
SPRINGER SERIES IN PHOTONICS 13 



SPRINGER SERIES IN PHOTONICS 

Series Editors: T. Kamiya B. Monemar H. Venghaus Y. Yamamoto 

The Springer Series in Photonics covers the entire field of photonics, including theory, 
experiment, and the technology of photonic devices. The books published in this series 
give a careful survey of the state-of-the-art in photonic science and technology for aU the 
relevant classes of active and passive photonic components and materials. This series will 
appeal to researchers, engineers, and advanced students. 

Advanced Optoelectronic Devices 8 Nonlinear Photonics 
By D. Dragoman and M. Dragoman Nonlinearities in Optics, 

Optoelectronics 
and Fiber Communications 

2 Femtosecond Technology By Y. Guo, C.K. Kao, E.H. Li, 
Editors: T. Kamiya, F. Saito, O. Wada, and K.S. Chiang 
and H. Yajima 

Integrated Silicon Optoelectronics 
9 Optical Solitons in Fibers 

3 Third Edition 
By H. Zimmermann By A. Hasegawa and M. Matsumoto 

4 Fibre Optic Communication Devices 10 Nonlinear Photonic Crystals 
Editors: N. Grote and H. Venghaus Editors: R.E. Slusher and B.J. Eggleton 

5 Nonclassical Light 11 Waveguide Nonlinear-Optic Devices 
from Semiconductor Lasers By T. Suhara and M. Fujimura 
andLEDs 
By J. Kim, S. Somani, and Y. Yamamoto 

12 Third Generation Photovoltaics 

6 Vertical-Cavity Surface-Emitting 
Advanced Solar Energy Conversion 

Laser Devices 
By M.A. Green 

By H. Li and K. Iga 
13 Thin Film Solar Cells 

Next Generation Photovoltaics 
7 Active Glass for Photonic Devices and Its Application 

Photoinduced Structures Editor: Y. Hamakawa 
and Their Application 
Editors: K. Hirao, T. Mitsuyu, J. Si, 
and J. Qiu 

Series homepage - http://www.springer.de/phys/books/ ssp/ 



Yoshihiro Hamakawa (Ed.) 

Thin-Film Solar Cells 
N ext Generation Photovoltaics 
and Its Applications 

With 210 Figures 

~ Springer 



Professor Yoshihiro Hamakawa 
Department of Photonics 
Faculty of Science and Engineering 
Ritsumeikan University 
1-1-1 Noji-Higashi 
Kusatsu Shiga 525-8577 
Japan 

Series Editors: 

Professor Takeshi Kamiya 
Ministry of Education, Culture, Sports, 
Science and Technology, 
National Institution for Academic Degrees, 
3-29-1 Otsuka, Bunkyo-ku, 
Tokyo 112-0012, Japan 

Professor Bo Monemar 
Department of Physics 
and Measurement Technology 
Materials Science Division 
Link6ping University 
58183 Link6ping, Sweden 

ISSN 1437-0379 

ISBN 978-3-642-07879-8 

Library of Congress Cataloging-in-Publieation Data. 

Dr. Herbert Venghaus 
Heinrich -Hertz-Institut 
fiir Nachrichtentechnik Berlin GmbH 
Einsteinufer 37 
10587 Berlin, Germany 

Professor Yoshihisa Yamamoto 
Stanford University 
Edward L. Ginzton Laboratory 
Stanford, CA 94305, USA 

Thin-film solar eells: next generation photovoltaics and its applieations/Y. Hamakawa (ed.). 
p.em. - (Springer series in photonics; v. 13) 

ISBN 978-3-642-07879-8 ISBN 978-3-662-10549-8 (eBook) 
DOI 10.1007/978-3-662-10549-8 
1. Photovoltaic power generation. 2. Thin films. 3. Solar ceIls. 
1. Hamakawa, Yoshihiro, 1932- . II. Series. 
TK 2960.T45 2003 621.31'244-dC22 2003057384 

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is 
eoncerned, specificaIly the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting, 
reproduction on microfilm or in any other way, and storage in data banks. Duplication of this publication or 
parts thereof is permitted only under the provisions of the German Copyright Law of September 9, 1965, in its 
current version, and permis sion for use must always be obtained from Springer-Verlag Berlin Heidelberg GmbH. 
Violations are liable for prosecution under the German Copyright Law. 

http://www.springer.de 

© Springer-Verlag Berlin Heidelberg 2004 

Originally published by Springer-Verlag Berlin Heidelberg New York in 2004 
Softcover reprint of the hardcover l st edition 2004 

The use of general descriptive names, registered names, trademarks, etc. in this publication does not imply, 
even in the absence of a specific statement, that such names are exempt from the relevant protective laws and 
regulations and therefore free for general use. 

Data conversion: Christian Grosche, Hamburg 
Final processing: LE-TEX, Leipzig 
Cover concept: eStudio Calamar Steinen 
Cover production: design & production GmbH, Heidelberg 

Printed on acid-free paper SPIN: 11417460 57/311l/tr 5 43 21 



Preface 

The development of clean energy resources as alternatives to oiI has become 
one of the most important challenges for modern science and technology. The 
obvious motivation for these efforts is to reduce the air polIution resulting 
from the mass consumption of fossil fuels and to protect the ecological cycles 
of the biosystems on Earth. Analyses of future energy usage envision that the 
energy structure in the 21st century will be characterized as a "Best Mix Age" 
involving different renewable energy forms. 

Among the wide variety of renewable energy projects in progress, photo­
voltaics is the most promising as a future energy technology. It is pollution­
free and abundantly available everywhere in the world, even in space, and can 
also operate with diffuse light. However, a major barrier impeding the devel­
opment of large-scale bulk power applications of photovoltaic systems is the 
high price of solar cell modules. Therefore, reduction of the costs of solar celIs 
is of prime importance. To achieve this objective, tremendous R&D efforts 
have been made over the past two decades in a wide variety of technical fields 
ranging from solar-cell materials, cell structure, and mass production pro­
cesses to the photovoltaic systems themselves. As the result, about an order 
of magnitude cost reduction has been achieved in the past 10 years. According 
to a recent survey, however, a further cost reduction, to one fifth of the present 
level, is necessary if photovoltaic energy is to match the present conventional 
electricity price. Looking back at the past cost reduction measures, one can 
identify two remaining technologies for further efficiency improvement and 
cost reduction. The most promis ing of these is the thin-film solar-ceH technol­
ogy, which has both material saving and efficiency in crease whilst at the same 
time alIowing mass-production. The other approach is to exploit the merits 
of mass production for alI photovoltaic system components such as solar celIs 
and modules, inverters etc., also enhancing the market penetration of con­
cepts such as the photovoltaic ro of integrated solar house project, building 
solar tiles, photovoltaic electricity purchasing system, and others that have 
been initiated in the last few years. 

In the past two decades, remarkable advances have been seen in both the 
physics and the technology of the tetrahedralIy bonded amorphous semicon­
ductors. In particular, much attention has been addressed to exploiting vital 
properties of these materials such as the controllability of their valence elec­
trons, their excellent photoconductivity and significantly higher optical ab-
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sorption coefficient as compared with crystalline semiconductors. They thus 
possess enormous potential as opto-electronic materials. In addition to these 
essential physical properties, they also possess some unique advantages from 
the technological viewpoint such as the possibility of mass-production through 
large-area non-epitaxial growth on any substrate material. This corresponds 
in a very timely fashion to the requirements for developing a low-cost solar cell 
as a new energy resource. With the aid of the national and/or semi-national 
projects for renewable energy development, an accelerat ing expansion of this 
field has been witnessed in recent years in both basic physics and technology. 
This new knowledge also opens up some other new application fields such 
as TFT LCD, laser printers, electro-photoreceptors, three-dimensional inte­
grated devices, and quantum well devices, etc. The remarkable progress in 
amorphous silicon alloy systems has induced further interest in understand­
ing the basic physics of thin films of other semiconductors such as CIS (copper 
indium selenide) and its alIoys, and has triggered the birth of new kinds of 
high efficiency solar cell with multi-band-gap stacked (or tandem) type solar 
celIs for the next generation solar photovoltaics. 

Recently, there have been a number of books published on the subject 
of amorphous semiconductors. The principal concern of alI these books has 
been the physics of amorphous semiconductors with emphasis on the random 
structure solids, and their electronic and optical properties. Although tremen­
dous R&D efforts have been made in the practical application of amorphous 
semiconductors recently, there have been neither journals nor books published 
on the subject of material preparation technologies and device applications in 
reIat ion to thin film solar cells. The purpose of this volume is to summarize 
the present status of the device physics of thin film solar celIs, to describe ap­
plication systems and to stimulate scientists and engineers working to advance 
this young, but very promising, clean energy technology. 

It is the editor's earnest hope that this book will be helpful not only to 
alI interested researchers and engineers but also to the directors and project 
supervisors in this new area. Moreover, the contents of the book will lead 
to further acceleration of advances in this rapidly expanding technological 
field. In the selection and preparation of the contents for this volume, many 
people have assisted with support and expert advice. First the authors would 
like to express their sincere appreciation to the ministry of Education, Special 
Research Project Office on "Science and Technology of Amorphous and Nano­
crystalline Semiconductors" , and also the New Sunshine Project Headquarters 
Office for releasing their supported research aids to the authors. We would like 
to acknowledge Dr. Claus E. Ascheron, Physics Editor, Springer-Verlag, for 
his kind help and advice during the editorial stages. 

Kusatsu, Shiga, Japan 
In agentle breeze through green leaves, 
Early summer 2003 Yoshihiro Hamakawa 
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1 

Background and Motivation 
for Thin-Film Solar-CeH Development 

Yoshihiro Hamakawa 

Development of clean energy resources as an alternative to fossil fuels has 
become one of the most important tasks assigned to modern science and tech­
nology in the 21st century. As was well recognized after the Kyoto Protocol, 
the reason for this strong motivation is to stop air pollution resulting from 
the mass consumption of fossil fuels and to maintain the ecological cycles of 
the biosystems on the earth. In this chapter, firstly, the influences of the in­
dustrial developments of the energy revolutions since James Watt built the 
steam engine in the 18th century are examined and discussed. The evolution 
of the main energy resources from coal (solid), oiI (liquid) and LNG, LPG 
(gas) are closely related not only to the economy of mass production, storage, 
and transportation but also to environmental issues. In the second section, 
a brief discussion is given on "the 3E Trilemma", which might be the most 
important issue for civilization in the 21st century. 

Among a wide variety of renewable energy projects in progress, photo­
voltaics (PV) is the most promising one as a future energy technology. How­
ever, a large barrier impeding the expansion of the large-scale power-source 
application of photovoltaic systems has been the high price of the solar-cell 
module. One of the solutions to achieve a reduction in this cost is the devel­
opment of the thin-film solar cell, which saves both materials and energy in 
the production of cells and modules. Another solution is the full use of large­
scale activity by mass production as in the semiconductor LSIC (large-scale 
integrated circuit). To enhance the utilization of large-scale work, some new 
strategies are needed such as PV roof construction materials or building solar 
tiles with government subsidies. In the third section of this chapter, a new 
strategy for the promotion of renewable energy - Fundamental Principle to 
Promote New Energy Developments and Utilization - and the action planned 
for PV technology up to the year 2010 are introduced. In the final part of the 
chapter, a prospect of future industrializations of photovoltaics is discussed, 

Y. Hamakawa (ed.), Thin-Film Solar Cells
© Springer-Verlag Berlin Heidelberg 2004
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then possible new ways in which PV system developments can contribute to 
global environmental issues are introduced. 

1.1 Development of Modern Civilizat ion 
via Energy Revolutions 

As has been well known, the industrial revolution was initiated by the in­
vention of the steam engine by James Watt in 1765. However, technological 
maturity from R&D to market penetration takes 15-30 years normally. The 
steam ships and the railway network powered by the steam locomotives oper­
ated by coal fuel were developed in the 19th century. The same is true of the 
petroleum fuel age, that is, the invention of the internal combustion engine 
by Etienne Lenoir in 1860 [1] initiated this area. Then, the petroleum age was 
dominant in the 20th century with gasoline engines for the automobile indus­
try and the aeroplane traffic network. Figure 1.1 shows changes in civilization 
with the form of energy resource since the industrial revolution initiated by 
James Watt in 1765. The energy expenditures of the three main fossil fuels are 
plotted separately up to the year 2000, and their future prospects are also ex­
pressed as the dashed lines by following the renewable energy scenario. From 
the observation of the reIat ion between the industrial developments and their 
origins of energy resources, coal --+ oil --+ gases including recently, LNG, 
LPG, the important key issues are considered to be two. One is the conve­
nience to respond to mass consumption of energy, that is, mass-production 
technology, ease of transport, and storage. The driving force for the energy 
revolution is based upon the so-called "Great Principle of Economy". 

For this reason, the form of the energy resources transformed from solid, 
liquid to gases. Other reasons are governed by the environmentalload. As can 
be seen from Table 1.1 [2], the pollutant emission factors for the electricity 
generation on the unit of carbon equivalent gram per kWh are 322.8 for coal, 
258.5 for oil, and 178.0 for LNG, respectively. According to the recent energy 
analysis survey [3] the electricity generation factor in the secondary energy 
is more than 40% in developed countries, and will increase to 50% during 
the 21st century. Electrical energy is the most convenient energy form for 
the above-mentioned reasons, in respect of mass production, transport, and 
distribution for modern civilization. 

1.2 3E-Trilemma and New Energy Strategy 

In the discussions of the grand design for 21st century civilization much atten­
tion is focused on the 3E-Trilemma. That is, for the activation of economical 
development (E: Economy), we need an increase of the energy expense (E: En­
ergy). However, this induces environmental issues (E: Environment) by more 
emissions of pollutant gases. On the contrary, if the political opt ion chooses a 
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4 Yoshihiro Hamakawa 

Table 1.1. Pollutant emission factors for electric al generat ion (g/kWh) : The total 
fuel cycle (TR= trace) [2] 

Energy Source C02 N02 SOx 

Cool 322.8 1.8 3.400 

OiI 258.5 0.88 1.700 

Natural gas 178.0 0.9 0.001 

Nuclear 7.8 0.003 0.030 

Photovoltaic 5.3 0.007 0.020 

Biomass 0.0 0.6 0.140 

Geothermal 51.5 TR TR 
Wind 6.7 TR TR 

Solar thermal 3.3 TR TR 

Hydropower 5.9 TR TR 

suppression of pollutant-gas emission, it inactivates the economic al develop­
ment. This is the 3E-Trilemma. 

Figure 1.2 shows an illustration of the cyclic correlation of the economy, 
energy, and environment [4]. Here, importance is placed on the change in the 
circuit from the infrastructure of the fossi l fuel's energy supply to that of 
renewable energy developments and supply. According to the result of world 

Fig. 1.2. 3-E trilemma, the most important task assigned to 21st century civiliza­
tion. The only the way to solve this trilemma is developing clean energy technology 
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Fig. 1.3. World population growth, worldwide energy demand, and the ratio of 
electricity to total energy demand (the unit of MBDOE is millions of barrels per 
day of oil equivalent) 

energy trends analysis, the energy consumption per capita in a country is 
directly proportional to the country's annual income per capital or its GNP 
(gross national product) [4]. On the other hand, the number of the world's 
inhabitants is steadily increasing as shown in Fig. 1.3, and reached about 6.1 
billion in the year 2000. It can be expected that worldwide energy demand 
will increase by multiples of the population increase and other factors due 
to promotion of modernization. This positive increment in energy demand 
seems unavoidable in the ne ar future even if energy-saving technologies in 
progress are applied to a moderate degree. For example, the rate of energy 
consumption per production unit in the heavy industries in well-developed 
countries might decrease, it will be completely compensated by the rapid 
increase of energy demand in the newly advancing countries such as China, 
Malaysia, and Thailand. As can be seen in Fig. 1.4, energy consumption in the 
East and South Asia area rapidly increases with increasing economic growth, 
and the percentage of imported fuels will reach almost 70% by 2010 [5]. 

Considering the two-sided nature of the energy policy, that is, continuous 
growth of mass consumption of the limited fossil fuels on the one hand, and se­
vere global environmental issues on the other hand, the Agency of Industrial 
Science and Technology (AIST) in the Ministry of International Trade and 
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Fig. 1.4. Transition of energy demand in the Asian are (11 countries). The per­
centages of imported fuels increase along the dashed line 

Industry (MITI) in Japan has decided to establish "New Sunshine Program" 
for the development of clean-energy technology and environmental technology. 
Figure 1.5 illustrates the comprehensive structure of the new program and its 
relation to the Sunshine Project, which was formulated in May 1973 prior 
to the first energy crisis and started in 1974, the Moonlight Project, which 
was initiated in 1978 for the energy-saving technological development, and 
also the Environmental Technology Project started in 1989 [6]. Previous pro­
grams were a) Renewable Energy Development Technology, b) High Efficiency 

1992 1993 

New Sunshine Project 
BV1550 

Al Renewable Energy 
Development 

2020 

Stop ilie Fossil Fuel Contamination 

1978 " 
Moonlight Project ",> Bl High Efficiency Energy 

BV 140 Utilization & Storage 

Establish Eco·industrial Society 

el World Energy Network 
(International Cooperation) 

L..-_____ ___________ ____________________ _ 

Fig. 1.5. Organizations and objectives of the New Sunshine Project 
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Utilization of Fossil Fuels and Energy Storage, and c) International Energy 
Cooperation, the so-called WENET (World Energy Network) utilizing hy­
drogen fuel-production technology by PV and distributions with a wide-area 
energy-utilization network system nicknamed "Eco-energy City". 

1.3 Key Issues for PV Technology Developments 

As can be seen in Fig. 1.2, the most important issue to solve the 3E-Ttilemma 
is development of clean-energy technology, and changes in the circuit from 
the bold arrow to the dotted arrow. The reason for this strong motivation is 
to stop air pollution resulting from the mass consumption of fossil fuels and 
to maintain the ecological cycles of the biosystems on the earth. Views of 
future energy envision that the energy structure in the 21st century will be 
characterized as a "Best Mix Age" of different energy forms. Among a wide 
variety of renewable energy projects in progress, photovoltaics is the most 
promis ing one as a future energy technology. 

The direct conversion of solar radiation to electricity by photovoltaics has a 
number of significant advantages as an electricity generator. Solar photovoltaic 
conversion systems tap an inexhaustible resource that is free of charge and 
available anywhere in the world. The amount of energy supplied by the sun 
to the earth is more than five orders of magnitude larger than the world 
electric power consumption to keep modern civilizat ion going. Roofing-tile 
photovoltaic generation, for example, saves excess thermal heat and conserves 
the local heat balance. This means that a considerable reduction of thermal 
pollution in densely populated city areas can be attained. 

128.6 

Progress ofPV Module Production in Japan 

88.8 
o Uti.lity Power Use 

• Consumcr Application 

93 94 95 96 97 98 99 '00 

Calendar Year 

Fig. 1.6. Recent changes in PV solar-module shipment in Japan 
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Figure 1.6 shows changes in the solar-ceH module annual production in 
Japan since 1993 as surveyed by the Optoelectronic Industry Technology and 
Development Association (OITDA) [7]. As can be seen from the figure , a re­
markable increase of the annual production has been seen since the start of 
the New Sunshine Project in 1993. In spite of various advantages in photo­
voltaic power generation, as mentioned above, a large barrier impeding the 
expansion of large-scale power-source applications was the high price of the 
solar-ceH module, which was more than $30/Wp (peak watts) in 1974 and 
$5.5/Wp even in 1990. That is, the cost of the electrical energy generated by 
solar ceHs was stiH very high as compared with that generated by fossil fuels 
and nuclear power generation. Therefore, the cost reduction of the solar ceH 
is of prime importance. To break through this economic barrier , tremendous 
R&D efforts have been made in a wide variety of technical fields, from solar­
ceH material, device structure, and mass-production processes to photovoltaic 
systems, over the past 20 years. As a re suIt of a recent fifteen-year R&D effort, 
about one order of magnitude price decrease has been achieved, and now, the 
module cost has come down to less than $4/Wp in afirm bid for a large-scale 
purchase. 

In December 1994, a new initiative of Japanese domestic renewable energy 
strategy "Fundamental Principles to Promote New Energy Developments and 

Public Building 
Local Government etc. 

Private House 

About 
35MW 

NEDO YEAR BOOK 

1995 2000 2005 2010 

Present 

30-35 
NearTerm 

25-30 
Medium 

20-25 
Long Term 

14-20 

Fig. 1.7. NSS project milestone for the PV-system installation up to 2010 
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Utilization" was identified by the Cabinet Meeting. Related action planning 
by law such as tax reduction, government subsidy, etc. were approved by the 
Congress on April 10, 1997 [8]. The strategies are applied not only to whole 
ministries and government offices but also local government authorities and 
private enterprises. 

With the new government policy, development and promotion of PV tech­
nologies have been suggested as the most promising project. An integrated 
instaUations of 400 MWp PV modules by FY2000 and 5.0 GWp by FY2010 
for Japanese domestic use are scheduled as a milestone in the program, as 
shown in Fig. 1. 7. A special regulat ion of tax reduction for investment in re­
newable energy plant, a government financial support of 1/2 subsidy on the 
PV system for public facilities so-caUed PV field test experiments, 1/3 subsidy 
for private solar houses as the PV house planning of the field test ing, etc., are 
aU in progress. 

1994 95 96 97 98 99 2000 

Fig. 1.8. Number of accepted 
PV house monitor planning 
by the government subsidy 

Figure 1.8 shows the number of accepted PV houses compared to the 
monitor plan from the government subsidy accepted PV house increase that 
doubles year by year. On the other hand, in the PV field test experiment a 
total of 259 sites with 6.84 MW were instaUed during the 7 years since 1992. 
A noticeable result in this project is that an accelerated promotion has been 
done. In fact , the number of instaUed sites is 73 with 1.94 MW. in only one 
year (1998). As a result of the accelerated promotion strategy, in fact, the sales 
price for the 3 kW solar photovoltaic system for private houses , for example, 
decreased very sharply, as shown in Fig. 1.9. As the total system price for 
a 3 kW solar PV house, II MYen in 1993, decreases to 2.4 MYen in 2000, 
electricity generation cost also faUs. This electricity-generation cost will be 
reduced to a present sales cost of Yen 25.6/kWh in 2005, and will become 
cheaper than that by hydro-power generation, Yen 18/kWh by the year 2010. 
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1.4 Future Prospect and Roadmap 
for Solar Photovoltaics 

As was mentioned in Fig. 1.7, a targeted milestone for volume PV installa­
tions by the year 2010 has been set at 5 GWp termed as the "Fundamental 
Principles to Promote New Energy Development and Utilization". There are 
many discussions concerning the volume of 5 GW in 2010. For example, if 
200,000 solar PV houses were built annually, which corresponds to nearly 
10% of the number of private houses built annually, it only takes five years 
with 5 kW PV /home. Figure 1.10 presents some scenarios of accumulated PV 
system installations in Japan up to 2030. An estimated installation volume of 
65 GW in 2025 in scenario 1 might cover more than 40% of the peak power 
savings in summer time even taking into account a 12.5% efficiency of a PV 
system operation. The amount of electrical-power generation of 100 GW in 
2030 might easily cover the fossil-fuel electric power-generations in Japan. 

Figure 1.11 shows results of a simulat ion on the future prospect of the 
primary energy (a) and the electricity generated by various energy resources 
(b) [2]. As can be seen in the Fig. 1.11a, renewable energy, including PV, will 
become the major energy resource by about 2050. As for the electric power 
generation, 2040 will be a critic al period for renewable energy in the 21st 
century. 

A Scenario of 
the Accumulated PV System 

Installation in Japan 

5GW 

36MW 

SOOGW 
150GW 

65GW~ "" "" 

.,. "" 

"" JY "" f 
"" ~ "" 30GW 

• NSS Project Milestone 
O Scenario 1 

Scenar i o 2 
.,. Scenar j o 3 
O Extr apo lated 

2030 

Fig. 1.10. A scenario of the accumulated PV system instaHation in Japan 
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Table 1.2. Contributions to the global environmental issues by PV 

Local 

1 
Environment 

1 
Global 

(1) Solar PV power generation 

(2) Cleaning of polluted air 

(3) Cleaning ofwater 

(4) Generation ofhydrogen energy 

(5) Stopping desertification 
and 

(6) Greening of deserts 

• Clean sustainable energy 
resource 

• Ashing of pollutant gases 
by glow discharge 

• Decomposition by PV 
glow 

• Electrochemical 
processing by PV 

• Electrolysis ofwater 
byPV 

• PV water pumping at 
plantations 

As described in the previous section, solar photovoltaic power generat ion 
is an almost maintenance-free clean-energy technology. Therefore, the pene­
tration of PV technology into utility power generat ion might be of prime im­
portance for market-size expansion, using a large mass production scale merit 
of solar celIs in the PV system development. With an increase in feasibility of 
semi-power applications and full use of maintenance-free solar photovoltaics, 
many methods of antipolIution processing can be performed with solar pho­
tovoltaic power. For example, ashing of polIutant gas in air by glow discharge 
decomposition and cleaning of water by electrochemical processing, as shown 
in Table 1.2 [5]. Mass production of hydrogen energy in the Sahara desert 
is planned using solar photovoltaics, the so-called VLS-PV (very large scale 
photovoltaic) [3]. There exists a possibility of "halting desert expansion" and 
"greening" the desert by photovoltaic water pumping and planting of trees. 
The "Gobi project" has been organized for this purpose. In 1990, a preliminary 
study team began a survey of natural conditions as part of a Japan-Mongolia 
program of cooperation [9]. 

