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Foreword

The amount of solar energy reaching the Earth is more than 10,000 times the current
energy consumption by man. This resource is larger than all the alternative power
sources currently available. With the rapidly growing population of mankind, the
anticipated depletion of fossil fuels, the dangers associated with pollution such as
acid rain and global warming and the hazards associated with using nuclear power
generation, this resource can no longer be ignored.

The heating effect of solar energy can of course be used to directly heat water
for domestic applications and passively heat buildings. Indirect differential heating of
the Earth produces the wind which in turn can produce wave energy. In this book the
direct conversion of solar energy into electricity using “photovoltaic (PV) solar cells’’ is
discussed. PV, the direct conversion of the sunlight into electricity is the most efficient
route for power generation simply because the number of steps needed for conversion
is a minimum. Also electricity is the most useful form of energy available.

PV generation has many other advantages over other forms of power generation.
It is freely and conveniently available everywhere needing no mains supply, it is silent in
operation and can be visually unobtrusive, it can be planned and installed in a matter
of months rather than taking the ten or more years needed to build a conventional
power plant, the technology is non-polluting (any toxic materials used in manufacture
can be controlled using existing industrial methods) and it is modular, such that the
generation capacity can be expanded easily and any breakages easily replaced.

India is fortuitous in being blessed by an abundance of solar energy. It is also
fortunate in having some of the best solar energy scientists in the world. India has an
opportunity to use this vast potential to lead the world in supplying its population
with clean, non-polluting, affordable and renewable energy.

Professor Jayarama Reddy is one of the best known, accomplished and inspiring
scientists and teachers of PV in India. This exciting book includes the wisdom and
knowledge of a master scientist and teacher who has devoted his life to developing PV
for use not just in India but throughout the world. Both young scientists, new to the
field, and experienced scientists will find its insights useful and inspiring as we move
forward to provide the world with the energy it needs.

The topics in this book include discussions on crystalline, multicrystalline, micro-
crystalline and amorphous silcon solar cells, polycrystalline copper gallium indium
diselenide and cadmium telluride thin film devices, organic and dye-sensitized solar
cells, high efficiency III-V multijunction solar cells and new concept design solar cells
including quantum well, quantum dot and other nanostructured devices.



xii Foreword

The book is completed with a chapter on the policies and incentives used/needed
to develop photovoltaics in India and other parts of the world including Japan, the
European Union, the USA, Taiwan and Canada.

R. W. Miles
BSc ARCS MSc DIC PhD MInstP CPhys

Northumbria Photovoltaics Applications Centre,
Northumbria University,

Newcastle upon Tyne, UK.
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Chapter 1

Introduction

‘Solar radiation (energy) received within one hour on the earth is sufficient
to meet the total energy demand of the world for more than one year!’

Energy production is among the top problems that humanity will face over the next cen-
tury because of growing energy demand, particularly in developing countries. A major
part of electric power is currently produced by burning fossil fuels – coal, oil or gas. The
increasing energy demand currently as well as in future, however, will possibly not be
met by fossil fuels for two reasons: (a) their limited reserves and (b) their significant con-
tribution to greenhouse gases which have adverse effects on the climate (Solomon et al.
2007; Pearce 2008). Consequently, many organizations from around the world have
been searching for alternatives to fossil fuels that are low-cost, sustainable and clean.

In recent years, usage of nuclear energy, which has the potential to satisfy a great
part of overall electrical energy demand, is being discussed in the context of growing
global warming because its contribution to the greenhouse effect is minimal compared
to other sources of energy. The amount of nuclear fuel, however, is also limited and not
renewable. The recent nuclear disaster involving the Japanese reactors at Fukushima
due to a massive earthquake caused an incomparable tragedy and has triggered global
discussion and questions the future of nuclear power. Therefore nuclear energy, in spite
of its huge potential, is surrounded by some controversy though no scientific evidence
forbids their installation and use.

Increasing demand for electrical energy as well as environmental concerns related
to fossil fuel usage are the driving forces behind the development of new energy sources,
which are renewable and ecologically safe. The energy sources, which include energy
from wind, water and biomass, geothermal and solar energy are renewable and envi-
ronmentally friendly. Among these clean energy sources, solar energy is one of the most
promising and fastest growing renewable energy sources worldwide. The predicted
potential and role of each source in the coming decades is presented in Figure 1.1
(Feltrin & Freundlich 2008). This forecast is based on the assumption that the amount
of CO2 will remain below 450 ppm/year. According to the figure, the renewable sources
will contribute significantly to overall electrical energy production; and in the long-
term, solar energy has the greatest potential among the renewable sources, and is
predicted to play a major role after 2050.

Converting solar energy into electricity or hydrogen fuel using PV cells is one of
the most attractive solutions to modern energy issues because solar energy is produced
with almost zero carbon-emission (Jayarama Reddy 2011).
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Figure 1.1 Predicted production of electrical energy in the next 60 years (under assumption that the
emission of the CO2 will be held under 450 ppmv)
(Source: Feltrin & Freundlich 2008, Copyright © 2008 Elsevier, reproduced with permission)

Solar energy comes from an abundant source, and is available in direct form
as solar radiation and in indirect form as wind, biomass, etc. The sun deposits
120,000 TW of radiation on the surface of earth. So, there is clearly enough solar power
available if an efficient means of harvesting solar energy is developed. The total energy
needed by the humans in 2020 is projected to be 20 TW. The current biggest drawback
of wider usage of photovoltaic (PV) is the higher price of the electricity produced –
about ∼4 to ∼8a/Wp (Sinke et al. 2007) – which is not competitive with the commercial
grid-electricity. However, it is expected to fall progressively and reach around 2–4a/Wp
by 2015 (Sinke et al. 2007), and the competitive price for the whole of Europe and ‘grid
parity’ will be attained in 2020. The current high price of electricity from solar cells
is, however, compensated by the positive effects achieved by this ecologically friendly
source as well as the necessity to replace fossil fuel. Although reliable PV systems are
commercially available and widely deployed, further breakthrough development of
solar PV technology is crucial for it to become a major source of electricity.

Current status of PV technology: Different semiconductor materials with suitable
optoelectronic properties have been proposed for photovoltaic applications. Among
them, silicon has been the most widely accepted and utilized in the production of PV
modules. The average annual growth rate in PV cell production over the last decade
has been more than 40% (Dorn 2007). In 2008, the world annual production of
photovoltaic (PV) cells reached more than 7.9 GWp [Photon Intl. 2009]. In 2009, the
cell manufacturers produced a record 10.7 GWp of PV cells globally – an impressive
increase from the year before. While growth in 2009 slowed from the remarkable
89-percent expansion in 2008, it continued the rapid rise of an industry that first
reached 1,000 megawatts of production in 2004. By the end of 2009, nearly 23,000
megawatts of PV had been installed worldwide.
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If one considers the installation of power-related photovoltaic plants globally,
around 80% of all large photovoltaic plants are installed in Europe (700 MWp).
The share of the USA accounts for about 16% (142 MWp) and that of Asia for 4%
(34 MWp). At present Germany hosts nearly 50% of the world’s installed photovoltaic
power, but its market share was decreasing slowly very recently (Lenardic and Hug
2008). Primary PV world markets are still Germany with about 45% of the installed
power, followed by Spain (28%) and the USA with a 16% market share. The rest of
the world has small markets.

Spain proved to be the most dynamic PV market with an impressive growth, albeit
it one that slightly declined in 2008. The average installed capacity of a single large
commercial power plant has increased from 400 kWp in 1997 to 1.64 MWp in 2007.
The average capacity of sole commercial PV plants accounts for 1.14 MWp. Germany
remains the market leader but Spain and the USA are catching up (Lenardic and Hug
2008).

Solar PV is considered the world’s fastest-growing power technology, and is used
to generate electricity in more than 100 countries. Despite this tremendous growth,
however, solar power still accounts for a share of less than 0.1% of the global energy
generation because of its high cost of production (Photon Intl. 2009; BP’s Report
2010). Nevertheless, the strong growth in PV cell production is expected to continue
for many years.

The basic advantage of silicon is that it is abundant in nature and can be pro-
cessed at relatively low costs, resulting in a low energy payback time, i.e., the time
needed for a photovoltaic system to produce electrical energy until it pays back the
energy costs associated with its production. The raw silicon, after purification, is pre-
sented in various crystallization forms: mono-crystal, multi-crystal, micro-crystal and
amorphous. These phases of silicon are the most frequently used in the production
of photovoltaic cells. Almost 90% of the share of module production belongs to the
mainstream wafer-based photovoltaic technologies based on mono-crystal (33%) and
multi-crystal (53%) silicon. The prevalence of wafer-based silicon technology has its
origin in the development of silicon wafers as well as a compatibility of solar cell techno-
logical processes with the microelectronics industry. However, the major drawback of
wafer-based silicon technology is the necessity to use silicon wafers 200–300 µm thick,
which represents a huge amount of silicon for large scale production of solar modules.
Due to the high cost of silicon wafers, its cost reduction potential seems to be limited.

In 2006, for the first time, more than half of the silicon production went into
PV instead of computer chips. The production of silicon wafers has not been growing
at the same rate as the PV industry, which results in shortage of silicon wafers as
well as increase of their price. Today’s silicon wafer price is about 60% of the overall
price of a wafer-based silicon solar cell (Rogol 2008). The silicon wafer shortage was
one of the reasons to research new technologies that do not need huge amounts of
expensive silicon. The two commercial technologies, namely, (i) thin-film Si solar cells,
i.e., solar cells with hetero junction a-Si: H/c-S (hetero junction with intrinsic thin
layer, HIT) and (ii) solar cells based on polycrystalline thin films are the result of these
research efforts. Due to greatly reduced semiconductor material consumption and the
ability to fabricate the solar cells on inexpensive large area flexible substrates and to
monolithically series-connect the fabricated solar cells, thin-film PV technology has
the potential of achieving module costs well below a1/Wp.
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Technology Overview and Forecasts: The solar cell technology based on crys-
talline silicon wafers (first generation Si technology) is the dominant technology for
terrestrial applications today. Single- and multi-crystalline wafers used in commercial
production allow power conversion efficiencies up to 25%, although the manufac-
turing techniques at present limit them to about 15 to 20%. Recent progress in
mono- and multi-Si modules and concepts are presented by leading manufacturers
at Intersolar Europe (2011). For example, SunPower Corp. presented two models,
327 W and 333 W of rated peak power, the first panels worldwide with conversion
efficiency rates above the 20% level. The record efficiency is attributed to a low
temperature coefficient, the use of anti-reflective glass and exceptional low-light perfor-
mance. LG has come up with a new module of 260 W fabricated with 60 mono-Si cells
with boosted efficiency compared to their earlier cells. Canadian Solar has presented
new cells with 19.5% efficiency, manufactured using the metal-wrap-through (MRT)
process. Their modules with outputs between 245 and 265 W will be on the market
soon. Plans are to increase the production capacity to 2.3 GW/year based on their
new 600 MW cell production facility in China. The Chinese manufacturer Yingli has
planned to increase production capacity to 1.7 GW from the current 1 GW by the year’s
end. Sanyo has presented new generation HIT modules: 250 W output with an effi-
ciency of 18%, and 240 W output with an efficiency of 19%. While the major Chinese
manufacturers are offering the standard crystalline Si modules at 1.0a/W, the estab-
lished manufacturers in the West are offering them at 1.20 to 1.30a/W (approximately
1.75 to 1.90$/W).

The second generation (2nd G) of photovoltaic materials is based on the thin-
film deposition of semiconductors such as amorphous silicon (a-Si), cadmium telluride
(CdTe), copper indium gallium diselenide/disulphide (CIGS/CIS). The efficiencies of
thin-film solar cells tend to be lower compared to Si-wafer solar cells, around 6% to
10%; but manufacturing costs are also lower, so that a price in terms of $/watt of
electrical output can be reduced. Besides, there is an advantage of less material usage,
and facility to deposit films on panels of light or flexible materials. The impressive
recent developments in thin-film module production, output power and efficiency,
and costs are demonstrated at Intersolar Europe (2011). The established thin-film
module manufacturers, Sharp, Kaneka, and Schott Solar have displayed new, full-
surface coated modules with double glazing. Schott has offered a 10-year product
warranty and a 30-year performance warranty. Global Solar Energy Inc. has pre-
sented flexible, lightweight CIGS modules suitable for roofs with limited load-bearing
capacities produced from their two plants at Arizona (40 MW) and Berlin (35 MW).
Xunlight Corporation has started releasing their flexible and light-weight tandems
consisting of a-Si layer and two layers of a-SiGe alloy from early 2011. Several man-
ufacturers of a-Si modules such as Masdar PV GmbH, Sun Well Solar, and Sunner
Solar have planned to introduce micromorphous Si tandem modules towards the end
of 2011. The CIGS module producers, Soltecture, Avanics GmbH, the Q-cells sub-
sidiary Solibro GmbH have planned to substantially increase the capacity to bring
down costs. The Japanese pioneer Solar Frontier K.K. is producing 1.25 × 1.0 m2-size
modules with efficiencies up to 12.2%; their small 30 × 30 cm modules have already
achieved 17.2% efficiency. Another CIGS manufacturer, PVNext Corp., with 30 MW
production capacity, has produced modules with 10% efficiency and is trying to push
up the efficiency to 12.5%. The CdTe thin-film leader First Solar, with a capacity
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of 1500 MW, has achieved production costs of 0.75$/W at the end of 2010. With
the turnkey 120-MW line supplied by the equipment manufacturer Oerlikon Solar
AG, micro-morphous modules are produced in China for 0.42a/W, and the Company
believes that with an efficiency of 12%, the costs can be reduced to 0.35a/W (Sun &
Wind Energy, July/2011, p. 117).

Efficiency and cost potential of silicon and thin-film modules given by Solarpeq
(2009) are shown in the Table (Source: EU Platform, research by Solarpeq, 2009).

mono-Si multi-Si CdTe CIS a-Si a-Si/µ-Si

η achieved by industry (%) 19.6 18.5 11.1 12.0 7.0 9.0
η achievable (%) >20 20 18 18 10 15
Manufacturing cost/Watt (a) 2 1.5–2 0.67 2 1 1
Expected costs as from 2020 (a) <0.5 <0.5 <0.3 <0.3 <0.3 <0.3

One may find evidently small variations in the current data as well as projections
related to production and installation volumes and costs given by the different insti-
tutions. But the conclusion is that more research and development effort to find novel
approaches and innovations in production processes, and supportive policies by the
governments can bring down the costs of the established PV technologies in future.

The concept of third generation (3rd G) of photovoltaic cells is developed by
Martin Green, University of New South Wales (UNSW) (Figure 1.2) with a twofold
object of achieving high conversion efficiencies and reduction in costs of PV technology
(Green 2004).
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(I) are thick film Si devices and second generation (II) are inorganic thin-film technologies;
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(Source: Green 2004, reproduced with permission of the author)
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The research efforts are already showing the potential: a remarkable increase
in efficiency that maintains the cost advantage of second-generation materials.
The approaches include development of dye-sensitized nano crystalline solar cells
(Graetzel solar cells), organic polymer-based photovoltaics, multi-junction solar cells
based on III-V semiconductors, solar cells using Quantum Dots and Nanowires, and
multi-band, Hot Carrier and Plasmonic solar cells. This third generation currently
comprises two categories. The first (IIIa) consists of novel approaches mentioned
above that strive to achieve very high efficiencies. All these concepts have theoreti-
cal maximum efficiencies well above the 31% limit for single-junction devices. Hence,
these high efficiency cells can afford higher costs and still show a favorable $/Wp
balance. In the second type of third-generation devices (IIIb), a low $/Wp balance
would be achieved via moderate efficiencies (15–20%), but at very low cost. This
requires inexpensive semiconductor materials, packaging solutions, and production
processes (low-temperature atmospheric routes), as well as high fabrication through-
put, low or no investment into the production facility and a production-on-demand
scenario. Organic PVs (OPVs) are promising low-cost PV technologies currently avail-
able. In the different types of OPVs, at least one key function for PV energy conversion
is handled by the organic semiconductor or conductor. The most prominent and
mature technology is dye-sensitized nanostructured oxide solar cells (DSCs). DSCs
use an organic dye to absorb light and undergo a rapid electron transfer to a nanos-
tructured oxide such as anatase TiO2. The mesoscopic structure of the TiO2 allows
processing of rather thick, nanoporous films. At an active-layer thickness of several
micro-meters, the entire light is absorbed, and these devices reach external quantum
efficiencies of over 80%. The hole transport is achieved by a redox couple, such as
iodide/tri iodide (I−/I−3 ). There is a lot of interest in replacing the liquid electrolyte
with a solid-state hole transporter; however, current progress is limited by the trans-
port properties of the solid-state system. Solid-state bulk-hetero junction devices (BHJ)
based on conjugate polymers and molecules is other very successful recent technology
among OPVs.

Large scale production or utilization is possible in any country if the industry
and the customer are provided with appropriate policy and incentive programmes.
This has been emphasized in discussions at many international forums in the recent
years. Hence, the policies and incentives offered in countries such as Japan, China,
member states of the European Union (especially Germany, Spain, France and Italy),
the United States, India, Taiwan, and Canada where PV activity has been significant
have helped the large scale growth and utilization of solar electricity in those countries.
Since deploying renewable energies, particularly solar energy, has been recognized as
the most affordable path to combat global warming/climate change, the environment/
energy policies of several countries have provided incentives to develop solar energy
technologies.

The ultimate goal of any R&D effort today is to bring down the cost of stable
solar electric power generation to the level of the utility grid in the near future.

This book is designed to draw attention to (i) the matured PV technologies cur-
rently utilised in industry, (ii) R&D activity for the development of low cost processes,
and to improve the designs and overall performance of PV cells, (iii) development
status of PV technologies based on ‘new’ concepts (third-generation technologies)
which have high potential for mass production and (iv) Policy status in selected
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countries for promoting the manufacture and use of Solar power. The book thus
comprises:

• The mono- and multi-crystalline Si wafer-based and amorphous & micro-
crystalline Si-based solar cell technologies: Various processes and equipment
currently used to produce standard mono- and poly-Si PV cells are discussed
with respect to the corresponding material technologies, such as silicon ingot
and wafer production. An overview of more advanced solar cells with a higher
efficiency potential produced by a few companies, and a few of the latest
concepts/technologies that could lead to efficiencies of greater than 25% are
outlined. The development of amorphous silicon thin-film solar cells and modules,
and micro-crystalline silicon solar cells and the suggested technological aspects for
improving their performance are covered (chapter 2)

• Polycrystalline CdTe- and CIGS-based thin-film PV technologies, and novel multi-
junction concepts based on them (chapter 3)

• Third generation cell technologies: polymer solar cells (DSCs and Organic cells),
high efficiency solar devices [III-V Multi-junction solar cells, and Concentrator
Photovoltaics (CPV)] (chapters 4 & 5)

• New solar cell concepts: Progress in solar cells based on quantum dots and
nanowires; concepts still under study (hot carrier solar cells, plasmonic photo-
voltaics, nanostructure material-based thin-film solar cells); and CSG technology
(chapter 6)

• Policies and incentives for large scale production/utilization of solar electricity in
different countries (Japan, China, European Union countries, United States, India,
Taiwan etc) (chapter 7).

The research in the areas covered in chapters 4, 5 and 6 is so intense that several
publications appear regularly. Due to space constraints, all could not be covered, and
the reader is advised to refer to them for more details.

REFERENCES

BP (2010): ‘Statistical Preview of World Energy Full Report, 2010’
Bernreuter, J. (2011): Taking the bull by the horns, Sun & Wind Energy, 7/2011, p. 117
Buddenseik, V., Iken, J., & Uphoff, V. (2011): Reliable forecast required urgently, Sun & Wind

Energy, 7/2011, p. 110
Dorn, J. (2007): Earth Policy Institute, Solar Cell Production Jumps 50% in 2007, [Online]

Available from: http://www.earth-policy.org/Indicators/Solar/2007.htm (accessed 2nd May
2011)

EU PV Platform (2009): Research by Solarpeq. [Online] available from www.solarserver.
com/solarmagazin/solar-report_0809_e.html

Feltrin, A., & Freundlich, A. (2008): Material considerations for terawatt level deployment of
photovoltaics. Renewable Energy, 33, 180–185

Green, M.A. (2004): Third-generation Photovoltaics: Theoretical and Experimental Progress,
Proc. 19th EU PV Solar Energy Conf, 7–11 June, 2004, Paris, France, pp. 3–8

Hoffert, M.I., Caldeira, K., Jain, A.K., Haites, E.F., Harvey, L.D.D., Potter, S.D.,
Schlesinger, S.M., Schneider, S.H., Watts, R.G., Wigley, T.M.L., & Wuebbles, D.J. (1998):



8 Solar power generation

Energy implications of future stabilization of atmospheric CO2 content, Nature, 395,
881–884

Jayarama Reddy, P. (2010): Science and Technology of Photovoltaics, 2nd Edn, CRC Press,
Leiden, The Netherlands, ISBN 13: 978-0-415-57363-4

Jayarama Reddy, P. (2011): Pollution and Global Warming, BS Publications, Hyderabad, India,
ISBN: 978-93-81075-09-8

Lenardic, D. & Hug, R. (2008). Large PV Power Plants – Average growth by almost 100% since
2005. [Online] Available from Solarserver.com

Miroslav, Mikolasek (2009): Current status and progress in New generation Silicon based
solar cells, Posterus, 6th July 2009. [Online] Available from http://www.posterus.sk/?p=1247
(Accessed on 2nd May 2011)

Pearce, J. (2008): Industrial symbiosis of very large-scale photovoltaic manufacturing, Renew-
able Energy, 33, 1101–1108

Photon International (2009), p. 176, March 2009
Rogol, M. (2008): Refining Benchmarks and Forecasts – Rogol’s Monthly Market Commentary,

Photon International, 2008
Roney, J.M. (2010): Solar cell production climbs to another record in 2009, Earth Policy

Institute, Washington, D.C.
Solomon, S. et al. (2007): Climate change 2007: The Physical Science basis – The Intergovern-

mental Panel on Climate Change, Cambridge University Press, ISBN 978-052188009-1
Sinke, W. (2007): A Strategic Research Agenda for Photovoltaic Solar Energy Technology. The

European Photovoltaic Technology Platform, Luxembourg: Office for Official Publications
of the European Communities, ISBN 978-92-79-05523-2.



Chapter 2

Silicon solar cells

2.1 INTRODUCTION

Crystalline silicon photovoltaic (PV) cells have very wide and largest usage among
all types of solar cells the market offers. The highest energy conversion efficiency
reported so far for research crystalline silicon PV cells is 25%. Standard industrial
cells, however, remain limited to 15–18% with the exception of certain high-efficiency
cells capable of efficiencies greater than 20%. High-efficiency research PV cells have
advantages in performance but are often unsuitable for low-cost production due to
their complex structures and the extended manufacturing processes. Even so, both high
conversion efficiency and low processing cost can concurrently be achieved through
the development of superior manufacturing technologies and equipment.

Silicon is one of the most abundant and safe resources on Earth, representing
26% of crustal material. The environment friendly silicon solar cell has a record of
over 60 years of development and longest period of production. World annual solar
cell production of 100 GWp is expected to be achieved by around 2020, and the silicon
PV cell is the most viable candidate to meet this demand.

The crystalline silicon PV cell is essentially a semiconductor diode. In the early
years of solar cell production, many technologies for crystalline silicon cells were pro-
posed on the basis of silicon-based devices. The technologies and equipment developed
for already existing silicon-based semiconductor devices, such as large-scale inte-
grated circuits and several other kinds of silicon semiconductor applications, and those
developed for PV solar cells supported growth in both fields. For example, process tech-
nologies such as photolithography helped to increase energy conversion efficiency in
solar cells, and mass-production technologies such as wire-saw slicing of silicon ingots
developed for the PV industry were also readily applicable to other silicon-based semi-
conductor devices. However, the value of a PV cell per unit area is much lower than
that for other silicon-based semiconductor devices.

Production technologies such as silver-paste screen printing and firing for con-
tact formation are therefore needed to lower the cost and increase the volume of
production for crystalline silicon solar cells. To achieve parity with existing mains
grid electricity prices, achieving lower material and process/production costs are as
important as higher solar cell efficiencies. The realization of high-efficiency solar cells
with low process cost is currently the most important technical issue before solar cell
manufacturers.
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2.2 FEATURES OF STANDARD C-SILICON CELLS

The structure of typical commercial crystalline-silicon PV cells is shown in Figure 2.1.
Standard cells are produced using one of two different boron-doped p-type silicon
substrates, either mono crystalline or polycrystalline. The cells of mono-Si type are
typically 125 mm (5 inches), and that of poly-Si, 156 mm (6 inches) square. Mono-
crystalline solar cells are produced from pseudo-square silicon wafer substrates cut
from column ingots grown by the Czochralski (CZ) process. In contrast, poly-
crystalline cells are made from square silicon substrates cut from polycrystalline ingots
grown in quartz crucibles. Details on the CZ process and poly-Si ingots growth
are given in several articles, for example, author’s earlier book (Jayarama Reddy
2010).

The dominant technology for p-type Si solar cells involves screen-printing based
metallization (Figure 2.1). The front surface of the cell is covered with micrometer-
sized pyramid structures (textured surface) to reduce reflection loss of incident light.
An anti-reflection coating (ARC) of silicon nitride (SiNx) or titanium oxide (TiOx) is
overlayed on the textured silicon surface to further reduce reflection loss. Crystalline
silicon solar cells have highly phosphorous-doped n+ (electron-producing) regions
on the front surface of boron-doped p-type (electron-accepting) substrates to form
p–n junctions. Back-surface p+ field (BSF) regions are formed, usually by firing
screen-printed aluminum paste in a belt furnace, on the back surface of the silicon
substrate which serves as a back surface passivation layer and suppress recombi-
nation of minority carriers (photo-generated electrons). However, the Al-BSF may
not be appropriate for thinner substrates because its formation introduces high
stress, which can bend thin wafers. In addition, the Al-BSF provides only low-to-
moderate quality surface passivation and exhibits low internal surface reflection,
which is not sufficient for excellent electrical and optical confinement, respectively
(Meemongkolkiat 2008).

Figure 2.1 Schematic of a commercial mono-crystalline silicon solar cell
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The carriers (electrons) generated in the silicon bulk and diffusion layers are col-
lected by the front and back silver contacts (electrodes). The front contact consists of
gridlines connected by a busbar to form a comb-shaped structure. The back contact is
usually a series of silver stripes connected to the front bus bar of the adjacent cell via sol-
dered copper inter-connects. The contacts are usually formed by firing of screen-printed
silver paste at the same time as firing for formation of the BSF regions. The front con-
tact is similarly formed using screen-printed silver paste applied on top of the ARC
layer. The contact between the front electrode and the n+ region of the silicon substrate
is achieved by firing, facilitating silver to penetrate through the ARC layer.

The screen printing equipment for the formation of the front and rear contacts
of solar cells is commercially available. This equipment is robust, simple, and can
easily be automated. The screen printed front contact has to have (i) low contact
resistance, (ii) no junction shunting, (iii) low specific resistance, (iv) high aspect ratio,
(v) good adhesion to Si, (vi) firing through SiN, and (vii) good solderability for series
interconnection with tabbing ribbons within the module.

The screen-printed front silver contact prepared by firing to penetrate the ARC is
one of the most important techniques for large-volume fabrication of modern standard
crystalline silicon cells. Other techniques, such as using boron-doped BSF and nickel–
copper plating contacts, are used by a few cell manufacturers. The efficiencies of typical
commercial crystalline silicon solar cells with standard cell structures are in the range
of 16–18% for mono-crystalline substrates, and 15–17% for (poly) multi-crystalline
substrates.

The substrate thickness used in most standard crystalline cells is 160–240 µm.
The solar cells are assembled into modules by soldering and laminating to a front glass
panel using ethylene vinyl acetate as an encapsulant. The energy conversion efficiency
of modules of standard solar cells is roughly 2% less than the individual cell efficiency,
falling in the range, 12–15%.

The value chain for crystalline silicon solar cells and modules is longer than that
for thin-film solar cells as we see later. Three kinds of industries are associated with
crystalline silicon solar cell and module production: (1) metallurgical and chemical
plants for producing raw silicon material, (2) mono-crystalline and polycrystalline
ingot preparation, and wafer slicing by multi-wire saw, and (3) solar cell and module
production.

The fabrication cost for solar cell modules includes the cost of the silicon sub-
strate (50%), cell processing (20%) and module preparation (30%). The cost share
is therefore strongly affected by the market price for poly-silicon feedstock. Hence,
reducing the cost of the silicon substrate remains one of the most important issues in
the PV industry. The energy conversion efficiency of solar cells is another important
issue because the cell efficiency influences the entire value-chain cost of the PV system,
from material production to system installation. The solar cell efficiency is limited by
the three main loss mechanisms: (1) photon losses due to surface reflection, silicon
bulk transmission and back contact absorption; (2) minority carrier (electrons in the
p-region and holes in the n-region) loss due to recombination in the silicon bulk and at
the surface; and (3) heating joule loss due to series resistance in the gridlines and
busbars, at the interface between the contact and silicon, and in the silicon bulk and dif-
fusion region. In the design of solar cells and processes, these losses are minimized
without lowering the productivity of the solar cells.
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The physics of crystalline Si solar cell is dealt in many publications (for example,
Green 1982, 1995; Partain, 1995; Goetzberger et al. 1998). The current-voltage char-
acteristics and optical parameters are measured for each cell to determine (i) the optical
quality, (ii) its current at the maximum power point and to sort the cells into current
classes to minimize mismatch losses in the module consisting of series-connected solar
cells (Neuhaus et al. 2005), (iii) its reverse breakthrough characteristics to avoid hot
spot heating within the module (Neuhaus et al. 2006), and (iv) the solar cell param-
eters (short-circuit current, Isc, open-circuit voltage, Voc, current at the maximum
power point, Imp, voltage at the maximum power point, Vmp, maximum power, Pmax,
fill factor, FF, and energy conversion efficiency, η) as a final process control.

In research and development, short-circuit current density (Jsc) is also used. An
air mass 1.5 (AM1.5) spectrum condition (1000 W/m2) is the standard test condition
for terrestrial solar cells. The AM1.5 condition is defined as 1.5 times the spectral
absorbance of Earth’s atmosphere; in contrast, the spectral absorbance for space is
zero (air mass zero, AM0). The solar energy under the AM1.5 condition is used as
the input energy for calculation of solar cell efficiency. The solar cell fill factor and
efficiency are calculated using the following equations.

FF = Pmax/Isc × Voc where Pmax = Imp × Vmp (2.1)

Efficiency = Pmax/1000 (W/m2) × Cell area (m2) (2.2)

2.3 PROGRESS IN CELL EFFICIENCY

The first crystalline silicon solar cells were fabricated by Bell laboratory in 1953
achieving 4.5% efficiency followed in 1954 with 6% efficiency devices (Pearson 1985;
Chapin et al. 1954). In the next ten years since the first demonstration, the efficiency
of crystalline silicon cells improved to around 15%, and was sufficiently efficient to
be used as electrical power sources for spacecraft, special terrestrial applications such
as lighthouses, and consumer products such as electronic calculators. The improve-
ments in research-cell efficiencies achieved for various kinds of solar cells over the
past 30 years are shown in Figure 2.2 (NREL graph, Ullal 2009). The basic cell
structure used in current industrial crystalline solar cells, which includes features
such as a lightly doped n+ layer (0.2–0.3 µm) for better blue-wavelength response,
a BSF formed by a p/p+ low/high junction on the rear side of the cell, a random
pyramid-structured light-trapping surface, and an ARC optimized with respect to
the refractive index of the glue used to adhere it, were developed for space and
terrestrial use in the 1970s. The efficiency of mono-crystalline cells for space use
is in the range of 14–16% under ‘1 sun’ AM0 test conditions, equivalent to 15–
17% at AM1.5. These standard structures for crystalline silicon cells are still used
in the production of standard industrial crystalline cells, which offer efficiencies in the
range, 14–17%.

The key technologies needed to realize efficiencies of higher than 20% were devel-
oped in the 1980s and ’90s. Most of the features presented in Table 2.1 are utilized in
the production of latest high-efficiency crystalline silicon cells (Saga 2010).
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Table 2.1 Key technologies for high-efficiency c-Si solar cells

(a) Minimising Photon loss:
Front textured surface of random pyramid or inverted pyramid structures to reduce surface
reflection loss, Simple- or double-layer ARC to reduce surface reflection loss, Back contact cell
structure to reduce front contact shadow loss, Flat back surface by chemical etching of Si to
improve back reflectivity and reduce photon absorption, Back surface reflector consisted of a
dielectric layer and high reflectivity thin metal layer to reduce photon absorption.

(b) Minimising carrier loss:
Passivation of front electrode (partly in contact with highly doped Si layer) to reduce carrier
combination under front electrode, Shallow doped p-n junction with front surface
dielectric passivation layer to reduce carrier recombination in the n+-doped region and
at the surface; hetero junction with thin amorphous layers on a c-Si base in a hetero junction
cell; front surface field and surface passivation for back contact in a back-junction cell, Locally
p+-doped back surface field and point contact structure to reduce carrier recombination
in highly doped p+ back region, Back surface passivation by a dielectric layer or hetero junction
structure to reduce back surface recombination.

(c) Minimising electrical loss:
Fine grid line front contact to reduce series resistance of n+-doped region, Selective emitter (deep
and highly doped emitter under the contact) to reduce contact resistance of front contact with Si
surface, n-type or p-type Si substrates with minority carrier diffusion lengths longer than the base
thickness.
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2.4 MONO-CRYSTALLINE Si SOLAR CELLS

Typical high-efficiency mono crystalline silicon PV cell designs that have been applied
to industrial production are explained here:

1 Buried contact (BC) Solar cell
2 Passivated emitter rear localized (PERL) Solar cell
3 Hetero junction with intrinsic thin layer (HIT) Solar cell
4 Interdigitated Back contact (IBC) Solar cell.

These PV cells feature many of the technologies that provide high efficiency in this
type of PV cell.

2.4.1 Buried contact solar cells

Based on ‘passivated emitter solar cells’ the concept of more industry-oriented technol-
ogy of buried contact solar cell was developed and patented by Green and co-workers
from UNSW (Green 1985; Wenham & Green 1985). The emphasis during the devel-
opment was on evolving simple and low cost processes and methods suitable for large
area cells and for mass production. This research group recognised that the screen
printed contacts decrease the device efficiency. Factors such as high shading losses,
the high resistivity of the screen printed silver grids (compared to pure silver), a high
contact resistance between the grid and silicon and poor aspect ratio also affect device
efficiency. This has led to using photolithography/laser scribing for the development
of cell contacts. In the buried contact silicon solar cell, the metal is buried in a laser-
formed groove inside. This is an important high efficiency feature of the buried contact
solar cell which allows for a large metal height-to-width aspect ratio. A large metal
contact aspect ratio in turn allows a large volume of metal to be used in the contact
finger, without having a wide strip of metal on the top surface. Therefore, a high metal
aspect ratio allows a large number of closely spaced metal fingers, while still retaining
a high transparency. For example, on a large area device, a screen printed solar cell
may have shading losses as high as 10 to 15%, while in a buried contact structure,
the shading losses are only 2 to 3%. These lower shading losses allow low reflection
and therefore higher short-circuit currents. The original design for this solar cell has
the buried metal contacts on the top surface as shown in Figure 2.3a although more
recently the interdigitated rear contact design applied to n-type wafers has become
mainly popular.

Figure 2.3b shows the partially plated laser groove. In this BC-design the contact
metals, nickel, copper and then silver, are deposited using electroless methods. The
improved design permits shallower phosphorus doping at the surface of the device
without degrading the Voc, improving the short wavelength response of the cell. The
higher doping concentration of this n+ region also reduces the contact resistance to
the grid contact.

The contact resistance of a buried contact solar cell is lower than that in screen
printed solar cells due to the formation of a nickel silicide at the semiconductor-
metal interface and the large metal-silicon contact area. These reduced resistive losses
basically allow large area solar cells with high fill factors. Efficiencies of 20% have
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Figure 2.3a Schematic representation of a Buried contact (BC) solar cell
(Source: Neuhaus & Munzer 2007, Hindawi Publishing Corporation; Copyright © 2007
D.-H. Neuhaus and A. Munzer)

Figure 2.3b Cross section of a partially plated laser groove (Courtesy: PVEducation.org)

been demonstrated on small area devices; however, 21% efficiency is assumed to be
achievable on large area CZ-silicon ultimately (UNSW PVC Annual Report 2008).

In industrial production, BP Solar cells have reached average efficiencies of 17%
and the best cells have demonstrated 18.3% efficiency (Mason et al. 2004). Mason and
Jordon (1991) and Hartley et al. (2002) have described the steps for the manufacture
of BP Solar’s buried contact solar cells. The latest developments in the fabrication of
industrial solar cell are incorporating buried contact grid on the front side and laser
fired contacts on the rear side of the cells (Mason et al. 2006; Schultz et al. 2006).

2.4.2 Passivated emitter, rear locally diffused (PERL) cell

The next advancement was PERL cell where local diffusion has been used in the area of
rear point contact (Zhao et al. 1995, 1999). This is a research cell developed at UNSW
(Figure 2.4a). The back structure of the PERL cell includes local boron BSF around the
local back contacts, while thermally grown SiO2 passivates the other area of the back
surface. The incorporation of a local BSF minimizes the recombination at the back
contact and allows an ohmic contact on high-resistivity substrates. The fabrication of
this local boron BSF cell, however, requires lengthy procedure with several masking
and high-temperature process steps, including (a) growth of SiO2 that serves as a
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boron diffusion mask, (b) photo-lithography process to define BSF windows, (c) boron-
diffusion using a BBr3 source, (d) removal of the SiO2 mask, (e) re-growth of SiO2 for
surface passivation, and (f) a photo-lithography process to open the SiO2 layer for a
contact formation within the boron BSF region.

The key to success of such a complex structure is excellent process control to diffuse
boron without degrading the bulk lifetime. Despite its high complexity, this structure
demonstrates the potential for high efficiency of Si solar cells. Further, it provides the
basis and strategy for the development of high-efficiency cells with simpler structures
and processes. The bulk minority carrier lifetime in PERL cells is longer than 1 ms. This
cell approaches the limit of existing technologies for the absorption of solar photons
and the collection of carriers generated in the cell emitter and base.

A PERL cell record efficiency of 24.7% was reported almost ten years ago (Zhao
et al. 1999), and the record of 25.0% reported by research group at UNSW was
obtained after re-measurement of the same cell using newer solar reference spectrum.
The jump in efficiency resulted from new knowledge about the composition of sunlight
that led to the adoption of a new reference solar spectrum by the International Elec-
trotechnical Commission in April 2008. As shown in Figure 2.4b, the new reference
spectrum has more energy at both blue and red ends of the spectrum, with relatively
less energy at intermediate green wavelengths. The exceptionally strong response of
the PERL cell at both blue and red wavelengths increases its performance margin over
less highly performing devices. Referenced to the new spectrum, the independently
confirmed parameters for this ‘milestone’ cell are Voc = 706 mV, Jsc = 42.7 mA/cm2,
FF = 0.828 and η = 25.0% for a 4 cm2 laboratory cell (Green et al. 2009).

The PERL cell has remained the most efficient type of mono-silicon PV cell for
the past several years (Zhao et al. 1999), and has been the most popular laboratory
structure of all the high-efficiency crystalline silicon PV cells. However, the full PERL
design is not easy to apply to low-cost industrial production because of the necessity for
multiple photolithography steps, similar to complex designs of semiconductor devices.
Expensive silicon PV cells for space applications have a similar structure to the PERL
cell (Washio et al. 1993).

Boron BSF solar cells: It is seen that boron BSF has a better surface passiva-
tion; and also avoids wafer bowing, especially when the wafers become thinner. Since
the application of boron involves more technological steps, Siemens Solar (Munzer
et al. 1995), using boron coating on the rear side and subsequent boron drive-in at
elevated temperatures, has developed one-sided fabrication process. A low surface
reflection was obtained by the combination of a surface texture with an extra SiN
AR coating. The emitter formation and metallization on the front and rear are done
by conventional methods. These steps have resulted in relative efficiency increase of
over 10%.

Siemens Solar and later, Shell Solar and Solar World (the succeeding companies)
have utilized this process for mass production of mono-Si modules of 60 MW/yr.
Schematic of the BSF solar cell developed by Solar World is shown in Figure 2.4c.
A selective emitter structure was developed to improve efficiency and an average cell
efficiency of 18.4% was obtained on more than 500 cells (Neuhaus & Munzer 2007),
and the best solar cell efficiency recorded was 18.8% (Munzer et al. 2006). These
improved cells exhibit a high red response due to boron BSF and almost constant blue
response due to shallow emitter. The next development is PERF (Passivated emitter
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Figure 2.5 Schematic of simplified PLUTO cell developed by SunTech Power

rear floating junction) solar cell which offers the best long term potential for high
performance. This structure is used to produce mono-silicon cells with highest Voc

to date with 720 mV under standard test conditions (Wenham et al. 1994) and
efficiencies >23%.

The PLUTO cell (Figure 2.5) developed for industrial production by SunTech
Power was also based on the design (PESC) developed at the UNSW in 1985 (Green
et al. 1985). It has a simpler passivated emitter solar cell (PESC) structure and provides
efficiency of up to 19.2% in a 4 cm-square cell (Shi & Wenham 2009).

The PESC features front passivation, a selective emitter, and a plated front contact
with fine gridlines. The production sequence for the simplified Pluto cells is: Texture
and clean, Inline diffusion, Wet edge isolation, Anti-reflection & surface passivation
coating, Patterning of anti-reflection coating, Selective emitter formation, Screen print
Al and formation of BSF, and Self aligned metallization. The simplified version of Pluto
technology can be easily retrofitted onto existing screen-printing production lines using
essentially the same equipment, wafers and materials, and can achieve a performance
advantage of around 10–15% (Shi et al. 2009).

2.4.3 HIT solar cell

This cell was developed by SANYO (Taguchi et al. 1990) combining a-silicon and
mono-silicon. It is a unique hetero junction structure consisting of very thin, amor-
phous p- and n-doped layers and intrinsic amorphous layers on the front and rear
surfaces of a CZ n-type mono-silicon substrate. The current trend in wafer-based
technology is to decrease wafer thickness; for example, reducing wafer thickness by
70 µm brings 10–15% savings of silicon material resulting in decrease of overall price.
However, when the wafer thickness is decreased below 150 µm, the high temperature
processes used during fabrication may bend the wafer. This aspect is taken care of in
the fabrication of HIT cell.
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Figure 2.6 SANYO HIT solar cell structure
(Source: Jayarama Reddy 2010)

In HIT solar cell, a single thin crystalline silicon wafer (∼120 µm) is sandwiched
between two ultra-thin intrinsic silicon layers and n-type and p-type doped amorphous
silicon layers, deposited at temperature below 300◦C (Figure 2.6).

The low temperature deposition enables use of thin wafers. The p/n junction of
the p-type substrate HIT solar cell is formed by the p-type amorphous silicon (a-Si:H)
layer and the n-type crystalline silicon substrate. The impurity-free intrinsic amorphous
silicon thin layer is inserted between the highly doped a-Si:H layer and the substrate
in order to reduce recombination of charge carriers at the interface. The intrinsic
amorphous layer has ability to decrease the defect density at the interface because this
layer has lower defect density by around three orders of magnitude (Jensen et al. 2002).

Fabrication process of HIT cell is simple with relatively low manufacturing cost.
HIT solar cells demonstrate numerous advantages (Cervantes, 2008): good surface
passivation, simple and low temperature process enabling the use of thin wafers
(<100 µm), and high conversion efficiency. Since the base material of the structure is
crystalline silicon, the typical degradation (Staebler-Wronski effect) observed in amor-
phous silicon solar cells does not take place in HIT solar cells. In addition, HIT solar
cells exhibit better temperature characteristics than conventional c-Si ones – a low tem-
perature coefficient of about 0.30% K−1 at Pmax compared to about 0.45% K−1 for
standard industrial crystalline silicon PV cells – which means more power generated in
outdoor conditions for the same nominal conversion efficiency. This hetero junction
structure improves Voc considerably by the effects of the large energy band gap of the
front amorphous silicon layer and the excellent quality of the interface between the
amorphous layer and the crystalline substrate. This cell has a transparent conductive
oxide (TCO) ARC, which reduces the sheet resistivity of the front amorphous layers.
The Jsc is distinctly lower compared to other high-efficiency PV cells. This appears to
be due to reduced photocurrent collection by the front a-silicon layers and the bulk
silicon by the effects of the lesser transparency of the TCO layer compared to other
ARCs, and/or the lower internal quantum efficiency of the amorphous layers.
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The main dissimilarity between HIT cells and wafer-based Si solar cells is the pres-
ence of hetero junction in case of HIT cells. The presence of different conduction and
valence band offsets at a-Si/c-Si hetero junction brings about the inherent superior
performance of the HIT cell with the n-type silicon wafer (Stangl et al. 2001). The
simulation studies carried out by Maydell et al. (2006) indicate that the quality of the
a-Si:H/c-Si interface, which is associated with the recombination, has serious impact
on the performance of the cell. Obtaining good quality intrinsic a-Si:H layer as well as
the interface of the a-Si:H/c-Si is one of the main challenges in order to achieve good
efficiency.

This Sanyo product fabricated with state-of-the-art manufacturing techniques pro-
vides industry-leading performance and value. Sanyo has reported world’s highest
conversion efficiency level of 22.3% for HIT solar cells in 2007, mainly due to the
excellent a-Si:H/c-Si hetero-interface properties obtained by optimized surface clean-
ing process. The other cell parameters achieved are, open circuit voltage, 725 mV, short
circuit current, 39.09 mA/cm2 and FF, 79.1%.

Sanyo (Tsunomura et al. 2008) projects further increase in the performance of
HIT cells by improving the a-Si:H/c-Si hetero junction and the grid electrodes and by
reducing the absorption in the a-Si:H and TCO layers. The improving of the hetero
junction will be attainable by optimization of cleaning technology of c-Si surface before
a-Si:H deposition and by lower plasma and/or thermal damage to the c-Si surface
during a-Si:H, TCO and conductive electrode fabrication. The best output parameters
for the Sanyo HIT cell developed for industrial use are recently reported: Voc = 729 mV,
Jsc = 39.5 mA/cm2, FF = 0.800 and η = 23.0% for a large 100.4 cm2 cell (Taguchi et al.
2009). In an effort to decrease the price of fabricated modules, experiments with wafers
upto 70 µm thick are carried out. A conversion efficiency of 22.8% has been achieved
with a 98 µm thick Cz-Si (100.3 cm2) cell with Pmax = 2.290 W (Taguchi et al. 2009).
At Intersolar Europe 2011, Sanyo presented two module versions of new generation
HIT modules: one has a 250 W output and an efficiency of 18%; the second has a
240 W output with an efficiency of 19% (Sun & Wind Energy 7/2011).

2.4.4 Interdigitated back contact (IBC) solar cells

Back contact solar cells achieve potentially higher efficiency by putting all or part of
the front contact grids on the rear of the device (Figure 2.7). This configuration reduces
shading on the front of the cell, thereby resulting in higher efficiency. These designs
are especially useful in high current cells such as concentrator PVs. There are three
distinct configurations of back contact solar cells and IBC is one. Emitter wrap through
(EWT) and Metalization wrap through (MWT) are the other two configurations of
back contact solar cells discussed under polycrystalline Si solar cells.

Originally called the front surface field (FSF) cell, the interdigitated back contact
(IBC) cell was first studied in the late 1970s (Lammert & Schwartz 1977; Roos et al.
1978; Cheng & Leung 1980). The point contact (PC) cell developed by Stanford
University in the 1980s gave efficiencies of more than 20% from the beginning (Sinton
et al. 1985, 1986). Also called BJ-BC solar cells, these back junction solar cells have a
collecting junction on the rear of the solar cell whereas the front surface is passivated.
The minority carriers that generate at the front surface have to diffuse all the way to
back surface. As a result, these cells require a high ratio of bulk diffusion length to cell
thickness.
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Figure 2.7 Schematic representation of a Back contact cell with contact grids on the rear side

The IBC cell has front and rear surface passivation layers, a random-pyramid
light-trapping surface, FSF, interdigitated n- and p-doped regions on the back surface,
n and p contact gridlines on n- and p-doped regions, a single-layer ARC and CZ n-type
mono-crystalline silicon substrate. Because the minority carriers must diffuse through
the entire wafer thickness to reach the junction at the rear, the IBC cell design requires
extraordinary high lifetime silicon material. SunPower Corp. which has commercial-
ized this cell uses Si wafers with lifetimes greater than 1 milli-second and a thickness
of 200 µm (Mulligan et al. 2004; Rogol & Conkling 2007).

Of all the crystalline Silicon PV modules in the market, those based on BC-BJ cells
provide the possibility of module efficiencies >20%. Schematic drawing of an IBC cell
manufactured by SunPower is shown in Figure 2.8a.

These cells were first fabricated for unmanned aircraft and solar race cars by Sun-
Power in the 1990s, and were extended to large-scale production for PV generation
systems in the 2000s. To reduce the fabrication cost, several low cost processes are
introduced by SunPower (Verlinden et al. 1994; Mulligen et al. 2004; Cudzinovic &
McIntosh 2006). The best conversion efficiency reported so far for a large-area
industrial cell is 23.4% (Swanson 2008).

Several laboratories and manufactures have investigated for improving the design
and processing of BC-BJ cells (Kluska et al. 2008; Granek et al. 2008; Munzer et al.
2008). BC-BJ cells have several advantages compared to the conventional front-contact
cell structure: no gridline (sub-electrode) or busbar (main electrode) shading, a front
surface with good passivation properties due to the absence of front electrodes, free-
dom in the design of back contacts (electrodes), and improved appearance with no
front electrodes. They also provide advantages in module assembly, allowing the
simultaneous interconnection of all cells on a flexible printed circuit. The low series
resistance of interconnection formed by this type of technology results in a high FF
of 0.800 compared with around 0.75 for standard silicon PV cell modules (Bultman
et al. 2003). Figure 2.8b shows the schematic representation of the module structure
that Nakamura et al. newly investigated. The IBC cell is directly mounted on the PWB
or FPC and the cell electrodes are connected to the wiring lines directly. This method
is called surface-mount technology (SMT). The SMT concept single-cell module made
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Figure 2.8a Schematic representation of IBC solar cell
(Source: Neuhaus & Munzer 2007, Hindawi Publishing Corp.; Copyright © 2007 D.-H.
Neuhaus & A. Munzer)

Figure 2.8b The Surface mount technology concept of IBC solar cell
(Courtesy: Nakamura et al. 2008, reproduced with the permission of the author)

of 126 mm quasi-square IBC cell shows high FF nearly equal to the FF of the cell. The
module parameters are Jsc = 38.6 mA/cm2, Voc = 0.643 V, FF = 0.80, and η = 19.8%.
Thus it appears that SMT module structure is effective to reduce the series resistance
caused by the interconnection (Nakamura et al. 2008). Further, the studies on thickness
dependence on efficiency have shown that the thickness can be reduced to 120 µm.

2.4.5 Industrial mono-Si solar cells

p-type mono crystalline Si substrates sliced from boron-doped CZ ingots are used for
standard industrial PV cells for many years. In the early years of terrestrial PV cell
production, small 2–5-inch-diameter CZ ingots were used. Hence, cost reduction for
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mono crystalline cells with small size and high cost was a difficult issue. With great
deal of research and development over the past 20 years, CZ wafers with side lengths
of 125 and 156 mm, sliced from 6- and 8-inch-diameter ingots, respectively, are now
available for mono-silicon PV cell fabrication. The fabrication of mono crystalline
cells and modules using wafers of the same size as those used for polycrystalline cell
production has improved the competitiveness of mono crystalline cells against their
polycrystalline counterparts in terms of manufacturing cost per output watt. Mono
crystalline cells represented 38% of all solar cells manufactured in 2008 (Photon Intl.
2009).

There are large differences between the efficiencies of the best research crystalline
silicon PV cells and the corresponding industrial cells. The efficiencies of standard
industrial mono-Si PV cells remain in the range of 16–18%, considerably lower than
the 25% efficiency levels of the best research cells. Due to economics of production,
industrial cells are restricted to simple cells that are suitable for high-speed, automated
production using low-cost materials. Simple design features, such as front surface tex-
turing and BSF similar to those developed for terrestrial crystalline-silicon PV cells in
the early 1980s are still adopted in most current industrial crystalline cells. To improve
cell efficiencies, many cell manufactures are systematically attempting to introduce
high-efficiency features, such as finer gridlines, selective emitters or more shallowly
doped n+ regions, into existing production processes. The IBC (BC-BJ) cells and HIT
cells have exceptionally high efficiencies for industrial mono crystalline Si PV cells, but
have complex cell structures that require a much longer production process and more
specialized equipment compared with the other industrial cells. As a result, it is difficult
for these advanced cell types and modules to compete commercially in terms of produc-
tion cost per output watt. The challenge lies in balancing efficiency enhancement and
cost reduction for solar cells and modules using existing manufacturing technologies.
Innovative and simple manufacturing processes and equipment for the fabrication of
high-efficiency crystalline silicon solar cells are therefore needed in order to realize
significant cost reductions.

Another drawback of the mono-Si cell technologies is that mono-crystalline cells
based on p-type CZ silicon substrates are susceptible to light-induced degradation
(LID) caused by the recombination of reactive boron–oxygen complexes (B s–O 2i).
Many studies have been undertaken in an attempt to eliminate LID effects in mono-
silicon PV cells, and permanent deactivation of the complex at high temperature
(>170◦C) has been reported (Lim et al. 2008). Boron-doped magnetic-field CZ wafers
and gallium-doped CZ wafers also show promise for eliminating LID effects in mono-
Si solar cells. CZ-silicon cells based on phosphorous-doped n-type CZ wafers are also
free of LID effects. The high-efficiency PV cells of Sun Power and Sanyo are fabricated
using n-type CZ-silicon wafers. Recently, the Fraunhofer ISE (2009) has developed pro-
totype n-type silicon solar cells with conversion efficiency exceeding a record 23.4%.
A 2 × 2 cm2 n-type cell was demonstrated achieving 23.4% conversion efficiency; and
a bigger cell (12.5 × 12.5 cm2), using much simpler process including a screen-printing
application of the aluminum alloy emitter, showed 18.2% efficiency. The research
groups are working on the process technology to push the commercially-viable silicon
solar cells to exceed 20% efficiency.

It is also difficult to expect further price decrease of the mono-crystalline sili-
con solar cells. Firstly, the power generation conversion efficiency of the material
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is approaching the theoretical value. Therefore, in recent years, the progress in the
conversion efficiency of the solar cells available in the market has not been very sig-
nificant. Secondly, the price of the materials has soared. The extent of price decreases
for solar cells has been declining compared with the price decreases of its auxiliary
equipments.

2.5 MULTI (POLY)CRYSTALLINE SILICON SOLAR CELLS

The study of multi-crystalline silicon ingots and wafers has started with an object
of using them for solar cell fabrication since the production process of mono-silicon
crystals is laborious and the costs are very high. The science and production of poly-
Silicon have been studied since the mid-1970s (Lindmeyer 1976; Fischer & Pschunder
1976). The literature on the preparation of poly-Si ingots and wafers is vastly available.
Tremendous progress is achieved in getting the required equipment, and modern poly-
crystalline furnaces are designed for maximum productivity to cast ingots of around
450 kg.

Polycrystalline cells are currently the most widely produced cells, making up about
48% of world solar cell production in 2008 (Photon Intl. 2009). Standard poly-
crystalline industrial cells offer efficiencies of 15–17%, roughly 1% lower than for
mono-crystalline cells fabricated on the same production lines. The efficiencies of poly-
crystalline cell modules, however, are almost the same as those for mono-crystalline
cells (14%) due to the higher packing factor of the square polycrystalline cells.

