb® U
- 0,
FHOMKMH -RXUQDO RI 3K\VLFDO &KH*FI’_ID\{QV&L&\]]@ 3
* GRL MS M

L
ybub / ,DQFX 9 OLWURL 0 5 E)
3K\WLFDO EDVHV RI WKH QDQRWHFI{%'J_RL
SHUVSHPWIFKHDWHVW S5RPDQLD BXQEB

'H *LURQFROL 6 3DYRQH
6 $E LQLWLR FDOFXODWLRQ RI SK

YJHUEHU - 6WDQJO 5 IXWKHU LQ VHPBBHRIBEXFWRBVOIYLHZ % &RQGH

PRGHO Rl WKH G\H VH®RDWU]HGHWPIOWHEPHD@G ODWHULDOGRIK\VLFV

ODWHULDOV DQG 6RODY &KRQV 3K\V5HY %

6

*LQJHU ' 6 *UHHQKDP 1 & D
YHUU\ 9 ( 6ZHDWORFN / $ 3DFLVIHSDUDWSW2DMWHEFRQMXIDWHG SRO\PHU
$ 30DVPRQLF QDQRVWUXFW»VYQWXHNY B 0/iR\W DHOM. F LEIROLW 6
OLJKW FRXSOLQIOL@RV/MA WRVHALW FHO OV
GRL QO *LQJHU ' 6 *UHHQKDP 1 & E 3KR
JORUHV , & GH )UHLWDV - 1 HOMFWURQ WHRBQRIGIWU IURP FRQMXJDWH
0 :LQQLVFKRIHU + 1RIJXHLUD QGDQRFUBKWIHFWO 5HYLHZ % &RQGHQVH

VHQVLWL]HG VRODU FHOOV EDVH@ RO ¢DWHIIORW XEH\W LIFOGR b
VROLG VWDWH XOMF IRR BKRHN R F KHP\VBW Y% DQ G

;éivgsviLFRK%iJ\$&K&PLVWBL *NbHGKLOO 6 ( 6FRWW % *UHJI % $
DQG QDQR VWUXFWXUHG FRPSRVLWH SK

JJUVWHU 7 =ZLVFKHQPROHNXbB&®X HOMHY RUHDMNGEHWPD OV 3HVHDUFK
XQJ XQ IOXRUGINVPHH® GHU 3K\VEN GRL MPU
GRL DQGS



&RPSLODWLRQ RI 5SHIHUHQFHV

*RHW]EHUJHU $ /XWKHU - 'LOOHRNYiOH] 'tD] 7THFRQHD - O0iUWLO , 3DVWH
FDO GL3WRWHHGLQJV RI WKH WK ROWHVOQWRQARQ IO 3KR ,QWHUPHGLDWH EDQ
WRYROWDLF 6FLHQFH DQG TQHIMR{KHDY 1 GRRYQLMWDHQK® GROBE YQBUBERQDOD\HU
-DSDQ .,(5 WHULDOV DQG 6RODY &H OZRL M

VROPDW
*RHW]JEHUJHU $ JOXRUHVFHQW VRODU HQHUJ\ FRO
OHFWRUV 2SHUDWLQJ FRG}GISWLRGR ZUMWKKBRQINBDWH OLBRWOO\ 6 5 OF*HKHH
SK\WLFV %HUGLQ GRL %) 4 %UubQ] + O ([FLWRQ VSOLWWLQ

ULHU WUDOQOVSRUW DFURVV WKH DPRUSKR

"RHWIEHUJHU % 6FKLUPHU 2 oD I:FRH(?) S\/Ié\//é)MbIBKWLFV [HWWHUYV
FRQFHQWUDWLRQ ZLWK WDSHUV IRU IO_&(RUHVE 9 VRODU FROOHFWRUYV

$SSOLHG 3K\VLFV %HUOLQ

*U

D YaY 20 WKH WKHRUHWLFDO
*RHW]EHUJHU $ 'LWWZHU 9 )H

ubD

*

ER NL /
g?H VIEIQ]%\%M@)&&MVLFDO -RXUQDO

GL
FROOHFWRU FRQFHROWDDWRO®VS$ U E
GRL

QVWU|P 0 %HUJJUHQ © ,QJDQIV 2

uJ
*RHW]EHUJHU - /XWKHU LOOHN} URPHWHLPRD§C9(5583¥HWHU VL]HG SRO\PH
3DVW  SUHVERID UX@HUM 0DWHULROY BRG AREDU GRL

&HOOV GRL 6 VELHQFH

*ROGVFKPLGW - & 3HWHUV 0 l"%lfj\ﬁ]Hlé ) %HWW,\ﬁ \/HQVLIW)LL]JIED(E)O/RODU =

6WHLGO / ~HQWHO 5 «:LOOHN 3KRWRFKHN DRG JKRWRELRORJ\ .
LQJ ODUJH DQG HIILFLHQW IOXRUHV wgyngR Lm UDW&QLV\VW PV

,BURFHHGLQJV RI WKH WK(XURSHDQ3 RYROWDLF 6RODU
(QHUJ\ &RQIHDPEXFWI *HUPDQ\ (8 396(

*ROGVFKPLGW & 3HWHUV 0 R ? . VHUVLRQ RI VXQOLJKW
_ i # Lé |§ leU\OW%o LQH-BXU@BQWIWL]HG "

'LOOHNH * (HLFLHQF) "59('& HERV Wy pog JWRWRELRORIV S &KH
IOXRUHVFHQW FRQFHQWUDWRUV ZLWK SKRWRQLF }Ol ,\JS&F\\/\(NQE B Q
PDWHULDO FRBEIRFHWGR QY¥( R RN K H

SHDQ 3KRWRYROWDLF 6RODWHQRUANWRHOHOHQFH 6RODU (QHUJ\ &RQYHUVLF

6SDLQ (8 396(& BHQVLWL]HG 3KRWRRRODMDLF &KHPAW W U\
*ROGVFKPLGW - & B3HWHUV 0 %RVFK $° +HOPHUV LF
'LPURWK ) *OXQ] 6 ‘LOOHNH *UIW]HO ,QFUHDV 7KH DGYHQW RI PHVRVFRS
LQJ WKH HIILFLHQF\ Rl TOXRUHYVFHRO FIB @ RO@MWAID IR B KRWRHROWDLFV 5HVH
BRODU (QHUJ\ ODWHULDOV DG 6R®DIFBWORYYV GRL SLS
GRL M VROPDW

*UHHQKDP 1 & 3HQJ ; $OLYLVDWRYV $
*ROGVFKPLGW - & 3HWHUV 0 3&JHRIUQIHINWHSD BMWHILRE@® DQG WUDQVSRUW LQ
=HQWHO 5 %ODVL % 7KHRVHRMLFRD@GXE® RUSEDQRHEQY\VWDO FRPSRVLWI

WDO DQDO\VLV RI SKRWRQLF VWU XBWRUGNVIRHQIHK RX H Y F K IQW3 FRIGFEBIORWRFR Q
WUDWRUV ZLWK LQBKHWILVIBG WDMWXHEOROMEL. &RQGHQVHG ODWWHU DQG ODWI
$ $SSOLFDWLRQV DQG ODWHULDOV 6FLHQFH GRL 3K\V5HY %

GRL SVVD
*UHHQ O 7TKLUG JHQHUDWLRQ SKRWRYR

$GYDQFHG VRODU HQWHMUOEQQYHURDRY
6SULQJHU 6FLHQFH %XVLQHVV OHGLD



&RPSLODWLRQ RI 5SHIHUHQFHYV

*UHHQ 0O $ 6RODU FHOOV 2SHUDWID@IPEHUI+HQFLASOHMIVLWLIHG QDQRVWUXF\
WHFKQRORJ\ DQG V\VWIQF LOBIOCR.G BYIRQLVF SKRWRKR OWIBVEY FKMNORR )LQOTL
WUDOLD 8QLYHUVLW\ RI 16: (VSRR 8QLYHUVLW\

*UHHQ 0 $ 6RODU FHOOV 2SHUDWIDQUUSKDQFI3SOHWXHJIJHU : 5HIOHFW
WHFKQRORJ\ DQG V\VWQR LDSINORF BYMB QAKX UIDFHV GXH W R 3AXERMXHGD BH W F D
WUDOLD 8QLYHUVLW\ RI 16: RI WKH WK $QQXDO &RQIHUHQFH RQ &F

. g V?WHUDFWLYH THFKQLTX$S/ + 6,**5
UHHQ 0 $ BURVSHFWYV IRU KR DLF HIIL

FLHQF\ HQKDQFHPHQW XVLQJ ORZ GLPHQVLRQ 0 VWUXEWXUHYV
1IDQRWHFKQROR#Z\ GRL +DUGLQ % ( +RNH ( 7 $UPVWURQJ 3
&RPWH 3 7RUUHV 7 ,QFUHDVHG

G\H VH%VLWL]HG VRODU HHOXOWHZLWK
*UHHQ 0 $ 7KLUG JHQHUDWLRQ S RI%&L DLEV OSKRWROQ

$GYDQFHG VRODU HL;HQUGJRQR@Y}BBULQQHU
+DUULVR XDQWXP ZHOOV ZLUHV DQ

*
UHHQ 0 $ (PHU\ . +I'VKLNDZD7KHRUI—P DQG FRPSXWDWLRQDO SK

6RODU FHOO HIILFLI—BQIJFR\JWBE‘(Z)%EU igéév )FFF(\HXWHH\U 8. -RKQ :LOH\
SKRWRYROWDLFV 5HVHDUFK BQG $GS|§OL ' '

GRL SLS
+DVREH 7 )XNX]XP 6 .DPDW 3 9
*UHXOLFK - ODUNXV *ODWWKDDUL,0¢ D5U LR EHV 'RU SKRWRHO
)LOO IDFWRU DQDO\VLV RI VRODU FI_}L'O gy UUGFC% + IGAYEBW L RO
3URJUHVV LQ 3KRWRYROWDLFV SHVH UFéRQS s%%LLFHDWLR v
+ GRL SLS

*ULPPHLVV + * RHOPDQV + potvL g RILOLQVNY 3 &KRXOLV 6

' Q °/LH89| VY BeEHE & - JOH[LEOH
S Q OXPL%':{\(FHQFH3E?\):S$®®SH@Y§WO EXON KHWHURMXQFWLRQ PRGXOHYV

\HDU RXWGR&RROOU HQHBH ODWHULDOV D
*XLOOHPROHV - ) &RQLEHHU * &HO®YHHQ* 0 GRL M VROPDW
SDSHBURFHHGLQJV RI WKHs WK 3+9H?_|(‘§LHU

$ - 6HPLFRQGXFWLQJ
6KDQJIKDL &KLQD 39 6(& WDOOLF SRO\PHUV 7KH IRXUWK JHQH
*«QHV 6 6DULFLIWFL 1 6 PH B U EGPPR\ODUWL PR Y ¢ RREADXR ®W H WaXKUH
,QRUJDQLFD &KLPLFD#%$FWBRL PMH ,QWHUQDWLRQDO (GKHWLRQ
LFD GRL $,"
. $1’é ! &2
XU , JURPHU 1 $ &KHQ & 3 .DQDUDV $ *
$OLYLVDWRV $ 3 +\EULG VRODILERABOV .ZLWK SUMWIFIQ FRQVLGHUDWLI
QDQRVFDOH PRUSKRORJLHV EDVHG ROF K\EWM BSEOUDQFK 8 QFHPQWUDWRU -,
FRQGXFWRU QIDEMRRF UKWWMOHINA BURFHHGLQJV RI WKH WK (& 3KRWRYRO
GRL QO W &RQIHUKBAGFHOOD 6SDLQ 396&
*XVWDIVVRQ * 7UHDF\ * 0 &DRHEWPOQQRHWWRtOQHU ) <L /I ;
&RODQHUL 1 +HHJHU $ - LRKBLQOQRWU FVVOIH@GY &RQILQHPHQW DC
$ IOH[LEOH OLJKW HPLWWLQJ GHYL¥FHXVERQ B HRAAD 34 0& B GHID/GNG 0DW W |
SDUHQW HOBWWHWGH OHWD®@V 3K\VLFV = GRL 3K\WW5HY %