Results of these considerations indicate that an econoinicalIy feasible age 
of photovoltaics will come earlier than expected in the near future, if efforts 
continue to be made to promote R&D work and market stimulat ion by means 
of government support and international cooperat ion occurs. In any case, 
the most important emphasis should be placed on stopping the effects of 
contamination by fossil fuels with a worldwide energy policy and development 
of this novel, clean-energy technology for the future benefit of alI mankind. 

The new-energy revolution from the coal age to the oil age was accom­
plished within only a quarter of a century from 1950 to 1975. The reason 
why the energy revolution transition time was so short is due to the large-
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scale merit of oiI in terms of mass processing in petrochemical plants. With 
respect to the scale merit, that of solar cells in a mass-production line might 
be greater than that of oil at the stage of well-developed PV utilizat ion sys­
tems. As has been reported elsewhere, semiconductor devices usually have the 
highest scale merit, which has been well identified over the past 20 years as 
initiating a solid-state device revolut ion from the age of the vacuum tube in 
the electronics industry. For example, the DRAM (dynamic random access 
memory) has a 25% in scale merit. This means, if one produces a one order 
of magnitude increase in production, the cost becomes one quarter. Let us 
embark on a new kind of energy revolut ion with clean-energy photovoltaics. 
Might it be possible to accomplish the clean-energy revolut ion within the 
coming 25 years? It is a fanciful dream but let us enjoy our new challenge! 
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2 

Recent Advances and Future Opportunities 
for Thin-Film Solar Cells 

Satyen K. Deb 

2.1 Introduction 

The primary objective of worldwide PV solar-cell research and development 
(R&D) is to reduce the cost of PV modules and systems to a level that will 
be competitive with conventional ways of generat ing electric power. To do 
that, it will be necessary to reduce the cost of PV from '" $7 jWp in the 
year 2000 to about $1.50jWp at the system level. Worldwide PV module 
production in 2000 is estimated to be about 290 MWp, and is growing at the 
rate of 20-25% per year. The selling prices of PV modules and systems range 
from $3-5jWp and $6-lOjWp, respectively. PV technology in the marketplace 
today is dominated by crystallinejpolycrystalline silicon. Even with greatly 
increased production volume and significant reduction of cost, it is doubtful 
that crystalline or polycrystalline silicon will ever meet the long-term cost goal 
for utility-scale power generation. If one accepts this rationale, it will be useful 
to see whether thin-film technologies can realistically meet these goals. There 
is reason to be very optimistic, particularly in view of the remarkable progress 
that has been made in recent years in terms of high conversion efficiency, 
long-term stability, and demonstrated large-scale manufacturing capabilities 
in several thin-film technologies. 

In general, thin-film technologies have the potential for substantial cost 
advantage versus traditional wafer-based crystalline silicon because of fac­
tors such as lower material use, fewer processing steps, and simpler device 
processing and manufacturing technology for large-area modules and arrays. 
Because the design and construction of most thin-film PV technologies have 
many common elements, manufacturing costs are very similar. Therefore, the 
choice of any given technology is dictated by the highest achievable efficiency, 
ease of manufacturing, reliability, availability of materials, and environmental 
sensitivity. 

Currently, thin-film technologies based on alloys of amorphous silicon (a­
Si:H), cadmium telluride (CdTe), and ternary and multinary copper indium 
selenide (CIS) are the leading contenders for large-scale production. Figure 

Y. Hamakawa (ed.), Thin-Film Solar Cells
© Springer-Verlag Berlin Heidelberg 2004
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Fig. 2.1. Chronological evolution of thin-film solar-ceH efficiencies 

2.1 illustrates the chronological evolution of smalI-area solar-cell efficiencies in 
these three technologies. In addition to the preceding, thin-film polycrystalline 
silicon offers an exciting opportunity for low-cost solar celIs, and significant 
progress has been made in recent years in this technology. Currently, the 
highest-efficiency solar celIs have been fabricated using 111-V materials and 
their alIoys (thin-film multijunction devices grown epitaxialIy on single-crystal 
substrates). However, significant progress has been made on the fabricat ion of 
high-efficiency devices on polycrystalline substrate, which raises the hope that 
high-efficiency thin-film GaAs-based solar celIs can be fabricated on low-cost 
substrates. 

There are also exciting new developments in the use of thin-film solar ceHs 
based on mesoporous, nanostructure materials such as dye-sensitized (Ti02 ) 

solar celIs. The key driver for the future generation of PV is the reduction 
of cost to about $1.00/Wp at the system level. In order to achieve this long­
term goal, the focus of future PV R&D will be on developing novel thin-film 
technologies involving new semiconductor materials and devices, as well as 
pursuing radicalIy new concepts that can significantly enhance the conversion 
efficiency of a device, and, at the same time, reduce the cost. 

2.2 First-Generation Thin-Film Solar Cells 

In view of their commercial readiness, the folIowing three groups of solar-ceH 
materials and devices can be considered as the first generation of technolo­
gies: (1) hydrogenated amorphous-silicon-based alIoy (a-Si:H, a-SiGe:H) p-i-n 
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devices; (2) cadmium telluride/cadmium sulfide (CdTe/CdS); and (3) copper 
indium gallium selenide/cadmium sulfide (CIGS/CdS)-based heterojunction 
devices. The technology based on single-junction and multijunction a-Si:H al­
loys is the leader with a proven manufacturing technology and worldwide pro­
duct ion capacity of about 35 MW /y in 2000. Next to a-Si:H, the CdTe-based 
thin-film solar-cell technology appears to be closest to large-scale commer­
cialization with worldwide production capacity of a little over 1 MW /y. The 
CIGS-based thin-film technology, although a le ader among all three thin-film 
technologies in terms of cell and module efficiency, is in the early stage of 
commercialization with current production capacity around 100 kW /y. 

2.3 Amorphous Silicon Alloy Solar Cells 

Thus far, the thin-film solar cell based on a-Si:H and its alloys as p-i-n 
junction-type devices are the most mature and commercially available among 
alI of the leading thin-film technologies. As a PV device, a-Si:H alIoys offer 
several advantages: high optical absorption coefficient ('" 105 cm -1) with ad­
justable bandgap (1.1 eV to 2.5 eV) by alIoying; ease of fabrication over a 
large area by a variety of deposition techniques at relatively low temperature 
« 300°C); multijunction device capability, which ensures optimum utiliza­
tion of the solar spectrum; and proven cost-effective manufacturing technol­
ogy. However, the technology also suffers from some major limitations, such as 
degradat ion of cell efficiency, usualIy by 10-20%, due to the Staebler-Wronski 
effect; degradation of electronic properties at deposition rates greater than a 
couple of A/s; and generalIy low module efficiency. Significant progress has 
been made in recent years in overcoming some of these limitations, and steady 
progress has been made in achieving higher efficiency, increased dep os it ion 
rates, and better photostability. 

Unlike other thin-film solar cells, which generally use a p/njunction config­
uration, a-Si:H-based solar celIs require a p/i/n-type of device configuration. 
This is because a-Si:H and its alIoys have intrinsically high defect dens it ies 
and associated lower minority-carrier lifetime and, therefore, require field as­
sistance for efficient collection of photogenerated carriers. Like other thin-film 
solar celIs, a-Si:H ce lIs are fabricated in two types of configurations - super­
strates and substrates, depending on the geometric relationship between the 
substrate and the rest of the device structure. Currently, the single- or double­
junction celIs are superstrate type, and triple-junction devices are substrate 
type. Although major progress has been made in recent years in improving 
the deposition processes, materials and device quality, and device design and 
manufacturing processes, the continued improvement of cell efficiency, par­
ticularly in single-junction devices, appears to have hit a bottleneck. It is 
generalIy recognized that any significant increase in efficiency can be achieved 
only by a multijunction approach. 
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Fig. 2.2. Schematic of a triple-junction a-Si:H solar-ceH: (a) substrate and (b) 
superstrate configurat ion 

2.3.1 Multijunction Cells 

Figure 2.2a and 2.2b show schematically a triple-junction device in the sub­
strate and superstrate configurations. The substrate-type devices shown in 
Fig. 2.2a have been developed principally by United Solar and ECD Corpora­
tion and show the highest initial and stable efficiency (13%) reported thus far 
[1,2]. The design of a triple-junction cell is based on the well-known principle 
of spectral splitting such that the top, middle, and bot tom cells absorb blue, 
green, and red photons, respectively. In a typical device, the i-Iayer of the top 
ceH consists of an a-Si:H with a bandgap of rv 1.8 eV. The i-Iayers of the mid­
dle and bot tom cells consist of a-Si:Ge:H alloys with appropriate composition 
to adjust the bandgap to rv 1.6 eV and 1.4 eV, respectively. The thickness of 
each of the i-Iayers is adjusted to achieve current matching between individual 
cells, with the top layer limiting the maximum current. Some of the major 
innovations that led to the achievement ofrecord efficiency include: (1) use of 
an optimized hydrogen dilution and other deposition conditions to control the 
microstructure and improve the material properties of i-Iayers; the control of 
microstructure close to the amorphous-to-microcrystalline transition region, 
which was important in achieving the highest efficiency [3]; (2) incorporation 
of a graded band structure of i-Iayers of a-Si:Ge:H layers with the lowest-gap 
material near the p/i interface to facilitate improved hole transport; (3) use 
of a high-conductivity, low optical absorption microcrystalline p-Iayer in the 
top ceH, which contributed to increased Voc (> 1.0 V); (4) development of 
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low-Ioss tunnel junctions; and (5) use of a textured Ag/ZnO back reflector 
on the stainless steel substrates, which achieves light trapping for maximum 
optical absorption. 

2.3.2 Single- and Double-Junction Cells 

Although triple-junction tandem celIs hold the promise for achieving the high­
est stabilized efficiency, there is a strong argument in favor of both single- and 
double-junction cell structures because of the inherent simplicity in the fabri­
cation of such devices. Significant progress has been made in recent years in 
achieving higher stabilized efficiencies in both of these structures. The device 
structures for both single- and double-junction celIs are typicalIy superstrate 
type. The superstrate is a transparent conducting glass, which serves as the 
top electrode and an anti-reflection coating. In a single-junction device, a p­
i-n structure folIowed by a ZnO buffer layer and metallic conductor (Ag or 
Al) is fabricated on the superstrate. A typical two-junction superstrate device 
has the top and bot tom cell consisting of a-Si:H (p-i-n) and a-Si:Ge:H (p-i-n), 
respectively. Some of the optimization methods used for the triple-junction 
devices discussed above were also used for the single- and double-junction 
devices. Large-area single- and multijunction modules are fabricated by fol­
lowing an interconnect design scheme that is applicable to alI thin-film celIs 
including a-Si:H and maximizes the output power [4]. Table 2.1 shows recent 
stabilized efficiencies of some representative a-Si:H-based single- and multi­
junction devices. 

Table 2.1. Stabilized efficiency of a few representative a-Si:H-based cells and 
modules 

Device structure Stabilized Area Organization 
efficiency (%) (cm2) 

Single-junction a-Si:H 9.3 0.25 United Solar 

9.0 1.0 Tokyo Inst. ofTech. 

8.9 1.0 Sanyo 

Double-junction a-Si:Ge:H 12.4 0.25 United Solar 

a-Si:H/a-SiGe:H 10.6 1.0 Sanyo 

9.1 842 BP Solar 

9.5 1200 Sanyo 

9.3 5000 Sanyo 

Triple-junction 13.0 0.25 United Solar 

10.5 905 United Solar 

12.5 (initial) 922 United Solar 
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2.3.3 Material and Device Issues 

Some of the key research and development issues that affect the current 
progress and future advances of a-Si:H technology are: growth of high-quality 
materials at higher deposition rates, optimization of narrow-bandgap alloy 
materials, and understanding and elimination of photodegradation behavior. 

2.3.4 Growth of a-Si:H Alloy 

Moderate-quality a-Si:H alloy materials and devices are made by many dif­
ferent techniques including RF, DC, very high frequency RF (VHFRF), and 
microwave-powered plasma-enhanced chemical vapor deposition (PECVD); 
electron-cyclotron resonance (ECR) glow discharge; photo CVD; sputtering; 
and atmospheric plasma CVD. Most of these processes require considerable 
finetuning of their deposition parameters before high-efficiency devices can 
be fabricated. Among these processes, only DC- or RF-powered PECVD is 
currently used for the manufacturing of amorphous-silicon solar cells. One of 
the major drawbacks of the PECVD process is the very low deposition rate, 
usually around 1-2 A/s. However, a higher deposition rate is essential for 
achieving the throughput needed for the reduction of cost. Extensive effort 
has been made in the past to increase the deposition rates of the i-layer by us­
ing the standard PECVD process, but without any success. However, several 
groups have shown that by using very high frequency (VHF) PECVD, the 
deposition rates of a-Si:H can be increased to the 10-15 A/s range without 
any degradation of the film properties [5, 6]. 

Recently, an a-Si:H/a-SiGe:H/a-SiGe:H triple-junction solar ceH has been 
fabricated in which the i-layers were deposited at 10 A/s using VHF-PECVD 
(70 MHz). They achieved an initial active-area efficiency of 11% at AM 1.5, 
which degraded to 9.6% after 700 h of light soaking [7]. VHF PECVD is 
particularly interesting, because the technique can be easily adapted to the 
existing PECVD processor. 

Achieving even higher deposition rates requires alternative deposition 
processes; two new techniques, hot-wire CVD (HWCVD) and the atmo­
spheric pressure plasma CVD (APP-CVD), appear to have much promise. 
The HWCVD technique has been successfully developed in recent years to 
grow device-quality a-Si:H alloy films at deposition rates up to 167 A/s with 
excellent structural and electronic properties such as high photosensitivity 
(ap/aD = 105 ), low saturation defect density (Nd = 2 X 1016/cm3 ), high am­
bipolar diffusion length (rv 2000 A), and low hydrogen content (CH < 1%) [8]. 
HWCVD films are normally grown at substrate temperatures > 400°C. Imple­
menting this technique for the fabricat ion of a p-i-n superstrate cell structure 
is problematic because of the degradation of the p/i interface at this temper­
ature. However, the n/i interface is less sensitive to high temperatures and, 
therefore, the n-i-p substrate-type structure is the device of choice. Recently, 
a hybrid process in which n-i layers are deposited by HWCVD and the p-layer 
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is deposited by PECVD produced devices with initial efficiencies of 9.8%. By 
using a lower substrate temperature (280-400°C) and an all-HWCVD pro­
cess, an efficiency of 8.7% was achieved with the i-Iayers grown at rates of 
17-20 Ă/s [9]. Contrary to early expectations, the solar cells fabricated by 
the HWCVD process also show significant photoinduced degradation. 

An alternative high-rate deposition technique involving atmospheric-pres­
sure plasma CVD with a rotary electrode has been developed for the fabri­
cation of high-quality a-Si:H films at very high deposition rates (0.3 f-Lm/s 
to 1.6 f-Lm/s) [10]. A 150-MHz VHF power was used to generate high-density 
plasma in a gas mixture containing He, H2, and SiH4 for this process. The 
films deposited by this technique show photosensitivity ((Jp/(JD) of 106 at a 
very high deposition rate of 0.3 f-Lm/s. The process has yet to be applied to 
the fabrication of a solar cell. 

Besides the high-rate deposition processes, other significant advances have 
been achieved involving the deposition of high-quality a-Si:H film by the use of 
hydrogen dilution during film growth. An optimized hydrogen dilution leads 
to higher-quality film at deposition rates up to 15 Ă/s [11]. A record 9.3% sta­
bilized efficiency has been achieved in a large-area (5150 cm2) a-Si:H/a-SiGe:H 
double-junction cell using optimized H-dilution for the deposition of the ab­
sorber films. Hydrogen dilution also leads to an amorphous-to-f-L-crystalline 
transition, and the best solar-cell material is obtained when the film is de­
posited below this transition region [3]. 

Futako et al. [12, 13] have developed another novel preparat ion method 
called "chemical annealing" for tun ing the bandgap of a-Si:H film in the range 
of 1.5-2.0 eV. The process involves treating the growing film with chemically 
reactive species such as atomic H or electronically excited Ar to enhance 
structural relaxation. 

2.3.5 Photodegradation of a-Si Solar Cells 

The photoinduced creat ion of metastable defects, the so-called Staebler­
Wronski (S-W) effect, in amorphous silicon presents a formidable challenge 
to the improvement of solar-cell technology. The effect is mainly observed 
through the degradation of electronic properties due to the formation of deep­
level defect states that act as recombination sites. These defects are metastable 
and can be removed by thermal annealing above 150°C for several hours. This 
degradation/recovery process can be repeated many times. Although solution 
of this instability problem remains elusive, a partial solution has been found 
that involves the use of a thinner a-Si:H intrinsic layer. Thus, by reduc ing the 
i-Iayer thickness, while increasing the optical absorption by effective light trap­
ping, it is possible to ameliorate the stability problem. It is also observed that 
a multijunction approach, which uses thinner i-Iayers, gives rise to a higher 
stabilized efficiency than a single-junction cell. In recent years, significant 
progress has also been made in improving the material properties by control­
ling various deposition-process parameters and film microstructures, which 
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has contributed to the improvement of device stability. Most high-efficiency, 
triple-junction devices show degradation of about 10% as compared to single­
junction devices, which used to degrade, in some cases, by as much as 50%. 
Long-term light soaking of a-Si:H PV modules indicates that stabilizat ion of 
degradat ion depends on the operating condition [14]. 

Extensive studies have been made during the last two decades to under­
stand the mechanism of this metastability and to mini mize its impact. An 
excellent review of this effect in the a-Si:H alloy describes our current under­
standing of this issue [15]. 

Fig. 2.3. Hydrogen-collision model for photodegradation 

In the past two decades, extensive effort in developing models for this 
effect has led to the emergence of two models, (1) the "charge-transfer model" 
developed by Adler in 1983 [16] and, (2) the "hydrogen-bond switching" model 
proposed by Stutzman et al. in 1985 [17]. Recently, Branz [18] suggested the 
"hydrogen-collision model" shown in Fig. 2.3, which can explain many aspects 
of the S- W effect. This model assumes that optical excitat ion creates two 
mobile hydrogen atoms that collide and form metastable two-H complexes 
M(Si-Hh and metastable dangling bonds (DB) according to the equation 2 Si­
H -> 2 DB + 2 Si-H/DB -> 2 DB + M (Si-Hh. Theoretical analyses, using 
molecular dynamic simulations, have supported the feasibility of formation 
of this defect complex [19]. The first direct evidence of the light-induced, 
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long-range hydrogen motion at room temperature in a-Si:H is demonstrated 
by studying the photoinduced diffusion of H from a-Si:H to W03 film in a 
bilayer structure of a-Si:H/ a-W03 [20]. 

2.3.6 Technology DevelopIllent 

WeU over a decade of technology development for the large-scale commer­
cialization of a-Si:H-based solar ceUs has given this technology an early start 
over other competing thin-film devices. In the United States, several com­
panies have been involved in this area. Some of the leading ones are United 
Solar System Corporation (USSC), Energy Conversion Devices (ECD), BP 
Solar, and Iowa Thin Films Technologies. BP Solar built a lO-MW a-Si:H/a­
SiGe:H tandem-junction ceU manufacturing plant as shown in Fig. 2.4. The 
two-junction device structure consists of a p-i-n-p-i-n substrate-type device 
structure on glass. The dc-glow-discharge PECVD process is used to deposit 
the a-Si:H and a-SiGe:H thin films. The final products consist of 5-W to 
rv 50-W modules [21]. USSC and ECD, on the other hand, manufacture a 
superstrate-type, triple-junction device in a roU-to-roU process in which half­
mile-Iong, 14" -wide, and 5-mill-thick stainless steel is continuously coated to 
fabricate the complex device structure [22]. The coated web is then cut into 
9.4" x 14" pieces and processed to make a variety of fiexible products for 
a wide range of applications. The standard product ranges from 3 W to 64 
W , with a stabilized aperture area efficiency of 7.5 to 7.8%. USSC has also 

Fig. 2.4. BP Solar lQ-MW manufacturing plant 
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introduced PV shingle roofing products, which resemble conventional roof 
shingles. 

2.3.7 Research Issues in a-Si:H-Based Materials and Devices 

The key research issues that affect the future of the a-Si:H technology have 
been reviewed at a recent workshop [23] and broadly classified into two areas: 
materials and devices. The issues related to materials involve novel growth 
methods, growth reactions and plasma chemistry, role of hydrogen, high­
and low-bandgap alloy materials, and structural order such as amorphous 
-7 nanocrystalline -7 microcrystalline transitions. The device issues are: ap­
proaches to increasing throughput and reducing cost, long-term stability, role 
of surface and interfaces, fabrication of large-area high-efficiency devices, and 
device modeling. 

2.4 CdTe-Based Thin-Film Solar Cells 

Next to amorphous silicon, CdTe-based thin-film solar cells are closest to 
commercial readiness. The CdTe/CdS thin-film solar cell is normally a hetero­
junction device, in which CdTe is the p-type absorbing layer. The optimum 
bandgap (1.44 eV), high absorption coefficient typical of a direct bandgap 
semiconductor and other physical properties make it an ideal PV material 
with a theoretical efficiency around 30%. Analogous to the Cu2S/CdS solar 
cell, the first heterojunction solar cell involving CU2Te/CdTe was fabricated 
by Cusano in 1963 [24]. A number of device structures involving a p-n homo­
junction, semiconductor-insulator-semiconductor junction, and a variety of 
heterojunctions have been extensively studied in the past three decades. The 
status of the technology up to 1983 has been reviewed by Fahrenbruch and 
Bube [25]. CdS/CdTe has emerged as the most promising device structure, in 
which CdTe is the p-type absorber layer. Efficiencies in the range of 15-16% 
have been achieved in recent years on relatively small-area devices [26, 27]. 

One of the major advantages of CdTe/CdS thin-film solar cells is the low­
cost fabrication option. A number of relatively simple, low-cost methods have 
been used to fabricate solar cells with efficiencies in the range of 10-16%. Some 
of the low-cost deposition methods for CdTe that show promise include: (1) 
closed-space sublimation (CSS); (2) spray deposition (SD); (3) screen print ing 
(SP); and (4) electrodeposition (ED). All ofthese techniques are being pursued 
for large-scale manufacturing by several companies. 

2.4.1 Device Fabrication Process 

Most of the high-efficiency CdTe-based heterojunction devices use a super­
strate configuration in which CdTe is deposited on the CdS window layer. 
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Fig_ 2.5. A typical CdTe device structure: (a) conventional, (b) modified version 

A typical device structure, which is routinely used for high-efficiency device 
fabrication, consists of glass/SnOdCdS/CdTe/ back contact and is shown 
in Fig. 2.5a. The folIowing sequence of processing steps is generalIy used for 
device fabrication. A transparent conducting glass (soda lime or borosilicate 
glass) coated with doped Sn02 or indium tin oxide (ITO) films is used as a 
substrate. A thin film (0.05-0.1 p,m) of CdS is then deposited by one of a vari­
ety of techniques. Both CSS and chemical-bath deposition (CBD) techniques 
are generalIy used for the fabrication of high-efficiency devices. The CdS film 
is heat treated in a reducing atmosphere (H2 or HCI) or in the presence of 
CdCb in the temperature range of 400-500°C. 

The p-type CdTe thin film (1.5-3.0 p,m) is deposited on the CdS layer by a 
variety of methods such as CSS, ED, MOCVD, SP, PVD, and sputtering. AlI 
of these techniques have led to cell efficiencies ranging from 10-16%. However, 
techniques such as CSS, ED, and spray deposition are widely used for large­
scale manufacturing. Regardless of the deposition method used, the CdTe 
requires a post-deposition heat treatment with CdCb or other Cl-containing 
compounds to improve its microstructural and electrical properties. 

As shown in Fig. 2.6, the CdCb treatment leads to considerable grain 
growth in both CdS and CdTe, which is necessary for high-performance de­
vices. Forming a low-resistance contact to the high-resistivity p-type CdTe film 
presents a challenge. A variety of approaches have been taken and a number 
of contacting materials, such as Cu, Au, Cu/Au, and Ni have been used thus 
far. Some of the limitations on the performance and reproducibility of the 
conventional CdS/CdTe device are low sheet resistance (10 [2/D) and poor 
light transmittance (rv 80 %) of Sn02 (TCO). The 2.4 eV bandgap of CdS 
gives poor blue response, performance reproducibility, and film adhesion dur­
ing CdCb treatment. A modified device structure shown in Fig. 2.5b removes 
or significantly minimizes most of the limitations discussed above [28J. In this 
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Fig. 2.6. Morphology of CdTe film before and after CdCl2 treatment 

structure, Sn02 is replaced by a Cd2Sn04 (CTO) film with superior electrical 
and optical properties, and a buffer layer of high-resistivity Zn2Sn04 (ZTO) 
is sputter deposited on a CTO layer. During the CdCh heat treatment of the 
CdTe film, the ZTO undergoes structural changes (amorphous to crystalline), 
and, at the same time, interdiffusion of Zn and Cd at the interface between 
ZTO and CdS, which forms a ZnxCd1-xS layer, occurs, thereby improving 
the device performance. 