Mono-crystalline cells are fabricated from pseudo-square CZ wafers and have
relatively poor packing factors. The efficiencies of both mono-crystalline and poly-
crystalline PV cells are likely to become better in the future through the introduction
of high-efficiency structures. But, the variation in efficiency between mono- and multi-
crystalline cells may become wider due to the difference in crystal quality (i.e. minority
carrier lifetimes) resulting from high-efficiency structures. The best of the current
research polycrystalline silicon cells, a PERL cell developed by Fraunhofer ISE (Schultz
et al. 2004), provides an energy conversion efficiency of 20.3%. This PERL cell has
a laser-fired contact back structure that gives a Voc of as high as 664 mV. The effi-
ciency of this polycrystalline cell, however, remains about 5% lower than that for
the best research mono-crystalline PERL cells, mainly attributable to the quality dif-
ference between mono- and polycrystalline substrates. Polycrystalline substrates are
subject to high electrical loss due to higher recombination rates of minority carriers,
both at active grain boundaries and within crystalline grains due to high dislocation
and impurity densities in comparison with FZ or CZ mono-crystalline substrates.

Extensive research activity over years has led to progress in the efficiency of poly-
Si solar cells, and the recent high-efficiency solar cells have the features listed in
Table 2.2 (Saga 2010). The honeycomb-structured polycrystalline solar cells demon-
strated recently by Mitsubishi Electric exhibit efficiencies of over 19.3% and come
in large size, 15 cm × 15 cm (Hamamoto et al. 2009). These polycrystalline cells
with screen-printed and fired silver-paste electrodes have a distinct front honeycomb-
textured surface to reduce light reflection, resulting in a high Jsc, 37.5 mA/cm2. This
cell also has the PERL structure of front surface passivation, rear surface passivation
with local BSF, and a selective emitter for improved cell efficiency.
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Table 2.2 Key Technologies for high efficiency poly-Si solar cells

(a) Minimising Photon loss:
Front textured surface by acid etching (including honeycomb texturing) or reactive-ion etching;
Chemical polishing (etching) of back surface; Back surface reflector consisting of a dielectric layer and
highly reflective thin metal layer.

(b) Minimising carrier loss:
Shallowly doped n+ regions with SiNx surface passivation layer; p-type Si substrates with minority
carrier diffusion lengths longer than base thickness; Local BSF and point contacts, such as the laser
fired contacts, Back surface passivation with SiO2 and/or SiNx layers.

(c) Minimising electrical loss:
Fine grid lines for front electrode by advanced screen printing techniques such as stencil printing;
Selective emitter (deep, highly doped emitter beneath front electrode); Deposition of seed layers,
then copper plating for metallization instead of screen printed silver paste.

These features are common to those of the recently produced mono-crystalline
solar cells.

Several approaches to reduce cell costs including usage of thinner silicon wafers
are investigated. High-efficiency (18.1%) polycrystalline silicon cells using 100 µm-
thick wafers were fabricated by Sharp in 2009 (Ooka et al. 2009). High-efficiency
polycrystalline cells with SiNx passivation layer and thin aluminum reflector on the
back silicon surface display less performance degradation with decreasing substrate
thickness for substrates of 100–180 µm thick. Cells with rear passivation and local
BSF on 100 µm-thick substrates provide the additional advantage of less cell bowing
compared with the standard aluminum alloyed BSF cells on substrates of the same
thickness.

2.5.1 EWT and MWT polycrystalline Si cells

New types of back-contact polycrystalline cells, such as Emitter wrap through (EWT)
cells and Metallization wrap through (MWT) cells (Figure 2.9), have been developed by
ECN, Kyocera and Advent Solar (Mewe et al. 2009; Gee et al. 2008; Inoue et al. 2008).
These back-contact cells are suitable for use with lower quality crystalline Si material
including polycrystalline Si having relatively short minority carrier lifetimes (related to
cell thickness). These cells have a fraction of the collector emitter on the rear side and an
additional second carrier collecting junction at the front side leading to a higher current
collection. In EWT solar cell, all metal contacts are moved on to the rear side and
use a front side emitter for additional current collection (Hall & Soltys 1980). These
cells have laser-drilled through-holes which have heavy phosphorous diffusion that can
wrap through front n-electrodes and/or n-doped regions to the back surfaces. The EWT
cells have a larger number of close-spaced through-holes, which direct photogenerated
electrons to the back surface solely through n-doped emitters. EWT solar cells are
designed similar to IBC on the cell front side and holes for connecting the front to
the rear side emitter. Haverkamp et al. at University of Konstanz have discussed these
designs, identified the challenges that arise for industrial production and suggested
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Figure 2.9 Schematic diagrams of (a) EWT and (b) MWT back-contact solar cell structures studied at
University of Konstanz (Redrawn from Haverkamp et al.)

new technologies that could be implemented. An excellent review on EWT and MWT
back contact solar cells was published by van Kerschaver and Beaucarne (2005).

Best cell efficiencies of 21.4% have been achieved on a small area, 4 cm2, and FZ
silicon (Glunz et al. 2001) using sophisticated fabrication processes. Applying indus-
trial processes, 16.1% efficiency has been reported on 100 cm2 size solar cells on CZ
silicon (Kress et al. 2000). Hacke et al. of Advent Solar (2005) has discussed fabrica-
tion steps and reported production of EWT solar cells with efficiencies of 15.2% and
Voc = 600 mV, Jsc = 35.4 mA/cm2, and FF = 71.3% with screen-printed Ag metalliza-
tion. By improving the series resistance, the same group could achieve 15.6% efficiency
(Hacke et al. 2006). The EWT cells produce higher photocurrents by eliminating the
both busbar (main electrode) and gridline (sub-electrode) shading on the front sur-
face. A high Jsc of 37.5 mA/cm2 and efficiency of 17.1% were reported recently for
EWT cells by Q-Cells. A new efficiency record of 19.5% (confirmed by the Fraunhofer
ISE) for multi crystalline solar cells of six-inch size, 180 µm thick, was achieved by
Q-Cells (Sun & Wind Energy 2011). During the process, the wafer was mirrored and
passivated using functional nanolayers on the back. The back of the cell consists of
dielectric layers in combination with local contacts which improves the electrical and
optical characteristics.

The MWT cells require only a relatively small number of through-holes to direct
photo-generated electrons to the back surface through the metal electrodes and
n-doped emitters, and produce higher collection photocurrents due to absence of a
bus bar (main electrode) on the front surface as in conventional cells.

A high Jsc of 37.3 mA/cm2 and a cell efficiency of 18.3% were reported for a recent
MWT cell by Kyocera (Inoue et al. 2008). The ECN’s metal-wrap-through technology
has a number of advantages over standard H-pattern cells: current gain due to reduced
cell front metallization coverage, higher fill factor for larger cells due to the unit cell
design, higher packing density in the module, less resistance losses in the module and
less cell breakage during module manufacture as the cell is fully backcontacted. The
substrate foil concept was used to reach a high packing density of cells in the module
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Figure 2.10 Schematic diagram of aV-textured Back Contact solar cell with selective emitter (Redrawn
from Jooss et al. 2002)

and to minimize resistance losses. Four modules were manufactured with the advanced
MWT cells in the ECN’s module pilot line, all with 100% mechanical yield. The best
module, made with 160 µm thin cells, showed a module efficiency of 16.4% on an
aperture area of 8904 cm2, as independently measured and certified by JRC-ESTI. This
module efficiency for MWT cell modules by ECN is the highest reported to date (Mewe
et al. 2009).

2.5.2 Polycrystalline buried contact solar cells

Buried contact solar cells using CZ-Si are being produced by BP Solar with efficiencies,
16–17%. Jooss et al. (2002) have investigated the development of poly-Si cells incor-
porating the advantages of buried-contact concept to reduce the cost of production.
The functional process includes mechanical V-texturing for the reduction of reflection
losses as well as bulk passivation by a remote hydrogen plasma source. The front sur-
face is coated by SiNx as single layer ARC, the contact grooves are perpendicular to
the V-texture and metallisation is performed by electroless plating of Ni/Cu. The defect
density in multi-crystalline Si being high, bulk passivation has been done to improve
the quality of the Si material. The schematic structure is shown in Figure 2.10. Record
efficiencies of 17.5% with Voc = 628 mV, Jsc = 36.3 mA/cm2 and FF = 76.8% (inde-
pendently confirmed at FhG-ISE) have been obtained on Polix mc-Si on a cell area
of 144 cm2. The high Jsc is a result of low shadowing and reflection losses, high bulk
diffusion lengths and a selective emitter structure. Hydrogenation was investigated for
Baysix multi-Si and led to an increase in Voc of 5–11 mV and in Jsc of 0.3–0.6 mA/cm2,
which were caused by an increase in the effective diffusion length of 40–50 µm. It has
been shown, that hydrogenation from a PECVD SiNx layer applied to screen printed
solar cells could be more effective than remote plasma-hydrogenation in buried contact
solar cells.

The target for industrial poly-Si PV cells is to realize average cell efficiencies of 17%
in large-scale production (Mewe et al. 2009). Many approaches have been investigated
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Figure 2.11 (a) Principle of EFG Process. (b) String-Ribbon process from Evergreen:The molten sili-
con is drawn between two parallel wires (strings) and solidifies into a continuously growing
ribbon
(Source: Jayarama Reddy 2010)

to improve the quality of polycrystalline substrates to match that of the more expensive
CZ mono-crystalline wafers. The dendritic casting method is one such approach that
allows the grain orientation and size to be controlled, resulting in high-quality dendritic
crystals with parallel twinning. Solar cells based on dendritic polycrystalline wafers
show efficiencies of as high as 17%, comparable to the efficiencies provided by CZ
mono-crystalline cells using the same cell fabrication process (Nakajima et al. 2008).

2.5.3 EFG and SRG techniques

Among several alternative growth methods proposed over the past four decades for the
production of polycrystalline silicon substrates directly from molten silicon, include
edge-defined film-fed growth (EFG), string ribbon growth (SRG), and ribbon growth
on substrate (RGS) (Ravi 1977; Sachs 1984; Lange 1990) shown in Figures 2.11(a) &
(b). These methods potentially make it possible to reduce the amount of silicon used
in PV cell fabrication. The details are discussed by the author elsewhere (Jayarama
Reddy 2010).

The EFG and SRG methods are used on industrial production scales by SCHOTT
Solar and Evergreen Solar, respectively (Seren et al. 2006).

These technologies have the advantages of low silicon consumption per Wp and
high cell efficiencies in comparison with the RGS method. In the improved EFG, silicon
is shaped into a hollow octagonal tube during the growth itself using a special die, with
flat polycrystalline silicon sheets forming the eight vertical sides. Each octagonal tube
is 5.3 meters long; each side is about 10 cm wide; and sheet thickness is ∼300 µm.

Wafers of 10 cm × 10 cm are cut from the sheets with Nd:YAG laser. These wafers
have enabled to fabricate large area cells with efficiencies above 14% (Sarasin basic
report 2001). These methods afford inexpensive and environment-friendly wafer
production process.

Smart Solar Fab of Schott Solar produces octagonal tubes with drawing height
of 7 meters, edge length of 125 mm, with a wall thickness of 300 µm (Rosenblum
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et al. 2002). Recently manufactured cells based on direct-grown substrates have
almost the same efficiencies as those of standard cast-silicon polycrystalline cells.
However, the smaller EFG- and SRG-based cells, which are roughly half the size of
standard industrial cells, incur higher cell and module processing costs. A crystalliza-
tion on dipped substrate method, which can be used to produce standard-sized wafers
(156 mm × 156 mm) directly from molten silicon in a crucible, was recently proposed
by Sharp (Takakura et al. 2008).

2.5.4 PLUTO multi-crystalline Si modules

Mass production of the new high efficiency solar cells by PLUTO technology with
selective emitter has recently commenced by SunTech Power. The PLUTO solar cell
technology was developed specifically for low quality and low cost multi-crystalline sil-
icon wafers for consistency with the industry trend towards this type of wafer. It retains
the majority of the fabrication processes in common with conventional screen-printing
technology, making it relatively simple to retrofit onto existing screen-printed produc-
tion lines. The Pluto technology was mainly developed to overcome the fundamental
performance limitations of standard screen-printing approaches through achieving nar-
row metal lines (typically 30 microns wide making them only about 25% of the width
of standard screen-printed lines), low metal/silicon interface area, selective emitter and
well passivated surfaces. Production on 30MW production lines for the two technolo-
gies (Pluto as well as screen-printed) simultaneously shows that the Pluto technology
has a 12–13% performance advantage over screen-printing technology while the pro-
duction costs for the two technologies are the same per unit area. Efficiencies in the
range of 17–17.5% in large scale production have been routinely achieved during
the first two months of operation for standard commercial multi-crystalline silicon
material, with 17.2% efficiency independently confirmed by the Fraunhoffer Institute.
The PLUTO modules are believed to be the most efficient multi-crystalline silicon PV
modules world-wide (Shi et al. 2009).

2.6 MATERIALS AND PROCESSING

The raw, high-purity poly silicon material used for the fabrication of crystalline silicon
solar cells is generally prepared by the Siemens method. The market price for raw
silicon is affected by the demand–supply balance for solar cell and semiconductor
fabrication, and can fluctuate markedly. In 2006–2008, for example, the cost of raw
silicon as a proportion of total solar cell module cost jumped from 20–30% to more
than 50% due to a market shortage of silicon. Reducing the cost of silicon in a cell by
reducing the substrate thickness is therefore an important aspect of achieving overall
cost reductions for solar cell modules.

Wire-saw wafer slicing is one of the key production technologies for industrial crys-
talline silicon PV cells; and improvements in wafer slicing technology have brought
down raw wafer thickness from 370 µm in 1997 to 180 µm by early 2006 for indus-
trial polycrystalline-silicon cells fabricated by Sharp (Saga 2010). To introduce wafers
thinner than 150 µm, sophisticated manufacturing processes suitable for ultrathin
wafers will be needed.
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The front emitter layer of crystalline Silicon PV cells is formed by phosphorus
diffusion techniques in a quartz tube or belt furnace. Solid P2O5 or liquid POCl3 is
used as the phosphorus diffusion source. Phosphorous diffusion methods reduce the
concentration of impurities in Si wafer by gettering resulting in improved minority
carrier lifetime. This procedure has been found to be effective, provided diffusion is
conducted under phosphorus supersaturation conditions (doping level above the solid
solubility in silicon) (McHugo et al. 1996; Wenham & Green 1996; Lossen et al.
2005). It was also shown that a double-sided diffusion gives better efficiencies than a
single-sided diffusion (Schneider et al. 2005).

The BSF layers in industrial cells are formed by alloying of screen-printed alu-
minum paste in a belt furnace. This process provides high productivity and relatively
low process cost for BSF formation. Al-paste alloying has the additional advantage
of inducing wafer gettering effects in both poly- and mono-silicon PV cells similar to
the phosphorus diffusion technologies (Cheek et al. 1984; Lolgen et al. 1993). Metal
impurities, such as iron or copper, can be eliminated from bulk silicon by aluminum
gettering effects, which can improve the minority carrier diffusion length.

The screen printing and firing of silver paste to make contact with the bulk sili-
con surface by penetrating the ARC is a well-established, simple and fast process for
forming front and rear electrodes. Being low-cost additionally, it is the most widely
used method for forming electrodes in industrial crystalline silicon PV cells. The front
gridlines are designed so as to optimize the trade-off between shadow loss and series
resistance. As an alternative to the screen-printed silver paste approach, plated elec-
trodes of layered nickel, copper and silver have been developed at UNSW for use in
buried-contact cells (Wenham et al. 1988a, 1988b). Crystalline silicon PV cells with
plated electrodes have excellent electrical characteristics due to their low series resis-
tance and fine gridlines, which result in a much smaller shadow area. However, plated
electrodes, which are formed by a wet process, are not yet widely used as the screen-
printed silver paste electrodes. The silver used as the electrode material in crystalline
silicon cells might become a critical material resource in future when the produc-
tion reaches the predicted large volumes. Copper and aluminum have therefore been
considered as substitutes for silver in silicon PV cells.

Silicon nitride, SiNx:H with upto 40 at% of hydrogen is deposited onto the front
side as an anti-reflection coating using PECVD. This layer not only minimizes optical
losses but also serves as a good surface passivation to reduce recombination losses
of the emitter (Aberle & Hezel 1997; Aberle 2000; Cuevas et al. 2003). Further,
the hydrogen released from SiN:H layer during post-deposition anneal reduces bulk
recombination in multi-crystalline silicon (Cuevas et al. 2003; Nagel et al. 1997).

2.6.1 Al2O3 deposition for surface passivation

In order to achieve simultaneously the twin object of using thinner silicon wafers
and achieving higher efficiencies in the industrial Si solar cell production, the control
of surface recombination losses become very important. In recent years, aluminium
oxide (Al2O3) films deposited by various techniques such as atomic layer deposition
(ALD), plasma-enhanced chemical vapour deposition (PECVD) and reactive sputtering
have proven capable of providing an effective surface passivation on low-resistivity
p-type and n-type silicon wafers as well as on boron- and aluminium-doped p+-emitters
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(Agostonelli et al. 2006; Hoex et al. 2008; Schmidt et al. 2008, 2009; Benick et al.
2008; Cesar et al. 2010; Miyajima et al. 2008; Saint-cast et al. 2009; Li & Cuevas
2009).

Schmidt et al. (2010) have systematically studied the passivation quality of Al2O3

films deposited by (a) Plasma-assisted and thermal atomic ALD which are unsuitable
for industrial solar cell production due the low rates (<2 nm/min), and (b) high-rate
spatial ALD, PECVD, and reactive sputtering which are shown to have a vast potential
for industrial cell production.

Using spatial ALD and PECVD on 1 cm p-type Si, surface recombination velocities
(SRVs) below 10 cm/s are obtained whereas Sputtered Al2O3 layers have provided
rather high SRV of 35–70 cm/s. Despite their lower passivation quality, the sputtered
Al2O3 layers are found to be still suitable for the fabrication of 20.1% efficient PERC
(passivated emitter and rear cells) solar cells.

Schmidt et al. (2010) have implemented Al2O3 rear passivation layers deposited
by plasma ALD, thermal ALD and sputtering into PERC-type solar cell. They achieved
independently-confirmed efficiencies of 21.4% for cells with plasma ALD, and 20.7%
for cells with thermal ALD-Al2O3.

2.6.2 Inkjet technology for cell fabrication

Inkjet technology has been extensively investigated in the recent years at UNSW (ARC
PV Report 2008, 2009) for a range of solar cell fabrication processes that include
texturing, grooving, patterning of dielectric layers for metal contacting, localized diffu-
sions, etc. Two approaches are being studied: Resist based method and Direct etching
through aerosol jetting. The techniques developed to carry out these processes are
distinctively different to those used before.

In the resist based approach, a non-corrosive plasticizer is inkjet printed onto
a low cost resist layer, altering the chemical properties of the resist layer in these
localized regions. These restricted regions then become permeable to etchants such as
hydrofluoric acid (HF). This facilitates the patterning or etching of the primary dielec-
tric or semiconductor material to facilitate a range of semiconductor processes. The
change in resist permeability, interestingly, is a reversible process making it feasible
to return the resist to its original state after carrying out processes on the underlying
material. The main objective at UNSW was to develop inkjet printing techniques for
patterning low cost resist layers as a simple, much cheaper alternative to expensive
photolithographic based processing so that high efficiency PERL solar cell technology
could be commercialised at low cost and extend the usage to terrestrial applications.
These new approaches appear capable of achieving similar device performance lev-
els; but the greatest challenge is to achieve the dimensions of features in the resist
patterning comparable with photolithography. So far, test devices have achieved fea-
ture dimensions such as holes of 30–40 µm dia. which need to be reduced to about
10 microns dia. to fully match the performance levels achieved by photolithographic
based processing. New and innovative inkjet printing techniques have been recently
developed for further reducing the resist patterning dimensions.

The dielectric patterning facility via inkjet printing was also experimented for the
formation of textured surfaces and light trapping scheme. Figure 2.12(a) shows the
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Figure 2.12 (a) Optical Microscope photograph of ink jet patterned holes in a SiO2 layer; (b) SEM
of the inverted pyramids formed in the silicon surface following KOH etching of (a); and
(c) Optical image of grooves, 200 nm deep and ∼10 µm wide at Si/SiO2 interface
(Source: ARC – UNSW PV Annual report 2009, reproduced with the permission of
Prof. Martin Green)

inkjet patterned holes in a SiO2 layer and (b) SEM of the inverted pyramids formed in
the Si surface with KOH etching of (a).

The other method uses Optomec’s M3D aerosol jetting device to deposit a solution
containing fluoride ions, based on an etching pattern, onto an acidic water-soluble
polymer layer formed over the dielectric layer (SiO2 or SiNx). This solution reacts
with the polymer layer, at the deposited areas, to form an etchant that etches the SiO2

and SiNx under the polymer layer to form a pattern of openings in the dielectric layer.
After the formation of the pattern, the polymer and the etch residue are removed by
rinsing in water. The method uses inexpensive chemicals and involves fewer steps than
photolithography and is safer than existing immersion etching techniques. The aerosol
etching method has been used to etch groove structures in SiO2 grown thermally on
polished silicon wafers. By varying the aerosol and sheath gas flow rates the geometry
and depth of etching can be varied.

Figure 2.12(c) is an optical image of grooves etched in a 260 nm thick thermal
oxide grown on a polished Si wafer by deposition of 25 layers of aerosolised 10%
(w/v) NH4F solution onto a polyacrylic acid polymer layer of thickness ∼2.2 µm. The
aerosol and sheath gas flow rates were 18 and 55 cm3/min, respectively. The process
velocity of the stage was 10 mm/s and the platen was heated to 45◦C. Etched grooves
which are 200 nm deep and ∼10 µm wide at the Si/SiO2 interface are formed. The
current etched feature sizes are sufficiently small for use in many current front-contact
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and rear-contact silicon solar cells. However, much more reduction in size is expected
to apply to high efficiency solar cell technologies.

2.7 FUTURE FOR CRYSTALLINE SILICON SOLAR CELLS

Industrial solar cells module must reach a price level of $1/Wp with a total system
price level of $2/Wp to reach grid parity. To become competitive with thermal (coal)
or nuclear power generation, the Cells need to be mass produced at a total system
cost of less than $1/Wp. Achieving even a module price of $1/Wp will require modules
to be produced at a cost of less than 0.7$/Wp. Although such low costs remain very
challenging for crystalline silicon solar modules, cost reductions to such a level are
considered to be possible based on the technologies presented above. The cost reduction
must be achieved while public incentives for PV systems remain in effect.

The annual production volume for all kinds of solar cells is expected to exceed
100 GWp/year by around 2020. Crystalline silicon cell modules have a long history of
proven field operation and offer high efficiencies while presenting fewer resource issues
than many competing technologies. As such, crystalline silicon PV cells are expected
to be strongly represented in the future solar cell market.

To reach these future price levels, new technologies listed in Table 2.3 (Saga 2010)
need to be developed and used for the fabrication of c-Si solar cells and modules. New
technologies to break through the efficiency barrier of 25% for c-silicon PV cells are
being studied by many researchers and institutes around the world, but any practical
improvements in cell efficiency are yet to be realised. The peak theoretical efficiency
in a crystalline silicon solar cell based on a single homo junction and a bulk silicon
energy band gap of 1.1 eV is 30% under 1 sun AM1.5 illumination. To break through
this ideal efficiency limit based on existing Schockley and Queisser solar cell theory,
novel technologies based on quantum dot (QD) and quantum well structures have been
proposed and studied by many researchers.

Multi-junction designs have been attempted in many forms for improving solar
cell efficiency beyond that of a single-junction cell. For example, a triple-junction
solar cell with a silicon bottom cell is expected to give efficiencies of more than 40%.
Researchers at the UNSW have also proposed a silicon-based tandem junction solar
cell incorporating silicon QD technology (Green et al. 2008). An effective bandgap of
up to 1.7 eV has been demonstrated for 2 nm-diameter silicon QDs embedded in SiO2

(Park et al. 2008).
Photon management, such as up- and down-conversion and plasmonic effects,

are other potential approaches that could add extra efficiency based on existing high-
efficiency silicon cells (Schweizer et al. 2008; Mataki et al. 2009; Schaadt et al. 2005).
These technologies aim at shifting the photon energy of sunlight to match the sensitivity
of the solar cell by adding special optical features (e.g. a fluorescent coating layer
including rare-earth elements for up-and down-conversion) to the front and/or rear
surface of the cells without modifying the structure of the solar cell itself. These aspects
are further discussed in chapter 6.

Developments in light trapping architectures applied to thin-film (5 micron) silicon
solar cells are recently investigated by Mutitu et al. (2009). These structures have
the potential of reducing costs as well as finding applications in emerging areas such



34 Solar power generation

Table 2.3 New Technologies for high-efficiency c-Si solar cells and modules

Novel technologies to break through efficiency barrier of 25%;
Wafer slicing technologies and equipment for ultrathin (50 µm) wafers;
Direct slicing technologies and equipment for ultrathin wafers without kerf loss;
Production technologies and equipment for solar cells and modules based on ultrathin wafers;
High-quality polycrystalline ingot technologies providing performance comparable to mono-Si cells;
Low-cost contact forming technologies and materials to replace screen-printed and fired silver paste;
Low concentration (around 10×) and high efficiency module technologies to minimize total
PV system cost.

as BIPV. The new designs implement photonic bandgap engineering and diffractive
optical concepts to increase the optical path length of light within the active solar cell
region. To this end, a diffraction grating integrated one dimensional photonic crystal
dielectric stack is incorporated to the back surface of silicon solar cell design structures.
A metallic layer is added to the base of the stack to increase the reflective capacity
of the integrated structures. The combination of a dielectric and metallic structure
serves to mitigate material losses that arise due to the metal and hence increase the
overall reflective properties of the integrated back structure. The increased reflectivity
combined with diffractive optical engineering enhances the light trapping ability of the
new design structures. Electromagnetic modeling and optimization tools such as the
scattering matrix method and the particle swarm optimization algorithm are employed
in the analysis and realization of the design structures. Simulation results show short
circuit current characteristic improvements of over 10% in the new structures when
compared to corresponding structures without the extra metallic layers.

The high-efficiency technologies, however, generally incur higher production costs
compared to standard silicon cells. Cell and module manufacturing technologies that
satisfy both high efficiency and low cost will be essential for industrial production in the
near future. The impacts of novel technologies such as QDs and photon management
will be interesting to watch as research and development on crystalline silicon solar
cells continues. These aspects are further discussed in chapter 6.

2.8 AMORPHOUS SILICON SOLAR CELLS

Amorphous silicon technology is the oldest and best established thin-film silicon
technology. Thin film solar cells based on hydrogenated amorphous silicon (a-Si:H)
technology can potentially lead to low cost through lower material costs than conven-
tional modules, and also do not suffer from some critical drawbacks of other thin-film
technologies, such as limited supply of basic materials or toxicity of the components.

Hydrogenated amorphous silicon (a-Si:H) differs from crystalline silicon by the
lack of long-range lattice order and the high content of bonded hydrogen (typically
around 10% in device-quality a-Si:H).

2.8.1 Overview of technology development

The first experimental a-Si:H solar cell was made at RCA Laboratory in 1970s
(Carlson & Wronski 1976). This single junction p-i-n a-Si:H solar cell deposited on
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a glass substrate coated with TCO and aluminium back contact exhibited 2.4% con-
version efficiency. To increase the output voltage of a-Si:H solar cells, stacked (also
called multi-junction) solar cell structure was introduced (Hamakawa et al. 1979). A
key step to industrial production was the development of a monolithically integrated
type of a-Si:H solar cell (Kuwano et al. 1980). Using the monolithic series integration
of a-Si:H solar sub-cells, a desired output voltage from a single substrate can be easily
achieved. In 1980 the integrated type a-Si:H solar cells were commercialised by Sanyo
and Fuji Electric for small applications, such as in calculators and watches, so on.

In 1980s, hectic research activity in the field of a-Si:H solar cell was devoted to
developing and optimising a-Si:H based alloys. A p-type hydrogenated a-silicon car-
bide (a-SiC:H) was implemented as a low-absorbing layer, usually denoted as a window
layer (Tawada et al. 1981); and a hydrogenated a-Silicon Germanium (a-SiGe:H) alloy
became an attractive low band gap material for stacked solar cells (Nakamura et al.
1980). Surface-textured substrates for optical absorption enhancement were intro-
duced (Deckman et al. 1983). The laboratory cells reached an initial efficiency of 11
to 12%. Commercial single junction a-Si:H modules with efficiencies up to 5% were
available by the end of 1980s, with annual production capacity of a-Si:H cells and
modules reaching about 15 MWp.

In 1990s, research and manufacturing effort was aimed at achieving 10% stabilized
module efficiency and a high throughput process. Several companies optimised and
implemented an a-SiGe:H alloy in tandem [BP Solar (Arya et al. 2002; Sanyo (Okamoto
et al. 2001; Fuji Electric (Ichikawa et al. 2001)] and triple-junction [United Solar
(Guha et al. 2000a)] solar cell structures. The annual total production capacity for
TF Si single- and multi-junction modules reached around 30 MWp at the end of 20th
century.

Hydrogenated microcrystalline silicon (µc-Si) emerged in this period as a new
candidate for the low band gap material in multi junction a-Si:H based solar cells.
Low temperature PECVD was used to deposit these films. The University of Neuchâtel
introduced a micromorph tandem solar cell in 1994, which comprised an a-Si:H top
cell and a µc-Si:H bottom cell (Meier et al. 1994).

A promising potential of the micromorph cell concept was soon demonstrated by
fabricating micromorph tandem and triple solar cells with stabilized efficiencies in the
range of 11 to 12% (Meier et al. 1998; Yamamoto et al. 2000) and Kaneka Corporation
soon started the development of micromorph module production (Yamamoto et al.
2000). The introduction and implementation of µc-Si:H in TF Si solar cells focused
the attention on higher deposition rates. Several new deposition methods (Schropp &
Zeman 1998) have been investigated for fabrication of solar cells at high deposition
rates (0.5 to 1.0 nm/s), such as very high frequency (VHF) and microwave PECVD, hot
wire CVD, and expanding thermal plasma CVD. Of these, VHF and hot wire CVD
techniques have potential for future high throughput production for PV. The a-Si and
µc-Silicon based typical cell structures are now briefly discussed.

2.8.2 a-Si:H thin film solar cells

The research and development of a-Si solar cells broadly involve three areas: (1) tech-
nology development for improving conversion efficiency, (2) development of low-
cost manufacturing process, and (3) technology development for evaluating the
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Figure 2.13 Schematic structure and cross-sectional TEM image of single junction a-Si solar cell
(Source: Konagai 2011, Copyright © 2011The Japan Society ofApplied Physics, reproduced
with permission)

performance of solar cells. Area (1) can be further divided into development of
technology for manufacturing high-quality a-Si films, for suppressing light induced
degradation, and the device technology for increasing conversion efficiency. The area
(2) can be classified into the development of high rate deposition technology and tech-
nology for manufacturing large-area a-Si solar cell modules (Konagai 2011). Many
areas of research are, thus, coordinated, and the results integrated to achieve reliable
high efficiency and low cost a-silicon based solar modules of long durability.

Generally, a-Si films are fabricated by RF plasma CVD at 13.56 MHz. However,
VHF plasma CVD at about 60 MHz is considered effective for high rate deposition and
has already reached the stage of practical application. Several novel deposition meth-
ods are also investigated, e.g., hot filament assisted CVD (hot wire-CVD) technique
was used at Utrecht University, and the expanding thermal plasma CVD (ETP-CVD)
technique was developed at Eindhoven University of Technology. To increase the qual-
ity of films, it is important to control the proportion of SiH3 and atomic hydrogen (H)
on the growing surface.

There are two types of a-Si solar cell structures: the single junction structure and
the multi junction (double- and triple-junction) structures. The single junction a-Si:H
solar cell structure consists of three layers, a p-type a-SiC:H layer, an intrinsic a-Si:H
layer, and an n-type a-Si:H layer, forming p-i-n junction (Figure 2.13). The doped
layers are usually very thin, a p-type a-SiC:H layer is ∼10 nm thick and an n-type
a-Si:H is ∼20 nm thick. The active layer in the a-Si:H solar cell is the intrinsic layer,
typically 300 to 500 nm thick, which is sandwiched between the doped layers so that
an internal electric field is present across the intrinsic layer. The electron-hole pairs that
are generated in the intrinsic a-Si:H layer immediately experience the internal electric
field that separates electrons and holes from each other. The separated carriers drift
under the influence of the internal electric field towards the doped layers (electrons
towards the n-type layer and holes towards the p-type layer) and are collected by the
electrodes. Since the dominant transport mechanism of the photo-generated carriers is
drift in the internal electric field, an a-Si:H solar cell is called a drift device.
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The thickness of the a-Si:H solar cell is just equal to the thickness of the depletion
region in the crystalline silicon solar cell, i.e. about 0.5 µm, and this small thickness
is sufficient for absorption of the visible part of solar spectrum. The small thickness
implies a large reduction in material as well as in energy consumption during pro-
duction compared to crystalline silicon solar cells. Furthermore, when deposited on a
light substrate such as a flexible foil the weight of a-Si:H solar modules is strongly
decreased becoming appropriate for many applications, specifically in space and
building-integrated applications.

The absence of long-range order in a-Si:H causes a relaxation in the transition
rules; hence, it behaves as a direct gap semiconductor with a band gap around 1.75 eV.
This feature of a-Si:H also enables to absorb larger part of visible solar spectrum with
much less material. Active (intrinsic) layer thicknesses below 0.5 µm are common in
a-Si:H solar cell fabrication, whereas nearly 400 times thick layers (∼200 µm) are
required for crystalline silicon PV cells.

Before comparing the performance of crystalline silicon and amorphous silicon
cells, it is necessary to understand the main differences in the band gap of these mate-
rials. While in case of crystalline silicon, almost no density of states is present in the
band states, a significant density of states can be observed in the bandgap of a-Si:H.
The presence of defects in a-Si:H is attributed two mechanisms: (i) the lack of order in
the material causes a broadening of the valence and conduction bands leading to band
tails, where localized energy states exist, and (ii) unpassivated dangling bonds create
defect states near the centre of the band gap.

Amorphous silicon PV technology has several advantages: (a) low deposition tem-
peratures (typically 200–300◦C), which permit the use of low-cost substrates; (b) easy
integration of the modules into facades, roofs, and other structures due to use of
flexible substrates; (c) relatively less energy and less material consumption in the fab-
rication of modules; (d) abundance of all raw materials involved; and (e) potential for
environment-friendly large-scale manufacturing operation.

But, the main disadvantage noticed in early stage is degradation of its performance
under illumination, called Staebler-Wronski effect (Staebler & Wronski 1977). The SW
effect has been found to be due to the creation of new defects (dangling bonds) that
act as additional recombination centers. Subsequent annealing at 100–250◦C could
restore the original efficiency. Due to this effect, the electivity of the solar cell usually
decreases by 15–35%. The presence of the light-induced degradation can be overcome
by combining thin individual cells into a tandem and triple junction cells. Thinner p-i-n
cells suffer less from collection problems, even if the defect density is increased by the
SW effect.

2.8.3 Microcrystalline (µc)-Silicon thin film solar cells

µc-Si is a material containing an amorphous-Si phase and a polycrystalline Si phase.
The band gap of µc-Si is around 1.2 eV (equivalent to that of mono-Si), and its absorp-
tion coefficient is higher than that of mono-Si due to the presence of amorphous
component whose fraction decides the magnitude of the bandgap. At IMT Neuchatel
(Feitknecht et al. 2003), µc-Si:H solar cell in the n-i-p configuration was fabricated
using VHF PECVD deposition process. The fabrication of substrate n-i-p solar cells is
substantially different from that of superstrate p-i-n solar cells, because of the change
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in the deposition order of the layers and its technological consequences (like initial
n- or p-type nucleation layer and optically transparent and doped window-layers).
The interface of the back TCO to the n-type Si film (back-interface) is very vital for
the deposition of n-i-p-type cells because it can influence the structure and perfor-
mance of the entire cell. Most importantly, nucleation of silicon grains and electronic
and optical properties are key issues which depend on the nature of the back TCO
material (Fujiwara et al. 2003; Bailat et al. 2001). The study of the interface of the
back TCO/n-layer of the n-i-p solar cell is also not simple. Since most of the light is
absorbed within the first 2 µm of the absorber, only the longer wavelengths of the
solar spectrum reach the back interface under white-light illumination. The external
quantum efficiency (EQE) measurement performed from both sides of the cell (double-
sided illumination), only provides better characterization of the cell. The schematic of
the cell structure with a surface area of 0.3 cm2 and thickness, 2.5 µm is shown in
Figure 2.14a. The cell exhibited an AM 1.5 conversion efficiency exceeding 9% with
Voc = 520 mV, FF = 73%, and Jsc = 24.2 mA/cm2.

Figure 2.14b shows the cell characteristics and EQE. This remarkable performance
was possible due to (i) fine-tuning of the silane concentration in hydrogen feedstock
gas used for deposition of the intrinsic absorber layer, (ii) incorporation of anoptimized
back reflecting substrate into the cell after investigating four different back-contacts;
and (iii) the ideal combination of each of these key components. Compared to earlier
results with n-i-p-type µc-Si:H solar cells, a substantial increase in Voc was obtained,
while maintaining reasonable Jsc values. Earlier investigations on the role of i-layer
material had revealed a trade-off between cells with high Jsc but low Voc, or cells of
low Jsc and high Voc.

The present study shows the successful combination of a cell with an acceptable
Voc and good Jsc generation in the wavelength region above 700 nm. This is mainly due
to suitable light-diffusing back-reflectors whose optical and electrical performance is
excellent (Feitknecht et al. 2001). For industrially relevant solar cell design, the intro-
duction of highly scattering back-reflectors is necessary. The only drawback of this cell
is the low deposition rate of 2.6 Å/sec mainly due to rather low VHF-plasma frequency
of 70 MHz. Nonetheless, this is a hopeful result of a n-i-p solar cell approaching 10%
conversion efficiency.

High-performance µc- and a-silicon solar cells are vital for a successful combi-
nation to form the ‘micromorph’ tandem cell (Feitknecht et al. 2001; Meier et al.
2002).

Ever since Meier and colleagues reported high conversion efficiency for an a-Si/
µc-Si tandem solar cell (Fischer et al. 1996), the focus of the research on bottom cell
materials used in tandem solar cells has changed from a-SiGe to µc-Si (for example,
Yamamoto et al. 1998). Along with µc-Si layer in solar cells, a light absorbing layer
with a thickness of 1–3 µm is required to allow sufficient amount of photons to be
absorbed because its absorption ability is low in the visible part of the solar spectrum.
This value is approximately 10-fold greater than the layer thickness in the regular a-Si
solar cells; thus, there is need for the development of high rate deposition technology
(deposition rate of 1–5 nm/s) to increase the throughput of the fabrication process.

In addition, to enable even thin absorbing layers to absorb maximum photons,
light confinement technologies using textured TCO layers, and a photonic structure to
allow the reflection of light with a specific wavelength are considered key development
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Figure 2.14a Schematic view of the layer structure of µc-Si:H thin film solar module developed by IMT,
University of Neuchatel (Redrawn from Feitknecht et al. 2003)

Figure 2.14b The best µc-Si:H solar cell in the n-i-p configuration fabricated at IMT, Neuchatel
(Source: Feitknecht et al. 2003, Copyright © 2003 Materials Research Society. Reprinted
with the permission of Cambridge University Press)

areas. During the µc-Si film formation by plasma CVD, the film structure is determined
by the ratio of SiH3 molecules impinging on the growing surface to atomic hydrogen.
As the fraction of atomic H increases, crystallization starts occurring, and finally in
the µc-Si film, each microcrystal is surrounded by a-Si tissue. The relative fraction
of the crystalline and amorphous phases can be obtained by Raman scattering stud-
ies. A µc-Si film with a crystallization rate of ∼50–60% is used as i-layer in µc-Si
solar cells.

A p-i-n-type structure similar to that of a-Si single-junction solar cell is used because
the electric field in i-layer assists to accumulate photo-generated carriers as in the case of
a-Si solar cells. To rapidly prepare i-layer of required thickness (1–3 µm), VHF plasma
CVD at ∼60 MHz is normally used. The high-pressure depletion method (Konagai
2011) is effective for fabricating high-quality µc-Si films using VHF plasma CVD and,
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in particular, a phase modulation method is being developed to create uniform plasma
over a large area (Goya et al. 2003). From the perspective of high rate deposition, the
work of Matsui’s group who achieved conversion efficiency of 8.2% with deposition
rate of 2.1 nm/s has received attention (Matsui et al. 2003).

2.8.4 Tandem and multi-junction a-Si:H cells

The multi-junction solar cell has thickness similar to a conventional single junction
solar cell, but each component (sub) cell is thinner and therefore less sensitive to light-
induced defects. In a multi-junction cell structure, each component cell can be adjusted
to a specific range of the solar spectrum, thereby better utilizing the solar spectrum and
increasing the solar cell conversion efficiency. Intrinsic a-Si:H has an optical band gap
of ∼1.70 eV and absorbs only photons with energies above 1.70 eV efficiently. Part of
the photons with energies lower than 1.70 eV can be absorbed by a-SiGe:H layer that
has an optical band gap of 1.45 eV. By varying the content of germanium in a-SiGe:H,
its optical band gap can be lowered to achieve tuning of the response to the solar
spectrum. This type of realization of materials with different optical band gaps for
the active layers in multi-junction solar cells is called multi-band gap approach. Most
of current high efficient solar cells are based on the multi junction and multi-band
gap approach. For successful operation of the multi junction solar cell, the current
generated at the maximum power point has to be equal in each component cell, and a
tunnel-recombination junction (TRJ) between the component cells has to feature low
electrical and optical losses. Tandem solar cells typically have a-Si/a-SiGe structure.
a-Si/a-SiGe/a-SiGe triple-junction tandem solar cells are also being developed to further
increase the conversion efficiency.

An a-Si:H/a-SiGe:H tandem cell fabricated at Delft University of Technology is
presented in Figure 2.15. The a-Si:H component cell absorbs photons with energies
above 1.70 eV, and photons with lower energies, which pass through the a-Si:H top
cell, are absorbed in the bottom cell, a-SiGe:H. The observed parameters of the Cell
are Voc = 1.49 V, Jsc = 8.74 mA/cm2, FF = 0.67, and efficiency, 8.7%. The stabilized
conversion efficiencies of the above a-Si solar cells are 9 to 10% for small-area single-
junction cell.

The highest stabilised efficiency for a-Si:H based solar cells to date has been demon-
strated by USSC with a triple junction structure. This solar cell structure is shown in
Figure 2.16. The complexity of the solar cell structure is clear from the graded layers
and the utilization of different materials for the active layers. The top cell uses a-Si
alloy with a band gap of ∼1.8 eV for the i-layer and captures blue photons. a-SiGe
alloy with about 10–15% Ge, is the i-layer for the middle cell with an optical gap
of ∼1.6 eV and is well suited for absorbing green photons. The bottom cell uses an
i-layer of a-SiGe alloy with about 40–50% Ge and captures the red and infrared pho-
tons corresponding to optical gap of ∼1.4 eV. Light that is not absorbed gets reflected
from the back reflector (silver/zinc oxide) which is textured to enable light trapping.
The cells are interconnected by the heavily doped layers that form tunnel junctions
between adjacent cells (Guha 2005).

USSC has reported an initial efficiency of 14.6% and the stabilized efficiency of
13.0% for a small area cell (0.25 cm2). Later, an initial efficiency of 15.2% was reported
signifying the viability of further improvement in stabilised efficiency.
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Figure 2.15 Schematic structure of an a-Si:H/a-SiGe:H tandem cell fabricated by Delft University

Figure 2.16 Schematic of Triple junction cell demonstrated by USSC

Comparing the external parameters of the single junction cell (Jsc = 15.7 mA/cm2,
Voc = 0.74 V, FF = 0.64, η = 6.3%) with tandem cell (Jsc = 8.74 mA/cm2, Voc = 1.49,
FF = 0.67, η = 8.7%), it is noticed that the Jsc is lower while the Voc is higher in case
of a tandem cell. This observation is even more pronounced for triple-junction cells.
For practical applications, the external parameters of multi-junction solar cells are
advantageous in comparison to single junction cells, because the lower current means
less loss in the electrodes, especially in the TCO, and the higher output voltage allows
more flexible design of a module with required voltage.

2.8.5 Fabrication of a-Si thin film modules

The development of the monolithically integrated type a-Si:H solar cell by Kuwano
et al. (1980) was the beginning for the industrial production of a-Si:H solar
cells/modules. In this process, several subcells deposited on one substrate are connected
in series as shown in Figure 2.17.
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Figure 2.17 Representation of Monolithically integrated a-Si PV modules

The integration of the subcells can be obtained by using conventional masking
techniques or by including two or more laser scribing steps between depositions of
the respective layers. The laser cutting selectively removes narrow lines (width 50 to
150 µm) of material to limit the area losses. The laser scribing is also a speed limiting
step in the production line. Pulsed Nd:YAG lasers are generally used for scribing the
films. Encapsulation is done to protect the product against the atmospheric impacts to
extend its lifetime. As a-Si:H solar modules are becoming an attractive component for
building applications, the framing is done very carefully.

Using the monolithic integration of a-Si:H solar cells, a desired output voltage
from a single substrate can be easily achieved. The process steps for the integration of
the subcells can be simply implemented in the whole fabrication process of a module.
This gives a-Si:H technology a great advantage over mono-silicon module technology,
where the subcells are mechanically connected with each other.

The first commercial a-Si:H solar cells, typically a few square centimeters in size,
were introduced to the market in 1980. Since then the manufacturing technology of
a-Si:H solar modules has advanced rapidly in terms of module size and efficiency.
Several mass-production lines are in operation such as Kaneka in Japan, BP Solarex and
USSC in USA that manufacture large area a-Si:H modules. Several companies work on
the basis of a pilot line such as Phototronics in Europe, Fuji Electric and Sanyo in Japan.

Presently, glass-plates or stainless steel sheets are used as the substrate materials.
The choice of the substrate material influences the production technology, though
the principal steps of the production process remain the same for both. In case of
glass substrates the p-i-n deposition sequence is used, in case of stainless steel the
n-i-p sequence process is followed. The PECVD reactor is vital to the production units
because its design determines throughput, flexibility to cell design variations, quality
and uniformity of the layers and defect density levels.

There are several configurations of the PECVD reactors that are used for produc-
tion: single chamber system, multi-chamber system (in-line configuration and cluster
configuration), and Roll to roll system.

A continuous roll-to-roll (R2R) process has been developed by Energy Conversion
devices, Inc. of USA. In this approach, a roll of stainless steel substrate is unrolled and
fed into the manufacturing process which involves four continuous procedures. It is
then rolled back and cut into different sizes suitable to different applications. Stain-
less steel rolls, 2500 m (mile and a half) long, 36 cm (14 inches) wide, and 125 µm
(5 mil) thick move in a continuous manner in four chambers to complete the solar cell
fabrication. At present, this process is used by USSC for depositing tandem and triple
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junction solar cells explained in Section 2.8.4. The process details are given elsewhere
(Guha 2005). It is potentially a cheap method, but there are some disadvantages. For
instance, if the substrate is made of stainless steel, then the series interconnections
cannot be done monolithically; so, the stainless steel merely serves as a carrier for an
insulating plastic substrate. The main element of the line is the machine for the a-Si
alloy deposition, consisting of a stainless steel web roll-off chamber, six/nine PECVD
chambers for six/nine layers of the double/triple junction cell and a roll-up chamber.
Stainless steel web, coated with Ag/ZnO, moves continuously through the chambers
where the various layers are deposited sequentially (Al back reflector instead of Ag is
used in manufacturing to reduce cost). There is an increased risk that cross contamina-
tion occurs, since all deposition zones by definition are connected to each other. Since
no purging steps can be used as in the single chamber systems, a type of gas gates is
used to isolate the adjacent chambers and minimise the adverse effects. The advantages
of R2R production are: production is light-weight and flexible; high production yield;
can be cut into sizes depending on the required output power.

2.8.6 a-Si/µc-Si tandem solar cell

The micromorph tandem solar cell, composed of an a-Si:H top cell and a µc-Si:H
bottom cell, is one of the most promising multijunction candidates for high stabilized
efficiency thin film silicon solar cells (Meier et al. 2002a). In fact, the combination of a
high a-Si:H band gap (1.7 eV) and a low µc-Si:H band gap (1.2 eV) results in an almost
ideal tandem device offering better performance with top cell absorbing photons in the
visible and the bottom cell in the red and infra red regions (Meillaud et al. 2006). These
merits enabled the launching of the a-Si/µc-Si tandem solar cell production, and the
focus of R&D has shifted to a-Si/µc-Si tandem solar cells. At IMT of Neuchatel where
the development first started (Meier et al. 1996) stable conversion efficiencies up to
11.7% for 1 cm2 micromorph cells were demonstrated (Yoshimi et al. 2003). There
have been many references on estimating the conversion efficiency of solar cells; and a
module conversion efficiency of about 15–16% is expected from a practical viewpoint.

The challenge, however, is to achieve ideal Jsc matching between the two subcells
because the Jsc is limited by the lowest Jsc of the subcells in multijunction solar cells.
In micromorph tandem cells, the light is weakly absorbed in the top cell (a-Si cell) and
the rest reaches the bottom cell (µc-Si cell) where it is eventually absorbed. The light-
induced degradation (SW effect) forbids the use of thick a-Si:H solar cells. Therefore,
in tandem micromorph cells, the limitation in Jsc comes usually from the top cell.
One widely accepted and adopted solution in the superstrate configuration (p-i-n) is
to introduce a thin intermediate reflector (TCO layer) (Fischer et al. 1996) which
enhances the Jsc of the top cell without the need for increasing its absorber layer
thickness. The role of the TCO interlayer is to reflect part of the incident light towards
the top cell by utilizing the difference in refractive index at the junction and to increase
the photocurrent fraction from the top cell. The layer is usually thin, between 50 and
150 nm, deposited in situ (Buehlmann et al. 2007; Yamamoto et al. 2005) or ex situ
(Domine et al. 2006a). In situ silicon oxide intermediate reflector (SOIR) (Domine
et al. 2008), silicon nitride (Vineri et al. 2006) or ex situ zinc oxide intermediate
reflector (Domine et al. 2006b) has been reported to be very effective which already
implemented (Yamamoto et al. 2004).
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Figure 2.18 Schematic diagram of new type of tandem solar cell withTCO interlayer inserted between
top and bottom cells developed by SHARP Corp.

In the substrate configuration (n-i-p), the problem of obtaining high efficiency
micromorph tandems with elevated stabilized Jsc in the top cell still exists (Soderstrom
et al. 2010). So far, this problem of current matching is avoided by designing triple
junction solar cells which split the Jsc into the three subcells, thus allowing the use
of thin a-Si:H top cells (Yang et al. 1997). Nonetheless, this strategy demands the
implementation of a more complex process, e.g., one more cell and profiling of Ge
(Zimmer et al. 1998; Guha et al. 1998) in the a-SiGe:H middle cells.

Soderstrom et al. have recently fabricated tandem micromorph cells on glass and
flexible plastic (polyethylene-naphthalate, PEN) substrates and studied the limitation
of Jsc for the tandem micromorph solar cell in the initial and stabilized state, with and
without intermediate layer (Soderstrom et al. 2009, 2010). Their results show that
an ‘asymmetric’ intermediate reflector (AIR) is more effective for n-i-p/n-i-p tandem
micromorph solar cells in improving Jsc in the top cell. This is because AIR selectively
scatters the blue-green light into the top cell whereas the back reflector applied to
the substrate scatters the red light into the bottom cell. Such a structure can reach
matched Jsc in the stabilized state. This research group has reported stabilized efficien-
cies of 10.1% and 9.8% for the cells fabricated on glass and flexible plastic substrates
respectively.

Currently, the highest conversion efficiency has been achieved by a-Si/µc-Si tandem
solar cell (Figure 2.18), in which a TCO interlayer is inserted in the tunnel junction
between the top and bottom cells. With this structure, the highest conversion efficiency
(14.7%) is achieved on small-area cells in the initial stage (Yamamoto et al. 2003).

Several excellent research papers appeared on the relevant issues and the reader
may refer to them for more details; for example, Bailat et al. (2005), Meier et al. (2000,
2002, 2003), Mai et al. (2005), Yang et al. (2008), Soderstrom et al. (2008), Huag
et al. (2009), Yan et al. (2007), Green et al. (2006) so on.
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Table 2.4 Current status of silicon solar cells

c-Si µc-Si:H a-Si:H a-Si/µc-Si

Lab. record 24.7% (mono) 10.1% 9.5% 11.7%
20.3% (multi)

Module record 22.7% (mono) 8.2% – 10.4%
15.3% (multi)

Module commercial 12–19% 6–7% 4–7% –

Source: Green et al 2008 & Roerden et al 2008

Table 2.5 TF a-Si and µc-Si based solar modules presented at Intersolar Europe in June 2011

Nominal Max. system
Producer Country Material Efficiency (%) Power (W) Voltage (V)

Sharp Japan a-Si/µc-Si 9.6 135 1000
Masdar PV Germany a.Si/µc-Si 9.4 135 1000
Du Pont Apollo China a-Si/µc-Si 9.4 145 1000
Kaneka Japan a-Si/µc-Si 9.1 150 1000
GS-Solar China a-Si/a-Si/a-SiGe 7.6 60 1000
Schott Solar Germany a-Si/a-Si 7.4 107 1000
Moncada Energy Italy a-Si single 7.3 420 1000
Sungen China a-Si single 6.5 100 1000/600
Xunlight USA a-Si/a-SiGe/a-SiGe 6.2 291 1000/600
Senersun China a-Si single 5.8 90 1000

Source: Sun & Wind Energy, July 2011, p. 120

2.8.7 Turnkey systems for a-Si solar cell module production

Intense effort has been devoted to achieve the manufacture of Si thin-film solar cell
modules using turnkey machines. Some manufacturers have started selling turnkey
machines assuring certain level of performance, the dominant being Applied Materials,
Inc. and Oerlikon. Recently, Sunfilm AG has released the latest data on their module
fabricated using a turnkey machine supplied by Applied Materials, Inc. The dimen-
sions of the substrate used in the module production are 2.2 m × 2.6 m (∼5.7 m2).
a-Si/µc-Si tandem solar cell module was formed on this single-plate substrate achiev-
ing Voc = 285 V, Isc = 2.64 A, FF = 62.6%, module conversion efficiency (conversion
efficiency per unit exposed module area) = 8.5% and output = 472 W (Stein 2009).
The manufacturing cost is expected to markedly decrease with such a large module of
5.7 m2 achieving a conversion efficiency exceeding 10%.

Table 2.4 is a summary of the present laboratory record for stabilized single layer
a-Si:H cell efficiency, and the actual commercial modules’ stabilized efficiencies (Green
et al. 2008; Roedern, et al. 2008). The maximum efficiency for micromorph is 11.7%.
Increased efficiency up to 13% was presented in tandem and triple solar cells (Green
et al. 2008).

At Intersolar Europe (2011), several manufacturers have presented their new
a-Si and µc-Si based thin film modules. The manufacturers of the modules and their
features are given in Table 2.5.
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2.9 IMPROVING EFFICIENCY OF Si TF SOLAR CELLS

In the Japan’s Roadmap for the development of PV systems, PV2030+ (NEDO), the
module conversion efficiencies of Si thin-film solar cells are aimed to reach 14% by
2017 and 18% by 2025. To attain these goals, development of triple-junction solar
cells becomes crucial because, theoretically, it is very difficult to attain these efficiencies
using conventional double-junction solar cells. However, it may become possible if the
light induced degradation of a-Si can be completely suppressed. Therefore, technology
development for suppressing light induced degradation is very vital in achieving long-
term targets.