GRL +
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+HLWPDQQ - 0¢OOHU ) <L / ; =D¥WBHKEDV- G .RXYDNDXQYDV 5 - %HGDLU 6

' (LFKKRUQ ) (I[FLWRQV LQDEH@DRRAHGAVQD®\RI WKH 639RO3KRWRYRO

&RQILQHPHQW DQG PIK\WRWD R Q5 HY ILHHFASY 63, (

% &RQGHQVHG ODWWHU DQG 0DWHULDOV 3K\VLEY

. GRL B KAV E H Y % +X\ 0K 8 'LWWPHU - - $OLYLVDWRV |

+\EULG QDQRURG SREFIPHUFWRODU FHOOV

+HUPDQQ $ O IXPLQHVFHQW ¥RODGRERQFHQVFLHQFH

WUDWRUV 6ROBIYLHZHUJI\ +

GRL ; ; +\OGDKO 0 * %DLOH\ 6 7 :LWWPHUVKDX
3KRWR VWDELOLW\ DQG SHUIRUPDQFH RI &

+LUDPRWR 0 )XMLZDUD + <RNFRI/RDL@ OXPLQHVFHQ®WR QRO D) WRDFHQWU

7KUHH OD\HUHG RUJDQLF VRODU FHOO ZLWK DGSKRWRDFW IWRDOHQWHU
OD\HU RI FRGHSR$’$.$\DﬁLGiGL3]IP\H/QV\AX//I—(5WWHU

+ GRL FX 9 &LXUHD 0 / 4XDQWXP F
- PHQW PRGHO IRU HOHFWULF WUDQVSRUW
+RQJ = 5 O0ODHQQLJ % /I[HVVPDRQQG5VWRUH® SKRWROXPLQHVFHQW SRUR

SURYHG HIILFLHQF\ RI JLQF SKWKD OFRFQAD Q LEWD&V H E(MHHFGVE RROWERN L
YROWDLF FHOOV YLD QDQRY¥$POHHIGHWHUIDFH PRGLILFDWLRQ

3K\WLFV /HWWHUV GRL
,DQFX 9 &LXUHD 0 / 6WDYDUDFKH

+RSSH + 'UHHV 0 6FKZLQJHU FRQFKQHM®HYW)PRGHOLQJ RI HOHFWULFDO D
6DULFLIWFLD 1 6 1DQR FU\VWQ QO Q@RHF UXOWBRRBDQABRDIBEMRRHOHFWURQL
LQ SRO\PHU IXOOHUHQH EXON KHWBYRPMXEBWIRQHYRDOV FHOOV $

WUDQVPLVVLRQ HOHFW@W\Q(HWFLUFRQA—FVRIDXVVgXGDUD / OLWURL 0O 5 ORG
+ GRL M VIQWKPHY )

PXOWL OD\HUHG TXDQW X P ZHO@WIKRM RY RO
+RSSH + *ODW]HO 7 1LJJHPDQ@&XOMHWERESIHIMHHY BDWKHPDWLFV DQG 3K
6FKDHIIOHU ) +LQVFK $ (IELFLHQF\
OLPLWLQJ PRUSKRORJLFDO IDFWRUS/QFIQZI 0'02 339 3&%0

SODVWLF VROQ BRED® YLOP \& ’ 9 OLWURL 0 5 /HSDGDWX $ 0
GRL M WV : &LXUHD 0 / &DOFXODWLRQ RI W

HIITLFLHQF\ IRU WKH DEVRUSWLRQ RQ FRQI
+RYHO + -6HPLFRQGXFWRUV DQQG XHPWRARBGEMADO RI IDQRSDUWLFOH 5HVHD!
1HZ <RUN 1< $FDGHPLF 3UHVV * GRL \%

+R\HU 3 ODVXGD + (OHFW,UR G H S RN WRIGOGDIQ®H U JASVWDWLVWLFV
SRURXVI7@R E\ D WZR VWHS UHSOLFDWLRQ SURFHVV IURP

DQRGLF SRURXR/XDQIXBLQDODWHULDQOD\)V' FUHO <DPDJXFKL . E
CHWWHU Y . GRL %) JURZWK RFLQ SODQH ,Q$V TXDQWXP GRW

*D$VBE *D$V IRUVRODWBBRPV®HIES SOLFDW|
+XEEDUG 6 0 &UHVV & ' %DLOHLQUV*RISWKIDHWKXH, (6 BKRWRYROWDLF 6SHFL
%DLOH\ 6 * ‘LOW ' 0 (IIHFBWV Rl VWBRR® XAR +, ,((( 3UHVV

SHQVDWLRQ RQ TXDQWXP GRWSHQKD FHG *D$V VRODY FHOOV
SOLHG 3K\VLEV /HWWR UV QJ 3 NEULS HOHFWURQLFV DQG

WU\ZLWK FRQMXSPONAHGE @ 6 RPAHWHW\ 5HYLHZ
+XELQ - 6KDK $ 9 (I"THFW Rl WKH UHFRPBIRADWLRQE I

IXQFWLRQ RQ WKH FROO.'H@.\AD[RR/@SQL[F&(I Q VROLDGURF%OOGDVD\DPD LWD 7
ODJD]LQH % GRL Q X s

,PSXULW\ GRSLQJ LQ VHOI DVVHPEOH
+X & :KLWH 5 6RODU FHOOV )URMBPWXIF GRWV E\ VHOHFRXUWR@DRIRIURZWK
WR DGYDQFHLHY\¥YRVUHP VLI< OF*UDZ $BGOLHG 3K\VLFV GRL
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,163(& BURSHUWLHYV RI JD @@L XPD PPUHMIH/QNULGH % HVW UHVHDUFK FHOO HIIL
HG 1HZ <RUN 1< -RKQ :LOH\ 15(/

,163(& BURSHUWLHYV RI LQGHXP SHKRASKONEBIN $ 3L\DNXODZDW 3 .ODP|
<RUN 1< -RKQ :LOH\ UDNVD 3 $VDZDSLURP 8 , QIO XH(

, OL]IDEOH VROYHQW RQ WKH PRUSKRORJ\
-DFNVRQ ( 7UDQVDFWLRQV RI WKH ERQLHYHQEM R KHWHURMXRODIURQ VRC
U¥b

+ %
WKH XVH RI VROCRY RQHRSN7XFVRQ PC?I—LH\J(F\ 8 W\-iULDOV DQG 6R@DU &HOOV

RI $UL]JRQD 3UHVYV GRL M VROPDW
-lJHU :DOGDX %9 VWDWXV UHSRUW %Aél‘JRO
QG

H
SHDQ &RPPLVVLRQ *H&HYD BZLW]I;j/OU%
(XURSHDQ &RPPLVVLRQ

OFFRUPDFN 6 - 'RUDQ -
ORGHOOLQJ WKH HIIHFW RI GHY
FRQFHQWUDWLRQ UDWLRYV RI TXDQWXP G
-DQL 2 +RQVEHUJ & $VIKDU $ , BIWRBHHGLQIVERIDWKH ,6(6 :RSBOG 6ROD!
DFWHUL]DWLRQ DQG DQDO\VLV Rl ,Q*D1 SKROWRNMROWDMKLQRY L&V

,@URFHHGLQJV(RUWRWVRYROWDLF_%"H:L@OEE{WS/JXFKL 0 %RXUJRLQ - &
&RQIHUBQBBQGR )/ ,((( 3UHVV 7 5RRP WHPSHUDWXUH PLQRULW\ F

-LD < :HL - :DQJ . &DR $ 6KHKQKDQFHQ UHFRYHU\ Rl UDGLDWLRQ LQ
1DQRWXEH2VLOLFRQ KHWHURMRS PW CROREYRWLFIEOKNO/AFY /HWWHUV
$GYDQFHG ODWHULDOV 'HHUILHOGRAHDFK )OD

* GRL DGPD .LP - < J/HH . &RDWHV 1 ( ORVHV '

-RKQVRQ ' & %DOODUG , 0 %DUGKDP'DQWH @RQ (IILFLHQW WDQGH
QROO\ - 3 O0D]]JHU o0 %HVVLqQUWRODU FHQPWVHD¥EYLFDWHGRE\HRFG VRO X'
WLRQ RI SKRWRQ UHF\FOLQJ LQ VWUDLQ EDODGRHG TXDWXPQFH

él;(io VRGBSE CHHHIO ¥K\VLFV /:I.-IWWHl.JLVP 6 )JLVKHU % (LVOHU + - %DZH:C

7\SH ,, TXDQWXP GRWV &G7H &G6H FRUH
.DQHWR . 7VXUXWD 0 6DNDL *=QKHRFRWH VEHGR -RXWE DR VRNV WKKERV XRJH Y
< (OHFWULFDO FRQGXFWLYLWDRVEKHPXEWR GRBOEHWDHUERO
QDQR WX@WWKHWLF OHWDOV+ MD

GRL 6 .LP < &RRN 6 7XODGKDU 6 0 &KRXC

.DQJ < 3DUN 1 * .LP +\WRIQG VR ODWHIHPRIW - 5 $ VWURQJ L
ZLWK YHUWLFDOO\ DOLJQHG &G7H ldIDidRW R®QVVIHEE B UHIRP@M KI®@IWHRHREQM XJIDWH

SRO\BBBOLHG 3K\VLFV /HWWHUV KLIJK HIILFLHQF\ SRO\WKLR SHODMQHHXOOHU
GRL ODWHULDOV % GRL QPDW

.DULPRY . 6 $KPHG 0 0 ORL] 6 $$QJ)HGRURWYWDWRFKYLO - $ %R\VRQ

, 7THPSHUDWXUH GHSHQGHQWBYRSBYWBEWHHG LKAINUBDbOMKH WK , ((( 3KF
RQ LQRUJDQLF $J S &X3F Q *D$V $5SHRVPIOHYMWAMB R @RIEHBOFBQDKHLP &$
6RODU (QHUJ\ ODWHULDOV DQ& 6ROMU IHOON

GRL M VROPDW

.LQJ 5 5 %RFD $ +RQJ : /LX ; 4 %
.DZDQR . ,WR 1 1LVKLPRUL 7 6 DINWYUDEHH ' zs@®YDP 1 + $ SKRYV
FLUFXLW YROWDJH RI VWDFNHG EXNVRHIWPHDULRNIKK &KW HRIQVROIDRER YRV DQ G [
FHOSBWBOLHG 3K\VLFV /HWWHUV ,@BURFHHGLQJV RI WKH WK (XURSHDQ 3k

GRL (QHUJ\ &RQIBNGIIQFAKH *HUPDQ\ :,3
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LQJ 5 5 )HW]JHU & 0 &ROWHUR®GR (GPRDSHBROHU SUHVHOWHG DW WKI
0 /DzZ ' & BWDYULGHV $ 3 ,QWHWPDWLRQDO 3KRWRYROWDLF 6FLHQF
/IDWWLFH PDWFKHG DQG PHWD@RQBKULFQGBPHQ3IHBI)XQ$RUHD
*H FRQFHQWUDW B URFRIGIIEW GRIDRG/