2.4.2 CeH and Module Efficiency 

Until recently, the highest conversion efficiency of 15.8% was reported by a 
group at the University of South Florida. More recently, a world record of 16% 
efficiency at AM1.5 was reported in a CdS/CdTe solar ceH by Matsushita Bat­
tery Industrial Company of Japan by using ultrathin CdS (0.05 p,m) and thin 
CdTe (3.5 p,m) film deposited by the MOCVD and CSS techniques, respec­
tively. The modified device structure, which has the potential for significant 
enhancement of device performance and reproducibility, has shown 15.8% ef­
ficiency. It is interesting to note that a variety of deposition methods have 
been used to achieve efficiencies ranging from 12- 16%, and this is shown in 
Table 2.2. A modest improvement in ceH parameters can easily lead to a cell 
efficiency of 18.5%. 

A number of industrial groups throughout the world are currently engaged 
in the development of CdTe-based thin-film solar-cell modules. The current 
status of some representative cells and modules fabricated by different pro­
cesses is given in Table 2.2. 

2.4.3 Technology Development 

A number of companies throughout the world are currently involved in the 
technology development of large-scale manufacturing of CdTe-based devices. 
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Table 2.2. Efficiencies of CdTe/CdS solar cells and modules 

CdTe deposition process Efficiency/area Organization 

CSS 15.8%/1.05 cm2 USF 

9.1%/6728 cm2/61.3 W Solar Cells, Inc. 

CSS 16.0%/1.0 cm2 Matsushita 

Electrodeposition 14.2%/0.02 cm2 BP Solar 

8.4%/4540 cm2128.2 W BP Solar 

Atomic layer epitaxy 14.0%/0.12 cm2 Microchemistry 

Screen printing 12.8%/0.78 cm2 Matsushita 

8.7%/1200 cm2/1O.O W Matsushita 

CSS 15.8% NREL 

Some of the key players are: (1) Solar Cells, Inc. (currently First Solar, LCC), 
ANTEC Solar, BP Solar, and Matsushita Battery Co. First Solar, LLC, is 
currently working on a light throughput (2-9 m2 /min 100-MW /y produc­
tion facility [29J with an objective of achieving 10% module efficiency. The 
schematic of their module structure and the processing sequence is shown 
in Fig. 2.7. BP Solar has fabricated 38.2-W modules with an efficiency of 
8.4% (4540 cm2 area), and is currently setting up a manufacturing facility 
in the United States. ANTEC Solar GmbH is in the process of setting up a 
lO-MWp/y production facility [30J. 

sel Module Structure 
/ Incident Sunlight 

Glass 
Superstrate 

TCO 
CdS 

CdTe 
Metal 

1--_--EVA 

~ r-------------4----1 
Glass -----' 
Laminate 

.;:: 
<> cn 

Process 
Sequeoce 

Fig. 2.7. Module structure and processing sequence of CdTe solar cells by Solar 
Cells, Inc. 
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2.4.4 Key Issues for Future R&D 

Some of the key issues are: (1) basic understanding of the material properties, 
particularly with regard to the role of structural defects, dopants, and impuri­
ties, grain growth and grain boundaries, and different processing parameters; 
(2) surface and interface phenomena affecting the junction properties, inter­
facial diffusion, and grain-boundary passivation; (3) optimization of front and 
back contacts with respect to contact resistance and stability of contacting 
materials (establishing ohmic contact with p-type CdTe has been a challeng­
ing problem); and (4) optimizing online manufacturing processes to close the 
gap between small- and large-area devices, an issue that is common to all 
thin-film solar cells. These and other issues have been addressed in a recent 
workshop [31]. 

2.5 CuInSe2(CIS)-Based Thin-Film Solar Cells 

After almost 25 years of extensive work on CdSjCU2S thin-film solar cells, this 
was abandoned in the early 1980s because of insurmountable problems asso­
ciated with the stability of CU2S material. The attention was quickly focused 
on ClS as a replacement for CU2S because of two reasons: (1) demonstra­
tion of a fairly high efficiency '" 12%) in a single-crystal ClS-based device at 
Bell Laboratories [32] and (2) fabrication of thin-film devices with reasonable 
efficiency (6.6%) [33]. Research funded by the U.S. Department of Energy 
(DOE) quickly led to the achievement of 12% efficiency in CulnSe2jCd(Zn)S 
thin-film solar cells by the Boeing Corporation [34]. It was also shown that, 
unlike Cu2SjCdS, this device had the potential for long-term stability. This 
led to a worldwide R&D effort, which resulted in major innovations in the 
materials and device-processing technologies. These innovations included al­
loying of ClS with Ga to engineer the bandgap for optimum solar conversion, 
introduction of a back reflector for electrons, use of a gradual bandgap for 
better charge collection, replacement of the bulk of the CdS film by a ZnO 
bilayer, a CBD process for CdS deposition, and better understanding and con­
trol of the optoelectronic, structural, and defect properties of bulk materials 
and interfaces. This culminated in the achievement of a record efficiency of 
18.8% at NREL in recent years, which puts this technology at the forefront 
of high-performance thin-film solar cells [35]. 

2.5.1 Device Fabrication 

The device structure that led to the achievement of the highest efficiency 
(18.8%) consists of glassjMojClGSjCdSjZnO jmetal gridj AR coating and is 
shown in Fig. 2.8a. It is a substrate-type that is coated with '" 1 p,m layer of 
Mo deposited by RF sputtering. The choice of substrate, particularly the use 
of SLG, is important because of the beneficial effect of Na outdiffusion from 
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Fig. 2.8. 18.8%-efficient CIGSjCdSjZnO solar-cell: (a) device structure, (b) ele­
mental fluxes and substrate temperature versus deposition time 

the substrate into the absorber layer. However, an Mo-coated stainless steel 
substrate has also been used to fabricate high-efficiency (17.4%) devices. The 
CIGS absorber layer is deposited on the Mo layer by a three-stage physical 
vapor deposition method (PVD), which follows a protocol for maintaining the 
element al fluxes and substrate temperature profile as a function of deposition 
time, as shown in Fig. 2.8b [36]. It is a crucial processing step in the sense that 
it maintains a Cu-poor stoichiometry, overall Ga/(Ga + In) ratio to rv 0.28, 
graded profile of Ga, and a film morphology that has the smooth surface and 
large-grain structure (Fig. 2.9) that are necessary for high-efficiency devices. 
A thin (rv 500 A) CdS buffer layer is deposited on the CIGS film by a chemical-

Fig. 2.9. Morphology of CIGS and CdS film 
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Mo 
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bath deposition (CBD) method. This is followed by the deposition of a high­
resistivity Ilow-resistivity bilayer of ZnO by RF sputtering. Typically, the high­
resistivity ZnO layer (0.5 f-Lm) is deposited on the CdS layer from a pure ZnO 
target and the low-resistivity ZnO layer (0.35 f-Lm) from an Al-doped ZnO 
target. The device is completed by depositing a Nil Al collector grid with 5% 
obscuration and a O.l-f-Lm-thick MgF2 antireflection coating. The same device 
without the CdS buffer layer produces a 15%-efficient device. The performance 
characteristics of several high-efficiency devices fabricated at NREL are shown 
in Table 2.3. 

Table 2.3. High-efficiency, CIGS-based thin-film solar cells fabricated at NREL 

Device structure Eff. (%) Cell area (cm2) 

ZnO/CdS/CIGSlMo 18.8 0.449 

ZnO/CdS/CIGSlMo 17.7 0.414 

ZnO/CIGSlMo 15.0 0.462 

ZnO/CdS/CIGSlMo 17.4 0.414 
(Mo-coated stainless steel) 

ZnO/CdS/CIGSlMo 13.7 43.89 

Very high efficiency CIGS solar cells have been developed in severallab­
oratories in Europe and J apan. In spite of rather complex processing steps 
involved in the fabrication of the CIGS absorbing layer, the material itself 
is very robust and defect tolerant. Like CdTe thin films, CIGS can also be 
fabricated by a variety of processes such as sputtering, spray pyrolysis, elec­
trodeposition, and molecular beam spectroscopy, although PVD appears to 
be the preferred method. Over the years, several variations of the PVD have 
been developed for high-efficiency device fabrication. 

2.5.2 Technology Development 

Excellent progress has been made in recent years on the fabrication of large­
area CIGS cells and modules by a number of groups worldwide. Some of these 
corporations include Siemens Solar Industries (SSI), DayStar Technologies, 
Energy Photovoltaics (EPV), Global Solar Energy (GSE), and International 
Solar Energy Technology (ISET) in the United States.; Nordic Solar Energy 
in Sweden; Matsushita Electric and Showa Shell in Japan; and others. Some 
representative efficiencies of large-area devices and modules are given in Table 
2.4. SSI, the first company in the world to produce CIS modules, achieved a 
world-record efficiency of 12.1% in a 3651-cm2 module with output power 
of 44.3 W. In addition to higher efficiencies, one of the major advantages of 
CIS-based solar-cell technology is its demonstrated stability over an extended 
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Table 2.4. Some high-efficiency large-area CIS and CIGS thin-film modules 

Absorber 
Area (cm2) Efficiency (%) Power(W) Company 

fihn 

CIGS 3651 12.1 44.3 Siemens Solar 

CIS 3859 10.2 39.3 Siemens Solar 

CIGS 717 11.45 ZSW 

CIGS 51.7 14.2 Showa Shell 

period of time. Several thin-film solar-cell modules have been tested outdoors 
at NREL over a period of almost 10 years without any significant degradation. 

2.5.3 Key Research Issues 

Some of the key research issues are: (1) development of an integrated predictive 
understanding of CIGS(S) materials and devices, (2) development of novel 
deposition techniques and characterization of the mechanisms of growth in 
existing and novel processes, (3) novel materials, especially with wide energy 
gaps (> 1.7 eV) other than Cu-based chalcopyrites, (4) development of real­
time material characterization for process control, and (5) alternative front­
and rear-contact materials [37]. 

2.6 Next Generation of Thin-Film Solar Cells 

The next generat ion of thin-film solar cells covers a broad spectrum of mate­
rials, devices, and novel concepts that are in the exploratory state of research 
and development and have the potential to replace the current technologies. 
Many of these technologies will be either an extension of current materials 
and devices or will involve novel concepts that hitherto have been unexplored 
for solar-cell applications [38-40]. Some of the areas that will be briefly re­
viewed here involve: silicon-based thin films, thin films of conventional III-V 
and II-VI semiconductors, dye-sensitized Ti02 solar cells, organic solar cells, 
and some novel concepts that are in a rudimentary state of development. 

2.6.1 Thin-Film Silicon Solar Cells 

Thin-film multicrystalline silicon (mc-Si) offers an exciting opportunity for the 
development of efficient, low-cost, and stable solar cells by virtue of the many 
positive attributes of silicon as a PV material. However, the primary draw­
back is the inefficient absorption of solar radiation due to the indirect bandgap 
of silicon. This disadvantage can, in principle, be overcome by suitable light­
trapping schemes. Thin-film silicon has some advantages as compared to its 
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crystalline analog because of the less-stringent requirement on the material 
quality. Theoretieal calculations show that it is possible to achieve an effi­
ciency of around 17% in a 2-ţ.tm-thick Si film of appropriate grain size (lOţ.tm) 
and low dislocation density « 106/cm2) [41]. The concept of thin films is 
not new. Several approaches were developed in the early 1980s for fabricat­
ing thin-film silicon solar cells on low-cost substrates, and efficiencies greater 
than 10% were demonstrated. However, with the emergenee of a-Si:H and 
other promising thin films of compound semiconductors, the field was pre­
maturely abandoned. In recent years, there has been a resurgence of interest 
in this area since the achievement of 9.3-9.8% efficiencies in polycrystalline 
Si-film of 8.8 ţ.tm and 1.8 ţ.tm thickness, respectively, by the Kaneka Group 
in the so-called 'STAR' (surface, texture-enhanced absorption with a back 
reflector) cell shown in Fig. 2.10. To design and fabricate efficient, low-cost, 
thin-film mc-Si solar cells, some major technological challenges need to be 
addressed: high-throughput growth of thin-film silicon on low-cost substrate 
and developing methods for growing films with grain size larger than the film 
thicknesses; and effective light trapping to enhance optical path length. Some 
of the approaches that are currently being pursued include: use of reusable 
single-crystal Si substrates by using lift-off and smart-cut teehniques; use of 
multicrystalline-Si wafers; and low-cost cer amic, graphite, glass, or metal­
lie substrates. A variety of techniques similar to those used for a-Si:H, in­
cluding CVD, PECVD, sputtering, and vapor transport, can be used for the 
deposition of Si thin film. In general, most of these techniques lead to the 
growth of films with small grain size « 1 ţ.tm), and subsequent processing is 
needed to increase the grain size. Some of the processing techniques used are: 
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Fig. 2.10. Thin-film silicon 'STAR' ceH by Kaneka group 
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thermal annealing, metal-induced crystallization, zone melting, laser-induced 
recrystallization, and optical processing. Details of these fabrication and de­
sign processes and the current status of the technology are given in a recent 
review [42J. 

2.6.2 Microcrystalline-Silicon Thin Film (pc-Si) 

Hydrogenated microcrystalline silicon shows very efficient n- and p-type dop­
ing properties and, because of this, is widely used as ohmic contact layers in 
(p-i-n) a-Si:H solar cells. The mc-Si:H grown by VHF-GD deposition shows 
enhanced optical absorption due to increased surface roughness and preferen­
tiaI columnar-growth morphology. These properties, along with the ability to 
achieve midgap character by controlled oxygen doping, make it attractive for 
use as an active absorber layer for solar cells. Recently, the pioneering work 
at the Institute of Microtechnology (IMB) at Neuchatel has led to the fab­
rication of an entirely microcrystalline p-i-n solar-cell with 8.5% conversion 
efficiency at AM1.5 [43J. A key attractive feature of the uc-Si:H solar-cell is 
that it is stable under extended light-soaking conditions. The Neuchatel group 
pushed the technology further by combining an a-Si top cell (1.7 eV) with a 
mc-Si:H bottom cell (1.0 eV) to form a tandem cell structure called "micro­
morph cell", and achieving 13.1% efficiency (12% stabilized efficiency). The 
parameters that contribute to the performance of the micromorph tandem 
cells are far from being optimized, and there is considerable room for further 
improvement of this promising technology. With its promise for higher effi­
ciency, lower cost, and better stability, this technology could truly become the 
next generat ion of thin-film solar cells. The current status and future oppor­
tunities of solar cells based on this technology are discussed in a recent review 
article [44J. 

2.6.3 Thin-Film GaAs Solar Cells 

GaAs is one of the III-V semiconductors that have an optimum direct band­
gap (1.43 eV), high absorption coefficient, and high carrier mobilities, making 
it an ideal material for solar-cell applications. This is borne out by the re­
cent achievement of extremely high efficiencies, in the range of 25-32%, in 
single- and multijunction devices made of GaAs and its alloys grown epitax­
ially on GaAs single-crystal substrates [45-47J. These cells and modules are 
now produced commercially for space applications. However, for terrestrial so­
lar cells, it is desirable to make thin-film devices at a cost that is competitive 
with other advanced thin-film options. One of the options is to grow GaAs 
thin film on low-cost substrates such as glass, metals, or ceramics. Unfortu­
nately, this yields materials with small grain size, high thermal stress, high 
dislocat ion densities, and poor electronic properties that adversely impact 
solar-cell efficiency. In spite of these limitations, a moderate level of efficien­
cies (9-12%) in thin-film GaAs deposited on low-cost substrates was achieved 
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in the early 1980s. Further progress has been made in recent years in GaAs 
thin solar cells by using two approaches: (1) reusable substrates by using 
epitaxiallift-off techniques, and (2) growth on low-cost substrates. Thin-film 
GaAs/GaInP solar cells have been grown on single-crystal substrates, which 
are then separated from the substrate and transferred to a glass substrate. 
Similar approaches have been used to fabricate GaAs thin-film solar cells on 
a Pd-coated Si substrate, which led to 20% efficiency [48]. Efficiencies of 20-
21 % have been achieved on a GaAs cell grown on a submillimeter-grain-size, 
poly-Ge substrate [49]. Most recently, Motorola has announced the ability 
to grow high-quality GaAs thin film epitaxially on a Si substrate by using 
a thin SrTi03 as an intervening layer. The formation of an ultrathin (rv 8 
Â) Si02 layer at the interface allows for subsequent strain relaxations of the 
GaAs layer. This important development opens up the possibility of growing 
multijunction III-V solar cells on relatively inexpensive Si substrates. In view 
of these developments, it seems probable that high-efficiency devices of GaAs 
thin-film solar cells can be grown in a cost-effective way provided some fun­
damental issues related to growth and defect passivation, grain boundaries, 
and dislocations are solved. 

2.6.4 Dye-Sensitized Ti02 Thin-Film Solar Cells 

The idea of dye sensitization of inorganic materials had been around for a 
long time, and a vast amount of literature exists on this subject. However, 
the first use of dye-sensitized Ti02 photoelectrochemical cells for solar-energy 
conversion was demonstrated by Deb et al. [50] in the mid-1970s and sev­
eraI U.S. patents were issued to them in 1978 on this topical area. Ti02 
fine particles and thin films, both in anatase and rutile form, were used. N­
methylphenazinium dye was used as a sensitizer to extend the wavelength re­
sponse in the visible region of the solar spectrum. The conversion efficiencies 
of such a device was low, and photostability of the dye was an issue. A break­
through occurred in recent years when O'Regan and Graetzel [51] reported 
a photoelectrochemical solar cell in which a thin film based on nanoparticles 
of Ti02 was sensitized by a more efficient and stable dye system based on 
Ru(11 )-complexes. 

Typically, the device structure, shown in Fig. 2.11a, consists of a 10-20-ţ,Lm­
thick film of nanocrystalline Ti02 particles (10-30 nm in diameter), prefer­
ably in anatase form, that contains a monolayer of chemisorbed dye molecules 
that are coated on a transparent conducting glass. The Ti02 is highly porous 
(50% porosity) and its pores are filled with a nonaqueous electrolyte contain­
ing a II-III redox couple. A transparent counter electrode consists of a thin 
layer of Pl-coated conducting glass, which is edge sealed to complete the de­
vice. The most efficient dye found to date, the so-called "black dye" , consists 
of 4,9, 14-tricarboxy 2,2'-6,6'-terpyridyl ruthenium (ii)trithiocyanate complex, 
which strongly adsorbs in the wavelength range of 400-900 nm. The highest 
efficiency in a 0.294-cm2 area device is 10.96%. The most recent development 
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Fig. 2.11. Dye-sensitized Ti02 solar-cell: (a) device structure, (b) operational prin­
ciple 

and status of dye-sensitized Ti02 solar cells is reviewed in a recent paper 
[52]. From a device point of view, it would be desirable to replace the liq­
uid electrolyte in this system with a solid-state material, preferably with a 
transparent p-type semiconductor. Initial results appear very promising. 

The dye-sensitized Ti02 solar cell offers a significant cost advantage over 
conventional solid-state PV devices. This is because of the relatively inex­
pensive component materials and inherently simple device processing. The 
achievement of 11 % efficiency in small-area devices at the Ecole Polytechnics 
Federal of Lausanne (EPFL) has generated considerable interest worldwide 
for the commercialization of this technology. Both EPFL and the Institute of 
Photovoltaics (INAP) in Germany have made significant progress in the design 
and fabricat ion of large-area interconnected modules [53]. INAP has success­
fully fabricated a 112.3-cm2 module of 12 interconnected cells and achieved 
7.1 % efficiency. Meanwhile, EPFL has reported that testing this device for 
more than 7000 h of continuous operation showed no degradation, which re­
moves a lingering doubt about its long-term stability [54]. 

Some of the key research issues that are currently being addressed include 
design and synthesis of new dyes with improved response characteristics, dy­
namics of electron transfer and recombination processes, surface and interface 
properties including surface modification, charge-transport processes in nano­
structure Ti02 films, role of crystal structure, such as an anatase versus ru­
tile modifications, and the replacement of the liquid electrolyte by solid-state 
materials. 

2.6.5 Novel Ternary and Multinary Compounds 

The ternary and quaternary semiconductors such as CIS and CIGS, as dis­
cussed above, have turned out to be highly efficient and stable PV materials 
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as compared to their II-VI binary analogs. The immense success with CIS­
based ternary material for PV opens almost limitless possibilities of finding 
other ternary and multinary compounds that could be even better than CIS. 
In fact, from bandgap consideration alone, CIS (energy gap = 1.04 eV) would 
not have been considered as the most promis ing material for PV. One can, 
with reasonable certainty, make a prediction that the next generation of PV 
materials is likely to come from this class of ternary and multinary compounds. 
Among the many different ternary compounds, only those belonging to a class 
of diamond-like compounds are likely to be more promising because of their 
close analogy with traditional semiconductors with respect to their composi­
tion, crystal structure, the nature of chemical bonds, and therefore, electronic 
structure. Many of these materials crystallize in the tetragonal chalcopyrite 
structure. The vast majority of these compounds are valence compounds with 
tetrahedral structure due to Sp3 hybridization of their valence electrons, such 
as the elemental semiconductors, silicon, and germanium. 

There are also many ternary compounds that show S2 p6 hybridization, 
which leads to octahedral phases. These materials in the tetrahedral and oc­
tahedral phases, with an average of four electrons per atom, form a class of 
valence compounds that show interesting semiconducting properties appropri­
ate for PV application. This class of materials was extensively studies in the 
1960s by a Russian group led by Goryunova [55], particularly with regard to 
their crystal chemistry, electronic structure, and semiconducting properties. 
An excellent monograph on ternary diamond-like semiconductors gives the 
status of the field until 1969 [56]. Many of the compounds have optical and 
electronic properties that may lead to excellent PV materials. The represen­
tative classes of two cat ion ternary compounds with four electrons per atom 
are shown in Table 2.5. They are classified under two categories, those with 
and without these defects. 

Table 2.5. Representative classes of two-cation ternary compounds 

Ternary compounds 

Without defect 

AIBIIICrI (CuInSe2) 

A~BIV crI (Cu2GeSe3) 

A~BvCYI (Cu3AsSe4) 

AIB~v Cr (CuGe2P3) 

AIIBIV Cr (ZnSiP2) 

With defect 

A~BIICYII (Ag2HgI4) 

AIIB~IICYI (CdIn2Te4) 

A~IBIV CYI (Zn2GeSe4) 

AIIBIVCrI (ZnGeSe3) 

A~IIBvCrI (Ga3PSe3) 
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There are about 80 compounds from among the five classes of ternaries 
without defects that are likely to exist, a large fraction of which could be 
potential PV materials. Similarly, many more compounds with defects also 
exist and could be of potential interest for PV. If one makes quaternary alloys 
such as CIGS from these ternaries, the list can grow quite lengthy. 

The apparent compositional complexity of ternary and quaternary mate­
rials makes one conclude that it will be difficult to synthesize and control the 
optoelectronic properties of these compounds. On the contrary, the ternary 
compounds offer several advantages over their binary analogs: (1) relatively 
lower melting points make them easier to prepare, (2) low-temperature pro­
cessing reduces contamination during synthesis, (3) they offer a wider choice 
of bandgap engineering by compositional changes and ordering in cation or 
anion sublattices, and (4) there is a greater possibility of finding the optimum 
PV material with respect to cost, efficiency, stability, and environmental sen­
sitivity. Of course, it is fairly easy to predict which materials should be at­
tractive for PV from their optoelectronic properties, but the development of 
a technology based on a given material takes years of effort. 

2.6.6 Organic Solar Cells 

During the past two decades, major progress has been made in fabricating 
multilayer organic thin-film devices for a variety of applications such as light­
emitting diodes (LED) and thin-film transistors (TFT) [57]. In recent years, 
spectacular advances have been made, particularly in developing stable and 
efficient LEDs that are approaching the performance of their inorganic coun­
terpart. These developments have raised enormous interest in fabricating flex­
ible, low-cost, and efficient thin-film PV devices based on organic materials 
that might eventually rival the performance of more advanced inorganic thin­
film solar cells. Considerable research has been done on organic solar cells 
during the past two decades; basically, two device configurations have been 
explored. These are: (1) Schottky-type devices in which the organic light­
absorbing layer is sandwiched between two metal electrodes of asymmetric 
(high and low) work functions, and (2) a bilayer device in which a heterojunc­
tion is formed between electron doners and acceptors. The PV performance of 
most of these devices has been very poor (O < 1.0%), and it is only during the 
past few years that the efficiency has been increased to around 3.6%. Another 
interesting, recent development has been the fabricat ion of a thin-film PV 
structure from a solution consisting of a self-organized discotic liquid crystal 
and a crystalline conjugated material. This device has shown 2% conversion 
efficiency [58]. 