Figure 2.19 shows the technological developments necessary to realize triple-
junction solar cells where both increased conversion efficiency and reduced manu-
facturing cost must be achieved concurrently. Device technologies to markedly reduce
the manufacturing cost are also shown in the figure.

The technological issues, mentioned in detail in the figure, are classified into three
groups: (1) material development and performance improvement, (2) the improvement
of manufacturing processes, and (3) module related issues.

The research and development effort and the strategies required to achieve these
goals is enormous because the issues are very wide ranging.
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Figure 2.19 Issues in the development of triple-junction solar cells
(Source: Konagai 2011, Copyright © 2011The Japan Society ofApplied Physics, reproduced
with permission)
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Si thin-film triple-junction solar cells

Last few years have seen spectacular R & D effort in this area. The Si thin-film based
triple-junction solar cell structures under development include a-Si/µc-Si/µc-Si and
a-Si/a-SiGe/µc-SiGe structures as well as a-Si/a-SiGe/µc-Si structure.

United Solar has fabricated and studied the spectrum sensitivity characteristics
of a-Si/a-SiGe/µc-Si triple-junction cell. The cell conversion efficiency is 15.4% with
Voc = 2.239 V, Isc = 9.13 mA/cm2, FF = 0.753 on a cell area of 0.25 cm2 (Yan et al.
2008). A total photocurrent of 27.9 mA/cm2 is observed indicating the bottom cell
(µc-Si cell) has adequately covered the long wavelength region. An improvement in
the light absorption is the main issue to be addressed in the realization of triple-junction
solar cells that can reach the maximum theoretically possible performance.

United Solar (Xu et al. 2009) has recently reported the fabrication of five
different types of a-SiGe:H and µc-Si:H based multi-junction solar cell struc-
tures (two doublejunction structures, a-Si:H/a-SiGe:H and a-Si:H/µc-Si:H, and three
triple-junction structures, a-Si:H/a-Si:H/ a-SiGe:H, a-Si:H/a-SiGe:H/a-SiGe:H, and
a-Si:H/µc-Si:H/µc-Si:H stacks, all deposited on back reflector (Ag/ZnO or Al/ZnO)
coated stainless steel substrate) using modified Very High Frequency (MVHF) tech-
nology. After optimization, all five structures reached similar initial cell performance,
∼12% small active-area (0.25 cm2) efficiency and 10.6–10.8% large aperture-area
(≥400 cm2) efficiency after encapsulation. However, they showed quite different light
soaking stability behaviour, which can be attributed to the degradation of compo-
nent cells. A comparative study between the MVHF deposited solar cells with those
deposited by RF was made. Materials studies were also conducted to understand
the mechanism responsible for better stability for the MVHF deposited a-SiGe:H
solar cells. The best stable efficiency achieved for the large-area encapsulated cells
is approaching 10% for both a-SiGe:H and µc-Si:H based multi-junction cells.

Kolodziej and group (Kolodziej et al. 2003), in their strategy of improving the
efficiency of thin film Si solar cells, have accomplished a superior method of producing
the stable a-Si:H. This group has confirmed that an optimal H-dilution, microstructure,
lower thickness and such other operations reduce the light-induced degradation (SWE)

Figure 2.20 Schematic diagram of triple-junction Si TF solar cell (redrawn from Kolodziej et al. 2003)
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effect and increase solar cell stability (Kolodziej et al. 2000a, 2000b, 2001, 2002a,
2002b). Detailed studies on the tandem structures prepared on glass as well as stainless
steel substrates have led the group to fabricate triple junction cell samples on stainless
steel of 5 × 5 cm2 area. These novel cells consist of three sandwich-layers that include a
polycrystalline p-i-n Si structure. The sequence of the layers from the back are: Al/ZnO
mirror, polycrystalline p-i-n Si structure prepared at higher temperature of ∼450◦C,
the amorphous p-i-n Si (0.5–1.0%) Ge:H structure, and the p-i-n a-Si:H structure
with ZnO electrode and polysilicone protection (Figure 2.20). For the 5 × 5 cm2 PV
structures, the parameters reported are: Voc = ∼2.19 V, Jsc = ∼6 mA/cm2, FF = ∼0.58
and η = ∼7.7% at 1 sun luminance.
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Chapter 3

Polycrystalline CIGS and CdTe
thin film solar cells

3.1 INTRODUCTION

Silicon has been the traditional solar cell material, and major portion of the market
is taken over by wafer silicon technologies. However, increase in the energy conver-
sion efficiencies has not been very remarkable in recent years despite improvements in
manufacturing processes. Research and commercial interests have concurrently started
looking at thin-film solar cells based on polycrystalline thin film materials, prominent
among them being Copper indium diselenide (CIS), and Copper indium gallium dise-
lenide (CIGS) and Cadmium telluride (CdTe). A high potential for manufacturing cost
reduction is expected for these thin-film modules compared to Si wafer based technolo-
gies (Woodcock et al. 1997). Additionally, thin-film techniques have the advantage
of monolithic integration of cells and fewer processing steps and a higher degree of
automation.

These compounds are ‘direct band gap’ semiconductors with fairly high light
absorption coefficients (>104/cm). Therefore, a few microns-thick material is suffi-
cient to absorb the incident solar radiation. This means that the need for long minority
carrier diffusion lengths does not exist because majority of the carriers are generated
within or very near to the edge of depletion layer. These merits enable to utilize low
cost preparation techniques, even on continuous production basis.

Amorphous silicon also exhibits these features. But, the best a-Si based devices have
demonstrated around 10% conversion efficiencies only, as shown earlier, requiring
large areas for installing the modules. Moreover, the manufacturing costs of tandem
and triple junction amorphous devices and micromorph devices are currently high due
to the complexity of the structures. Further investigations are underway to improve
the efficiencies and to reduce the costs simultaneously of a-Si based PV modules.

3.2 HIGHLIGHTS OF CIGS AND CdTe TECHNOLOGIES

The CIGS thin film belongs to the multinary Cu-chalcopyrite system, where the band
gap can be modified by varying the Group III cations among In, Ga, and Al and the
anions between Se and S (Rau & Schock 1999; Hengel et al. 1996). Wide range of
band gaps can be obtained by mixing Ga, and the band gap range of interest for this
technology is between 1eV and 1.7 eV (Albin et al. 1992).
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Figure 3.1 Schematic representation of thin-film CIGS and CdTe solar cells
(Source: Powalla & Bonnet 2007, Hindawi Publishing Corp., Copyright © 2007 M. Powalla
and D. Bonnet)

Table 3.1 Efficiencies of CIGS and CdTe thin-film solar cells

Cell Area (cm2) Voc (V) Jsc (mA/cm2) FF (%) η (%) Comments

CIGSe 0.410 0.697 35.1 79.52 19.5 CIGSe/CdS cell, NREL, 3-stage process
CIGSe 0.402 0.67 35.1 78.78 18.5 CIGSe/ZnS (O.OH) NREL, Nakada et al.
CIGS 0.409 0.83 20.9 69.13 12.0 Cu(In,Ga)S/CdS, Dhere, FSEC
CIAS – 0.621 36.0 75.50 16.9 Cu(In,Al)S/CdS, IEC, Eg = 1.15 eV
CdTe 1.06 0.845 25.9 75.51 16.5 CTO/ZTO/CdS/CdTe, NREL, CSS
CdTe – 0.840 24.4 65.00 13.3 SnO2/Ga2O3/CdS/CdTe, IEC,VTO
CdTe 0.16 0.815 23.56 73.25 14.0 ZnO/CdS/CdTe/metal, U. of Toledo,

Sputtered

Source: Noufi et al. 2007

The CdTe material in the device mostly exists as a binary with a slight deviation
from stoichiometry. Its band gap is about 1.5 eV, a perfect match to the solar spectrum.
This band gap may vary slightly as a result of its interaction with its hetero junction
partner, CdS (∼2.4-eV) during cell processing (McCandless and Sites 2003).

Figure 3.1 shows a schematic of the layer sequence for the thin-film CdTe and
CIGS device structures. Individual layer thicknesses are approximate and may vary
slightly among laboratories.

The CIGS device is a substrate configuration that starts with glass/base electrode,
whereas the CdTe device is a superstrate configuration that starts with glass/transparent
top electrode. The sequence of the growth of the layers in both structures may influence
the properties of the front and back junctions, that is, the p-n interface and the back
contact and, in turn, the efficiency of the devices.

The best efficiencies so far reported for thin-film CIGS and CdTe solar cells using
different techniques are given in Table 3.1.

The CIGS and CdTe modules share common characteristics and device structural
elements. Therefore, in principle, the cost per unit area should be similar, and, thus,
the conversion efficiency becomes a selective factor for the cost/watt. However, in
practice, production processes in terms of throughput and yield can differ significantly
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and may offset the advantage of higher performance. That is how the cost of producing
CdTe modules has an advantage over CIGS. In future years, the costs of semiconductor
materials may become more influencing factors.

First Solar has announced (Kaneloss, M., Greentech Media article, July, 26, 2011)
that it had produced CdTe solar cell with 17.3% efficiency breaking the earlier world-
record of 16.5% set by NREL in 2001. Further, First Solar expects module efficiencies
to be at 13.5 to 14.5% by the end of 2014. First Solar modules are cheaper to manufac-
ture and this year, the production cost is an average of US cents 75 per watt. Recently,
General Electric, Abound Solar and others have entered the CdTe market. General Elec-
tric announced early this year that it produced12.8% efficiency CdTe cell in the lab and
planned to manufacture CdTe modules on mass-scale with record efficiencies in 2013.

Thin-film device research has been in progress for over three decades and has pro-
duced encouraging results. However, the long-term potential of the two technologies
requires R&D emphasis on science and engineering-based challenges to find solutions
to achieve the projected cost-effective module performance and long-term durability.
Particularly, transferring knowledge from the laboratory to manufacturing, especially
in the area of production processes due to the inherent complexity of the two com-
pound semiconductors, has proven to be much harder than expected. Therefore, much
more research focus is needed.

The two technologies are now discussed in detail.

3.3 CIGS THIN FILM SOLAR CELLS

The CIGS device preparation is not simple. It starts with the deposition of molybdenum
(Mo) on glass substrate by sputtering. The Mo film properties have to be optimized
for adhesion, sheet resistance, and morphology where it allows sodium (Na) from
the glass to diffuse through to the CIGS layer. Kuo et al. (2009) have found that the
growth parameters, such as argon flow rate, RF power, bi-layer of Mo thin films
and substrate temperature, have significant influences on properties of Mo films. The
presence of sodium supports the grain growth with a higher degree of <112> texturing
for CIGS films, and increases the carrier concentration. All the highest performance
devices have used soda lime glass as the substrate material (Bodegard et al. 1999;
Hedstrom et al. 1993), which has a good thermal match to CIS thin films (Bodegard
et al. 1994). Growth on substrates with no sodium content requires dosing of the CIGS
film by laying a 60 to 120 Å NaF layer on the Mo back contact, or introducing NaF
during the CIGS deposition. The absence of Na in the device reduces the efficiency
by 2% to 3% (absolute). Mo is preferred to other back-contact materials, Pt, Au,
Ni, W, Cr, V, Ta, Mn and so on, due to its insignificant diffusion into the absorber
layer during cell processing (Scofield et al. 1995; Schmid & Seidel 2005). Then the
CIGS absorber is deposited using any of the methods of flux delivery: (a) evaporation
of elements simultaneously or in a prescribed sequence, or (b) sputtering of metals
followed by selenization with H2Se, or (c) reactive sputtering of metals with Se vapor,
or (d) printing of metals from ink precursors followed by selenization.

The CdS layer is then applied by chemical bath deposition (CBD), followed by sput-
ter deposition of a bilayer consisting of intrinsic and conducting ZnO. The ZnO layer is
also applied by using the chemical-vapor deposition process. The industrial processes
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for both technologies basically adopt combinations of these techniques (Noufi &
Zweibel 2006). These methods are further elaborated below.

The first report on chalcopyrite-based solar cell was published in 1974 (Wagner
et al. 1974). The cell was prepared from a p-type CuInSe2 (CIS) single crystal onto
which a CdS film was evaporated in vacuum with efficiencies up to 12% (Shay et al.
1975). This combination of a p-type chalcopyrite absorber and a wide band-gap n-type
window layer is the basic concept even now for the cell designs. Later, polycrystalline
thin film of the more general composition Cu (In,Ga)(S,Se)2 has replaced the CIS crys-
tal. Kazmerski et al. (1975, 1976, 1977a, 1977b) produced thin films by dual-source
evaporation of CISe2 or CIS2 and the chalcogen Se or S. The best thin film CdS/CIS
solar cells demonstrated efficiencies of 6.6%measured using 100 mW/cm2 illumina-
tions. Boeing produced all thin film CIS-based cells with record efficiency of 6.6%
(Mickelsen & Chen 1980, 1981) which was later improved to >10% (Mickelsen &
Chen 1982).

Boeing Company reported the fabrication of CIGS solar cells by co-evaporating
elements with (Ga/Ga + In) = 0.23 demonstrating efficiencies of >10% (Chen et al.
1987). Dimmler et al. (1987) at University of Stuttgart produced CIGS cells which
reached efficiencies up to 5.8% for CuGaSe2, 9.3% for CIS, and 3% for Cu
In0.56Ga0.44Se2 thin films. The increase of bandgap of the absorber layer by introduc-
ing Ga has been established by these research groups. Many groups world-wide have
developed CIGS solar cells with efficiencies, 15–19%, using different growth processes.

Glass is the most commonly used substrate, but now efforts are being made
to develop flexible solar cells on polyimide (Basol et al. 1996; Tiwari et al. 1999;
Hanket et al. 2002; Ishizuka et al. 2008; Gecys et al. 2009; Zhang et al. 2008;
Caballero et al. 2009; Zachmann et al. 2009) and metal foils (Kessler & Rudmann
2004; Satoh et al. 2000; Herz et al. 2002; Herrmann et al. 2003; Hollars et al. 2005;
Otte et al. 2006; Bremand et al. 2007; Shi et al. 2009; Kim et al. 2007; Ishizuka
et al. 2008a, 2009; Wuerez et al. 2009; Yagioka & Nakada 2009). Highest efficien-
cies of 14.1% on polyimide (Bremand et al. 2005) and 17.6% on metal foils (Tuttle
et al. 2000) have been reported for CIGS cells. Recently a slight increase in efficiency,
14.7% on polyimide and 17.7% on metal foils has been reported for CIGS solar cells
(Ishizuka et al. 2008b).

Several reviews have appeared where investigations related to materials processing
and manufacturing processes of CIGS solar cells are discussed (Archer & Hill 2001;
Luque & Hegeds 2003; Markvant & Castarier 2003; Romeo et al. 2004; Kemell et al.
2005, Powalla 2006; Miles et al. 2010).

3.3.1 Absorber layer deposition

The phase diagrams of CIS and CIGS thin films are thoroughly investigated (Haalboom
et al. 1998; Mikkelsen 1981; Jitsukawa et al. 1998), and stable films of these materials
are easily prepared in a wide range of compositions.

The technique that shows potential for commercial module production, in general,
is the one relating low cost processes with high yield and reproducibility. To achieve
high yield, compositional uniformity over large substrate areas is also important. The
device considerations require that the Cu(In,Ga)Se2 layer should be at least 1 µm thick
and that the relative compositions of the constituents are determined by the phase
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diagram. Slightly Cu-deficient compositions of p-type conductivity are found to be
well suited for solar cell fabrication (Rau et al. 1998; Nadenau et al. 1999).

Among the deposition methods mentioned earlier, either (i) vacuum
co-evaporation of the constituents, Cu, In, Ga, and Se, on to a substrate held at 400◦C
to 600◦C to form the Cu(In,Ga)Se2 film, or (ii) deposition of metallic precursor layers
by reactive sputtering or evaporation followed by selenization are generally preferred.

Co-evaporation: The most successful technique for deposition of CIGS absorber
layers for highest-efficiency cells is the simultaneous evaporation (Mattox 1998) of the
constituent elements, Cu, In, Ga, and Se from multiple sources in single process where
Se is present in excess during the deposition. The In/Ga ratio during the deposition
process leads to only minor changes in the growth kinetics, but variation of the Cu
content strongly affects the film growth.

Four different sequences (Singh & Patra 2007) that have been used to fabricate
devices with efficiencies greater than 16% are shown in Figure 3.2.

1 The first process (Figure 3.2a) is the simplest stationary process in which all fluxes
as well as substrate temperature is constant throughout the deposition process
(Shafarman & Zhu 2000).

2 Figure 3.2b shows the Boeing process (Chen et al. 1987), also called bilayer pro-
cess, which yields larger grain sizes compared to the constant rate (single stage)
process. The larger grain size is attributed to the formation of a CuxSe phase dur-
ing the Cu-rich first stage, which improves the mobility of group III atoms during
growth (Klenk et al. 1993; Tuttle et al. 1993; Park et al. 2000). Another possibility
is the inverted process where first (In,Ga)2Se3 is deposited at a lower temperature
(typically ∼300◦C) followed by the deposition of Cu and Se at an elevated tem-
perature until an overall composition close to stoichiometry is reached (Kessler
1992; Gabor et al. 1993; Zweigart et al. 1994). This process leads to smoother
film morphology than bilayer process.

3 In Figure 3.2c, the ‘three-stage process’ proposed by Kessler (1994) and later modi-
fied by Gabor et al. (1994) is presented. This process has yielded the most efficient
solar cells. The smoother surface obtained with three-stage process reduces the
junction area which is expected to reduce the number of defects at the junction. It
also facilitates the uniform conformal deposition of a thin buffer layer and prevents
ion damage in CIGS during sputter deposition of ZnO/ZnO:Al.

4 Figure 3.2d shows variations of the Ga/In ratio during deposition which allow the
design of graded band-gap structures (Gabor et al. 1996).

A simple schematic of multisource co-evaporation technique is shown in Fig-
ure 3.3. With an absorber layer prepared by co-evaporation, the highest efficiency
reported is 19.9% (0.419 cm2 active area) for a CIGS solar cell, and13% efficiency for
a 60 × 120 cm2 for a CIGS module (Powalla et al. 2004; Repins et al. 2008).

Selenization of pre-deposited precursor layer

This is a two-stage process for optimum CIGS compound formation:

(i) precursor materials, i.e, Cu, Ga, and In are deposited using low-cost and low-
temperature methods that facilitate uniform composition, followed by (ii) thermal
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Figure 3.2 Schematic representation of co-evaporation processes (Redrawn from Singh & Patra 2007)
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Figure 3.3 Schematic diagram of Multisource evaporation method for CIGS deposition

annealing at elevated temperature in controlled Se or S atmosphere at 400◦C to
600◦C created by H2Se/H2S gas or elemental Se/S. This is called selenization of
stacked metal layers. The reaction and anneal step often takes longer time than
formation of films by co-evaporation due to diffusion kinetics, but is suitable to
batch processing.
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Table 3.2 Base-line processes at ZSW for CIGS modules

Process step
(Film thickness) Process technology Process control

Soda-lime glass/ DC magnetron sputtering Thickness, sheet resistance, adhesion
Mo (0.5–1 µm)

Mo patterning Nd-YAG laser patterning of stripes Electrical insulation
Cu(In,Ga)Se2 (2 µm) One-step co-evaporation in-line Atomic absorption spectroscopy,

X-ray Fluorescence spectroscopy
CdS (50 nm) Chemical bath deposition Visual inspection
i-ZnO (50 nm) RF magnetron sputtering Thickness, sheet resistance, transmittance
CIGS/CdS/i-ZnO Mechanical patterning, scribing Visual inspection
ZnO:Al (1 µm) DC magnetron sputtering Thickness, sheet resistance, transmittance
ZnO patterning Mechanical scribing I–V curve, dark and illuminated
Contacts Bus bars Visual inspection, resistance
Module packaging EVA encapsulation Visual inspection, adhesion

The well established magnetron sputtering is the most common method to prepare
metallic precursor layers (Muller et al. 2006) which has several advantages over the
thermal evaporation method (Kapur & Basol 1990).

The interest in the selenization processes is mainly due to its suitability for large-
area film deposition with good control of the composition and film thickness.

3.3.2 State-of-the-art technologies

Wurth Solar has set up base-line processes based on co-evaporation technology devel-
oped at the University of Stuttgart. Today, the production is fully integrated and
continuous in-line operation with a high level of automation. The production line
established at Wurth Solar to fabricate modules of 30 cm × 30 cm is given in Table 3.2.
These modules, which have a proven long-time stability and less energy payback time,
are installed in several countries, mostly on residential and commercial buildings.
Wurth Solar has the distinction of being the first company in Europe to produce CIS
modules.

The Japanese group (Nagami et al. 2002) has developed a process in which an
in-line evaporation system is equipped with a temperature detector to monitor the
composition of Ga and In. The CIGS films are deposited by sequential 3-stage process;
the Mo, ZnO and ITO films by RF sputtering, and CdS by CBD. The schematic
arrangement of the in-line evaporation system is shown in Figure 3.4.

The I-V measurements have given an efficiency of 12.6% and a FF of 0.699 with an
aperture of 81.5 sq.cms. The optimization of band-gap grading may further enhance
the module performance.

Nanosolar, Inc., Solarion AG, HelioVolt Corporation, Solyndra, Inc., Honda
Soltec Co. Ltd, Sulfercell Solartechnik GmbH, Salibro GmbH, Odersun AG, Global
Solar energy, Inc. are other prominent manufactures of CIGS thin film modules
employing different technologies (Miles et al. 2009).
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Figure 3.4 Schematic of in-line evaporation system ( Jayarama Reddy 2010)
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Figure 3.5 High efficiency CIGS thin film cell on glass with 18.1% efficiency
(Source:Ayodhya Tiwari, EMP, reproduced with permission of the author)

The CIGS thin film solar cell on glass developed at EMPA by Tiwari et al. has
achieved 18.1% record efficiency. The cell elements – ZnO/ZnO:Al layer is deposited
by sputtering, the CdS layer by chemical bath deposition, CIGS absorber layer by
co-evaporation and molybdenum contact layer by sputtering. The TEM of cross-
sectional view of the cell is shown in Figure 3.5a and the J Vs V curve along with
the derived parameters are shown in Figure 3.5b.

3.3.3 Band gap engineering of absorber (CIGS) layer

The current state-of-the-art CIGS solar cells utilize low band gap CIGS material
[Eg = 1.2 eV for Ga/(Ga + In) = 0.3] though the band gap required for optimum
solar energy conversion is 1.5 eV. However, the CIGS solar devices fabricated
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Figure 3.6 Efficiency Vs Absorber bandgap (Noufi et al., NREL, 2007, reproduced with permission of
the author)

with Eg > 1.2 eV and Ga/(Ga + In) > 0.5 have demonstrated reduced efficiencies
(Ramanathan et al. 2002). See Figure 3.6.

Studies at NREL (Noufi et al. 2007) have shown that efficiency peaks at
(Ga/Ga + In) = 0.3 as against theoretical prediction, ∼0.7–0.8 (Eg = 1.14 eV), and
then falls off drastically with higher Ga content. This is due to decreased Jsc which
is attributed to increased defect density and stronger interfacial recombination, and
phase inhomogeneity with the increase of Ga content. This observation requires further
understanding of the limiting mechanisms of the efficiency at high Ga content.

3.3.4 Novel absorber layers

By substituting Ga with relatively less quantity of Al, copper indium aluminium
selenide, CuInAlSe2 (CIAS) can be produced having same energy gap as that of CIGS.
The variation of Eg with Al content is up to 2.7 eV for CAS (copper aluminium selenide)
compared to 1.7 eV for CGS. This novel absorber material is suitable to fabricate wider
energy band gap solar cells which can be used as top cells in multi junction solar cells
with higher performance. Another advantage is that for the equivalent energy band
gap, the lattice distortion in CIAS structure is less from the optimum CIS structure
compared to CIGS. Efficient solar devices have been reported using CIAS absorber
layer, with η > 10% by Woods et al. (2005), η up to 16.9% by Marsillac et al. (2002)
and η > 12% by Minemoto et al. (2007).

SnS is another material with direct energy band gap whose electrical properties
can be controlled by introducing appropriate dopants. The major advantage is the
constituent materials are nontoxic and abundantly available. Moreover, the mass pro-
duction methods for producing tin and for sulfidizing metals are well established.
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These advantages allow SnS highly suitable for absorber layer. SnS-based solar cells
are fabricated at laboratory level by several groups using different techniques for the
deposition of absorber layer (Noguchi et al. 1994; Ristov et al. 2001; Sanchez-Juarez
et al. 2005; Reddy et al. 2006; Gunasekaran & Ichimura 2007; Avellaneda et al. 2007;
Li et al. 2009). But, the efficiencies reached are low, less than 1%, except in the case of
Reddy et al. (2006) who reported efficiencies >1.3%. More focused research efforts
are needed before the technology becomes commercially viable.

3.3.5 Alternative buffer layers

Current generation of cell production is limited by window materials, and there is need
to develop wider bandgap (alternative) buffer layers alternative to CdS. Materials such
as (Cd,Zn)S alloys, ZnS, InxSy, ZnSe and others which have suitable features have been
investigated.

At NREL, Quantum efficiency (QE) measurements of CIGS solar cells fabricated
with alternate buffer layers CdS, ZnS, and CdZnS are performed. The cell using CdZnS
buffer layer produced highest efficiency (real breakthrough) of 19.5% (Noufi 2007).
Adding Zn to CdS, results in an alloy, Cd1−xZnxS, with band gap between 2.4 eV and
3.8 eV. Depending on Zn/Cd ratio, this material (buffer) layer yields a better lattice
match with the absorber layer and increases the blue response of the solar cell. Further,
it should lead to a favourable conduction band offset at the hetero junction interface
(Reddy KTR & Jayarama Reddy 1992a).

Studies on CdxZn1−xS/CuGaSe2 cells (Reddy KTR & Jayarama Reddy 1992b)
have showed an enhanced Voc and Isc leading to a higher conversion efficiency com-
pared to CdS/CuGaSe2 solar cells. Varying the Zn/(Zn + Cd) ratio in the range,
15%–20%, Daveny et al. (2006) have developed (CBD-grown)CdxZn1−xS/CIS
(co-evaporation) cells with efficiencies >13%. Song et al. (2006) have reported con-
version efficiencies up to 13% for a CIGS solar cell with CBD-grown 40 nm thick
CdxZn1−xS buffer layer. But, real breakthrough efficiency of 19.5% is achieved, as
mentioned above, with the Cd1−xZnxS/CIGS cells produced by Bhattacharya et al.
(2006).

Indium sulfide (In2S3) is another promising alternative buffer layer to CdS.
Several techniques have been used to prepare these films; but, Atomic layer epitaxy
(ALE) grown In2S3 films have given record efficiencies with CIGS absorber layers.
However, CIGS solar cells with indium sulfide buffer layer prepared by ALE (Naghavi
et al. 2003), CBD (Velthaus et al. 1992, Hariscose et al. 1996), Evaporation (Karg
et al. 1997; Pistor et al. 2009), and PVD (Strohm et al. 2004) have given varying
conversion efficiencies between 11.2% and 16.4%. The initial studies at Stuttgart that
used CBD-grown In2S3 layers have yielded only 9.5% efficiency. CIEMAT research
group has investigated in detail the growth mechanisms of In2S3-based buffer layers
(Bayon & Herrero 2001). Despite its promise for efficient solar cell development, the
current shortage of indium may become an obstacle for large-scale production using
this technology.

Zn-based materials, ZnS, ZnSe, ZnSSe and ZnO have also been studied as alter-
nate buffer layers to CdS. ZnS layers grown byCBD (Kessler et al. 1993; Ortega Borges
et al. 1992; Contreras et al. 2003), ALE (Platzer-Bjorkman et al. 2003), and Vacuum
evaporation (Romeo et al. 2004); ZnSe layers byCBD (Ennaoui et al. 2001, Chaparro
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Table 3.3 Efficiencies of chalcopyrite-based solar thin film Modules with different buffer layers

Buffer Deposition Area (cm2) Efficiency Company Reference

CdS CBD 6500 13.0 Wurth Solar Powalla et al. 2004
ZnS CBD 900 14.3 Showa Shell Kushiya 2003
ZnS CBD 3659 13.2 Showa Shell Kushiya 2003
ZnSe CBD 20 11.7 HMI/Siemens Mikami et al. 2003
ZnO ILGAR 20 10.9 HMI/Siemens Muffler et al. 2000
In2Se3 ALE 13 13.4 ZSW Spiering et al. 2003
In2Se3 ALE 900 12.9 ZSW Spiering et al. 2004
In2Se3 CBD 717 9.7 ZSW Dimmler et al. 1998

Adopted from Miles et al. 2010

et al. 2002), MOCVD (Munzel et al. 2001), ALE (Ohtake et al. 1995), and evapo-
ration (Romeo et al. 2004); and ZnO layers prepared by CBD (Ennaoui et al. 1998),
electrodeposition (Gal et al. 2001), ALE (Chaisitsak et al. 2000), CVD (Olsen et al.
1997), and ILGAR (Bar et al. 2002) have given considerable conversion efficiencies.
Addition of small amount of Mg to ZnO results in ZnMgO whose band gap is higher
than ZnO. ALE-grown ZnMgO film has been found to be good buffer layer in CIGS
solar cells due to improved blue response, and the best cell has given an efficiency of
18.1% (Negami et al. 2002).

In Table 3.3, is given the highest efficiencies achieved using different buffer layers
with chalcopyrite-based solar modules. Of them, only ZnS and In2S3 buffer layers
have been successful in developing 30 × 30 cm2 area modules with efficiencies higher
than those achieved with CdS layers. The rest of the modules consist of monolithically
inter-connected prototype sub-modules of 5 × 5 or 10 × 10 cm2 area.

Showa Shell has produced 900 cm2 CIGSS modules using thin films synthesized by
sulferization/selenization of metal precursors and chemical bath deposited ZnS which
have demonstrated world-record efficiency of 14.3%.

ZSW have fabricated CIGS modules of 900 cm2 area using In2S3 buffer layers
deposited by ALE method with evaporated CIGS films which showed efficiencies
greater than 12.9%.

3.3.6 Fabrication of CIGSS modules

The Copper Indium Gallium diselenide disulfide, CIG(S,Se)2, usually represented as
CIGSS, thin film modules are fabricated by Showa Shell (Japan) by two-stage method.
The Cu-In-Ga precursor layers are deposited by magnetron sputtering followed by
selenization in H2Se gas. A sulfurization process has been used to introduce sul-
fur in the absorber layer. Substrates of 3600 cm2 size or higher are coated with
improved process technologies. An efficiency of 13.4% has been reported for a
Zn(O,S,OH)x/Cu(In,Ga)(S,Se)2 module area of 3600 cm2 (Kushiya 2003).

Avanics GmbH (Germany) has avoided the use of H2Se gas which is highly toxic
in the fabrication of CIGSS modules. Instead, a Se layer is deposited on top of the
precursor layer by evaporation, and rapid thermal processing has been performed in
an environment containing both Se and S. Avanics has produced 30 × 30 cm2 CIGSS
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modules with an efficiency of 13.5%, and 60 × 90 cm2 modules with an efficiency of
13.1% (Probst et al. 2004). Avanics technology is environment-friendly and suitable
for large-area deposition.

3.3.7 Flexible CIGS solar devices

There are several advantages in using flexible substrates for fabricating thin film cells
and modules: (a) possibility of roll-to-roll deposition methods for industrial pro-
duction, (b) lower costs of equipment and infrastructure; for example, roll-to-roll
equipment used for foils is 10–30 times smaller in size than for in-line glass substrates;
high material utilisation and low thermal budget; and no need for robotics, and (c)
high rate of deposition. Flexible devices are easy to handle, and cover a wider range
of applications including building integrated PV. Stainless steel foils and polymers
are generally used as substrates. However, the choice of substrate and the deposi-
tion process of CIGS are very important to obtain good performance. Tiwari and
his group (EMP, Switzerland) have deposited CIGS films on flexible polymer films.
The deposited films exhibit the following characteristics: The layers formed on steel
foils have rough conducting surface with kinks and metal impurities; require high
temperature (550–600◦C) processing; and barrier coatings are needed for mono-
lithic interconnection. The highest efficiency achieved is 17.5% with AR coating;
whereas the layers deposited on polymer foils have smooth and insulating surface, no
metal impurities, no need of barrier coatings for monolithic interconnection, and low
temperature (<450◦C) processing. The highest efficiency achieved is 14.1% without
AR coating.

The defect passivation is essential for flexible foils; hence, controlled sodium is
introduced into CIGS by depositing 30 nm NaF at room temperature on CIGS, and
annealed in ultra high vacuum at 400◦C for about 20 min. There is no change in
the microstructure as evidenced by TEM image while SIMS profiles confirm sodium
in-diffusion (Figure 3.7) (Tiwari et al., EMP).

Flexible CIGS solar cell on polyimide with world record efficiency of 14.1% is
developed at ETH, Zurich (shown in Figure 3.8). This is the highest reported effi-
ciency on polymer for any kind of solar cells. The other parameters of the cell are:
Voc = 649 mV, Jsc = 31.5 mA/cm2, and FF = 0.691 (Tiwari et al. 1999). Their recent
result (2009) on the improved device has given an efficiency of 16% with Voc = 645 mV,
Jsc = 34.5 mA/cm2, FF = 0.719.

Application of CIGS thin-film modules: Thin-film modules of CIGS are widely
used and find themselves as functional design elements in building façades in many
countries. Figure 3.9 shows Grain silo ‘Schapfenm ühle’ located near Ulm in Germany.
1306 CIS modules produced by Wurth Solar are integrated into the façade with an
installed capacity of 98 kWp.

3.3.8 Vacuum-free deposition

The usual processes for deposition of thin films of metals or semiconductors require a
high vacuum. However, Odersun AG, Germany is manufacturing CIS solar cells using
a vacuum-free roll-to-roll process. The process runs as follows: Indium is galvanically
applied to a cleaned and polished copper tape of 1 cm wide and 0.1 mm thick; then
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Figure 3.7 SIMS profiles confirming Na diffusion
(Source:Ayodhya Tiwari et al., EMP, reproduced with permission of the author)

Figure 3.8 Flexible CIGS solar cell on polyimide with record efficiency of 14.1%
(Source:Ayodhya Tiwari et al., EMP, reproduced with the permission of the author)

gaseous sulfur is allowed to come in contact with the molten indium layer when the
CIS layer is formed. A top layer of copper sulfide is also formed which can be removed
by chemical etching. The finished precursor layers are then annealed, and buffer and
TCO layers are applied. Only the TCO layer needs to be sputtered in vacuum. The
active cell layer is 0.001 mm thin. The cell stripes are processed to variable types of
customized solar modules.

3.4 CdTe THIN FILM SOLAR CELLS

CdTe is an excellent direct band gap material with an optimum bandgap (1.45 eV), and
a large absorption coefficient requiring only a few microns thick material to absorb
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Figure 3.9 Grain silo ‘Schapfenmühle’ on the outskirts of Ulm, Germany. 1306 CIS modules from the
Wurth Solar pilot plant with a nominal installed power of 98 kWp are integrated into the
façade
(Source: Powalla & Bennet 2007, Hindawi Publishing Corp., Copyright © 2007 M. Powalla &
D. Bonnet)

nearly 100% of the solar spectrum with energies >1.45 eV. Theoretically, CdTe solar
cells are estimated to achieve efficiencies up to 27% (Loferski 1956).

The typical structure for thin-film CdTe solar cells comprises Glass/SnO2/CdS/
CdTe/Contacts, shown in Figure 3.1.

Adirovich et al. (1969) fabricated the first p-CdTe/n-CdS hetero junction solar cell
with an efficiency of 1%. Later, Bonnet and Rabenhorst (1972) produced an all thin
film CdTe solar cell with an efficiency >5%. This observed improvement in efficiency
and the stability have inspired interest in the development of CdTe/CdS PV devices.

A world-record, total-area efficiency of 16.5% measured under standard AM 1.5
illumination conditions, has been achieved by the research group at NREL (Wu et al.
2005) with the device structure, glass/CTO/Zn2SnO4/CdS/CdTe/back contact. In this
design, the SnO2 front contact is replaced by the more promising Cd2SnO4 contact.
The CTO, ZTO, and CdS layers were prepared by RF magnetron sputtering in pure
argon at room temperature using hot-pressed oxide targets, and 10 µm thick CdTe
layer by close spaced sublimation (CSS). The CdS layer thickness is reduced to improve
Jsc. The measured absorption and transmission spectra of both SnO2 and Cd2SnO4

layers clearly establish the high quality performance of Cd2SnO4 layer as transpar-
ent front contact. The measured parameters for this record cell are Voc = 845 mV,
Jsc = 25.9 mA/cm2, FF = 75.5%. It is entirely a dry process, and the process time is
relatively reduced while increasing throughput. The CdTe cells produced have good
uniformity, reproducibility and device stability.

The CdTe thin films are prepared by a variety of techniques in different
laboratories – Thermal evaporation (Moutinho et al. 1995; Birkmire and Phillips
1997), Sputtering (Wendt et al. 1998), Vapour transport deposition, VTD (Meyers
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Figure 3.10 Schematic diagrams of CSS andVTD deposition techniques

et al. 1993; Sandwisch 1994), Close-spaced sublimation, CSS (Aramoto et al. 1997;
Ferekides et al. 2000; Ohyama et al. 1997; Wu et al. 2001; Al-Jassim et al. 1998),
Electro deposition (Kim et al. 1994; Johnson 2000), Spray pyrolysis (Chu & Chu
1995), Screen printing (Ikegami 1988), Metal-organic Chemical vapour deposition
(MOCVD) (Irvine et al. 2008), and Atomic layer epitaxy (ALE) (Skarp 1991).

Some of these techniques – CSS, spray pyrolysis, and VTD – are more widely used
(Figure 3.10). For example, the most efficient cells are produced by CSS technique
(Aramoto et al. 1997; Ferekides et al. 2000; Ohyama et al. 1997; Wu et al. 2001).
CSS is characterized by high deposition rate, >1 µm/minute, and produces films with
large grain size of several µm (Al-Jassim et al. 1998). Spray pyrolysis is a low-cost
technique for fabricating large area cells, and the films prepared by this method have
large grains and random orientation. VTD is a high rate deposition method developed
for commercial production by Solar Cells, Inc. (Meyers et al. 1993).

3.4.1 CdTe cell structure elements

The choice of substrate is very important; it has to be transparent, able to withstand
process temperatures, and must not contaminate the layers that are deposited subse-
quently. The general choice is soda-lime glass which is cheap and withstands relatively
high processing temperature. Borosilicate glass, though relatively expensive, is used
for higher temperature deposition methods. Recently flexible substrates such as metal
foils and polymer sheets are used (Mathew et al. 2004).

The front contact or TCO is another important layer. Tin oxide (SnO2), indium
tin oxide (In2O3:Sn), fluorine-doped tin oxide (SnO2:F) are mostly used materials.
Cd2SnO4 which has been used at NREL has shown improved power conversion due to
its higher conductivity and transmittance. Generally, to prevent any shunting through
thin CdS layer, an intermediate layer between TCO and CdS layers is introduced, and
the most promising one is Zn2SnO4 (Wu et al. 2001).

For buffer layer, CdS is the right wide band gap material with transparency down
to about 510 nm. To reduce CdS thickness from the usual ∼100 nm has some prob-
lem. The diffusion of CdS into CdTe during annealing treatment requires a minimum
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thickness level for CdS layer to prevent the danger of shunt which may result in a
low open circuit voltage (McCandless & Dobson 2004). This problem is minimized
by inserting the intermediate layer between TCO and CdS. Chemical bath deposi-
tion, a low-temperature technique, has been the most successful technique to prepare
CdS films, though subsequent annealing treatment in air or in chlorine atmosphere is
needed to decrease the defect density and to increase grain size (Ferekides et al. 1994).
This method has yielded most efficient CdTe/CdS and CIGS/CdS solar cells (Wu et al.
2001; Repins et al. 2008). Recently, there has been interest in using wide band gap
buffer layers for CdTe cell fabrication, and Irvine et al. (2008) have used Cd0.9Zn0.1S,
a wider band gap (2.7 eV) material as buffer layer which can cover the lower part of
the solar spectrum too.

The absorber CdTe layer is generally 2 to 10 µm thick with a grain size varying
between 0.5 and 5 µm. The films have to be heat treated in Cl2 or O2 atmosphere to
ensure p-type and high conductivity. Post-deposition heat treatment in CdCl2 vapour
is very essential for modifying the structural properties of CdTe films. Other methods
of annealing are discussed by Miles et al. (2009). This process is very crucial, espe-
cially for small-grained evaporated films to promote recrystallization and grain growth
(McCandless et al. 1997; Levi et al. 1996); for the passivation of grain boundaries of
the polycrystalline CdTe layer (Edwards et al. 1998, 1997); and for CdS/CdTe inter-
facial mixing, CdTeyS1−y/CdSxTe1−x which decreases structural and electrical defects
at interface. Al-Allak et al. (1996) have shown remarkable improvement in the perfor-
mance of CdTe/CdS solar cell following the CdCl2 treatment of CdTe films. Their solar
cells with as-deposited CdTe films have shown conversion efficiency of 1.2% and FF,
0.39 whereas the CdCl2- treated films have achieved 10% efficiency and FF of 0.56.

The back contact formation is very ticklish in CdTe solar cell due to high work
function of CdTe (∼5.7 eV). Creating ohmic contact is a big challenge. To reduce the
difference between work functions of CdTe and the back contact metal layer, the carrier
concentration in CdTe in the vicinity of the back contact has to be increased. One way
is by forming a p+ layer by chemically etching the top surface of the absorber so that a
quasi-ohmic contact with the back contact is formed (Jager & Seipp 1981; Kotina et al.
1998; Sarlund et al. 1996). Alternately, doping of the top surface of the absorber with
the required dopant (e.g. Cu doping) and subsequent annealing (Dhere et al. 1997); or
direct doping during the growth of the absorber film could be done to increase carrier
concentration near the surface. At the end, deposition of an intermediate layer of p-
type ZnTe or HgTe or Sb2Te3 having a work function lower than CdTe is also used
to complement any of above alternatives. Table 3.4 lists the efficiencies of CdTe/CdS
solar cells in which CdTe layers are produced by different techniques.

3.4.2 Standard module fabrication

A major advantage of thin-film module processing lies in the monolithic series intercon-
nection of cells to form modules with higher voltages. Thin-film cells are interconnected
through simple patterning steps integrated into the processing line. The methods are
similar to both CdTe and CIS technologies. The monolithic interconnection for CdTe
modules is shown in Figure 3.11. Three scribes between deposition steps accomplish
the cell definition, separation, and series interconnection. The TCO properties can also
be integrated into the optimization.
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Table 3.4 CdTe/CdS solar cells with CdTe layer grown with different methods

CdTe Growth method Efficiency (%) Cell area (cm2) Reference

CSS 16.5* 1.032 Wu et al. 2001
Thermal evaporation 16 0.25 Takamoto et al. 1997
Electrodeposition 14.2 0.02 Woodcock et al. 1991
RF Sputtering 14 – Gupta & Compaan 2004
ALE 14 Skarp et al. 1991
Spray Pyrolysis 12.7 0.3 Chu & Chu 1995
Screen Printing 12.8 0.78 Ikegami 1998
MOCVD 13.3 0.25 Irvine et al. 2008

*Record efficiency produced at NREL;
Source: Miles et al. 2010

First cut: TCO

Cell 1

Substrate

Cell 2

Second cut: CdS/CdTe
Third cut: back contactBack contact

CdS/CdTe film

TCO film

Figure 3.11 Illustration of Monolithic interconnection for CdTe modules
(Source: Powalla & Bonnet 2007, Hindawi Publishing Corp., Copyright © 2007 M. Powalla &
D. Bonnet)

The 1st and 3rd cuts separate the cells at the front and back contacts respectively.
The second cut enables the back contact of cell 1 to connect with the front contact of
cell 2. In the case of CIS modules, the interconnection occurs in the same manner but
in the reverse sequence. Finally, the contact leads are attached to the first and last cells,
and the modules are encapsulated with a lamination foil and glass plate to protect
from environmental effects.

For the industrial production of thin-film modules, high throughput in-line depo-
sition systems are required for each processing step and automation to transfer the
glass panes from one step to the other. A module processing line used for CdTe module
production is shown in Figure 3.12. The circled numbers describe the processing steps
starting with cleaning the substrate (step 1) to the characterization of the module and
its classification by quality (step 13). Each number in the figure indicates the nature of
processing.

3.4.3 Industrial CdTe modules

Several companies have been manufacturing large area modules using different pro-
cesses. Antec GmbH has developed a low-cost in-line fabrication system. It is a
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Figure 3.12 Schematic of commercial production line for CdTe thin-film solar modules
(Source: Powalla & Bonnet 2007, Hindawi Publishing Corp., Copyright © 2007 M. Powalla &
D. Bennet)

combined ‘in-line sputtering and CSS equipment’ consisting of four independent pro-
cessing chambers. The substrates are 10 cm × 10 cm and the structure of the cell
is Ni/ZnTe/p-CdTe/n-CdS/ITO+TO/glass. The system design is such that it avoids
interruption of vacuum and long cooling cycles during the process.

The system developed by Barth et al. (2002) is pilot continuous in-line
system performing all fabrication steps in one vacuum zone. The structure is
glass/SnOx:F/CdS/CdTe/carbon/nickel, and cells of 3.6 in × 3.1 in are produced, each
cycle in a process time of two minutes. The continuous process is scalable, uniform
and reproducible. The NREL verified efficiency is 12.4% with FF of 0.71 measured
at 25◦C within a variation of 1◦C. This process is merited by increased cell reliability,
low production time, and cost viability. More details are given in the earlier book
(Jayarama Reddy 2010).

The US manufacturer, First Solar is the largest producer of CdTe modules with
worldwide capacity of 1.3 GW and manufacturing units in US, Germany and Malaysia.
By 2012, production capacity is to be increased to as much as 2.1 GW by way of the
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new plants at Frankfurt, in Malaysia and in France. The characteristics of the 3rd
generation CdTe modules are substantially improved (Sun & Wind Energy 8/2010).
First Solar achieved considerable progress by being able to increase their power ratings
of its 60 cm × 120 cm module from 50 and 55 Wp to 55 to 65 Wp (9.3% total area)
respectively within one year (von Roerden 2006). First Solar along with Juwi Solar,
Germany has set up a 40 MW CdTe thin film solar field, one of the largest solar fields
in the world. Among thin film technologies, CdTe is the leading and cheap technology
in the market today. In the case of First Solar’s manufacturing cost for thin-film CdTe
PV modules, as economies-of-scale have been realized, the manufacturing cost has
dropped substantially from US$ 2.94/W (6-MW) in the year 2004 to $1.25/W (90 MW)
in 2007 (Ullal & Roedern 2007). The manufacturing cost is expected to come down to
$0.70/W (the targeted cost) due to improvements in productivity, module efficiency and
yield by 2012, thus making it potentially price competitive with grid-parity electricity.
According to recent report (Sun & Wind Energy 8/2010), First Solar’s production
costs amount to around US$ 0.80/W and are likely to drop to 0.65 to 0.55/W in the
medium term.

3.4.4 Flexible CdTe solar cells

The laboratory for Thin Films and Photovoltaics of EMPA, Switzerland has developed
highest efficiency flexible CdTe thin-film solar cells on a lightweight polymer (poly-
imide) film by using a low temperature (below 450◦C) vacuum evaporation process.
The cells are subsequently annealed in air. In this device structure, ZnO:Al replaces
expensive ITO (indium tin oxide) layer as a transparent electrical contact used in
the earlier production that has given conversion efficiency of 11.4%. Substitution of
ITO with a bi-layer of ZnO/ZnO:Al also improved process yield and reproducibility
of high efficiency solar cells. The efficiency achieved in this design is 12.4% mea-
sured under standard AM1.5 illumination conditions. Other parameters of the cell
are Voc = 823 mV, Jsc = 19.6 mA/cm2 and FF = 76.5%. Monolithically interconnected
flexible CdTe solar module of 32 cm2 has demonstrated a record efficiency of 7.5%
(Tiwari, EMPA).

3.5 CHALLENGES TO BE ADDRESSED

The main issues that the research groups should address to improve the performance of
these polycrystalline thin film solar cells with long range stability and low production
costs are briefly mentioned. The success of these efforts will enhance the commercial
success of these devices.

1 Lack of adequate science and engineering knowledge base – In order to achieve high
throughput and high yield at every process stage, and high degree of reliability and
reproducibility leading to higher performance, several issues are to be investigated:
(i) measurable material properties that can predict device and module performance,
(ii) how materials delivery and film growth are related, (iii) development of control
and diagnostics based on material properties and film growth, and (iv) coupling
of this knowledge to industrial processes. If the control and diagnostic tools can
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respond to rapid processing and facilitate adjusting real-time processes, it will
impact throughput and yield, and will make the process reproducible and reliable.
Currently, only a few techniques are in practice, based on changes of emissivity
from the growing surface, and in-situ monitoring of composition using X-ray
fluorescence.

Fundamental research is needed on both reference systems, high-quality
absorber films prepared in the laboratory and industrially produced absorber films.
New diagnostic techniques such as measuring electron-beam-induced currents in
the junction configuration, micro-photoluminescence, and micro-Raman spec-
troscopy assist to understand the recombination mechanisms (Kniese et al. 2007)
in real devices and for investigating the function of inhomogeneities (Powalla &
Bonnet 2007).

2 Long-Term Stability (Durability) – Both CIGS and CdTe technologies has shown
long-term stability. However, performance degradation has also been observed.
For example, CdTe and CIGS devices have different sensitivity to water vapour;
e.g., oxidation of metal contact, change in properties of ZnO. Therefore, thin film
barrier to water vapour, new encapsulants and less aggressive application process
are essential. Further, degradation mechanisms at the device level and prototype
module level must be better understood. Much work has been done to monitor and
investigate performance of CIGS and CdTe modules in the outdoors. To date, the
perception level for the causes of performance degradation is inadequate and lacks
the coupling of feedback from device- and module-level studies. Recently, Albin
et al. [2005a, 2005b] at NREL investigated the temperature-dependent degrada-
tion of CdTe devices. The findings point out that different mechanism dominates
degradation at different temperatures. From 90◦ to 120◦C, the degradation is
dominated by Cu-diffusion from the back contact toward the electrical junction,
whereas the source of possible degradation from 60◦ to 90◦C is not currently
known. Another issue requiring further consideration is the need for encapsulants
that can be applied and cured at room temperature and are chemically inert toward
the semiconductor layer with which they come in contact.

3 Thinner CIS and CdTe layers – The goal is to achieve <0.5 µm thick layers from
the current values of 1.3 to 8 µm. To maintain state-of-the-art performance, mod-
ification of deposition parameters is required. Studies to develop (a) models that
relate film growth to material delivery, and (b) device structure that maximizes
photon absorption have to be pursued.

The major benefit in fabricating thinner cells is less material usage contributing
hopefully to reduction in cost. Thinner cells are expected to deliver higher through-
put. However, the availability of In and Te is a debatable issue that demands
lesser usage. Production at gigawatt level may have problem with the availability
of In.

Thinner layers have drawbacks that include micro non-uniformity and its impact
on device performance, changes in device physics and structure, and probable
lower yield, which require thorough investigations. Studies were undertaken to
minimize the thickness of CIGS, CIGSS and CdTe absorber layers with ultimate
object of bringing down the cost while maintaining high-efficiency and stability.
Table 3.5 shows the cell parameters including efficiency for different thicknesses
of the absorber layer (Gupta & Compaan 2005; Ramanathan et al. 2007). At
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Table 3.5 Thinner cells and their performance

t (µm) Voc (V) Jsc (mA/cm2) FF (%) Efficiency (%)

1.0 CIGS 0.676 31.96 79.47 17.16 (NREL)
0.75 CIGS 0.652 26.0 74.0 12.5
0.40 CIGS 0.565 21.3 75.7 9.1
0.47 CIGS 0.576 26.8 64.2 9.9 (EPV)
1.3 CIGSS Module 25.26 2.66 69.2 12.8 (Shell Solar)
0.87 CdTe 0.772 22.0 69.7 11.8 (U. of Toledo)

Source: Noufi & Zweibel 2007

U. of Toledo, magnetron sputtering has been used to prepare CdS/CdTe cells with
CdTe thickness, 0.5–1.28 µm. The drop in performance currently begins to become
significant below 1 µm thickness. Studies guided by device modeling are being
pursued to understand the loss mechanism for very thin absorbers (Gloeckler &
Sites 2005).

4 Need for Low-cost processes – This issue is more relevant to CIGS technology for
two reasons: (a) in the current techniques, throughput is relatively slow, material
utilization is poor, and require relatively high vacuum because of complex pro-
cesses; and (b) indium is highly expensive, about $1000/kg due to limited stock.
Hence, deposition by high-rate co-sputtering from cylindrical magnetrons is now
being pursued; however, to date, this approach has not demonstrated state-of-
the-art performance. A lower-cost process should feature high deposition rates,
high material utilization, and simpler equipment capable of processing very large
substrates. Examples of such innovative processes are CVD-based, and Nano-
technology utilizing nano-components to make CIGS, e.g. printable CIGS (Kapur
et al. 2002; Eberspacher et al. 2002).

Fabricating CIS modules on flexible substrates require a lot of research efforts to
sort out new issues that arise, like introduction of undesirable impurities, the absence of
sodium in the substrate (which improves the absorber film quality), the needed process-
ing temperatures for getting high-quality films, and the necessity of additional layers
(insulating films) for monolithic interconnection if formed on conductive substrates.

Both CIS and CdTe technologies are exploring alternative methods like electrode-
position, spraying, and screen printing for material synthesis due to their potential
for reducing both materials and production costs. Continuous optimization of several
production parameters are needed for improved throughput and yield.

For CdTe solar devices, areas of further research include inter-diffusion at the
CdS/CdTe interface where S diffuses into the CdTe film, vapor CdCl2 heat treatment,
and the role of Cu ‘doping’ that is usually used for often proprietary back-contacting
procedures, and most importantly whether the maximum open-circuit voltage of CdTe
cells could be significantly improved without degradation of FF and Jsc (von Roerden,
Ullal, Zweibel 2006). Enhanced Voc may be achieved by increasing the net p-type
doping of the bulk through extrinsic doping, or, more likely, by better crystal growth
conditions that influence more favorable formation of native point defects.



82 Solar power generation

Figure 3.13 Schematic representation of CGS/CIS and CdTe/CIS tandem cells (Noufi et al. 2007,
reproduced with permission)

3.6 POLYCRYSTALLINE TF MULTI JUNCTION SOLAR CELLS

This research activity, at NREL under a DOE project, was aimed at developing
approaches toward improving transparent top cells, an appropriate bottom cell, and
interconnects to fabricate a polycrystalline thin film tandem solar cell with an effi-
ciency of 25%. The ultimate goal of this research was to develop a monolithic tandem
cell. In this project, the issues related to development of TCOs and mechanical stacks
as alternatives to monolithic approach are also investigated. For example, preparing
and studying Cd1−xMgxTe alloys where largest range of energy gaps is possible with
relatively small addition of alloying element, Mg. These alloys are characterized by
least deviation from the lattice constant of CdTe, and the energy gap varies linearly
with the fraction ‘x’.

The research includes several aspects: development of CuGaSe2 top cell (1.7 eV),
transparent CdTe top cell (1.5 eV), CuInSe2 bottom cell with 1.0 eV band gap,
mechanical-stacked tandems (CGS/CIS and CdTe/CIS structures), and CGS/c-Si
monolithic tandem structure (Noufi et al. 2007).