. D UWtQH] 'RPtQJXH] 5
&RQIHUHQFH RQ 3KRWRYROWIRGEV( J\\ QdDQQ@QJOH DOOQFD]UERQQQDQ]RWXEP
$ & SS 7RN\R -DSDQ :&3(

SKRWRHOHFWURFKHPLFDO VRODU FHOOV &
.LQJ 5 5 /DZ ' & (GPRQGVRQ RI0KRNVRIHLD HUIIDVQIRG MU WFHWNM R Q V

0 .LQVH\ * 6 <RRQ + GRHIILFLHQW®W

PHWDPRUSKLF *D,Q3 *D,Q$V *H PXOWLMXQSFWLRQH(\)/(I;{I(Q)D*U JLIXHURGD $ *HR
FHBGBOLHG 3K\VLFV /HWW#H UV

GRL 6 0DQQD / 3K\WLFDO SURSHUWLHYV
LQRUJDQLF QDBXRSIDFMVEFASRY WV

.LUFKDUW] 7 6HLQR . :DJQHU - 0+ 5DBR& % HRKBW\VUHS

HGW ) (IILFLHQF\ TXIDPRQWXPRZ HDQ 6 | 2

VRODU FHOOV IURP |ILU VW XSWQLIF RS YpdrfopwiLrW -PSOH QDQRVWUXFWX

=Q2 K\EULG VROD FHOOZSUHSDUDWLRQ DQ
1IDQRWHFKQRORJ GRL

.LUHHY 3 66HPLFRQGXFWRRVERWLFV

5XVVLD OLU

SOLHG 3K\VLFV =* GRL

.UHEV ) & D )DEULFDWLRQ DQG SUF
.LWWLGDFKDFKDQ 3 'DQRV / OHSRO\PHU VROOGHEHPOQV $ UHYLHZ RI SULQ
1 ODUNYDUW 7 3KRWRQ FWR® G KEGURIORBY HOHBIHQFWHULDOV DQG 6RODU
RI IOXRUHVFHQW &R,0[8U, 6 RVOIQIYHWRIRY DGR L M VROPDW
-RXUQDO IRU &KHPLVWGRL FKL
5LD JUHEV ) & E 3RO\PHU VRODU FHOO PRC
XVLQJ UROO WR UROO PHWKRGV .QLIH RY
.OHPHQV 3 * $QKDUPRQLF \GOFW \ GRIH RFRRDIWIDADI ®RXAED W FUQHHIQ \ SOLL Q W L Q
SKRQBRWLFDO 5HYLHGRL 3KWHULDOV DQG 6RODH &HGAV M
5HY VROPDW
QRGOHU 5 6RSND - +DUEDFK.UHEV*YXQOIS@NWWUXS - 6SDQJJDDUG +

SKRWRHOHFWURFKHPLFDO.REB8GOY¥ EDVHGBGURQGXGEWLRQ RI ODUJH DUHD
VHQVLWL]HG FERD\GRB®DO(QHDU I\ ODAMHUAY EY LQGXVWULDO VLON VFUHHQ SULC

DQG 6RODU &HOO GRL HUDWLRQV DQG ODPLQDWLRQ ZLWK SRO\HW
8 6RODU (QHUJ\ ODWHULDOV DQ& 6RODU &HOO

GRL M VROPDW

.RHWVH 0 O 6ZHHOVVHQ - +RHNHUG . 7 6FKRR
+ ) 0 9HHQVWUD 6 & .URRQ .UHUVH * (DXUWKP«OOHU - (ILFLH

ILFLHQW SRO\PHU 3RO\PHU EXONHAKHWHYVRRKYQIFEVLRQWLROWRWDO HQHUJ\ F|
FHOBBSOLHG 3K\WLFV /HWWHUV SODQH ZDYH3KDVILWDOHMWHYLHZ % &RQGHQ\
GRL ODWWHU DQG ODWHULDOWRK\VLFV

BK\W5HY %
.RMLPD 2 1DNDWDQL + .LWD 7 :DGD 2 $NDKDQH

7TVXFKL\D O SKRWROXPLQHYV FH\FHHF KD UDFMRUIULVWLFV $E LQLWLR PR
RI TXDQWXP GRWV ZLWK HOHFW U R@LPA FAWVIRW HY/B KXMGH B IBREBIQM HE G &RQGHQ\
DORQJ JURZWRXCULQBGWRLBGSOLHG GEWWHW DQG ODWHULDO®SR3IK\VLFV

GRL 3K\V5HY %
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.U «JHU - 30DVV 5 &HYH\ / 3LWRNEHWOOL 0 $PDDODMMWK®@JID * $ -

0 %DFK 8 +LJK HIILFLHQFYNMBOLEBDVYWR Y HQOPKRWXEH FRQMXJIJDWHG
WRYROWDLF GHYLFH GXH WR LQKL®ID/NLER®S$SKNEGEHMWGE BIKD\NH FRK DR\ENMY HH V
FRPELQPSMIRMG 3K\VLFV /HWBWWHUV GRL

GRL APDNLV ( $PDUDWXQJD * $ - 2s

. XER : OXUDNRVKL . .LWDPXUDHUWLKRWILSFO\BHU Q@ Q R\W X EH. FF R R S/\0L\

+DUXNL © +DQDEXVD . 4XDVL VR@®LG GRDWH M V\QWKPHW

G\H VHQVLWRGIGYTBEFONOWH FKDUJH WUDRQVSRUW

LQ PHVRSRURXV VSDFH ILOOHG zLWK" Yob FwURDAWH Y FRB?X/% pEBY (¢

LRGLGH DU&H RREXLQ®DO RI 3K\VLFD(§EQ|:|9|Z6M/U{' o OLGDNL &DUE
. GRL MS , 3('27 366 HOHFWURGHV IRU RWHDQLF SK

(XURSHDQ 3K\VLFDO -RXUQDO $SSOLHG
. XGR 1 B6KLPD]JDNL < 2KNLWD + 2KRNDRLO ,WRSMDS
6 2UJDQLF LQRUJDQLF K\EULG. VRODU FHQOVY EDVHG

RQ
FROGXFWLQJ SRO\PHU DQG 602 0DB3RsD UWLIIJ'(S?HV&F HF&L}%FIB%O\ DQJ &

PRGLILHG ZLWK D IXORGINW QRIHEHAU O D G\II:| VH VLWL HG V(RQOKDDUQI;E%JO\\;VET LSHF
ULDOV DQG 6RODU &HOOVGRL Q ] Q

LQ JHO HOBRWDRBO(\WHM\ ODWHULDOV D

VROPDW
&HOOV + GRL M VROPDW
XGR 7 ,QRXH 7 .LWD 7 ‘DGD_ 2 5HDO
WLPH DQDO\VLV RI VHOI DVVHPEO’I?(?F’%% 'iﬁ)/%'ﬂ/O%QQN% 3UHQp 3 %RV
GRW JURZWK E\ SURELQJ UHIOHF LR({ 5 \rév S3HuU VRN SRk UF§‘Q $00
GLIIUDFWLRQ FKRYWERROLRDSBSOLH \F!s QELWLIHG Q0@ ULEHOOV
GRL JK HQHUJ\ FRQYHWYRQFHHIGLGDW(BHEJ\LDC
HHUILHOG %HDFK )@D GRL
XR & < *DX & $UUDQJHPGIRDN Rl EDQG
VWUXFWXUH IRU RUJDQLF LQRUJD/ F SKRWRYROWDLEY HREHG
GHG ZLWK VLOLFRQ QDQRZLUH DU U/&zg R‘3§"§%‘29H WL &DVWUR
R[LGH JBEBWMHG 3K\WLFV /HWWHUYV OO0 FDUERQ QDQRWXE
GRL FHGBORJIJUHVV LQ 3KRWRYROWDLFV 5HVH
WLRQV + GRL SLS
. XURNDZD . 3DSBYHWHVHOWHG DW WK

0,
((( 3KRWRYROWDLF 6SHEKDODSWY SR LY ER 7 ADGHVEX 9 6F
FRQYHUVLRQ /LVW RI HIILFLHQFLHV DQG

3% VLGHUDWLRQV SDUW 7KRHRUHMALFDO F|

. XUW] 6 5 -RKQVWRQ 6 : *HLVLQ 4XDQMKBRDEBFWURQLF®RL

- 3WDN $ - 3URBPISHELQQY RI6WKH

((( 3KRWRYROWDLF 6SHFILHDDERWN, &RQIHUHQFH

1< ((( /DQJ +HQU\ & + 1RQUDGLI
FRPELQDWLRQ DW GHHS OHYHOV LQ *D$\

. XUW] 6 5 O0\HUV 20VRQ - OHOD[DWIDRM P XOWLSIKHVIKRQREH WPH X V|

,BURFHHGLQJYY(RI IKRKMWRYROWDLF /68MVWHNYLVWYV

&RQIHUHGEHKRUN 1< |
Q g ((« /IDQJ ' 9 .LPHUOLQJ [/ & /HXQJ 6

ZRN + |/ &DUULHU PRELOLVBHER PEUDDWIFRYHPQKDQFHOQIBQQHDOLQJ
FRQGXFWRU SMKLOZVORY $GYDQFHGHIBE WM WDUHDYONWOV LQ  OHD*BOWRPWURQ+LUU
6FLHQFH: QDO RI $SSOLHG 3K\®REV
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/IDZ 0 *UHHQH / ( -RKQVRQ - &X6R\NDO®ROPDQ = & .RUWVKDJHQ 8
<DQJ 3 1DQRZLUH G\H VHQMEW.L P 6RODAD BHOHIOOMRP 3 +7 DQG VLOLF
1DWXUH ODWHHWLDOWRL QPDWI1DQR /HWWHUY¥ GRL QO

/JHSDGDWX $ 0 6WDYDUDFKH , Q&LXYHDXQOHWV DGEFX6DLQL 9 ;X < 'HUYI
9 7KH LQIOXHQFH Rl VKDSH DQBOPPWHOWLDO EDUUKWWKRBRQYHVWLQJ XVLQ
FRQILQHPHQW HQHUJ\ OHRNOQO @ BMDOW XA GFOMVZDOO FDUERQ QDQRWXEH
$SSOLHG 3K\VLF¥  GRL HURM X GBRW LIFDQ@Q\R + GRL

K
/JHY\ 0 < +RQVEHUJ & ODUWt $ COxrxH s
4XDQWXP GRW LQWHUPHGLDWH EDQBK ROPW FHGEDO ®DSVHIR. DO -V\VWHPAKPLQHVF
ZLWK QHJOLJLEOH YD CGH®FH HE®LQGRRRFH\YWUDWRUV  (ITHFW\8 RIOLKIBSH RQ H

WKH VW ,((( 3KRWRYROWDLF\88SHFIWDEVWYV &R QIH GHRQFH $2
- ((( BUHVYV

IXFHQD 5 $JXLOHUD , 3DODFLRV 3 :C
/JHZLV 1 6 &KDUDFWHUL]DWLRQ D&RQBQDO\VERV RI 6\QWKHVLV DQG VSHFW

,Q*DQ SKRWRYDBOISH &G BYHVHQOWHR | D W REFU\WWWDOOLQH 9 VXEVWLWXWHG ,Q
,((( SBKRWRYROWDLF 6SHFLDOLVWVIRRQRRUHCQHIHL PILLHD@EW XK HALYVRQWDWRUDGLD

ODWHULDOV _ # GRL FP E
/HZLV 1 6 5DGLDO SQ MXQFWLRQ QDQRURG VRODU

FHOOV GHYLFH SK\VLFV SULQFLSOKVXHQ G URRWWY %R |&FDIGEMWILRG QF\
LQ VLGDFPRQ SUHVHOWHK G KRWRXROMDIDU FHOO ZLWK PHWBD®HE BEQWWHE@WE GD\
6SHFLDOLVWY &RQIHUHQFH OLDPLDW WKH WK (XURSHDQ 3KRWRYROWDLF 6R

HQFH _[RQGRQ 8.
/L * B6KURWUL\D 9 <DR < +XDQJ = <DQJ <

ODQLSXODWLQJ UHJLRUHJXODU S/KOXH KH[\WMWEKQRRSKHRQHDYLHY 3 7HUUyYQ
> @ 3KHQ\O & EXW\ULF DFLG PHWK®BD G WH UHEWQBIQIE D IURDWVHG FDYLWLHV IRL
WRZDUGV KLJK HIILFLHQFRXRQDPOHRRODAWBBDHBIROYOWHVHQWHG DW WKH 3KRWRYR