The recent advances in solar-cell efficiency of a few representative organic 
solar cells are given in Table 2.6. Clearly, the major improvement in effi­
ciency has been achieved by fabricat ing devices with a composite of electron­
donor-type conjugated polymers with electron-acceptor-like fullerene deriva­
tives. Major improvement in the efficiencies reported in this table are mostly 
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Table 2.6. Reported efficiencies of some recent organic solar cells at AM1.5 

Device structure T] (%) 

ITO/CuP JPV / Ag 1.0 

ITOIMEH-PPV-C601AI or Ca 2.9 

ITOIPOPT + MEH - CN - PPV (5%)/top layer 1.9 
MEH-CN-PPV + POPT) 5%/Al or Ca/botlom layer 

Ag/ITO/pentacene/ Al or Mg 2.4 

ITO/CuP JPTCBIIBDP:PTCBII Ag 2.4 

ITOIPEDOTIMDMO-PPV: PCBMlLiF/AI 2.5 

ITOIPEDOT: PSS/CUP ./C6ofBCP/ Al 3.6 

ITOIPEDOT:PSSIMDMO-PPV: PCBMlAI 4.3 

CuPc: copper phthalocyanine; PEDOT: polyethylenedioxythiophene; 
PSS: polystyrenesulfonate; C6O: fullerene; BCP: bathocuproine; 
PTCBI: perylenetetracarboxylic-bis-benzimidazole; 
MEH: methoxyethoxyhexyloxy; PPV: polyphenylenevinylene; 
POPT: derivative ofpolythiophene 

Ref. 

59 

60 

61 

62 

63 

64 

65 

66 

on small-area devices (0.1 cm2). However, the group at the University of 
Linz, Netherlands, has fabricated conjugated polymer-based large-area de­
vices (10 x 10 cm) on flexible ITO-coated plastic substrates and has routinely 
achieved 2% efficiency. A recent review article [67] gives an excellent account 
of the recent developments in conjugated polymer-based solar cells including 
the underlying photophysics. 

The poor performance of organic solar cells is primarily attributed to the 
following two main factors: (1) inefficient photoinduced charge generation due 
to low exciton diffusion length as compared to the optical absorption length, 
and (2) poor collection efficiency due to very low carrier mobilities (cv 10-3 

cm2 jVs). However, carrier mobilities approaching those of amorphous silicon 
have been achieved in certain organic semiconductors used for TFT applica­
tions. Continued progress in this area will depend on materials improvement 
and innovative device engineering to optimize these two parameters. Judging 
from the rapid progress made in recent years, the future outlook for low-cost 
organic solar cells looks bright. 

2.6.7 Novel Approaches to High-Efficiency Thin-Film Solar Cells 

The multijunction approach has significantly increased the efficiency over 
single-junction devices in a-Si:H- and GaAs-based solar cells. In principle, it is 
possible to increase the efficiency close to thermodynamic limits by stacking a 
large number of cells in tandem. From the economic perspective, this approach 
quickly runs into the law of diminishing returns. During the past two decades, 
several innovative approaches have been proposed that get around this prob-
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lem, and these are: hot-carrier solar cells, quantum wells, and quantum-dot 
devices. These ideas are based on the principle of creat ing multiple electron­
hole pairs per absorbed photon by utilizing the excess kinetic energy of elec­
trons and holes, provided the extremely fast and complet ing process of carrier 
relaxat ion by phonon emis sion can be taken care of. It has been shown that 
the carrier relaxat ion time can be greatly increased from the femtosecond 
to the nanosecond regime by using quantum-well superlattice structure and 
quantum dots (QDs). In QDs, the photocurrent can be enhanced significantly 
by two primary processes: carrier multiplication by the inverse Auger process, 
and higher carrier mobilities due to miniband formation. The quantization 
also offers other advantages like: bandgap modulation, enhanced optical ab­
sorption, and indirect-to-direct bandgap formation, which can be used for 
more efficient photoconversion processes. Another interesting idea for carrier 
multiplication involves intermediate band formation [68]. These ideas have 
the potential to increase the efficiency over current solar cells by 2-3 times. 
Whether any of these approaches can lead to a quantum jump in thin-film 
solar-cell efficiency in the future remains highly speculative. Several recent 
papers have discussed these ideas at length [69-71]. 
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3 

Electrical and Optical Properties 
of Amorphous Silicon and Its Alloys 

Hiroaki o kamoto 

This chapter will concern it self with a detailed description of the basic con­
cepts of electrical and optic al properties of amorphous semiconductors with 
respect to the specific example of amorphous silicon. Using a simplified phys­
ical model, we will discuss how the electronic states in the vicinity of the 
band edge, and the optical and electronic processes associated with these, 
are affected by the structural disorder. An attempt will be made to interpret 
and explain the various physical properties of hydrogenated amorphous silicon 
(a-Si:H) including the photoinduced changes. 

3.1 Simplistic Model 
for Band-Edge Electronic Properties 

3.1.1 Fundamental Aspects Near the Mobility Edge 

3.1.1.1 Density-of-States in the Band-Edge Region 

In this section, the band-edge structure in a system involving weak disorder 
is examined within the context of a site-diagonal disordered simple tight­
binding model. The electronic system is supposed to be described by a linear 
combinat ion of Wannier states li) localized at regularly arranged atomic or 
molecular orbit al sites [1, 2]. If the site energy is assumed to take a random 
value Vi, and the transfer energy between the nearest-neighbor sites is constant 
at V, then the Hamiltonian is given by 

H = VI: li)(jl + I: li)(il . (3.1) 
i#j 

As is well known, the off-diagonal term gives the energy dispersion relationship 
of the regular lattice system E = Ea (k), and the width of the created band B is 
represented by 2zlVl, where z is the coordination number. Let us assume that 
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the diagonal component Vi of the second term follows a Gaussian distribution 
with zero mean and variance W 2 , and consider this as the perturbation term 
of disorder for the regular system presented by the first term in (3.1). 

A rough sketch ofthe density-of-states (DOS) spectrum, D(E), in the vicin­
ity of the band edge is given according to the renormalized second-order per­
turbation method. It is now assumed that the DOS of a nonperturbed system 
is proportional to E1/ 2 ne ar the band edge [3]. 

D(E) = 2~7f2(Va2)~3/2(J(E-ar)2+a;+E-arf/2 , (3.2) 

where a denotes the interatomic distance, ar a negative value close to 
-4 W 2 / B which corresponds to the shift in the DOS spectrum, and ai is 
the imaginary part of the self-energy representing "blur" of the spectrum, 
being proportional to W2V~3/2 E1/2. From (3.2), it is evident that for the 
energy region E > ar + 4 W 3 / B 2 , the DOS resembles that of a nonperturbed 
system shifted by ar. While it is difficult to show explicitly by using such a 
simple analysis, it is expected that a band tail of the exponential form [2] 

(3.3) 

follows the energy behavior mentioned above toward the lower-energy side, 
with the characteristic energy E bu being proportional to W 2 / B. 

The basic concept of the above discussion is that the electron state of a 
disordered system is composed of superimposed Bloch states of its regular 
counterpart. The mean free path A constitutes an index for the proportion of 
included k-states, and is give approximately by 

(3.4) 

for E > ar [2]. The range of k to be mixed is of the order of 1/ A and its 
center of gravity (k) is related to D(E) by (k) IX Va2D(E). In considerat ion 
of the efIective mass m* defined at the band edge of a non-perturbed system, 
which is given in the simple tight-binding model by h2 /2V a2 , it seems that 
even in a disordered system the same efIective mass would be assigned for 
E>ar +4W3 /B 2 [3]. 

3.1.1.2 Conductivity Spectrum and Mobility Edge 

Let us start here from what is known as the Kawabata expression for the 
energy (E) and size (L )-dependent conductivity, which is derived from a mi­
croscopic linear response theory due to Kubo [2, 3]: 

(3.5) 

The first term, aB (E), represents the classical Boltzmann conductivity, and 
the second term, LlaL(E), a quantum-correction term reflecting the multiple 
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scattering efIect due to the random scattering potential, that is, the site­
diagonal component in (3.1). The first term is written simply as 

1 e2 

O"B(E) = 7f3 hA U , (3.6) 

where U is the reduced energy U = (E - O"r)j11c with 11c defined by 

1 W 4 

11c = 167f3 V 3 . (3.7) 

In accordance with the standard Green's function diagram technique, the 
second term of (3.5) is evaluated to be 

11O"L(E) = -O"B(E) . ~ (1 - ~) . (3.8) 

if the first-order quantum correction term involving 1ju is taken into account. 
Accordingly, the conductivity spectrum is given as the sum of (3.6) and (3.8): 

1 e2 (1 1) 
O" L ( E) = 7f3 h ~ + L ' (3.9) 

where ~ represents a correlation length defined by ~ = Aj(u - 1). Equation 
(3.9) is believed to be correct so far as no factors either breaking the time­
reversal symmetry of the electron system (magnetic field or spin-dependent 
scattering) or distorting the coherence of the electron wave (inelastic scatter­
ing) are involved. 

Now, let us examine (3.9) in some detail. If the sample size L is comparable 
to the mean free path A, the correction term 110" L( E) disappears, leaving only 
the classical Boltzmann term. It can be clearly seen that as the sample size 
grows, then the conductivity decreases in inverse proportion to L, and when it 
exceeds the correlation length ~ approaches a size-independent value (u-1)j A, 
which governs the electrical conductivity in an actual infinitely large sample, 
that is, 

1 E2 
O"(E) = ;?"nA(u - 1); u?l 

(3.10) 
=0; u<l 

for L ---+ 00. Equation (3.10) indicates that the electric al current flows only in 
energy states that meet u > lor, in other words, E > 11c. The energy position 
at this boundary defines the mobility edge Ee: 

W 2 1 W 4 
Ee = -4- + -- (3.11) 

B 167f3 V3 ' 

where the energy is referred to the band-edge position of the nonperturbed 
regular system. The energy states higher than this critical value have extended 
wave functions, and states with lower energies are localized states that are 
characterized by a finite localizat ion length being around -2~. Even in the 
extended states, the amplitude of the wave function appears to be fluctuating 
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for the energy range in which ~ > L > A holds; Le., 1 < u < 2, since, as 
mentioned above, the size-independent conductivity is established for L » ~. 

It should be noted here that the electrical conductivity observed for an 
actual sample (with the sample size L infinitely large in comparison with the 
mean free path A) is expressed by using the Fermi-Dirac distribution function 
f(lO) as 

f ( 8f(lO)) a(T) = a(lO) - fk""" dlO . (3.12) 

Putting (3.10) into (3.11) leads to a simple expression of the electrical con­
ductivity for disordered nondegenerate semiconductors: 

1 e2 (AkBT) (lOF - lOC) 
a(T) = 37r2 na ~ exp kBT ' (3.13) 

where lOF denotes the Fermi energy. 

3.1.2 Optical Absorption Spectrum 

3.1.2.1 Phenomenological Scaling of Optical Absorption 

A remarkable similarity holds in the optical absorption edge spectrum for 
various amorphous semiconductor systems: an exponential rise (Urbach re­
gion) followed by a slowly varying regime (Tauc region). The observation is 
probably a manifestat ion of the presence of a universal absorption line shape, 
L(E), inherent to moderately disordered materials. To explore this problem, 
we first introduce the dimensionless photon energy X by (E - Eo)/r, where 
Eo denotes the optical bandgap, and r is a physical quantity reflecting the 
microscopic structure of the material, although not specified at this point. It 
is then straightforward to show that the normalized absorption, g, defined by 
L(E)/ L(Eo ) obeys [4] 

xdld~(x) = nT for g» 1 , 

= In g(X) for 9 ~ 1 , 
(3.14) 

where 9 » 1 refers to the Tauc regime (the Tauc exponent, nT ~ 2 - 3) and 
9 ~ 1 to the Urbach regime, in accordance with the general experimental 
absorption features of amorphous semiconductors [5]. It is important here 
that the right-hand side of (3.14) does not include X explicitly, but is defined 
by 9 alone, which we write as (3(g). A possible form of the (3(g) function is 
represented by 

(3(g) = In 9 -In (1 + a (gg ~ It) , (3.15) 

in which a and bare postulated to be independent of any material parameters. 
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The scaling/renormalization group procedure presented above does not 
provide practical values for the constants a and b in (3.15). They must be 
determined through microscopic arguments based on a microscopic model as 
given in (3.1). In terms of the perturbative time-dependent Green's function 
formalism for the frequency-dependent conductivity, a and b appear to be 
expressed as a function of 

(3.16) 

and 

8 = ~ (W; + W;)3/2 
2 WZBc + WJBv ' 

(3.17) 

where Ex denotes the bandgap of the nonperturbed regular system. The en­
ergy scaling par am eter r is now identified as 

r= ~ (W;+W;? 
2WZBc + WJBv 

(3.18) 

The parameter L1 is determined for each 8 so as to maintain a and b constant, 
yielding a relation: 

Ea = Ex - 6.25Eu , (3.19) 

where Eu denotes the Urbach energy represented by 

E = 1.38-1.2 (W; + W;)2 
u WZBc + WJBv ' 

(3.20) 

which is valid for 8 in the range from 0.1 to 0.3. At the same time, constants a 
and b turn out to be 0.0628 and 0.4183, respectively, and the Tauc exponent 
nT = -In a turns out to be about 2.77, being very close to 3, rather than 
the widely used value 2. There are several pieces of experimental evidence 
supporting nT c::: 3, whereas no theoretical reasoning has been provided so far. 
The theoretical prediction (3.19) agrees quantitatively with Cody's empiric al 
law Ea = Ex - 6.2Eu [5] for a-Si:H. On the other hand, it is usually stated 
that Eu reflects the broader tail of either of the bands involved in optical 
transitions; W~ / BJL (ţL = C or v). However, this condition may not always 
be true as is easily recognized from (3.20) even if the contribution from 8 is 
ignored. 

It would be interesting to see whether the predicted absorption line shape, 
an integrated form of (3.15), represents the actual absorption spectrum. Ex­
amples of such comparison are displayed in Fig. 3.1, in which the energy 
scaling parameter r is replaced with Eu according to (3.20). Quite ni ce fits 
are achieved by the scaling of the horizontal axis using experimentally de­
termined Ea (nT = 2.77) and Eu, whereas the fits have failed when using 
Ea (nT = 2), both inferring the plausibility of the phenomenological scaling 
approach demonstrated in this section. 
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Fig. 3.1. Normalized absorption 9 plotted against reduced photon energy, and 
experimental data on a-Si:H alloys 

3.1.2.2 Relation Between the Mobility Gap and Optical Gap 

For amorphous semiconductors, it is quite difficult to evaluate the mobility 
gap which plays a central role in determining electric al properties, instead the 
optical band gap Eo (Eo2 for nT = 2, and E03 for nT = 3) is employed to 
specify the materials. It is therefor instructive to examine the relation between 
the mobility gap and optical gap although any quantitative description is 
not possible within the context of the simplistic TB scheme. The numerical 
coefficients in (3.11) and (3.20) may depend quite sensitively on the details of 
the bands and in particular on the size of the gap relative to the bandwidths. 
In order to accommodate our simplistic TB model to the realistic a-Si:H alloys, 
we let 2z = 75 in accordance with the results of detailed theoretical analysis 
[2]. 

Figure 3.2 illustrates how various bandgap-related quantities change with 
the conduction-band disorder energy We. Em denotes the mobility gap, E02 
and E03 the optical bandgaps, Eg the DOS bandgap and Eu the optical Ur­
bach energy. In the calculation, the valence-band disorder energy Wv is set at 
(5/3)1/2We(Vv/Vc,) of which the physical meaning will be made clear in later 
sections, and other parameters, like Ve, Vv , and Ex, are chosen as indicated 
in the figure. The range of We in the shaded area is likely to correspond to 
the realistic "device quality" hydrogenated amorphous silicon. Much can be 
learned from this figure, however, it is left to the readers because of the pres­
sure for an allotted space. At the end of this section, we have to note that the 
reference energy Ex is essentially dependent both on the material composi­
tion (hydrogen and other alloy elements) and temperature T, and the disorder 
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Fig. 3.2. Band-edge characteristic energies as a function of the structural disorder 

energy WJ.L would be temperature dependent. The latter might be visualized 
as 

WJ.L(T)2 = WJ.L(O)2 + cJ.LB coth (2~) , (3.21 ) 

where WJ.L(O) refers to the zero-temperature static disorder, cJ.L denotes a quan­
tity related to the magnitude of the deformat ion potential, and q the temper­
ature converted from the effective Einstein frequency. 

3.1.2.3 Physical Implicat ion from Polarized Electroabsorption 

An electric field applied to semiconductors alters the optical absorption spec­
trum in the vicinity of the fundamental absorption edge. For crystalline mate­
rials, the electroabsorption (EA) effect is well identified as arising from a field­
induced mixing of the unperturbed one-electron Bloch functions occurring 
selectively ne ar the originally vertical allowed transitions. The field-induced 
mixing is equivalent to spreading sharp vertical transitions over a finite range 
of initial and final momenta. Incorporating static disorder yields analogous 
but more profound effects, and provided it is sufficiently extensive, gives rise 
to an apparent breakdown of the momentum selection rule, as is of ten relied on 
to explain optical features of amorphous semiconductors. Since the disorder­
and field-induced effects both operate in a competitive manner, any simple 
description of an EA spectrum is not possible for amorphous semiconductors. 
In this sense, EA spectroscopy has long been believed to be less informative 
for such materials in comparison to its successful utilization for studying the 
band structure of crystalline counterparts. 
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The situation has been changed by a recent finding of polarization-depen­
dent EA spectra in some classes of isotropic amorphous semiconductors in­
cluding amorphous silicon. The EA signal exhibits much larger strength when 
the field F is applied parallel to the polarization vector e of the light than 
when F is perpendicular to e. Such an anisotropy would never be expected for 
macroscopically isotropic crystalline media. To understand the phenomenon 
as well as to explore its implicat ion for band-edge electron states, we have de­
veloped a low-field EA theory in which the effects of disorder are incorporated 
in the context of a site-disordered TB model [6]. A conclusion is reached that 
the polarization-dependent EA effect arises essentially from a field-induced 
change in the matrix element for optical transitions between localized states 
near the band-edge, so that it serves as an indicator for the degree of disorder 
in amorphous semiconductors; or quantitatively aspect for the carrier mean 
free path. 

The theory reveals that the EA signal LlO', is comprised of two terms; 

(3.22) 

where () denotes the angle between F and e. The isotropic, LlO'i, and aniso­
tropic, LlO'a, EA terms are related to the zero-field absorption O'(E) by 

. 83 
LlO"(E) = 8E30'(E) , 

(3.23) 

LlO'a(E) = ~(WCWV)2 . 8~70'(E) 

Equation (3.23) indicates that the polarization-dependent EA (PEA) occurs 
only when the materials involve structural disorder. As regards the EA line­
shapes, a combination of (3.15) and (3.23) yields Fig. 3.3, in which the ab­
sorption O' and its field-induced changes LlO' are plotted against the reduced 
photon energy introduced in the previous section, i.e., experimental results 
for a device quality a-Si:H and the theoretical fits. It is found that the peak 
of the isotropic EA signal, LlO'i, occurs at the photon energy very close to the 
Tauc gap (nT = 2), while the anisotropic EA signal, LlO'a, has its peak at 
a slightly higher energy. The cutoff energy of LlO'a at the higher-energy side 
seems to give a rough estimation of the mobility gap, although no universal 
identification is possible. 

More important here is the ratio of the peak anisotropic and isotropic EA 
intensities, REA, which is related to the electron and hole mean free paths by 

(3.24) 

For device-quality a-Si:H, the REA is seen to be around 1.2 as read from Fig. 
3.3. According to the same theoretical procedure, the average dipole matrix 
element squared R2 for the band-edge optical transition is represented as 
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Fig. 3.3. Absorption and electroabsorption spectra of device-quality undoped a-Si:H 
in the annealed state 

(3.25) 

which is experimentally found to be 10 A 2 for various a-Si:H alloys. Combining 
(3.24) and (3.25) then permits us to separately evaluate electron and hole 
mean free paths from the measured EA polarization ratio. The story will be 
largely changed if either the electron or the hole mean free path is fixed by a 
certain experimental means, which shall be discussed in a later section dealing 
with the carrier-transport processes. 

As for the indicator of the structural disorder, the optical Urbach energy 
Eu as well as the Raman TO linewidth rTo are increased. In the final part 
of this section, we will briefiy discuss the superiority of the EA polarization 
ratio, REA, as a measure of the structural disorder against the two physical 
quantities mentioned above. For the sake of the simplicity, we let W e = W v , 

by which, however, any physical significance may not be lost. The statistical 
variance of the bond angle is believed to be proportional to the disorder energy 
W, so that we have r -15 cm- 1 cx WO. 5 . On the other hand, (3.20) suggests 
Eu cx WO. 72 , whereas REA CX W 4 as understood from (3.24). In order to 
examine these theoretical predictions, it would be best to demonstrate the 
experimental results for the correlation between Eu and REA achieved on a­
Si:H formed at different growth temperatures. As found in Fig. 3.4, an 8% 
change in Eu is refiected in a 67% change in REA, clearly indicat ing that REA 
is much more sensitive to the structural disorder than Eu. AIso plotted in this 
figure is the electron mobility /-te deduced from the high-frequency modulated 



52 Hiroaki Okamoto 

-U 
1 8 CI) 3.5 II) 

~ 
-- theory 

1 6 3.0 "ti E m u • » - 1 4 • • 2.5 
> ~ z 
1- -1 
::::i 1 2 > m 

2.0 z 
ai cn 
O ::::j 
:E 1 O ce E 5.2 1.5 < 

u z ~ 
O 8 » a: 1.0 -1 
1- e O w 6 0.5 ..J 
w 52 54 56 58 6 O 62 

URBACH ENERGV E (meV) 
u 

Fig. 3.4. Correlation between the electron mobility, PEA intensity ratio, and Ur­
bach energy in undoped a-Si:H 

photocurrent (MPC) spectroscopy [3]. One may see that a relation REA cx: ţ.L-1 
holds, of which the physical significance will be discussed later. Note here that 
the experimental correlations are well reproduced by the theoretical modeling 
in terms of physical parameters adopted to illustrate Fig. 3.2. 

3.1.3 Electronic Conduction 

3.1.3.1 Carrier Mobility and Mean Free Path 

The macroscopic free carrier mobility ţ.L is determined by [1] 

u(T) 
ţ.L - ----;;~~7-=_;_:_ - eI dEj(E)D(E) , 

(3.26) 

in which u(T) is the electrical conductivity given by (3.13). Equation (3.26) 
is then reduced to a well-known classical form: 

ea2 

ţ.L = 6kBTv(T) , (3.27) 

with v being an effective hopping frequency [3]: 

) _ J 2 V It e-XU(u -1)du 
v(T - 27 n 1/2 ' 

7r It'e-xu(Ju2+(7r/3)u+u) du 
(3.28) 

where x is defined by l1c1kBT. It is be rather straightforward to find that 
the mobility is expressed in terms ofthe carrier mean free path 11 and V/kBT 
alone if we let ea2 /n = 0.864 cm2 V-1 S-1 with a = 2.35 nm (a-Si:H). 
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A numeric al evaluation of (3.27) leads to the reIat ion between the carrier 
mobility fJ and the mean free path A normalized by the mean atomic spacing a. 
The result is demonstrated in Fig. 3.5, where the mobility fJ is correlated with 
the normalized mean free path A/a for various different V/kBT, being thought 
to be 50-75 and 25-50 for the con duct ion and valence bands, respectively, in 
standard a-Si:H. As found in this figure, the mobility fJ depends on V / kBT 
very weakly for the practical range of A/a (1 :::::; A/a:::::; 5), so that a simple 
relation holds: 

(3.29) 

When we recall 3.24, an approximate relationship 

Llaa 4 
R = -- cx (111/4 + 111/4)-

EA - Lla i /"'e /"'v (3.30) 

holds. This suggests that the EA polarization ratio, REA, is directly linked 
with carrier mobilities, although no one-to-one correlation between the REA 

ratio and either the electron mobility fJe or hole mobility fJv is well es­
tablished. Finally, it should be remarked here that the condition, Wv = 
(5/3)1/2We (Vv /Vc), employed for the calculations resulting in Figs. 3.2 and 
3.3 is identic al with fJe ~ 3fJv, which will also be shown to hold for vast classes 
of a-Si:H alloys so far as as-grown and/or annealed states of the materials are 
concerned. 
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3.1.3.2 HaU Effect Near the Mobility Edge 

An alternative way to approach carrier mobilities would be to measure the HaU 
mobility. As is weU known, however, most amorphous semiconductors exhibit 
"sign anomaly" which awaits theoretical interpretations before the method 
can be utilized as a meaningful tool for material characterization. Theories 
developed in the context of a hopping model can interpret the anomaly, but 
their validity in various classes of amorphous semiconductors is questionable, 
particularly for a-Si:H aUoys. In terms of the mobility-edge model, no satis­
factory explanation of the phenomenon has appeared. The failure is probably 
due to an unconscious neglect of the random interference of electron waves 
leading to the occurrence of a mobility edge. 