(i) CGS/CIS tandem structure: The top cell is transparent CGS cell (ZnO/CdS/CGS/
SnO2/Glass) and the bottom one is CIS cell (ZnO/CdS/CIS/Mo/Glass). It is
mechanically stacked and series-connected by addition. The measured efficiency
is 10.7%, and Voc = 1.32 V. The NREL official measurement shows efficiency of
9.75 and Voc = 1.29 V.

(ii) CdTe/CIS tandem structure: The top cell is a transparent CdTe solar cell with an
efficiency of 13.8% and having transmission, ∼40 and 60%. The device structure
is: modified borosilicate glass/CTO/ZTO/nano CdS: O/CdTe/ITO/Ni-Al grid.
The bottom cell is a record CIS cell with 15% efficiency. The measured tandem
parameters as measured by NREL are Voc = 1.144 and efficiency = 15.3%. These
structures are schematically shown in Figure 3.13.
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Table 3.6 Tandem Solar devices and their operating parameters

Jsc
Organisation Tandem structure Voc (V) mA/cm2 FF η (%) Comment

NREL Top cell: glass/SnO2/CGS/CdS/ZnO 0.864 15.36 51.25 6.8 4-terminal
Bottom cell: glass/Mo/CIS//CdS/ZnO 0.456 12.46 69.17 3.9 device
Mechanical Stack 1.29 – – 9.7

NREL Top cell: glass/CTO/ZTO/nano 0.786 25.5 68.9 13.8 4-terminal
CdS:O/CdTe/CuxTe device
Bottom cell: glass/Mo/CIS/CdS/ZnO 0.357 6.059 68.01 1.47
Mechanical Stack 1.14 – – 15.3

Univ. of Monolithic structure: ZnO/ITO/CdS/ 0.688 10.4 52.8 3.8
Delware IEC CIGS/ZnO/CdS/CIS/Mo/glass
Univ. of Monolithic structure:TO:F/CdS/CdTe/ 0.960 2 62 1.2
Toledo ZnTe:N/ZnO:Al/CdS/HgCdTe

Source: Noufi 2007

Table 3.7 Module manufacturing cost and profitable price forecast (2006 US$)

Cell technology 2006 Cost/Price ($) 2010 Cost/Price ($) 2015 Cost/Price ($)

Crystalline Si:
Mono-Si 2.50/3.75 2.00/2.50 1.40/2.20
Multi-Si 2.40/3.55 1.75/2.20 1.20/2.00
Ribbon Si 2.00/3.35 1.60/2.20 1.00/1.70
Conc. Si cells 3.00/5.00 1.50/2.50 1.00/1.70

Amorphous Si-based 1.50/2.50 1.25/1.75 0.80/1.33
CIS 1.50/2.50 1.00/1.75 0.80/1.33
CdTe 1.50/2.50 0.80/1.20 0.65/1.25
Factory profitable Price 2.50/3.75 1.50/2.50 1.20/2.20

Source: Maycock, 33rd IEEE PV Specialists Conf., San Diego, USA 2008

Polycrystalline thin film tandem solar devices studied by different research groups
are tabulated (Table 3.6) along with the cell parameters. The structures developed by
NREL are mechanical stacks whereas the structures fabricated by IEC, University of
Delaware, and University of Toledo are monolithic.

3.7 MANUFACTURING COST OF THIN FILM MODULES

Maycock has projected the manufacturing costs/profitable prices based on the existing
costs and presented at 33rd IEEE PV Specialists conference at San Diego. These are
given in Table 3.7. Grid parity is expected by 2012–2014 with 16 GW of annual
production.
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Chapter 4

Organic and dye-sensitized solar cells

4.1 INTRODUCTION

Currently, the active materials used for the fabrication of solar cells are mainly inor-
ganic materials – silicon (Si), gallium-arsenide (GaAs), cadmium-telluride (CdTe),
and copper-indium-gallium-selenide (CIGS). The power conversion efficiency for these
solar cells varies from 8 to 30%. About 85% of the PV market is shared by mono- or
multi-crystalline silicon solar cells. GaAs solar cells are reliable and highly efficient,
but being expensive, are not generally used for terrestrial applications. Amorphous
silicon, CdTe, and CIGS are comparatively recent thin-film technologies.

The current status of PV is that it hardly contributes to the energy market. The
high production cost for the silicon wafer solar cells is one of the major issues. Even
when the production costs get reduced, large-scale production of the current silicon
solar cells could be limited by the scarcity of solar-grade silicon as happened around
2008. To ensure a sustainable technology path for PV, efforts to reduce the costs of
the current silicon technology need to be balanced with measures to create and sustain
diversity in PV technology. The thin film solar technologies have been progressing
well, though a few issues are yet to be addressed for long time durability. Also, the
limited availability of indium and tellurium stocks may also slow down large-scale
production of thin-film solar cells.Therefore, ‘techno diversity’, implying development
of new solar cell technologies, is crucial (Sanden 2003).

A new approach for the fabrication of solar cells made of entirely new materials,
such as organic semiconductors has been studied since 1975; and the strongest case for
the third-generation solar cell technologies (Green 2004) is certainly the technologies
based on organic materials (especially small molecules and conjugate polymers) due
to their promise for ultralow costs and several other merits.

Polymers are basically non-conductors of electricity. Conjugated materials can be
described as ‘organics’ consisting of alternating single and double bonds (Figure 4.1).
The discovery by Heeger, MacDiarmid, and Shirakawa that the conjugated polymer,
polyacetylene (PA) could be made conductive and the conductivity could be increased
by seven orders of magnitude upon oxidation with iodine (Chiang et al. 1977) that
triggered research on conjugated polymers. These three scientists were awarded for
their pioneering work, the Nobel Prize in Chemistry in 2000 (Shirakawa 2001, 2003;
MacDiarmid 2001; Heeger 2001).
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Figure 4.1 Molecular structures of the conjugated polymers: trans-polyacetylene (PA), poly(p-
phenylenevinylene) (PPV), and a substituted PPV (MDMO-PPV)

Organic materials used presently in solar cells include conducting polymers, dyes,
pigments, and liquid crystals. Among these, the conductive polymers are perhaps the
best known for their photo-physical properties, and reviews are published on the sub-
ject (e.g., Wallace et al. 2000; Brabec & Sariciftci 2001c; Brabec et al. 2001b; Peumans
et al. 2003).

Conjugated polymers and molecules have the immense advantage of simplicity,
and chemical tailoring to alter their properties, such as the band gap. Conjugated
polymers combine the electronic properties characteristic of traditional semiconductors
and conductors with the simplicity of processing and mechanical flexibility of plastics.
There is no shortage of the raw materials needed to make organic semiconductors.

Research on molecular thin film devices has started in 1975 (Tang 1975) and the
conversion efficiency achieved was 0.001%. Since then, their energy conversion effi-
ciencies have significantly improved to 1% in1986 (Tang 1986) and to 5.5% (Xue et al.
2004a, 2004b, 2005; Reyes-Reyes 2005). Several configurations have been studied
using ‘small molecules’ (Xue et al. 2004b; Takahasi et al. 2000), conjugated polymers
(Takahasi et al. 2000; Yu et al. 1995; Yu & Heeger 1995; Granstrom et al. 1998;
Jenekhe & Yi 2000; Breeze et al. 2004; Brabec et al. 2001, 2003; Winder & Sarisiftci
2004; Padinger et al. 2003; Wienk et al. 2003), small molecules and conjugate poly-
mers (Breeze et al. 2002a, 2002b; Nakamura et al. 2004), and organic and inorganic
materials (Breeze et al. 2001) as ‘active’ layer (a layer in which the majority of the
incident photons are absorbed and charges generated).

Molecules with a larger molecular weight (>1000 amu) are referred to as ‘poly-
mers’ and lighter ones as ‘small molecules’. Depending on their molecular structure and
chemical composition, polymers can in principle be soluble or insoluble in common
solvents. Polymer films can be prepared by several techniques, spin-coating, screen-
printing, spray coating, or using recent developments in ink-jet printing, micro-contact
printing, and other soft lithography techniques, allowing for large-area, ultra-thin,
flexible and low cost devices. Conjugated polymers, and conjugated (small) molecules,
however, are mainly thermally evaporated under high vacuum which is much more
expensive than solution processing and, therefore, less attractive.

Modules consisting of cells connected in series can be printed in an integrated
way. Multijunction solar cells can be made relatively easily since there is no need for
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crystal lattice matching between layers or high temperature annealing that could cause
diffusion between layers, as will be seen in the following pages. In about 10–15 years,
it may be possible to manufacture OPV modules with 15% efficiency at a cost of
around $30/m2. This capability would truly revolutionize the way that the electricity
is obtained (Bao et al. 2011).

Compared to existing technologies, there are several factors that attract global
commercial interest in these organic semiconductors, such as (a) ability to be deposited
at room temperature on a variety of low cost substrate materials (plastic, glass, metal
foils), (b) relative ease of processing, (c) materials inherently flexible and readily
available, (d) ultra-low cost, and (e) environment-friendly.

4.2 CONFIGURATION & PRINCIPLE OF ORGANIC SOLAR CELL

Photovoltaic cell configurations based on organic materials differ from those based
on inorganic semiconductors, because the physical properties of the two groups of
materials are significantly different.

Inorganic semiconductors generally have a high dielectric constant and a low
exciton binding energy (for GaAs the exciton binding energy is 4 meV). Hence,
the thermal energy at room temperature (kBT = 0.025 eV) is sufficient to dissociate
the exciton created by absorption of a photon into a positive and negative charge
carrier. These electrons and holes are easily transported as a result of the high mobil-
ity of the charge carriers (for silicon, hole mobility = 450 cm2V−1s−1 and electron
mobility = 1400 cm2V−1s−1) and the internal field of the p-n junction.

Organic semiconducting materials, on the other hand, have a lower dielectric con-
stant and the exciton binding energy is much larger than for inorganic semiconductors,
although the exact magnitude remains a matter of debate. The mobilities are also less
by several orders of magnitude (Sirringhaus 2005). The highest reported hole mobili-
ties (µh) for organic semiconductors reach only about 15 cm2 V−1 s−1 for single crystals
of small molecules (Sundar et al. 2004) and 0.6 cm2V−1s−1 for liquid crystalline poly-
mers (McCulloch et al. 2006). If a photon of sufficient energy is absorbed by the
organic semiconductor, an electron is promoted into the lowest unoccupied molecu-
lar orbital (LUMO), leaving behind a hole in the highest occupied molecular orbital
HOMO). But, this electron-hole pair forms a tightly bound state (called singlet exci-
ton) due to electrostatic interactions. The thermal energy at room temperature is not
sufficient to dissociate the exciton and generate free charge carriers even at typical inter-
nal fields of ∼106 to 107 V/m (Gregg & Hanna 2003). For example, polydiacetylene,
0.5 eV is needed to split the exciton and, hence, dissociation into free charge carriers
does not occur at room temperature. Similarly, in the widely used Poly(2-methoxy-5-
(2′-ethyl-hexoxy)-p-phenylene vinylene) (MEH-PPV) (Braun & Heeger 1991) studies
have shown that only 10% of the excitons dissociate into free carriers in a pure layer
(Miranda, Moses & Heeger 2001), while the remaining excitons decay via radiative
or nonradiative recombination. Thus, the energy efficiencies of single-layer polymer
solar cells remain low, below 0.1% (Marks et al. 1994; Yu et al. 1994).

To overcome this problem, the hetero junction concept of utilising two different
organic materials that differ in electron donating and accepting properties is utilised.
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Charges are then created by photo-induced electron transfer between the two compo-
nents. This photo-induced electron transfer between donor and acceptor boosts the
photogeneration of free charge carriers compared to the individual materials.

The photovoltaic properties of crystalline inorganic semiconductor solar cells can
be described by energy band models. The situation in molecular or polymeric organic
solar cells is however much more complex because of the absence of three dimensional
crystal lattice, different intra molecular and intermolecular interactions, local struc-
tural disorders, amorphous and crystalline regions, and chemical impurities (Wöhrle &
Meissner 1991). The photophysics of organic materials is not yet fully understood
(Petritsch 2000b), and no comprehensive theoretical models are available for explain-
ing the organic thin film photovoltaic device characteristics from the basis of molecular
properties of the materials (Meissner & Rostalski 2000). Hence, the operation of
the organic solar cells is normally explained in the framework and terminology of
conventional inorganic p-n junction solar cells to get a qualitative understanding.

In an organic photovoltaic cell, four important processes, namely, absorption
of light, charge transfer and separation of the opposite charges, charge transport,
and charge collection have to be optimized to obtain high conversion efficiency. For
an efficient collection of photons, the absorption spectrum of the PV organic layer
should match the solar spectrum and the layer should be sufficiently thick to absorb all
incident light. A better match with the solar spectrum is obtained by lowering the band
gap of the organic material, but this will ultimately have some bearing on the open-
circuit voltage. Increasing the layer thickness is advantageous for light absorption, but
burdens the charge transport.

Various structures for organic solar cells have been investigated in recent years. In
most organic solar cells, charges are created by photo induced electron transfer. That is,
an electron is transferred from an electron donor (D), a p-type material, to an electron
acceptor (A), an n-type material, with the help of the additional energy of an absorbed
photon (hν). In the photoinduced electron transfer reaction, excitation of the donor
(D∗) or the acceptor (A∗) occurs first, followed by creation of the charge-separated
state consisting of the radical cation of the donor (D•+) and the radical anion of the
acceptor (A•−) as shown in the equation (Janssen 2006).

D + A + hν → D∗ + A (or D + A∗) → D•+ + A•− (4.1)

For an efficient charge generation, the charge-separated state is most important
both thermodynamically and kinetically; hence, the energy of the absorbed photon
must be used for generation of the charge separated state without loosing via pro-
cesses like fluorescence or non-radiative decay. Additionally, the charge-separated state
needs to be stabilized to enable the photo-generated charges to migrate to one of the
electrodes. Therefore, the back electron transfer should be slowed down as much as
possible.

The solar radiation falling on donor through a transparent electrode (ITO) results
in the photo excited state of the donor, in which an electron is promoted from the high-
est occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO) of the donor . Subsequently, the excited electron is transferred to the LUMO
of the acceptor, resulting in an extra electron on the acceptor (A•−) and leaving a hole
at the donor (D•+). These photo-generated charges are transported and collected at
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opposite electrodes. A similar charge generation process can occur, when the acceptor
is photo excited instead of the donor.

To fabricate a photovoltaic cell, the photoactive material (D + A) is sandwiched
between two dissimilar (metallic) electrodes (of which one is transparent), to collect
the photo-generated charges. After the charge transfer reaction, the photo-generated
charges have to migrate to these electrodes without recombination. It is also to be
ensured that the photo-generated charges do not encounter any interface problems at
the electrodes.

4.3 TYPES OF ORGANIC SOLAR CELLS

In principle, there are two groups of organic solar cells: Solar cells in which organic
molecules are used for absorption of light and charge transport, and cells in which an
organic or polymeric material is used for absorption of light only. The first group of
solar cells is referred to as ‘Organic Photovoltaic cells (OPV)’, and the second group
as ‘dye-sensitized solar cells (DSSC)’. Excellent reviews, for example, by Wallace et al.
(2000), Brabec and Saricifitci (2001c), Brabec et al. (2001b), Peumans et al. (2003),
and Blom et (2007) for Organic cells, and by Hagfeldt and Gratzel (1995, 2000),
Kalyanasundaram and Gratzel (1998), and Gratzel (2006) for Dye-sensitized solar
cells have been published.

The remarkable progress in solar cell efficiencies with some organic materials such
as dyes in the case of dye-sensitized solar cells and the discovery of efficient charge
transfer between certain organic electron donor and acceptor molecules incorporating
nanowire components has accelarated research on organic PV materials during the last
decade and is very active at the moment.

4.3.1 Single layer organic solar cells

The organic solar cells reported so far can be categorized by their device architecture as
having single layer, bilayer, blend, or laminated structure. Initially all-organic solar cells
have been prepared by sandwiching a single layer of an organic material between two
dissimilar electrodes (work functions being different). Upon short-circuiting the device,
electrons move from the low work-function electrode (such as Al) to the high work-
function electrode (such as ITO) creating an electric field across the polymer layer. The
photovoltaic properties, thus, strongly depend on the nature of the electrodes. Heavily
doped conjugated materials resulted in reasonable energy conversion efficiencies of up
to 0.3% (Chamberlain 1983). From the conjugated polymers of the first generation,
poly (para-phenylene vinylene (PPV) appeared to be the most successful candidate for
single layer PV device (Marks et al. 1994). Antoniadis et al. (1993, 1994) reported an
IPCE (incident photon to collected electron efficiency) maximum of 5% in ITO/PPV/Al
photodiodes and a power conversion efficiency of ∼0.1% under low light intensities
of 1 mW · cm−2. The typical film thickness of the devices varied between 100–600 nm.
Riess et al. (1994) observed PV effect in PPV Schottky diodes (100–500 nm thick)
with power conversion efficiency, 0.1–1.0%, at very low light intensities. Voc varied
between 0.7–1.3 V with a low FF, 0.22.
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4.3.2 Bi-layer organic solar cells

In 1986, a major breakthrough was achieved by Tang, who introduced a double-layer
structure of p- and n-type organic semiconductors (Tang 1986). The preparation of a
bi-layer by subliming or by spin-coating a second layer on top of the first resulting in a
more or less diffused bi-layer structure is most straight-forward (Jenekhe & Yi 2000;
Chen et al. 2000; Ingnas et al. 2001). In this device, the excitons can be dissociated at
the donor acceptor interface due to a relative energy level difference of the donor and
acceptor molecules.

The donor and acceptor molecules can be for example conjugated polymers
(e.g. Jenekhe & Yi 2000), organic macromolecules (e.g. Meissner & Rostalski 2000),
pigments (e.g. Tang 1986) or dyes (e.g. Petritsch et al. 2000a).The use of organic bilay-
ers with photo induced electron transfer at the interface has been much investigated
over the last decades (Wohrle & Meissner 1991; Chamberlain 1983; Spanggaard &
Kerbs 2004).

The bilayer structure is more advantageous than the single layer structure for
several reasons: exciton splitting is enhanced by the donor-acceptor interface, the active
region is extended to both the donor and the acceptor sides of the junction thereby
roughly doubling its width to about 20 nm, and the transport of electrons and holes
is separated into different materials reducing the recombination losses. In addition,
the band gaps of the two semiconductors can in principle be tuned to match the solar
spectrum better (Petritsch 2000b).

Tang et al. made a 70 nm thick two-layer device using copper phthalocyanine
(CuPc) as the electron donor, and a perylene tetracarboxylic derivative (PTC) as the
electron acceptor (Figure 4.2). The photoactive material was placed between two dis-
similar electrodes, indium tin oxide (ITO) for collection of the positive charges and
silver (Ag) to collect the negative charges. A power conversion efficiency of about 1%
was achieved under AM2 illumination (691 W/m2).

The open circuit voltage of 450 mV and the FF of 65% indicated excellent charge
transport (Kietzke 2007). The important aspect in this concept is that the charge gen-
eration efficiency is relatively independent of the bias voltage. This was considered the
most efficient organic solid state PV cell. For over 20 years, CuPc has been the choice
for donor in most small molecule solar cells due to its high stability, high mobility, and
easy availability.

The first realization of a conjugated polymer/fullerene diode was achieved shortly
after the detection of the ultrafast photo induced electron transfer between MEH-PPV
and C60 (Sariciftci et al. 1993). The device was comprised of a 100-nm MEH-PPV
layer and a 100-nm C60 layer, sandwiched between ITO and Au. On illumination by
visible light, an open circuit voltage of 44 mV and a short circuit current density of
2.08 mA/cm2 were measured. Assuming a FF of 0.48, an energy conversion efficiency of
0.04% was calculated. The most efficient organic bilayer solar cell hitherto reported
is, however, a vacuum evaporated pigment based CuPc/C60 device by Peumans &
Forrest (2001) with 3.6% efficiency at 150 mW/cm2 AM1.5 illuminations (Halme
2002).

Several approaches have been investigated for polymer bilayer structures. Alam
and Jenekhe (2004) have reported devices based on insoluble PPV as donor and BBL
as electron acceptor. BBL was deposited from methanesulfonic acid. Though very high



Organic and dye-sensitized solar cells 101

Figure 4.2 Molecular structures of copper phthalocyanine (CuPc), a perylene tetracarboxylic derivative
(PTC), C60, and α, α-bis(2,2-dicyanovinyl)-quinquwthiophene (DCV5T)

EQE (upto 62%) was shown, the power conversion efficiency had dropped from 5%
at very low light intensities to 1.5% under standard 1 sun.

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 is lost via intrinsic radiative and non-radiative decay processes to
the ground state. Because the exciton diffusion length of the organic material is in
general limited to 5–10 nm (Sariciftci et al. 1998), absorption of light within a very
thin layer around the interface only contributes to the photovoltaic effect. This limits
the performance of double-layer devices, because such thin layer can hardly absorb
all the light. A strategy to improve the efficiency of the double-layer cell is related to
structural organization of the organic material to increase the exciton diffusion length
and, therefore, create more photoactive interfacial area.

4.3.3 Bulk hetero junction solar cells (BHJ cells)

To overcome the limitations of the double layer organic solar cell, the surface area of
the donor–acceptor interface needs to be increased. This can be achieved by creating a
mixture of donor and acceptor materials with a nanoscale phase separation resulting
in a three-dimensional interpenetrating network called ‘bulk hetero junction’. This
has been achieved in a simple manner (Yu et al. 1995; Yu & Heeger 1995; Halls
et al. 1995). By simply mixing the p and n type materials and relying on the inherent
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tendency of polymer materials to phase separate on a nanometer dimension, junctions
throughout the bulk of the material are created that ensure quantitative dissociation
of photo generated excitons, irrespective of the thickness.

Polymer-fullerene solar cells were among the first to utilize this bulk-hetero
junction principle (Yu et al. 1995). The synthesis of 1-(3-methoxycarbonyl)propyl-1-
phenyl[6,6]C61 (PCBM) (Hummelan et al. 1995), a soluble and processable derivative
of fullerene C60, allowed Yu et al. (1995) to realize the first bulk-hetero junction solar
cell by blending it with MEHPPV. Polymer blends (layers containing a mixture of
an electron donating polymer and an electron accepting polymer) can be prepared
spin-coating from a solution containing both polymers in the same solvent (Yu et al.
1995; Brabec et al. 2001, 2003). With this soluble derivative, it is possible to prepare
more than 80 wt% fullerene-loaded PPV films. However, this attractive solution poses
a new challenge. Photo generated charges must be able to migrate to the collecting
electrodes through this thoroughly mixed blend. Since the holes are transported by
the p-type semiconductor and electrons by the n-type material, these materials should
be preferably mixed into a bicontinuous, interpenetrating network in which inclu-
sions, cul-de-sacs, or barrier layers are avoided. The near-ideal bulk hetero junction
cell appears as in Figure 4.3(a) & (b). The BHJ concept is presently the most widely
used in organic solar cells. The name ‘bulk-hetero junction’ solar cell indicates that
the interface (hetero junction) between both components is all over the bulk, in con-
trast to the bilayer-hetero junction. As a result of the intimate mixing, the interface

Figure 4.3 (a)The bulk-hetero junction concept. After absorption of light by the photoactive material,
charge transfer can easily occur due to the nanoscopic mixing of the donor and acceptor,
(b) Blend disordered, (c) ordered blend
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where charge transfer 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.

Since the diffusion length of the exciton is typically 10 nm or less in organic mate-
rial, each exciton has to find a donor-acceptor interface within a few nm for efficient
charge generation after absorption of light. Otherwise, the exciton will be lost with-
out charge generation. An intimate bi-continuous network of donor and acceptor
materials in the nanometer range suppresses exciton loss prior to charge generation.
Here, the control of morphology is very vital and is required for providing a large
charge-generating interface and suppression of exciton loss, and to ensure percolation
pathways for both electron and hole transport to the collecting electrodes.

Small molecule based BHJ solar cells

Various combinations of donor and acceptor materials have been used to build bulk
hetero junction solar cells in which the composite active layer is inserted between
two electrodes. One of the most promising combinations of materials is a blend of a
semiconducting polymer as a donor and a fullerene (C60 derivative) as acceptor. It is
well established that at the interface of these materials a sub-picosecond photo induced
charge transfer occurs that ensures efficient charge generation (Sariciftci et al. 1992;
Brabec et al. 2001). Surprisingly, the lifetime of the resulting charge-separated state in
these blends extends to an order of milli-second (Montanari et al. 2002; Offermans
et al. 2003). This longevity allows the photo-generated charge carriers to diffuse away
from the interface (assisted by the internal electric field in the device) to be collected
in an external circuit at the electrodes).

Devices based on CuPc: C60 bulk hetero junctions have reached power conversion
efficiencies of up to 5% (Xue et al. 2004a, 2005; Uchida et al. 2004). Xu et al. (2004)
have achieved highest efficiency for a stacked solar cell comprising two CuPc: C60
bulk hetero junction cells separated via a layer of silver nanoclusters which served a
charge recombination layer. However, CuPc as an electron donor can achieve low Voc

(<0.6 V) with perylenes or fullerenes as acceptors because large fraction of photon
energy is wasted when photo-generated electron on CuPc transfers to C60 or perylene.
Mutolo et al. (2006) could improve Voc to nearly1 volt by substituting CuPc by boron
subphthalocyanine (SubPc), and the device has demonstrated a power conversion effi-
ciency of 2.1%, providing scope for further improvement. Schulze et al. (2006) has
used DCV5T as alternative to CuPc (or phtalocyanines), as electron donor and stud-
ied the structure, DCV5T: C60. This device has recorded IPCE as high as 52% and
conversion efficiency of 3.4%, indicating that DCV5T is a promising electron donor.

Polymer-based BHJ solar cells

In 1995, two research groups (Yu & Heeger 1995; Halls et al. 1995) have
worked independently on a polymer cell with MEH-PPV (Poly(2-methoxy-5-(2′-ethyl-
hexyloxy)-1,4-phenylene-vinylene) as the electron donor and CN-PPV (cyano-para-
phenylenevinylene) as the electron acceptor. These studies have shown moderate
efficiencies and low external quantum efficiencies (EQE), ∼5 to 6%. The low
performance was attributed to the non-optimization of nano-morphology.
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Figure 4.4 Electron Donor and Electron acceptor materials used in polymer-fullerene BHJ solar cells.
[Chemical structure of Donors: MDMO-PPV: poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)-
p-phenylene vinylene]; P3HT: poly(3-hexylthiophene); PFDTBT: poly[2,7-[9-(2′-ethylhexyl)-
9- hexylfluorene]-alt-5,5-(4′,7′-di-2-thienyl-2′,11′,3′-benzothiadiazole)]; Chemical structure
of Acceptors: PCBM: 3′-phenyl-3′H-cyclopropa[1,9][5,6]fullerene-C60-Ih-3′-butanoic acid
methyl ester; [70]PCBM: 3′-phenyl-3′H-cyclopropa[8,25][5,6]fullerene-C70-D5h(6)-3′-
butanoic acid methyl ester]

Breeze et al. (2001) has demonstrated EQE of 24% and conversion efficiency of
0.6% using copolymer M3EH-PPV as donor and CN-Ether-PPV as acceptor. In 2004
(Breeze et al. 2004), an increased efficiency of 1% with Voc of 1 volt are achieved in
this polymer-polymer blend device. Kietzke et al. (Kietzke et al. 2005; Yin et al. 2007)
have achieved higher efficiency on this polymer blend by improved processing. Voc of
1.36 V and white light conversion efficiency of 1.7% are obtained. The FF of 35%
indicates improved charge transport. Koetse et al. (2006) investigated solar cells based
on MDMO-PPV as a donor and a novel acceptor polymer PF1CVTP. While high QE of
425 was recorded, the power conversion efficiency decreased at higher light intensities.

Polymer solar cells need to be optimized for doubling FF and EQE in order to
reach power conversion efficiencies of 6–7% (Kietzke 2007). The limited performance
is attributed to low dissociation efficiency of the photogenerated excitons, and to the
amorphous nature of electron accepting polymers. Yin et al. (2007) have shown that
more crystalline electron acceptor polymers with larger electron mobilities are needed.

A dramatic improvement in device performance with external quantum efficiency
reaching 45% under low intensity was realized in bulk-hetero junction solar cells based
on MDMO-PPV as a donor and (80 wt% of) PCBM – a solublized form of C60 –
as an acceptor (Yu et al. 1995b). The structures of these compounds are given in
Figure 4.4. The schematic representation of the BHJ cell is shown in Figure 4.5.

In PCBM, the fullerene cage carries a substituent that prevents extensive crys-
tallization upon mixing with the conjugated polymer and enhances the miscibility.
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Figure 4.5 (A) Schematic layout of the device architecture of a polymer-fullerene bulkheterojunction
solar cell, (B)TEM image of a thin slab of an actual device, showing the individual glass, ITO,
PEDOT:PSS, MDMO-PPV/PCBM (1:4 by wt.), LiF, and Al layers. (C) AFM phase and TEM
images (1 × 1 µm2) of a MDMO-PPV/PCBM (1:4 by wt.) composite film showing phase
separation into a PCBM and polymer-rich phase
(Source: R.A.J. Janssen, reproduced with the permission of Prof. Janssen)

In these 2.5%-efficient cells, the photoactive composite layer is sandwiched between
two electrodes with different work functions: a transparent front electrode consisting
of indium tin oxide covered with a conducting polymer polyethylenedioxythiophene:
polystyrenesulfonate (PEDOT:PSS) for hole collection and a metal back electrode con-
sisting of a very thin (∼1 nm) layer of LiF covered with Al/Au for electron collection.
Except for LiF, all layers are about 100 nm thick.

Although the combination MDMO-PPV and PCBM had been used several times
before, Shaheen et al. (2001) have improved the performance using a special solvent in
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the spin-coating of the active layer that improves the nanoscale morphology for charge
generation and transport.

Atomic force microscopy (AFM) and TEM studies by van Duren et al. (2004)
have resolved the details of the phase separation in these blends. In the best devices,
which consist of a 1:4 blend (w/w) of MDMO-PPV/PCBM, nanoscale phase separation
occurs in rather pure, nearly crystalline PCBM domains and an almost homogenous
1:1 mixture of MDMO-PPV and PCBM.

There have been numerous studies to get a deeper understanding of these MDMO-
PPV/PCBM bulk hetero junctions. Investigations into the morphology, electronic
structure, and charge transport have provided detailed understanding of the degree
and dimensions of the phase separation in the active layer (van Duren et al. 2004;
Martens et al. 2004), on the origin of the Voc (Michaeletchi et al. 2003; Brabec et al.
2001), the influence of electrode materials (Mihaeletchi et al. 2004), and the mag-
nitude of charge carrier mobilities for electrons and holes (Mihaeletchi et al. 2003).
These studies revealed that PCBM has high electron mobility compared to many other
organic or polymer materials that can be deposited by spin coating. Photo physical
studies have provided insights on charge generation, separation, and recombination
in these layers, and more recently in working devices. These detailed insights have
resulted in quantitative models describing the current voltage characteristics under
illumination that serve as a guide for further development.

The electrical current densities are low because of incomplete absorption of the
incident light due to a poor match of the absorption spectrum of the active layer
with the solar emission spectrum, and low charge carrier mobilities of the organic or
polymer semiconductors.

P3HT is a material that can absorb photons at longer wavelengths compared to
PPV derivatives (structure shown in Figure 4.4). It is known to have high charge-carrier
mobility and lower band gap compared to MDMO-PPV, and has been considered as
electron donor for use in solar cells in combination with PCBM. Padinger et al. (2003)
and Schilinsky et al. (2002) have shown that P3HT/PCBM blends indeed provide
an increased performance compared to MDMO-PPV. These higher efficiencies were
obtained through the use of post-production treatment (Padinger et al. 2003). After
spin coating of the active layer and deposition of the aluminum top electrode, treating
P3HT/PCBM solar cells with a potential higher than the open circuit voltage and a
temperature higher than the glass transition temperature led to an improved overall
efficiency. This post-production treatment enhances the crystallinity of the P3HT and
improves the charge carrier mobility. PV devices of P3HT/PCBM with external quan-
tum efficiencies above 75% and energy conversion efficiencies of up to 3.85% have
been reached (Brabeck 2004). Reyes-Reyes et al. (2005) could reach a record power
conversion efficiency of 5% due to research contributions of several groups (Reyes-
Reyes 2005; Brabec et al. 2001, 2003, 2004; van Duren et al. 2004). The degree
of regioregularity, the polydispersities, and the molecular weights of P3HTappear to
influence the device efficiency (Hiorns et al. 2006); and with high regioregularity due
to improved molecular order, higher efficiencies are observed (Kim et al. 2006) The
device physics of PCBM: polymer solar cells is excellently dealt by Blom et al. (2007).

The acceptor material, PCBM which accounts for nearly 75% of the weight of
the photoactive layer, has a very low absorption coefficient in the visible region of
the spectrum resulting in relatively less contribution to the photocurrent. The low
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absorption of C60 derivatives is due to their high degree of symmetry that makes
many of the low energy transitions forbidden and hence of low intensity. When the C60
moiety is replaced by a less symmetrical fullerene, such as C70, these transitions become
allowed and a significant increase in light absorption can be expected. Consequently,
when [70]PCBM, which is similar to PCBM but incorporates C70 instead of C60,
was used in combination with MDMO-PPV instead of PCBM, the external quantum
efficiency increased from ∼50% to ∼65% while the current density of the solar cell
increased by 50% and the energy conversion efficiency to 3.0% (Wienk et al. 2003).

Low-band gap polymers are synthesized to increase the absorption range of P3HT:
PCBM cells; but they have not improved the conversion efficiencies due to the low
mobilities of low-bandgap polymers. Muhlbacher et al. (2006) has reported a promis-
ing low-bandgap donor material, PCPDTBT which in combination with PCBM or
PC71BM could extend photo-response to >99 nm. Its FF value of 47% shows the good
charge transport characteristic and the overall power conversion efficiency reached
is 3%.

Other versions of bulk heterojunction solar cell that has achieved impressive effi-
ciency are the ones where a conjugated polymer is combined with nanocrystalline
inorganic material such as CdSe nanocrystals (Greenham et al. 1996), Titania (TiO2)
nanocrystals (Arango et al. 1999), and ZnO nanocrystals (Beek et al. 2004) to make
‘blends’. The CdSe nanocrystals can be controlled to give highly elongated molecules
resulting in better pathways for electron transport. In polymer-TiO2 blend, TiO2 can
be patterned into a continuous network for electron transport. TiO2 has been success-
fully used to make dye-sensitized solar cells with upto 10% efficiency (O’Regan &
Gratzel 1991; Bach et al. 1998; Hagfelt & Gratzel 2000). These are discussed in
Chapter 6.

Ordered BHJ Device: In BHJ solar cells, the conjugated polymer and the electron
acceptor are randomly interspersed in the films. Such disordered structures create
certain problems: In some cases, the two materials phase-separate on too large a length
scale resulting in some of the excitons generated when light is absorbed are unable to
diffuse to an interface to be dissociated by electron transfer before they decay. In
most cases, charge transport is slow enough to enable the charge carriers to reach the
electrodes before they recombine with each other unless the films are made so thin
that they cannot absorb the entire incident light. Hence, the concept of an ‘ordered’
cell, though difficult to fabricate, was mooted where well ordered conjugate polymer-
electron acceptor films would be created as shown in Figure 4.3(c).

In this structure, every exciton formed on the conjugated polymer will be within
a diffusion length of an electron acceptor, though studies by Kannan et al. (2003)
have shown that even in this case, some light emission still takes place in the polymer.
Secondly, after excitons are dissociated by electron transfer, the electrons and holes
have straight pathways to the electrodes which minimise the carrier transport time as
well as the probability of back electron transfer (Coakley & McGehee 2004). Thirdly,
more importantly, ordered structures are much easier to model and understand.

Some approaches have been reported on preparing ordered bulk heterojunctions
using conjugated polymers. One of the most attractive approaches is to use a block
copolymer which self-assembles to form an array of cylinders oriented perpendicular
to the substrate (Hadziiouannou 2002). Another approach is using nonconjugated
block copolymers to make ordered films with desired nanostructure (Kim et al. 2004;
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Table 4.1 Best in class solar cells: small molecule-based solar cells

Donor Acceptor η (%) Voc (volt) FF (%) IPCE Reference

CuPc C60 5.7 1.0 59 NA Xue et al. 2004
CuPc C60 5.0 0.6 60 64% Xue et al. 2005
MeO-TPD-ZnPc(stacked) C60 3.8 1.0 47 NA Drechsel et al. 2005
CuPc C60 3.5 0.5 46 NA Uchida et al. 2004
DCV5T C60 3.4 1.0 49 52% Schulze et al. 2006
CuPc PTCBI 2.7 0.5 58 NA Yang et al. 2005a,b
SubPc C60 2.1 1.0 57 NA Mutolo et al. 2006
MeO-TPD, ZnPc C60 2.1 0.5 37 NA Dreschel et al. 2005
TDCV-TPA C60 1.9 1.2 28 NA Cravino et al. 2006
Pantacene on PET C60 1.6 0.3 48 30% Pandey & Nunzi 2006
SnPc C60 1.0 0.4 50 21% Rand et al. 2005

Table 4.2 Best in class solar cells: polymer-polymer (blend) solar cells

Donor Acceptor η (%) Voc (volt) FF (%) IPCE (%) Reference

M3EH-PPV CN-Ether-PPV 1.7 1.4 35 31 Kietzke et al. 2005
MDMO-PPV PF1CVTP 1.5 1.4 37 42 Koetse et al. 2006
M3EH-PPV CN-Ether-PPV 1.0 1.0 25 24 Breeze et al. 2004

Table 4.3 Best in class solar cells: Polymer-polymer (bilayer) solar cells

Donor Acceptor η (%) Voc (volt) FF (%) IPCE (%) Reference

PPV BBL 1.5 1.1 50 62 Alam & Jenekhe 2004
MDMO-PPV: PF1CVTP 1.4 1.4 34 52 Koetse et al. 2006

PF1CVTP
M3EH-PPV CN-Ether-PPV 1.3 1.3 31 29 Kietzke et al. 2006
MEH-PPV BBL 1.1 0.9 47 52 Alam & Zenekhe 2004
M3EH-PPV CN-PPV-PPE 0.6 1.5 23 23 Kietzke et al. 2006

Hamley 2003). This methodology, however, has problem in switching to conjugated
blocks. The easier approach appears to be to make a nonporous film or an array of
nanowires with inorganic semiconductor such as TiO2, or ZnO, or CdS and then fill
in the pores or the space between the wires with a conjugated polymer (Arango et al.
1999; Coakley & McGehee 2003; Ravirajan et al. 2004). Several research groups are
attracted by this potential area and are actively involved in R & D.

Best Organic Cells: Best Organic solar cells in different combinations so far studied
are tabulated in Tables 4.1 to 4.4 (Koetzke 2007). IPCE is ‘incident photon to converted
electron efficiency’ i.e., ratio of number of electrons extracted to number of photons
incident. It is a measure of external quantum efficiency.
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Table 4.4 Best in class solar cells: blends of polymers and fullerene derivatives

Donor Acceptor η (%) Voc (volt) FF (%) IPCE (%) Reference

P3HT PCBM 5.0 0.6 68 NA Ma et al. 2005
P3HT PCBM 4.9 0.6 54 NA Reys-Reys et al. 2005
P3HT PCBM 4.4 0.9 67 63 Li et al. 2005
MDMO-PPV PC71BM 3.0 0.8 51 66 Wienk et al. 2003
MDMO-PPV on PET PCBM 3.0 0.8 49 NA Al-Ibrahim et al. 2004

(Source for Tables 4.1–4.4: Kietzke 2007)

4.4 DYE-SENSITIZED NANOSTRUCTURED SOLAR CELLS

4.4.1 Configuration of the cell

In a dye-sensitized solar cell, an organic dye adsorbed at the surface of an inorganic
wideband gap semiconductor is used for absorption of light and injection of the photo
excited electron into the conduction band of the semiconductor. By the successful
combination of nanostructured electrodes (nanoporous TiO2) and efficient charge
injection dyes, Professor Grätzel and his co-workers developed a solar cell with energy
conversion efficiency exceeding 7% in 1991 (O’Regan & Grätzel) and 10% in 1993
(Nazeeruddin et al.). This solar cell is called the dye-sensitized nano-structured solar
cell or the Grätzel cell after its inventor.

The research on dye-sensitized solar cells gained considerable attention thereafter.
To date, ruthenium dye-sensitized nano-crystalline TiO2 solar cells reach an energy
conversion efficiency of about 10% in solar light (Nazeeruddin et al. 2001).

The schematic of the simplest configuration of the dye-sensitized solar cell (DSSC),
recently prepared by Dr. Janne Halme of Aalto University of Science & Technology,
Finland, is shown in Figure 4.6. It consists of a transparent conducting glass electrode
coated with porous nanocrystalline TiO2 dye molecules attached to the surface of the
nc-TiO2, an electrolyte containing a reduction-oxidation couple such as I−/I−3 and a
catalyst coated counter-electrode. As the sunlight falls on the cell, it produces current
through an external load connected to the electrodes. The absorption of light in the
Cell occurs by dye molecules and the charge separation by electron injection from the
dye to the TiO2 at the semiconductor electrolyte interface.

A single layer of dye molecules however, absorbs only less than one percent of
the incoming light (O’Regan & Grätzel 1991). While stacking dye molecules simply
on top of each other to obtain a thick dye layer increases the optical thickness of the
layer; and the dye molecules in direct contact to the semiconductor electrode surface
only can separate charges and contribute to the current generation.

The Grätzel group has developed a porous nanocrystalline TiO2 electrode structure
in order to increase the internal surface area of the electrode so that a large amount of
dye could be in contact, at the same time, by the TiO2 electrode and the electrolyte. The
TiO2 electrode was typically 10 mm thick, with an average particle (as well as pore)
size typically in the order of 20 nm, with an internal surface area thousands of times
greater than the geometrical (flat plate) area of the electrode (O’Regan & Grätzel
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Figure 4.6 A schematic structure of the dye-sensitized solar cell (Credit: Dr. Janne Halme, Aalto
University, Personal communication, Nov. 2011)

1991). This porous electrode structure of TiO2 is, in fact, lets the major part of the
solar spectrum available for the dye molecules, since TiO2, as a large band gap semi-
conductor, absorbs only below 400 nm of the solar spectrum. The working principle
is explained in the Figure 4.7 (Halme 2002). The incoming photon is absorbed by the
dye molecule adsorbed on the surface on the nano crystalline TiO2 particle and an
electron from a molecular ground state S0 is exited to a higher lying excited state S∗
(1). The exited electron is injected to the conduction band of the TiO2 particle leaving
the dye molecule to an oxidized state S + (2). The injected electron percolates through
the porous nano crystalline structure to the transparent conducting oxide layer of the
glass substrate (negative electrode, anode) and finally through an external load to the
counter-electrode (positive electrode, cathode) (3). At the counter-electrode the elec-
tron is transferred to tri-iodide in the electrolyte to give iodine (4), and the cycle is
closed by reduction of the oxidized dye by the iodine in the electrolyte (5).

The numbers (1), (2), (3), (4), (5) refer to Figure 4.7.
The operating cycle can be summarized in the following chemical reactions

(Matthews et al. 1996):

Anode: S + hν → S∗ Absorption (4) (4.2)

S∗ → S− + e−(TiO2) Electron Injection (5) (4.3)

2S+ + 3I− → 2S + I−3 Regeneration (6) (4.4)

Cathode: I−3 + 2e−(Pt) → 3I− (7) (4.5)

Cell: e−(Pt) + hν → e−(TiO2) (8) (4.6)

Where (6), (7), and (8) are reactions. Due to the positioning of energy level in
the system (Figure 4.7), the cell produces voltage between its electrodes and across



Organic and dye-sensitized solar cells 111

TCO layer

VB

E
ne

rg
y 

le
ve

l
TiO2 dye

CB 2

Light

1

5

Load

Electrical work

4

Fermi level under 
illumination

l�/l3
�

e�

e�

s0/s�

Voltage under
load

3

Pt

Electrolyte TCO layer
with Pt

S*

Figure 4.7 Working principle of the dye-sensitized nanostructured solar cell (Credit: Halme 2002,
reproduced with permission)

the external load. The maximum theoretical value for the photovoltage at open circuit
condition is determined by the potential difference between the conduction band edge
of the TiO2 and the redox potential of the I−/I−3 pair in the electrolyte (Cahen et al.
2000). The operation of the cell is regenerative in nature because chemical substances
are neither consumed nor produced during the working cycle, as visualized in the cell
reaction (8) shown above.

The DSCs and the conventional semiconductor p-n junction solar cells differ fun-
damentally in operation (Halme 2002): (a) While in semiconductor p-n junction solar
cells the light absorption and charge transport occurs in the same material, the two
functions are separated in the DSCs: photons are absorbed by the dye molecules and
transport of charges is carried out in the TiO2 electrode and electrolyte; (b)The charge
separation in the semiconductor p-n junction cells is induced by the electric field across
the junction, but no such long-range electric fields exist in the DSC. The charge sep-
aration occurs via other kinds of kinetic and energetic reasons at the dye-covered
semiconductor-electrolyte interface; (c) In the semiconductor pn-junction cells, the
generated opposite charges travel in the same material, while in the DSC, electrons
travel in the nanoporous TiO2 network and holes in the electrolyte. This means, in
a DSC, the recombination can occur only at the semiconductor-electrolyte interface;
hence, the need for a pure and defect free semiconductor material as in the case of a
p-n junction solar cell does not arise.

Due to these fundamental differences in the operation, there is a need for theoretical
considerations of the photovoltaic effect in the DSCs. These theoretical aspects are
fully dealt in publications by Haggfeldt and Gratzel (1995, 2000), Cahen et al. (2000),
Pichot and Gregg (2000b), Zaban et al. (1997), Ferber et al. (1998), Huang et al.
(1997), Hague et al. (1998) and so on.
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4.4.2 Performance of DSSCs

(a) Energy conversion efficiency: The Grätzel’s group has reported the highest effi-
ciencies (Grätzel 2000; Nazeeruddin et al. 1993; O’Regan & Grätzel 1991). Highest
efficiency of 11 ± 0.5% has been recorded as measured at FhG-ISE in 1996 [The Solar
Cell Efficiency Tables (Green 2001)]. This has been one of the reasons for the rapidly
expanded interest in the DSC research and development.
(b) Long term stability: To become an economically viable and commercially feasible
technology, the DS solar cells should be capable of maintaining non-degrading perfor-
mance in operation over several years. The long term stability of the dye cells can be
divided into the following major components (Halme 2002).
(i) Inherent photochemical stability of the sensitizer dye adsorbed onto the TiO2

electrode and in interaction with the surrounding electrolyte; (ii) Chemical and
photochemical stability of the electrolyte; (iii) Stability of the Pt-coating of the counter-
electrode in the electrolyte environment; and (iv) Quality of the barrier properties of
the sealing of the cell against intrusion of oxygen and water from the ambient air, and
against loss of electrolyte from the cell through the sealing. The other possible sources
of degradation in the cell are (Hinsch et al. 2001a): direct band-gap excitation of TiO2

(holes in the TiO2 valence band act as strong oxidants); catalytic reactions by TiO2 and
Pt; and changes in the surface structure of the TiO2. The interaction of these factors
and possibly those not yet known makes the working of the dye cell very intricate.
The chemical composition of the electrolyte has been observed to change over time by
formation of decomposition products of the electrolyte species (Hinsch et al. 2001a)
and the dye (Grünwald & Tributsch 1997). These, in turn, may interact with the dye
molecules or other species at the TiO2 – electrolyte interface adversely affecting the
cell performance in the long term.

Hence, the stability of the dye-sensitized solar cells depends greatly on the designed
chemical composition and the materials of the cell as well as on any other impurities
possibly included during the fabrication of the cells. This is probably the main reason
for a small inconsistency in the stability results reported by different research groups. In
general, the perception has been that the long-term stability is not an intrinsic problem
of the technology, and can be improved by engineering the chemical composition of
the cells (Hinsch et al. 2001a). The other serious challenge seems to be the stability at
the elevated temperatures to which the cells can be exposed in operation.

At SHARP, the improvement of cell performance of dyesensitized solar cells (DSCs)
was investigated by means of haze of TiO2 electrodes and reduction of series-internal
resistance. It was found that the high haze of TiO2 electrodes effectively improves
the external quantum efficiency of DSCs. The series-internal resistance is successfully
reduced by increasing the surface roughness of platinum counter electrodes and by
decreasing the thickness of electrolyte layer. The highest single cell efficiency of 11.1%
(aperture area: 0.219 cm2) was achieved and confirmed by a public test center (AIST).
Furthermore, large-scaled cell was fabricated using current collecting metal grids, and
the efficiency of 6.8% (aperture area: 101 cm2) was obtained. Moreover, integrated
DSC module was investigated and the efficiency of 6.3% (aperture area: 26.50 cm2)
was also confirmed by the public test center (Han et al. 2006).

Even so, the liquid electrolyte represents a major drawback from the technology
point of view. Replacing the liquid electrolyte by a solid hole transporting material is
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considered more desirable. The most promising is a solid, wide-band gap hole trans-
porting material resulting in energy conversion efficiencies of 3% (Bach et al. 1998).
Solid State DS Solar cells: Research on the solid state DSC has gained considerable
momentum recently as this type was found to be more attractive for flexible solar cells
in a roll to roll production (www.konarka.com). The most successful p-type organic
conductor utilized has been spiro-OMeTAD whose work function is ∼4.9 eV and hole
mobility, 2 × 10−4 cm2/sec. The conversion yields have remarkably increased over the
last few years to over 4% (Schmidt-Mende et al. 2005). These cells, however, suffer
from fast interfacial recombination of electron-hole reducing the diffusion length of the
conduction band electrons to a few microns (Kruger et al. 2003) as compared to large
value for the electrolyte based DSC. As a result, the film is only 2 µm thick, insufficient
to harvest the sunlight by the adsorbed sensitizer, thus reducing the resultant photocur-
rent. The dye layer, being electrically insulating, blocks this back reaction (Snaith et al.
2005). Research efforts are now focused on ‘molecular engineering’ of the interface
to improve the compactness and order of monolayer and prevent the charge carrier
recombination (Gratzel 2006).

A new concept for a solid-state Grätzel cell consists of a polymer or organic semi-
conductor that combines the twin functions of light-absorption and charge (hole)
transport in a single material so that both the dye and hole transporting material
are replaced (van Hal et al. 1999).

The photo induced charge separation at the interface of an organic and inorganic
semiconductor has been studied in relation to photovoltaic devices (Huynh et al. 2002).
When an organic or polymeric semiconductor is excited across the optical band gap,
the excitation energies and valence band offsets of this molecular semiconductor may
allow electron transfer to the conduction band of an inorganic semiconductor, simi-
lar to the ruthenium dye. The size of the nano pores in TiO2 is even more important
here, because excitations are no longer created at the interface only, but throughout
the whole organic material. Essentially all excitons must be able to reach the inter-
face with the TiO2 for efficient charge separation and energy conversion; hence, the
distance between the site of excitation and the interface must be within the exciton
diffusion length. In most organic materials, the exciton diffusion length is limited
to 5–10 nm (Sariciftci ed. 1998) by the fast intrinsic decay processes of the photo
excited molecules. Creating nanoporous TiO2 of such dimensions, and filling it com-
pletely with an organic semiconductor, is currently one of the challenges in this area.
This problem, however, may be overcome by developing oxide films having regular
mesoporous channels aligned in a perpendicular direction to the current collector.

However, the appealing point is the recorded Voc with solid-state DSCs reaching
one volt due to better match of the hole conductor work function than that of the
electrolyte with the redox potential of the sensitizer. If the main issues of recombination
and filling of pores can be effectively addressed, the future of solid state DSCs looks
very promising (Gratzel 2006).

4.4.3 Dye-sensitized solar modules

Kay & Grätzel (1996) developed a three layer monolithic cell structure. The benefit
of the monolithic structure is that all the layers of the cell can be deposited on top of
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each other on a single TCO coated glass plate, while the opposite glass plate without
TCO coating serves merely as a protective barrier and encapsulation. In this structure,
the counter-electrode is a porous carbon electrode separated from the TiO2 electrode
by a porous insulating rutile TiO2 (Kay & Grätzel 1996) or ZrO2 interlayer (Burnside
et al. 2000) with the electrolyte inside the pores. The TCO layer, contacting the carbon
electrode of one cell and the TiO2 electrode of the adjacent cell accomplishes the elec-
trical series connection of the cells. Kay and Grätzel (1996) reported 6.67% efficiency
for a single monolithic cell and 5.29% for a small monolithic module. Much larger
modules have been developed by industry reaching higher efficiencies of about 7%
(Kubo 2005).

The monolithic cell design has been demonstrated to be appropriate for manufac-
turing DSC modules by screen printing for indoor applications, successfully competing
in performance with the commercial amorphous silicon cells currently used for this
purpose (Burnside et al. 2000). The monolithic module design has been adopted for
low power applications, and has been investigated also by Hinsch et al. (1998).

4.5 LIFETIMES OF POLYMER CELLS

Practical application of bulk-hetero junction polymer-fullerene solar cells requires the
stability of the cells. These organic, polymer-based solar cells need to be protected
from ambient air (moisture and oxygen) to prevent degradation of the active layer
and electrode materials. Even with proper protection there are several other degra-
dation processes to be eliminated to ensure stability. Apart from device integrity, the
materials must be photo chemically stable and the nanoscale bicontinuous donor–
acceptor in the active layer should preserved. A recent study (Schuller et al. 2004)
revealed that MDMO-PPV/PCBM solar cells show an appreciable degradation under
increased temperature, although the degradation is not so much associated with the
chemical stability. At elevated temperatures, the PCBM molecules can diffuse through
the MDMO-PPV matrix and form large crystals, thereby increasing the dimension and
extent of phase segregation (Yang et al. 2004). This behavior has been observed for
temperatures ∼20◦C below the glass transition temperature, Tg, of the polymer.

Several strategies that may improve the limited thermal stability of the morphology
can be considered. In general, high Tg polymers will increase the stability of as-
prepared morphologies. For example, for the combination of poly (3-hexylthiophene)
and fullerene derivatives, thermal annealing was considered to enhance the perfor-
mance (Padinger et al. 2003). And, on cooling to operating temperatures, no further
changes may be expected to occur in the morphology. Chemical or radiation induced
cross-linking method analogous to that recently employed for polymer LEDs is another
attractive method to preserve the as-prepared morphology in these blends (Muller et al.
2003). The use of p-n block copolymers seems a striking option, because the phase
separation will be dictated by the covalent bonds between the two blocks (de Boer
et al. 2001).

Despite recent encouraging results with regard to stability of these blends, creation
of nanoscale bulk hetero junction morphologies that are stable in time and with tem-
perature still remains a challenge. This has to be effectively addressed before polymer
photovoltaics can be taken successfully to the field.
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4.6 MANUFACTURING STATUS OF DSC AND OPV CELLS

Third-generation thin-film photovoltaic (PV) solar devices are entering the market-
place after approximately 20 years of research and development, due to the insight
of leading material developers such as Konarka and Plextronics in the organic photo-
voltaics (OPV) domain, and Dyesol, EPFL, G24i, Mitsubishi and Peccell in the area
of dye-sensitized cells (DSC). Both DSC and OPV technologies lag far behind on the
efficiency curve when compared to conventional solar cell technologies (i.e., >20%
efficiency). They are, therefore, likely to succeed in markets where their low cost, sub-
strate flexibility, and ability to perform in low or variable lighting conditions offer them
with a significant competitive advantage. DSC will target larger area BIPV applications
while OPV will find its application in lower power consumer applications (Greentech
Media Report 2009).