ODWHULDOV &KHPLVWU\ GRL &RQIHUHQFH 1HZ <RUN 1<
E E

IXTXH $ SKRWRYROWDLF PDUNHWYV D
ILQ $ 6 3KLOOLSV - ' "UIFIDWWLEIXVHRBQRERE GHPDBQAIMEBUVWIQFLW\ P
HOLQJ IRU LPSXULW\ SKRWRYROWDPHRWRHRIFWYLFY 5HVHDUFKtDQG $SSOLFD!
DFWLRQV RQ (OHFWURQ GRYLFHV GRL SLS
7(

IXTXH $ /LQDUHV 3 * $QWROLQ ( &DOQR"
/JLQDUHV 3 * O0DUWt $ $QWROtQ&( ' /XEWBQPH\ & 5 OXOWLSOH OHYI
.., 9FRPSRXQG VHPLFRQGXFWRU VPHEH QMM ER QIEFHEEOHFCH GRIYOFY /HWWHUV
LQJ TXDQWXP GRW LQWHUPRMAIL@MWH EDXQG VRGRU FHOOV
RI $SSOLHG 3K\VLFV

IXTXH $ ODUWLt $  QFUHDVLQJ WKH
/ILQ & +\EULG VRODU FHOOW GBDEG RADE FHOMGE\ SKRWRQ LQGXFHG W
6L 0:&17 QDQRFRIISRRMWHKQRORJ\DWH O3KXWIORDO S5HYLHZ /HWWHUYV
GRL GRL 3K\V5HY/HWW
/ILQ < < &KHQ & : &KX 7 + B6XXTXH AQ &DUWt $ $ PHWDOOLF LQ'
& X & + 1DQRVWUXFWXBBGGPKIWR M IR[EGHARBUMRODLQ BKHEWRYROWD

FRQMXJDWHG SRO\PHU K\EULG VROGBYVHMHOXVDERR QO RISWHFLFBWERKQ V
WXUH VROXWLRQUDRFRVYBIWHULDONS&KHPLVWU\
+ GRL E I
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IXTXH $ ODUWt $ (OHFWURRK SERQR®MH@MODUG , 0 %XVKQHOO
HUJ\ WUDQVIHU LQ KRWRPDWU(BHUVBODRKENAQV' & 7LEELWV 7 1 °
ODWHULDOV DQG 6R®DU &RDOV WHVSRQVH DQG , 9 FKDUDFWHULVWLFV RI

VROPDW TXDQWXP ZHOORXRQDO RH®OWHULDOV 61
+ GRL \/
IXTXH $ ODUWt $ 2Q WKH SDUWLDO ILOOLQJ RI WKH
LQWHUPHGLDWH EDQG,((% 7URQ Vo DVWRO-DWLDBIROGV $ * 6\QWKHWLF PHW
WLRQV RQ (OHFWURQ *HY L FGIRL UROH IRU RUJDQLF SRO$®RHHYDQEBWHO Ol
7( &KHPLH ,QWHUQDWLRQDO ¢GLWLRQ
G $,

RL
IXTXH $ ODUWL $ $QWROLQ ( ILQDUHV (3, *
,QWUDEDQG DEVRUSWLRQ IRU QRU%D’ LOOXPLQDWLRQ LQ TXDQWXP

GRW LQWHUPHGLDWRODLQ @ ME O\DWD BFHDA V' 6XVWDLQDEOH HQHUJ\ ZLWKR
DOV DQG 6RODU &H@OV GRL DML &DPEULGJH 8. 8,7 &DPEULGJH /WG
VROPDW

ODF4XHHQ 5 : &KHQJ < < &ODG\ 5 *
IXTXH $ ODUWt $ $QWROtQ ( 6FBPOBWR7&: 7RZDUGYV DQ DOLJQH!
 QWHUPHGLDWH EDQG YHUVXV OH\WHROD UQ FRROFSWDIG VD W BRXUIH U\ § R P
ELQDWH\WR/QFD % &RQGHQVHG 0DWWRU 2( $
GRL M SK\VE

ODGHOXQJ 2 (BHPLFRQGXFWRUV %DVLF
IXTXH $ ODUWt $ &XDGUD /[/%HUOLQPSBIEWDQ\ 6SULQJHU 9HUODJ G
LRQL]IDWLRQ DVVLVWHG LOQWKHUPHGLDWH EDQG VRODU FHOO

7TUDQVDFWLRQV R OHFWUR '"HYLFHYV
GRLQ 7( Q Q ( Q ODLHU 6 $ $WZDWHU + $ 30DVP

LIDWLRQ DQG JXLGLQJ RI HOHFWURPDJQ
IXTXH $ ODUWt $ J/ySH] 1 $QW RXLO K F V& UQRRNOWQHKEG WA BB OLHG 3K\VLF)
6WDQOH\ & 5 2SHUDWLRQ RI WERLQWHUPHGLDWH
EDQG VRODU FHOO XQGHU QRQLGHDO VSDFH FKDUJH UHJLRQ FR

GL

- 0,
WLRQV DQG KDOI ILOOLQJFRXLW)IO—OL/ ,HﬁgﬁG%D e L(J)G\\jVH7RIO\5)V§VI-\|/HDQU\<N 70,0f
$SSOLHG 3K\WLFV GRL 1 Q - ‘

339 3&%0 EXON KHWHURMXQFWLRQ RUJE
IXTXH $ ODUWt $ OHQGHV 0 - ODAMRHtOADWOV QDQRPRUSKRORJ\ DQG HOH
/JLIJKW DEVRUSWLRQ LQ WKH QHDU IWH B® DHIR $Q 68 WKQWHGH [$5\W BBPR GHDWW O
SRODUIRKRIQDO RI $SSOLHG 3K\VLEV

GRL ODQVRXU $ ) 2SWLFDO HIILFLHQF\ I
HUWLHV RI OXPLQHVFBRW\PRO DY FRQG B Q
IXWKHU - %HWW $ : %XUJHU % "PURWRL) 6

SDSHBURFHHGLQIYXURBKIIBDQ 3KRWRYROWDLF

6RODU (QHUJ\ &RQIHUHDEQLFK *HUPSo\* HQJI =+ /L + 6KHQ < /X =
0 3KRWRVHQVLWYLHPWERQGKIFWRU ZL\

SRUSK\BKQQDO RI 3KRWRFKHPLVWU\ DQ
NQFK 0 & %DOODUG , 0 %HVVRBWUS$ &EHPRKWYRO ' GRL 6
& B6WDYULQRX 3 1 %DUQKDP « &DOGHU &

ORGHOOLQJ WKH FRQ'QHG FDUUNHUD VWD7WHV&ITD VI\:/’I)D(OWL EIW L
TXDQWXP ZHO O3VURGEG B H GHDIY/VR I, @V K L{N}XF%U/Y)G :

&RQIHUHQFH RQ 3KRWRYROWBEF @DFRJCZ‘J?R&WQ%W@@EW'@YROWDLFV * )XQGDR

+DZDLL +, ,((( LROIVRUG™ 8. (OVHYLHU
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ODUOHLQ - %XUJHOPDQ O ODOMARWH L FOMUSWHR/SHDUUYQ $ IXTXH $
WLHV RI &, *8UFRIFOHIVGLQJV RI WKH D/GLRQURBWEBEG HIILFLHQF\ SRWHQWLDO RI LC
SKRWRYROWDLF 6RODWIKQBQI\,\WRQAHOPYFEDVHG RQ WKLQ ILORXRIKIDMFRS\ULW

3976(& RI $SSOLHG 3K\VEFVGRL

ODUOHLQ - 'HFRFN . %XUJHOPDRUWt $ /BSRHDOL $QWROtQ ( &IQRYDV (
VLV RI HOHFWULFDO SURSHUWLHV R6&D@OMH\DRG5&G |UHHPEXMWHU GHJUDGDWL
&,*66H VROTKL BHROVL G )LOP \& GRW LQWHUPHG L D¥8IS & IDHGS 3KR @ DRV F H QVQWH U
GRL M WVI GRL

ODUWHQV 7 'f+DHQ - OXQWHUVODUWEHBOHQXEXHRULMEW JHQHUDWLRQ

/ ODQFD - 'LVFORVXUH Rl VKR QR QRYWD XFW XUHRIHIILFLHQF\ WKURX

0'02 339 3&%0 EXON KHWHUR MXQ PW\LIRG)L FAUMIDRPROVRBODWVWLWXWH RI 3K\VLF

FHOOV E\ D FRPELQDWwWa\ RHG/\BLOF[I%IGN'D(OV
Q RV DUWt $ 7DEOHUR & $QWROtQ ( /XTXH

* GRL 6 3 1RYLNRY 6 9 3RWHQWLDO RI 0Q
ODUWt $ $QWROtQ ( &IQRYDV ( [MDQDURWY L3P SOHPHQWLQ) LQWHUPHGLDWH |
$ /LIJKW PDQDJHPHQW LVVXHWRQILW WHUPHGOIDWHIEDQE DQG 6RODU &HO
VRODU BME®EMHELQJV RI WKH 056 6RULQJ OHWWRQFPDW
VRO ( SS - 6DQ)UDQFL\6B%W&L$QVOIR’58 $ % ) (ODP - : +XSS - 7
ODUWt $ $QWROtQ ( &iQRYDV ( /ySHIFQ2 QXQPRMWXEH EDVHG G\H VHQVLWL
$ B6WDQOH\ & HWRIUHVV LQ TXDOQNWXP /GIRWV H U V+ GRL QO

LQWHUPHGLDWH EDQGD/S?—QDSIU%O—%WHH‘GHUDWFK
w

WKH VW (XURSHDQ 3KRWRYROWDL D%BB%%LUJ\ &R%.'_Iﬁt]JHH%Ié(IPSHG OLJKW FR
OXQLFK *HUPDQ\ XVLQJ WRWDO LQ (D & QU1 10O HIFWAL IR QL

DOV DQG B6RODU #&H O®R/L 6
ODUWt $ $QWROtQ ( /LQDUHV 3 * &IiQRYDV ( 0DUUyYQ

') T7DEOHUR & ,%30Ob ,QWHUPHGL\[}WH . .
EDQG PDWHULDOV DQG VRODU FHO QIW ﬁ?WRﬁ?Gd_WDLF Q<L

&k v zLwi kit
HIILFLHQF\ DQG WBGWHMHW%ERélﬁ\HHG &G7H DO REUNQ

i
WRYROWDLF 6SHFLDOLVWYV &RQIHU%I@¥hF%§)6 MR YRUNE 1< CRL

DQWL]D!