We have attempted to give a quantitative description of the anomalous 
HaU effect near the mobility edge in accordance with a microscopic model 
in which interference effects are properly taken into account, as weU as to 
decode the message from HaU measurements regarding carrier mobility [7]. 
New perturbative renormalization-group theory has been developed to tackle 
the problem. The HaU conductivity O"H is then found to be 

B e2 (e 2 ~) U - 1 [ 5 1 (u)] O"H(E) = --- -A -u .-- u-1+---5In -- , 
7r3 hA h 3 u2 2 u u - 1 

(3.31) 

where B is the magnetic field, and u denotes the energy measured from the 
band-edge, normalized by the width of the localized states at the band edge; 
so that u = 1 corresponds to the mobility edge. It is then straightforward to 
calculate the HaU mobility ILH defined by O"H/O"B using Boltzman's statistics. 
The result is shown in Fig. 3.6, which illustrates how the HaU mobility of 
negatively charged carriers (electrons) behaves with the carrier mean free 
path. For 1 < A/a < 5, the HaU mobility is found to be positive (anomalous) 
and increases with A/a, reaching about 0.1-0.15 cm2 V-1 S-l. The number 
appears to be about 1/100 of the conductivity mobility by comparing Fig. 
3.4 and Fig. 3.5. Another striking feature seen from this figure is a reversal 
to normal HaU sign, which occurs at 7 < A/a < 14, depending upon V/kT. 
The critical mean free path is in the range 16 A< A < 30 A. This kind of 
sign switch from anomalous to normal has been reported on microcrystalline 
silicon (mc-Si) with crystalline size greater than about 20 A, implying the 
plausibility of the theory. Figure 3.6 permits us to evaluate the mean free 
path of the majority carrier from the measured HaU mobility. When both the 
EA polarization ratio REA and HaU mobility ILH are measured on a single 
material, then mobilities of electrons and holes are separately determined 
through (3.24), (3.29), and Fig. 3.6, without any optional assumption on R2 . 

3.1.3.3 Extended Model for Mobility Edge Transport 

The discussions described above relies on the simple mobility-edge model, in 
which any factors that weaken the localization of the electron wave function 
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are ignored, i.e., a strong magnetic field, inelastic scattering, high-frequency 
electric field, and so ono What we have to examine here is the effect of inelastic 
scattering that might dominate the carrier transport in the high-temperature 
condition being encountered in the practical outdoor operat ion of hydro­
genated amorphous silicon-based solar cells. It is, however, not straightforward 
to take the inelastic scattering effect into account in the quantum-statistical 
mechanics treatment, instead we follow the renormalization-group (scaling) 
equation for the frequency-dependent differential conductivity due to Kawa­
bata [8]: 

[1 + (~ -1) _0_ -(~+ 2) _0_] â'(E,W) = O , (3.32) 
u olnu u olns 

where s denotes the normalized complex frequency defined by iWT with T 

being the relaxat ion time Ji/2iJ. in the vicinity of the band-edge, and 

1 e2 
0'( E, w) = 7[3 JiA â'( E, w) (3.33) 

corresponding to (3.10). Equation (3.32) is derived from the original Kawa­
bata's formulation through mathematically manipulat ing it to accommodate 
for the infinitely large disordered semiconductor system of our particular in­
terest. The solution of (3.32) is achieved with the aid of the perturbative 
result: 

(3.34) 
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where the effect of the inelastic scattering is included phenomenologically in 
terms of the inelastic scattering length Li, being proportional to T-P (p ~ 
1-2). 

Equation (3.34) gives a new insight into the "ac complex conductivity" 
from the mobility-edge carrier-transport scheme, whereas our focus in this 
section is placed on the zero-frequency case, so that we put w = O in (3.34). 
The conductivity spectrum near the mobility edge is calculated on the basis of 
(3.34), and is shown in Fig. 3.7, implying that the conductivity spectrum shifts 
downward in energy with enhanced tails as the inelastic scattering length Li 
is decreased, that is, for higher temperatures. The trend is interpreted as a 
physical consequence of the shortened coherence length of the electron wave 
function that weakens the localization. The inelastic scattering seems to make 
a large impact on the conductivity a(T) and thermopower S(T) as well as on 
the macroscopic total charge carrier mobility J.L(T). Equation (3.34) offers us 
a new possibility to discuss the temperature dependence of these transport­
related quantities including the Q-function, (e/kB)S(T) + lna(T), from the 
microscopic point of view; the conventional interpretation has been built on 
the macroscopic potential fluctuation model [9]. 

We will here give one example of such augments. Figure 3.8 shows the 
temperature dependence of the Q-function calculated in accordance with the 
solution of (3.34). It is found from this figure that the Q-function would be 
expressed approximately by 

Q(T) = 9.3 -in (A [nm]) - 0.64 k~~ , (3.35) 
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which reproduces the general behavior of the Q-function experimentally ob­
served on a-Si:H, although a specific condition is assumed for the magnitude of 
the inelastic scattering length Li as indicated in the figure. Comparing (3.35) 
with experimental results on phosphorus-doped n-type a-Si:H implies that the 
mean free path A of electrons is around 1 nm, and the width of the band-edge 
localized states ..1e lies in the range of 100 me V to 250 me V depending on the 
doping concentration. We do not want to dwell on more details because these 
may be beyond the scope of this chapter. Finally, it should be remarked that 
the magnitude of the mobility, which we are interested in, is well represented 
by (3.39) so far as the room-temperature condition is concerned for a-Si:H 
alloys. For this reason, we will confine ourselves to the zero-temperature de­
scription of the transport parameters below, which, however, may not result 
in any fatal misleading of the physics. 

3.2 Mobility and Band-Edge Parameters 
in Amorphous Silicon Alloys 

3.2.1 Evaluation Procedure 

Details of the experimental procedure are reported in our previous papers [3], 
so that we focus on the experimental results of our primary concern in this 
section. Before starting a description on specific results, it would be instructive 
to note that the dipole matrix element squared R2 appears to slowly increase 
from R 2 ~ 10 A2 (Ala -t 00) upon increased structural disorder, however 
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remains in a rather narrow range (10.65 ± 3%) A2 for the practical range of 
the mean free path, 1 ::; A/a::; 5, so that R 2 = 10.65A2 is employed for a-Si:H 
alIoy materials for which HalI measurements cannot be performed. Combining 
(3.34) and (3.35) then leads to /-Le ~ 15.3 cm2 y-1 S-1 (Ada ~ 5) and /-Lv ~ 5.1 
cm2 y-1 S-1 (Av/a ~ 3), which do not contradict those deduced from various 
related measurements, and might be regarded as the best numbers for current 
solar-cell grade undoped a-Si:H. 

3.2.2 Carrier Mobility in Amorphous Silicon Alloys 

3.2.2.1 Effects of Alloying and Growth Temperature 

The EA polarization ratio REA measured on undoped a-SiGe:H, a-Si:H and 
a-SiC:H alIoys is summarized in Fig. 3.9 as a function of the Tauc optical gap 
Eo. It should be stressed that the bandgap dependence itself has no physical 
significance in the sense that the material property can never be determined 
by the Tauc optical gap. Immediately read from this figure is that the lowest 
REA occurs for a-Si:H and it continuously increases upon alIoying, which is 
probably due to the effect of alIoy-induced disorder. 

The data is translated into carrier mean free path and then mobility ac­
cording to the procedure described above. The result is displayed in Fig. 3.10, 
where electron and hole mobilities are plotted against Tauc gap. The largest 
mean free paths (Ac = 11.8 A, Av = 7.1 A) and mobilities (/-Le ~ 15.3 cm2 

y-1 s-\ /-Lv ~ 5.1 cm2 y-1 s-1) appear for a-Si:H prepared under conditions 
optimized for solar-cell application. 
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Fig. 3.9. PEA intensity ratio plotted against Taue optical gap for a-Si:H alloys 
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The mobility tends to get reduced upon alloying, particularly in the case 
of C-alloying. Alloying with Ge does not lead to any severe effect on the 
electron mobility for concentrations upto about 35 at. % (Eo=1.5 eV), beyond 
which it sharply decreases down to about 85% of the a-Si:H value. The same 
quantitative tendency holds for the hole mobility, whereas its value is roughly 
about 1/3 of the electron mobility. On the other hand, a more pronounced 
reduction of mobilities is found for C-alloying. More than a 10% decrease 
results from a carbon concentration of only 12 at. % (Eo = 1.98 eV) for both 
electron and hole mobilities. 

It is widely accepted that the lowest defect density is achieved for a spe­
cific growth (substrate, deposition) temperature, which naturally depends on 
other preparation conditions such as deposition rate. A fundamental question 
arises how about mobilities. The answer is demonstrated in Fig. 3.11, in which 
carrier mobilities, Urbach energy Eu and photosensitivity aph/ad are plotted 
against the growth temperature. The growth rate was kept at 2.5 ÂS-l, and 
the hydrogen content varies in the range from 13.5 at. % (250°C) to 17.5 at. % 
(100°C). It is found that carrier mobility continuously increases with increas­
ing Td up to about 200°C, beyond which it decreases. Other physical quantities 
also take extremes near around this temperature, which seems to be fortuitous 
for us working in solar-cell applications. The magnitude of room-temperature 
mobility is essentially governed by structural static disorder involved in the 
materials. The structural disorder is likely to be determined by the extent 
of structural relaxation that occurred during the growth process in the low­
temperature deposition case, while for the high-temperature deposition case 
it would be dominated by the thermal disorder is to be frozen-in during the 
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doped a-Si:H 

cooling process after deposition. These two competing mechanisms would op­
erate to yield a mobility maximum at a particular growth temperature. It 
should again be noted that the optimum growth temperature "200°0" found 
in the present experiment can never be a universal quantity characteristic of 
plasma CYD a-Si:H, but it should be largely dependent on some details of 
deposition conditions, i.e., deposition rate, flux and energy of plasma species 
including ions impinging on a growing surface, cooling rate after deposition, 
and so ono 

3.2.2.2 Doping Effect on Mobility 

A reduction of TOF (total charge) mobility is observed in doped a-Si:H. A 
significant deviation of the activation energies for the conductivity and ther­
mopower is also found. These are conventionalIy believed to be due to the 
long-rage electrical potential fluctuation associated with randomly distributed 
charged impurities and/or defects. If this idea is correct, then the EA polar­
ization ratio REA should not be significantly affected by doping since it is 
essentialIy insensitive to the long-range potential fluctuation. What we have 
observed is, however, an increase in REA upon phosphorus doping, to the 
extent, which have never be experienced on undoped a-Si:H alIoys, as demon­
strated in Fig. 3.12. The electron HalI mobility decreases from about 0.11 
cm2 y-1 S-l to 0.04 cm2 y-1 8-1 with doping upto the level compatible with 
standard solar cell n-Iayer. 

The experimental data in Fig. 3.12 are translated into the behavior of 
free carrier mobilities in accordance with the procedure described in the 
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previous section. As found in Fig. 3.13, the electron mobility decreases 
to about one-third of that in the undoped case, while the hole mobil­
ity remains almost unchanged. If the long-range potential fluctuation plays 
a critical role in determining the transport property, then both the elec­
tron and hole mobilities should be equally reduced by the incorporation of 
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charged impur it ies and/or defects, which is, however, in contradiction with 
our experimental observation. Furthermore, although not systematic data, 
we have found a qualitatively identical behavior of mobilities for boron­
doped materials; a decrease in the electron mobility, but no significant re­
duction in the hole mobility. These findings seem to imply that the doping­
induced change in mobilities should not be attributed to classical charge 
effects, but the incorporation of impurity atoms itself may be of central 
importance. 

3.2.2.3 Network Disorder and Carrier Mobility 

Both the mobility and defect density are tightly linked with the disorder in 
the amorphous network structure; the latter basically reflects the short range 
order in the chemical bonding while the former depends on various classes 
of disorder from short-range (bond length, bond angle) to intermediate range 
(dihedral angle and topological issues including ring statistics). Various kinds 
of disorder can not be independent of each other, so that there may be some 
correlation between the mobility and defect density. The result in Fig. 3.11 
indicates such an indirect correlation. In general, however, these two physical 
quantities are believed to be independent, and can be optimized on a single 
material through a fine control of the material growth process. 

We now briefly discuss the physical meaning of the observed change in 
carrier mobilities in association with the network disorder. Incorporation of 
group IV elements like Ge and C leads to an almost parallel decrease in both 
the electron and hole mobility. On the other hand, doping with group III 
and V elements gives rise to a dramatical reduction of the electron mobility, 
while virtually retaining the hole mobility. From the theoretical viewpoint, 
it has been suggested that the fluctuation in the bond angle and dihedral 
angle predominantly impacts on the top of the valence band, while the bot­
tom of the conduction band is quite sensitive to the topological disorder of 
the network; for example, an existence of an odd-membered ring, position 
of impurity atoms and network configurations. The majority of group III 
and V impurities are incorporated with three-fold coordination in the tetra­
hedrally bonded amorphous-silicon network, unless small doping conditions 
apply. The incorporation of three-fold coordinated impurity atoms induces 
an increase in network topological disorder, and brings about a particular 
affect on the conduction band-edge; electron mobility. The growth tempera­
ture and alloying will produce influences on the short-range chemical disorder 
and the intermediate/long-range network disorder as well, so that both the 
electron and hole mobilities are therefore subject to them to almost the same 
extent. 
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3.3 Photoinduced Structural Change 

3.3.1 Photoinduced Changes in Electronic Properties 

The photoinduced degradation of the electronic properties in a-Si:R, termed 
the Staebler-Wronski effect, has been intensively studied from both the basic 
physics and engineering points of view. Most of the previous studies devoted 
on this subject placed the focus on a photoinduced dangling-bond defect with 
an unpaired spin at 9 = 2.0055 that is believed to be a dominant nonradiative 
recombination center. Recently, several pieces of experimental evidences have 
appeared implying the photoinduced structural change occurred in addition 
to the photoinduced defect creation. If the photoinduced structural change 
were identified in physical quantities directly refiecting the overall structural 
disorder and correlated with the photoinduced defect creation, then a new pos­
sibility would emerge to understand the mechanism of the Staebler-Wronski 
effect, as well as to find a way to eliminate the photoinduced degradation. 
We have approached the problem by means of the polarized electroabsorp­
tion method, and observed a reversible photoinduced structural change taking 
place besides the changes in the photoconductivity as well as the dangling­
bond density, both of which exhibit quite different time-evolution character­
istics under light exposure and thermal annealing processes. In this section, 
we argue the critical role of the photoinduced structural change played in the 
Staebler-Wronski effects [10]. 

3.3.2 Photoinduced Structural Change 
and Its Physical Implications 

3.3.2.1 Photoinduced Change in the Network Disorder 

Figure 3.3 displays the EA spectra, Llai and Llaa, for a device-quality un­
doped a-Si:R in the annealed state, while Fig. 3.14 shows those for the light­
soaked state created by a Re-Ne laser beam exposure (632.8 nm, 27 mW 
cm-2 ) of one hour. Solid lines are theoretical lineshapes fitted to each EA 
spectrum, from which the EA intensity ratio Llaa / Llai , REA, is read out. It 
is clearly found that the REA increases from 1.2 to 2.0 upon light soaking, 
which is accompanied by a small but detectable red shift and the spectral 
broadening of both the EA spectra. The experimental observation definitely 
indicates that the degree of structural disorder increases upon light soaking. 

The photoinduced degradation is known to be reversible upon light expo­
sure and subsequent thermal annealing. If the change in the REA is a physical 
phenomenon closely correlated with the photoinduced degradation, then it 
should also be a reversible process. The experimental confirmation is given in 
Fig. 3.15, which demonstrates how the ratio REA behaves under the sequence 
of light exposure and thermal annealing. Upon light exposure, the ratio REA 

grows at the rate inversely proportional to the illumination intensity, and re­
stores its original magnitude upon sufficient thermal annealing (170°C, 8 h). 
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Highly contrasted with the known behaviors of the metastable photoconduc­
tivity and dangling bond defects, the saturation level of the ratio REA appears 
to be independent of the illumination intensity, being in the range of 7.5-27 
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mW cm-2 . The observation seems to be an indication that the saturation of 
the structural disorder is not determined by a balance between photoinduced 
enhancement and thermal relaxation, unlike the metastable steady states for 
defect-related physical quantities. 

Although not shown here, it is found that the photoconductivity remains 
virtually constant at the beginning of light exposure but leads to decrease 
just after the saturation of the ratio REA occurs. The decay of the photo­
conductivity is ascribed to the creation of metastable dangling bonds, which 
continues before the steady-state is reached; i.e., it takes much more expo­
sure time than the saturation of REA. If an occurrence of the photoinduced 
structural change is true, then it should be manifested in more macroscopic 
properties like volume or mass density as in chakogenide glasses. Motivated 
by this expectation, we have tried to pursue them on a-Si:H films by means 
of the optical bending-beam and flotation methods. Apart from quantitative 
details, quite similar reversible changes have been found for the internal stress 
and mass density as for REA, which may provide us with good evidence for 
the photoinduced structural change that occurred in the whole material. 

These findings lead us to speculate that the photoinduced increase in the 
structural disorder may be a precursor process for the dangling-bond creat ion. 
Upon light exposure, nonequilibrium electrons and holes are generated and 
recombine nonradiatively through either band tails or native defects. The dis­
sipated energy would allow groups of atoms to establish a local configurat ion 
of a higher energy, yielding a strain field spread over the whole network struc­
ture. As a result, the overall structural disorder is increased including the 
fluctuation of the bond angle from its normal value at about 109°C, which 
manifests itself in the changes of the ratio REA as well as the internal stress. 
In the strained network structure of higher energy, dangling bond defects oc­
cur via a large-scale atomic reconfigurat ion involving hundreds of Si atoms. 
In other words, the increase in structural disorder is followed by the dangling­
bond creation, giving a possible explanation for the different temporal behav­
iors of the ratio REA (network disorder) and photoconductivity (metastable 
dangling-bond density). More detailed discussion is given in our recent paper 
[11] and references therein. 

3.3.2.2 Impact on Carrier Mobilities 

It is logical to consider that the photoinduced structural change makes an 
appreciable impact on the carrier mobility, as implied by (3.30). Figure 3.16 
demonstrates the temporal behavior of the REA and MPC-derived electron 
mobility ţ.lc in the light-exposure process. At a first glance, both the physical 
quantities exhibit a complementary change, that is, the REA increases and ţ.lc 
decreases upon light exposure. However, from a quantitative viewpoint, the 
photoinduced decrease in ţ.lc is too trivial if compared with the change shown 
in Fig. 3.4, which indicates ţ.lc IX RE~ IX E;;5.2 for a series of a-Si:H grown 
with different temperatures. As is well recognized, the Urbach energy Eu is 
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not influenced by light exposure, also being in contradiction with the behavior 
observed in Fig. 3.4. 

The difficulty is easily solved if we accept that the photoinduced change in 
the network structure enhances the valence-band-related disorder selectively. 
A result of simulation, assuming Euc = 22 me V ---> 23 me V and Euv = 46 
meV ---> 87 meV upon light exposure, is illustrated in Fig. 3.17. Note that the 
initial condition, Euc=22 meV and Euv=46 meV, fits well with the magni-
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tudes of both the electron and hole mobilities, the PEA ratio REA and the 
Urbach energy Eu for device quality undoped a-Si:H material as discussed in 
previous sections. For /-le and Eu, the simulat ion well reproduces experimen­
tal observations. There is a surprising prediction of a significant decrease in 
the hole mobility /-lv, since the photovoltaic performance of a-Si:H-based solar 
cells is mostly governed by the hole transport. Upon light exposure, only the 
dihedral angle as well as bond angle are to be subject to appreciable fluc­
tuations that then would result in the increase in the valence-band disorder, 
rather than that in the conduction-band disorder. In this sense, the simula­
tion result, Fig. 3.17, might not be so unrealistic. Extensive studies are clearly 
needed on this point from both the experimental and theoretical viewpoints 
not only to explain the physics of photoinduced changes but also to establish 
the best solar-cell design for a higher stability. 

3.4 Concluding Remarks 

This chapter has confined itself to a concise description of some specific topics 
concerning the electric al and optical properties of amorphous-silicon alloys. 
Not discussed here are the density distribution and nature of the localized 
states, as well as the dynamic communication processes between band carriers 
and these localized states that govern the transport property of photocreated 
nonequilibrium carriers, including the recombination process. The 20th cen­
tury standard models for these issues are given in [3], which are believed to 
stiU work well if only the semiquantitative aspect of nonequilibrium carrier 
transport properties are concerned. However, it is clear that refined under­
standings of equilibrium and non-equilibrium carrier-transport processes are 
required for the establishment of high-efficiency and stable a-Si:H solar cells 
from the viewpoint of not only the material science but also the device tech­
nology. 

Just a limited number of related articles are noted below, however, the 
reader is recommended to see references listed therein to gain more informa­
tion. 
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Preparation and Properties 
of N anocrystalline Silicon 

Michio Kondo and Akihisa Matsuda 

The potential application of nanocrystal silicon much smaller than the carrier 
diffusion length of crystalline silicon to high-efficiency solar cells with over 
10% efficiency has been unveiled. The advantage of nanocrystalline silicon 
over conventional polycrystalline silicon arises from the hydrogen passivation 
of electrically active defects, as well as contaminants, thanks to the low tem­
perature fabrication process under a hydrogen atmosphere. The carrier re­
combination at the grain boundaries is significantly reduced by the hydrogen 
passivation and thereby an open-circuit voltage as high as 550 m V can be 
obtained for nanocrystalline silicon 10 nm in diameter. 

The success of nanocrystalline silicon for solar cell-application has explored 
novel material science issues: (1) The growth mechanism of crystalline silicon 
at temperatures much lower than the melting temperature, (2) the role of 
hydrogen incorporated in the film and (3) the role of the grain boundary in 
electrical properties. The remarkable differences from the conventional poly­
crystalline silicon are related to hydrogen in the film, and the hydrogen is a 
consequence of the low-temperature processing. 

In this chapter, we focus upon the role ofhydrogen in the low-temperature 
growth process and the material properties of nanocrystalline silicon. 

4.1 History of N anocrystalline Silicon 

Non-single-crystalline silicon is referred to by a variety of names depending 
on its crystallite size; nanocrystalline, microcrystalline, polycrystalline, mul­
ticrystalline silicon, if ordered by the crystallite size. In this chapter, these are 
roughly discriminated by its crystallite size, Le., the "nanocrystalline silicon" 
implies a crystallite with a typical size of 10 nm. 

Low-temperature synthesis of nanocrystalline silicon was discovered by 
Veprek and Marecek in 1968 [1]. A crystalline silicon source located at ro om 
temperature is etched out by atomic hydrogen generated by a remote plasma 

Y. Hamakawa (ed.), Thin-Film Solar Cells
© Springer-Verlag Berlin Heidelberg 2004
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and the etching products are transferred to the heated substrate (originaHy 
the substrate temperature was around 600°C, and later a much lower tem­
perature was employed). The reduction in the etching rate of silicon at higher 
temperatures [2] gives rise to the deposition On the substrate. In addition, the 
etching rate of amorphous silicon is higher than that of crystalline silicon. As 
a consequence, the chemical equilibrium between the crystalline silicon source 
and a deposited film on the substrate is established to form nanocrystalline 
silicon. 

The chemical transport experiment is identical to the currently employed 
plasma CVD processes in the respect that the deposition precursors are silane­
related radicals such as SiHx and that atomic hydrogen plays a crucial role, 
because these species are also generated by the plasma from a monosilane­
hydrogen gas mixture. The fabricat ion of nanocrystalline silicon using plasma 
CVD of silane started in 1979-1980. In 1979, the ECD group reported anO ma­
lously high conductivity of phosphorous doped amorphous silicon from SiF 4 

source gas and ascribed this high conductivity to a more ideal Si network 
formed by the use ofSiF4 as compared to SiH4 [3]. In 1980, they reported the 
presence of crystallites in the sample [4]. Japanese groups at approximately 
the same time reported the discovery of microcrystalline silicon synthesized 
by plasma CVD using high hydrogen dilution of silane. Usui and Kikuchi re­
ported the heavily P-doped microcrystalline silicon [5]. Hamasaki et al. [6] 
and Matsuda et al. [7] independently reported the microcrystalline formation 
at low temperatures. The application to solar ceHs was attempted for the 
window layer due to its high conductivity and its low absorption coefficient in 
the visible region [8]. However, the microcrystalline silicon solar ceH was not 
successful until the Neuchatel group reported 7% efficiency using gas purifi­
cation and the VHF plasma technique [9, 10]. The predominant reasons that 
limit the efficiency were oxygen impurity and defect reduction. At present, an 
efficiency of more than 10% is obtained for single-junction ceH [11] and the ini­
tial efficiency of 14.1% for a double-junction ceH (1 cm2 ) with an amorphous 
silicon top ceH [12]. 

4.2 Preparat ion of Nanocrystalline Silicon 

Plasma-enhanced chemical vapor deposition (PECVD) has been most widely 
used for preparing the nanocrystalline silicon. The advantage of the plasma 
process over the conventional CVD process is the capability of low-tempera­
ture synthesis of crystalline silicon due to the nonequilibrium process. In the 
conventional CVD processing, the high-temperature process needed for ther­
mal dissociation limits the versatility of the substrate for solar ceHs, while in 
PECVD the film deposition is possible even at room temperature because the 
decomposition of the source gas, such as SiH4 is caused by energetic electrons. 