In 2007, there was a major investment in the first DSC manufacturing plant with
annual production capacity of 20 MW in UK by G24i (technology licensed by Konarka
Technologies), with an additional 25 MW capacity to become operational by the end
of 2009. G24i planned for mass production into several markets, including consumer
electronics and BIPV. DSCs exhibit the highest efficiencies of any third-generation thin-
film solar technology; laboratory cell and tandem cell efficiencies of up to 12% have
been reported.

In order to enhance the performance and lifetime of DSCs, several studies in mate-
rial development have been undertaken. The dye sensitizers used in commercial cells are
fabricated from costly ruthenium-based dyes (from Dyesol and Solaronix), including
N-3 and N-719 dyes. Copper-based dyes, however, may become the next generation
of inorganic dyes due to their lower cost and increasingly efficient performance. By
combining different coloured dyes in a tandem DSC design, the range of light absorp-
tion has been extended thereby enhancing cell efficiency and stability. These aspects
have been demonstrated by projects undertaken by Panasonic Works, Sony, Kyushu
Institute of Technology, and KIST.

Preliminary results are promising with an overall increase in efficiency by up to
50% and stabilities up to 85◦C for 12 years, which could even allow for usage in
BIPV applications. It seems likely that organic dyes based on carbazoles, indolenes,
and porphyrins, will become more important, as they are widely available and are less
expensive compared to their inorganic counterparts. The electrolyte system used in
DSCs till recently was based on organic liquid solvents, but since these are heat-sensitive
and prone to leakage, other more stable choices are being investigated.

Recent research has resulted in providing new insights on the function of polymer
solar cells that can be produced speedily even in a roll-to-roll process.

Materials development is now being focused on novel polymers and small
molecules, as well as electrode and encapsulation materials. The major drawback
is the low efficiency of OPV devices due to their inability to absorb a large enough
fraction of the solar spectrum, since the commonly used organic materials are limited
to the visible part of the spectrum.

Research has been focussed to surmount this limitation by developing high effi-
ciency OPV cells either by stacking and connecting individual cells in series, or using
lower-band gap materials with absorption in the infrared thereby optimizing the
absorption of incident light. OPV cells are expected to become commercially available
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from principal developers and suppliers including Heliatek, Konarka Technologies,
Mitsubishi, Plextronics, and Solarmer Energy (Greentech Media Report 2009).

4.7 IMPROVING EFFICIENCIES

New combinations of materials that are being developed in various laboratories
focus on improving the parameters, Voc, Jsc, and the FF that represents the nature
of the current-voltage characteristic and determine the energy conversion efficiency of
a solar cell.

For ohmic contacts, the Voc of bulk-hetero junction polymer photovoltaic cells is
governed by the energy levels of the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) of donor and acceptor, 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 volt. An encouraging result in this respect is PFDTBT that gives Voc = 1.04 V
in combination with PCBM (Svensson et al. 2003) compared to 0.8–0.9 V for MDMO-
PPV and 0.5–0.6 V for P3HT. The tradeoff of increasing the donor-HOMO to acceptor-
LUMO energy is that eventually a situation will be reached in which the photo induced
electron transfer is held back by a loss of energy gain.

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. But, an increase
of the layer thickness is presently limited by the charge carrier mobility and lifetime.
When the mobility is too low or the layer too thick, the transit time of photo generated
charges in the device becomes longer than the lifetime, resulting in charge recombina-
tion. The use of polymers such as 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. The absorption of the active layer in state-of-the-art
devices currently covers from the UV up to about ∼650 nm. In this wavelength range
the monochromatic external quantum efficiency can be as high 70% under short-
circuit conditions, implying that the vast majority of absorbed photons contribute
to the current. The intensity of the solar spectrum, however, maximizes at ∼700 nm
and extends into the near infrared. Hence, a gain in efficiency can be expected when
using low-band gap polymers. The preparation of low-band gap, high mobility, and
processable low-band gap polymers is not simple and requires careful design in order
to maintain the open-circuit voltage or efficiency of charge separation (Brabec et al.
2002). Because the Voc of bulk hetero junction solar cells is governed by the HOMO
of the donor and the LUMO levels of the acceptor, the most promising strategy seems
to lower the band gap by adjusting the other two levels, i.e. decrease the LUMO of
the donor, or increase the HOMO of the acceptor, or both. Several groups are actively
pursuing low-band gap polymers and promising results are emerging (Janssen 2006).

A high FF is advantageous and indicates that fairly strong photocurrents can be
extracted close to the open-circuit voltage. In this range, 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
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fill factor is limited to about 60% in the best devices, but values up to 70% have been
achieved recently (Mozer et al. 2004).

Apart from developing improved materials, a further gain in device performance
can be expected from the combined optimization of the optical field distribution
present in the device. Optical effects, such as interference of light in multilayer cavi-
ties, have received only limited attention so far but will likely contribute to a better
light-management in these devices.

In essence, R&D efforts need to be focused on the following aspects to push the
efficiency from the present achieved level of 5% to 10% which is generally considered
as viable for production of PV devices: (i) the development of novel crystalline electron
acceptors with high mobilities, and tunable energy levels to replace fullerene derivatives
to achieve higher Voc, and (ii) tandem structures for covering broader range of solar
spectrum with novel, low-band gap materials.

4.8 NANO-TiO2 DYE/CIGS TANDEM SOLAR CELLS

The fabrication of efficient tandem cells using low-cost thin film technologies remains a
challenge (Yang et al. 1997; Kim et al. 2007; Nakada et al. 2006). In a series-connected
double-junction device the ideal optical bandgaps are around 1.6–1.7 eV for the top
cell and 1.0–1.1 eV for the bottom cell (Bremner et al. 2008).

The absorption characteristics of the dye-sensitized solar cell and the CIGS solar
cell closely match these requirements. Hence, a wide range of the solar spectrum can be
harvested by efficiently converting high energy photons in a top DSC and transmitted
low energy photons in an underlying CIGS cell.

Additionally, the main advantage of DSC is its optical transmission and Jsc can
be tailored by changing film thickness, pore size, the nature of the dye and the dye
loading. Easy preparation of mesoscopic oxide films by screen-printing or doctor-blade
methods facilitate these devices well suited for the fabrication of tandem structures for
optimum utilization of the spectrum.

A schematic representation of nano-TiO2 dye/CIGS tandem solar cell developed
by Tiwari and his group is shown in Figure 4.8. The parameters of this DSC/CIGS
tandem are: Voc = 1.45 V, Jsc = 14.05 mA/cm2, FF = 0.74 and η = 15.09%. Individu-
ally, the DSC top cell has shown Jsc = 13.66 mA/cm2, Voc = 0.798 V, FF = 0.75, and
η = 8.2%; and for the CIGS bottom cell in the stack, Jsc = 14.3 mA/cm2, Voc = 0.65 V,
and FF = 0.77.

The performance of the tandem is superior to that of individual cells. This demon-
strates that further gains in efficiencies reaching beyond 20% can be possible from the
combination of these two thin film PV technologies.

The J-V characteristic is shown along with the cell structure. This device has given
highest efficiency so far recorded. However, the drawbacks of the stacked setup are
reflection losses at the stack interface and absorption losses of low energy photons in
the conducting glass of the top cell.

A monolithic DSC/CIGS structure to eliminate optical losses from the superfluous
layers and interfaces and to reduce material and manufacturing cost is developed
(Figure 4.9). This structure has achieved 12.2% conversion efficiency at full sunlight.
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Figure 4.8 Schematic of Nano-TiO2 Dye/CIGS tandem solar cell (Credit: Tiwari, EMPA, reproduced
with permission)

Figure 4.9 Schematic of Monolithic connected DSC/CIGS tandem solar cell (Credit: Tiwari, EMPA,
reproduced with permission)
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The monolithic device consists of a mesoporous dyesensitized TiO2 film, which is
directly sandwiched with a platinized CIGS solar cell using a spacer, thus avoiding the
back glass electrode commonly used in the DSC. The void is filled through a hole in the
top electrode with an acetonitrile based electrolyte containing the I−/I−3 redoxcouple.
The p-type CIGS absorber (∼1 µm) was grown by sequential coevaporation of ele-
ments using a three-stage evaporation process (Gabor et al. 1994) on a soda-lime glass
substrate, coated with a 1 µm thick dc-sputtered layer of molybdenum, and covered
with an n-type CdS window layer (50 nm). The detailed fabrication procedure is given
by Seyrling et al. (2009). The front contact, a 600 nm thick layer of In2O3: Sn (ITO),
was covered with a transparent layer (<1 nm) of sputtered Pt particles. A 8 µm thick
film of 20 nm-sized TiO2 particles was screen-printed on a SnO2: F conducting glass
electrode (10 �/sq.cm) and sensitized by immersing it overnight in a solution of 0.3 mM
of C101 dye (Gao et al. 2008) and 0.3 mM 3α, 7α-dihydroxy-5β-cholanic acid. The
detailed fabrication procedure for the TiO2 paste and film has been described by Ito
et al. (2008).The subcells in the monolithic setup are electrically connected in series.
The charges generated in the subcells recombine at the catalytic Pt particles on the
electrolyte/ITO interface, that is, the ‘holes’ from the top cell react with electrons from
the bottom cell via I− −

3 + 2e → 3I− −. Thus matching the current densities of the sub-
cells to minimize electronic losses is very crucial. The current density of the DSC can be
tuned with choice of the sensitizer, by variation in the optical bandgap, and film thick-
ness, and variation in the optical path length. The current density of the CIGS cell can
be tuned varying the bandgap by changing the In/Ga ratio in the absorber (Gao et al.
2008). The transparent conductive oxide back electrode is not included in the DSC
design to avoid reflection and free charge carrier absorption losses (Coutts et al. 2000).

The photovoltaic parameters of a monolithic DSC/CIGS device and its subcells are
given in Table 4.5.

The conversion efficiency of the monolithic device (12.2%) slightly exceeds the
performance of the CIGS cell (11.6%), justifying the monolithic approach to enhance
device efficiency. The open-circuit voltage of the tandem device is close to the sum of
the Voc’s of the DSC and CIGS cell, confirming the series connection of the subcells.
The Jsc of the tandem device is in good agreement with the estimate made using the
transmittance spectrum. However, the corrosion of the CIGS cell by the redox mediator
(I−/I−3 couple) of the dye-sensitized cell and an associated voltage loss (∼140 mV) limits
the performance.

These studies have demonstrated a monolithic DSC/CIGS device with an initial
efficiency of 12.2% and further showed that a monolithic DSC/CIGS tandem device
has the potential for increased efficiency over a mechanically stacked device due to
increased light transmission to the bottom cell.

Table 4.5 Cell parameters

Test device Efficiency (%) Voc (V) Jsc (mA/cm2) FF

DSC (FTO back contact) 8.4 0.74 −15.3 0.74
CIGS (unfiltered) 11.6 0.62 −27.3 0.68
DSC/CIGS monolithic 12.2 1.22 −13.9 0.72

Source:Tiwari et al. 2006
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With a suitable protective intermediate layer preventing the degradation mecha-
nism at the electrolyte/CIGS interface, it is expected to make full use of the optical
advantages of this setup and to surpass the 15.1% efficiency benchmark given by the
stacked device (Liska et al. 2006). Substitution of the FTO front electrode with a high
mobility TCO, e.g., In2O3:Ti which substantially reduces absorption losses in the near
infrared (Bowers et al. 2011), and careful current-matching may further enhance the
device performance.

Seyrling et al. (2009), in the context of developing multi junction thin film solar
cells, have recently investigated the possibility of optimizing the CIGS composition with
respect to different sensitizers for the DSCs to achieve current matching by changing
the [Ga]/[In + Ga] ratio. Different combinations of sensitizers and [Ga]/[In + Ga] ratios
are investigated to find the best combination to achieve high efficiencies. Factors for
performance limitations are identified and alternative remedies are developed to over-
come efficiency losses. Limiting factors of the current are determined. Furthermore, to
allow for higher temperatures during processing after the CIGS devices are completed,
which could be beneficial for monolithically assembled multijunction solar cell pro-
duction, InxSy was investigated as an alternative to the standard CBD-deposited CdS
buffer layer. Preliminary work was done on a possible DSC/CdTe/CI(G)S triple junc-
tion cell. Transmission of the top and intermediate cell was recorded and the bottom
CIGS cell composition varied to potentially achieve current matching in the device.
A first stacked triple junction device was constructed.

Semiconductor nanowire – polymer hybrid cells

The nanowire array based polymer hybrid solar cells have been the attraction of several
research groups over last two dwcades due to their unique advantages in manufacturing
inexpensive large area solar devices compared to conventional solar devices. These are
discussed in Chapter 6.
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Chapter 5

High-efficiency solar devices

5.1 INTRODUCTION

This chapter is devoted to III-V multi junction solar devices and Concentrator Photo-
voltaic systems (CPV). These devices/systems are developed with an aim to improve
the conversion efficiencies of the solar cells while reducing costs on the material
and fabrication processes. The enormous potential of these systems have been amply
demonstrated. The research and development effort in both the areas is still underway
in several laboratories to optimize the production processes for mass production of the
devices.

Silicon thin-film multijunction solar cells and tandem structures based on a-silicon
and µc-silicon and their current status, the research efforts on polycrystalline CIGS
and CdTe thin-film based tandem solar devices, and DSC/CIGS tandem structures are
discussed in earlier chapters. In this chapter, multi-junction solar cells based on III-V
compounds are dealt.

5.2 III-V MULTI JUNCTION SOLAR CELLS

5.2.1 Introduction

The concept of multi-junction using III-V semiconductors with a variety of bandgaps
and lattice constants had been well known since the 1950s, but was not pursued for
about two decades. The renewed interest was created by several technological break-
throughs; for example, the realisation of monolithic two terminal AlGaAs/GaAs dual
junction cells based on a tunnel junction interconnect between the two photovoltaic
junctions and subcells, respectively (Bedair et al. 1979), and the development of com-
mercial MOVPE (metal-organic vapour phase epitaxy) reactors during the 1980s and
so on. While LPE (liquid phase epitaxy) was used in the beginning, MOVPE technology
had become the preferred growth method due to its ability for preparing multi-layer
structures of different materials with high quality, large area and high throughput.
Another breakthrough was the use of GaInP as top cell material (Olsen et al. 1985)
instead of AlGaAs, which suffered from low diffusion length due to the affinity of
aluminium for oxygen. These technological breakthroughs led to the development of
the GaInP/GaAs/Ge triple-junction cell, which became commercially available in the
1990s by US manufacturers.
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Multi junction III-V solar cells (MJ cells) are third generation PV devices with
advantages of unparalleled high efficiency, ability to be integrated into very lightweight
panels, and reliability in the space environment. As a result, these cells have become
the standard for space power generation. Remarkable technology explosion in the area
of photovoltaic cells designed for space purposes (Meusel et al. 2005; King et al. 2002;
Sharps et al. 2004) happened since 2000. Commercially-available multi junction solar
cells with 30% conversion efficiency under the AM0 space spectrum have become a
reality.

Since radiation exposure, thermal cycling, vibration, atomic oxygen effect, con-
tamination from volatile materials, and electrostatic discharge are the factors that
impact operation in the space environment, these aspects must be the elements of
qualification process for space solar cells and panels; and a better comprehension of
these issues now has resulted in new standards of reliability. Hectic research activity by
several groups has facilitated to develop very-thin, flexible and extremely lightweight
space solar cells and panels, capable of being folded or rolled into a smaller stowage
volume for launch. Earlier, these features have been normally associated with thin-film
polycrystalline or amorphous Si PV technology only.

Due to high cost of production, these cells are not directly used currently for ter-
restrial applications, for e.g., power generation. Several research groups have studied
the possibility of employing III-V solar cells in conjunction with light concentration for
terrestrial PV applications (Swanson 2000; Bosi & Pelosi 2007), and are presently used
in certain designs of CPV. But III-V semiconductors based on arsenides and phosphides
find use as the materials of choice for commercial optoelectronic devices (Mawst et al.
1996; Hung 1988).

Using optical devices such as mirrors, Fresnel lenses, dichroic films, and light
guides, the possibility to collect solar light and concentrate its energy on a single
small area solar cell has been demonstrated. This concept reduces the total cell area
an amount equal to the concentration ratio. The cost of the PV system therefore
decreases because a relatively inexpensive optical concentrator replaces the expensive
semiconductor material. Moreover, using light concentration boosts the cell conver-
sion efficiency. Further, concentration could facilitate more careful use of land for
installations as well as boosting the energy production of large solar power plants.
Concentrator cells could also challenge conventional rooftop Si panels, particularly
since improved kWp/m2 generation would make a concentration system installa-
tion possible in large buildings. Moreover, a better integration of PV elements with
architectural design could be achieved.

In fact, concentrator photovoltaics is presently drawing more and more attention
encouraged by the increasing terrestrial market as well as by the prospect of using
III-V multi-junction concentrator cells, which have now become commercially avail-
able with average efficiencies of about 35% (AM1.5d low AOD, C ×500) and best
cells recently crossing the efficiency threshold of 40% (King et al.).

5.2.2 Basic principles of multi-junction solar cells

The basic aspects of single junction and multi junction III-V solar cells are available
in the literature. Tandem devices are naturally the most advanced multi-junction tech-
nology and there are many examples of combinations of first and second generation
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devices to produce third generation devices. The highest performing devices are,
however, made of expensive III-V semiconductors that can only be thought of for
concentrator or space applications (Karam et al. 1999). More cost effective terrestrial
multi junction devices combine the polycrystalline-silicon and amorphous thin-film sil-
icon technologies (Yoshima et al. 2003; Yang et al. 1994). These devices are relatively
inexpensive for their efficiency but do not realise the full potential of multi-junction
efficiency improvements.

Technology based on the use of multiple-junctions is the only proven third gener-
ation technology (Green 2006; Yoshima et al. 2003; Yang et al. 1994). Single junction
devices perform optimally at the wavelength equal to the bandgap, inherently becoming
inefficient at all other wavelengths across the solar spectrum. Multi-junction devices
stack different solar cells with multiple bandgaps tuned to utilise the entire spectrum.
Light is first incident upon a wide band-gap device that can produce a relatively high
voltage and thereby make better use of high energy photons, then lower energy photons
pass through narrow band-gap sub-devices that can absorb the transmitted IR-photons
(Burnett 2002). Maximum efficiencies of 55.9%, 63.8%, and 68.8% are predicted
for 2 (tandem), 3- and 4-junction devices (Green 2006). However costs go up as
fabrication becomes increasingly complex with the increasing number of interfaces
and cells.

Multi-junction solar cells therefore use a combination of semiconductor materials
to more efficiently capture a larger range or entire photon energies (Yamaguchi 2005;
Strobl 2006; Dimroth & Kurtz 2007; Burnett 2002; Marti & Luque 2004). Depend-
ing on the particular technology, present-day multi-junction solar cells are capable of
generating approximately twice as much power under the same conditions as tradi-
tional silicon solar cells. Availability of materials with most favorable band gaps that
simultaneously allow high efficiency through low defect densities is the basic limitation
for the fabrication of multi-junction solar cells. III-V semiconducting compounds are
recognized as good candidates for fabricating such multi junction cells. Their band
gaps cover a wide spectral range, and most of these materials have direct electronic
structure, implying a high absorption coefficient. They can be grown with extremely
high crystalline and optoelectronic quality by high-volume growth techniques despite
their complex structures (Yamaguchi 2001; Roman 2004; Dimroth et al. 2001;
King 2005).

Multi-junction solar cells have been studied for over five decades (Wolf 1960).
The first multi-junction device demonstrated in early 1980 converted 16% of the
solar energy into electricity (Luque and Hegedus 2003). Then, by the end of 2000, a
triple junction InGaP/GaAs/Ge device had achieved 30% efficiency (Cotal et al. 2000).
III-V Multi-junction solar cells have highest theoretical efficiency conversion, 86.8%
(Dimroth 2005) as compared to other photovoltaic technologies (Schokley & Queisser
1961; Green et al. 2007; Honsberg et al. 2001). The present-day record efficiency of
40.7% was achieved with a multi-junction solar cell fabricated by Boeing Spectrolab
Inc. in December 2006 (Spectrolab website).

Band gap engineering

Material systems based on GaAs, InP or GaN can use different compositions of alu-
minium or indium alloys to modify band-gaps while maintaining lattice constants
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Figure 5.1 Ternary and quaternary III-V compounds – lattice constants and bandgaps

(Figure 5.1). These can produce monolithic multi-junction devices in a single growth
run (with tunnel junctions between each device).

Triple-junction solar cells currently produced are made of GaInP (1.9 eV), GaAs
(1.4 eV), and Ge (0.7 eV). In early multi junction designs, lattice matching was consid-
ered as a secondary concern. However, work at NREL showed that lattice mismatching
as low as ±0.01% causes significant degradation of PV quality. Therefore, with great
effort, GaInP, GaAs, and Ge which have a desirable complement of bandgap energies
and matching lattice constants for the fabrication of triple-junction cell were selected
at NREL.

Advanced multi-junction solar cell designs anticipate use of AlGaInP (2.2 eV),
AlGaAs (1.6 eV), GaInP (1.7 eV), GaInAs (1.2 eV), GaInNAs (1.0–1.1 eV) (Dimroth
et al. 2001). For example, Spectrolab’s record-breaking cell used Ga0.5In0.5 P (or
GaInP2) with band gap energy of 1.85 eV. Less gallium and more indium would result
in a lower band gap compound material, up to the resulting InP with band gap energy
of 1.3 eV and the lattice constant of 5.88 Å. However, such an adjustment in band gaps
should be made in conjunction with lattice-constant constraints (Burnett 2002).

Electric current matching

The series connection of monolithically-grown multi-junction solar cells makes match-
ing of currents a desirable characteristic (Smestad 2002). The output current of the
multi junction solar cell is limited to the lowest of the currents generated by any of
the individual cells. Therefore, the currents through each of the subcells are controlled
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Figure 5.2 Absorption coefficient vs wavelength for various semiconductor materials
(Source: Kasap 2001, Copyright © 2002, Prentice Hall, NewYork)

to have the same value. The current is proportional to the number of incident photons
with energy beyond the semiconductor’s band gap, and the absorption coefficient of
the material. So, a thin layer is sufficient if the photons that exceed the band gap are
in abundance. At the same time, if the absorption coefficient is low, the layer must
be made thicker, since on average a photon must travel through more of the material
before being absorbed. After materials are selected with desired band gaps and lat-
tice constants, the thickness of each layer must be determined based on the material’s
absorption coefficient and the number of incident photons with a given energy, so that
each layer will generate the same photocurrent. The absorption coefficient for various
semiconductors as a function of photon wavelength is shown on Figure 5.2.

The design of GaInP/GaAs/Ge solar cell implies a relatively thick Ge layer because
of its lower absorptivity, while other layers are of different thickness; terrestrial and
space versions of the cell vary to account for the differing solar spectra, particularly
UV and near-IR radiation in these two different environments (Burnett 2002).

5.2.3 Fabrication of Triple-junction solar cells

Multi-junction solar cells are fabricated by either of the two methods: (i) by mechanical
stacking of independently grown layers or (ii) by growing each semiconductor layer
monolithically on top of the other as one single piece by metal organic chemical vapour
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Figure 5.3 Schematic structure of a triple-junction photovoltaic cell (Redrawn from King et al.
2007a)

deposition (MOCVD) or molecular beam epitaxy (MBE) (Luque & Hegedus 2003;
Poortmans & Arkhipov 2006). The mechanically stacking, though pragmatic, is less-
desirable because the method suffers from the bulkiness, additional expense, and heat-
sinking (Burnett 2002). MOCVD is preferred to MBE because it not only ensures high
crystal quality all through the device, but makes it easy for scaling up to commercial
production capacities.

The transport of electrons between layers in monolithic multi-junction solar cells
is addressed using a tunnel junction, which is a stack of highly-doped layers, producing
an effective potential barrier for both minority-carriers. The strong doping is necessary
in order to have a thin depletion region, promoting tunneling across the junction and
minimizing optical losses. While S, Se, Te, Sn, Si, C, Ge are used as n-type dopants,
Zn, Be, Mg, Cd, Si, C, Ge are used as p-type dopants; and the last three elements act
as n-type or p-type depending on whether they replace a Ga or an As atom in the crys-
talline structure (Roman 2005). The AR coating is a broadband two-layer dielectric
stack, such asTiO2/Al2O3, or Ta2O5/SiO2 or ZnS/MgF2, whose spectral reflectivity
characteristics are designed to reduce device’s typically large reflectance (∼30%) in
the related spectral region to <1%. Currently, the most efficient multi-junction pho-
tovoltaic cells are fabricated using GaInP, GaAs, and Ge layers on Ge substrate. The
schematic of such a triple-junction solar cell, usually containing about 20 layers, is
shown in Figure 5.3. The first layer of this record-breaking cell is composed of GaInP
(1.85 eV), converting short wavelength portions of spectrum, blue and UV photons,
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the second GaAs-layer (1.42 eV) captures near-infrared light photons, and the third
layer is made of Ge, effectively absorbs the lower photon energies of the IR radiation
that are above 0.67 eV (Dimroth et al. 2001; King 2005).

The photons with wavelengths below around 650 nm that pass through GaInP
layer into GaAs layer are not being efficiently captured. A larger portion of the
spectrum is absorbed by the Ge layer, since the difference between the band gap
of the top two layers is 0.4 eV while the difference between the bottom two layers
is 0.7 eV. Layers in this configuration are lattice matched with one another (Sherif
et al. 2006).

In order to match currents among the layers, two variations of the layers’ thick-
nesses exist: one is having a thicker top cell for terrestrial applications, and another is
for the absorption of the larger amounts of high-energy photons in space. The config-
uration of the record-efficient triple-junction device fabricated by Spectrolab is Ga0.44

In0.56P/Ga0.92In0.08As/Ge. The performance of the cell is measured at NREL under
standard spectrum. Under 236 suns (23.6 W/cm2) intensity, with an aperture area of
0.2691 cm2, at 25 ± 1◦C, the cell parameters are: Voc = 3.089 V, Jsc = 3.377 A/cm2,
FF = 88.24%, Vmp = 2.749 V, and η = 39.0 ± 2.3% (Sheriff et al. 2006).

5.2.4 Future design considerations

(a) Design optimization of the existing layers

The efficiency of the present-day triple-junction solar cell can be improved by design
optimization of each subcell.

In the past, triple-junction cell efficiency has been improved by using disordered
GaInP which has higher bandgap, 1.88 eV instead of ordered GaInP with 1.78 eV
bandgap as top cell material (King 2005; Takamoto et al. 2003). Besides, the top
GaInP layer could be made thicker to increase its current production, so that the
multi-junction cell would generate a higher matched current, and thereby more power
(Luque & Hegedus 2003).

As an alternative to top GaInP layer, Al0.37 Ga0.63 As or AlGaInP with the bandgap
of 1.98 eV which has similar lattice constant and bandgap energy can be used. This
approach is not favourably considered in the past as these materials are highly sensitive
to oxygen and water contamination, but recent results demonstrate their potential
(Takamoto et al. 2003; King et al. 2002; Fetzer et al. 2002). The efficiency can be
increased by replacing the second layer, GaAs with a 1.25 eV-bandgap material. This
second layer could collect a larger current, while reducing the number of photons
transmitted to the Ge layer (King 2005; Honsberg 2005).

(b) Increasing the number of junctions

Another possible improvement to the design is to develop devices with more junctions.
Four junction solar cells have been suggested using a material with a bandgap of
1.0 eV (Luque & Hegedus 2003). GaInNAs is considered in this context as it is the
most studied and can be grown lattice-matched to Ge.

Progress has been achieved in reducing the background doping and defect con-
centration by special growth and annealing conditions, but there is a problem of low
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current generation (Strobl 2006; Meusel 2004). Thus, present-day four-junction solar
cells do not lead to higher efficiencies than triple-junction devices.

Five- and six-junction cell designs, contrary to triple-junction cells, divide the solar
spectrum into narrower wavelength ranges that allows all the subcells to be better
current matched to the low current- producing subcell (Luque & Hegedus 2003; King
2005; Dimroth 2005). Besides, the finer division of the incident spectrum reduces
thermalization losses from the photo-generated electron-hole pairs created by photons
far above the band gap energy; also, the smaller current density in these cells lowers
resistive losses (King et al. 2002).

The theoretical efficiency limits for multi junction devices based on thermo-
dynamic basics are 37, 50 and 56% for 1, 2 and 3 band gaps respectively (Luque &
Hegedus 2003; Honsberg 2005). The improvement in efficiency on going from one to
two or three band gaps is considerable, but the benefits are found to reduce as more
junctions are added. So, the reality of the solar cell with more than four or five junc-
tions is doubtful. However, theoretical studies show that efficiencies of up to 86.8%
can be achieved using an infinite number of band gaps.

(c) Incorporating semiconductor quantum dots

In recent years it has been proposed and experimentally verified that the use of
nanostructures, such as quantum wells, quantum wires, superlattices, nanorods,
or nanotubes, offer the potential for high photovoltaic efficiency by tailoring the
properties of existing materials, and for reducing of cost using self-assemblance of
nanostructures (Myong 2007; Barnham 2005; Morf 2002; Bailey et al. 2003; Ekins-
Daukes 2002; Gur 2005; Nosova et al. 2005; Das et al. 2001; Honsberg 2006; King
et al. 2004).

Semiconductor quantum dots (QD) are currently the most fascinating subject
mainly due to their size-dependent electronic structures, and hence tunable optoelec-
tronic properties (Nozik 2002; Raffaelle 2006; Suwaaree 2006). The application of
III-V compounds and other combinations as material systems for the QDs are discussed
in Chapter 6.

5.2.5 Metamorphic (lattice-mismatched) solar cells

To achieve higher efficiencies, a more radical departure from conventional three-
junction cell design which has a higher theoretical efficiency ceiling is required. One
such approach is the use of metamorphic or lattice-mismatched materials, to tune the
bandgaps of the individual subcells of a multi junction cell to the solar spectrum for
maximum conversion efficiency (King et al. 2005, 2000; Dimroth et al. 2000; Wanlass
et al. 2005).

The essential distinguishing feature of III-V multi junction cells is the very wide
range of subcell and device structure band gaps that can be grown with high crystal
quality, and correspondingly high minority-carrier recombination lifetimes which is
true for lattice-matched multi junction cells. But, when metamorphic semiconductors
are used, the flexibility in band gap selection becomes entirely different, because all
subcells need not have the same crystal lattice constant. Due to this advantage, there
has been growing interest in the study of metamorphic solar cell materials (King et al.
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2007a, 2007b, 2006a, 2006b, 2005, 2000; Dimroth et al. 2000; Takamoto et al.
2003; Wanlass et al. 2005; Bett et al. 2005; Geisz et al. 2007; Sherif et al. 2005).

The benefits of flexibility in subcell band gap selection are clear from the theoretical
efficiency contours for 3-junction terrestrial concentrator cells shown as a function of
top (subcell 1) band gap Eg1 and middle (subcell 2) band gap Eg2 (King et al. 2007c)
in Figure 5.4. These contours are based on the diode characteristics of subcells limited
only by the primary mechanism of radiative recombination, and on the shape of the
terrestrial solar spectrum. The cell model is discussed in greater detail by King et al.
(2006b). Efficiencies up to 54% seem to be possible in principle at this concentration
for 3-junction cells in the radiative recombination limit, increasing to over 58% for
4-junction terrestrial concentrator cells (King et al. 2006b).

In 3-junction GaInP/GaInAs/Ge metamorphic solar cells, the GaInP and GaInAs
subcells can be grown on a metamorphic buffer such that these two subcells are lattice-
matched to each other, but are both lattice-mismatched to the Ge substrate and subcell.
Metamorphic (MM) cells appear to bring the cell design closer to the region of Eg1
and Eg2 space that has the highest theoretical efficiencies. The lower band gaps of MM
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Figure 5.5 Schematic cross-sectional diagrams of lattice-matched (LM) and metamorphic (MM)
GaInP/GaInAs/Ge 3-junction cell configurations, corresponding to the LM 40.1% and MM
40.7%-efficient concentrator cells (Redrawn from King et al. 2007c)

subcells can use a larger part of the solar spectrum that is generally wasted as excess
photo-generated current in the Ge bottom cell in most lattice-matched three junction
cells. In the past, recombination at dislocations in MM materials has often affected this
promise of higher theoretical efficiency. However, for the recent metamorphic 40.7%-
efficient and lattice matched 40.1%-efficient cells, the studies have established that the
density and behaviour of dislocations have been adequately controlled to demonstrate
the efficiency advantage of the MM design both theoretically and experimentally.

The analysis was extended taking into account the shadowing and specific resis-
tance associated with the metal grid pattern used on the 40.7% record cell. Fill factor
calculated for the 3-junction cell with the band gap combination of the MM 40.7% cell
is 87.5% with series resistance included, essentially identical to that measured experi-
mentally for the 40.7% cell at 240 suns. If additional real-life effects are included, the
calculated contours show a good estimate of the efficiencies that can be achieved in
practical, state-of-the- art, three-junction cells as a function of bandgap.

Schematic diagrams of LM and MM cells are presented in Figure 5.5, showing
the step-graded metamorphic buffer used in the MM case to transition from the lattice
constant of the substrate to that of the upper subcells.
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High efficiency multi junction cells

Metamorphic semiconductor materials have made possible the band gap engineering of
subcells in 3-junction solar cells resulting in higher measured efficiencies than even for
the best lattice-matched cells. Experiments on step-graded buffers, used to transition
from the substrate to the subcell lattice constant, have been used to control the usual
problem of dislocations in the active cell regions due to the lattice mismatch. The band
gap-voltage offset, (Eg/q) – Voc, is a key indicator of the quality and suppression of SRH
recombination in semiconductors of variable band gap; lower offset value is preferred,
since it is a measure of the separation between electron and hole quasi-Fermi levels and
the conduction and valence band edges (King et al. 2005, 2006a, 2006b). Metamorphic
GaInAs single-junction cells with 8% In are fabricated and tested with a band gap-
voltage offset of 0.42 V at one sun, essentially the same as GaAs control cells, indicating
the long minority-carrier lifetimes that can be achieved in metamorphic materials.

Extensive experimental studies were carried out on GaInP/GaInAs/Ge terrestrial
concentrator cells, using a variety of metamorphic and lattice-matched 3-junction cell
configurations, wide-band-gap tunnel junctions and other high efficiency semicon-
ductor device structures, current matching conditions, cell sizes, grid patterns, and
fabrication processes, resulting in new understanding of the limiting mechanisms of
terrestrial multi junction cells, and new heights in performance.

Figure 5.6 shows the measured illuminated I-V curve for the record efficiency
40.7% metamorphic GaInP/GaInAs/Ge three-junction cell at 240 suns (King et al.
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2007c), under the standard spectrum for concentrator solar cells. This is the first
solar cell to reach the highest solar conversion efficiency yet achieved for any type of
photovoltaic device.

A lattice-matched three-junction cell has also achieved efficiency of 40.1% mea-
sured at 135 suns (AM1.5D, low-AOD, 13.5 W/cm2, 25◦C). These measurements have
been independently verified at NREL. King et al. (2007c) have studied the I-V char-
acteristics of both the record MM and LM devices and compared. The higher current
and lower voltage of the metamorphic design is evident from the data. The efficiency,
Voc, and fill factor are analysed as a function of incident intensity, or concentration
ratio, for the record 40.7% MM and 40.1% LM cells, as well as for an additional
MM cell with good performance at high intensities. Interestingly, the efficiencies of
both the record MM and LM cells track very closely at the same concentration, with
the possibility of extending measurements to a higher concentration for the MM cell.
Fill factors for both types of cell are quite high at about 88% in the 100–200 sun
range. Voc increases at rates of ∼210 mV for MM cell and ∼190 mV for LM cell per
decade in the 100–200 suns range. Thus the MM subcells increase in voltage rather
more rapidly with excess carrier concentration (than in the LM case), as one would
expect if defects in the MM materials become less active at mediating recombination
at higher injection levels.

Of all the PV technologies, the III-V multi junction concentrator cells not only
offer the highest efficiency but also the highest rate of increase. These high III-V cell
efficiencies have led to concentrator PV module efficiencies of over 30%, more than
double the typical ∼15% efficiencies of wafer silicon modules. This high efficiency
can balance the PV system economics (Sherif et al. 2005), as it reduces all area-related
costs of the module. With cost/Wp advantage, these high efficiency multi junction
concentrator cells could create an explosive market growth for concentrator PV at
multi-GW/year production levels.

5.2.6 Four-junction (terrestrial) solar cells

A 4-junction terrestrial concentrator solar cell was developed by King et al. (2006b)
with the structure, (Al)GaInP/AlGa(In)As/Ga(In)As/Ge. The elements in the brackets
indicate optional elements in the subcell composition. This type of cell divides the
photon flux available in the terrestrial solar spectrum above the band gap of the GaInAs
among the three subcells, as against 2 subcells as in the case of 3-junction cell. As a
result, the current density of a four-junction cell is roughly 2/3rd of a corresponding
3-junction cell and the resistive power loss is around (2/3)2 = 4/9 or less than half of a
3-junction cell. This is very crucial for concentrator cells.

Ideal efficiencies of over 58%, and practical cell efficiencies of 47% are pos-
sible for 4-junction terrestrial concentrator cells with a band gap combination of
1.90/1.43/1.04/0.67 eV. These band gaps are reachable with metamorphic materials
and the use of transparent graded buffer layers, for example, in inverted metamorphic
cell designs (Wanlass et al. 2005; King et al 2005, 2006b; Geisz et al. 2007).

Figure 5.7 shows a lattice-matched 4-junction cell, with all the subcells at the
lattice constant of the Ge substrate; lattice mismatched versions of the four-junction
cell are also possible, giving greater flexibility in bandgap selection (King et al. 2007c).
The practical 4J cell efficiencies are about five absolute efficiency points over those
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Figure 5.7 Schematic representation of LM 4-junction cell with all the subcells at the lattice constant
of Ge (Redrawn from King et al. 2007c)

for 3-junction cells. Further, these cells benefit from reduced resistive power losses as
described above, and from more efficient use of the terrestrial solar spectrum for this
band gap combination.

Four-junction cells designed for the terrestrial applications as well as for the
high current densities of concentrator operation are grown by metal-organic vapor-
phase epitaxy (MOVPE), processed into devices, and studied. The external quantum
efficiency of one such 4-junction (Al)GAInP/AlGa(In)As/Ga(In)As/Ge terrestrial con-
centrator solar cell is studied and the band gaps of each subcell are determined:
GaInP subcell 1 (top cell) = 1.86 eV, AlGaInAs subcell 2 = 1.62 eV, GaInAs subcell
3 = 1.38 eV, and Ge subcell 4 = 0.70 eV.

By convoluting with the terrestrial AM1.5D (ASTM G173-03) spectrum, the cur-
rent densities of the subcells are determined to be 9.24, 9.24, 9.58, and 21.8 mA/cm2

for subcells 1, 2, 3, and 4 respectively. The data shows the subcells are very close to
being current matched.

Illuminated light I-V curves for the 4-junction (Al)GaInP/AlGa(In)As/Ga(In)As/Ge
cell are measured at 256 suns, and also for a similar solar cell with only upper 3
active junctions (inactive Ge subcell)(King et al. 2006b). The open circuit voltage
of the 4-junction cell is 4.364 V compared to 3.960 V for the cell with an inactive
subcell 4, indicating the Ge bottom cell accounts for about 400 mV of the Voc at
this concentration. Preliminary measured efficiency for this (non-optimized) 4J cell
is 35.7% at 256 suns. Independently confirmed measurements of the 40.1% lattice-
matched and 40.7% metamorphic 3- junction cells are shown in Table 5.1 along with
4J cell for comparison.
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Table 5.1 Comparison of 3J (LM & MM) and 4J Conc. Cells

3J Concentrator Cells 4J Concentrator Cells

Lattice-matched Metamorphic 4J Cell Inactive Ge

Voc (V) 3.089 2.922 4.364 3.960
Jsc/inten. (A/W) 0.1431 0.1575 0.0923 0.0923
Vmp (V) 2.749 2.565 3.949 3.572
FF 88.2% 85.5 88.6 88.2
Area (cm2) 0.269 0.378 0.256 0.256
Conc. (suns) 236 179 256 254
Efficiency, η 39.0% 39.3% 35.7 32.3

5.2.7 Five- and six-junction solar cells

Another approach to improve the efficiency is to divide the solar spectrum more thinly
using a greater number of junctions, such as 5- and 6-junction cells (King et al. 2004,
2005a).

Monolithic series-inter-connected 5- and 6-junction solar cells are developed by
Spectrolab, Inc. (Reference: U.S. Pat.No. 6,316,715, Spectrolab, Inc., filed 3/15/00 and
issued 11/13/01, and King et al. 2007d). The solar spectrum is divided by the bandgaps
in AlGaInP (2.0eV)/GaInP (1.8 eV)/AlGaInAs (1.6 eV)/GaInAs (1.41 eV)/GaInNAs
(1.1 eV)/Ge(0.67 eV) six-junction cell. The values given in the brackets are the bandgap
energies of the concerned materials.

In the Quantum efficiency measurents as a function of photon energy, the subcell
response cutoff showing the bandgap of each subcell has been clearly observed. Subcell
1 (the top subcell) is current matched to the other subcells in part by making it very
thin, since its bandgap difference from subcell 2 is not sufficient to allow subcell 2 to
current match the other subcells otherwise. As a result, the GaInP subcell 2 appears
to have significant response at high photon energies (>2 eV). The measurements show
that GaInNAs (subcell 5) is the lowest performing subcell. However, even with this
relatively low quantum efficiency, the ∼1.1-eV GaInNAs subcell is capable of generat-
ing greater than 8 mA/cm2, allowing it to be current matched to the other subcells in
the series-interconnected, six-junction cell stack. The thermal treatment experienced
by GaInNAs subcell during the growth of the upper four subcells on top influences the
subcell behaviour.

Fully integrated six-junction solar cells with active GaInNAs subcells are grown
and tested (King et al. 2005a; 2004). The measured light I-V curves of three 6-junction
AlGaInP/GaInP/ AlGaInAs/GaInAs/GaInNAs/Ge solar cells with three different anneal
conditions for the GaInNAs subcell, have given same value of over 5.3 V for Voc.
The short-circuit current is 7.3 mA/cm2 and active-area efficiency is 23.6%, for
these early prototype 6-junction cells with heavily metalized grid pattern (King et al.
2006a). GaInNAs subcells and fully-integrated 6-junction cells with an active ∼1.1 eV
GaInNAs subcell are grown on Ge wafers of 100 mm dia. at Spectrolab with good
uniformity in a production scale MOVPE reactor (King et al. 2006a).

5.2.8 Prospects for multi junction solar cells

Multi-junction cells are established ones, but require technological advances aimed
at cost reduction. These cost reductions can be possible either by producing much
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cheaper devices or by using high concentration systems. A key issue with concentrator
systems is the need for mechanical tracking with associated higher production and
maintenance costs which counterbalance the efficiency gains.

At the device level key requirements are in material growth, contacting, bonding
and insulation. It is presumed that nanotechnology and the principles of self-alignment
and self organisation may help solve some of these main issues over the next two
decades, and large volumes of high-efficiency multi-junction devices will be well
positioned for terrestrial applications.

The most promising outlook for multi junction approaches may be based on poly-
mer semiconductors, or combinations of polymer semiconductors with crystalline
semiconductors. The intrinsic ability to tune polymer band gaps and the ultra low-
cost, low temperature, versatile deposition capability make polymers a natural choice,
although the contacting issues common to multi junction cells and the long-term stabil-
ity problems that affect polymer solar cells remain problematic and need solutions. By
2050, it is possible to imagine that self-organised semiconducting polymer structures,
in multi junction arrangements could be the mainstream 50% efficient photovoltaic
technology.

5.3 HIGH CONCENTRATION PV TECHNOLOGY (HCPV)

5.3.1 Introduction

Concentrator PV technology (CPV) is another concept that has emerged from the
proposal to improve the efficiency of solar devices while driving down the costs.

A typical basic concentrator unit consists of a lens to focus the light, a cell assembly,
a housing element, a secondary concentrator to reflect off-centre light rays onto the cell,
a mechanism to dissipate excess heat produced by concentrated sunlight, and various
contacts and adhesives. These basic units may be combined in any configuration to
produce the desired sized module. The primary reason for using concentration is to
decrease the area (size) of solar cell becuase solar cell is the most expensive component
of a PV system, on a per-area basis. A concentrator uses relatively inexpensive materials
(plastic lenses, metal housings, etc.) to capture a large area of solar energy and focus
it onto a small area, where the solar cell resides. One measure of the effectiveness of
this approach is the concentration ratio (how much concentration the cell is receiving).
A tracker is also used to allow the optical and solar cell combination to follow the sun.
Thus, the development of a CPV system involves optical, electronic, and mechanical
components, each of which offering its own options.

5.3.2 Classification of CPV

Fraunhofer ISE distinguishes two classes of CPV: (1) low concentrator PV (LCPV)
which operates at a concentration of up to 50 suns (1 sun corresponds to irradiation
of 1000 W/m2) with silicon solar cells and a single-axis or sometimes twin-axis tracking
systems; (2) high concentrator PV (HCPV) with concentration factor over 300 suns,
using high efficiency III-V multi junction solar cells and a high precision twin-axis
tracking system. NREL report, however, classifies differently: (a) high-concentration
(multi junction) cells – >400×; (b) medium-concentration (Si- or other) cells – ∼3×
to 100×; (c) enhanced concentration (Si-modules) – <3×.
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Fresnel lenses made of plastic are used as concentrators, though glass Fresnel
lenses are used by a few manufacturers. Mirror systems such as flat Cassegrain design
consisting of a concave primary and a convex secondary mirror are also used.

Since the solar cells are exposed to high temperatures by the concentrators, heat
dissipation arrangement is essential. A highly conducting plate is fixed below the cell
(passive cooling); an active cooling system is also used.

In order to see the focused beams always strike the cells as ideally as possible, very
precise trackers are arranged to track the sun.

Due to the interplay of the three individual systems (optical, electronic, and
mechanical), there are several challenges in making the CPV system to work effi-
ciently. In general, HCPV makes use of the multi-junction solar cells and LCPV allows
Si cells; the HCPV is expected to reach module efficiencies of 30% (S&W Energy
7/2011).

5.3.3 Merits of CPV

Besides increasing the power and reducing the size or number of cells used, concen-
trators have the additional advantage that cell efficiency increases under concentrated
light. The increase in efficiency depends largely on the cell design and the cell material
used. Another advantage of the concentrator is that it can use small individual cells
because it is harder to produce large-area, high-efficiency cells than to produce smaller-
area cells. Due to the very low temperature coefficient of the III-V multi-junction
concentrator solar cell, the performance of CPV systems is much less affected by tem-
perature than any other PV technology, i.e., the loss of efficiency is approximately one
third that of c-silicon modules.

This characteristic is extremely important for the best solar sites in the world,
which are generally located in the equatorial regions where ‘high temperatures’ and
‘direct solar radiation’ with virtually perfect incidence angles with values up to
2800 kWh/(m2a) are available. Because of the low temperature coefficient, the effi-
ciency and the electricity production of CPV systems are only slightly affected by high
ambient temperatures in comparison to other PV technologies. The drop in efficiency
with rise in temperature is by far the smallest for CPV systems as can be seen in
Figure 5.8; the efficiency drop for a temperature difference of 40◦K (e.g., from 25◦C
at standard testing conditions to typical operating cell temperatures of 65◦C) is by
far the smallest for CPV systems. The CPV technology, therefore, guarantees energy
production during the entire day as well as maximum energy yield.

The other benefits that make CPV technology most cost-effective are: lower envi-
ronmental effects, high potential for recycling, short energy payback time, requirement
of less water for cooling compared to nuclear power plants and concentrating solar
thermal systems, and most impressive potential for cost reduction.

There are, on the other hand, several drawbacks in using concentrators. The con-
centrating optics, for example, are significantly more expensive than the simple covers
needed for flat-plate modules, and most concentrators must track the sun through-
out the day and year to be effective. Thus, higher concentration ratios mean using
not only expensive tracking mechanisms but also more precise controls than flat-plate
systems with stationary structures. High concentration ratios are a particular prob-
lem, because the operating temperature of cells increases when excess radiation is
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Figure 5.8 Efficiency loss for different PV technologies due to a rise of temperature of 40K
(Source: Gombert and Desrumaux 2010, reproduced with permission from Montgomery,
J, News Editor, PVWorld)

concentrated. This, in turn, generates heat that disturbs the long-term stability of PV
cells. Hence, the cells have to be cooled.

5.3.4 Status of CPV

An excellent review was given by R.M. Swanson (Swanson 2000) analyzing the situ-
ation including commercial activity. There has been an intense development work on
CPV system technology. In recent years, expensive multijunction III-V concentrator
solar cells with efficiencies >40% under concentration are available in the market,
and several of the first CPV products have been installed in power plants in 2008
(Gombert & Desrumaux 2009). These plants have helped to verify the maturity of this
technology with very satisfying field data over the period of operation (Martinez et al.
2009; Gombert et al. 2009). The first example of a large scale project is the 1 MW
project in Questa, New Mexico – installed by Chevron in 2010 – which demonstrates
the self-assurance of major companies in CPV technology.

The major manufacturers of CPV for more than a decade are Amonix (USA)
and Solar Systems (Australia) though the later is presently not in operation. The
other prominent companies that emerged meanwhile are Isofoton, and Sol3G (Spain),
Concentrator technologies, and Pyron Solar (USA), Daido Steel (Japan), Green and
Golden Energy (Australia), Opel Solar (USA), Arima EcoEnergy (Taiwan), Zenith
Solar (Israel) so on.

5.3.5 Overview of HCPV modules

Several designs of HCPV modules are developed using both planar Si cells as well as
multijunction solar cells. A few initial models demonstrated on the field are explained.

In the design of HCPV module, the concentration is achieved via reflective or
refractive optics. A reflective optics system is likely to use a central receiver, where an
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Figure 5.9 Solar System’s Concentrator receiver designed for applications at 400×–500×
(Source: Solar Systems, reproduced with the permission of Sam Carter, Solar Systems)

array of cells densely packed close to each other receives the concentrated sunlight.
The Dish concentrator developed by Solar Systems of Australia is shown in Figure 5.9.
These concentrators utilize reflective optics to concentrate the light at 500 times the
suns energy. The CS500 dish concentrator PV system has 112 curved reflecting mirrors
mounted on a steel frame, which tracks the sun throughout the day. The combination of
mirror profile, mounting framework and solar receiver are carefully designed to deliver
concentrated sunlight energy to each PV module. The tracking mechanism maximises
the amount of electricity produced. The critical part of the system is an array of close-
packed high efficiency Triple Junction Solar Cells packed into a 36 cm2 actively cooled
package that are located in the solar receiver, suspended above the focus of the mir-
rors. The cells are mounted in a way that allows efficient dissipation of thermal energy
as well as extraction of electricity. Since PV performance falls by around 1.7% for
every 10◦C rise in cell temperature and the sunlight is concentrated 500x, effective
cooling is critical to achieve efficient performance. The module also incorporates elec-
trical connections to deliver DC output as well as current and temperature sensors for
real-time monitoring.

The control system keeps each dish pointing to the sun, monitors performance
and adjusts the DC voltage to maximise electricity output. It also incorporates several
failsafe systems to protect the CS500 from damage. This configuration is modular
allowing Solar Systems to design different receiver configurations and sizes for both
Dish and Heliostat solar applications. With active cooling, this design increases the
reliability of the cells and produces the highest output power compared to other
technologies, increasing cell life and providing more reliable operation. Further, this
technology offers the advantage of lower capital investment cost to increase production
capacity compared to conventional thin film or crystalline silicon production. This
manufacturer, however, is presently not in production.

In the module developed by Amonix, a parquet of Fresnel lenses concentrates the
light on individual cells mounted on a heat sink, as shown in Figure 5.10. This design
allows passive cooling of the cells without raising the temperature much above the
ambient, as the cells are spaced out from each other. The operating temperature of the
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Figure 5.10 Amonix’s Concentrator receiver designed for applications at 250×–400×
(Source:Amonix, Inc., reproduced with the permission of Bob McConnell)

cell is typically 20–25◦C above the ambient air. As with any passive cooling system,
the temperature rise depends on the wind speed at the location. The Amonix module
also uses the co-planar Si cell technology. There are currently over 700 kW of installed
capacity operating in the states of Arizona and Nevada.

Other one is the micro dish module demonstrated by Concentrating Technologies
(CT) which has utilised the multijunction cell technology in a grid-connected, high
concentration module for the first time (Sherif 2005, Bett et al. 2006). The approach
to the design of this module is a combination of reflective optics (Cassegrain like mirror
optics) and the distributed location of small cells typical of refractive concentrators,
thus avoiding the use of active cooling in a central receiver. This is accomplished by
having a micro array of mirrors focusing the light on individual Power Conversion
Units (PCUs). Each PCU has a secondary optical element to homogenize the light
before it falls on the cells, and a heat sink attached to the back of the PCU to radiate
heat to the ambient air.

Daido Steel of Japan has been active in the development of CPV systems since
several years (Araki et al. 2003, 2004), and has developed a concentrating optic which
uses a PMMA Fresnel dome lens and a glass kaleidoscope. Triple-junction cells manu-
factured at Sharp are used in the modules. Two types of modules with a concentration
ratio of 400 and 550 are designed and are subjected to intensive testing. Module
efficiencies as high as 30% have been reported (Araki et al. 2005). These results are
very promising for any III-V solar cell based CPV system. Further, this manufacturer
considers reliability issues seriously which are not often addressed.

Several developers such as Pyron Solar, Green & Gold Energy, Isofoton and Sol3G
have come up with CPV system structures which are briefly explained by Bett et al.
(2006).

Recently, Zenith Solar (Israel) has developed a system which generates electric
power as well as heat (Figure 5.11). The system consists of a mirrored dish that con-
centrates the equivalent of 1000 suns onto a III-V multijunction solar cell. It will
produce over 2 kW of electricity and the equivalent of 5 kW of solar hot water. The
concentrator dish covers around 11 sq. m. of area, and the cell measures around 10 cm
in each side. The high temperature created by the solar dish necessitate cooling the
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Figure 5.11 Zenith Solar’s HCPV system (Photo courtesy: Prof. Ezri Tarazi, reproduced with the
permission of Roy Segev)

solar cell with water instead of with passive metal heat sinks. The water is then run
through heat exchangers to provide hot water to an industry or a commercial site. It is
a modular and easily scalable HCPV.

The multijunction solar cell that can convert more than 40 percent of the sun’s
energy into electrical energy is the heart of CPV technology. As seen already, the
lattice-matched three-junction GaInP/GaInAs/Ge cell used in CPV is the result of inno-
vation and refinement over the past decade. This cell structure is created by growing as
many as 20 thin, single-crystal layers of III-V materials onto a single-crystal Ge wafer
that is 100 mm in diameter using Metallorganic vapor phase epitaxy. The require-
ments for crystal growth quality, thickness and doping concentration uniformity are
extraordinarily high. With continued global research on advanced multijunction cell
architectures by several ways such as incorporation of metamorphic semiconductor
materials, increasing numbers of junctions and so on, it can be expected to increase
practical concentrator cell efficiencies to 45 or even 50 percent. It will then become
economical to deploy solar cell technology on a larger scale.

5.3.6 Research and development

Several research groups have been studying the development of concentrator PV
modules based on Si and III-V solar cells since 1990s.

Under DOE’s High performance Photovoltaic project (HiPerfPV), several institu-
tions, JX Crystals, CalTech, Fraunhofer ISE, Ohio State University, Amonix, University
of Delware, Arizona State University, Spectrolab, SunPower, so on have participated
in the development of CPV.