7
\WWOCRAOLQH |

ODUWt $ &XDGUD / AXDRM X GRW

LQWHUPHGLDW H3Dmeie wrRevy gwe d DWWk sRRYQKDP - @ - ~ %DOODUG .
WRYROWDLF 6SHFLDOLVWYV &RQIHU?’I-P&F]I—HJH:/V L}y 7 XRGN XRLLHOROLROROHO O

GRL M WVI
0ODUWt $ $QWROtQ ( 6WDQOH\ & 5 )DUPHU & _ .
/[ySH] 1 "tbv 3 3URGXFW0|9(5]F§L{ KrWREREDPP - ¢ - /‘"?OODUG » 0
UHQW GXH WR LQWHUPHGLDWH WR’FR O VE% G’\XmB?ﬁ@@LR%V 3U
$ GHPRQVWUDWLRQ RI D NH\ RSHU \65@3 i 9&%96]?@%9va
LQWHUPHGLDWI—BH’E\WQBD\,CRE)I-D\ULHHOERI{?\}VHUV M WVI

GRL 3SKA\V5HY/HWW OF*HKHH 0 IDQRVWUXFWXUHG RUJ

oDUWt $ &xDGuD / IXTxH $ “POLHEWRBSIERBPPeHRCR:

RI D TXDQWXP GRW LQWHUPHG(LDWEIF%"DQG IRUWRODU FHOOV

7UDQVDFWLRQV RQ (OHFWURQ 'HYQEHYWRVK . 5 <DPDGD 1 5LFKDUGV %

GRL 7KHRUHWLFDO FRPSDULVRQ RI F\AOLQGULFD
OXPLQHVFHQW VR OiBs FIRG BEWALFW R YV
/IDVHUV DQG 2SWLHV GRL \Y



&RPSLODWLRQ RI 5SHIHUHQFHYV

OF/HVNH\ - 7 -U 4LDR 4 +DRXIO® VR O-DU FHHMIKRO] . OLQLPL]
IURP ZDWHU VRO XE\WHUSFOOW PR QB O FIRX UIRDVW/ HRRY LQ EXON KHWHURMXQFWLR
3KRWRHQ® GJ\ $SSOLHG 3K\VLFV % /DVHUWDQG 2SWLF
OHOORU $ 7REtDV , ODUWt $ oCH;SIGHv 0 v /XTXH

$ 8SSHU OLPLWV WR DEVRUSWMXO®G HQK® QFHBHRWEZRI 3 ' %H\OHU §
WKLFN VRODU FHOOV XWLSXE G L MKMHERW R BKLDLGS V& %DOGR 0 $ "\H C

OXPL HVFHOW VRODU FRQFHQWUDWRUYV

0, =
OHQJ 4 % 7DNDKDVKL . KDQJ ’IRU I—? HL,PJQ BU’YH DSV QFO L(QFHWDHIVER O
7 1 6DWR 2 )XMLVKLPD $ )D FquVKLRQ R1,DQ $
HITLFLHQW VROLG VWDWHDCQ\.HPXHQVLWL]HG VRODU FHOO

GRL oD Q OXOGHU & / 7KHRJDUDMDQ / &XUULH

9IDXJKQ O IXPLC

OLQNRZVNL & &DOJDIHUUL = VRdBH \HBEH%\\EUMRUVHGSSQFW SK\F
HUJ\ WUDQVIHU DO RBQJ DZDRIEAL H. & N DOV 'HHUILHOG %HERFK )OD

+ GRL DQJH GRL DGPD
OLWURL 0 5 ,DQFX 9 )DUD $ ORC

WUD
I1XPHULFDO DQDO\VLV RI -%9 FKDU %Uy\LgB/ EY/ Bb VB/ bPWlkLQ OD\HU T5

VRODBUFRIQJBI VYV LQ 3KRWRYROWDLF U RSP B8 SR ma FroIWILR® % U\ V WD ¢
SOLFDWLRQV# GRL SL 6ROLGYV N GRL M MQRQF U
OL\DVKLWD 1 6KLPL]X < .RED\DWRIO 1 2NDGD <

<DPDJXFKL 0 3 LBSHHUG L QWY R HD LG VWDVWNFKOVHEW 5R

6RO
‘RUOG &RQIHUHQFH RQ 3KRWRYROWI9 ED(QJ%%M(B‘BQ Sd'WUVLW\ 3XEOLYV
1HZ <RUN 1< ,(((

0|]OOHU + -B6HPLFRQGXFWRUV IRUOXVURDOL g NFVKLED 6 6XPLQR “+

%RVWRO 0% $UWHFEK +RXVH Pp ¥ E'Q/Q}SLG G\H VHQVLWL]HG VRO
FKHPLFDOO\ FURVV OLQNHG JHO +RZ WI

ORU * . 9DUJKHVH 2 . 3DXORVH/RDOEXDBRBOWXRIQJBORWBKRWRFKHPLVYV

*ULPHV & $ $ UHYLHZ RQ KL3IKBWREGRORE $y&HUHPLLLY WIBR L

FDOO\ RULHQWHG 7L2 QDQRWXEH DBUUD\V )DEULFDWLRQ PDWHULDO

SURSHUWLHV DQG VRO®ROBQHQHBESAFOWLROY iy Ly - %DZHQGL
ODWHULDOV DQG 6RODU &HIOV MQWKHVLV DQG FKDUDFWHUL]DWLRQ RI
VROPDW &G( ( VXOIXU VHOHQLXP WHOOXULXF
ORULRND 7 2VKLPD 5 7DNDWD QGPQBKRWMWROQRMERM WKH $PHULFDQ &KFE
7 .LWD 7 2NDGD < OXOWLHWADFNHG ,O8R\L MD D

*D1$V TXDQWXP GRWV ZLWK GLUHB%I@&IRQ/W@RJWR(}J X_Vdﬂpth 0 &DVWH
LOQWHUPHGLDWH BN®EG RGO \F RO OVK K IQ_VLWL]HG SKRWRYROWDLE SL

((( 3KRWRYROWDLE 6SHFIDOLVWY, WARBUBER oo et e rondmaimg
Q - ( PHQWDO 6FLHQFH GRL F HH D

ORUL 6 <DQDJLGD &6 YLC?\R gvge G\H
VHQVLWL]HG VRODU FHDQR YQV UKW ? TS(%QWX?H‘FWQWF:W\DWHHQ’WV RQ 1DQ
ODWHULDOV IRU 6RODUS®HUM &RQ% + GRL
$PVWHUGDP 7KH 1HWKHUODQGV OVHYLHU GRL
%

5HFHQW SURJUHVYV LQ LQI
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1DUGHVY $ 0 .HPHULQN O -DXHOMRQ 5 $ - 'LIIXVLRQ OLPLWHG UHFR

$QLVRWURSLF KRSSLQJ FRQGRWPRQ LQOOSIUG G RIBOM@ GV DQG LWV LQI
3('27 366 WKLQKNVQFDO 5HYLHZ % EBRQWHRRBIGMERDL®RGHYLHZ % &RQGHQVHG
ODWWHU DQG ODWHULDOV BRWLFV DQG ODWHULDOV 3K\VGRY 3K\V
3K\V5HY % 5HY %

1DUGHV $ 0 .HPHULQN 0 -DQVVHWKOBR® -- 7%BVSKIDDEV RI ARRUEIRLD FHOOV
VHQ - $ 0 .LJJHQ 1 0 O /DQJHY HPSH WL D® &ROOHJIH 3UHVV

OLFURVFRSLF XQGHUVWDQGLQJ R WKH DQLVRWURSLF FRQ o
GXFWLYLW\ RI 3('27 $T6BDWKHE 10DWH U - % . %DUQ :
S5REHUWYV - 6 3DWH 0 (IHTHFW RI

'"HHUILHOG %HDFK )®D GRL

bGPD ZHOO ORFDWLRQ RQ VLQJOH TXDQWXP ZH¢

RGH GDUN -RXWWH@WRI $SSOLHG 3K\VLFV
1IDYUX] 7 6 6DULWDV 0 (IGRILHQF\ YDULDWLRQ RI
WKH LOQOWHUPHGLDWH EDQG VRODU FHOO GXH WR WKH RYHUODS EHWZHHQ

- 0 -
DEVRUSWLRQGRIR)I-H)ILUL(FQ_HHLQ]WUDWHUL:ID%Q/VS{(S/GX\GNRWERB[JPDQ 0 GVfHDDUGQ\KVDVT/DWH FDUU
&HOOV * GRL M VROPDW. 0 Q

VLQJOH TXDQWXP( ZRROYDA& RI 4XDQWXP
1DYUX] 7 6 6DULWDV O 7 K 8 HBFHWUIRLQDLIHFE B Q D O BWRLLV

RI DXJHU HIIHFW RQ WKH HIILFLHQF\ RI L W*HUPHGLII_Z)ngKI\E\PL GDG[B&HI—YU.LHZ
VRODU6ROOOV(QHUJ\ ODWHULDOV D LGOX¥B U &HOld-\P Q
% &RQGHQVHG ODWWHU DQG ODWHULDOV

+ GRL M VROPDW
GRL BK\V5HY %

IDJHHUXGGLQ . +XPSKU\ %DNHUle *UDWI]HO FWUROLFE VWUXFWXUH
OXUUHU % (I"LFLHQW QHDU é/wl-?(?VLOW ]DWL(FQ RVY Q

; L
ODQRFU\WWDOOLQH 7L2 1LoPV E\ UYMW KHBTYY sk R 63%%@%%\5' HQHUJ\ JDS
[LG DO H

&KHPLFDO &RPPXQLFEDWLR®Y RILGD RI'$SS0O FK\VLFV

D H GRL

IDJHHUXGGLQ 0 . 'H $QJHOLV )lR)%%Y/\Il:ﬁFF_L &6 (Xl—viv DGD 0 ODWVXPRWR
ORQL % 9LVFDUGL * /LVND 3) SDO&S?FpﬁJé_'I_VQH'G &KDUDFWHUL]DWLRC
H[SHULPHQWDO DQG ")7 7'')7 FRPS%V‘@B’VW/HI§8|I§8V\V/IW%{RRPI VRO DUDRHMDEY DSSOL
SKRWRHOHFWURFKHPLFDO-RXOQJ IQ LXPtVHQC\ﬂ_lWL]HUV

RI WKH $PHULFDQ &KHPLFDOt6RFLHWRUPDQ $ * +DQQD 0 & 'LSSR 3 HW L
GRL MD @) ,Q*D$V *D$V 4" VXSHUODWWLFHYVY 0293( J
1HJHV 0 G6FKZDU]JEXUJ :LOOLyW)UXFWXHB G RSWLFDO FKDUDFWHUL]

&DUOR VLPXODWLRQ RI HQHUJ\ or VYD LIVERGLEWA 'R RPRFWY BOPFY FRICWNH | ¢
FDUULHUV ILUVW VWHS WRzDUGV R PRUWHFRIR VRPN W R BT R RO B/

HQHUJ\ FR@OHDWW b U J\ opwHULDOoV D él6eREDY e ooV

+ GRL M VROPDW 1RYRWQ\ & - <X ( 7 <X 3 . [
1HOLQ * 1LOVVRQ * :H%RJQ5§5%'IC_ISS\}§PF§%S§ ME@FR@HWWLR\GLRGH

WDLOV LQ DPRUSKRXS’\K\WPHPDRQIEBY([FF%\Z?U
% &RQGHQVHG ODWWHU DQG ODWHRHINOV 3K\VLFV 4XDQWXPKGRWD/RODU FHO
GRL 3K\V5HY % /IRZ '"LPHQVLRQDO 6\VWHPV DQG 1DQRVWUXF

1HOO 0 ( %DUQHWW $ 0 GBkH vsHPwuDO S Q

MXQFWLRQ PRGHO IRU WDEGHPQRQRIUL RHOO GHVLIQXOWLSOH H[FLWRQ JHQHU

DFWLRQV RQ (OHFWURQLF '"HYLFHVFRQGXFWRU TERIQMDED G BWWLFYV /HWWHUV
GRL M FSOHWW
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1RJLN $ - 3DUVRQV & $ 'XQODWNDGD .H\H¥VKLPD 5 7DNDWD $
$KUHQKLHO 5 . '"HSHQGHQFHURN WR PN FRIUUQS$W *D1$V VWUDLQ FRPS
OXPLQHVFHQFH RQ EDUULHU WKL FNGRRW W ROPDIS RHESDODI$YS\SOLHEG 3K\VLFV
ODWWLFHV DQG P X OB/RLOS.GBH 6 MKIDVD AV &R EZRDO O V

QLFDWLRQVGRL 9
2NDGD < 6KLRWVXND 1 7DNHGD 7

1XQJL - 0O 2UJDQLF SKRWRKR®XN\CCOMW HEDRMXHOUW. D OXDQWXP ZHOOV IRU
DQG GH&RIFEWHY 5HQGXYV 3K\¥LTXHFHOO DSSEREDW (RQPWI\ ODWHULDOV DQG |
GRL 6 ; * GRL M VROPDW

2GD 7 7DQDND 6 +D\DVH 6 20HM | I-H UFRQDAHHG/DIQR /XTXH 0 3DVWRU
FKDUDFWHULVWLFV Rl G\H VHQVLWE]HGOIR®WRO FHOOV FRQWDIQQXPI BREHG V
WRQLWULOH DQG LRQLF OLTXLG E DPMMK HGIRE W U RO-FR-EFQIRINREDMEER/H Q B K \!
D QRYHO6RRGMWO(QHUJ\ ODWHULDOV DQG 6ROPU &H GERL