The spatial profile of the plasma potential is shown in Fig. 4.1. Since the 
electron has a much larger thermal velocity than the positive ion, the bulk 
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Fig. 4.1. Schematic view of the diode-type reactor for RF plasma CVD (Ieft) and 
the spatial profile of the plasma potential between the electrodes. Vb and Vp are 
self-bias voltages of the cat hode and plasma potential, respectively 

Table 4.1. Principal emission lines from excited species in the hydrogen diluted 
silane plasma 

Species Emission wavelength (nm) 

Si 288 
SiH 414.23 
Ha 656 .28 
H,B 486 .13 
H2 602.13 

Threshold excitat ion energy (e V) 

10.53- 11.5 
10.33- 10.5 
12.7 (calculated) 
12.09 (calculated) 
14.0 (calculated) 

plasma is required to have a positive potential in order to maintain the charge 
neutrality or to confine the electrons. The plasma sheath near the substrate 
accelerates the positive ions toward the substrate and gives rise to the ion 
bombardment. The plasma potential of the RF-plasma of silane is of the 
order of 10 eV, and the ion energy can be varied by applying the substrate 
bias. 

The source gases are usually monosilane and hydrogen, and phosphine and 
diborane are used for doping. To improve the uniformity of the film thickness 
and material properties, the source gas is of ten supplied from the cathode 
electrode. The hydrogen dilution ratio, R = [H2]/[SiH4 ] is a crucial parameter 
to determine the structure. As has been reported, the hydrogen dilution ratio 
has a threshold for crystal growth and by increasing the hydrogen dilution 
ratio the crystallinity is improved [13]. 

A useful characterization technique of the plasma is optical emission spec­
troscopy (OES). In the plasma, many molecules and radicals are in excited 
states due to collisions with the energetic electrons. The radiative transition 
from the excited states to the ground states or to the lower excited states can 
be detected optically and its photon energy is specific to each species. Table 
4.1 shows typical emission lines for the plasma of silane/hydrogen mixture. 

The excitation frequency is a dominating parameter of the plasma. Con­
ventional RF plasma employs 13.56 MHz and a higher frequency above 60 
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MHz has been attempted recently [14, 9, 15, 16]. The frequency effect arises 
from the heavier mass of positive ions than electrons and also from the mecha­
nism of energy gain of electrons in the plasma. With increasing drive frequency, 
the predominant mechanism of energy gain tends to be the stochastic heating 
(or the wave-riding effect) where the oscillating sheath boundary (that is the 
energy barrier for electrons) impacts on the electron to provide the kinetic 
energy, analogous to a ball hit by a racket. This is also termed as the "wave­
riding effect" . The average power gained by this mechanism, < Ps >, is given 
by the following expression, 

(4.1) 

where m e , ne and Ve are mass, density, and average velocity of electrons and 
w is the velocity of the sheath oscillation. If the applied RF voltage is kept 
constant, the sheath width is also constant and therefore the velocity, w, is 
proportional to the oscillating frequency, wo . This implies that the plasma den­
sity increases and that the plasma potential decreases with increasing plasma 
frequency. 

4.3 Understanding Nanocrystalline Silicon Growth 

The most remarkable aspect of the nanocrystalline growth is that the growth 
temperature of around 200-400°C is much lower than the melting temper­
ature. On the basis of a simple energy diagram for amorphous and crys­
talline silicon as shown in Fig. 4.2, one can expect that the cause of the low­
temperature formation of the crystalline phase is the extrinsic activation (A) 
or the reduction of energy barrier by some catalytic effect (or surfactant effect) 
(B). In this section, we discuss the growth mechanism of the low-temperature 
growth of nanocrystalline silicon in terms of the gas-phase reaction, as well as 
the surface reaction, particularly focusing upon the role of atomic hydrogen 
and ion bombardment. 

Since the first synthesis of nanocrystalline silicon by the chemical trans­
port method, atomic hydrogen has been considered to play an important role 

Amorphous 

Crystalline 
Fig. 4.2. Energy diagram for amor­
phous and crystalline phase of silicon 
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in the growth mechanism. In the chemical transport, the balance between 
etching by atomic hydrogen and deposition [1] is crucial. In the PECVD with 
a silane/hydrogen mixture, the correlation between the amount of atomic 
hydrogen and the crystallinity has been pointed out by an optic al emission 
spectroscopy (OES) study [13]. 

Figure 4.3 shows a phase diagram depending on a wide variety of depo­
sition conditions. In the low-RF power regime, where the ion bombardment 
is small, the crystalline phase appears in the high hydrogen dilution regime. 
This transition occurs sharply with increasing hydrogen dilution ratio, R. In 
the low dilution ratio regime, on the other hand, the structure is amorphous 
for low RF power, the crystalline phase appears in the high RF power region, 
and finally the amorphous phase again appears in the highest power region. 
The formation of microcrystalline silicon under high-density plasma with pure 
silane without hydrogen dilution has also been reported [17]-[19]. 

This phase diagram can be consistently interpreted in terms of atomic 
hydrogen density. The atomic hydrogen density is evaluated, for instance, 
by the emission intensity of Ha lines (.\ = 633 nm), and a good correlation 
with the appearance of the crystalline phase has been observed [13]. The 

SiH4 1/2 1/4 1/6 1/9 1/141/191/291/49 

GASEOUS RA TlO (SiH4/ H2 ) 

Fig. 4.3. Phase diagram of nanocrystalline silicon as a function of the gaseous ratio 
SiH4 /H2 and RF power density. The radius of the circle and the closed symbol 
designates grain size and volume fraction, respectively (after [13]) 
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Fig. 4.4. Crystalline volume fraction as a function of deposition temperature for 
plasma-CVD and chemical-transport methods (after [20]) 

atomic hydrogen density is determined by the balance of the generat ion and 
annihilation rate in the gaseous phase. The most important reaction is the 
annihilation reaction by SiH4 , that is, H + SiH4 ---+ SiH3 + H2' implying 
a very small amount of atomic hydrogen under pure silane or low hydrogen 
dilution conditions. Therefore, there are two possible ways to obtain sufficient 
amounts of atomic hydrogen; one is high hydrogen dilution. The other is 
silane-depleted conditions at high RF power because of the consumption of 
the silane molecule. 

The temperature dependence of the crystalline volume fraction is shown 
in Fig. 4.4, and the deteriorat ion in the crystallinity is seen in the high­
temperature regime, T > 400°C where the surface hydrogen starts to be 
thermally desorbed. This correlation shows the importance of the surface hy­
drogen coverage for crystal growth, as discussed later. However, Veprek et al. 
[20] have pointed out that the deteriorat ion of the crystalline volume frac­
tion is not observed under the ultra-high vacuum (UHV) conditions in their 
chemical transport method as shown in Fig. 4.4, while in the PECVD using a 
UHV system, the deteriorat ion was confirmed at high-temperatures [21]. This 
discrepancy may be ascribed to the difference in atomic hydrogen density. 
With a high atomic hydrogen density in the chemical transport experiment, 
the thermal evolution of surface hydrogen can be recovered and a sufficient 
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amount of surface coverage can be maintained even at high-temperatures. A 
similar high-temperature behavior is observed in the epitaxial growth [22]. 

The role of hydrogen has been extensively discussed in terms of (1) etch­
ing, (2) exothermic recombination of a pair of hydrogen atoms, (3) surface 
diffusion and (4) chemi cal annealing. The etching model [23] is based on the 
fact that the chemical-transport mechanism contains a critic al balance be­
tween the etching and deposition on the substrate. In fact, the selective etch­
ing of amorphous silicon by atomic hydrogen does not create the crystalline 
structure. Therefore an additional mechanism to facilitate the crystal growth 
must be involved. (Note: In a personal discussion with Dr. Veprek, he clearly 
mentioned that he has never proposed a etching model as a cause of the mi­
crocrystalline silicon formation in spite of the fact that his paper is frequently 
cited as an etching model, see. p. 144, line 19-30 in [24]) 

The second model is based on the idea where the energy barrier from amor­
phous to crystalline structure in Fig. 4.2 is surmounted by the external energy. 
As a source of the external energy, atomic hydrogen recombination on the sur­
face has been proposed [25]. This model can account for why higher hydrogen 
dilution is needed at lower deposition temperatures for improved crystallinity. 
It has also been proposed that the hydrogen abstract ion by atomic hydrogen 
and the successive termination of the dangling bond by atomic hydrogen are 
both exothermic reactions; Si-H + H ----t Si- + H2' Si- + H ----t Si-H, and these 
exothermic reactions facilitate the surface diffusion [26]. 

The surface-diffusion model is based on the fact that the main precursor, 
SiH3 is weakly adsorbed and thereby very mobile on a hydrogen-covered sur­
face [27]. In the growth of a-Si:H, a-SiGe:H, and a-SiC:H, this model success­
fully accounts for the surface smoothening effect and the improvement of film 
quality under the hydrogen-dilution condition [27, 28]. The disrupting role of a 
hydrogen-desorbed surface for nanocrystalline silicon growth has been demon­
strated by the intermittent deposition [29], where the crystalline formation is 
disrupted for longer off-times because of the surface hydrogen desorption at 
a high temperature of 400°C. It is interesting that the role of hydrogen in 
the low-temperature MBE is disrupting, in contrast to the PECVD case [30]. 
This difference could be ascribed to the precursors, i.e, atomic Si in MBE and 
SiHx in PECVD. The beneficial role of the surface coverage has also been 
reported in the case of a chlorine-terminated surface [31]. The role of chlorine 
or fluorine addition has been reported by sever al groups [32]-[34]. 

The subsurface reaction model termed as a chemical annealing model [35], 
claims the importance of the subsurface structural relaxat ion mediated by 
permeating atomic hydrogen on the basis of the fact that the atomic hydro­
gen exposure to the amorphous thin layer gives rise to the crystallization. The 
exothermic reaction of Si-H abstraction by atomic hydrogen in the subsurface 
region can facilitate the structural relaxation (phase transition). In this pic­
ture, the subsurface region with a thickness of a few nanometers does not 
establish its steady-state structure. 
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Fig. 4.5. XTEM views of nanocrystalline silicon on c-Si substrates covered by native 
oxide (after [43]) 

External energy can be provided by ion bombardment. The improved crys­
tallinity in the low-temperature epitaxy using sputtering has been reported 
to be due to low energy ion flux [36]. Even at -180°C, microcrystalline silicon 
growth has been confirmed using reactive sputtering with H2 [37]. On the 
other hand, the disrupting role of ions also has also been reported [16, 38, 39J 
in the PECVD processes from the substrate bias effects on the crystallinity. 
The positive ions in the plasma are accelerated in the sheath region as shown 
in Fig. 4.1. In the case of the usual RF plasma, the plasma potential is of the 
order of 10 eV. This energy is enough to destroy the Si-Si network. 

The film structure is sensitive to the presence of impurities. Other impuri­
ties such as oxygen, water, and carbon can influence the crystal growth. The 
enlargement of the grain size in the temperature range above 350°C when 
using the UHV system [21] , while in the low tempera ture regime the impurity 
effect on the crystal growth is barely observed, probably due to the complete 
surface coverage. 

The nucleation of crystallites does not occur directly on the foreign sub­
strate. As shown in Fig. 4.5, the crystal growth starts to occur after the for­
mation of an amorphous incubation layer. The incubation thickness decreases 
with the hydrogen dilution ratio. The incubation layer is amorphous but has a 
rather different structure as compared to "normal" amorphous silicon, i.e., (1) 
higher compressive stress and (2) the presence of Si-H complex in the near­
surface region. The compressive stress appears as a higher-frequency shift 
of the Raman spectrum. The usual amorphous silicon shows a TO phonon 
peak centered around 480 cm-1 , while the incubation layer shows a peak cen­
tered 485- 490 cm-1 [40, 41J. The mechanical stress measurement also shows 
the increasing compressive stress an approaching the nanocrystalline phase 
boundary by increasing the hydrogen dilution ratio, R [42J. 

The presence of the Si-H complex in the incubation layer has been con­
firmed using an attenuated total reflection (ATR) method as shown in Fig. 
4.6. The Si-H complex is observed at a frequency (rv 1940 cm-1 ) lower than 
the usual Si-H stretching mode either in the bulk (rv 2000 cm - 1) or on the 
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surface ('" 2090 cm -1) [43]. This lower frequency shift implies the formation 
of the three center bond, Si-H-Si as shown in Fig. 4.6. The steady-state density 
of the complex increases with increasing hydrogen dilution ratio and growth 
temperature, and nucleation occurs when the density of this complex reaches 
the critical value [43]. 
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Fig. 4.6. ATR spectra for different hydrogen dilution and surface treatments (after 
[43]) 

4.4 High-Rate Growth of Nanocrystalline Silicon 

It seems plausible that the low-temperature growth requires the critical bal­
ance of the formation of the regular structure and the removal of the irregular 
(disordered) structure [1]. Thus, it has been believed that the low growth rate 
is intrinsic to the p,c-Si:H [44]. In fact, the low-temperature epitaxy has the 
maximum growth rate limited by the growth temperature [45]. From an in­
dustrial viewpoint, however, mass production for cost reduction is essential 
and the high growth rate is a crucial factor, and a growth rate above 50 A S-l 

is required assuming the thickness to be more than 2 p,m. The growth rate is 
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determined by the flux density of the film precursors such as SiHx radicals, 
and the generat ion rate of radicals G r is given by the following expression, 

(4.2) 

where ne and Ve are the density and velocity of energetic electrons, respec­
tively, with a kinetic energy higher than the dissociation threshold of the 
source gas molecule such as SiH4 . N g and Ud are, respectively, the density and 
the dissociation cross section of the source gas molecule. 

A novel method, termed the high-pressure depletion (HPD) method [16, 
46, 47], combines the high-pressure and high RF power conditions for a high 
growth rate of high-quality nanocrystalline silicon. The high gaseous pres­
sure increases the gas density N g and reduces the ion bombardment, while 
it decreases the atomic hydrogen density due to the recombination. The high 
RF power condition increases the electron density and suppress the hydrogen 
annihilation reaction, while it increases the ion bombardment. The combina­
tion of these two conditions enhances their advantages and compensates the 
drawbacks with each other. As a result, a growth rate of 15 A S-l with a rea­
sonable crystallinity, and low ESR spin density of 2 x 1016 cm-3 are realized, 
and these values are reasonable for device application [46]. Further develop­
ment has been achieved using a VHF plasma, and device-grade films with a 
defect density of 2.6 x 1016 cm-3 is obtained at 58 A S-l [16,47,48]. A similar 
high growth rate using a UHF plasma has been reported [17]. The suppression 
of the ion damage at high gaseous pressure is beneficial for suppressing the 
defect density, as shown in Fig. 4.7. 

Nonplasma processes also have been extensively studied for nanocrystal­
line-silicon fabrication. The hotwire method (or catalytic CVD) method uti-
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Fig. 4.7. Defect density measured by ESR as a function of the deposition rate under 
the conventional plasma conditions (A) and the high-pressure depletion conditions 
(B) (the vertical axis gives N d in cm-3 ) 
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Fig. 4.8. Schematic of the deposition system using the HW-CVD method (after 
[49]) 

lizes the catalytic pyrolysis of source-gas molecules on the heated surface of 
specific metal such as tungsten [49]. The deposition apparatus is schematically 
shown in Fig. 4.8. The advantage of the catalytic process is efficient dissocia­
tion of hydrogen as well as silane. The fundamental mechanism of this process 
has recently made significant progress [50, 51], and material properties and 
the solar-cell performance have been improved [52]-[54] for not only a-Si:H 
but nanocrystalline-silicon solar cells. A hot-wire cell method that is similar 
to the cracking cell used in MBE has also been proposed and a growth rate 
as high as 2 nm S-l without hydrogen dilution is obtained [55]. 

4.5 Structural Properties of Nanocrystalline Silicon 

The nanocrystalline silicon commonly consists of small crystallites of the or­
der of 10 nm and an amorphous silicon component. A crystallite > 10 nm 
shows nearly identical spectrum to the single-crystalline silicon centered at 
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520.5 cm-1 and its width mainly depends on the internal stress distribution. 
Amorphous silicon shows a broad and nearly symmetric lineshape centered 
at rv 480 cm-1 . A simple calculation based on the phonon-dispersion reIat ion 
and its size effect indicates the asymmetric lineshape and low-frequency shift 
of the peak position of the Raman spectrum for small crystallites < 10 nm as 
shown in Fig. 4.9 [56, 57]. 

It should be noted that a peak shift also occurs due to the mechanical 
stress in the film. For single-crystalline silicon, the Raman shift by stress has 
been extensively studied by Cerdeira et al. [58]. 

The volume fraction, F, of the crystalline phase in microcrystalline silicon 
is estimated by the following equation 

(4.3) 

where the le, Ia, and'Y are integrated intensity of amorphous and crystalline 
components, and scattering efficiency ratio, respectively. The value of 'Y has 
been estimated to be 0.88 [59]. Here, usually the contribution of the crystal­
lites smaller than several nm are difficult to evaluate because the scattering 
efficiency is unknown. 

The XRD measurements provide information on the lattice constant, crys­
tallite size and orientation. The lattice constant is deviated from that of 
single-crystalline silicon due to strain, and the strain can be compared to 
the Raman peak shift. For instance, isotropic compressive stress induces a 
higher-frequency shift in the Raman peak and reduced lattice constant, while 
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Fig. 4.9. Size dependence of Raman spectra (right, the vertical axis gives the signal 
intensity in arbitrary units) for size-controlled nanocrystalline silicon and a typical 
Raman spectrum (left) of mixed-phase sample prepared by PECVD. The dotted 
line in the left figure designates the amorphous, nanocrystallite ('" a few nm) and 
large crystallite (> 10 nm), components obtained from the simulation [57] 
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the biaxial strain due to such a thermal (compressive) stress results in the 
higher-frequency shift in the Raman peak and the expansion in the lattice 
constant because the XRn usually measures the lattice constant normal to 
the substrate. 

The randomly oriented nanocrystalline silicon shows peak-intensity ra­
tios 1:0:0.55:0.3 among (111), (220), and (311) diffraction peaks, respectively, 
whereas preferential orientation is found under various deposition conditions. 
The most commonly observed preference is the (220) orientation as shown 
in Fig. 4.10. The cross-sectional transmission electron micrograph (XTEM) 
shows a columnar structure in the film with the (220) preferential orientation. 
Other preferential orientation along (400) directions have been reported [34]. 
A difference in the etching rate among different orientation of crystallites may 
play an important role. 

The grain size is commonly evaluated using Sherrer's formula. Strictly 
speaking, however, in the case of the anisotropic shape of the crystallite as 
shown in Fig. 4.9, this estimation can lead to a significant error. In fact, the 
TEM observation reveals the columnar shape with a diameter of about 20 nm 
and a longitudinal axis of 1 ţLm. 

Nanocrystalline silicon prepared at low-temperatures contains a lot of hy­
drogen in the film, a typical density is around 3-5 at %. The hydrogen amount 
is rather lower than that of a-Si:H (10 at % typically) [60], and the hydrogen 
is considered to precipitate on the surface of grain boundaries. A simple cal­
culation where columns with a diameter of 20 nm are packed closely indicates 
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Fig. 4.10. XRD patterns for nanocrystalline silicon prepared at different plasma 
density (RF power) (after [10]) 
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Fig. 4.11. R spectra for highly crystallized sample (le/ Ia = 8.5; A), moderately 
crystallized sample (le/Ia = 4.3; B) and a-Si:H prepared at high growth rate (C). 
The four dashed lines designate 845, 890, 2000, and 2100 cm -1, respectively. Sample 
(B) shows the absorption peak araund 1000 cm- 1 due to the post oxidization (the 
vertical axis gives the absorbance in arbitrary units) 

the number of surface dangling bonds of the order of 1 at % of silicon, which 
is consistent with the observed amount of incorporated hydrogen. Figure 4.11 
shows a typical IR absorption spectrum of highly crystallized nanocrystalline 
silicon, together with that of a-Si:H for comparison. The device-grade a-Si:H 
shows typical absorption peaks at 2000 and 630 cm- 1 , while nanocrystalline 
silicon shows peaks at 2100 cm- 1 and this is ascribed to the surface Si-H mode 
on the grain boundaries and/or the SiH2 mode because the SiH2 waging and 
scissors bending mode (845 and 890 cm- 1 ) are also observed. Poor crystallinity 
samples show both 2100 and 2000 cm- 1 components. Since the ţLc-Si contains 
a high density of grain boundaries with a columnar structure, the grain bound­
aries tend to be oxidized dur ing the air exposure. The post-oxidation affects 
the electrical conductivity as well as the defect density [61, 62]. 

4.6 Optical and Electrical Properties 
of N anocrystalline Silicon 

The optical absorption spectrum of nanocrystalline silicon measured by a con­
stant photocurrent method (CPM) as shown in Fig. 4.12, compared with the 
single-crystalline silicon and hydrogenated-amorphous silicon. Since the thin­
film sample does not have enough absorption, specific methods other than the 
usual transmission and reflection measurements are used. In the early stage of 
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Fig. 4.12. Apparent absorption spectra for micro-(nano-)crystalline silicon (open 
symbols), single-crystalline silicon (solid line), multicrystalline silicon (closed sym­
bol), and a-Si:H (x) (after [10)) 

the microcrystalline-silicon study, the enhancement of the optical absorption 
coefficient has been extensively argued because the absorption coefficient is 
crucial for crystalline silicon solar cells. A conclusion is that the enhancement 
is due to the optical scattering by a textured surface [63, 64]. The bandgap of 
nano (micro)crystalline silicon is measured to be '" 1.1 eV at room tempera­
ture. This suggests the absence of the quantum size effect in the bandgap at 
a crystallite size of 10-20 nm. 

As mentioned above, an impurity such as boron significantly influences the 
crystallinity and low-temperature dep os it ion is needed for better crystallinity. 
The low-temperature deposition at around 140- 180°C results in the formation 
of the B-H complex, as observed in single-crystalline silicon [65]. The B- H 
complex is observed at 1845 cm- 1 by the IR absorption spectrum, and the 
electrical conductivity is quite low due to the passivation of boron acceptors. 
The post-deposition annealing above 200°C markedly increases the conductiv­
ity, and correspondingly, the absorption peak due to B-H complexes disappear 
in the IR spectrum, as reported in B-doped single-crystalline silicon [66]. 

The oxygen contamination can be simply eliminated by using a UHV sys­
tem and/or using a gas-purification system, because the possible origin of the 
contamination is the source gas and/or the outgassing from the chamber walls 
[21]. Without using any purification system, therefore, a significant amount of 
oxygen of the order of 1019 cm-3 can be incorporated into the film. This oxy-



84 Michio Kondo and Akihisa Matsuda 

gen is considered to form donor states in nanocrystalline silicon. As mentioned 
in Chap. 8, the suppression of this oxygen-related donor is a key element of 
the higher solar-cell efficiency. It has been reported that a very simple method 
to lower the deposition temperature effectively suppresses the oxygen donors, 
as shown in Fig. 4.13 [67]. 
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Fig. 4.13. Deposition-temperature dependence of carrier density ionized from oxy­
gen related donors. The inset shows a model of the oxygen-hydrogen complex (af­
ter [67]) 

The donor concentrat ion exceeds 1016 cm-3 at T = 250°C and decreases 
by several orders of magnitude for T < 180°C. It was confirmed that the 
amount of oxygen is independent of the growth temperature. This implies that 
the oxygen has a different structure depending on the growth temperature. 
The fact that the post oxidation also results in an increase in the conduc­
tivity [62], and a similar electrically active oxygen is confirmed in polysilicon 
[68] indicates that the oxygen-related donors precipitate at grain boundaries. 
Although the structure responsible for this mechanism is not yet identified, 
a model analogous to oxygen donors in amorphous silicon [69] has been pro­
posed, where the O atom forms the three-fold coordination. This picture ex­
plains the reason for the deactivation of the donor at low-temperatures. The 
excess atomic hydrogen at low-temperatures can be inserted into one of the 
three Si-O bonds to form Si-H and twofold coordinated oxygen as Si-O-Si. 
This is analogous to the B-H complex in c-Si as mentioned above. The passi­
vation of the thermal donors in crystalline silicon has been discussed in terms 
of three-fold coordination [70] . 

Defects usually act as recombination centers in solar cells, and in the pin 
structure, the defects also act as space charge to screen the built-in field. 
Therefore the nature of defects in nanocrystalline silicon is of great impor-
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tance. In a-Si:H, it is well known that the defect is a three-fold coordinated 
Si with a dangling bond. In nanocrystalline silicon, major defects are grain­
boundary defects and these are passivated by hydrogen as mentioned above. 
The defect density for a device-grade sample is typically < 2 x 1016 cm -3. 

This number is less than the density of the grains, assuming the grain size 
of cv 10 nm, implying the number of defect per grains is less than unity. The 
neutral defect can be detected by electron spin resonance (ESR). The ESR 
signal (first derivative of the microwave absorption spectrum) for the highly 
[220] oriented sample is shown in Fig. 4.14. The g-value is nearly identical 
to that of amorphous silicon, while a more asymmetric lineshape is of ten 
observed. The grain-boundary defects are expected to show anisotropy with 
respect to the crystallite orientation. For the axially oriented sample along 
[220], angular-dependent ESR lines have been observed [71]. The anisotropies 
of the g-tensors are estimated to be gll = 2.0023, gl. = 2.0078, which are 
nearly the same as the Pb center [72]. 