JX Crystals, under the project subcontract, has focused on demonstrating a 40%-
efficient hybrid InGaP/GaAs – GaSb multijunction cell in a 33%-efficient Cassegrainian
PV concentrator panel, shown in Figure 5.12.
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Figure 5.12 Cassegrain PV concentrator module with dichroic secondary optics separating the solar
infrared from the visible spectrum
(Source: McConnell and Symko-Davies 2005: Used with permission by The Alliance for
Sustainable Energy, LLC (Alliance). Alliance is the Manager and Operator of the NREL)

Recently, they have demonstrated a 30%-efficient InGaP/GaAs double-junction
cell and an 8%-efficient GaSb infrared cell for incorporation into their 25 cm × 25 cm
dichroic Cassegrain module (Fraas et al. 2005a).

California Institute of Technology, under a HiPerf PV subcontract, has under-
taken the development of a 4-junction solar cell with 40% target efficiency fabricated
by wafer bonding and layer transfer. The studies at Ohio State include the devel-
oping and demonstrating the use of novel 3-D substrate engineering in Si and Ge
to achieve spectrum-optimized bandgap profiles leading to >40% III-V multijunc-
tion concentrators on Si or Ge. The University of Delaware focuses on demonstrating
high-performance tandem solar cells based on the InGaN material system (Jani et al.
2005). The approach is with high-bandgap GaN and Indium-lean InGaN p-i-n and
quantum well solar cells, and with low-bandgap Indium-rich InGaN grown on Ge.
Sunpower Corporation focuses on low-concentration flat-plate module designs using
high-efficiency silicon cells (Fraas et al. 2005b). The modules with this design are
estimated to be available at $1.50/watt. The advantage is that there is no need for a
solar tracker, and has the ability to compete in the PV rooftop market (McConnell &
Symko-Davies 2005).

Amonix Corporation has focused on large-scale modules that will use >40% effi-
cient multijunction solar cells under the same HiPerf PV Project. It is expected that
such a module would achieve 33% efficiency. Amonix’s approach includes: design-
ing and packing for the Ge substrate-based multijunction solar cells, testing packaged
cells under a Fresnel lens, characterizing different cells/package/lens configuration,
and designing and constructing 33%-efficient modules, to be tested on-sun and not in
the laboratory (McConnell & Symko-Davies 2005).

The design of a Fresnel lens concentrator system is an important aspect because it
must account for several optical issues such as nonuniformity, chromatic aberration,
lens absorption, and matching to multijunction solar cell response. The top cell is iden-
tified as the significant efficiency-limiting feature of the current design, and Amonix
redesigned the optics with a yield of >26% lens/cell efficiency (without external
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cooling). Amonix sees a major inpact on the industry with the successful commer-
cialization of modules exceeding 33%. They expect a standard shift in installed system
cost and a new PV market ideally suited for PV concentrators (Garboushian 2005).

Fraunhofer ISE has developed cover and bottom plate made out of glass, and a
relatively small aperture of each of the primary lenses, which are assembled in an
array. The cells are mounted on heat spreaders which also serve as contact pads for
the internal electrical connection of the module. The major reasons for using two
glass panes are high durability, low cost, and the low coefficient of thermal expansion
that ensures that the foci remain on the cell at varying operating temperatures. As
the thermal expansion coefficient of glass is 3 times lower than that of aluminum
for example, it is possible to keep the focal position on the cell within 100 µm at all
operating temperatures. The bottom plate need not be thermally conductive as the heat
spreading is already efficiently done by the heat spreader, made of highly thermally
conductive materials. The glass also serves as a scratch-resistant cover plate. Fresnel
lens array is replicated in one piece into a silicone rubber on glass (SOG), allowing the
usage of extremely UV stable materials in a cost effective mass production. The reasons
for using a relatively small lens aperture are thermal management and low module
depth. In the case of this primary lens, a simple heat spreader made out of a metal with
an appropriate thermal conductance is sufficient for the thermal management. It was
shown that the cell temperature in a CPV module does not exceed 40K above ambient
temperature on average (Seifer & Bett 2006). Furthermore, a small lens allows for small
cells, which help to achieve the highest efficiency because of the low resistance losses
in the cell.

Soitec, Concentrix Solar, Fraunhofer ISE and CEA-Leti have collaborated on the
development of the next generation of very high efficiency CPV solar cells based on
Soitec’s proprietary technologies. The newly developed cell is code named ‘Smart Cell,’
which will be integrated into the FLATCON CPV system. The modularity of the CPV
approach, i.e., the independence of the module optimization from the cell optimization,
allows for a very rapid and focused development. A complete system consists of the
modules, the tracker, the inverter, the auxiliaries, and the control and monitoring
hardware and software.

The concept of FLATCON was developed in the late 90s as a collaborative effort
between Fraunhofer ISE and the Russian Ioffe Institute (Rumyantsev et al. 2000, Bett
et al. 2003). The main ideas behind this concept are: (i) small sized III-V based cells, (ii)
passive cooling, (iii) a small focus length and a Fresnel lens structure, and (iv) cheap and
long term proved materials like silicone or glass. The development of this technology
over the decade starting with the use of single-junction cells initially to the present triple
junction cells, and from manual manufacturing to automated processing are dealt in
several papers published from Fraunhofer ISE (for example, Bett et al. 2006).

Basically a ‘unit’ element of a FLATCON module consists of a primary lens and a
solar cell plus bypass diode mounted on a small planar heat spreader. This planar design
can be manufactured by using standard semiconductor assembly and printed circuit
board machines. The lens and bottom plate are mounted by using standard tech-
nologies used in architectural glazing industry. The first fully operational and grid
connected FLATCON®CPV system (Figure 5.13) was installed at Fraunhofer ISE. Cur-
rently, the FLATCON modules CX-75 have an average efficiency of 27% (Gombert &
Desrumaux 2009).
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Figure 5.13 Photograph of the grid-connected CPV system using FLATCON®-type modules on top
of the roof of Fraunhofer ISE. In Europe, this is the first CPV demonstration system using
III-V cells
(Source: Bett et al. 2003, reproduced with the permission of Dr. Andreas Bett)

At Ioffe Physical Technical Institute (Russia), development of HCPV modules with
small aperture area glass-silicone Fresnel lenses and multi junction III-V solar cells
is undertaken in the recent years (Alferov et al. 2007; Rumyantsev 2007, 2010a).
The research group has demonstrated that using 40 × 40 mm2 or 60 × 60 mm2 Fresnel
lenses and solar cells of 1.7 or 2.3 mm in diameter mounted on passive copper heat
spreaders, a high concentration and proper thermal regimes can be realized in a very
simple design with low consumption of the materials in fabrication of the modules. In
this design, proper choice of the optical parameters of the Fresnel lenses and structural
features of the heat spreaders are very vital.

The use of the lense-type secondary elements decreases the accuracy demands on
assembly, alignment, and tracking technology for the HC PV modules (Rumyantsev
et al. 2002, 2010b). Further, the secondary lenses help to increase the sun concentration
ratio significantly, leading to the more effective use of the semiconductor materials. The
disadvantage of the secondary elements is the inherent optical losses due to reflection
from the air-glass interface, while the positive feature is the possibility to arrange
without a mechanical contact with the cell surface, so that the problems related to
difference in thermal expansions as well as that of the long-term stability of the optical
lens-cell contact do not arise. Figure 5.14 shows design of the small-aperture area
HCPV sub-module under investigation.

The concentrator module is made in a form of a front lens panel connected with
a rear energy generating panel by aluminum walls. Each lens focuses solar radiation
onto an underlying solar cell (InGaP/GaAs/Ge cells) with a photosensitive surface area
diameter of 1.7 or 2.3 mm. The heat-distributing plates are glued to the outer surface of
the rear module plate, which is made of silicate glass. The heat is removed from the cells
by spreading along the copper plates and glass base. The heat sink plates are protected
from environment by a laminating film on the rear side of the module. An ordinary
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Figure 5.14 Optical scheme of an individual solar concentrator submodule. Shown are the planes
fromwhich the focal distances F and f are measured. A full-size module contains a panel
of the primary lenses (144 lenses in arrangement of 12 × 12 for 40 × 40 mm lenses) and
a panel of the cells with secondary optical elements (Credit: Rumyantsev et al. 2010d,
reproduced with permission of Dr. Rumyantsev)

convex lens as a secondary element can distinctly improve the misorientation curve of
a module. Also, the rear glass plate may serve as a common base for these lenses as
well as protective cover for all the cells in a module. In the case of illumination with
increased local sun concentration ratio, the cells would certainly improve parameters
regarding the low internal ohmic resistance and the high enough peak current in the
built-in tunnel junctions. This performance is fortunately realized in commercially
available triple-junction cells.

To reduce losses due to reflections, an ARC may be applied, so that residual losses
for two lens sides could be held at about 2 to 3%. The cost contribution of an ARC
deposition to the cost of the lenses may be of the same order as that of highly reflective
coatings in the case of the reflective pyramids. The capacity of the cells operating
at very high local concentration was confirmed for practical structures of the high
efficiency triple-junction cells. In fact, the fill factor was around 85 to 86% at local
concentration ratios of about 5000×.

An elaborative process is required for assembling the concentrator modules con-
sisting of a large number of lenses and cells, for checking and precision positioning all
the elements in the module. The success of multistage module assembling procedure
depends on proper quality of the solar cells. For instance, a cell with current leakage
may result in shortening the cell string as a whole. On the other hand, dispersion
of the photo-generated voltages in the cells within a string leads to reduction in PV
conversion efficiency. It means that preliminary testing of the solar cells before their
mounting is a very important step.

A contactless cell characterization has been developed at Ioffe Institute. It is based
on the fact that the triple-junction InGaP/GaAs/Ge cells are characterized by intensive
photo- and electro-luminescence (PL and EL) arising in both top and middle sub-cells
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Figure 5.15 (left) PV installation with concentrator modules for 1 kWp of output power on the
roof of the Ioffe Institute; (right) illuminated I-V curve for one of the full-size modules
(50 × 50 cm2) measured outdoors (Efficiency = 24.3%)
(Credit: Rumyantsev 2010d, reproduced with the permission of Dr. Rumyantsev)

under a local photo-excitation (Rumyantsev et al. 2010c). In general, it is possible
to estimate the main cell parameters (collection efficiency, open circuit voltage, sheet
resistance etc) of a direct bandgap p-n junction cell by the contactless methods, by ana-
lyzing only PL- and EL-signals from a cell wafer under photoexitation (Andreev et al.
1997). Scanning the wafer with separated cells by a green laser beam and analyzing
the intensity of the EL signal from each cell is an effective tool for sorting the cells by
photo-generated voltage.

5.3.7 Installations with HCPV modules

A complete system consists of the modules, the tracker, the inverter, the auxiliaries,
and the control and monitoring hardware and software. High accuracy of module
alignment to the sun is a specific feature of the concentrator installations.

In Figure 5.15, a stair-step principle of HCPV module arrangement on a solar
tracker developed at Ioffe Institute is shown.

Advantage of such an arrangement is reduction of wind pressure on a frame with
modules in different tracker positions during a day. Also, symmetry of two outermost
positions of the frame (in directions to sunrise/sunset and to zenith) enables to make
this frame more rigid. The tracker is equipped with a digital circuit for programmable
rotation in both daytime during cloudy periods and at night from sunset to sunrise
position. Analog sun sensor is used for positioning the frame with modules in direction
to the Sun with accuracy better than 0.1◦ of arc.

The illuminated I-V curve for one of the developed HCPV modules, measured
outdoors, is shown in Figure 5.15. Overall conversion efficiency of 24.3% is not
temperature corrected value. If measured at standard cell temperature of 25◦C, it
would be 26.5%. The cell efficiency in these modules was at 33%; this means, one
may expect a definite increase in module efficiency if the cell efficiency approaches
around 40%, the value characterizing the best cells today (Renewable energy world
Report 2009).
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5.3.8 Cost benefits

CPV has the highest efficiency and energy output, i.e., the lowest levelized cost of
electricity (LCOE). Until now, most of the industry has been focusing on PV module
cost. Being a new and maturing industry, a great deal of the effects of scaling, produc-
tivity, and the cost reduction learning curve had to be achieved. Now, giga watt-level
production has been achieved by top PV module suppliers, meaning that most of this
learning has been integrated. So, cost reduction and efficiency improvement move now
into a continuous improvement mode, with a few percent maximum gains per year.
Module cost reduction will be limited by the cost of raw materials (glass, metals, semi-
conductor, etc.). CPV has two fundamental cost advantages: firstly, it minimizes the
semiconductor content in the module due to high concentration; and any semiconduc-
tor material is far more expensive than any other material used in a PV solar plant.
Secondly, the higher the efficiency (CPV has 2X higher efficiency than multi-crystalline
silicon technology), the better the usage of all the other materials (glass, frame, etc.).
That’s why, for similar volumes, a CPV module (system) will be cheaper than any other
PV technology.

From a mid- to long-term perspective, PV electricity costs in general will also be
dominated by fixed costs associated with a PV plant, such as project development,
installation, and O&M costs. In order to drive LCOE down to a very low level, energy
output (kWh) has to be as high as possible to compensate for this fixed-cost structure.
There are two ways to increase energy output, either by enhancing module efficiency
or by sun tracking. Knowing that sun tracking only makes economic sense if module
efficiency is high enough (because the tracker cost, which is measured in $/m2, has
to be compensated for by the energy output ‘boost’) everything comes back again to
the importance of efficiency. So far, there is no alternative to CPV with respect to the
highest efficiencies, making it the technology of the future in sunny regions (Gombert
and Desrumaux 2009).

Five MW CPV Systems: 5 MW CPV System shown in Figure 5.16 has been installed
by Amonix, the American supplier in the village of Hatch in New Mexico. It has
been generating 4.8 MW power since July 2011 and is the biggest CPV system so far
installed. The system uses 84 Amonix’s trackers installed over an area of 39 acres and
is built and operated by NextEra Energy. Each of Amonix modules produces about
60 kilowatts. The electricity produced will be sold to El Paso Electric under a Purchase
Power Agreement (Greentech Solar News, August 2011).

5.3.9 CPV and cogeneration

There have been trials where CPV activity involves extraction of heat energy also. For
example, Zenith Solar based in Israel has developed modular and easily scalable high-
concentration photovoltaic systems (HCPV) in collaboration with Fraunhofer Institute
(Germany) and Ben Gurion University. The technology is based on unique optical
design that extracts maximum energy. The system provides both high electrical output
and heat at wide range of temperatures suitable for many cogeneration applications.
Presently, the manufacturer utilizes the heat generated at the solar cell receiver to
provide usable hot water, thereby improving the overall power conversion efficiency
to 75%. Hotels, hospitals, commercial buildings, resorts so on can be benefited by
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Figure 5.16 5 MW CPV System installed by Amonix trackers
(Source:Amonix, Inc, reproduced with permission)

these systems due to their high electrical output and high temperature output (Sun &
Wind Energy 3/2010, p. 105).
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Chapter 6

New concepts based solar cells

There has been increasing interest in the last couple of decades, in materials
with nanometer-scale dimensions. ‘Quantum dots, nanowires and nanotubes’ have
received special attention for their distinctive properties and intricate structures. Many
nanowire-based materials are promising candidates for energy conversion devices. The
quantum dots, nanowires and nanotubes have been incorporated in solar cells based
on silicon and compound semiconductor thin films to advance the performance. There
have been tremendous efforts in this field showing promising results indicating high
potential for the fabrication of low cost high efficiency PV devices. These approaches
are discussed in this chapter.

Progress on CSG technology, another promising and inexpensive technology,
and other novel approaches (hot carrier solar cells, plasmonic photovoltaics, solar
cells based on nano materials) where there has been enormous research activity is
broadly covered.

Earlier, Polymer solar cells (Organic and Dye-sensitized solar cells), also third-
generation technologies which have matured to a stage of module development/
production are discussed.

6.1 QUANTUM DOT SOLAR CELLS

In recent years, the quantum dot (QD) solar cell which may exceed the theoretical
limitation of the conversion efficiency has gained attention.

The quantum dot is a nano crystalline structure ranging from a few nm to about
10 nm in size, and is achieved by epitaxial growth on a substrate crystal. The quantum
dots are surrounded by high potential barriers in a three dimensional shape, and the
electrons and electron holes in the quantum dot become a discrete energy as it is
confined in a small space. Consequentially, the energy state of the ground-state energy
of the electrons and holes in the quantum dot would be subject to the size of the
quantum dot.

The concept of QD solar cell structure is shown in Figure 6.1.
The physical characteristics of the quantum dot that are important from the point

of application to the solar cell (Okada et al. 2006, 2007; Kanama & Kawamoto 2008)
are ‘Quantum size effect’ and ‘Energy relaxation time.’ By adjusting the size of the
quantum dot, the optical absorption wavelength that can be more consistent with
the solar spectrum can be selected (Okada et al. 2006; Barnham & Duggan 1990).
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Figure 6.1 Concept of QD solar cell structure (Credit: Kanama & Kawamoto 2008, reproduced with
permission of the authors)

The energy relaxation time of the electron slows down in the quantum dot; and this
may provide a possibility to remove the electrons in a state of high energy by phonon
emissions, before energy relaxation occurs. By realizing these, a theoretical efficiency
exceeding 60% (Luque & Marti 1997; Green 2003) is expected to achieve.

These two characteristics are considered vital to overcome the two main losses:
transmission loss of light and loss of thermal energy by phonon emission. The forma-
tion of ‘miniband’ is another physical characteristic that contributes to high theoretical
efficiency. When there is a bonding of quantum dots, a miniband is formed at the super-
conductor and valence band (Ezaki & Sasaki 1988). If this middle layer between the
quantum dots is very thick, the energy band diagram of the QD cell structure becomes
as shown in Figure 6.2(a). In this case, the electrons excited by sunlight slip out of the
well of the quantum dots by further optical excitation or thermal excitation giving rise
to an electric current. Meanwhile, if the middle layer is several nm thin, a miniband
is formed between quantum dots, and the electrons and the holes can move with little
energy loss (Figure 6.2(b)) (Kanama & Kawamoto 2008).

However, there are many vital issues to be understood, for example, arranging the
quantum dots in a regular and stable manner using general materials and so on.

6.1.1 Silicon-QD solar cell

A typical example of a Si nanostructure is a Si quantum dot superlattice (Si-QDSL). In
the Si-QDSL, Si quantum dots are periodically arranged with an interval of 2–3 nm or
less in a material with a band gap wider than that of Si. When several Si-QDSL thin
films with different sizes of Si quantum dots are stacked, a wider wavelength range of
the solar spectrum can be absorbed, and a marked increase in conversion efficiency of
>40% is likely to be achieved by using a multi junction structure. SiO2, Si3N4, and
SiC are the wide bandgap materials considered for the barrier layers. Thus, Si-QDSL
thin films can be made of Si-based materials only, a favourable factor from the point
of abundant availability of raw materials and their non-toxic nature.
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Figure 6.2 QD solar cell (a) energy band diagram, and (b) mini band
(Source: Kanama & Kawamoto 2008, reproduced with the permission of the authors)

It used to be difficult to fabricate Si-QDSL thin films containing Si quantum dots
with a diameter of 10 nm or less, the optimum size for demonstrating their quantum
effect, using conventional technology. In 2002, Zhacharias and colleagues at the Max-
Planck Institute succeeded in fabricating a Si-QDSL by a simple method, as shown in
Figure 6.3 (Zacharias et al. 2002).

In their method, a SiOx/SiO2 multi-layered film is deposited by reactive evapora-
tion and thermally annealed to form a size-controlled Si-QDSL. The TEM of such a
cell is shown in Figure 6.4. By sandwiching a thermally unstable SiOx layer between
thermally stable SiO2 layers, the diameter of Si quantum dots, which separate out dur-
ing annealing, is restricted to the separation of the two SiO2 layers, thus enabling to
limit the diameter to 10 nm or less. The photoluminescence measurement had shown
that the band gap was successfully controlled to ∼1.3–1.5 eV for quantum dots with
a diameter of 3.8–2.0 nm.

Applying the plasma CVD technique, Miyajima made a silicon quantum dot super
grid in a self-organizing manner, by making an amorphous super grid consisting of
a-SiC with the stoichiometry and silicon excess composition (Kanama & Kawamoto
2008). This is a method for forming a quantum dot of its own accord, during the
process of crystallization by making use of the phenomenon in which grid distortion
is caused due to difference in the grid parameters between the materials used as a
quantum dot and as an energy barrier layer.
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B
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Multi–layered structure Size–controlled Si quantum dot

Thermal treatment

Figure 6.3 A layer: Stoichiometric a-Si alloy (a-SiC, a-Si3N4, a-SiO2); B layer: Si-rich a-Si alloy (a-SiCx,
a-SiyNx, a-SiOx): Method of fabricating size-controlled Si-QDSL by thermal treatment
(Source: Zacharias et al. 2002, reproduced with permission, Copyright © 2002, American
Institute of Physics)

Figure 6.4 TEM image of size-controlled Si-QDSL
(Source: Zacharias et al. 2002, reproduced with permission, Copyright © 2002, American
Institute of Physics)

Another technique developed by Sasaki that may be applicable to the quantum dot
structure is the synthesis of nanoporous silica (SiO2), which contains a laminar silica
salt precursor (Kanama & Kawamoto 2008). At present, this is not for producing
quantum dots supergrid. The high-resolution transmission electron’s mirroring image
(Figure 6.5) shows that there is a structure of silica pore controlled by a nano scale.

If a technology to enclose the semiconductor nano particle in each nano hole is
developed, it is possible to use the silica itself as the interlayer. It may even enable
the creation of a three dimensional quantum-dot structure containing thin films with
regular layouts of the semi-conductor nano particles.

Green and his group at the UNSW was the first to apply a Si-QDSL to solar cells.
They succeeded in fabricating a SiO2-based Si-QDSL and a Si3N4-based Si-QDSL in
2005 (Green et al. 2005; Cho et al. 2005). Recently, they fabricated a crystalline Si
hetero junction solar cell using a p-doped SiO2-based Si-QDSL as n-layer, demon-
strating that the quantum dot layer can function as a doping layer (Cho, EC et al.
2008). Konagai’s group could successfully fabricate a Si-QDSL using SiC, considered
to be useful in terms of the electrical conductivity of carriers (Kurokawa et al. 2006).
A solar cell structure constructed using a SiC-based Si-QDSL as a power generation
layer demonstrated its photovoltaic effect for the first time (Kurokawa et al. 2008).
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Figure 6.5 High resolution TE mirroring image of nanoporous silica
(Credit: Kanama & Kawamoto 2008, reproduced with the permission of the authors)

Later, Green’s group fabricated a p–i–n homo junction solar cell using a SiO2-based
Si-QDSL and achieved an open circuit voltage of 492 mV (Conibeer et al. 2009).

These quantum-dot structure fabrication methods explained are all in the process
of development, and have only been able to produce small-scale samples. There are still
several problems to be solved for arranging the quantum dots to a uniform nominal
size in a three dimensional order, while achieving highly dense and thin inter layer.
The main issue, in particular, is how to control the quantum dot size fluctuation. For
large scale applications in the future, it may be essential to develop a technique not
requiring an ultra-air-tight-vacuum.

In early research of quantum dot solar cells, the compound semiconductor was
the main focus. In the case of production methods, producing the quantum dots by
self-organization using the difference of the grid parameter and the high index plane
substrate are considered to be the most feasible process. For example, if a material
with a higher grid parameter than that of the substrate needs to be grown epitaxially,
the quantum dot grows as islands on a regular basis to reduce the strain energy which
accompanies the growth process. Typical examples include InAs/GaAs, where a grid
parameter of InAs (7.2%) is larger than that of GaAs. A conversion efficiency of 8.54%
was achieved by Okada et al. with this system (Oshima et al. 2007). These trends are
possible with compound semiconductors only.

6.1.2 III-V multi junction QD solar cells

Bandgap engineering of multijunction solar cells (MJSCs) using quantum dots has
been the approach of Sharps et al. (2008) and Hubbard et al. (2009a) to improve the
efficiency of III-V multi junction solar cells. Luque and Marti (1997) also proposed a
novel extension of the bandgap engineering approach. It uses multiple QD superlattices
to form an optically isolated intermediate band (IB) within the bandgap of a standard
single-junction solar cell. Photons with energy below the host bandgap are absorbed
from the host valence to the intermediate band and from the intermediate to the host
conduction band. As these lower-energy photons are normally lost in transmission in
single-junction solar cells, the IB approach may result in a high limiting efficiency.
Recently, several experiments have established the key operating principles of the IB
solar cell using both Indium arsenide (InAs) (Marti et al. 2006; Hubbard et al. 2008)
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Figure 6.6 Schematic representation of QD-enhanced solar-cell design (Redrawn from Hubbard
et al. 2009)

and Gallium antimonide (Laghumavarapu et al. 2007) QDs in a gallium arsenide
(GaAs) host. For example, effective bandgaps of InAs quantum dot with sizes 5 nm,
10 nm and 12 nm are respectively 1.071 eV, 0.553 eV and 0.045 eV (Sobolev et al.
2001). Theoretically, a single intermediate electronic band created by QDs would
offer a 63.2% efficiency of an ordinary solar cell, which greatly exceeds the maximum
conversion efficiency of 31% for even a single-junction device (Bailey et al. 2003).
A system with an infinite number of sizes of QDs has the same theoretical efficiency
as an infinite number of band gaps or 86.8% (Luque & Hegedus 2003).

The NanoPower Research Laboratories of Rochester Institute of Technology have
engineered III-V-type solar cells to get the benefit of the full absorption spectrum
of lower-bandgap heterostructures (such as QDs) inserted into the current-limiting
junction of a multi junction solar cell (Hubbard et al. 2009a). The larger absorption
spectrum of the nanostructures enhances the overall short-circuit current and global
efficiency of the cell. Models of InGaP/InGaAs/Ge triple-junction solar cell, in which
QDs extend the middle junction’s absorption spectrum, indicate that the theoretical
limiting efficiency could be improved to 47% under one sun illumination. These devices
have additional merits, such as enhanced radiation tolerance and temperature coeffi-
cients, which are very essential for space applications (Sinharoy 2005; Walters et al.
2000; Sobolev et al. 2001; Cress et al. 2007).

The feasibility of the QD tuning approach using strain-balanced InAs dots inserted
in the intermediate i – region of a GaAs p-i-n solar cell has been demonstrated (Hubbard
et al. 2008; Bailey et al. 2009). The schematic of solar-cell structure (grown by metal
organic vapor-phase epitaxy) is shown in Figure 6.6. These cells are fabricated using
standard III-V processing technology and a concentrator grid designed with 20% met-
allization coverage. The control results are equal or close to the standard values for
GaAs solar cells. Illuminated J-V curves for a control GaAs cell without QDs and
for cells with 5×, 10× and 20× stacked layers of InAs QDs under one sun global
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Figure 6.7 Direct air mass 1.5 (AM1.5d) efficiency and short-circuit current ( Jsc) versus concentration
for the baseline and QD cells. The enhanced cells show improved efficiency at higher
concentration
(Source: Hubbard & Raffaelle 2010, reproduced with the permission of Professor Raffaelle)

air mass 1.5 (AM1.5 g) are measured. These measurements have clearly revealed the
improvement in short-circuit current using QDs. This is a direct result of photo-
generated current contributed by the nanoparticles. This trend is expected to continue
with addition of QDs, because a greater portion of the sub-GaAs bandgap solar spec-
trum should be absorbed with increasing number. In addition, the strain-balancing
technique used for QD growth led to higher material quality in layers deposited on
top of the InAs nanoparticles. This has enabled short-circuit current enhancement and
minimal degradation of open-circuit voltage (Hubbard et al. 2008).

EQE measurements on 5× to 20× QD samples show an increased response at
wavelengths greater than the GaAs band edge, indicating that a portion of the short-
circuit current of these cells is generated by QD-related absorption processes. Also,
increasing the number of layers raises the EQE at all QD-related transitions. At 909 nm
(1.36 eV), this amounted to increases from 2.5 to 9.2% by increasing the stacking
from five to 20×. This was clear evidence that raising the volume of the quantum-dot
absorbers successively increases short-circuit current (Hubbard & Raffaelle 2010).

To assess the spectral enhancement of the QDs at higher concentration, the control
and 20-layer cells are studied under high-intensity illumination (Hubbard et al. 2009b).
The trends observed at one sun continued; with the enhanced cells showing improved
short-circuit currents (Figure 6.7). All cells, including the baseline, show a slight super-
linear trend in current, as has been observed in GaAs because of high-level injection
effects. The 20-layer QD cell generated the largest short-circuit current (7.53A/cm2) at
440 suns – an 11% increase compared to the control-cell current at the same concen-
tration. The open-circuit voltage for all cells rose logarithmically with concentration.

The efficiency for each type of cell under direct AM1.5 g conditions is shown in
Figure 6.7. The efficiency peaked near 400 suns, consistent with their concentrator-grid
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design. The QD-enhanced cell showed almost 18% efficiency at 400 suns, representing
absolute efficiency improvement by ∼1% compared to the control-cell’s 6% rela-
tive improvement. Under high-illumination intensity, the reduced (longer-wavelength)
effective bandgap of the cell, as well as increased optical and thermal extraction of
QD-generated carriers, leads to direct improvement in cell efficiency. This increase was
due to higher short-circuit current combined with minimal loss of open-circuit voltage.

Suwaree (2006) had shown, by the study of InAs self-assembled QDs incorpo-
rated into GaAlAs/GaAs hetero structure, that an integration of QD into photovoltaic
cell can provide an additional spectral response and stronger light absorption at long
wavelength.

The research team from US Army Research Lab., University at Buffalo, and US
Air Force Office of Scientific Research Physics and Electronics directorate has recently
studied (Sablon et al. 2011) the possibility of using doping to improve QD solar cell
performance by adding charge to the dots. Such doping has been found to avoid
decrease of Voc in normal hetero junction solar cells (i.e., without dots). Since the
energy-level spacing for electrons in QDs is relatively large compared to the spacing
for holes and the thermal energy, the electron intradot processes are precisely the
ones that limit the electron–hole escape from QDs. The researchers have, therefore,
preferred to enhance the photo-excitation of electrons rather than holes. It is further
expected that doping-induced light absorption processes would aid energy harvesting
and the extension of infrared response.

Using molecular beam epitaxy (MBE), the quantum dots with built-in charge
(Q-BIC) solar cell was prepared on heavily doped n-type gallium arsenide substrates
(Figure 6.8). The n-type buffer layer was grown at 595◦C, while the quantum dot
layers were grown at 530◦C. Quantum dots were stacked in 20 layers consisting of
2.1 monolayers of indium arsenide (InAs) separated by 50 nm gallium arsenide spac-
ers. The effect of putting a very thin layer of InAs in GaAs is for phase separation
to occur, resulting in self-assembled InAs quantum dots. The distance between the
layers was made relatively large in order to dissipate strain and hence suppress dislo-
cations. The large spacing, in addition, reduces tunneling and prevents formation of
an intermediate band.

Delta doping between the layers was used to provide electrons to occupy the quan-
tum dots with up to six electrons on average. As expected, Delta doping with p-type
material was found to reduce conversion efficiency. The structure was completed with
three p-doped layers.

The epitaxial material was used to create circular solar cells of 250 µm diameter.
The n-type contact consisted of annealed tin-gold-tin evaporated on to the back side
of the substrate. A ring p-type contact made of chromium-gold with 100 µm opening
was used. The devices were mounted in 68-pin leaded chip carrier (LDCC) packages
using indium. The results are shown in Table 6.1.

The most heavily doped sample records an improved photovoltaic efficiency by
as much as 50% compared with the undoped one. Since no evidence of the effect
saturating is observed, an even stronger increase of the efficiency for further increase
of the doping level can be expected. But, the occurance of Auger recombination may
limit the doping levels.

Spectral studies showed that the response to longer-wavelength photons
(880–1150 nm) was increased, at the expense of short wavelengths (less than 880 nm).
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Figure 6.8 Schematic representation of Q-BIC Solar cell structure
(Source: reproduced with permission from Sablon et al. 2011, Copyright © 2011 American
Chemical Society)

Table 6.1 QD solar cell parameters under 1 sun (AM1.5 G) at 100 mW/cm2

illumination for as a function of doping designed to provide 0, 2, 3, and
6 electrons per dot on average

Ave. Dot electron Jsc Voc FF Efficiency
population (mA/cm−2) (volt) (%) (%)

0 15.1 0.77 77 9.31
2 17.3 0.74 76 9.73
3 18.5 0.79 75 12.1
6 24.3 0.78 72 14.0

This response above 920 nm was associated with QD excited and ground states.
Beyond this, a rise in the region 4.8 µm (4800 nm) was found which was attributed to
a transition from the dot ground state to the low-energy resonance conducting state.
A broad weak peak was also seen above this up to ∼8.0 µm, where the experimen-
tal measurements were close to the edge of their capability. The strength of the peak
depended on the amount of delta doping and was totally absent in undoped GaAs
reference samples (i.e., without QDs).

The improvement of IR absorption is expected to be even stronger at higher radi-
ation intensities due to optical pumping effects. This feature makes the Q-BIC solar
cells promising candidates for use with concentrators of solar radiation.

The key challenges in inclusion of nanostructures in photovoltaic devices is that
the design considerations for achieving high efficiency nanostructured solar cells
are substantially different compared to those of conventional devices, and many
design parameters do not have sufficient theoretical or experimental support (See
Chapter 2). However, the recent progress in the study of nanomaterials and nanostruc-
tures (for example, the current and efficiency enhancement in QD-based solar cells) is
significantly impacting on the developments in photovoltaics.
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Figure 6.9 SEM images of (a) Silicon, (b) ZnO and (c) InGaN nanowires
(Source: Hochbaum & Yang 2010, reproduced with permission of Prof. Peidong Yang 2010,
Copyright © 2010 American Chemical Society)

6.2 NANOWIRE (NW) SOLAR CELLS

Semiconductor nanowires (NWs) have gained much attention over the course of the
past decade. The term ‘nanowire’ is generally used to describe a large aspect ratio rod,
1–100 nm in diameter (Hochbaum & Yang 2010, Figure 6.9). The radial dimension
of a nanowire is comparable to typical scale of fundamental solid-state phenom-
ena (Hochbaum & Yang 2010) and the unique geometry leads to a large surface
area-to-volume ratio which allows for distinct structural and chemical behavior. The
unrestrained dimension of nanowire allows the conduction of particles such as elec-
trons, phonons and photons. This fundamental advantage and control over transport
of various forms of energy makes it an ideal form of material to fabricate different
solid-state devices. These properties have been exploited in devices such as biological
and chemical sensors (Cui et al. 2001; Zheng et al. 2005; Zhang et al. 2004; Hsueh
et al. 2007).

Nanowire (NW) based solar cells are promising photovoltaic devices due to
their several performance and processing benefits, including a direct path for charge
transport provided by the geometry of such nanostructures.
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The application of nanowires (and nanorods, defined as having an aspect ratio
≤ 5:1) to solar cells has been experimented in several device configurations and mate-
rials systems (Tsakalakos et al. 2007, Tian et al. 2007, Garnett & Yang 2008, Peng
et al. 2002). Nanowire/rod-enabled solar cells demonstrated to date have been pri-
marily based on hybrid organic-inorganic materials or that have utilized compound
semiconductors such as CdSe. Huynh et al. (2002) have used CdSe nanorods as the
electron-conducting layer of a hole conducting polymer-matrix solar cell and achieved
an efficiency of 1.7% for AM1.5 irradiation. Similar structures have been demon-
strated for dye-sensitized solar cells using titania or ZnO nanowires, with efficiencies
ranging from 0.5% to 1.5% (Law et al. 2005; Baxter & Aydil 2005). These as well
as other recent studies (Gur et al. 2005; Tian et al. 2007; Andra et al. 2007) demon-
strate the benefits of using nanowires in improving charge transport in nanostructured
solar cells.

NW solar cells can be in the form of a single NW or an array of NWs, which are
usually aligned vertically. The p-n junctions in NW solar cells can be formed in radial
or axial directions. For axial NW PVs, the electrode contacts are placed on the p- and
n-regions, respectively, while the contacts of the core/shell NWs are placed at the bot-
tom and top of NWs. NW arrays for solar-cell applications are normally unconnected
NWs with abrupt junctions for charge separation. Vertical NW arrays enhance light
absorption and improve both charge separation and collection efficiencies. The forma-
tion of axial and radial multijunction nanowire heterostructures enable enhanced light
absorption by solar spectrum and through the formation of stacked heterojunction
solar cell devices. The axial p-n junction, radial (core/shell) p-n junction, and hetero-
junction structures are the other configurations studied (Hochbaum & Yang 2010; Ke
Sun et al. 2011).

These devices offer several advantages: (a) large surface-to-volume ratio for effec-
tive chemical and catalytic reactions and a large number of surface states to minimize
dark currents (Soci et al. 2007), (b) allow the use of low-cost materials and substrates,
because NWs can be grown epitaxially on lattice mis-matched or amorphous sub-
strates, and (c) can be produced via sufficiently controllable top-down and bottom-up
fabrication techniques that can potentially lead to low cost manufacturing (Zhu & Cui
2010).

6.2.1 Silicon NW solar cells

Silicon is the dominant semiconducting material in today’s technology and has been
used extensively for PV applications (Boettcher et al., 2010; Peng et al. 2010; Shu et al.
2009) because it is an abundantly available low cost material, and its doping and mor-
phology are easily tunable (Tian et al. 2007; Kempa 2008). Si NWs have been applied
to solar cell applications with different structures, single NW or an array of NWs.

Ever since the fabrication of Silicon NWs in 1964 at Bell Laboratories of USA
using a vapor-liquid-solid mechanism (Wagner & Ellis 1964), there has been tremen-
dous progress in the fabrication and study of Si nanowire cells. The Si NWs are simple
to grow: Au dots are formed on a Si substrate, which is heated to generate a liquid
Au/Si alloy, causing Si atoms to be absorbed by the liquid formed from tetrachlorosi-
lane in vapor phase. When the liquid is Si-supersaturated, Si atoms are deposited on the
substrate, the melting point of the liquid increases, and solid crystals are precipitated.
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In the early period of development, it was necessary to heat the Si substrate to 950◦C,
to obtain Si nanowires with a minimum diameter as large as 50 nm. The growth tem-
perature has since been reduced to near the eutectic temperature of Au/Si (370◦C); and
using SiH4 as a precursor, Si nanowires of diameter, 10 nm or less, have been realized
(Cui 2001).

Si nanowire-based solar cells with vertical array geometry scatter light efficiently,
especially at blue wavelength region. Further, they can absorb more light compared to
thick crystalline films depending on the nanowire dimensions (Hu & Chen 2007). Since
the NWs do not span the junction in these devices, the cells behave like conventional
mono-crystalline p-n junction solar cells, but with greater absorption of incident light.
Since the charge extraction occurs through the nanowires resulting in decrease of the
current density (because of large series resistance of the NWs and their contacts), the
efficiency of these cells are less than that of conventional cells. This effect is more
distinct in VLS-grown nanowires (Stelzner et al. 2008; Tsakalakos et al. 2007).

Garnett and co-workers (2008) fabricated radial p-n junctions on nanowire arrays
synthesized by a scalable, aqueous solution etching synthesis (Peng et al. 2002). The
radial heterostructures are the optimal design for efficient charge collection. These cells
have exhibited cell efficiency of around 0.5%. This poor efficiency is considered due
partly to interfacial recombination losses as seen by a significant dark current, and
partly to a large series resistance in the polycrystalline shell.

Single coaxial p-i-n silicon NW solar cells (Figure 6.10), consisting of a p-type core
with intrinsic n-type shells have been fabricated by Lieber and his group (Tian et al.
2007). Silicon nanowire p-cores were synthesised by the nanocluster-catalysed vapor–
liquid–solid (VLS) method and subsequent i- and n-type nano-crystalline Si shells by
using chemical vapour deposition. After nanowire growth, SiO2 was deposited con-
formally by plasma-enhanced chemical vapour deposition (Tian et al. 2007). Under
one-sun illumination, these p-i-n silicon nanowire elements yield a maximum power
output of up to 200 pW per nanowire device. They have demonstrated an open circuit
voltage of 260 mV, a short circuit current of up to 15 mA/cm2, a fill factor of 0.55,
and conversion efficiency of 3.4%. This performance is mainly due to a high Jsc caused
by highly improved absorption in the thin shell due to its nanocrystalline feature and
intrinsic layer. This group has further demonstrated a single nanowire PV device by
selective chemical etching and contacting the p- and n-type regions separately which
could power a logic circuit.

Kelzenberg et al. (2008) have fabricated single-nanowire silicon solar cells using
VLS method by creating rectifying contacts which have shown an efficiency of 0.46%.
When compared to single radial p-i-n NW solar cells, the conversion efficiency is low,
while the carrier diffusion lengths are long (>2 µm).

Several studies have been reported in recent years on silicon NW array-based
solar cells (Kayes et al. 2005; Stelzner et al. 2008; Tsakalakos et al. 2007; Kelzen-
berg et al. 2009; Garnett & Yang 2010; Gunawan & Guha 2009; Peng et al. 2005;
Shu et al. 2009; Fang et al. 2008). Despite high anti-reflecting characteristics of sili-
con NW arrays, conversion efficiency of 9.31% has been achieved for the solar cells
consisting of n-type Si NW arrays on p-type Si substrates. This is not, however, as
high as efficiencies of conventional solar cells (Peng et al. 2005; Green 2003a). The
lower conversion efficiency is believed to be due to the limited junction area (axial
junction between n-NW and p-substrate) as well as surface states in etched Si NWs.
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Figure 6.10 (a) Schematics of single nanowire PV device fabrication, (Left) The p-core, i-shell, n-shell,
and PECVD-coated SiO2 are shown; (Middle) Selective etching to expose the p-core;
(Right) Metal contacts deposited on the p-core and n-shell, (b) SEM images correspond-
ing to schematics in a. Scale bars are 100 nm (left), 200 nm (middle), and 1.5 µm (right),
(c) Dark and light I-V curves, (d) Light I-V curves for two different n-shell contact locations.
(Inset) Optical microscopy image of the device, Scale bar, 5 µm
(Source: Tian et al. 2007, reproduced with permission of Professor Charles Lieber,
Copyright © 2007 Nature)

These effects, compounded by the ultrahigh surface area of the NW arrays, eventually
increase the surface recombination velocity and limit the carrier collection efficiency.

Tsakalakos et al. (2007) have fabricated NW solar cells by depositing a thin n-type
amorphous Si layer on p-type silicon NW array to form a p-n junction through the VLS
method (Figure 6.11). The p-type Si NWs of diameter 109 ± 30 nm and length ∼16 µm
are grown with silane, hydrogen, hydrochloric acid, and trimethylboron (Lew et al.
2004) at 650◦C for 30 min. The NW array is then processed to produce a dielectric
layer by oxidation in a dry oxygen atmosphere at 800◦C, followed by spin coating with
photoresist and partial etch back of the resist by reactive ion etching. The nanowires are
then dipped in a buffered oxide etch (BOE) (6% HF in de-ionized water and buffered
with ammonium fluoride) to remove the grown oxide on the exposed nanowire sur-
faces. The photoresist is then removed using acetone. The array is subsequently coated
with a PECVD conformal n-type a-Si:H layer (40 nm thick) to create the photoactive
p-n junction. Though this step is performed immediately (within ∼30 min) after the
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Figure 6.11 (a) Schematic cross-sectional view of the Si NW solar cell structure. The NW array is
coated with a conformal a-Si:H thin film layer, (b) SEM of a typical Si NW solar cell on
stainless steel foil, including a-Si and ITO layers; the insets show a cross-sectional view of
the device and a higher magnification of an individual Si nanowire coated with a-Si and ITO
(Source:Tsakalakos et al. 2007, Copyright © 2007 American Physical Society, reproduced
with permission)

BO etch and photoresist removal steps, regrowth of a very thin native oxide could not
be fully prevented.

After a-Si:H deposition, the array is sputter coated with a 200 nm-thick transparent
conducting ITO layer to provide electrical contact to all the NW wires. Top finger
contacts are created by shadow evaporation of Ti (50 nm)/Al (2000 nm). The stainless
steel substrate is then spin coated with photoresist and diced into 1 × 1 or 1.2 × 1.5 cm
pieces; and the photoresist is finally removed in acetone. The solar cells are then
mounted using silver epoxy onto a Cu-coated printed circuit board with a notch, and
a thin Au wire is manually attached to the top finger contact.

These cells prepared by Tsakalakos et al. were tested at NREL. The Voc of the
best devices was ∼130 mV, less than that of the single NW devices demonstrated by
Tian et al. (2007), and the fill factor was ∼0.28. Both the high series and low shunt
resistances of the cells seem to have limited their efficiency.

Despite low conversion efficiency (0.1%), these cells showed a spectrally broad
EQE, indicating that the observed PV effect was due to absorption within the nanowire
array. The processes employed are readily scalable, making this solar cell structure a
promising candidate for future PV applications.

Sivakov et al. (2009) have demonstrated higher efficiencies with a solar cell based
on Si NW arrays on glass substrates. This multijunction device is formed by applying
a wet chemical etching process to form p+, n, and n+ polycrystalline silicon layers on
glass; and it has exhibited a conversion efficiency of 4.4%. To improve the minority
carrier collection in Si NW-array based solar cells, NWs with radial junctions are
favoured. Si NW arrays consisting of an n-type core and a p-type shell have been
fabricated and characterized (Garnett & Yang 2008). This NW cell which contains
vertically aligned 18 µm long NWs with high packing density, is synthesized by a low-
cost solution method and gives an overall cell efficiency of 0.46%. Recently, they have
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(Garnett & Yang 2010) demonstrated strong light-trapping properties of NW arrays,
which improve the conversion efficiency of Si NW-array solar cells. Their 5-µm NW-
array radial p-n junction solar cells fabricated from 8 µm and 20 µm thin Si absorbing
layers have achieved conversion efficiencies of 4.83% and 5.30%, respectively, under
AM 1.5G illumination. The 4.83% conversion efficiency for 8 µm absorber Si-NW-
array cells is about 20% higher than those on 8-µm-thick Si ribbon solar cells (4%
higher Jsc). However, the 5.30% power conversion efficiency for the 20 µm absorber
Si-NW-array solar cells is about 35% lower than the corresponding microfilm solar
cells that have given an efficiency of 7.2% (14% lower Jsc) (Yoon et al. 2008). These
devices demonstrated a significant light-trapping effect, above the theoretical limit for
a randomizing system, indicating that there might be photonic crystal improvement
effects. Nevertheless, the overall efficiency of these NW cells has not outdone that of
planar cells due to increased junction and surface recombination. Even in comparison,
the efficiency is more than ten times that of previous reported data (Garnett & Yang
2008). Therefore, such a kind of vertical NW array structure provides a feasible path
toward high-efficiency and low-cost solar cells by reducing both the quantity and
quality of the needed semiconductor materials.

One of the ways to enhance the power conversion efficiency of Si NW array-
based solar cells is to decorate them with nanoparticles (NPs) or quantum dots (QDs).
Materials such as insulators, metals, and semiconductors are widely used for this
purpose, each contributing a different improvement due to a different mechanism
(Huang et al. 2010; Kelzenberg et al. 2010; Peng et al. 2009; Hu et al. 2006).

Plasmon-enhanced solar cells are recognized as the next generation of solar cells
(Atwater & Polman 2010). Also, Si NWs decorated with Pt NPs show exceptional
catalytic activity at interfaces with liquids (Peng et al. 2009). Semiconductor QDs
normally have high refractive index, which is believed to offer better light trapping
performances. On the other hand, semiconductor NPs (example, PbS) provide addi-
tional absorption over a broad spectrum due to their high absorption coefficient (Lu
et al. 2009). In addition, resonant excitons with high mobility transfer to the adjacent
Si NW channel upon light absorption.

Ma et al. have demonstrated the possibility to widen the band gap of Si NW mate-
rials by decreasing their diameter to 3 nm or less (Ma 2003), indicating the possibility
of developing Si nanowire materials with a controllable band gap. A key issue is the
development of highly efficient surface passivation technology because Si nanowires
have a large surface area (Konagai 2011).

6.2.2 Compound semiconductor NW solar cells

The potential of compound semiconductor NW solar cells is very high, mainly due
to the rational control over NW and heterostructure growth. There has been enor-
mous research activity on III-V and II-VI nanowire solar cells in recent years. III–V
compounds are very significant for PV applications (Wei et al. 2009; Guo et al. 2009;
Kempa et al. 2008; Yoon et al. 2008; Li et al. 2006; Dubrovskii et al. 2009) due to their
outstanding electrical properties: (a) tunable energy band gaps and alloys; (b) a larger
band gap effectively offering lower excess reverse saturation current with increased
Voc (Torchynska 2002); (c) excellent material qualities; and (d) high absorption
coefficient.
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III-nitrides are very attractive due to large energy band tunability, from ultravi-
olet to infrared. GaN, in particular, offers several advantages including high carrier
mobility, p- or n-type selectivity (Sun et al. 2008), high stability, and a broad band
gap for wide spectrum coverage (Ponce & Bour 1997). In addition, the dislocation
defect density due to lattice mismatch between NW and substrate is potentially lower
when compared to thin films. The fabrication of p-type GaN nanorod arrays on
n-type Si substrates have been reported by Wagner and Shealey (1984) with good
rectification characteristics, small reverse currents and highest conversion efficiency of
2.73%. Dong et al. (2009) have demonstrated the synthesis of n-GaN/i-InxGa1−xN/
p-GaN core/shell NW solar cells using MOCVD. The single NW device with 27%
of indium, simulated with AM 1.5G illumination, has shown a maximum efficiency
of 0.19%.

GaAs is another attractive III-V material for solar cell application due to its large
light absorption coefficient and ideal band gap (Chapter 5). LaPierre’s group has fab-
ricated GaAs NW radial p-n junction solar cells using MBE (Czaban et al. 2008),
where Te and Be have been used for n-type shell and p-type core doping. The fabri-
cated NWs show different morphologies due to the inclusion of dopants during NW
growth. Although the cell exhibits rectifying characteristics, the leakage current is high,
which can be explained based on the low breakdown voltage and possible tunneling
effects. This cell shows a low efficiency of 0.83%, partly due to the formation of
nonuniform core/shell p-n junctions. Colombo et al. (2009) have reported the fabri-
cation of GaAs core/shell NW p-i-n junction solar cells, consisting of a p-type core,
intrinsic and n-type shell using MBE. The conversion efficiency achieved for this single
NW solar cell structure is 4.5%, which is probably the highest reported efficiency for
III-V NW-based solar cells.

Goto et al. (2009) have reported high-quality core/shell InP nanowire arrays for
photovoltaic applications grown by a selective-area MOCVD, with an overall conver-
sion efficiency of 3.37%. This is attributed to InP’s higher optical absorption coefficient
and the band-gap, which offer finest match to the solar spectrum than Si (Yamaguchi
et al. 1986). Wang’s group has demonstrated heteroepitaxial growth of vertical InAs
NW arrays on Si using catalyst-free MOCVD (Wei et al. 2009). This type of solar cell
with multiple band gap absorber materials, InAs and Si, can efficiently harvest solar
energy due to enhanced broad-band light absorption.

II-VI compound semiconductor NWs, such as CdS (Kwak et al. 2009; Ouyang
et al. 2006; Cao et al. 2006), CdSe (Ouyang et al. 2006; Yang et al. 2002), CdTe
(Yang et al. 2002), ZnSe (Fanfair & Korgel 2007), ZnTe (Dong et al. 2007), ZnO
and PbSe (Hull et al. 2005) are prepared by low cost solution- based methods. This
advantage of low-cost production has created interest in developing II-VI compound
semiconductor NW-based PVs. Moreover, these materials carry the intrinsic benefits
of inorganic nanomaterials, i.e., high carrier mobility, robust material stability, and
high interfacial area.

Exploring the use of II-VI compound NWs in combination with semiconductor
dyes and organic polymers in hybrid solar cells to substantially increase their effi-
ciency and viability is highly desirable and extensive research effort is needed to
realize the objective. However, the utility of II-VI materials is limited by the pres-
ence of native defects. Controlled doping in II-VI semiconductors is still technically
challenging (Desnica et al. 1998; Chadi 1994), particularly for II-VI NWs grown by
low-temperature synthesis methods.
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6.3 NW-POLYMER HYBRID SOLAR CELLS

In the field of photovoltaics, inorganic–organic hybrid solar cell devices based on
conjugated polymers have generated a lot of attention because of their low cost and
scalability to large-area devices. NW–polymer hybrid solar cells derive advantage from
the high electron affinity of inorganic semiconductors, and the low ionization energy of
organic polymers to generate rapid charge transfer (Hyunh et al. 2002) which ensures
high energy conversion efficiency. Large absorption coefficients of polymers and large
electron mobilities in II-VI semiconductors are other features utilized by these cells to
obtain high performance.

Nanorods (Huynh et al. 2002), nanoparticles (Arici et al. 2004; Plass et al.
2002), and carbon nanotubes (Kymakis & Amarathunga 2002; Miller et al. 2006)
are dispersed in conjugated polymer hybrid solar cells as well as in nanowire-based
dye-sensitized solar cells (Law et al. 2005; Baxter et al. 2006) to improve carrier
mobility and collection efficiency. Compared to silicon or III-V substrates, the use of
glass or plastic in these systems allows for a much higher cost-saving. However, one
of the issues that many of these devices exhibit is poor carrier transport (Greenham
et al. 1996). In the case of nanorods or nanoparticles embedded in a polymer, carriers
must hop from one site to the next as they are transported through the host material.
This random pathway leads to an increase in the probability of recombination and
thus results in decrease of the overall photoconversion efficiency. To overcome this
problem, attempts are made to improve the alignment of the NWs by using interme-
diate steps such as template-assisted growth (Kang et al. 2005) and NW growth on an
intermediate layer on top of the metal oxide (Ravirajan et al. 2006).

Hybrid systems based on metal oxide, such as ZnO (Ravirajan et al. 2006; Beek
et al. 2004, 2006; Peiro et al. 2006) and TiO2 (Arango et al. 2000; Kim et al. 2006)
nanostructures which improve cell performance are widely investigated. TiO2/ZnO
core–shell (Greene et al. 2007) and CdS/ZnO core–shell (Hao et al. 2010) hetero-
structures are also projected to improve device performances. Cd-VI compounds, such
as CdSe, CdS, and CdTe are others studied in hybrid systems. Vertically aligned NW
structures based on these materials are fabricated by several groups using various
methods, such as electrodeposition in AAO templates (Wang et al. 2007; Kong et al.
2006), electroless deposition based on solution–liquid–solid (SLS) mechanism (Kwak
et al. 2009; Bozano et al. 1999), and gasphase VLS growth (Lee et al. 2009). Hybrid
solar cell structure is then completed by spin-coating photoactive polymers onto the
surface of NWs. Devices containing the vertically aligned II–VI Nanowires show a
drastic improvement in energy-conversion efficiency over a polymer or NW only device
(Kong et al. 2006; Lee et al. 2009).

Solution-phase-synthesized colloidal CdSe nanorods/poly(3-hexylthiophene)
(P3HT) blend solar cell shows improved absorption in the spectral range, 300–720 nm,
and with tunable absorption spectra by controlling the diameter (Bozano et al. 1999).
The effect of aspect ratio on the performance is also characterized (Hyunh et al. 2002).
Devices containing nanorods with higher aspect ratio demonstrated greater efficien-
cies, due to improved charge mobility in longer nanorods. Further, interface in hybrid
system is critical for overall efficiency.

Wang et al. (2007) have demonstrated that the efficiency of a polymer/CdS solar
cell can be increased through the use of pyridine as a solvent when spin coating the
active layer of the device. This group has also shown that sample processed using
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pyridine demonstrates a more even dispersion of the nanotetrapods, which contributes
to the increased efficiency. The studies of Wang et al. (2007) have revealed that sam-
ples processed with chlorobenzene achieved conversion efficiencies of 0.14% while
those processed with pyridine showed efficiencies of 0.89%, which further increased
to 1.17% through thermal annealing. The solvent effect and the thermal treatment are
believed to create phase separation and conducting polymer networks, which lead to
higher hole mobilities and thus lower series resistance.