* GRL M VROPDW
20VRQ - .XUW] 6 .LEEOHU . R

2GRP 7 : +XDQJ - / .LP 3 IMLFEHQW&PD$Y WD QG HPS\SFOQBIG BHOW FV
$WRPLF VWUXFWXUH DQG HOHWWUWRYLFREBURSHUWLHV RI
VLQJOH ZDOOHG FDIDERQUKMWDQRWXEHYV

. GRL 20VRQ 5 : /RULQJ 5 ) )D\HU 0
- IXPLQHVFHQW VRODU FRQFHQWUDWRUYV
2(&' ‘RUOG HQHUJ\ R2WORRN SURE®SPSOLHG 2SWLEV  GRL

$2
2IlHUPDQV 7 OHVNHUV 6 & - -DQVVHQ 5 $ -

(OHFWUR RSWLFDO VWXGLHV RQ 02Q2 339/ 3&%0HEXO N6 /JHYLWVN\ , $
KHWHURMXQFWLRQ VRODU FHOOV RROMKHFADOY LEB\FHR® 8 QWLIPGI) @ ADZDHD O H G
7UDSSHG RDUDQHEVOHFWUR@LFV HURMXQBPWRRMHFKQRORBRL

GRL M RUJHO

2NDGD < 6KLRWVXND SURFHHGIQXENU 3Q/ /IHYLWVN\ | 2UJDQLF

R WWP‘L((( SKRWRYROWDLF 6SHFLDWHRNWR EGERXHAWRBNHNOHWIGHNVRODU FHOOV

1HZ <RUN 1< ,((( GRL HQ

2NDGD < 6KLRWVXND 1 .RPL\DPZD]SH-IJDKND’/KD&QH/y.SH] 'XDUWH , ODUWLtQ
2KWDQL 0 3BRSHHG @M RI)RKEBHOL $ $OEHUR - ORUDQGHLUD $
(XURSHDQ 3KRWRYROWDLF 6RQDEK(QH U BF&KRPE LHUHQIFRIQ DQG LWV OLPLWDWLF
*HUPDQ\ :,3 IRU G\H VHQVLWL]HG SKRWRYROWDLF FHC
INDGD < 6KLRWVXND 1 RPL\DPGD\H-I\RXg DO RI WKH $PHULFDQ &KHPLFDO

- U SRORDOH P

2KWDQL 1 OXOWL VWDFNLQJ RI KLJKO\ XQLIRUP
VHOI RUJDQL]JHG TXDQWXP GRWV IRU5MBRD® U% HO G UDS/BJBIICFDOVLRQY $ ORZ F
,BURFHHGLQJV Rl WKH WK (XURSHDQFIKFOFRVROWDEMHOGREDYHG RQ G\H VI
(QHUJ\ &RQIMUHQFPDUFHORQD 6SDIO®DWXUH + GRL D

2NDGD < ORULRND 7 <RVKLGD 2VDMRLRDSPQ 6i&RBNI& 7DNDPRWR 7 <DP
< ,QRXH 7 .LWD 7 ,QFUHINHGRI $KBWRIFXUUBQW WD  + $0 -DVV
E\ RSWLFDO WUDQVLWLRQV YLD LQOMFKPIGY B VRH Q@ CDQ/GX @LVOUD WM Y R@ |URF
GLUHFW GRSHG ,Q$V *D1$V VWUDL® ¥®® B 8 QMIRFMGE RYDRW )P D3 *D$V WDQG
GRW VRODYUBWOOR! $SSOLHG 3K\VIRFAVSSSOLHG 3K\VLFV

GRL
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2VKLPD 5 2NDGD < 7DNDWD $ 3DUIN 66 $NDBKDQH %HDXSUH 6 &KR 6 &
7DPDNL 5 OL\DQR . +LIK OHRRWLW) EXDQWXBXON KHWHURMXQFWLRQ \
GRW VXSHUODWWLFH IRU DSSOLFDLVQMWRHU IROKT X B GIWIX P LHHIQLFR L\BIRYKUE S S U R D F K
FHOB®VYVLFD BWDWXV 6ROLGL & &BKBRMRWQLIMEEFY GRIBROLG QSKRWRQ

6WDWH 3K\VLBWRL SVVF
3DUN 6 7DWHED\DVKL - $UDNDZD <

2VKLPD 5 7TDNDWD $ 2NDGD WLRQ RI BOWDDB&LJK GHQVLW\ ,Q$V $0$V T
FRPSHQVDWHG ,Q$V *D1$V TXDQWXPPHGRVOWR UR D XIVHFIKH RLERSOY B SRBK GHERV LW
HIILFLHQF\ $BOOUHFRH®KOVLFY /HWWHUWWHUV GRL

GRL 3DUPHU - ( OD\HU $ & +DUGLQ % ( 6l
2WKRQRV $ 3URELQJ XOWUDOFYMKFBUWLHU D@ & HXKRQRQ 2UJDQLF |
G\QDPLFV LQ VHBBSRQB&FIKRVLVFV KEHWHURMXQFWLRQ VRODU FHOOV XVLQJ SR
GRL OOWKLRSKHQ \0 WKLBRRCLHGEIBWHIER/S K H C
/HWWHUV i GRL
3DGLQJHU ) 5LWWEHUJHU 5 6 6DULFLIWFL 1 6
(IIHEWV Rl SRVWSURGXFWLRQ WUMNDWRXHAW KRQ SODWWWURJVRODQQL ' ' 7
FHOSOBNDQFHG )XQFWLRQDO GDWH tOL@D W *DUIXQNHO ( 3KRWRLQGXF
GRL DGIP WUDQVIHU EHWZHHQ SRO\ KH[\OWKLRSKHQ
3DODELRY 3 6i QDQRZEEBULHG 3K\VLFV /HWWHUV
IQFKH] . &RQHVD J YHUQIQGH] -
‘DKQyQ 3 7KHRUHWLFDO PRGHOOLQJ RI LQWHUPHGLDWH
EDQG VRODU FHOO PDWHULDOV EDCBPRQ PHWDHWOVRRHG FRADAFRRSIP . : - %
ULWH FRPIKRRQQEROLG )LOPV + &RQQROO\ - 3 %BXWWRQ & ORGHOQG
GRL M WVI WUDO UHVSRQVH Rl WKH-RXDQWRPRZHOO VI
$SSOLHG SKI\VLEGRI
3DOPDHUWY $ /XWVHQ / &OHLM - 9DQGHU]DQGH
3LYULNDV $ 1IHXJHEDXHU + 3D['I?-ID(Q-ICDRSPH-I-I@\V\RQI- %UDXQ % OR(

QRYHO SURFHVVDEOH HOHFWURQ D¥5HEWUQDRROAMRIPWHH B | SRIRKRIGLDQ W X P Z H C
FRQWDLQLQJ IOXRUDQWK 3B \ROIWR S SADK H B DBLKQ WLKFIVIGR L

* GRL M SRO\PHU
3HQJ ; 6FKODPS 0 & .DGDYDQLFK $ 9

3DQD 2 *LXUJLX / 0 'DUDERQWNVRW $ 03 BUWD[LDO JURZWK RI KLJKC
VKHOO HIIHFWV LQ JUDQXORXUSHDURE YN LAGH PRQBDQUWOH/QDQRFU\WWDOV ZLW
Rl 3K\WVLFV DQG &KHPLVWU\ Rl 6RHGNFWURQLFRP¥FEDOLELWKW\SPHULFDQ &KH
GRL M MSFV BRFLHW\ % GRL M D P

3DbSHU 'HEVIOMAVULHYHG IURP KWWSBHUBHZ SDSHU :DQJ < $FFXUDWH DQ
HGX FQ LQGH[ SKS GHIDXOW IHDWXWDOCRYZORRXGWHVHQWDWLRQ RI WKH HOH

H HBII&\VLFDO SHYLHZ % &RQGHQVHG ODWWF
3DUN + 0O .LP . + J/HH 6 + 3D

v 3K\ VLFV RL 3K\V5HY %
< . -RR - (OHFWURFKHPLFDO SRO\PHUL]D
WLRQ RI SRO\S\UUROH 33\ DQG SRIOAHUKH[0O WRIORGSKHKPHGW - & [/RHSHU 3

3 +7 XVLQJ IXQFWLRQDOL]JHG VLQUOBHNH O FDUERQJEWQRUDSSLQJ ZLWK DQ
WXE&ROORLGY DQG 6XUIDFHV $ 3K\UWRFKHPLEDQIJDY ®REWKH UG (XURSHDQ 3

(QJLQHHULQJ $VSHFWV GRL ®@RODU (QHUJ\ SOD@MQFIIFHESDLQ (8 396(&
FROVXUID
3KLOOLSV - .DPDWK . =KRX : &KHUYHC
WDFKDU\D 3 3KRWROXPLQHVFHQFH D

DEVRUSWLRQ LQ 6L GRSHG VHOI RUJDQL]HG
$SSOLHG 3K\VLFV /HBRUWHUV



&RPSLODWLRQ RI 5SHIHUHQFHYV

S3ODW]HU %M|UNPDQ & =DELHURZ3BWNEH 3, BHWWHYWWRQ '- )LVFKHU $ -
7lUQGDKO 7 (GRII O ,PSBRYHG IBODVIDHFQLUFFUQDQRSDUWLFOH HQKEL
DQG RSHQ FLUFXLW YROWDJH E\ FILQVADDRQQEtMH *DH OTHXDLXW XFWZ SAIEH G R OD U
&X ,Q *D 6H EXIIHU OD\HU LQWH U | BBFH \LIGF W KH @ \M.HOLPVV R®PIU FHO OV

3URJUHVV LQ 3KRWRYROWDLFV S5HVHDUEK BQG $SSOLFDWLRQV
) 3XJOHW 0~ &ROOHW - ERUQHW $

KRW HOHFWURQ KROH SODVPDV LQ WKH
3ROR $ 6 ,WRND]X 0 . 0 X U HNODHAALW [IKRDQ  § KR Q RR)O L G WeMANUIDWF MV LEFRR(P\P X Q L
OHWDO FRPSOH[ VHQVLWL]J]HUWLIRRG\H VHQ@WRLWL]HG VR
ODU RREOGLQDWLRQ &KHPLVWU\ 5£|1_|XYLLHZV

+ GRL M EEU oLw] - .RROH 5 60ORRII [/ + &t
%RVH 5 J)DUUHOO ' - LQ SUHVV )DI

3RSHVFX 9 %HVWHU * / +DQQD PKRUORWRDDRVBWLRQ RI VWDWH RI WKH
=XQJHU % 7TKHRUHWLFDO D Q GOKK[FBLIHUH. W HHQWD © R B RDRDQFHHQIW ODW R U VL

WLRQ RI WKH LOWHUPHGLDWH EDQDQFGR(@RIG)SDW I&RHD‘@WUDLQ EDODQFHG
,Q *D $V *D $V 3 TXDQWXPKGRWDWVRODU FHO

S5HYLHZ % &RQGHQVHG ODWWHU DS(%(g]bHWYﬂ’\llJ?DbV K\ VIR HITHFW RTWHP S
GRL 3KV 5 H Y % ZHU GURS LQ FU\V W DE@HZD E DBILER Q V
HUJ\ + GRL 6
3RSHVFX 9 %HVWHU * +DQQD 0_& 1RUPD9 $
=XQJHU $ 7KHRUHWLFDO DQG5H('/SVA\' LEHOW D 18p $OIDQR 5 5
WLRQ RI WKH LQWHUPHGLDWH EDQB ﬁ%ﬂ%‘%ﬁ' '?/ %QIX—_N D Bh YK gS KRWI
'Q *D $V *D $V 3 TXDQWXPKRWDORODUVERGIWPO SK EROWE LEK GHFVF
S5HYLHZ % &RQGHQVHG ODWWHU DdE%WWAYﬂDO\?? \WLFV
GRL 3K\V5HY % 5DMHVKZDU . GH 7DFFRQL 1 5
3|W] .RFHYDU 3 (OHFWUF% V#‘Q’k?ﬁuD\ﬁ?SD VQMEFWHUL]DWLRQ RI
LQ SXOVHG ODVHU H[FLWDV\BIKR‘QLRI )fJFWﬁDLHk q& YPVKDQW 9 .
FDO 5HYLHZ % &RQGHQVHG 0DWWH SEHV {7VQ—| F?K?\PFWFBSDQG &DW
RQGR 8. (OVHYLHU GRL

GRL 3K\V5HY %

SUDEDNDU . GHR + 6RQ 0 Kp o %®PHocro * / 1DJDVDZD <
TXDQWXP GRWYV smawwm@mmwxmam%\'?/ ) QGRQ

&KHPLVWUL DQG SKIAFVGRL MO 0 00R hy bw b vHAVLWLILG.
PDWFKHPSK\V Q Q Q JLQ.