The similarity of the transport properties between the amorphous and 
nanocrystalline silicon suggests the similarity of the density of states between 
amorphous and nanocrystalline silicon [73]. One of the cause of this similarity 
is the presence of the tail states. In amorphous silicon, tail states accompa-
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Fig. 4.14. Anisotropic 
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oriented nanocrystalline 
silicon under perpendicu­
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field to the substrate 
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Fig. 4.15. LESR (nondoped sample) and ESR spectra of nanocrystalline silicon 
(upper traces) in comparison with those of a-Si:H (lower traces) (after [14]) 

nied with conduction and valence bands have been observed as light-induced 
ESR signals at g-values of 2.0044 and 2.010, respectively [74]. The conduction 
electron in crystalline silicon shows a g-value of 1.998, and a similar g-value is 
observed in amorphous silicon using a time resolved optically detected mag­
netic resonance (ODMR) [75]. 

In nanocrystalline silicon, a phosphorous-doped sample and an intrinsic 
sample illuminated by bandgap light show an identical resonance line at a 
g-value of 1.998 besides the dangling bond signal [14, 40, 76, 77, 78] as shown 
in Fig. 4.15. The origin of these lines is now ascribed to the conduction band 
tail states [40, 76]. The tail states compensate the donors and pinning of the 
Fermi level may occur, and the ionized donors act as scattering centers and 
as trapping centers for carriers. Although the origin of the tail states is not 
clear, random strain and a surface contribution are possible candidates and 
further study will be needed. 

In summary, the development of the low-temperature processing of nano­
crystalline silicon and the progress in the understanding of their material 
properties promotes the application of this material to solar cells. A more 
detailed discussion for solar cell processing will appear in Chap. 8. 
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Key Issues for the Efficiency Improvement 
of Silicon-Based Stacked Solar Cells 

Yoshihiro Hamakawa 

Aiming for the development of next-generation solar cells having super high 
efficiency with low cost, a series of R&D studies on a-Si/ /poly or J.Lc (micro­
crystalline or nanocrystalline)-Si thin-film stacked solar cells are introduced 
in this chapter. First, the basic concept of the multibandgap stacked solar ceH 
and its historical background on the selection of material combinations are ex­
plained with an optimum design theory. It has been shown from the results of 
isoenergy mapping of the material combinations that plasma-CVD-produced 
amorphous silicon (a-Si) for the top cell with polycrystalline silicon (poly-Si) 
or microcrystalline silicon (J.Lc-Si) would be the best combination of materials 
in view not only of the value of energy gaps but also the abundance of natural 
resources with cost. 

Secondly, some key issues for efficiency improvement an the a-Si top ceH 
are briefly introduced, and some technical knowledge on these items is demon­
strated. Then, a series of experimental approaches along with the issues are 
presented on the double heterostructure a-Si top ceH and optimum design 
parameters on the a-Si top ceH are determined. 

Thirdly, current R&D trends in the bottom-cell technologies are classified 
into two categories with active material thickness, that is, J.Lc-Si having the 
thickness of 3-10 J.Lm, and thick film of more than 50 J.Lm, and their present sta­
tus in current technologies are introduced. As the new material for the bottom 
ceH, some new data on the microcrystalline deposition technologies are also 
overviewed. Then, recent topics on the microcrystaHine (J.LC- )-based bottom 
ceHs are reviewed. Finally, a comparison is made on the realistic achievable 
theoretical efficiency obtained from computer simulat ion with the best exper­
imental data and remaining problems are discussed. 

Y. Hamakawa (ed.), Thin-Film Solar Cells
© Springer-Verlag Berlin Heidelberg 2004
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5.1 Principle of the Stacked Solar CeH 

Among the wide variety of solar photovoltaic R&D efforts, improvement of 
solar-ceH performance is of prime importance. In amorphous-silicon solar-ceH 
projects, a wide variety of routes have been used to improve ceH efficiency 
making fuH use of technologies, such as film-quality improvement, new junc­
tion structures with wide gap materials, such as a-SiC, ţ.Lc-Si, and narrow gap 
materiallike a-SiGe, and the use of new electrode materials with the back sur­
face filed (BSF) effect. For example, an a-SiC/a-Si heterojunction solar ceH, 
which first broke through the 8% efficiency barrier in 1980 [1] is a typicaHy 
successful one, and has now become a routine technology for fabrication of 
high-efficiency solar ceHs. 

Another possibility for further improvement of amorphous solar-ceH effi­
ciency is heterostructure stacked junctions utilizing internal the carrier ex­
change effects through localized states at the heterojunction interface. This 
idea was first proposed by an Osaka University group in 1979 [2], and was 
applied to the high-voltage solar ceH caHed "HOMULAC (horizontaHy multi­
layered photovoltaic ceH)" [2]. Figure 5.1 shows the energy band diagram and 
schematic representation of hole-electron exchange effects at the junction (a) 
and an equivalent-circuit explanation of the HOMULAC device (c). To oh­
tain efficient photon-energy coHection with a multibandgap stacked solar ceH, 
there are some design rules described below. 

In the two-terminal stacked solar ceH, the i-Iayer thickness of i-th stacked 
ceH di should be designed so that it is also the same photogenerated current 
hi as the other i-layer in order to fulfiH the current continuity law; that is, 

(5.1) 

where <Pi(A) is the incident photon flux density at the wavelength A into 
the i-th junction interface, 'TJe = the photocarrier coHection efficiency in the 
i-th layer. In the simplest treatment, in which both the carrier coHection 
losses and the optical interference effects are neglected, 'TJc and <Pi may be 
approximated by using the absorption coefficient ai(A) and the thickness of 
the i-th photovoltaic layer, and by defining the incident photon flux <PO(A) as 

(5.2) 

and 
i-l 

<Pi(A) rv <PO(A) II exp[-ai(A)di ] (5.3) 
j=l 

These approximations give the maximum limit of hi. Optimization of the 
stacked ceH is performed by choosing a set of di that satisfies the condition 
hi = h I m (i = 1, ... , m) [3]. As can be seen in the photon flux penetration 
pattern shown in Fig. 5.1b, that in order to have an energy gain from the 
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Fig. 5.1. Band diagram explanation of the (a) multi-band gap stacked solar-cell, 
(b) its photon flux penetration pattern, and (c) equivalent circuit 

i-th stacked layer heterostructure junction, the absorption coefficients in both 
sides of neighboring i-Iayers should satisfy the relationship 

(5.4) 

For the selection of material of the i-th layer semiconductor, we need a rule 
not only for the order of the energy gap Egl > E g2 > Eg3 but also for 
CXl(>') < CX2(>') < CX3(>') as illustrated in Fig. 5.2. 

The 1-V characteristics of i-th layer can be written in the form 

I=I-I[ (q(Vi+IRsi)) -1]- Vi+IRsi 
L, s, exp . kT R . ' n, sh, 

(5.5) 

for i = 1, ... , m, where Vi, hi, Isi, ni, Rsi , and Rshi denote the voltage, 
photocurrent, saturation current, diode ideality factor, ser ies resistance, and 
shunt resistance related to the i-th layer ceH, respectively. It should be noted 
that the photocurrent hi depends on Vi because the photocarrier coHection 
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(Â.) 

Photon energy 
Fig. 5.2. Explanation of the absorption coefficient order rule 

across amorphous p-i-n junctions is mainly due to the drift component and 
thereby is strongly field dependent [4]. 

Equation (5.5) can be rewritten with the additional simplifications of ni = 
n and Rshi = 00 for i = 1, ... , m: 

(5.6) 

m m 

with V = LVi and Rs = LRsi 
i=1 i=1 

It can easily be verified by a simple mathematical treatment of (5.6) that 
both the short-circuit current 1 se and open-circuit voltage Voc of the staeked 
ceH attain their maximum when each photocurrent Iii is equal to l/m of 
the photocurrent h defined by the summation of hi. Under this optional 
condition (5.6) can be reduced to [5] 

V + IRs ~ nkT In (h + Is -I) . (5.7) 
q Is 

with definitions V = V/m, I = mI, Is = m( m rr:1 Ist) 1/m and ils = 
Rs/m2• Equation (5.7) indicates that the heterojunction stacked cell is equiv­
alent to a single-junction cell characterized by the photocurrent h, saturation 
current Is, and series resistance Rs, as far as the curve-fill factor and con­
version efficiency are concerned. Thus, the maximum obtainable conversion 
efficiency can be given by using (5.7): 

C;< vmh {1 _ exp(qVm/nkT) - 1} 
'Tfmax - Pin exp(qVoc/nkT) - 1 ' 

(5.8) 
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Fig. 5.3. The absorption coefficient spectra of some promising candidate materials 
for bottom junction stacked with an ţ,t-Si solar cel! 

where Fin is the incident solar power, Voc denotes 

l-r _ nkT 1 (h) 
Voc - q n J8 ' 

and Vm is given by the solution of 

(qVm) ( qVm) Jm exp --- . 1 + --- = ~ + 1 
nkT nkT 18 

(5.9) 

(5.10) 

On the basis of the procedure outlined above, Tsuda et al. [6J and Fan and 
Palm [7] have calculated the theoreticallimit of the conversion efficiencies for 
various energy gap material combinations. Figure 5.3 shows the absorption 
spectra of some well-matched candidate materials stacked with a-Si following 
both design rules as expressed in (5.1) and (5.4). 

Figure 5.4 shows the achievable isoefficiency map of Si-based tandem-type 
solar ceHs as a function of the bandgap energy of the top and bot tom ceH 
materials reported by Takakura [8]. Calculation has been made on a-Si/poly­
Si absorption spectra of a two-terminal stacked solar ceH (a) and the four­
terminal one (b). 

As can be seen in the figure, the crystaHine-silicon solar ceH is a promising 
bottom cell for the combination to a-Si top ceH. In 1984, the Hamakawa group 
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Fig. 5.4. Isoefficiency maps of amorphous/polycrystal model tandem solar cells in 
(top) the two-terminal and (bottom) four-terminal cells 

of Osaka University reported a-Si/ /poIy-Si stacked solar cells by the name of 
"Honeymoon Cell", which means a marriage of a-Si and c-Si technologies [5J. 

Significant advantages in this material combinat ion are enumerated as: 

i) A good energy gap combination to a-Si having a high theoreticallimit of 
conversion efficiency (23% for a two-terminal cell and 24.5% for a four­
terminal cell); 

ii) A relatively well-established technology on single and poly-Si thin-film 
growth with hydrogen passivation; 

iii) No Staebler- Wronski effect in the crystalline-Si bottom cell; 
iv) Pollution-free material for the material preparations and abundant re­

sources with low cost. 
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5.2 An Optimum Design of the a-Si Top CeH 

There have been tremendous R&D efforts for the efficiency improvement of 
a-Si solar cells since their invention in 1977. The principal processes to im­
prove the efficiency are enumerated as: (A) an efficient guidance of photon 
energy into the PV active layer, (B) more effective photon confinement in the 
PV active layer, (C) more efficient photogenerated carrier confinement, (D) 
suppression of the recombination losses, (E) reduction of the voltage factor 
loss, (F) decrease of the series resistance loss. The technological knowledge 
obtained from the R&D efforts is summarized in Table 5.1. 

With full use of the above technological knowledge, an optimum junction 
structure of the a-Si top cell designed is illustrated in Fig. 5.5. Textured 
TCO/glass substrate was employed for the utilization of optical-confinement 
effects. During the fabrication process of the solar cell, as the first step, a p­
type ţLc-SiC electrode layer with a high dark conductivity of 0.1 S cm-1 and 
wide optical bandgap of 2.07 e V were selected to avoid the cross-contamination 
effects. The substrate temperature during the deposition was fixed at 250°C. 

Table 5.1. Key Issues for Efficiency Improvement of a-Si Solar Cells 

Physical process Teclmical solution 
A Efficient guidance of a-l) Antireflection coating (ARC) 

optical energy a-2) Multi-energy-gap stackedjunction 
B Efficient1y guided b-l) Textured surf ace treatment 

photon confinement b-2) Use ofback-surface-reflection (BSR) effect 
b-3) Refractive index arrangement 

C Carrier confmement c-l) Minority carrier mirror effect by 
heterojunction 

c-2) Increase of !l1:-product in ilie PV active layer 
D Reduction of d-l) Film quality improvement by controlling 

photogenerated ilie deposition condition such as RH, T s, 
carrier recombination RF -frequency 

d-2) Drift-type effect with p-i-n junction 
d-3) Graded-gap PV active layer 

(bandgap profiling) 
d-4) Graded impurity-doping involving back 

surf ace field (BSF) effect 

E Reduction of voltage e-l) Band profile control of the PV active layer 
factor losses e-2) Insertion of proper buffer layer in the interface 

ofthe p-i and i-niunction 
F Reduction of series f-l) Optimum design of electrode pattern 

resistance losses f-2) Decrease of transparent conductive oxide (TCO) 
resistance 

f-3) Use of superlattice tunneling junction 
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Fig. 5.5. Structure of a­
Si double heterojunction 

Recently, some intensive investigations are also in progress to explore the 
best deposition condition of the i-Iayer [9, 10]. In our case, the thickness of 
each constituent layer was pa-SiC 10 nm, i a-Si in the range from 100 nm to 
200 nm and n {Lc-Si with a range of 20 to 30 nm with the optical energy gap 
(determined by Tauc's plot) of 1.89, 1.75, and 1.90 eV, respectively. 

With the optimizations of alI the constituent layer thicknesses, the best 
out put characteristics of an a-Si single-junction solar celI, was obtained up to 
nowas 12.5% with Voc = 0.905 V, Jrmsc = 18.8 mA cm- 2 , and FF = 73.6% 
as shown in Fig. 5.6. Here, it should be noted that there remains room for 
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Fig. 5.6. Output characteristic of a-Si solar ceH with an n-type coSi layer inserted 
between TeO and p-type coSi 
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Fig_ 5.7. Structure of a-Si/ /poly-Si four-terminal heterojunction tandem solar ceH 

improvement in Voc by at least 0.05 V by an extended optimization procedure, 
particularly concerning the TCO /p-Iayer /i-Iayer region. 

5.3 Poly-Si and J-Lc-Si Bottom-Cell Technology 

To confirm the achievable theoretical efficiency as shown in Fig. 5.4, a series of 
experimental verifications has been made with a cast-Si bottom ceH. Fig. 5.7 
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Fig. 5.8. Output characteristics of a-Si(B)/ /poly-Si(A) four-terminal tandem solar 
ceH 
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Fig. 5.9. p,c-SiC/poly-Si heterojunction solar ceH and its out put characteristics 
(presented by Osaka Univ.) 

shows the ceH structure of a prototype a-Si with poly-Si four-terminal stacked 
solar ceH. It has been shown with this prototype junction structure on four­
terminal 2 stacked ceH that 21 % efficiency is achieved. This is clearly higher 
than both a-Si and polycrystaHine-Si single-junction solar ceHs, as shown in 
Fig. 5.8 [11, 12]. 

During the R&D efforts for the "Honeymoon ceH" technology, an interest­
ing byproduct has been produced. That is, the amorphous or microcrystalline 
(JLc-Si)/poly Si heterojunction solar ceH as shown in Fig. 5.9 [13]. The main 
features of this ceH are, 1) a very simple processing method, 2) low cost, 3) 
more than 17% efficiency was easily obtained. Recently, the Sanyo group [14] 
has reported 21 % efficiency with this technology on 1 x 1 cm2 area laboratory­
phase ceH having p-i ioa-Si deposited on an n-c-Si ceH structure, caHed a HIT 
(heterojunction with intrinsic thin layer) ceH. Presently, this technology has 
grown to mass production with the commercial name of HIT Power 21 having 
15.2% module efficiency, which is one of the highest module efficiencies. 

On the basis of the "Honeymoon ceH" concept, many kinds of mate­
rial preparation chaHenges have been started worldwide for the bottom­
ceH fabrication technologies, for example, ZMR (zone melting recrystalliza­
tion) [15], lateral graphoepitaxy [3], plasma spray of Si growth (PSSG) [16], 
solid-phase crystaHization (SPC) [17], CAT (hot-wire )-CVD [18] and also 
microcrystaHine-Si thin-film growth by the plasma CVD method [19] and 
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so ono Table 5.2 shows the classification of the bottom-cell technologies with 
their active layer thickness. Apart from a prototype ceH that employed the 
cast poly-Si , which is used to verify the original idea, the practical bottom-cell 

Table 5.2. Bottom-cell technologies in a-Sij / poly (ftc)-Si stacked solar cells *2T: 
two-terminal, **4T: four-terminal , ***S.J.: bottom-cell single-junction 

Classification Bot!om ceH PVactive R&D Institution 

layer 
efficiency (%) 

thickness (!tm) 

1. Prototype Sliced cast poly-Si 100-250 15.6 for 2T* Osaka U. 
21.0 for 4T** Osaka U. 

II. Thick film Lateral 5-10 Ritsumeikan U. 

graphoepitaxy 
8.5 S.J.*** 

Mitsubishi 

ZMRlaterai (3-5)+(50-60) 16.4 S.1.*** 
graphoepitaxy Sanyo 

SPC 10 Daido-Hoxan 

PSSG 200-300 

GD a-Si recrystal 3-5 14.5 for 2T* Kaneka 

"Micromorph Si" 1-3 9.1 for2T* Neuchatel U. 

III. Thin film "VHF-PE-CVD" 3-5 12.0 for 2T* Jiilich U . 

"Polymorphous Si" 3-5 

PE-CVD produced !tc-Si 3 9.28 for 2T* Ritsumeikan U. 

PE-CVD produced !tc-Si 2-5 9.18 S.1.*** / Osaka U. 

PE-CVD produced !lc-Si 3 12.75 S.1.*** Canon 

PE-CVD produced !tc-Si 3 9.4 S.J.*** AIST Tsukuba 

Fig. 5.10. Schematic diagram of a two-stacked a-Si tandem solar cell 
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thickness can be classified by poly-Si thick film (II) and ţlc-Si thin film (III), 
as shown in Fig. 5.10. There is insufficient space to explain the details of these 
technologies. In the SPC technology, the poly-Si film was grown from a lO-ţlm 
thick GD a-Si film deposited on a textured substrate with a high substrate 
temperature of 500-600°C. The n-type film has an electron Hall mobility of 
623 cm2 V- 1 S- l with a grain size around 6 ţlm [17]. With this SPC-produced 
material, 8.5% efficiency with Isc = 24.2 mA cm-2 and Voc = 0.537 V are ob­
tained. This result could be evaluated as an exceHent performance consider ing 
the active layer thickness of only 10 ţlm poly-Si. 

Figure 5.ll shows a schematic illustration of the ZMR method and V-I 
characteristics of a ZMR poly-Si solar ceH. As can been seen in the figure 
(a), firstly 3-5 ţlm microcrystaHine-silicon (ţlc-Si) is deposited by LP-CVD 
on the Si02-coated silicon substrate, then another Si02 coating is made on 
the deposited ţlc-Si. After that, the ZMR process is carried out by a traveling 
upper heater to perform a kind of zone melting grain growth. As a final step, 
a 50-60 ţlm active layer is formed by the thermal CVD method. A 16.4% 
efficiency has been obtained so far with a 2 x 2 cm2 cell area [20]. 
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Fig. 5.11. (left) A schematic illustration of ZMR technology and (right) output 
characteristics of ZMR grown poly-Si solar cell 

The third class of technology of the thin-film bottom-cell material might 
be a kind of microcrystalline Si. As has been reported elsewhere in the recent 
research on this material, there exist at least two points of significance in this 
material system. First, as a basic property, ţlc-Si has a very high optical 
absorption coefficient in the visible solar radiation region, as has a-Si. In 
addition, it has a high carrier mobility, at least one order of magnitude higher 
than a-Si. The second significance is that one can produce the bottom ceH by 
a PE-CVD continuous process together with an a-Si top cell. Along with this 
concept, a two-dimensional computer simulat ion study has also been made 
on the ceH structure, as shown in Fig. 5.12 (right). With suitable material 
parameters and a lO-ţlm thick active layer , 18.4% efficiency has been obtained, 
as shown in Fig. 5.12 (left) [21]. 
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On the other hand, in the experimental trials, many types of microcrys­
talline Si growth experiments have been in progress recently, termed "micro­
morph" [18J and "polymorphous" [19], etc. In these experimental approaches, 
the size and shape of the j-lc-Si are very sensitive to the deposition parameters, 
such as hydrogen dilution ratio R, substrate temperature Ts , injected VHF 
power P [22J. There are stiU many discussions on these items related to the 
film quality and the obtained PV performance [23]. An important key tech-
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Fig_ 5.13. Col!ection-efficiency curves of bot tom cel! in the structure of p-a-Si/I­
MC-Si as a parameter of the buffer-Iayer thickness 
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nology exists around a transition region from a-Si to ţ.tc-Si growth condition. 
Recent data on the high-quality ţ.tc-Si for solar cells reported by the USSC 
group supported this idea. Recently, the Ritsumeikan group [21J developed 
a new technique to improve the i-ţ.tc-Si layer crystallinity introducing an i­
ţ.tc-Si buffer layer deposited by PV-CVD under low-pressure conditions. The 
junction of the structure of a-Si/ / ţ.tc-Si stacked solar-cell shown in Fig. 5.12b 
is well examined with the collection efficiency curves of the bottom cell in 
the structure shown in Fig. 5.13 as a parameter of the buffer layer thickness. 
As can be seen in this figure, the p/i buffer layer thickness is an important 
key factor in the formation of the ţ.tc-Si active-layer quality. Among these ap­
proaches, the KANEKA group has reported recently the world best efficiency 
of 14.5%, as shown in Fig. 5.14 [24J and [25J. 
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Development of Amorphous-Silicon 
Single-J unction Solar Cells 
and Their Application Systems 

Katsuhiko Nomoto and Takashi Tomita 

Worldwide consciousness of the global environmental issues creates rapidly 
growing demands for solar photovoltaic systems. Sharp has increased the pro­
duct ion capacity of solar cells and modules by about 90-fold in the last eight 
years. To date, the products are mainly bulk-type crystalline-Si solar cells, but 
to meet the rapid growth of the market it is essentially important to establish 
new technologies based on the concept of reduced use of material silicon. 

For this purpose, we have been developing the technologies of large-scale, 
thin-film-type amorphous-Si (a-Si:H) solar cells and up to now stabilized cell 
conversion efficiencies of 7.5% with a monolithic a-Si:H single-junction struc­
ture, and size of 730 x 980 mm, are obtained. 

In this chapter the key manufacturing technologies and the device design 
for large-scale, high-efficiency a-Si:H single-junction solar cells are described. 
Also, our unique application systems of the a-Si:H solar modules towards 
further expansion of the PV market are introduced and illustrated. 

6.1 Introduction 

Intensive research and development of thin-film solar cells is being made all 
over the world, in addition to the current bulk-type, crystalline-Si (c-Si) solar 
cells, to target the rapidly growing PV market [1]. Although amorphous Si (a­
Si:H)-type solar cells have been considered one of the most hopeful thin-film 
solar cells [2], the market requires even more cost competitiveness and unique 
applications, as well as higher cell performance. 

From this standpoint we have focused our efforts on the development of 
the manufacturing technologies of the monolithic, large-scale, single-junction 
a-Si:H solar cells and of unique modules and system applications that clearly 
differentiates c-Si modules. 

This chapter elucidates two important technologies ofthe large-scale a-Si:H 
solar cells that we have developed in terms of the manufacturing process and 

Y. Hamakawa (ed.), Thin-Film Solar Cells
© Springer-Verlag Berlin Heidelberg 2004
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device structure. One is the growth technology of device-quality a-Si:H films 
depositing on large-scale substrates, with mass-production throughput, named 
the short-pulse VHF plasma CVD (S·VHF p-CVD) method [3]. The other is 
a p-type window-layer material of wide bandgap a-Si:H [4], which is critically 
important for the device performance. Based on these technologies a stabi­
lized conversion efficiency of 7.5% with a monolithic a-Si:H single-junction 
structure, substrate size of 730 x 980 mm, has been obtained so far. 

On the other hand, for further expansion of the PV market, other than the 
market of the residential rooftop applications, the main market today, it is 
very important to develop technologies applicable to various spaces of public 
buildings, the walls of industrial factories, or architectural structures. In such 
applications, a-Si:H PV modules are sui table because of the increase in avail­
able space over the residential rooftop and easy scale-up of a-Si:H solar cells 
that also lead to cost reduction of the PV modules. In this chapter such an 
example of our a-Si:H PV modules for the industrial use, which are directly 
integrated onto the construction material of the autoclaved light-weight con­
crete, abbreviated ALC by Sumitomo Metal Mining Co., Ltd., is described. 
Another good example of the application is the architectural, design-oriented 
use of a-Si:H thin-film modules. A typical example is a see-through a-Si:H 
module that features the function of light-through as well as light-to-electricity 
conversion. Representative application systems of these unique a-Si:H modules 
are illustrated. 

6.2 Key Technologies and Approaches 
Towards Large-Scale, High-Efficiency, 
a-Si:H Single-J unction Solar Cells 

6.2.1 Basic CeH Structure and Process 

Our basic structure of a single-junction a-Si:H solar cell is shown in Fig. 6.1 
together with the integrated cell structure. Figure 6.2 shows the schematic 
manufacturing process flow. 