For hybrid solar cells, vertical NW array offers: (a) improved light absorption,
(b) direct conducting pathway to electrode contact, and (c) potential guidance for
aligned polymer morphology, which leads to higher hole mobilities. As of now, effi-
ciencies of the II-VI materials based devices are low compared to other classes of solar
cell. However, there are benefits of using group II–VI materials that include low cost
of production, general abundance of materials, as well as environment-friendly.

In general, the study of inorganic nanowire/polymer hybrid solar cells is not as
much progressed as that of nanowire DSSCs, possibly due to low overall efficiencies.
The best polymer BHJ cells could achieve 5% conversion efficiency (Reyes-Reyes et al.
2005; Ma et al. 2005) while DSSCs could record 7% even two decades ago (Oregan &
Gratzel 1991). However, the polymer hybrid NW solar cells merit greater attention
because, among all classes of NW solar cells, these devices can be easily manufactured
at low cost.

A few prominent examples of Semiconductor NW/Polymer hybrid solar cells are
explained.

6.3.1 InP nanowire – polymer (P3HT) hybrid solar cell

Novotny et al. (2008) have demonstrated an efficient carrier transport polymer hybrid
system that does not require any intermediate step. This is achieved by growing NWs
directly onto a metal oxide and enveloping the NWs with a conjugated polymer. In this
device, like in bulk organic heterojunction solar cells, there are a very large number
of junctions throughout the entire polymer matrix provided by the penetrating NWs,
thus enhancing the probability of excitons dissociating at an interface. Furthermore,
carriers created in the NWs have a direct pathway to the electrode and do not have
to rely on carrier hopping. Thus, this hybrid device has a more efficient and defined
pathway for carrier collection. Because the mobility in the semiconductor material is
several orders of magnitude higher than that of the polymer, carrier transport will
be much more efficient. Direct growth of NWs onto the electrode will thus improve
device performance, reduce the problem of reproducibility of contacts to NWs, and
provide a novel method of NW growth that does not use expensive substrates such as
Si or InP. Indium phosphide (InP) nanowires can serve as electron fast-tracks and carry
electrons released by the incident photons directly to the device’s electrode boosting
thin-film solar cell efficiency (Novotny et al. 2008).

n-InP nanowires were grown on 250–300 nm thick ITO-coated glass substrates,
which enable to achieve an ohmic contact, thus providing an effective pathway for
carriers (Figure 6.12(a) & (b)). The sputtered ITO layer covers the top, bottom, and
sides of the glass substrate, providing a continuous layer around the glass. For grow-
ing n-InP NWs, a horizontal MOCVD reactor at a pressure of 100 torr was used.
Trimethylindium (TMIn) and phosphine (PH3) were used as group III and V sources,
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Figure 6.12 (a) n-InP Nanowire/P3HT solar cell, (b) SEM image of n-type InP nanowire growth on ITO
taken at a 45◦ tilt with scale bar of 500 nanometers
(Source: Novotny et al. 2008, Copyright © 2008 American Chemical Society, reproduced
with the permission of Professor PaulYu)

respectively, with hydrogen as the carrier gas. The growth temperature was 425◦C with
an input V/III ratio of 100. n-Nanowires were doped using a disilane source (25 ppm
in hydrogen). The NWs nucleated and grew from indium droplets that formed on the
surface. Details of this growth process are given in the earlier publication by Novotny
and Yu (2005). Then, a layer of high hole mobility conjugate polymer, P3HT, also
known as poly (3-hyxylthiophene) was deposited. The use of this high boiling point
solvent has been shown to yield an increase in the mobility and overall device perfor-
mance (Chang et al. 2004). The samples were then annealed at 120◦C for 1.5 h under
vacuum (<10−6 Torr) followed by a sputter deposition of 200 nm of gold. After NW
growth, it is dipped in ammonium sulfide to reduce surface recombination (Novotny
et al. 2008).

This is the first demonstration of InP NW growth directly onto an electrode. In
the conventional NW device fabrication, typical problems in the reproducibility of
contacts to individual NWs have been experienced (Langford et al. 2006; Stern et al.
2006). This approach, however, allows for a large number of NWs to grow directly
onto the electrode, thus improving the reproducibility of the device. Instead of relying
on a single NW for the device, a very large number of NWs contribute to the carrier
transport. Therefore, the overall performance of the device is based on the statistical
average of the NWs rather than a single NW, leading to an enhanced reproducibility.
Figure 6.12(b) is an SEM image, taken at a tilt of 45◦, of as grown n-InP NWs on ITO.
The diameters of these NWs range from 40 to 80 nm and the lengths range from 1 to
3 µm. There is no single growth direction on ITO due to the random orientation of the
domains within the polycrystalline ITO layer. Studies have shown that similar InP NW
growth can occur on various other poly substrates by relying on short-range ordering
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of the substrate (Kobayashi et al. 2006). The NWs grow away from the substrate, thus
providing a structure that can penetrate several micrometers into the polymer matrix.

I-V measurements were performed to analyze the effects of the inclusion of NWs to
the conjugated polymer, P3HT, which showed an increase of the forward bias current
by 6–7 orders of magnitude. The origin of the observed p-n junction behaviour was
the interface between the high hole mobility conjugated polymer and the n-doped
NWs. The P3HT layer did not short the ITO and Au electrodes, as seen by the very
low current of the P3HT only sample. However, care had to be taken to ensure that
the polymer totally embedded the NWs such that the NWs could not short the two
electrodes. The thickness of the P3HT was modified so that only P3HT was in contact
to the Au electrode.

This research group has established that NW/polymer hybrid devices have very
good diode characteristics. Growing InP NWs directly onto an ITO electrode has
provided an ohmic contact for efficient carrier collection. The inclusion of NWs to
P3HT has increased current through the device and provided efficient pathways for the
carriers. High rectification ratios, low ideality factors, and improved reverse saturation
currents are achieved as well as a photoresponse from this hybrid photodiode. It is
shown that by optimizing the thickness of the polymer between the tips of the NWs
to the Au electrode as well as the interface between the NW surface states and the
polymer side chains, the overall efficiency of the device can be improved. A concept of
great potential for the fabrication of low cost, high efficient PV cells is experimentally
demonstrated which can emerge as a promising alternative to the current solar cell
technology.

6.3.2 Microcrystalline silicon nanorods/P3HT hybrid solar cells

Ma et al. (2009) have studied another hybrid solar cell design, using silicon nanorods
(SiNRs) array as an inorganic electron acceptor and 3-hexylthiophene (P3HT) as an
organic electron donor.

The oriented microcrystalline silicon (µc-Si) nanorods grown on Si wafer, ITO
glass and stainless steel substrates are successfully prepared by hotwire chemical vapor
deposition with mixture of silane and hydrogen gases at low temperature. Reaction
gases flux incidents with a glancing angle of 80◦ with respect to the substrate surface.
The distance of 9.2 cm between the substrate and the filament provides a good direc-
tionality of incidence flux. The deposition pressure of 10−2 Pa prevents the possible
gas phase reaction.

The morphologies and structures of the Si nanorods are characterized by field
emission scanning electron microscopy and Raman scattering measurements. The
optical properties of SiNRs/P3HT films on glass are analyzed by UV-V Absorption
spectrometer and PL spectrometer.

The hybrid solar cells are prepared by spin coating P3HT into the Si nanorods
array. Then ITO and metal (Ti and Ag) grids are evaporated onto the polymer to form
the electrode. The performances of these SiNRs/P3HT devices are characterized by
dark and illuminated (AM1.5, 100 mW/cm2) I-V measurements.

It is found that the doping level has no remarkable influence on the morphology
of SiNRs. The average diameters for intrinsic and n-doped SiNRs are 30∼60 nm. The
nanorods show inclined growth for the static substrate condition due to the shadowing
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effect. By rotating the substrate with a uniform rotation speed of 15 rpm, vertically
oriented SiNRs are developed. Crystallized SiNRs are achieved under a low substrate
temperature. This hybrid structure has achieved an open circuit voltage of 219 mV,
current density of 3.12 mA/cm2, FF of 0.31 and a power conversion efficiency of 0.2%.

6.3.3 TiO2 nanotube arrays in DSCs

In this example, the use of nanotube arrays in Dye-sensitized solar cells to improve
the performance is discussed. The disordered pore structure of TiO2 anode presently
used in DSC’s fabrication, though offers a large surface area, has been a major factor
limiting the progress of many approaches for further improvement of DSCs. Firstly,
it induces a short electron diffusion length, order of 7–30 µm, which increase the
recombination probability of the electrons with redox species limiting the effort of
increasing the absorption of photons. Secondly, when solid-state electrolytes, ionic
liquid, or other hole-transporting materials are used in DSCs, the TiO2 porous film
thickness has been limited to be less than 3 µm due to the ineffective infiltration of
such materials into the disordered pores leading to insufficient dye adsorption and,
hence, poor light absorption.

To overcome this problem, utilizing nanowire arrays that form direct conduction
channels for electrons has been investigated (Hochbaum & Yang 2010). Primarily,
unlike the mesoporous nanoparticle films, the average nanowire diameter is thick
enough to support a depletion layer near the surface. This potential barrier can provide
a strong driving force for exciton dissociation at the interface between the nanowire and
the dye resulting in more efficient charge injection. Additionally, the rate of recombi-
nation is reduced because the electrons are swept away from surface by band bending.
Further, the electron mobility in the nanowire is larger due to their directional and
uninterrupted conduction channel compared to that in the nanoparticle films. The
electron diffusion constant gets increased due to this directed transport, thus improv-
ing the charge collection and facilitating the production of optically thick cells that
absorb more incident light. Figure 6.13 shows the schematic comparison of these two
types of devices (Hochbaum & Yang 2010).

Figure 6.13 Schematic representation of a DSSC; (a) conventional cell with nanoparticle film electrode,
and (b) nanowire DSS cell
(Source: Hochbaum &Yang 2010, reproduced with permission of Prof. PeidongYang 2010,
Copyright © 2010 American Chemical Society)
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Several groups (for example, Law et al. 2006) have used radial (core-shell)
nanowire heterostructures to utilize the charge transfer characteristics and surface sta-
bility of TiO2 while retaining the fast electron transport of single-crystalline nanowires.
ZnO nanowire arrays coated with TiO2 films of varying thickness by ‘atomic layer
deposition’ method were synthesized by Law and co-workers (2006). The radial
NW structures have demonstrated a two-fold improvement in efficiencies which was
attributed to improved charge injection and reduced recombination current (Palomares
et al. 2003; Hochbaum and Yang 2010). Compared to ZnO, TiO2 offers better mate-
rial properties such as higher open circuit voltage, larger fill factor, and thus higher
efficiency. But achieving model TiO2 nanowire array has been a challenge. Recently,
Feng and co-workers (2008) and Liu and co-workers (2008) have realized high-density,
single-crystalline, vertically-aligned TiO2 nanowire arrays. The performance of DSS
cells fabricated with these arrays has been promising despite very low nanowire den-
sity offering reduced surface area for dye adsorption. Using ZnO 1-D nanostructures
and TiO2 nanotube arrays, rapid electron transport and, thus, large electron diffu-
sion length (order of 100 µm) and enhanced electron collecting efficiency have been
observed in DSCs.

Recently, Xu et al. (2010) have developed a process for synthesizing vertically
aligned top-end opened TiO2 nanotube arrays directly on TCO. The process involves
growing ZnO nanowires on TCO and then converting them into TiO2 nanotubes.

Figure 6.14 ZnO nanowire and converted TiO2 nanotube arrays. (a) ZnO nanowire arrays on ITO.
Scale bar, 5 µm. (b) SEM of convertedTiO2 nanotube arrays with a closed top-end on ITO.
Scale bar, 5 µm. (c) SEM top view of ZnO nanowires. Scale bar, 500 nm. (d) SEM top viewof
converted TiO2 nanotubes with a closed top-end. Scale bar, 500 nm. (e) SEM top view of
TiO2 nanotube arrays with an open top-end. Scale bar, 5 µm. (f) TEM of TiO2 nanotubes.
Scale bar, 1 µm
(Source: Xu et al. 2010, reproduced with permission of Prof. Gao, Copyright © 2010
American Chemical Society)
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All the synthesis steps utilize wet chemical processes, which facilitate low cost, low
temperature, and easy scaling-up. The resulting TiO2 nanotube arrays have a tube
length of 10–11 µm, an interior diameter of 150–300 nm, a 50–100 nm thick wall,
and a tube density of 1.6 × 109/cm2.

The SEM images of ZnO nanowires and converted TiO2 nanotubes are shown
in Figure 6.14. These nanotube arrays are used in the fabrication of DSCs and have
achieved an efficiency of 3.6% under 100 mW/cm2 simulated sunlight. This result is
nearly three times that of ZnO nanowire-based DSCs due to the significant increase
in Voc, FF, and internal surface area of the anode. It is also observed that the lifetime
of photogenerated electrons in TiO2 nanotubes is more than an order of magnitude
larger than that in sintered TiO2 nanoparticles (Xu et al. 2010).

6.4 THIRD-GENERATION CONCEPTS UNDER DEVELOPMENT

At Stanford University, under Global Climate & Energy Project (GCEP), research was
undertaken with many research groups participating to develop very high efficiency PV
solar devices using low cost processes based on three novel third-generation concepts:
Hot carrier solar cells, Plasmonic photovoltaics, and Nanostructured material based
solar cells. In addition to Stanford University, several major Institutions (CalTech;
UNSW; University of Sydney; FOM-Institute, Amsterdam; IRDEP, Paris; IES-UPM,
Madrid) are associated with this Project. These concepts, the approach to achieve
targeted goals, and the progress realised are briefly explained. Several other researchers
are also working on these concepts.

6.4.1 Hot Carrier solar cells

Hot Carrier solar cells represent one of the most promising third-generation PV con-
cepts. They have a structure that is practically simple compared to other very high
efficiency solar devices such as multijunction monolithic tandem cells. Further, the
prospect to achieve high efficiencies is substantially more than the theoretical efficiency
limit for traditional single-junction devices (31%) and also to significantly reduce the
cost of solar electricity. These merits make their fabrication easy to find favour with
‘thin film’ deposition techniques, with their associated benefits such as low materi-
als costs and energy usage and facility to use abundant, non-toxic elements. In this
structure, the energy conversion is enhanced by reducing energy losses related to the
absorption of solar photons with energy larger than the energy bandgap of the active
PV material.

An ideal Hot Carrier cell would absorb a broad range of photon energies and derive
a large fraction of the energy by extracting ‘hot’ carriers before they thermalise to the
band edges. Therefore, the main feature of a hot carrier cell is to slow the rate of carrier
cooling to allow hot carriers collected whilst they are still at elevated energies (hot), and
thus enabling higher voltages to be achieved from the cell ensuing in higher efficiency.
In addition, a Hot Carrier cell must only allow extraction of carriers from the device
through contacts which accept only a very narrow range of energies (energy selective
contacts or ESCs). This is necessary in order to prevent cold carriers in the contact from
cooling the hot carriers, i.e., the increase in entropy on carrier extraction is minimized
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Figure 6.15 Band diagram of the Hot Carrier cell. Energy distributions of hot electron and hole pop-
ulations created by photon absorption are shown together with SECs and cell electrodes
(Source: Conibeer et al. – Stanford University GCEP Report, September 2008 – August
2011, reproduced with the permission of Prof. Conibeer)

(Aliberti et al. 2010). The limiting efficiency for the hot carrier cell is 65% at 1 sun,
and 85% at maximum concentration – very close to the limits for an infinite number
of energy levels (Patterson et al. 2010; Clady et al. 2011; Takeda et al. 2010). Figure
6.15 is a schematic band diagram of a Hot Carrier cell illustrating the requirements.
To realize efficient hot carrier solar cell devices, the main requirements are the follow-
ing: (a) Slowing of thermalization of photogenerated electrons and holes in the active
layer relative to radiative recombination rates. The major carrier cooling is due to the
interaction with phonons in the semiconductor lattice. On timescale of picoseconds,
hot carriers relax by the emission of optical phonons; and subsequent cooling to the
band edge occurs via acoustic phonon scattering (Klemens mechanism). It means the
approaches that interfere with optical to acoustic phonon scattering have the prospect
to significantly reduce carrier cooling rates. It has been shown that periodic networks
of quantum structures, such as semiconductor nanoparticles, incorporated into the
absorber material can considerably reduce the scattering between phonon modes. This
effect, known as ‘phonon bottleneck’ has been implemented by engineering a nanopar-
ticle network embedded in an absorber matrix that is homogeneous on a scale greater
than a few tens of nanometers. Preparation of such a structure is compatible with
thin-film deposition techniques and has the prospects for high efficiencies.

(b) Developing energy selective contacts (ESCs) which have ability to extract
charges through a narrow allowed energy range in order to prevent cold carriers in
the contacts cooling the hot carriers to be extracted. Quantum mechanical resonant
tunneling structures are the most likely to satisfy the requirements of selective energy
transmission over a small energy range. These structures take the form of double barrier
resonant tunnel structures with the resonant energy level provided by a single quan-
tum dot layer. The size, uniformity, and density of this QD layer have to be optimized
against overall cell performance.
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(c) A working device would require integration of the structures used to tackle
the above requirements without compromising their performance. Modelling and
characterization studies and eventual integration into a combined device have been
undertaken on the initial structures for the absorber layer with periodic quantum dot
arrays and the selective energy contacts.

In the first device prototypes developed under the GCEP project, III-V compound
semiconductors grown with metal-organic vapor phase epitaxy (MOVPE) and molec-
ular beam epitaxy (MBE) techniques are used. After successful demonstration of these
prototypes, studies are focused on strategies to transfer such devices to thin-film or self-
assembly deposition technologies using abundantly available non-toxic materials such
as silicon and tin (group IV materials). Time resolved spectroscopy is used throughout
the project.

Reseach groups from UNSW (Conibeer and Green), Inst. for Solar Energy,
Madrid (Marti and Luque), CNRS (Guillemoles) and U. Sydney (Timothy Schmidt) are
involved in this major project. The recent GCEPAnnual report, ‘Hot Carrier solar cell:
Implementation of the Ultimate PV Converter – Annual Report April 2011’ (Conibeer
et al. 2011) provides the progress achieved and the future plan of work. Several
publications that appeared last year, and papers presented at International Meets are
also listed in the report. For example, Green et al. 2010a & b, Konig et al. 2010,
Conibeer 2010, Conibeer et al. 2010, so on present the summary of the present status
and progress.

6.4.2 Plasmonic photovoltaics

Plasmonics are properly engineered metal structures which can confine incident light
on a sub-micrometric scale. This feature of plasmonics was utilized to enhance solar
light absorption in ultrathin semiconductor films (10’s nm to 100’s nm). By consid-
erably reducing the thickness of the active layer, the application of plasmonics is
expected to expand the range and quality of absorber materials that are suitable for
inorganic thin-film PV devices. In particular, this would enable effective utilization
of both low-dimensional semiconductor structures and thin films of earth-abundant,
low-cost, and non-toxic absorbers with poor charge transport properties. Plasmonic
structures which offer the possibility to construct optically-thick but physically very
thin photovoltaic absorber layers could effect considerable changes in the design of
high efficiency solar devices.

Recently, the use of metallic nanostructures for PV has received renewed attention
with the availability of new nanofabrication tools and the growing understand-
ing of their optical properties provided by the rapidly growing field of plasmonics
(Brongersma & Kik 2007). Experimentally, efficiency enhancements have been
achieved with respect to basic cells employing organics, a-Si, and GaAs respectively
(Atwater & Polman 2010).

This research programme under GCEP has, therefore, three focal points: (1) design
and realization of plasmonic structures to enhance solar light absorption in ultra-
thin film and low-dimensional inorganic semiconductor absorber layers; (2) synthesis
of earth-abundant semiconductors in ultrathin films and lowdimensional (quantum
wire and quantum dot) multijunction and multispectral absorber layers; and (3)
investigation of carrier transport and collection in ultrathin plasmonic solar cells.
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Figure 6.16 Plasmonic light trapping geometries for thin-film solar cells (a) Light trapping by scattering
from metal nanoparticles at the surface of the solar cell, (b) Light trapping by the excitation
of localized surface plasmons in metal nanoparticles embedded in the semiconductor, (c)
Light trapping by the excitation of surface plasmon polaritons at the metal-semiconductor
interface
(Source:Atwater 2010 & Polman 2010, reproduced with permission of Prof. Atwater)

Plasmonic structures can be obtained in atleast three different ways:

1 Metallic nanoparticles can be used as subwavelength scattering elements to couple
and trap light from the sun into an absorbing semiconductor thin film by ‘folding’
the light into a thin absorber layer causing an enhancement of the effective optical
path length (see Figure 6.16(a)),

2 Metallic nanoparticles can be used as subwavelength antennas in which the plas-
monic near field is coupled to the semiconductor, enhancing its effective absorption
cross section (i.e., causing the creation of electron-hole pairs in the semiconductor)
(see Figure 6.16(b)), and

3 A corrugated metallic film on the back surface of a thin PV absorber layer
couples sunlight into surface plasmon polariton modes supported at the metal-
semiconductor interface as well as guided modes in the semiconductor layer, where
the light is converted to photocarriers in the semiconductor (see Figure 6.16(c)).

Enhanced absorption offers several benefits to a solar cell. The reduced thick-
ness implies that less absorber material is used in making a cell per generated Watt
of electricity. This has very important technical and strategic consequences as photo-
voltaics scales up in manufacturing capacity from its current level of ∼8 GW in 2008
to >50 GW by 2020, and eventually to the TW scale. Extension of photovoltaics tech-
nology to the TW scale would be possible if the materials utilized in solar cells be
abundant in the earth’s crust and suitable to the fabrication of efficient photovoltaic
devices.

Consider an extremely thin multi junction semiconductor structure shown in
Figure 6.17. These types of structures use active layers prepared from semiconduc-
tor absorbers (e.g., Cu2O, Zn3P2, Si, β-FeSi2, BaSi2, Fe2O3) and low-cost plasmonic
metals (Al, Cu). For absorber layers with good surface passivation, the capacity to
reduce the solar cell base thickness via plasmonic design yields an increased open cir-
cuit voltage, in addition to enhancing carrier collection. This development would open
up new approaches to carrier collection from quantum wires and dots that do not rely
on inter-dot or inter-wire carrier transfer prior to collection at the device contacts.
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Figure 6.17 Schematic of a plasmonic multijunction solar cell with >45% efficiency potential
(Source:Atwater et al. – Stanford University GCEP Report, September 2007 –August 2011,
reproduced with permission of Prof. Atwater)

By appropriately designing the shape and dielectric environment, metal plasmonic
layers can be used both for light concentration, as described, and for spectral fil-
tering. The plasmon resonance can be broadly tuned across the visible and infrared
frequency range. Thus, metallic contacts can be designed whose plasmon resonant
spectral absorption features are well-matched to the PV absorber properties, e.g., mak-
ing metallic contacts more transparent at photon frequencies at or above bandgap by
designing the plasmon resonance frequency to lie below the bandgap frequency. This
feature is utilized to use plasmonics as inter-cell ohmic contacts in the device.

The solar cell’s performance under concentrated illumination is highly sensitive
to the angle of incidence of incoming radiation. Hence, solar trackers are often used
for tracking the sun across the sky. Such systems are, in general, bulky and energy-
intensive, and require maintenance. Therefore, if the solar tracking functionality could
be integrated into the solar cell design without the use of mechanical parts, it would
be highly desirable. A planar metallic microcavity structure consisting of a metal–
dielectric–metal (MDM) configuration can exhibit an omni-directional resonance, i.e.,
a resonance for which light can efficiently couple to cavity modes independent of the
incidence angle for a carefully chosen metal-to-metal spacing (order of 100 nanome-
ters). MDM structures are studied to develop built-in tracking systems that would
enhance cell performance throughout the day and simultaneously decrease the cost of
balance of system of the overall PV system.

This research undertaken by research groups under Atwater (Caltech), Brongersma
(Stanford) and Polman (FOM Institute, Amsterdam) under GCEP included theory,
numerical simulation, and experimental work to realize prototype tandem cells using
plasmon enhanced light absorption and omnidirectional plasmonic absorbers. Full-
field electromagnetic codes based on finite-difference methods are used to design
plasmonic structures and define incidence angle and spectral dependence of the
plasmonic light absorption efficiency.

Several prototype solar cells that feature surface plasmon polariton coupling to thin
film absorbers as illustrated in Figure 6.18 are developed including Si vertical and lat-
eral p-n junctions, Si nanocrystal and nanowire cells, and Si-based two junction tandem
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Figure 6.18 Schematic of a test structure consisting of a surface wave interferometer coated with
CdSe quantum dots to test plasmonic light absorption. Absorption along the Ag surface
is achieved through incident light conversion into surface plasmon polaritons that exhibit
mode overlap with the absorber layer
(Source: Atwater et al. – GCEP Report, Sept. 2007 – August 2011, reproduced with
permission)

cells. Test cells are used to investigate carrier transport and collection in ultrathin plas-
monic solar cells and to assess the potential for plasmon enhanced light absorption
and omnidirectional plasmonic absorbers in TF concentrators.

Very recently, enhanced solar cell absorption and photocurrent due to scattering
by 100 nm Ag nanoparticles in a single 2.5 nm thick InGaN quantum well photovoltaic
device based on a standard LED design was demonstrated. Nanoparticle arrays were
fabricated on the surface of the device using an anodic alumina template masking
process. The Ag nanoparticles increase light scattering, light trapping, and carrier
collection in the III-N semiconductor layers leading to enhancement of the external
quantum efficiency by up to 54%. Additionally, the short-circuit current in cells with
200 nm p-GaN emitter regions is increased by 6% under AM 1.5 illumination. AFORS-
Het simulation software results were used to predict cell performance and optimize
emitter layer thickness (Pryce et al. 2010; Atwater & Polman 2010).

Plasmonic backreflectors were studied on ultrathin a-Si solar cells that are inte-
grated with plasmonic light trapping structures built into the metallic back contact.
Substrate conformal imprint lithography (SCIL) was used to pattern a 150 nm thick
sol-gel based resist that is applied by spin-coating over a 150 mm silicon wafer. To
form the back contact, the patterned sol-gel layer is sputter-coated with 200 nm Ag
(1%Pd), as illustrated in the SEM image in Figure 6.19(a). The metal holes are 225 nm
in diameter, 240 nm in depth, and have a pitch of 513 nm after coating. The back
contact for a flat reference cell was made by evaporating 200 nm of Ag on glass. Both
cells were then processed side-by-side in the remaining steps to ensure identical depo-
sition conditions. A 100 nm ZnO spacer layer was sputtered on top of the Ag contact,
followed by standard n-i-p a-Si:H cell deposition using 13.56 MHz PECVD with an
i-layer thickness of 500 nm.

An 80 nm ITO top contact was sputtered on top, which also serves as an antire-
flection coating. Finally a metal grid was evaporated over the ITO using a contact
mask. The active area of the cell is 0.13 cm2. Figure 6.19(b) shows a cross section
of a cell after fabrication on top of the patterned cell, made using focused ion beam.
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Figure 6.19 (a) SEM image of a nanoimprinted pattern of holes after overcoating with Ag, (b) SEM
image showing a FIB cross section of a fully fabricated n-i-p a-Si:H solar cell grown on the
patterned back contact
(Source: GCEP Annual Report, 2010, reproduced with permission)

The different layers can be clearly identified, and the holes are conformably coated
with Ag and ZnO (Polman & Catchpole 2010).

The J-V measurements have shown short circuit current densities exceeding that
of planar cells by 26% due to near-field coupling to waveguide modes of the a-Si:H
layer, the fill factor increasing by 11%, from 0.55 to 0.61, and Voc showing a slight
decrease, by 2%. Combined, there is a significant increase in efficiency from 4.5% to
6.2% due to the patterned metal back contact. Though a-Si was used as a test bed
for photonic nanopattern design, the approach is broadly applicable to other thin-
film solar cell material systems. Spectral response measurements have shown that the
enhance photocurrent is due to an increased absorption of the infrared portion of the
solar spectrum, clearly demonstrating the light trapping effect of the nanostructured
metal back contact (Polman & Catchpole 2010).

Brongersma and his group (2010) have studied the ability of aperiodic, nanometal-
lic (i.e., plasmonic) nanostructures for light trapping because aperiodic structures
enable more broadband coupling by providing more spatial frequencies (i.e., k-vectors)
for coupling. To experimentally verify the anticipated performance improvement of
their proposed light trapping layers, a rapid prototyping platform based on silicon-
on-insulator (SOI) technology is developed and initial tests are performed on single
structure and periodic metallic nanostructure arrays. Figure 6.20(a) shows a schematic
cross section of the platform and its operation. The thin Si layer in SOI plays the role
of the active absorbing layer of the solar cell. SOI wafers are readily available and
allow a performance evaluation without the need to realize a complete PV cell. By
lithographic means, hundreds to thousands of test devices can be generated on a single
wafer. Schottky contacts or lateral pn-junctions have been utilized for efficient carrier
extraction. Figure 6.20(b) shows an example of a photolithography mask developed
for this purpose. Each mask consists of 100 dies per wafer and there will be 162
devices per die.

Different light trapping structures can be generated on each die by using focused
ion beam milling, electron-beam lithography, or by chemical means. Photocurrent
measurements are performed as a function of wavelength using a white light source
coupled to a monochromator which have enabled to assess the spectral dependence
of the photocurrent enhancement. The ability to effectively separate photo-generated
carriers depends on the absorber microstructure, metallic nanostructure size, shape,
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Figure 6.20 (a) Schematic of rapid prototyping. (b) Photolithography mask of a Platform based on SOI
technology test structure
(Source: Brongersma et al., GCEP Report, reproduced with permission of Prof.
Brongersma)

spacing and interfaces. Scanning Electron Microscopy and Atomic Force Microscopy
are used to characterize the size, distribution and surface morphology of nanostruc-
tured light trapping layers. These structural features are correlated to the spectral
dependence of the absorption enhancements.

The results of these studies along with the Rapid prototyping Platform are
recently published in Nature Nanotechnology (Barnard, Pala, & Brongersma, Septem-
ber 2011).

The detailed research results of these three research groups and their other collabo-
rators are published recently as ‘Plasmonic photovoltaics – GCEP Progress Report May
1, 2010 – April 28, 2011’. Several research publications that have appeared during
2007 – 2010 on the development of these solar cells of great potential are also listed.

6.4.3 Nanostructured materials for thin film solar cells

It is already seen that Multi junction solar cells achieve extremely high energy conver-
sion efficiency compared to single-junction solar cells by reducing the thermodynamic
losses associated with the absorption of photons with energy larger than the bandgap
of the active layers thereby making a more efficient use of the whole solar spectrum.
Triple-junction cells have theoretical efficiencies close to 50% and to date, III-V triple-
junction laboratory cells have reached record efficiencies exceeding 40%. But, this
technology as on today may have limited market demand because of high fabrication
costs due to the low-rate and high-vacuum deposition processes used.

This limitation is addressed in this project undertaken by Salleo, Cui and Peumans
(Stanford), by proposing a multijunction device concept where all layers can be sequen-
tially deposited using solution-based processing techniques. The resulting structure
would thus be free of complex lattice-matching requirements and compatible with
low-cost and large-volume roll-to-roll fabrication technologies. Colloidal nanocrys-
tals and nanowires are the preferred materials. Optical and electric properties of
nanocrystalline semiconductors can be tuned by choosing the right composition
and size to match the requirements of all subcells in the multijunction. Metal or
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Figure 6.21 Schematic of the proposed multijunction thin-film (<1 µm thick) Photovoltaic. Individ-
ual cells are separated by thin transparent contact junctions for lateral photocurrent
extraction
(Source: Stanford University GCEP Report, September 2007 – August 2011, reproduced
with permission)

metal-oxide nanowires can be used to build highly conductive transparent electrodes
to be inserted between each subcell. This design allows the lateral extraction of the
photocurrent at each junction (Figure 6.21), thereby making each sub-cell indepen-
dent and decoupled from the underlying structure. The current matching requirement
of series-connected multijunctions is thus eliminated and the subcells can be deposited
and optimized independently. A variety of colloidal semiconductor nanocrystals are
investigated to fabricate the active layers of the multijunction device.

This research activity is based on recent advances that charge separation in
nanocrystal solar cells is not driven by the presence of a built-in electric field as in
the case of conventional thin film cells but rather requires a donor-acceptor hetero-
junction (similar to organic photovoltaics) where charge separation results from charge
diffusion directed by different energy levels across the junction. Each cell, therefore,
consists of a nanocrystal bilayer – forming the heterojunction – with bandgap and
energy levels that must be carefully engineered for each separate cell by controlling
quantum-confinement effects and material composition. Individual cells are separated
by highly conductive transparent electrodes that serve as electric junctions and allow
for lateral charge removal. This parallel connection design implies that the total pho-
tocurrent results from the addition of the current produced by the individual cells so
that they can be optimized independently since no current matching is required.

Metal and highly doped metal-oxide nanowires are studied to develop transparent
electrodes suitable for solution-processing and compatible to large-area fabrication.
Early results have illustrated that solution-synthesized silver nanowire meshes can
compete with traditional ITO electrodes. Optical and electrical network models are
used to explore the limits of optical transmission and sheet resistance of random
nanowire meshes and to optimize the wire coverage and aspect ratio. Highly-doped
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ZnO films have the potential to better the state-of-the-art ITO. Hence, highly doped
ZnO nanowires are synthesized and carrier density and mobility in the wires are mea-
sured. The carrier densities are of the order of 1020 cm−3 and mobilities of the order of
20–40 cm2/V.s. Dopant incorporation, however, is up to one order of magnitude higher
than the carrier density indicating that a large fraction of the dopants (Al or Ga) is not
in substitution sites. In an effort to increase the dopant activation, the nanowires are
thermally annealed, which has caused the free carriers to disappear. Anamolous X-ray
diffraction experiments are performed and the effect of surfactant concentration (oleic
acid) and solvent coordinating power are studied to understand this problem. The
results have shown that decrease in carrier concentration upon annealing at 400◦C
is caused by creation of a defect intrinsic to ZnO with acceptor-like character. The
formation of defects is confirmed by the photothermal deflection spectroscopy, which
reveals the emergence of broad sub-gap absorption upon annealing.

Non-aqueous synthesis and doping processes are investigated and optimized to
control the morphology and aspect ratio of the nanowires. Various techniques are
being explored to further enhance the conductivity of both the metal and metal oxide-
based films by aligning the nanowires during processing. A process to combine ZnO
nanostructures and Ag nanowires to produce a transparent electrode with low sheet
resistance and high haze are successfully developed. In order to deposit this new elec-
trode, a spray-coating set-up capable of depositing materials over relatively large areas
(10 × 10 cm2) at high speed is built and optimal deposition conditions are determined.

In addition to nanowire synthesis, a new air-stable ink rolling (AIR) process has
been developed to form CuInS2 (CIS) absorber thin films. The process consist of three
steps: (a) Ink deposition process using roller-bar; (b) Oxide bilayer formation after
heating at 370◦C in air; and (c) Film after sulfurization in sulfur vapor at 525◦C.
The initial cells show the short-circuit current, Jsc (18.49 mA/cm2) comparable to high
efficiency CuInS2 solar cells, but power conversion efficiency (2.15%), FF, and Voc

are low. This is most likely due to the low shunt resistance which might be due to
film cracking induced by mechanical stresses created during sulfurization, a chemical
transformation involving structural and volumetric changes. Further development of
AIR process and integration with other materials are planned on CIS solar cells.

Simulation tools to optimize the design of the multijunction and all processing
parameters (layer number, thickness, and morphology, band-edges and work-function
position) need to be developed to study a variety of fabrication and operation con-
ditions. For more details, the report on ‘High efficiency, low cost TF solar cells’ and
other publications may be consulted.

The fabrication of MJ solar cells using solution processes, integrating ZnO/Ag
electrodes in solar cells, optimization of device design are the challenges before the
research groups.

Lateral nanoconcentrator nanowire multijunction PV cells

The objective of this research project undertaken by Profs. Wong, Peumans,
Brongersma, and Nishi at Stanford University is to develop a novel type of multijunc-
tion solar cell that uses lateral arrays of semiconductor nanowires of various bandgaps
as the elements that convert optical energy into electrical energy. In contrast to conven-
tional stacking multijunction cells, the NWs of varying bandgap will not be connected
in series. Instead, a specially-designed nanostructured metal film is used to split the
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incident broadband solar spectrum and localize spectral energy in different lateral spa-
tial locations (spectral splitting and concentration) coinciding with the location of the
NWs of the optimized bandgap. The same nanostructured metal film also allows for
current extraction from each nanowire separately such that photocurrent matching is
not required. This approach allows to use a wide range of bandgaps (depending on
the performance of the lateral metal spectral splitter and concentrator) without requir-
ing current matching. It also allows wide choice of materials which can approach the
ideal performance limits due to the less spectral mismatch losses. This removes the most
important efficiency bottleneck of multijunction cells such that efficiencies >45% may
be achieved over a wide range of spectral conditions. The NWs can be grown by the
vapor-liquid-solid (VLS) method and the sol-gel approach, both of which have the
potential for low cost manufacturing since epitaxial growth conditions are easily met
at moderate temperatures over the short length scale of a NW. To demonstrate the lat-
eral multijunction principle, NWs of materials that span the solar spectrum, including
Si, Ge, III-V materials (e.g., GaP) and other abundant, non-toxic, low-cost elements
such as TiO2 are used.

The details of this research can be found from GCEP Progress Reports
2009 & 2011.

6.5 CRYSTALLINE SILICON ON GLASS (CSG) SOLAR CELLS

The silicon wafer based technology has limitations in reaching very low costs required
for large-scale photovoltaic applications; similarly, a few fundamental difficulties exist
with thin-film technologies for large-scale production and utilization as will be seen in
later pages.

Crystalline silicon on glass (CSG) solar cell technology involves deposition of a
polycrystalline silicon layer on glass which requires small quantity of material. CSG
technology was developed combining the advantages of standard silicon wafer-based
technology such as durability, good electronic properties and environmental reliability
with the advantages of thin-films, specifically low material use, large monolithic struc-
ture and a desirable glass superstrate configuration. The challenge in the development
process, however, is to match the different preferred processing temperatures of silicon
and glass, and to obtain strong solar absorption in low-absorbing silicon of around
1.4 µm thickness, the thinnest active layer of the prominant thin-film technologies. A
durable silicon thin-film technology with a possible lowest likely manufacturing cost
of these competing technologies is now available. The confirmed efficiency of 8–9%
for small pilot line modules is achieved, which is moving on to 12–13% range.

Figure 6.22(a) shows a schematic of the crystalline silicon on glass structure devel-
oped at UNSW with its features (Green et al 2004). The CSG structure is a thin layer
of silicon deposited onto borosilicate glass coated with an antireflection coating of
silicon nitride and a layer of half-micron glass beads (not shown) that give the glass
the textured surface necessary for light trapping. The silicon is deposited in amorphous
form using PECVD, followed by solid-phase crystallisation, rapid thermal annealing,
and hydrogen passivation.

The thin-film research group at UNSW has focussed on three different solar
cell types: cells deposited by PECVD (PLASMA cells); by e-beam evaporation (EVA
cells); and on the AIC (aluminium induced crystallization) seed layers (ALICE cells).
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Figure 6.22 (a) Schematic representation of CSG solar cell (Source: Green et al. 2004, reproduced
with permission of Prof. Martin Green, Copyright © 2004 Elsevier). (b) Process sequence
of the four types of poly-Si thin-film on glass solar cells under development in UNSW
(ARC-UNSW Annual report 2008)

Figure 6.22(b) shows the fabrication sequence followed at UNSW. The first working
cells were produced in collaboration with CSG Solar AG from Si films deposited in a
newly commissioned e-beam evaporation system (MANTIS cells).

The substrates used are 3.3 mm thick planar borosilicate glass (Borofloat33).
While EVA and ALICE cells are fabricated on planar glass, PLASMA cells are fab-
ricated on textured glass. The texture on the glass aims to reduce reflection losses and
enhance light trapping in the silicon film. The texture consisting of an irregular array
of sub-micron sized dimples is prepared by AIT method (Chuangsuwanich et al. 2004;
Widenborg et al. 2004). In the AIT method, a thin (∼100 nm) Al film is deposited
onto the glass, followed by thermal annealing at about 600◦C for 30 min to allow Al
to react with the glass surface, and subsequent wet-chemical etching of the reaction
products. Then, SiN film (refractive index ∼2.1 at 633 nm) of about 75nm thick is
deposited at about 400◦C glass temperature by PECVD (direct or remote plasma) or
at 200◦C by reactive sputtering. This SiN film acts both as an AR coating and a barrier
layer for contaminants from the glass.
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For EVA, MANTIS and PLASMA cells, an a-Si n+pp+ or p+nn+ precursor diode is
then typically deposited by either EVA or PECVD on planar or AIT glass respectively,
followed by SPC at 600◦C for 25 hrs in a nitrogen atmosphere.

The process for ALICE cells involves a preparation of a thin (∼100 nm) poly-Si seed
layer on the SiN. The seed layer is formed by AIC of an intrinsic a-Si layer at about
500◦C (AIC seed) deposited by dc magnetron sputtering or PECVD (Widenborg &
Aberle 2002; Goldschmidt et al. 2003). Then, deposition of a pp+ or nn+ a-Si
structure onto the heavily doped seed layer is performed, followed by crystallisa-
tion of the a-Si structure by SPE, and post-deposition treatments (rapid thermal
annealing, hydrogenation, metallisation) similar to those for EVA cells. The RTA
process uses a lamp-based system that rapidly heats the samples to the desired tem-
perature (900–1000◦C), maintains at that temperature for a certain time, and then
lowers the temperature in a controlled way to values below 200◦C. Hydrogenation is
done at a maximum sample temperature in the range of 500–620◦C, using a remote
plasma tool.

The MANTIS cells were made using proprietary CSG technology described else-
where (Basore 2006; Keevers et al. 2007) from the n+pp+ a-Si precursor diodes
deposited by UNSW in the Mantis evaporator onto SiN coated planar glass.

The main advantage of EVA, MANTIS, and PLASMA cells is their simplicity, since
no seed layer is used in the fabrication process. However, the grain size of the resulting
poly-Si films is small (typically 1–2 µm) and hence their electronic properties (effective
carrier lifetime, lateral conductivity, etc) are significantly affected by grain boundary
effects. The seed layer ALICE solar cells offer an advantage that the properties of the
seed layer and the remainder of the solar cell can be independently optimised. This
allows the realisation of larger, up to 20 µm poly-Si grains and/or more heavily doped
materials.

Metal contacting of the entire module is achieved in one step using a sput-
tered layer of aluminium that is insulated from the silicon by a layer of white resin.
Contacts occur through vias that are defined in the resin layer using inkjet print-
ing. The metal layer is scribed using a laser to create an interdigitated contacting
pattern that monolithically interconnects the adjacent cells in series. This contact-
ing scheme leaves 99% of the silicon area active for photogeneration (Basore 2003,
2006a).

The salient feature of the CSG fabrication approach is the small number of layers
involved, and the simplicity arising from the separation of the active layer deposition
and interconnection steps.

The high quality of light-trapping within the device provided by the combination
of the textured glass surface and rear reflector enables the use of 1.4 µm very thin
silicon layer.

Another unique feature made possible by the use of the silicon’s conductance is
the ‘strip interconnects’ scheme shown in more detail in Figure 6.23.

Each metal strip extends across only two adjacent cells and is isolated from all
other strips by intervening silicon. Unlike in other thin-film technologies where a shunt
would short-circuit metal to the conducting TCO seriously affecting the module per-
formance, the effect of such a shunt in a CSG module will be isolated automatically
to a small surrounding region by the resistance of the intervening silicon and have no
detectable impact on the module performance. The several merits of CSG photovoltaic
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Figure 6.23 Fault-tolerant metallisation scheme showing inkjet defined ‘dimple’ and (darker) ‘crater’
contact holes. The ‘groove’ separating adjacent cells can also be discerned in the centre
of the image perpendicular to the rows of dimples and craters
(Source: Green et al. 2004; Reprinted with permission of Prof. Martin Green, Copyright ©
2004 Elsevier)

technology make it possibly the most promising thin-film solar cell option so far
developed.

(i) It requires minimal material because of very effective light-trapping. As the
technology does not require a thick TCO layer to provide lateral conductance,
it involves the least active material of all the traditional thin-films. Further, the
key materials are silicon and its oxide and nitride rather than the complex and
often metastable phases required by other thin-film technologies (Green 2003c).

(ii) The device processing is simple and elegant. The entire active device structure
is formed during a single deposition cycle, and a proprietary inkjet pattern-
ing approach is used for defining contact areas. This separation of the device
deposition and interconnection stages is unique amongst thin-film approaches.

(iii) The ability to strike into the much larger active matrix display field, where
deposition equipment costs reportedly are dropping at a rate of 21% per year
(Buechel, 2002).

(iv) There is rapid improvement in the performance by about 1% per year from the
current efficiency of 8–9% towards a value that appears to lie in the 12–13%
range. The commercial module on the market has the efficiency range near the
top of present thin-films, whereas ‘champion’ research modules (Green 2003c)
and the likely performance of delivered product (Green 2003a) is higher than
most wafer-based modules.

The greatest advantage, however, lies in its exceptional durability. It appears
that the technology not only can undercut the present wafer based standard in costs,
but offers new levels of stability by avoiding common failure modes in conventional
modules such as wafer breakage, fatigue of the metal interconnect strips joining the
cells, discolouring or delaminating of encapsulants, or degradation of the solder joints
between interconnects and cell metallization (Green et al. 2004).

On alumina substrates, IMEC, Belgium, using the AIC approach, has the world’s
best p-type cell efficiency of 8% (Gordon et al. 2008). To further improve poly-Si cell
efficiency, the material quality of the seed layer (van Gestel 2007) needs to be improved
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Figure 6.24 CSG module produced by CSG Solar, Germany
(Source: USNW Annual Report 2009, reproduced with permission of Prof. Martin Green)

which requires a deeper understanding of the AIC mechanism. On the other hand,
the p-type seed layer can be converted to an n-type layer by an overdoping process,
making it possible to fabricate efficient (p) a-/(n) poly-Si heterojunction structures,
which can offer higher open-circuit voltages compared with the standard (n) a-/(p)
poly-Si structure (Jensen et al. 2002). Furthermore, a higher minority carrier lifetime
and a higher tolerance towards metal impurities (Macdonald and Geerligs 2004) are
also expected in n-type poly-Si. This research group has recently studied n-type poly-
Si solar cells made by overdoping of AIC seed layers with solid phosphorus spin-on
dopant followed by epitaxial thickening with low-pressure chemical vapor deposition
(Qiu et al. 2009). These cells recorded an efficiency of 5.0% which is worldwide the
best efficiency so far for n-type poly-Si solar cells based on the AIC approach. The cell
has the following 1-Sun parameters: Jsc = 16.8 mA/cm2, Voc = 462 mV, FF = 0.645,
Efficiency = 5.0%. These cell parameters are reached without doping profile control,
optimized emitter, optimized hydrogen passivation and light trapping, all of which are
expected to be addressed in their future research.

6.5.1 Production of CSG modules

The highest solar conversion efficiency for CSG that has been independently validated
is 9.8% for a mini module masked to an aperture area of 96 cm2 (Basore 2006a).

In the late 1990s, Pacific Solar Pvt Ltd, a spin-off company of UNSW, successfully
transferred the PECVD-based SPC approach to borosilicate glass sheets (Borofloat33
from Schott AG, Germany). Major breakthroughs have been achieved at Pacific Solar
in the areas of light trapping (novel glass texture, Ji & Shi 2002) and cell metallisation
and interconnection (point contacts) (Basore 2006a, 2002).

The best efficiency obtained so far with the CSG technology is 10.4%, with a
94-cm2, 20-cell mini-module with a fill factor of 72.1%, Jsc of 29.5 mA/cm2, and an
average cell Voc of 492 mV (Keevers 2007). The Jsc is remarkably high for a silicon
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film thickness of merely 2.2 µm, confirming that CSG devices feature excellent light
trapping properties (Aberle 2009).

Another major manufacturer is CSG Solar AG, started in 2004 in Germany (Basore
2006b), with a rated capacity of 10 MWp/year. Silicon deposition is conducted in a
KAI-1200 PECVD unit from Oerlikon Solar, using 1.4 m2 glass sheets. The large-area
CSG modules were available in late 2006, and by mid-2007, the module efficiencies
were in the 6–7% range and improving steadily (Keevers et al. 2007). Typical CSG
module is shown in Figure 6.24. A second KAI-1200 machine has been installed in
2007, doubling the rated factory capacity to 20 MWp/year. For a factory producing
20 MWp/year of 8% efficient CSG modules, the expected module fabrication costs are
about 120 a/m2 or, equivalently, about 1.50 a/Wp (Basore 2004).
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Chapter 7

Policies and incentives

7.1 INTRODUCTION

The photovoltaics are utilized in three broad segments which are generally referred
to as (i) additive systems, (ii) ground-mounted systems, and (iii) integrated systems.
The additive systems account for major share in Germany with more than 8 giga-
watts of PV installed by early 2010. Spain dominates currently in ground-mounted
installations as a result of grid-input tariff paid since 2008. France is considered as
flourishing market for integrated systems (BIPV) because nearly 95% of the installed
PV systems are integrated into building roofs and facades. The on-grid PV capacity
in France amounts to 91.2 MW at the end of 2008. This is due to a high grid input
remuneration rate given for integrated systems as well as attractive sunny climate
(Sun & Wind Energy 2010).

These examples clearly establish that in any country, proper environment in
terms of legislation/policy is an essential prerequisite for the utilization of appre-
ciable volumes of PV systems. Furthermore, attractive rates of remuneration push
the market most effectively towards building integrated PV. Appropriate and encour-
aging legislation and proper feed-in tariff (FIT) in countries such as Japan and
European countries – Germany, France, Spain, Italy and Austria – have encouraged
more widespread application of photovoltaics for power generation. In this chap-
ter, policies and incentives that are currently in vogue in a few selected countries are
discussed.

The financial incentives are offered to electricity consumers to install and operate
solar-electric generating systems. The incentives are also designed for energy producers
to move away from conventional fossil fuels to Solar or other renewable energy sources.
They are also intended to encourage the PV industry to achieve the economies of scale
needed to compete where the cost of PV-generated electricity is above the cost from
the existing grid. These policies result in the promotion of energy independence, high
tech job creation and more importantly, reduction of carbon dioxide emissions which
cause global warming.

The government legislation must also guarantee a fixed, premium rate for solar
electricity fed into the national grid. The power companies are obliged by the govern-
ment legislation to buy the solar electricity and the additional costs are passed onto
the customers.
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7.2 INCENTIVE MECHANISMS

There are basically four types of incentive mechanisms, in general, offered to help
install and generate electric power through renewable sources including solar. These
incentives are sometimes operated in combination.

1 Investment subsidies: In this programme, the authorities refund part of the cost
of installation of the system. With investment subsidies, the financial burden falls
upon the taxpayer. The investment subsidy is easy to administer. Investment sub-
sidies are paid out based on the declared capacity of the installed system and are
independent of its actual power yield over time, and even its poor durability and
maintenance.

2 Feed-in Tariffs (FITs): This is ‘most commonly’ implemented programme. FITs
typically include three key provisions: guaranteed grid access, long-term contracts
for the electricity produced, and purchase prices based on the cost of generation.
The electricity utility buys PV electricity from the producer under a multiyear
contract at a guaranteed rate. The need for a feed-in tariff comes from the fact
that it is far more expensive to produce energy from green sources than it is from
fossil fuels. With feed-in tariffs, the initial financial burden falls upon the consumer.
Feed-in tariffs reward the number of kilowatt-hours produced over a long period
of time. But, since the rate is fixed by the authorities, it may result in an apparent
over payment of the owner of the PV installation. The main argument in favour
of feed-in tariffs is the encouragement of quality. The price paid per kWh under a
feed-in tariff exceeds the price of grid electricity.

The Feed-in tariff system has already been in place in many countries; for exam-
ple, Germany, Israel, USA, Spain and Australia have the system for some time now
and have been instrumental in the success and growth of photovoltaics.

3 Net metering: ‘Net metering’ refers where the price paid by the utility (for the PV
power fed back into the grid) is the same as the price charged. It is often achieved
by having the electricity meter spin backwards as electricity produced by the PV
installation exceeds the amount being used by the owner of the installation, which
is fed back into the grid.

4 Solar Renewable Energy Certificates (SRECs): SRECs allow for a market mecha-
nism to set the price of the solar generated electricity subsidy. In this mechanism,
a renewable energy production or consumption target is set, and the utility (more
technically the Load Serving Entity) is obliged to purchase renewable energy or
face a penalty (Alternative Compliance Payment or ACP). The producer is credited
for an SREC for every 1,000 kWh of electricity produced. If the utility buys this
SREC and retires it, they avoid paying the ACP. In principle, this system delivers
the cheapest renewable energy, since all the solar facilities are eligible and can be
installed in the most economic locations.

7.3 POLICIES IN SELECTED COUNTRIES

Japan

Japan has become a leading PV nation world-wide despite wide open fields for the
installations of large-scale PV are rare. When Japan signed Kyoto Protocol, it has
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formulated a goal to install 4.8 GW by 2010. The principles underlying Japan’s Energy
Policy are: (i) security of Japanese energy supply, (ii) economic efficiency, and (iii) har-
mony with environment. This Energy policy is supported by clear objects such as
promoting energy conservation measures, developing and introducing diverse sources
of energy and so on.

In Nov. 2008, a Plan was announced to support the Government’s ‘Action Plan
for Achieving a Low-carbon Society’ whose targets are to increase the amount of
installations of solar power generation systems 10-fold by 2020 and 40-fold by 2030,
and to bring down the current price of the solar power generation system to 50%
within three to five years.

The Comprehensive Immediate Policy Package (2008) also cites the promotion
of the installation of solar power generation systems in homes, businesses and public
facilities.

Implementation of Photovoltaics: The Japanese residential PV implementation
programme has been the longest scheme implemented from 1994 to October 2005.
During this period, the average price for 1 kWp in the residential sector fell from
2 million yen/kWp in 1994 to 670,000 yen/kWp in 2004. This scheme has been respon-
sible for the expansion of Japan’s PV market for 12 years. New installations have
decreased since 2005, mainly due to closure of the scheme. At the end of 2008, total
cumulative installed capacity was 2.15 GW, less then half of the original 4.8 GW goal
for 2010.

In order to stimulate the home market, METI announced the introduction of
investment subsidy for residential PV systems in 2009. This new measure along with
the New National Energy Strategy (2006) and the Action Plan for Promoting the Intro-
duction of Solar Power Generation (2008) to revitalise the Japanese market confirm
the political will of the government for promoting renewable energies.

To develop an independent and sustainable new energy business/industry that
includes the whole value chain from raw material production, cell, module and BOS
component manufacturing to the establishment of business opportunities in overseas
markets, various support measures for PV are declared:

1 Strategic promotion of technological developments as a driving force for competi-
tiveness such as promotion of technological development to overcome high costs,
and development of PV systems to facilitate grid-connection and creation of the
environment for its implementation;

2 Accelerated demand creation by developing several support measures besides
subsidies, and help to create new business models;

3 Developing competitiveness to establish a sustainable PV industry such as estab-
lishment of standards, codes and an accreditation system to contribute to the
availability of human resources, as well as securing performance, quality and
safety, and improving the awareness for Photovoltaic systems; and promotion of
international co-operation.