7L2LQWHBMXOFHDO RI 3K\ VLFDO &KHPLVWL
SUDYHWWRQL O J)DUUHOO ' - &KDWWHGQGRSE - %RBH S5 P

.HQQ\ 5 3 %DUQKDP QDO

TXDQWXP HIILFLHQF\ PHD\./XLJHPHQQNF.\}'\&H(?%PL HVFH QV@S\”:{ V\SL(JRVFRS\ PQG
FRQFHQWUDWRUV $ VWXG\ RI WKHSIFIJ’_'%:PVV%? H) I\P HDLH-WSVI}Q JODVVH

WRU VL]H D@GRADEHLQOV RI WKH ' SRYSPIRS K P LiF B SR D
3KRWRYROWDLF 6ROD U+ DPHEXUI&ROUHUHQFH

PDQ\ (8 396(& 5HLVIHOG 5 ,QGXVWULDO DSSOLFLC
BUD*PRZVND - SBDV]I]NLHZLF] 5 QQ Fg OXPLQHVFHQW VRODU

UEXWRSLW
‘R NR 0 74DF]Da4D 0 6R0Duq:Fﬁ|LbJ<9\9|:Ez% GVLRE $SFWERL
HIILFLHQF\ HQK D QF HPSVOIW DV 815 & Q PF WD
+ 5HLVIHOG 5 1HZ GHYHORSPHQWV L
IRU VRODU HQHZSWKRDO LO]DW/H B QD O V
GRL M RSWPDW

'|'|O



&RPSLODWLRQ RI 5SHIHUHQFHV

5HQ 6 ) &KHQJ : <X 3 < 5|OYFHWR\GFRBIHAUJIKRII % %IW]JQHU ' 6SDC
LQYHVWLIJDWLRQ RI SKRQRQ PRGHV.XQ]6l+#H PPIOR\GD QRFU\\BWBIONPDQQ %
3K\WLFDO 5HYLHZ % &RQGHQVHG ®D2RWOIWLEQE DRWGWEKB @HOOV IRU DOO VL

3K\VLFV GRL 3K\W5HY% &RQGXFWLYLW\DQG SKRWRERWBROQW PHDV X
JLOPV + GRL M WVI

5H\HV 5H\HV 0 .LP . &DUUROO ' '/

+LJK HIILFLHQF\ SKRWRYROWDLF GFRQFBIULEDVHG RQOBRQEHAROBIG EXON KHWHU

SRO\ KH[\OWKLRSKHQH DQG HPHHWK RQ\F DSBSR@DF K W B FFIRMOILY RRODU F

SURS\O SKHQ\O SS\BOHL H@® FHOQEKMALFDO 5HVHDUFK GRL

/HWWHUV + GRL DU E

5LDG 6 'DUN DQG SKRWRHOHFRQALIFORR Q@ Y HU B URQ W R)S 3KRWRQ WU

HUWLHV RI' S 0J3F Q 6L RUJDQLF LERWIMHYLRI KOHKWHQ RMKIQEW NRRODU FRQFHQV

FHO®BYQ 6ROLG )LOPV + GRL RSWLPLKNBBOR®G 2SWLFVGRL

6 $2

5LFKDUGV % 6 5D\ WUDFLERRVMREOODWLRGDWQID 0 & /HYL ' + 6]

OXPLQHVFHQW VRODU FRQFHQWUDOWSRKWVHEORQWDLRLQJ AROIVNL SO H +RW

OXPLQHVFHQVURFHHGIMQIWY RI WKH RRO. QIWR *D$V 4 XD KXY PFZHD BNVYYLWE X ON
SHDQ 3KRWRYROWDLF 6RODHVOQHQE\ ERQEHONVGIBHODWWHU DQG 0ODWHULDOV 3
*HUPDQ\ (8 396(& GRL 3K\V5HY %

5LFKDUGV % 6 6KDODY $ &RBRIVWK 557 3 6RPH WKHUPRG\QDPLFV RI S
ORZ HVFDSH FRQH ORVV OXPLQHYVFDOWVYRE B RVFRODFHQWRUBWRRLEQO 3K\VLFV
SURFHHGLQJV RI WKH WK (XURSHDQ GRRWRYROWDLF 6RODU

(QHUJV &RQI(H8 UID@ E&d 5RVV 5 7  1RJLN $ - (IILFLHQF\ RI K

5LGOH\ % 4XDQWXP SURFHVVHV LQRCHPUL HRHWXFRHKRI@DHU RIHESS OLHG 3K\VLFV
WRWRYIRUG 8. 2[IRUG 8QLYHUVLW\ 3UHERL

5LPDGD - & +HUQDQGH] / &RQQRROADQ- ® &% DIFKDRIGY % 6 %FURZDQK
- &RQYHUVLRQ HIILFLHBOREHHOKDREHPHARQHY $ & 5LFKDUGVRQ
RI $0*D$V TXDQWXP DHPORWRGIPW FRI@OAW 1HDU LQIUDUHG HPLWWLQJ ODQWKE

-RXUQDO * GRL M PHMR IRU OXPLQHVFHQW VRO R BHHRGLFHIYWRU DWKRU \
SREHO %XONHU % § seow 8 (XURSHDQJ3KRWRYROWDLF 6RODU (QH
’ 0XQ 0 : 9D oHOFLD % §,396(&

ZDOOHG FDUERQ QDQRWXEH+x&G6 QDQR RPSRVLWH vV OL

KDUYHVWLQJ DVVHPEOLHV 3KRWREBRQOBQF G &:KDLLD]‘HR\QUDQB\/IHLBLFKDUGV %

LOWHUBGEWRRRNG ODWHULDOV 'HHUOUWHEG BPREKQHDM LQIUDUHG HPLWWLQJ O
* GRL DGPD IRU OXPLQHVFHQW V B O R B HR@LFHIYWRU DAKRIU \

XURSHD WRYROWDLF 6RODU (QH

3KR
5RKU & &RQQROO\ - 3 (NLQV D)E)I\HE uﬁ %%%E V' (3 306(s
%DOODUG %DUQKDP .

VWUDLQ FRPSHQVDWHG TXDQWXP EP:IIID@ FH(POVDROJRWKEIUPRQBKFEWBILHOG $ -

YROWDLF DK\ OLFDWLRZV'LPHQVLRQRDUWOKRIWNHPY *RVVDUG $ & 'LHIPDQQ
DQG 1DQRVWUXFWXUHYV GRL 7LPH UHVROYHG SKRWROXPLQHVFHQFH RI
6 KRW FDUULHUV LQ *D$V $O3FOWM. KHWHURVYV

FDO 5HYLHZ /HWWHWQ®V GRL
3K\WV5HY/HWW



&RPSLODWLRQ RI 5SHIHUHQFHYV

5\WRY 6 O $FRXVWLFDO SURBSKIFLVEMWH Y HRIGIH WKLQOUWIW]H®UMH 7
ODPLQDWHGRFHLEIMXBK\VLFV $FRXVIWOPLQJ DQG LWV HIIHFW RQ WKH HIILI

G\H VHQVLWLJ__HD(N(RCE[RLG)LFGHOIQ)/PV
5\YNLQ 6 0 3KRWRHOHFWULF HIITHFWYV L%[\_{EPL RQM WV

GXFWRMX <RUN 1< &RQVXOWDQW %XUHDX

6DLORU 0O FLOVEXUS *RUP6HOEHL3/KHU$» PO\WLV DQG VLPXODWLRQ R
’ Q ¢ - ERFWR Y cn¥ T B¥ v ruoD WL FEGULQIHU 9H!|
*UXEEV 5 + /JHZLV 1 6 7TKLRILOPV RI Q6L

SRO\ &t F\FORRFWDWHWUDHQH &RQGXFWLQJ SRO\PHU

VRODU FHOOV DQG 6FDHHUAHHG VWUBKWKHHY 6 ( %UDEHF & - G6DULFLIWFI
* GRL VFLHQFH JURPKHU] 7 +XPPHOHQ - & I
6DUDLGDURY 7 /HYFKH . RUJDSLF SODWSISOVRG BU\WHEOVHWWHUYV
QNR 9 UDERZ $ %WRURZLF]
3 5HLVIHOG 5 1RQ VHOI DEVRUELQJ PDWHULDOV IRU
OXPLQHVFHQW VRODWKRKRQEHDQWID\WHREK/ {6&LQF]XN 3 *RVVDUG $ & 'L
/THWWHUV =+ GRL M FSOHWW (QHUJ\ ORVV UDWHV IRU KRW HOHF
*D$V TX%Q_\NXH?XYHIOBDO/SHYLHZ /THWWHUYV
6DULFLIWFL 1 6 6PLORZLW] [/ +€|§|BHU 3K\V5>?-|C%(9H9VW

3KRWRLQGXFHG HOHFWURQ WUDQVIHU IURP D FRQGXFWLQJ
SRO\PHU WR EXFNP&LFRLHQHFHIXOOHWBKOR : :DOXNLHZLF] : $JHU - : +DC
+ GRL VFLHQFH *HLV] - ) JULHGPDQ ' - %DQG D
LQ *D,Q1$VIHOARFIO SHYLHZ /HWWHUYV

6DUPD 6 'DV 6 0 $ LP K\VS5HY/HWW

6HPLFRQGXFWRU 6FLHQFH DQG 7THFKQRORJ\

6DVDNL 7 S$SUDIXOH HH s 0kDz 3 ( BXYHFNDV $  6DPXHO , ' :
om N FWRYG MWL RIS PHDVXUHPHQWY LQ SR

/DQDND 6 2KVKLWD < <DPDJXF ('JYBc;(FHG SHWFH%/JYDOV '"HHUILHOG %HD
RI WKHUPDO F\FOH DQQHDOLQJ RQ UHGXFWLRQ RI'GHLILFLW GHQ

VLW\ RQ ODWWLFH PLVPDWRKWIGFDQ*D$6 VRODU FHOOV

% &RQGHQVHG ODWWHIWGBRL MKFKHUEDW\XN * 9 ,QPDQ 5 + :DQJ

SK\VE 5 *KRVK 6 9LDELOLW\ RI XVLQJ
3E6 TXDQWXP.GRWYV DV DFWLYH PDWHULD

6DWR < <DPDJLVKL . <DPDVKL ?:Fq_'gwy 83V3K\VLFV /HWWH UV
WLOD\HU VWUXFWX 23 V6 IKIRDAOR ¥ RO F FHOOV
+ GRL Vv

. , BKLUDNDZD 7KH GLVFRYHU\
6DXQGHUV 9% 5 /XUQHU 0 DEHWYRRSHYUVSEECRkn epzoLos RI DO

SRO\PHU SKRWBG’RQ/F[]—L\FLFCB{@BUORLL&JDQ&%O W Q REQHIH ZDHFGMAKHY H& K H

IDFH 6FLHQFH  GRL MFLV o OWHUOQODWLRQDO (GLWLRO
6FKHEO\NLQ , * <DUWVHY $ 38®OHULWV 7 *XOELQDV $,’
9 6XQGVWU|P 9 ([FLWHG $2AW(DWH D&% FKDUJH