In addition, over 300 local authorities have introduced measures to promote the instal-
lation of PV systems. For example, Tokyo Metropolitan Government plans to support
the installation of 1 GW of PV systems in 40,000 households in 2009 and 2010; the
Federation of Electric Power Companies of Japan (FEPC) announced that they intend
to install PV plants with a cumulative installed capacity of 10 GW by 2020.



210 Solar power generation

PV Roadmap 2030+:
In 2004, the New Energy and Industrial Technology Development Organization
(NEDO) presented the PV Roadmap 2030 (PV2030) for the technological develop-
ment of PV power generation toward the target set for 2030, namely, PV systems
to supply 10% of the annual total electricity consumed in Japan, which is currently
about 1 × 1012 kWh. The target was therefore to establish PV systems with a cumu-
lative installed capacity of 100 GW by 2030 (this target was reduced to 54 GW in
2008). To accomplish this objective, all aspects related to PV power generation tech-
nologies were reviewed and numerical targets for PV power generation were set for
each element of development. At that time, these numerical targets appeared to be
very difficult to achieve. However, the rapid expansion of PV production and markets
globally, the accelerated growth of energy demand in Asia, changed outlook towards
climate change and the greenhouse gas reductions in Japan have led to a revision in
2009 and the target year was changed from 2030 to 2025, resulting in the revised
roadmap, PV2030+.

Figure 7.1 shows PV2030+ presented by NEDO (NEDO website). The milestones
in this roadmap are the reduction of electricity cost to that feasible for business use
[14 yen/(kW h)] by 2017 and to that feasible for industrial use [7 yen/(kW h)] by 2025.
To realize these electricity costs, numerical targets were set for the manufacturing
cost, lifetime, and conversion efficiency of PV modules; for example, a conversion
efficiency of 25% is targeted for practical PV modules by 2025. Several breakthroughs
must be achieved to attain the targets in PV2030+. Today, the R&D of a wide range of
both organic and inorganic materials is ongoing because current material technology
is expected to make significant breakthroughs.

The review aims at further expanding PV utilisation and maintaining the inter-
national competitiveness of Japan’s PV industry. 2030+ also emphasizes ‘making PV
power generation one of the key technologies that would play a significant role in
reducing CO2 emissions by 2050, so that it can contribute not only to Japan, but also
to the global society’.

In PV2030+, the target year has been extended from 2030 to 2050 and a goal is set
to cover 5 to 10% of domestic primary energy demand with PV power generation by
2050. The document assumes that Japan can supply roughly one-third of the required
overseas market volumes. To improve economic efficiency, the concept of ‘realiszing
Grid Parity’ was unchanged, and so also, the generation cost targets. In addition,
PV2030+ aims to achieve generation cost of below 7 yen/kWh in 2050. Regarding the
technological development, an acceleration to realise these goals is aimed to achieve
the 2030 target already in 2025, five years ahead of the schedule set in PV2030. For
2050, ultra-high efficiency solar cells with 40% efficiency and even higher conversion
efficiency will be developed.

NEDO PV Programme
New Energy Development Organisation (NEDO) is responsible for the Research Pro-
gramme for renewable energies. The current PV programme in the frame of Energy
and Environment Technologies Development Projects has three main areas: (1) New
Energy Technology Development, (2) Introduction and Dissemination of New Energy
and Energy Conservation, and (3) International Projects. One of the top priorities is
obviously the cost reduction of solar cells and PV systems. NEDO supports efforts
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in certain technology fields that have the potential for an early practical applica-
tion, including fullscale production, commercialisation and market competitiveness
by 2015.

To maintain the competitiveness of Japan’s technology development, NEDO
provides subsidies (a subsidy ratio of 50%) for projects that address the following chal-
lenges: (i) Enhanced production technologies for thin-film silicon solar cells (including
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super large area cell production and high-speed film production) and light-weighting
technology, (ii) Slicing techniques for ultra thin polycrystalline silicon solar cells, and
(iii) Selenisation process optimisation techniques for CIS thin-film solar cells. Japan’s
resolve to cover nearly 50% of its residential power load from BIPV systems in 2030,
has spurred large-scale commercialization resulting in lowering of the system prices.
Industrially prefabricated houses with an integrated PV system are readily available
in the market, and are offered at prices around 8% higher than those of a tradition-
ally built home. Major companies like Sanyo and Kaneka are developing innovative
roof-top BIPV systems.

China

China has emerged as a major producer of solar PV modules as well as a market leader
in recent years. As the Renewable Energy Law endorsed in February 2005, the Chinese
Government set a target for renewable energy to contribute 10% of the country’s gross
energy consumption by 2020, a huge increase from the current 1%. The main features
of the Law which came into effect in 2006 are:

(a) Responsibility for implementing and managing renewable energy development,
including resource surveys lays with Energy Authorities of the State Council;

(b) Availability of renewable energy development fund to support R&D and
resource assessment;

(c) Various types of grid-connected renewable energy power generation would be
encouraged;

(d) Grid enterprises shall purchase the power produced with renewable energy
sources within the coverage of their power grid, and provide grid-connection
service;

(e) The grid-connection price of renewable energy power generation shall be deter-
mined by the price authorities, and the excess shall be shared in the power
selling price within the coverage of the grid. However, no specific rate was set
for electricity from PV installations.

The 2006 Report on the Development of the PV Industry in China, prepared by
the National Development and Reform Commission (NDRC), the Global Environment
Facility (GEF) and World Bank (WB), estimates a market of 130 MW in 2010. The
report states that the imbalance between solar cell production and domestic market
development impedes not only the sustainable development of energy sources in China,
but also the healthy development of the PV industry.

The document released by National Outlines for Medium and Long-term Planning
for Scientific and Technological Development (2006-2020) emphasised the develop-
ment of (i) PV cell technology with high cost-effect ratio and its utilization, and (ii) solar
power generation technology and the study of solar powered buildings.

China’s laboratory Photovoltaic cell has currently achieved a top efficiency of
21%, the commercialised PV components and normal commercialized cells respec-
tively showed an efficiency of 14–15% and 10–13%. The NBR Programme of China
(the ‘973 Programme) stresses on ‘Basic research of mass hydrogen production using
solar energy’.
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PV Production costs: China has reduced the production cost of solar cells, and the
price has gradually declined since the year 2000 from 40 RMB/Wp (4.40 a/Wp); and
in July 2009, the National Energy Administration has set a subsidized price for solar
power at 1.09 RMB/kWh (0.112 a/kWh). According to the Energy Research Institute,
this cost doesn’t allow Chinese companies to work profitably; the companies need
between 1.3 and 1.5 RMB/kWh (0.134 and 0.155 a/kWh) to become profitable and to
accelerate the domestic market growth.

When the PV electricity generation cost declines to around1 RMB/kWh (0.103 a/
kWh) in 2010/11, this would be within the cost price of conventional power generation.

In July 2009, Chinese government has announced subsidies for PV demonstra-
tion projects through a programme called ‘Golden Sun’. The subsidies are 50% of
total investment in PV power generation systems and power transmission facilities in
on-grid projects, and 70% for independent projects. The Government earmarked a
budget that should allow about 500 MW of PV installations.

Under a new plan called, ‘Energy Revitalization Plan’, the investment in new
energies would reach more than RMB 3 trillion (a309 billion), and investments in
smart-grids exceed RMB 4 trillion (a436 billion) by the next decade.

PV Resources and Utilisation: China’s continental solar power potential is esti-
mated at 1,680 billion toe (equivalent to 19,536,000 TWh) per year. One percent of
China’s continental area, with 15% conversion efficiency, could supply 29, 304 TWh
of solar energy which is 189% of the world-wide electricity consumption in 2001.

Despite the Renewable Energy Law coming into effect in January 2006, the impact
on PV installations is limited because no tariff has been set for PV.

‘Strategic Status of Photovoltaics in China’ says that the national target for the
cumulative capacity of PV systems set was 500 MW in 2010. The predictions of the
PV Market in China for 2020 were rather optimistic; and the cumulative installed
capacity was given as 30 GW and included 12 GW in the frame of the Chinese Large-
Scale PV Development Plan, a project which was scheduled to start in 2010. However,
the actual growth of PV installations was far below the set targets. Therefore, the 2007
China Solar PV Report authored by the China Renewable Energy Industry Associa-
tion, Greenpeace China, European PV Industry Association, and WWF, reduced the
market predictions to 300 MW as cumulative installed capacity in 2010. For 2020,
two scenarios are given. The low target scenario predicts 1.8 GW, in line with the
old Government policy, whereas a high target of 10 GW would be possible if strong
support mechanisms were to be introduced.

According to ‘China’s Solar Future’ report of May 2009, China faces a rapidly
increasing demand for energy, and the country is building a massive PV industry,
representing all facets of the supply chain, from polysilicon feedstock, ingots and
wafers to cells and modules. The report recommends an accelerated adoption of PV
generated electric power in China to reach global average level of PV power generation
by 2014. The main policy recommendations in the report include: Establishing clear
targets for PV installation by adjusting current national targets and achieve global
average level by 2014; Enacting clear and easy-to-administer PV incentive policies that
are suitable for China’s unique situations, using both market and legal mechanisms to
encourage private investment in PV; Immediately implementing a State financed direct
investment subsidy model at central and local levels, and effectively implementing
feed-in tariff programmes stipulated in the Renewable Energy Law.
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PV subsidy programme
In March 2009 the Chinese government has announced a solar subsidy programme: For
2009 the subsidy is 20 RMB/Wp (2.06 a/Wp) for BIPV and 15 RMB/Wp (1.46 a/Wp)
for roof top applications. The document neither mentions a cap on individual instal-
lations nor a cap for the total market. The subsidy is paid as a 70% down payment
and 30% after the final acceptance of the project.

All systems >50 kW which use modules with efficiencies of >14% (polycrys-
talline), >16% (monocrystalline), or >6% (thin-film) are eligible.

In addition to the solar subsidy programme, the Golden Sun Programme – for pilot
cities to support the use of renewable energies in buildings was announced.

In July 2009 the new Chinese energy stimulus plan revised the 2020 targets for
installed solar capacity to 20 GW.

European Union

The political structure of the European Union, with 27 member States is quite diverse
and there is no unified approach towards the development and utilization of renewable
energies. However, at a EC meeting in Brussels in March 2007, the Council endorsed
a binding target of a 20% share of renewable energies in the overall EU energy con-
sumption by 2020 and a 10% binding minimum target to be achieved by all Member
States for the share of Biofuels in overall EU transport petrol and diesel consumption.

In order to meet the new targets, the EC formulated an overall coherent framework
for renewable energies resulting in the Directive on the ‘Promotion of the Use of Energy
from Renewable Sources’. This Directive exceeds the targets set within the White
Paper ‘Energy for the Future: Renewable Sources of Energy’ and the Green Paper
‘Towards a European Strategy for the Security of Energy Supply’. The goals were
that renewable energies should provide 12% of the total and 21% of electric energy
in the European Union by 2010, in order to meet the obligations of CO2-reductions
pledged in the Kyoto Protocol and to lower the dependence on energy imports systems.
The electricity generation from the PV systems would then be in the order of 2.4 to
3.5 TWh, depending under which climatic conditions these systems are installed.

The Directive admits that ‘. . . Due to widely varying potentials and developments
in different Member States regarding renewable energies, a harmonization seems to be
very difficult to achieve in the short term. In addition, short term changes to the system
might potentially disrupt certain markets and make it more difficult for Member States
to meet their targets. Nevertheless, the merits and demerits of harmonisation towards
the different current systems have to be analysed and monitored, also notably for the
medium to longer term development’.The Commission considers co-operation between
countries as wll as optimisation of the impact of national schemes for renewable energy
sources to be appropriate.

While the new Directive indicated the overall percentage of renewable energies for
the different Member States as well as the indicative trajectory how to reach it, the deci-
sion to utilize the kind of technologies to reach the national targets is left to the States.

Market and implementation in the European Union
The market conditions for Photovoltaics differ substantially from country to country.
This is due to different energy policies and public support programmes for renewable
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energies, especially PV, as well as the varying grades of liberalisation of domestic
electricity markets. Between 2001 and 2008, installations of PV systems in the EU
increased more than ten times and reached 9.5 GW cumulative installed capacity at
the end of 2008. A total of about 24 GW of new power capacity was constructed in
the EU last year of which 4,590 MW (19%) is PV.

The scenario in countries where PV related activity is fairly significant is outlined:
Spain: In 2008, Spain was the biggest market due to the almost five-fold increase

from 560 MW in 2007 to about 2.7 GW in 2008. This was more than twice the
expected capacity and was due to an exceptional race to install systems before
the Spanish Government introduced a cap of 500 MW on the yearly installations in
the autumn of 2008. This tremondous expansion during 2006–2008 was the result
of Government’s approval of the Plan de Energías Renovables en España (PER) for
2005–2010, which stipulated that 12.1% of Spain’s overall energy requirements and
30.3% of total electricity consumption should be covered with renewable energies
by 2010. The generous feed-in tariffs set by the Royal Decree 436/2004, helped the
development of the Spanish PV market. In 2007 the Royal Decree 661/2007 with an
increased cap of 1.200 MW for PV installations was passed which triggered the plan
to install multi-megawatt free-field solar PV power generating systems. This progress
had led to the revision of the solar PV legislation in 2008, and the new Decree set
considerably lower FITs for new systems and restricts the market to 500 MW per year
with the provision that two thirds are rooftop mounted. As of 2009, FIT for Build-
ing mounted PV are: for ≤20 kWp, 0.34 a/kWh, and for >20 kWp, 0.32 a/kWh, and
for Ground mounted, 0.32 a/kWh. These feed in tariffs are capped at approximately
500 MWp/year, of which 241 MW ground-mounted, 233 MWp building-mounted.

Germany: Germany was the second largest single market, with around 1.5 GW.
Germany now produces over 14 per cent of its energy from renewable sources,
which has been attributed to the generous and comprehensive feed-in tariff system
implemented by the German government.

In 2000, the German government introduced the first large-scale feed-in tariff sys-
tem, under ‘The German renewable Energy Sources Act (EEG)’ which is reviewed on a
regular basis and the 2010 version is currently in force. This Act has resulted in explo-
sive growth of PV installations in Germany. The FIT was over 3 times the retail price
or 8 times the industrial price. The principle behind the German system is a 20 year
flat rate contract. The value of new contracts is programmed to decrease each year, in
order to encourage the industry to pass on lower costs to the end users. The model of
EEG has been adapted by many countries around the world. EEG has been amended
several times and has triggered an unprecedented boom in solar electricity production.
This success is largely due to the creation of favourable political framework condi-
tions. Grid operators are legally obliged to pay producers of solar electricity a fixed
remuneration for solar generated electricity fed into the grid, depending on the size
and type of the system, as well as the year of installation. The tariffs differ to account
for the different costs of rooftop or ground-mounted systems in accordance with the
size of the system and system cost reductions over time. Since the EEG guarantees the
FIT-payments for 20 years, it provides sustained planning security for investors in PV
systems. In view of the unexpectedly high growth rates, the depreciation was accel-
erated and a new category (>1000 kWp) was created with a lower tariff. The facade
premium was abolished.
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Peak power dependent FiT in ct/kWh

Jul Oct
Type 2004 2005 2006 2007 2008 2009 2010 2010 2010 2011

Rooftop up to 30 kW 57.4 54.53 51.80 49.21 46.75 43.01 39.14 34.05 33.03 28.74
mounted between 30 kW 54.6 51.87 49.28 46.82 44.48 40.91 37.23 32.39 31.42 27.34

and 100 kW
above 100 kW 54.0 51.30 48.74 46.30 43.99 39.58 35.23 30.65 29.73 25.87
above 1000 kW 54.0 51.30 48.74 46.30 43.99 33.00 29.37 25.55 24.79 21.57

Ground contaminated 45.7 43.4 40.6 37.96 35.49 31.94 28.43 26.16 25.37 22.07
mounted grounds

agricultural 45.7 43.4 40.6 37.96 35.49 31.94 28.43 – – –
fields

Other 45.7 43.4 40.6 37.96 35.49 31.94 28.43 25.02 24.26 21.11

Since 2009, there are additional tariffs for electricity immediately consumed rather
than supplied to the grid with increasing returns, if more than 30% of production, in
general, is consumed on site. This is to incentivise a demand side management and
help develop solutions to the intermittency of solar power. In July 2010, the EEG
was amended to reduce the tariffs by a further 16% in addition to the normal annual
depreciation, due to the sharp drop in the prices of PV-panels in 2009. Most recently in
2011, the changes occurred, when part of the degression foreseen for 2012 was brought
forward to mid 2011 as a response to surprisingly high installations during 2010. In
2011 the additional costs may rise to a0.035/kWh. The contract duration is fixed for
20 years with constant remuneration. Feed-in tariffs will be lower in value in future
years (decreasing by 9% default and a maximum of 24% per year). Degression will be
accelerated or slowed down by three percentage points for every 1,000 MWp/annum
divergence from the target of 3,500 MWp/a.

Italy: In Italy, the Ministry for Industry issued a decree on 5 August 2005 that
provides the legal framework for the system known as ‘Conto Energia’. This has led to
a steep rise in applications in the second half of 2005 and early 2006; but, the increase
in the new systems capacity has been moderate in 2006. At the end of the first quarter
of 2006, applications with more than 1.3 GW were submitted to the ‘implementing
body’ Gestore del Sistema Elettrico (GRTN SpA.), nearly 2.6 times more than the
500 MW cap up to 2012. The actual installations in 2006 were only 12.5 MW, far
less than the predicted 50 to 80 MW. In February 2007, a Decreto Interministeriale
was issued, which changed the national projected target for cumulative installed PV
systems from 2,000 MW in 2015 to 3,000 MW in 2016. This led to a steep growth in
PV installations and 50.2 MW were installed in 2007 and 127 MW in 2008. In June
2009, more than 500 MW of PV systems were connected to the grid and the total
was expected to reach ∼900 MW in 2009. The following incentive tariffs are from the
decree of 19 Feb 2007.

System Free-standing Semi-integrated Integrated
size (kWp) (a-ct/kWh) (a-ct/kWh) (act/kWh)

1 to 3 0.40 0.44 0.49
3 to 20 0.38 0.42 0.46
Greater than 20 0.36 0.40 0.44
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The contract duration is 20 years with constant remuneration. A new government
decree issued in March 2011, allows lower tariffs (exact amounts not announced) for
new installations from June 2011.

France: In France, revised feed-in tariffs came into force in July 2006 and
resulted in a moderate growth of the French PV market. In 2006 and 2007, just
7.6 MW and 12.8 MW respectively were installed, despite attractive and cost com-
petitive feed-in tariff for building integrated PV. In 2008, the PV installations rose
to 44.3 MW. In November 2009, the Government announced a new programme to
substantially increase the solar generated power 400 times by 2020 to a total installed
capacity of 5.4 GW.

The French feed-in tariff offers a uniquely high premium for building integrated
systems. As of 2010, the FIT are: (a) BIPV on houses, hospitals, and schools:
a0.58/kWh; (b) BIPV on other buildings: a0.50/kWh; (c) Semi-integrated (PV panels
located on buildings do not have any architectural function): a0.42/kWh; (d) Ground-
mounted PV in DOM-TOM and Corsica: a0.40/kWh; (e) Ground-mounted
PV < 250 kWp in mainland: a0.314/kWh; (f) Ground-mounted PV > 250 kWp in
mainland: a0.314–0.3768/kWh according to the administrative region. The contract
duration of 20 years is linked to inflation. Additional investment subsidies are avail-
able as tax credits. Accelerated depreciation of PV systems is possible for enterprises.
These tariffs remain valid until 2012 when they will be reviewed.

Each year, starting from 2012, the new contracts will be 10% lower than the
previous year. Only 1500 kWh/kWp per year are brought from any fixed installation
in mainland (2200 for tracking). In DOM-TOM and Corsica, the caps for fixed and
tracking installation are respectively 1800 and 2600. The National Target is 160 MW
by 2010 and 450 MW by 2015. The tax credit allowed for income tax payer is 50%
reimbursement on equipment cost.

Austria: Austria passed the second amendment of Eco electricity law in August
2008 which provides for an investment subsidy limited to a2.1 million for all PV
electricity systems larger than 5 kW capacity. The provision in the first amendment
(2006) remained changed, and a18 million were available to support new PV systems
(capacity >5 kW) in 2009 through the Austrian Climate & Energy Fund. The subsidy
for free field and roof-mounted systems upto 5 kWp was 2,500 a/kWp and a3,200/kWp
for building integrated systems. Since, there has been a great rush on this incentive,
while increasing the budget, reduction of incentive rates are also planned. Still the
payments for BIPV would be higher than for ‘additive’ installations. A second incentive
programme ‘BIPV for pre-fabricated Homes’ was launched towards the end of 2009,
in which a private home buyer satisfying ‘Passive House’ criteria, receives a single
subsidy of 2,600 a/kW for installations not exceeding 5 kW. The programme is seen
as a development plan for the domestic BIPV market, which in turn strengthens the
Austrian industry and create new jobs. 33% of all homes built in 2008 in Austria
are prefabricated homes. According to a study, a cost saving upto 16% compared to
retrofit installation was estimated (Sun & Wind Energy 2010).

Greece: Greece has introduced a new feed-in-tariff scheme in January 2009, given
in the Table that remain unchanged until August 2010 and are guaranteed for 20 years.
However, if a grid connection agreement is signed before that date and if the system
is finalised within the next 18 months, the unchanged FIT is applied. The degression
of the tariffs for new systems will be 5% each half year. A 40% grant is still available



218 Solar power generation

on top of the new FITs for most of the systems where minimum investment eligible for
grants is a100,000.

System size (kWp) Mainland (a/kWh) Island (a/kWh)

Less than 100 kWp 0.45 0.50
>100 kWp 0.40 0.45

The new contract prices are expected to reduce 1% per month starting 2010.
Special programme with higher FIT but no tax rebates is planned to drive 750 MWp
installations of BIPV. Investment subsidies such as Tax rebates and grants (40%) are
available.

A new incentives programme is also introduced in June 2009 which covers rooftop
PV systems up to 10 kWp (both for residential users and small companies). The new
FIT is set at 0.55 a/kWh and is guaranteed for 25 years, as well as being adjusted
annually for inflation (25% of last year’s Consumer Price Index). An annual degression
of 5% is foreseen for newcomers as of 2012. In addition to the FIT, small residences
are eligible for a 20% tax deduction capped at a700 per system. Residential users do
not have to be registered as ‘business’ with the tax authorities and are exempted from
any tax (with the exception of the 19% VAT paid for the initial investment). Small
companies are also exempted from any tax as long as they keep the income from PV
as untaxed reserves.

To become eligible for this FIT, a residence has to meet part of its hot water needs
by solar thermal. The programme, though approved for the mainland grid only, the
islands with autonomous grids would be covered in a second phase. PV facades are
not eligible for the new support scheme; but, a PV facade on a commercial building
could benefit from the old FIT regime (i.e., 0.45a/kWh for 20 years). These measures
are expected to spur the Greek PV market which has been sluggish over the last years
with just 18.5 MW installed capacity at the end of 2008.

Czech Republic: In Czech Republic, as of 2010 feed-in tariffs are 12.25 CZK/kWh
for ≤30 kWp and 12.15 for >30 kWp. The contract duration is 20 years with yearly
increase (within range 2–4%) linked to inflation. New contract prices are changed by
5% yearly. However, due to unexpected rise of number of installations in 2009, new
bill is proposed allowing 25% change.

Slovakia: Slovakia, in July 2009, published new legislation (Slovakia’s Law Code)
supporting renewable energy sources and efficient co-production of heat and power.
Under this law energy companies that generate electrical energy from renewable sources
enjoy a price guarantee for fifteen years. The guarantee involves purchase prices set
by the Regulatory Office for Network Industries (URSO) and obligatory purchase
of this energy for the electrical energy transmission grid. URSO determines the price
for electricity from renewable energy sources by taking into consideration the type
of the renewable energy source, the technology used, the installed capacity and the
date of launching of the facility. As of December 2010, the FIT is for PV systems
<100 KWp, 0.43 a/kWh, and for Systems >100 KWp, 0.425 a/kWh. The contract
duration is 15 years with a decrease of 10% in 2011.

Bulgaria: In Bulgaria as of April 1, 2010, the incentives offered are: (a) for ≤5 kWp,
792.89 Leva/MWh (about 0.405 a/kWh), and (b) for >5 kWp, 728.29 Leva/MWh
(about 0.372 a/kWh). Also, remuneration for 25 year contract, with possible next



Policies and incentives 219

year changes set related to 2 components (electricity sales price in the previous year
and RES component) are available.

United Kingdom: In the United Kingdom, the Energy Act of November 2008
includes specific provisions for the implementation of feed-in tariffs in the UK by
2010. The FIT legislation fixes an above market rate for utility companies to buy
electricity from renewable energy producers. It means that if the retail price of fossil
fuel electricity were 15 p/kWh, then the rate for renewable electricity could be up to
60 p/kWh. In this case, the 45p difference per kWh would be spread across every
customer of the relevant utility company.

As of November 2010, the UK Government has introduced a feed-in tariff for
small scale (up to 5 MW) renewables from 1 April 2010, with a review in 2012 for
changes from 1 April 2013.

From April 2010, the FIT offers a fixed payment per kWh generated and a guar-
anteed minimum payment of 3p per kWh exported to the market (assumed 50% only)
or entitled to opt out with own Power Purchase Agreement (PPA). Tariffs will not be
index-linked to the RPI.

1 Projects up to 5 MW will be eligible, including off-grid installations,
2 All renewable technologies are eligible for the FIT from April 2010,
3 FIT is offered for a 20 year period, with the exception of solar PV projects which

get upto 25 years,
4 FIT designed with the aim of delivering 2% of the UK’s energy from small scale

projects by 2020,
5 Support will degress in line with expected technology cost reductions, where

appropriate,
6 Support levels will be reviewed periodically and in response to sudden changes

in technology costs. However, projects continue to receive the levels of support
offered at their registration,

7 Projects below 50 kWp must be installed by MCS accredited installers. 50 kWp
to 5 MWp projects will be subject to accreditation similar to the current RO
process,

8 Projects installed in the interim period between the announcement of the FIT (15
July 2009) and the start of the scheme (April 2010) are eligible to receive the
tariff with some conditions on the support period. However, any non-domestic
projects that receive grant funding from central government have to return the
grant before they can receive FIT payments,

9 Regardless of technology, projects installed prior to 15 July 2009 are eligible to
receive generation payments currently being auctioned of 9 p/kWh and export
payments of 5 p/kWh, provided they were previously receiving support under
the RO scheme,

10 Projects up to 50 kWp in size can no longer claim the RO; existing installations
are automatically transferred to the FIT. New and interim period projects between
50 kW and 5 MW are given a one-off choice between claiming support under the
FIT or the RO. Existing projects between 50 kW and 5 MW in size will remain
under the RO, with no opportunity to transfer to the FIT,

11 No further capital/financial support for the up-front capital costs of projects,
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12 Feed-in-tariff rates for PV grid connected are the following: 43.3 p/kwh for
projects <4 kWp; 37.9 p/kWh for projects, >4 kWp to 10 kWp; 32.8 p/kWh for
projects, >10 KWp to 100 kWp; 30.7 p/kWh for projects, >100 kWp; and Stand
alone, 30.7 p/kWh.

From 1 August 2011, tariff rate for >50 KWp is 19.0 p/kwh.
Despite the fact that the European PV production grew by almost 60% and reached

1.9 GW, the excellent Spanish market growth and the stable large German market
demand did not change the role of Europe as an importer of solar cells and/or modules.
Further capacity expansions and technology progress are necessary to secure a leading
role of the European PV industry in the future. The support measures for Photovoltaics
in the European Union Member States and Switzerland are listed in the PV Research
Report 2009, prepared by European Commission, Joint Research Center, and Institute
for Energy (August 2009).

PV Research in Europe
In addition to the 27 national programmes for market implementation, research and
development, the EU has been funding research (DG RTD) and demonstration projects
(DG TREN) with the Research Framework Programmes (FP) since 1980. This is of
particular importance, as research for PV in a number of Member States is closely
linked to EU funds. A large number of research institutions, covering from basic mate-
rial research to industry process optimisation, are contributing to the progress of PV.
The EU’s R&D activities are organized under FPs.

In addition, there were Marie Curie Fellow-ships and the ‘Intelligent Energy –
Europe’ (EIE) Programme. The CONCERTO Initiative was a Europe-wide initiative
proactively addressing the challenges of creating a more sustainable future for Europe’s
energy needs.

The PV Technology Platform established with an aim to mobilise all the concerned
sharing a long-term European vision for Photovoltaics has developed the European
Strategic Research Agenda for PV for the next decade(s) and recommends for its
implementation to ensure that Europe maintains industrial leadership.

The following impacts are expected from the research activities: Through techno-
logical improvements and economies of scale, the cost of grid-connected PV electricity
in Europe is expected to reach 0.10–0.25 a/kWh by 2020. Research and develop-
ment should lead to reduced material consumption, higher efficiencies and improved
manufacturing processes, based on environmental-friendly processes and cycles.

Some of the Projects selected were: (i) Multi-approach for high efficiency integrated
and intelligent concentrating PV modules/systems, (ii) Heterojunction solar cells based
on a-Si/c-Si (iii) Large grained, low stress multi-crystalline silicon thin-film solar cells on
glass by a novel combined diode laser and solid phase crystallisation process; (iv) Inter-
mediate Band Materials and Solar Cells for Photovoltaics with High Efficiency and
Reduced Cost. This project pursues the manufacturing of intermediate band materials
and solar cells based on the strategies: Insertion of transition elements into III-V semi-
conductor matrices; Use of quantum dot systems to artificially engineer intermediate
band solar cells; Development of intermediate band materials and solar cells based on
InGaN; and Insertion of transition elements into thin-film polycristalline hosts; (v) The
project on ‘Dye Sensitised Solar Cells’ aims to develop materials and manufacturing
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procedures for DSCs with long life-time and increased module efficiencies (7% tar-
get); (vi) Next generation Solar Cells and Module Laser Processing Systems; (vii) Ultra
Thin Solar Cells for Module Assembly; (viii) New Applications for CPV’s: A fast Way
to Improve Reliability and Technology Progress; (ix) Metamorphosis of Power Dis-
tribution: System Services from Photovoltaics; (x) Efficiency and material issues for
thin-film Photovoltaics; (xi) Manufacturing and product issues for thin-film Photo-
voltaics; (xii) Further development of very thin wafer based c-Si photovoltaics; (xiii)
Development of novel materials, device structures and fabrication methods suitable for
thin-film solar cells and TCOs, including Organic photovoltaics; (xiv) Development
of new concentrator modules and field performance evaluation of CPV systems.

On 22 November 2007, the EC announced the European Strategic Energy Tech-
nology Plan (SET-PLAN) [EC 2007a] in which PV was identified as one of the key
technologies. With the help of the SET-Plan, the European PV Industry Association
(EPIA) plans to develop the solar PV sector so that up to 12% of European electricity
is generated with PV systems. This corresponds to around 420 TWh of electricity or
350 GWp of Photovoltaic system installations. To realise this grand object, new PV
installations would have to increase from around 1.6 GW per annum in 2007 to 4 GW
per annum in 2010 and 80 GW per annum in 2020. By then, electricity generation
costs with PV systems will have reached grid parity in most of Europe. The EPIA sug-
gests the following measures to realize this vision: (i) the responsibilities to be divided
between industry and academic research; and (ii) research issues to be categorized as
short term and medium/long term.

In addition, other issues such as necessary policy framework, securing human
resources and a general awareness campaign are listed. The prerequisites needed are
(i) Co-operation with other renewable technologies, (ii) Interaction with utilities and
grid operators, (iii) Internalisation of external costs, (iv) Liberalised utility market, and
(v) Fair and transparent electricity rate structure. One of the important conditions to
reach the 12% target mentioned above is a favourable political framework (EU and
national) both in the precompetitive phase, as well as in the phase when Grid parity
is reached and beyond. The necessary supportive national policies needed for the pre-
competitive phase are reasonable-feed in tariffs (7–8% ROI) with no caps, investment
security, waiving of administrative barriers, priority access to the grid, and support
of building codes; and for the grid parity phase and beyond are investment security,
waiving of administrative barriers, priority access to the grid and grid regulation, and
support of building codes.

United States
In February 2009, the American Recovery and Reinvestment Act (ARRA) became
effective. The main solar provisions in the Law are: (i) creation of a Department of
Treasury (DOT) Grant Programme, (ii) improvement to the investment tax credit by
eliminating ITC penalties for subsidised energy financing, (iii) a new DOE Loan Guar-
antee Programme, and (iv) creation of tax incentives for manufacturing by offering
accelerated depreciation and a 30% refundable tax credit for the purchase of equipment
used to produce solar material and components for all solar technologies.

Earlier, Clean Renewable Energy Bonds (CREBs) were created under the Energy
Tax Incentives Act of 2005, for funding State, local, tribal, public utility and electric
cooperative projects.
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The Energy Improvement and Extension Act of 2008 extended the CREBs and
changed some programme rules. The ARRA of 2009 expanded funding to $2.4 billion
(a1.7 billion) of new allocations. Low interest financing, some as low as 0.75%, is
provided to approved projects.

On 27 May 2009, the US President announced to spend over $467 million (a333.6
million) from the ARRA to expand and accelerate the development, deployment, and
use of geothermal and solar energy throughout the country. The DOE will provide
$117.6 million (a84 million) in Recovery Act funding to accelerate the widespread
commercialization of solar energy technologies across America. $51.5 million (a36.8
million) will go directly for PV Technology development and $ 40.5 million (a28.9
million) will be spent on Solar Energy deployment, where projects will focus on non-
technical barriers to solar energy deployment.

In September 2004, the US Photovoltaic Industry has published their PV Roadmap
through to 2030 and beyond, ‘Our Solar Power Future’ (Sei 2004). The main goal
of this Roadmap is that ‘solar provides half of all new US electricity generation by
2025’. The Industry Association has advocated effective policies sustained over time to
increase solar power production and implementation and recommended the following
provisions for market expansion, research and development, and incentives:

(i) Market Expansion:

(a) Enact a residential and commercial tax credit that augments current State
and Federal support. The first 10 kW installed would receive a 50% tax
credit capped at $3 per watt. Any system above 10 kW would be eligible
for a 30% tax credit capped at $2 per watt. Decreasing the caps by 5%
per year will encourage a steady decline in prices and ease the transition
to a market without tax credits;

(b) Modify the wind tax credit for solar so that it can be used together with
the existing 10% investment tax credit;

(c) Establish uniform net metering and interconnection standards to give
solar power owners simple, equitable access to the grid and fair
compensation;

(d) Boost Federal Government procurement of solar power to $100 million
per year to build public-sector markets for solar power; and

(e) Support State public benefit charge programmes and other State initia-
tives to advance solar power and build strategic alliances with public and
private organizations to expand solar markets

(ii) Research and Development:

(a) Increase R&D investment to $250 million/annum by 2010;
(b) Strengthen investments in crystalline silicon, thin-film, and balance-of-

systems components, as well as new system concepts that are critical
to the industry now – reducing the gap between their current cost and
performance and their technical potential;

(c) Support higher-risk, longer-term R&D for all system components that
can leap-frog beyond today’s technology to new levels of performance
and reduce installed system costs;
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(d) Enhance funding for facilities and equipment at Centres of excellence,
Universities, National labs (Sandia National Laboratories and the
National Renewable Energy Laboratory) – as well as the Science and
Technology Facility at NREL – to shorten by 50% the time between lab
discoveries and industry use in manufacturing and products; and

(e) Develop partnerships among industry, universities, and national labora-
tories to advance PV manufacturing and product technologies.

(iii) Incentives:
Many State and Federal policies and programmes have been adopted to encour-
age the development of markets for PV. These consist of direct legislative
mandates (such as renewable content requirements) and financial incentives
(such as tax credits). Financial incentives typically involve appropriations or
other public funding, whereas direct mandates typically do not. In both cases,
these programmes provide important market development support for PV.
Amongst the types of incentives (given below), investment rebates, loans and
grants are the most commonly used – at least 39 States in all regions of the
country, have such programmes in place.

Most common mechanisms are:

(a) personal tax exemptions (Federal Government, 21 States + Puerto Rico)
(b) corporate tax exemptions (Federal Government, 24 States + Puerto Rico)
(c) sales tax exemptions for renewable investments (27 States + Puerto Rico)
(d) property tax exemptions (35 States + Puerto Rico)
(e) buy-down programmes (19 States + District of Columbia, Virgin Islands, 234

utilities, 8 local)
(f) loan programmes and grants (Federal Gov., 40 States + Virgin Islands; 69

utilities, 17 local, 7 private)
(g) industry support and production incentives (Federal Government, 24 States +

Puerto Rico, 33 Utilities, 9 private).

All different support schemes and information on State, local, utility, and selected
federal incentives that promote renewable energy are given in the Database of State
Incentives for Renewable Energy, DSIRE (Dsi 2009). For more details, it is recom-
mended to visit the DSIRE web-site http://www.dsireusa.org/ and the corresponding
interactive tables and maps.

Solar Energy Technologies Programme (SETP)
The aim of this SETP or Solar Programme is to develop cost-competitive solar energy
systems for America. The current Multiannual work-programme runs from 2008 to
2012 (DOE 2008). More than $170 million (a121.4 million) are spent each year for
research and development on the two solar electric technologies, Photovoltaics and
Concentrated solar power, which are considered to have the greatest potential to reach
cost competitiveness by 2015. The greatest R&D challenges that this programme lists
are the reduction of costs, improvement of system performance, and the search for
new ways to generate and store energy captured from the sun.
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The SETP also aims to ensure that the new technologies are accepted in the market
place. Hence, necessary work is done to remove many non-technical market barri-
ers, such as updating codes and standards that aren’t applicable to new technologies,
improving interconnection agreements among utilities and consumers, and analyzing
utility value capacity credits for utilities. Such activities should help consumers, busi-
nesses, and utilities to make more informed decisions when considering renewable
energy, and they also facilitate the purchase of solar energy. The SETP conducts its
key activities through four sub-programmes: (i) photovoltaics; (ii) concentrated Solar
Power; (iii) systems Integration; and (iv) market transformation.

The SETP supports the DOE 2006 Strategic Plan (DOE 2006), which has identified
five strategic themes including energy security. In addition, it supports the research and
development provisions and broad energy goals outlined in the National Energy Policy
Act 2005, and the Energy Independence and Security Act (EISA). In both acts, the
Congress has expressed strong support for decreasing dependence on foreign energy
sources and decreasing the cost of renewable energy generation and delivery. This
support along with the availability of financial incentives is important for achieving
the SETP goals.

The Solar Programme lists economic targets for PV, which was determined by an
analysis of key markets. They are set based on assessments of the Levelised Costs of
Energy (LCOE) for solar technologies to be competitive in these markets.

According to SETP, the residential and commercial price targets are based on cur-
rent retail electricity prices and take into consideration the rather optimistic projection
of the Energy Information Administration (EIA) that electricity prices will remain fairly
constant (in real terms) through 2025. With these assumptions, the Programme pre-
dicts that meeting the solar market cost goals will result in PV installations of 5–10 GW
by 2015 and 70–100 GW by 2030 in USA.

The PV technology roadmaps were developed in 2007 by NREL, Sandia National
Laboratories, DOE, and experts from universities and industry (DOE 2008a). This
work was done, in part, to support activities within the Solar America Initiative. These
technology roadmaps summarise the current status and future goals for the specific
technologies. The Roadmaps for Intermediate-Band PV, Multiple-Exciton-Generation
PV and Nano-Architecture PV are yet to be finalised.

Solar Technology Research Plan
The U.S. strategy for overcoming the challenges and barriers to massive manufacturing,
sales, and installation of PV technology is to achieve challenging targets throughout
the development pipeline. Specific broad R&D efforts toward achieving these goals
include: PV Systems & Module Development, PV Materials & Cell Technologies,
Testing & Evaluation, and Grid/Building Integration.

The PV sub-programme’s R&D activities include the following:

I. Research on ‘New Devices and Processes’ focuses on two areas:
1 Next Generation PV: to develop innovative photovoltaic cells and/or pro-

cesses by 2015; potential areas of interest included, but were not limited to:
(a) Photovoltaic devices – Organic, crystalline, non-single crystal devices,

photoelectrochemical, advanced multijunction, low-dimensional
structures, optimised interfaces, transport properties, and cross-
cutting issues;
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(b) Hybrid PV concepts – Hydrogen generation, powered electrochromics,
and storage; and

(c) Manufacturing – Low-cost techniques, environmental/recycling issues
and novel manufacturing processes.

The PV device and manufacturing process activities in this area are expected
to produce prototype PV cells and/or processes by 2015, with full commer-
cialization by 2020-2030.

2 Photovoltaic Technology Pre-Incubator: The new project is aimed to help
small solar businesses transition from concept verification of a solar PV
technology to the development of a commercially viable PV prototype by
2012. The goals of the project include promoting grid parity for PV tech-
nologies, transitioning innovative PV technologies into the prototype stage,
and developing prototype PV concepts with manufacturing costs of less than
$1/watt.

II. Prototype Components and Systems: The Solar America Initiative’s research in
component and system prototypes emphasizes development of prototype com-
ponents and systems produced at pilot-scale. The display of cost, reliability, or
performance benefits is required.

III. Systems Development and Manufacturing: These R&D activities are intended
for collaboration and partnership among industry and university researchers on
components and systems that are ready for mass production and capable of
delivering electricity at Solar America Initiative target costs.

Very High Efficiency Solar Cell Programme
In 2005 the US Defence Advanced Research Projects Agency initiated the Very High
Efficiency Solar Cell (VHESC) Programme to develop 50% efficient solar cells over the
next years. The aim of the Programme is to reduce the average load of 20 pounds (ca
9 kg) that an average soldier has to carry to power the portable technology gadgets used.

In the first phase, many Universities and Industrial units have participated. In July
2007 DARPA announced the start of the second phase of the programme by funding
DuPont-University of Delaware VHESC Consortium to transition the lab-scale work
to an engineering and manufacturing prototype model. For this purpose, DARPA
awarded the consortium $12.2 million as part of a three-year, multi-phase programme
that could total up to $100 million. DuPont is managing the consortium of proposed
companies and scientific institutions dedicated to the optimisation of the VHESC solar
cells for efficiency and cost.

The recent report from Greentech Solar (GreentechMedia.com, news item dated
21st Sept., 2011), the PV market consumption in 2010 is 887 MW, and is projected
to go to 1.8 GW in 2011. The report sees USA positioning to nearly double its global
market share in 2011 supporting a greater diversity of installation types than has been
seen previously in any demanding situation.

India

India has one of the highest potential yields of solar power globally which makes it
attractive to consider solar energy generation. Government of India released country’s
National Action Plan on Climate change in June 2008. The Plan identifies eight mis-
sions and one of them is National Solar mission. The Jawaharlal Nehru National Solar
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Mission (JNNSM) was officially announced by Prime Minister of India on 12 January
2010. This programme aims to install 20,000 MW of solar power by 2020. The first
phase of this programme aims to install 1000 MW by paying a tariff fixed by the Cen-
tral Electricity Regulatory Commission (CERC) of India. While in spirit this is a feed
in tariff, there are several conditions on project size and commissioning date. Tariff
for solar PV projects is fixed at Rs. 17.90 (US$ 0.397/kWh), and will be reviewed
periodically by the CERC. The mission further aims to ensure large-scale deployment
of solar generated power for both grid connected as well as distributed commercial
energy services, which is estimated to cost US$ 9 billion. Money will be spent on incen-
tives for production and installation as well as for research and development. Further,
the Plan offers financial incentives and tax holidays for utility companies.

The Indian Renewable Energy Development Agency (IREDA) under the Ministry
of New and Renewable Energy (MNRE) provides revolving fund to financing and
leasing companies offering affordable credit for the purchase of PV systems in India.
State Utilities are mandated to buy green energy via a Power Purchase Agreement from
Solar Farms.

The MNRE has launched a new scheme (Jan 2008) for installation of Solar Power
Plants. For the projects, a Generation-based subsidy is available up to Indian Rs.
12/kWh (a0.21/kWh) from the Ministry, in addition to the price paid by the State Utility
for 10 years with a cap of 50 MW. Several State governments announced generation-
based subsidies for upto 12 years with caps ranging from 50 MW to 500 MW, the
prominent states being Haryana, Punjab, Gujarat, Rajasthan, Karnataka, Tamilnadu,
West Bengal and Orissa.

The State Electricity Regulatory Commissions are setting up preferential tariffs
for Solar Power: For example, Rajasthan, Rs. 15.6 (a0.27) per kWh (proposed); West
Bengal, Rs. 12.5 (a0.22) per kWh (proposed); Punjab, Rs. 8.93 (a0.15) per kWh. 80%
accelerated depreciation, concessional duties on import of raw materials, and excise
duty exemption on certain devices are allowed.

Taiwan

In 2002 the Renewable Energy Development Plan was approved which aimed for the
generation of 10% or more of Taiwan’s total electricity generation through renewable
energy sources by 2010. This plan led to concerted efforts by all the concerned to
develop renewable energy and to aggressively adopt its use. In 2004, Taiwan enacted
‘Measures for Subsidising Photovoltaic Demonstration Systems’, as part of its National
Development Plan 2008. This programme provides subsidies that cover up to 50% of
the installation costs for PV systems.

The adopted support scheme foresees a maximum investment subsidy of NT$
150,000/kWp (3,225 a/kWp) but only up to 50% of installation costs. Administra-
tion Agencies, public schools and hospitals, suitable for demonstration projects, are
eligible for 100% investment subsidies for systems under 10 kWp. In addition, for all
renewable energies, 2 NT$/kWh (0.043 a/kWh) are paid to approved applicants for
10 years, and this can be extended up to 20 years.

Other support measures for renewable energies are a 13% tax credit for investment
in energy conservation, as well as renewable energy utilisation equipment, a 2-year
accelerated deprecation and low interest loans.
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The Solar Energy Development Project has several long-term goals. It is planned
that a total of 7.5 million residents should utilise solar energy by 2030. Industrial and
commercial use should be about half that of residential use. Public utilities are expected
to have the same solar power generating capacity as the industrial and commercial
sectors, and independent solar power generating systems will be set up in mountains
and on off-shore islands. By 2020, the goal is to take the island’s solar power generating
capacity to 4.5 GW (1.2 GW PV).

In July 2008, the government has earmarked solar energy and light emitting diodes
(LED) for active development in the coming years.

The Government provides subsidies to manufacturers involed in R&D and offers
incentives to solar energy consumers. Material suppliers are expanding operations and
increasing their investments in the field. About a dozen manufacturers have planned
to invest in fabricating thin-films for solar cells and eight of them will set up their own
plants to process the products.

The Government – backed Industrial Technology Research Institute (ITRI) has
drawn up an R&D strategy to take up research in ranging from efficiency increase in
the various wafer based and thin-film solar cells to concentrator concepts and novel
devices in order to lower module costs to around 1 $/Wp between 2015 and 2020.
However, the main focus is on the industry support to increase production capacities
and improved manufacturing technologies.

For 2008 and 2009, the Government has allotted NT$ 1 billion (a21.5 million)
for subsidies to consumers who buy solarpower systems. The Government plans to
subsidise half of the installation cost for solar devices; and households which install
solar PV systems would be offered an electricity rate of 2.1 NT$/kWh (0.045 a/kWh).
A national target to double the cumulative capacity installations to 31 MW was set
for 2010.

The new law (Renewable Energy development Act of 2009) provides enhancement
of incentives for the development via a variety of methods, including the acquisi-
tion mechanism, incentives for demonstration projects and the loosening of regulatory
restrictions. The goal was to increase Taiwan’s renewable energy generation capacity
by 6.5 GW to a total of 10 GW within 20 years.

It is expected that the law would attract investment of at least NT$30 billion
(a645 million) per year, create at least 10,000 jobs and generate output value of
NT$100 billion within two years. The industry had recommended to set a price floor of
8 NT$/kWh (0.172 a/kWh) for green energy which would give firms a reasonable profit
margin.

Canada

Only Ontario offers significant incentive. In 2006 the Ontario Power Authority intro-
duced the Renewable Energy Standard Offer Program which was replaced with the
2009 Feed-In Tariff program for renewable energy (FIT). The FIT program was fur-
ther divided into the MicroFIT program for projects less than 10 kW, designed to
encourage individuals and households to generate renewable energy. The program
was launched in September 2009 and the tariffs were fixed then. The solar projects
≤10 kW received $0.802; however, as of 13 August 2010, ground mounted systems
would receive a lower tariff than rooftop mounted systems. Feed-In tariff rates for the
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Ontario Power Authority’s FIT and MicroFIT Programmes, for renewable generation
capacity of 10 MW or less, connected at 50 kV: Solar Photovoltaic:

(a) Rooftop ≤10 kW, $0.802/kWh CDN;
(b) Ground Mounted ≤10 kW, $0.642/kWh CDN;
(c) Rooftop >10 ≤ 250 kW, $0.713/kWh CDN;
(d) Rooftop >250 ≤ 500 kW, $0.635/kWh CDN
(e) Rooftop >500 kW, $0.539/kWh CDN;
(f) Ground Mounted, 2 > 10 kW, $0.443/kWh CDN
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Annexure

The best measurements for cells and submodules are summarised in Table A.1.

Table A.1 Confirmed terrestrial cell and submodule efficiencies measured under the global AM1.5
spectrum (1000 W/m2) at 25◦C (IEC 60904-3: 2008,ASTM G-173-03 global)

Jsc
Effic.b Areac Voc (mA/ FFd Test centree

Classificationa (%) (cm2) (V) cm2) (%) (and date) Description

Silicon
Si (crystalline) 25.0 ± 0.5 4.00 (da) 0.706 42.7 82.8 Sandia (3/99)f UNSW PERL11

Si (multicrystalline) 20.4 ± 0.5 1.002 (ap) 0.664 38.0 80.9 NREL (5/04)f FhG-ISE12

Si (thin film transfer) 16.7 ± 0.4 4.017 (ap) 0.645 33.0 78.2 FhG-ISE (7/01)f U. Stuttgart (45 µm thick)13

Si (thin film submodule) 10.5 ± 0.3 94.0 (ap) 0.492g 29.7g 72.1 FhG-ISE (8/07)f CSG Solar (l–2 µm on
glass; 20 cells)14

III–V Cells
GaAs (thin film) 26.1 ± 0.8 1.001 (ap) 1.045 29.6 84.6 FhG-ISE (7/08 )f Radboud U. Nijmegen15

GaAs (multicrystalline) 18.4 ± 0.5 4.011 (t) 0.994 23.2 79.7 NREL (11/95)f RTI, Ge substrate16

InP (crystalline) 22.1 ± 0.7 4.02 (t) 0.878 29.5 85.4 NREL (4/90)f Spire, epitaxial17

Thin Film Chalcogenide
CIGS (cell) 19.4 ± 0.6h 0.994 (ap) 0.716 33.7 80.3 NREL (1/08)f NREL, CIGS on glass18

CIGS (submodule) 16.7 ± 0.4 16.0 (ap) 0.661g 33.6g 75.1 FhG-ISE (3/00)f U. Uppsaia, 4 serial cells19

CdTe (cell) 16.7 ± 0.5h 1.032 (ap) 0.845 26.1 75.5 NREL (9/01)f NREL, mesa on glass20

Amorphous/Nanocrystalline Si
Si (amorphous) 9.5 ± 0.3i 1.070 (ap) 0.859 17.5 63.0 NREL (4/03)f U. Neuchatel21

Si (nanocrystalline) 10.1 ± 0.2j 1.199 (ap) 0.539 24.4 76.6 JQA (12/97) Kaneka (2 µm on glass)22

Photochemical
Dye-sensitized 10.4 ± 0.3k 1.004 (ap) 0.729 22.0 65.2 AIST (8/05)f Sharp23

Dye-sensitized 8.4 ± 0.3k 17.11 (ap) 0.693g 18.3g 65.7 AIST (4/09) Sony, 8 serial cells3

(submodule)

Organic
Organic polymer 5.15 ± 0.3k 1.021 (ap) 0.876 9.39 62.5 NREL (12/06)f Konarka24

Organic (submodule) 2.05 ± 0.3k 223.5 (ap) 6.903 0.502 59.1 NREL (1/09) Plextronics4,25

Multijunction Devices
GalnP/GaAs/Ge 32.0 ± l.5j 3.989 (t) 2.622 14.37 85.0 NREL (1/03) Spectrolab (monolithic)
GalnP/GaAs 30.3j 4.0 (t) 2.488 14.22 85.6 JQA (4/96) Japan Energy (monolithic)26

GaAs/CIS (thin film) 25.8 ± l.3j 4.00 (t) – – – NREL (11/89) Kopin/Boeing (4 terminal)27

a-Si/µc-Si 11.7 ± 0.4j,l 14.23 (ap) 5.462 2.99 71.3 AIST (9/04) Kaneka (thin film)28

(thin submodule)i,j

aCIGS = CuInGaSe2; a-Si = amorphous silicon/hydrogen alloy; bEffic. = efliciency; c(ap) = aperture area; (t) = total area; (da) = designated
illumination area; dFF = fill factor; eFhG-ISE = Fraunhofer Institut für Solare Energiesysteme; JQA = Japan Quality Assurance;
AIST = Japanese National Institute of Advanced Industrial Science and Technology; fRecalibrated from original measurement; gReported
on a ‘per cell’ basis; hNot measured at an external laboratory; iStabilised by 800 h, 1 sunAM1.5 illumination at a cell temperature of 50◦C;
jMeasured under IEC 60904-3 Ed. 1: 1989 reference spectrum; kStability not investigated; lStabilised by 174 h. 1 sun illumination after
20 h, 5 sun illumination at a sample temperature of 50◦C.
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Below are the references (for the above data):

3. Morooka, M., Noda, K. (2008): 88th Spring Meeting of The Chemical Society of
Japan, Tokyo, 26 March 2008.

4. Tipnis, R. (2009): “Printed Solar Power: From Lab to Market’’, Nortech Advanced
Energy Speaker Series, February 3, 2009 (available at http://www.nortech.org/
Docs/Ritesh%20Tipnis%20Plextronics.pdf).

11. Zhao, J. et al. (1998): Appl. Phys. Lett, 73: pp. 1991–1993.
12. Schultz, O. et al. (2004): Prog. in Photovolt: Res. and Appl; 12, pp. 553–558.
13. Bergmann, R.B. et al. (2001): Tech. Digest, PVSEC-12, Chefju Island, Korea,

11–15.
14. Keevers, M.J. et al. (2007): 22nd European Photovoltaic Solar Energy Conference,

Milan.
15. Bauhuis, G.J. et al. (2005): 20th EU PV Solar Energy Conference, Barcelona,

pp. 468–471.
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pp. 2057–2060.
20. Wu, X. et al. (2001): Conf. Proc. 17th EU PV Solar Energy Conference, Munich,
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21. Meier, J. et al. (2004): Thin Solid Films, 451–452: pp. 518–524.
22. Yamamoto, K. et al. (1998): MRS Spring Meeting April, 1998, San Francisco.
23. Chiba, Y. et al. (2005): Tech. Digest, 15th Intl. PV Science and Engineering Conf.,

pp. 665–666.
24. See http://www.konarka.com.
25. Laird, D. et al. (2007): SPIE Proc., Vol. 6656, No. 12.
26. Ohmori, M. et al. (1996): Tech. Digest, Intl. PVSEC-9 Miyasaki, Japan,

pp. 525–528.
27. Mitchell, K. et al. (1998): Conf. Record, 20th IEEE PV Specialists Conf.,

pp. 1384–1389.
28. Yoshimi, M. et al. (2003): Conf. Record, 3rd WC on PV Energy Conversion,
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(Source: Green, M.A., Emery, K., Hishikawa, Y., & Warta, W. (2009): Solar cell
efficiency tables (Version 34) Prog. Photovolt: Res. Appl. 17, 320–326).
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