SKRWRJIJHQHUDWLRQ G\QDPLRKKQ ERRMXIBMIIC, SRERAYY LG s  +HHIHU
"RXUQDO RI 3KIVLFDO &KHPEVWUN 26 ow\ ILYH \HDUV RI FREJGDPAWDQJ SRC

GRL MS ' &RPPXQLFDW+R@RL E M

6FKLII ( $ /IRZ PRELOLW\ VRE())IPRUFIGBH\OV' $§15‘(¥|1LE/|§|/HU + "HWD L

SK\VLFV SULPHU ZLWK DSSOLFDWLEROM WR DERUSKRIM K LeRife 0 pwrIR O v
6RODU (QHUJ\ ODWHULDOV DQG 6RODU, EHOQV\\/| ryr |

GRL 6 :



&RPSLODWLRQ RI 5SHIHUHQFHV

BKRFNOH\ : AXHLVVHU + - 6 PHWWDGHG ERDQRHL & $UJD]IL 5
OLPLW RI HIILFLHQF\ RI S ROXM®QPWRIRIQRY RE\BIUVHI)XYQWL]HG 7L2 VRODU FHOO\
$SSOLHG 3K\VLF¥  GRL SKRWRFXUUHQW RXWSXW DERBOPRQYHUVLR!
HUI\,QRWHULDOYV DQG 6R@DU &HOOV
BKREFNOH\ : 5HDG : 7 GV%%VI\_ILVWLFV R1
UHFRPELQDWLRQV RI ¥R U HNVDDQETHMDHMEWURQV
GRL 3K\V5HY 6RHGHUJUHQ 6 +DJIHOGW $ 20VVRQ -

6KRML JVKLPD 5 7DNDWD $ O /KHRUHWLFDO PRGHOV IRU WKH DFW
N \ﬁkllhw[bUHQV\?w%%QNDJH FKDUDFWHULVWLF

D OXOWL VWDFNHG ,Q*D$V *Dl%&_.\ﬁ éQ(QW§B ?I_RaVPV LQDgKRVRRHQBE)WURFKHI

FHOO IDEULFDWHG RQ *I$J\RFHH%}IA/C§ W\L{/?WI!)_'O’&QKHPLVWU\ GRL
RI WKH WK ,((( 3BKRWRYROWDLS§ GSMFLD%LVWV &RQIHUHQF

+RQROXOX +, ,((( 3UHVV

6KRML < 2VKLPD 5 7DNDWD $ _ ZNDGR® < 7UHIID - § O0DUVKDOO $
ylANBCeR DOO\ DOLIQHG D

6
6WUXFWXUDO SURSHUWLHV RI PXO gy_\(gF'J Q\A}E’Wgévé é@hﬁ'ﬁ%uﬂ/oBQva

Q*DSV TXDQWXP GRWV JURZQ RQ é) \y LHZ /{9|V§//6§IIE-IE€JWIEJ H SK\V5HY/HWW
-RXUQDO RI &U\WWDO *IBRAW K

MFU\VJUR 6RQJ < - [/HH - 8 -R o+ 0XOWL
6KURWUL\D 9 X N L FDUERQ QD RWXEHV FRYDOHQWO\ DWWDI
' ( ( IRU HQKDQFHPHQW RI ILHK

< (IMLFLHQW OLJKW KDUYHV }_z\kb@ P}zﬁ_g/\g)l%lgﬁqgféqu PXOWL ZDOOHG

VWDFNHG VWUXFWXUH$ISEDSRG\PI{-|\L'\I_{I¥I§\Q + GRL M
/THWWHUYV * GRL FDUERQ

0, 0,
6ORRII /7 + 9%HQGH ( ( HXGHOG Ly JKR(5<]H QRXKX o\ 9 30FROLWY 0 %D
IOXRUHVFHQW 10DW BORDRMH 6 RQFHGWW %\/
%

HG JURZWK RI WKUHH GLPHQVI
WK (XURSHDQ 3KRWRYROWDLF 6RFQR\9V\?85'\‘/ KAV B REH vwpENLQI DoG W)
+DPEXUJ *HUPDQ\ (8 396(&

6FLHQFH GRL VFLHQFH

6ORRII [ =+ NXGHO 7 %XUJHUVGEj&_\?DV%% IBl_]7l"lj(l-[3.18K\VLFV R SKRWRQV

DQ] 5 OH\HU 7 OH\HU $ SR RPLHY, |
FHQW FRQFHQWUDWRURGEWBELQUW RLVAKIHY ,Q

QG (XURSHDQ 3KRWRYROWDLF 6 RODLY DY WIDMD& RQ 1B BKOVHFBMSEHEHYLHZ %

(8 396(& &RQGHQVHG ODWWHU DQG 0BWHULDOV 3K\V
60RRII [ + WHQGH ( ( WXUIJHBWHIRSRXWOREH® ¥ &KRFKRV & / 3UDWR
SUDYHWWRQL O .HQQ\ 5 3 * 3DCGKBRHQHVFHQW3HWUDNL ) 1RYHO
VRODU FRQFHQWUDWRU ZLWK VBIRUZ HDO F RKRYHWVUWIWRIQQ HRLUHJLRUHJXODU S
FLH@R\VLFD 6WDWXV &ROLGRL V FRYDOHQWO\ DWWDFKHG WR VLQJOH zZDC
SVvvu &KHPLVWU\ HLQKHLP DQ GHU %HUJVWUD\

+ GRL FKHP
BORRII / + %HQGH ( ( %XUJHUV $ 5  %XGHO 7

3UDYHWWRQL 0 HQQ\ 5 3 6V6NBOREWUQISLQIRBHHQDDY 7 : 3KR\
PDWLRQ IRU D OXPLQHVFHQW V R O DQWHRUPFHHGLD MHMVEBRDOREMNSS OLHG 3K\VLFV
SRZHU FRQYHUVIR\Y IHADL B WHDQ\FXV 6ROLGIGRL

6PHVWDG * 2SWRHOHFWURQLFV BWUYRQGE HHHO GV SHHQDDV 7 : /LPL
%HOOLQJKDP 8. 63,( 3UHVV GRL FLHQF\RI LOQWHUPHGLDWH EDQG VRODU FHC
OHFWLYH $FHSOHHW RBRKWLFV /HWWHUV
GRL



&RPSLODWLRQ RI 5SHIHUHQFHYV

6WUDQGEHUJ 5 SHHQDDV 7 : 7TDNDRRWRGEIIXXRQ7 ,NHGD 7 .XUL
PRGHO IRU LQWHUPHGLDWH EDQG $ROPRUREE 6 G LQIKQE RGIKERMIKFRRORVDLF 6S
ILOOLQJ3HIRBEMNWY LQ 3SKRWRYROWPBLPY LYNMHOBGKHDAGEZHRUN 1< ,((( 3UH\

$SSOLFDWLR@GWRL SLS
7TDNDPRWR 7 $JXL 7 .DPLPXUD . .D

6XJDZDUD O 6HOI DVVHPEOHG ,Q*PBVY]XPLV 0 ODWVXGD 6 <DPDJXFKL
TXDQWXPEBRWM IR &$ $FDGHPLF 3DBMBURFHHGLQJIVRRUOWK&ERQIHUHQFH R
SKRWRYROWDLE (QHUJ\ &R®YHUVLRQ &

6XJLXUD + $PDQR & <DPDPRWR $ <DPDJXFKL

0 'RXEOH KHWHURVWUXFWXUHD NDIPRWRQDHBOIMX QF WIRMKLGD $ 1DND

IRU D $O0*D$V *D$V W DRSHPHWRIORX BBYONL . « 7DNDKDVKL IWRFHH@DSHU

Rl $SSOLHG 3K\VLFV LQJ RK((( 3KRWRYROWDLF 6SHFLDOLVWYV
1HZ <RUN 1< ,((( 3UHVV

6XQ % 6QDLWK + - 'KRRW $ 6 :HVWHQKRII 6

*UHHQKDP 1 & 9HUWLFDOOVDNDRRWRWHG, KHEBUL G $JXL 7 .XULWD

EOHQGV IRU SKRWRYROWDLF GHYLFBQZNW K6L S YIRPYIHIX HKILFBHRFHH&D SHU
-RXUQDO RI $SSOLHG 3K\¥LFV LQJV RMWKHIKRWRYROWDLF 6SHFLDOLVW

GRL S 1HZ <RUN 1< ,((( 3UHVV

6ZDQVRQ 5 0 $ YLVLRQ IRU7PUD\YRMRVORLQH,NHGDFRQ .XULWD + 2KPF

SKRWRYRORUIHAAW LQ 3KRWRYROWDKFXL5EBVHDUFK DR HUPRADG PRQROLW

$SSOLFDWLRQV *D$WDQGHP VRODU FHOOV ZLWK D KLJK F

670 UW RI RYHU- DSDQRHVH -RXUQDO RI $SSOLHG |
] % $ &ROH 7 =HZDLO $ +

WUDSSLQJ DQG HQHUJ\ WUDQVIHU LQ PXOWLSOH G\H SODVWLF
PDWULFHV $Q HIILFLHQW VZO\DLUF HADHNWDIR RARR FHQW @BIWRD 0 ,PDL]XPL O

/THWWHUY GRL 2/ 0 ,Q*D3 *D$V EDVHG PXOWLMXQFWL
BURJUHVYV LQ 3KRWRYROWDLFVY 5HVHDUI
6ZLIW 3 ' 6PLWK * % JUDQNOLQ - A)GRL ILIKW,

LS
WR OLJKW HIILFLHQFLHV LQ OXPLQHVFHQW VRODU FRQFHQWUDWRUV ,Q
SURFHHGLQJV RI WKH 63,( &RQIB3JHORNDWD $ 2VKLPD 5 6KRML < $NDKD

< 3D s \ﬁ;HGLQJv Rl WKH ,((
6ZLIW 3 6PLWK = % &RQI\?FQJ %Q/\y L IJ‘L LVWYV &RQRI-(lN—CQFH
LQ IOXRUHVFHQW VROB&SDRQBHZQSMLL[FWF(UBMW\I?

+ GRL $2

7JDNHXFKL 7 .DJH\DPD + 1DND]DZD +
6]H 6 0 3K\VLFV RI VHPLFRQQBFWRU GHYLFHV Jo5 70 3UHSDUDWL
HG  1HZ <RUN 1< -RKQ:LOH\ 6RLNoWDLQLQJ LQGLXP WLQ R[LGH VSXW\

7TDEOHUR & $QDOVWLYV RI WK RBEWN.SOO® SRR ¥ & Q WHAD QRR$ WRHAHHSRHUL
*D 3 7L FRPSRXQG ZLWK D PHWDOGHUDBWHOBRFICHWWH EGBEL M
&RPSXWDWLRQDO ODWHULD®VY B6FLHQFH [

GRL M FRPPDWVFL

7DODSLQ ' 9 .RHSSH 5 *RW]LQJHU 6
7TDEOHUR & YXHUWHYV 0DUUyQ ' /IXSWRDHDOWLYV RRMWEKHK $ / +LJKO\
HOHFWURQLF VWUXFWXUH Rl PRGLIHROORLGDE® &GOHK &GHOKEWHERVWUXFW X
VXEVWLWXWLRQDO LPSXULWLHV 3VRRQBPWWVRIWMWIWNEPHGIGRAEH EDQG
WKLQ ILOP VRODU FHOOV EDVHG RQRPOX FREWDLQLQJ FKDOFRS\ULWHYV
7KH -RXUQDO RI 3K\VLFDO &KHPLVWU\ &

GRL MS T



&RPSLODWLRQ RI 5SHIHUHQFHV

7DODSLQ ' 9 1HOVRQ - + BKHYFKMH®NR 9HQ@GXUIRQJL- -U -RQHV : / 51
6 6DGWOHU % $OLYLVDWRY $ 3 6ROBMHHBOINREBHK Q VDWHOOLWHYV D¢
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