We use a glass substrate covered with textured tin oxide. Onto the sub­
strate, pin single-junction layers of a-Si:H are deposited by a glow-discharge 
S·VHF-plasma CVD system with cathode electrodes of about 1 m2 size. These 
a-Si:H pin layers are scribed and divided into the unit cells by laser process­
ing, following the formation of the re ar contact, which consists of a film of 
a transparent conductive oxide and a high refractive metal, via sputtering. 
In this process, each unit cell is automatically series-connected, producing a 
large-scale integrated a-Si:H solar cell. After this cell process, a-Si:H mod­
ules are fabricated by a wire bonding, a back-sheet lamination process, and 
final characterization of the 1-V performance of every module, as is shown in 
Fig. 6.2. 
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Fig. 6.1. (Ieft) Structure of a-Si:H single-junction solar cell; (right) Structure of 
a-Si:H single-junction, monolithic, integrated cell 
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Fig. 6.2. Process fiow of a-Si:H single-junction solar cell and module 

Among the processes mentioned above, a key issue is to control the process­
ing and properties of the intrinsic a-Si:H layer from the viewpoint of masspro­
duction. As to the device structure, the light-incident p-Iayer is one of the 
most important factors to obtain high conversion efficiency of a-Si:H single­
junction solar cells [6]. Some detail description concerning these technologies 
is given in the next section. 

6.2.2 Key Manufacturing Technology and Device Design 

In order to control the processing and film properties of the intrinsic a-Si:H 
during mass production, we have developed a novel short-pulsed VHF plasma­
enhanced chemical vapor deposition method (S·VHF p-CVD), based on the 
study of characterization of film properties and plasma diagnostic analysis [3]. 

It has been reported that low-frequency modulation of the RF discharge 
for chemical vapor deposition of a-Si:H films with periods of the plasma-on 
and plasma-off times of a few hundred microseconds (200-500 J.Ls) successfully 
suppressed powder particles in the discharge space [5]. Figure 6.3 shows a 
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Fig. 6.3. Schematic illustration of the effect of the pulsed plasma 

schematic explanation of the effect of the pulsed plasma. Continuous plasma 
discharge of a SiH4 /H2 gas mixture under conditions of a high density of 
SiHx radicals produces high deposition rate of a-Si:H, which produces pow­
der partides of polysilane. These parti des not only deteriorate film electrical 
properties of a-Si:H but also lead to frequent chamber deaning that markedly 
reduces production efficiency. Pulsed plasma of the order of a few hundred 
microseconds, on the other hand, dramatically reduces such partide produc­
tion. 

Furthermore, plasma kinetics considerations have led us to find that in a 
much shorter time scale the structural and electrical properties of a-Si:H films 
can be improved. In this case we use very high frequency (VHF) (more than 
27.12 MHz) plasma excitat ion because much higher radical densities have to 
be produced in a very short plasma-on time (1- 10 J..ls) compared to the case 
of cw discharge and the required high electron densities for the dissociation 
of source gases are expected to be obtained by VHF excitation. 

Figure 6.4 shows photoconductivity (O"ph) to dark conductivity (O"d) ratios 
versus the pulsed plasma on-time, together with the variat ion of the content 
of the dihydride mode Si-H2 in the films. This figure dearly indicates that the 
O"ph/O"d ratio improves in the region of the plasma-on time less than 10 J..lS, re­
flecting a structural change of the file, i.e., the decrease of the dihydride mode 
that is thought to cause deterioration of film properties. Using this technol­
ogy, good film quality of the i-Iayer and suppression of the powder partides in 
the discharge space are simultaneously realized under the conditions of mass 
production. 

To obtain high conversion efficiency a-Si:H solar cell and thereby high­
power modules, it is very important to use a wide optic al gap and highly 
conductive material for the light-incident p-type window layer with uniformity 
over large areas. We have proposed the "hydrogen plasma doping" method 
[4] to make such p-type a-Si:H films without alloying a-Si:H with carbon or 
oxygen (a-SiC:H, a-SiO:H) [6, 7]. We named it WG-p (wide gap p-type) film 
and the process flow is shown in Fig. 6.5. From the comparison of the spectral 
collection efficiency of single-junction pin a-Si:H solar cells between the cell 
with the WG-p layer and the one with a conventional a-SiC:H p-Iayer in 
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Fig. 6.5. WG-p process flow 

Fig. 6.6, it turns out that the same spectral response can be obtained by the 
WG-p cell as the conventional a-SiC:H p-layer one. More than 10% initial 
efficiency single-junction solar cells (size: 1 cm2 ) have been obtained using 
this material. The process reproducibility was confirmed by the experiment of 
making 100 sheets of large-area submodules (size: 650 x 455 mm) within the 
scattering of ±3% of Ise and ±4% of Voe , as shown in Fig. 6.7. 
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6.2.3 Module Performance of a-Si:H Single-Junction Solar Cells 

Based on the technologies mentioned in Sects. 6.2.1 and 6.2.2, integrated large­
scale a-Si:H single-junction solar ceHs, typical substrate sizes of which are 
650 x 455 mm, 650 x 910 mm, 730 x 980 mm, are fabricated into modules. 

The pictures of the three size modules are given in Fig. 6.8. For the size 
of 730 x 980 mm module, an output power of 50 W, ceH aperture conversion 
efficiency of 7.5% under the standard condition of AM1.5, 1 kW m-2 , 25°C is 
now obtained. Figure 6.9 shows I-V parameters and I-V curve of the module. 
These values are the stabilized ones, as is explained in some detail below. 
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650 x 455 mm 650 x 910 mm 

Fig. 6.8. Typical a-Si:H single-junction modules 
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Fig. 6.9. 1-V parameters and curve of 730 x 980 mm module 

The dependences of the output power on irradiation light intensity and 
module temperature are shown in Fig. 6.10 and Fig. 6.11 respectively. The 
power of our single-junction a-Si:H module is linearly dependent on the irra-
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Fig. 6.11. Dependence of the output power on module temperature 

diation light intensity, showing almost the same behavior as for other modules 
of c-Si type and amorphous multijunction solar cells using a-SiGe:H. The de­
pendence on the module temperature, however, is very different among these 
modules. Figure 6.11 clearly indicates that the temperature dependence of a­
Si:H single-junction solar cells is much smaller than the others and the reduc­
tion of the power is only about 5% around at 60-80°C, at which temperatures 
solar modules operate outdoors. This power reduction is about one-third com­
pared to c-Si type and amorphous multijunction solar cells using a-SiGe:H. 
This is due to the inherent difference of the bandgap of the semiconductors 
that convert light to electricity. 
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As it is well known, amorphous-silicon-related materials, a-Si:H, a-SiGe:H, 
a-SiC:H, etc. , initially change their electrical properties during light irradia­
tion, the so-called Staebler-Wronski effect [8]. This effect also causes initial 
light degradation of the a-Si:H solar cells. In Fig. 6.12 the power change of our 
a-SiR single-junction submodule is plotted against light irradiation times. The 
irradiation light source is the solar simulator and the condition is continuous 
irradiation, 1 sun: AM.1.5, 1 kW m- 2 , 50°C (accelerating light irradiation 
test). The power stabilizes after a few hundred hours irradiation and sustains 
around 76% of the initial value. Figure 6.13 is the outdoor reliability test data 
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and the normalized output powers of the modules are plotted against outdoor 
exposure days. The power of the module initially degrades and then it varies 
with the season due to the annealing effect in the high summer temperatures. 
The module power in this seasonal changing lies within 70% to 80% of the 
initial value and the average value in this mode corresponds to the value of 
the stabilized power of the accelerating test in Fig. 6.12. We define, therefore, 
the module power as the stabilized value according to the accelerat ing test of 
the light irradiation of 1 sun and continuous 1000 h irradiation. 

6.3 Applications of Large-Scale a-Si:H Solar Modules 
and Systems 

NEF (New Energy Foundation in Japan) leadership has led to the nation­
wide spread of the photovoltaic power-generation systems in J apan, which are 
mainly the residential rooftop applications. For further expansion of the PV 
market, however, it is very important to develop various application systems 
that utilize the walls of industrial factories, public buildings, or architectural 
structures. In such applications, a-Si:H PV modules are suitable because of 
the increased available space compared to the residential rooftop and the easy 
scale-up of a-Si:H solar cells. From this point of view two unique modules are 
described and three application systems are illustrated here. 
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company ALCpanel 

I 1· 
a-Si:H 
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1 I~ 
designed Iile 
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Fig. 6.14. Illustration of plant wall installed a-Si:H integrated ALC panel and one 
ALC panel integrating a-Si:H solar modules 
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6.3.1 Application to the Construction Material, 
ALC Panel Integrating a-Si:H PV Modules 

Autoclaved lightweight concrete (abbreviated ALC) is a widely used, inexpen­
sive construction material and there is an estimate of an installation potential 
of 100 M/y PV modules on the ALC panels. Sumitomo Metal Mining Co., 
Ltd. is a major manufacturer of ALC material in Japan and the company has 
developed a-Si:H PV integrated ALC modules as a joint research program 
with NEDO using our a-Si:H modules. a-Si:H PV modules were chosen by 

Table 6.1. Specifications of the PV-integrated ALC panel 

Solar cell 
module size 
ALC panel 

: a-Si:H single junction 
: 650 x 455 mm 
: one string with 6 modules in series, 

3 strings in parallel in each ALC panel 
array configuraton : 36 ALC panels 
power capacity, voltage : 10 kW, 240 V 

Fig. 6.15. Plant wall of Sumitomo Metal Mining Co. Ltd installing a-Si:H solar 
module integrated ACL panels with 10 kW capacity 
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the company consider ing the temperature increase due to integrat ion of PV 
modules directly on the ALC panel. 

Figure 6.14 shows the structure of the a-Si:H PV integrated ALC mod­
ule. One ALC panel consist of six sheets of series-connected a-Si:H modules 
that form one PV string, an a-Si:H module with a size of 650 x 455 mm, 
and three parallel-connected PV strings. Thus, one ALC panel, with a size 
of 2345 x 2980 mm, has eighteen sheets of the a-Si:H module. The surface 
of the ALC panel is engraved in advance for the connector boxes and the 
cables of the PV modules. Then the a-Si:H modules are easily fixed on the 
ALC panel with silicone sealing compound. Table 6.1 summarizes these spec­
ifications of the PV-integrated ALC panels. By using the structure and the 
process mentioned above, Sumitome Metal Mining Co. , Ltd. has established 
the technology of in-house fabricat ion of ALC panel integrating a-Si:H PV 
modules. An array consisting of thirty-six integrated ALC panels with 10 kW 
capacity was installed on the wall of their plant in Japan. The picture is shown 
in Fig. 6.15. 

6.3.2 See-Through-Type a-Si:H Solar Modules 

Nowadays, architects pay much attention to photovoltaic power systems be­
cause of the client requirements for the PV installation to their building or 
construction bodies, namely highway fences, corridor rooftops and so ono In 
such cases they are interested not only in the output power of the system 
but also the design itself of the PV systems harmonizing with the archi­
tecture. Here, we describe our technologies of architectural, design-oriented 
see-through-type a-Si:H solar module and its application systems. 

Figure 6.16 shows the structure of our see-through-type module. The same 
laser scriber as mentioned in Fig. 6.2 is used for see-through patterning, 
thereby any see-through patterns can be easily realized using corresponding 
mask patterns if necessary. For instance, according to the customer's special 
requirements, the modules with see-through patterns of the users' logos have 
been shipped. 

Glass 

leD 

Glass 

Scribed aperture 

~,--------~-------~~ 

light Through 
Fig. 6.16. Structure of laser­
scribed see-through a-Si:H module 
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modules from inner 

Over aU ce ne of the corridor 
with a-Si:H see-through modules 

Fig. 6.17. a-Si:H see-through module application system with 8.4 kW capacity at 
the port of Takamatsu city in Shikoku island southwest Japan 
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Fig. 6.18. a-Si:H see-through modules with 1.7 kW capacity applied to the canopy 
of the new dean room facility of FUJIPREAM, LTD. in Hyogo Prefecture in Japan 
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In normal cases one can make the see-through li nes vertical or parallel 
to the scribed lines of the rear contact, taking the ser ies resistance loss into 
account. One can obtain various aperture ratios by changing the number or 
width of the see-through scribe lines. The rear side of the module is laminated 
with a glass sheet. Up to now, see-through modules with 10-30% aperture 
ratios have been commercialized. 

The pictures of the actual application system of our see-through module for 
the corridor roof-top at the port of Takamatsu city in Shikoku island, south­
west Japan, are shown in Fig. 6.17. The architect designed this PV system 
with the purpose of creat ing the image of marine blue with light sparkling 
and adopted the polycrystalline Si modules for a marine blue image, 95.1 
kW capacity, and a-Si:H see-through modules for entering natural light into 
the corridor, 8.4 kW capacity. One see-through unit has nine series-connected 
modules, each module of size 650 x 455 mm, 10% aperture ratio, out put power 
of 12 W. Each see-through unit is arrayed next to to the marine blue polycrys­
talline modules, as shown in Fig. 6.17, and the whole system has seventy-eight 
see-through units. Thus, seven hundred two see-through modules are used in 
total. 

Figure 6.18 shows another example of this type of module applied to the 
entrance canopy of the new dean ro om facility of FUJIPREAM., LTD in 
Himeji city of Hyogo prefecture in Japan. In this case, c-Si-type light-through 
modules and a-Si:H see-through modules are combined to produce 21 kWof 
electricity as well as allowing natural sun-light to enter. As to the see-through 
structure, four a-Si:H see-through modules, each module of size 650 x 455 
mm, 10% aperture ratio, are sandwiched with two tempered glass sheets on 
the front and rear si des forming one see-through unit of the size of 1400 x 1000 
mm with the output power of 43 W. Forty of these see-through units, with 
1. 7 k W capacity, are installed on the canopy. 

6.4 Conclusion 

In summary, we have described our approaches towards largescale, high­
efficiency a-Si:H single-junction solar cells to meet the market requirements 
of more cost competitiveness of PV modules and unique system applications 
that enlarge PV installation space beyond the residential rooftop. 

The key manufacturing technology and the device design of large-scale 
a-Si:H single-junction solar cells were elucidated, i.e., the short pulse VHF 
plasma-CVD method and the application of newly developed material of wide­
bandgap p-type a-Si:H. Based on these manufacturing technologies, stabilized 
cell conversion efficiencies of 7.5% with monolithic a-Si:H single-junction struc­
ture, with a size of 730 x 980 mm, are obtained so far. 

For further expansion of the PV market, unique a-Si:H modules and appli­
cation systems that differentiates c-Si type modules were developed; a-Si:H in­
tegrated ALC panels were installed on the plant wall of a private company and 
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laser-scribed see-through a-Si:H modules were applied to the design-oriented 
architectures. These outlines were introduced and illustrated. 
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Production of a-Si:H/ a-SiGe:H/ a-SiGe:H 
Stacked Solar-CeH Modules 
and Their Applications 

Keishi Saito, Tomonori Nishimoto, Ryo Hayashi, 
Kimitoshi Fukae, and Kyosuke Ogawa 

In 1996, Canon started mass producing the a-Si:H/a-SiGe:H/a-SiGe:H stacked 
solar-cell module with over 8% stabilized efficiency, with a unique approach 
where the microwave-plasma chemical vapor deposition (MW-PCVD) method 
was implemented in the high-throughput roll-to-roll process. This chapter 
consists of two distinct parts. The first part describes the R&D effort made 
for high-efficiency, small-area (laboratory-size) cells. The second part is given 
to depict the outlines of mass-production method of the solar cell and the 
products for rooftop applications. 

7.1 R&D Work with Small-Area Cells 

As the world is becoming more and more seriously concerned about the global 
environmental issues, photovoltaic (PV) power generation is expected to play 
a much more active role in the near future [1]. Amorphous-silicon (a-Si)­
based thin-film solar cells are a promising candidate for the low-cost power­
generation source in the near future, because they are easily formed on a 
large-area substrate and they require a far smaller amount of silicon source 
than the crystalline-silicon (c-Si) counterpart. But the current situation is 
that a-Si-based solar cells are stiH far from being widely used because their 
production cost is not yet low enough. The following are thought to be the 
technological key issues for further cost reduction. 

1. Higher conversion efficiency. 
2. Higher deposition rate. 
3. More efficient source-gas utilization. 

To improve the efficiency of the solar cell, the multijunction configurat ion 
is useful. An example is the a-Si:H/a-SiGe:H/a-SiGe:H triple-junction stacked 
solar cell, which can effectively absorb incident light over a wide wavelength 

Y. Hamakawa (ed.), Thin-Film Solar Cells
© Springer-Verlag Berlin Heidelberg 2004
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range. In the triple-junction configuration, the thickness of the photoactive i 
layer of each component ceH is usuaHy smaller than that of the single-junction 
cell. This is advantageous for suppressing the light-induced degradation of the 
cell. 

To achieve a higher deposition rate and more efficient source-gas utiliza­
tion, a high-density and low electron-temperature plasma is required. The 
2.45-GHz microwave generator is the highest-frequency plasma source that is 
commercially available at a realistic cost. Therefore, it has a high potential 
in achieving the above-mentioned requirements at low cost. The microwave­
plasma CVD (MW-PCVD) method was employed for semiconductor layer 
deposition and an extensive effort has been made to obtain high-quality films 
at very high deposition rate and at high gas-utilization ratio [2, 3]. 

The foHowing section describes some aspects of the fundamental R&D 
work on the small-area (laboratory-size, 0.25 cm2 ) ceH. 

7.2 Low-Pressure Microwave PCVD Method 

In the Canon Ecology R&D Center, fundamental R&D work on the a-Si:H/a­
SiGe:H/a-SiGe:H stacked solar ceH has been in progress for 1. higher conver­
sion efficiency 2. higher deposition rate 3. more efficient source-gas utilizat ion 
as 

1. High-quality a-Si-based semiconductor films are usually obtained at very 
low deposition rates (0.1-0.5 nm s-l). 

2. More pronounced light-induced degradation is observed in a-SiGe:H films 
than in a-Si:H films. The poor stability of a-SiGe:H films gets even worse 
when the deposition rate is increased. 

3. The GeH4 gas source is very expensive. 

Generally speaking, it is not difficult to obtain a high deposition rate if 
one uses plenty of source gas with high input power. However, this condition 
of ten leads to higher silane or powder formation in the plasma, which affects 
the resulting film quality and device performance. Use of low pressure is one 
way to reduce gas-phase reactions and the resulting higher silane formation. 
The low-pressure microwave plasma CVD (LP-MWPCVD) method, which 
utilizes the 2.45 GHz microwave generator as a plasma source, can make 
possible continuous discharge at low working pressures on the order of several 
mTorr and can generate a high density, low electron-temperature plasma. 
Consequently, with the microwave method, very high deposition rates (more 
than one order of magnitude larger than in the conventional RF-CVD method) 
and a high gas utilization ratio (several times higher than in RF-CVD) are 
easily achieved. The dependence of the deposition rate on silane gas flow rate 
and microwave power was examined. The results are shown in Fig. 7.1 and 
Fig. 7.2, respectively. 
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Fig. 7.1. Dependence of the 
deposition rate on SiH4 flow 

Fig. 7.2. Dependence of 
the deposition rate on MW 
power 

Estimations from both figures reveal that the silane gas dissociation ratio is 
close to 100%, which is an amazingly high value considering the fact that 15% 
is a typical dissociation ratio in RF-CVD. The low-pressure microwave CVD 
method is expected to be very useful for the deposition of a-SiGe:H layers 
because the germane gas source is very expensive and it must be used as effi­
ciently as possible. Prior to the mass production of the triple-junction cell, an 
extensive effort was made in developing small-area cells with the laboratory­
size, batch-type apparatus. 

Figure 7.3 shows the structure of the small-area cells made with the 
batch-type process. As shown in Fig. 7.3a, the single-junction cell consists 
of Grid/ITO /p (ţLc-Si:H) /i (a-SiGe:H) /n (a-Si:H) /texture ZnO / Ag/stainless 
steel substrate. The triple-junction cell in Fig. 7.3b consists of Grid/ITO/a­
Si:H cell/a-SiGe:H cell/a-SiGe:H cell/texture ZnO/Ag/stainless steel sub­
strate. 

Figure 7.4 shows the schematic diagram of the batch-type CVD appara­
tus for small-area cells. The microwave CVD method was employed solely for 
a-SiGe:H depositionj the other semiconductor layers of the solar cell were de­
posited by RF. The substrate is mounted on the load chamber and conveyed 
to the RF chamber. After the n-layer deposition by RF, the substrate is trans-
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Fig. 7.4. Batch-type CVD apparatus for smaH-area ceH preparation 

ferred to the microwave chamber. For the a-SiGe:H photoactive i layer deposi­
tion by microwave, a mixture of SiH4, GeH4' and H2 gases was used. The sub­
strate temperature during a-SiGe:H layer deposition was between 200-400°C. 
After the a-SiGe:H layer formation is completed, the substrate is moved back 
to the RF chamber and the p layer is formed. The completed ceH was removed 
from the apparatus through the unload chamber. Other deposition conditions 
are summarized in Table 7.1. Evaluation of the solar-ceH characteristics was 
conducted under an AM1.5, 100 m W cm-2 light at a ceH temperature of 25°C. 
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Table 7.1. Deposition recipes for MW-PCVD and RF-CVD 

Receipe for the low pressure MW PCVD 
MW power: 100 '" 1000 W 
Pressure: 0.1", 30 mTorr 
Ts : 200 '" 400°C 
Deposition rate: > 4.0 nm/s 
Source gases: SiH4, GeH4, and H2 

Receipe for the RF PCVD 
RF power: 0.1'" 10 Torr 
Pressure: 0.1 '" 30 mTorr 
Ts : 100", 400°C 
Deposition rate: > 0.1 nm/s 
Source gases: SiH4, H2, PH3, and BF3 

7.3 Graded-Bandgap Profiling in a-SiGe:H 

The narrow-bandgap a-SiGe:H material has a tendency to a sharp increase 
of gap states with the increase of Ge content, which results in a lower photo 
conductivity and other deteriorated film properties. On the other hand, a­
SiGe:H has the advantage that its bandgap can be easily and continuously 
controlled by changing the mixture ratio of Si/Ge content. This is due to 
the fact that both Si and Ge belong to the group IV of the periodic table. 
Therefore, one can utilize the so-called graded-bandgap profiling by changing 
the Si/Ge content ratio, and can control a-SiGe:H solar-cell properties. 

Figure 7.5 shows a comparison of the performance of a-SiGe:H cells with 
and without graded-bandgap profiling. As can be seen in the figure, the graded 
cell has larger bandgaps near the n/i and p/i interfaces so as ta avoid deteria­
rated interface properties from bandgap discontinuities. The smallest-bandgap 
region was intentionally set near the p-layer side to improve the collection ef­
ficiency of the photo-generated holes, which limits the device performance. 
By employing the graded-bandgap profiling, the performance of the a-SiGe:H 
cell was successfully improved. Both cells shown in Fig. 7.5 were made by the 
LP-MWPCVD method at a very high rate of about 10 nm s-l. 

On the basis ofthese results, the graded-bandgap profiling technologies are 
applied to the bottom and middle cells of the triple cell shown in Fig. 7.3b. As 
has been reported in the literature [2], an optimized triple cell with high-rate 
(r"V 10 nm S-l) a-SiGe:H component cells exhibited a high initial efficiency of 
12.3% (Voc = 2.30 V, Jsc = 7.38 mA cm-2 , FF = 0.725), which was further 
improved to 12.7% (Voc = 2.35 V, Jsc = 7.38 mA cm-2 , FF = 0.73) later. The 
highest initial efficiency obtained with a high rate (> 4 nm s-l) a-SiGe:H i­
layers is 13.0% (Voc = 2.17 V, Jsc = 8.04 mA cm-2 , FF = 0.744) [4J as shown 
in Fig. 7.6. 
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7.4 Suppression of Light-Induced Degradation 
and Improved Performance 

Degradation of the a-SiGe:H cells can be suppressed by the reduction of i­
layer thickness and by the optimization of the deposition rate. First, the i-layer 
thickness of bottom and middle cells was reduced from 150 nm to 65 nm. From 
the reduction of i-layer thickness, the following effects are expected: 1. The 
internal electric field is increased. 2. Photogenerated carriers need to move a 
smaller distance to get out of the i-layer. Both contribute to the reduction of 
carrier recombination in the i-layer, which is thought to be the main cause of 
photoinduced degradation. 

An a-SiGe:H control cell with a 150-nm thick i-layer deposited at 10 nm 
S-l showed an initial efficiency of 8.2% (Voc = 0.696 V, Jsc = 19.99 mA 
cm-2 , FF = 0.589) and a stabilized efficiency of 4.0% (degradation ratio 
51%). The cell with the thinner (65-nm thick) i-layer at 10nm/s (the bandgap 
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Fig. 7.6. I-V charateristics of a-Si:H/a-Si:H/a-SiGe:H stacked solar ceH 

was made smaller intentionaHy) showed a slightly lower initial efficiency of 
7.7% (Voc = 0.64 V, Jsc = 19.6 mA cm-2 , FF = 0.616), but its stabilized 
efficiency stood at 5.0% (degradation ratio 35%). 

Next, the deposition rate of the i-Iayer was deliberately lowered for better 
film quality and improved interface characteristics. By doing this, a successful 
improvement on the stability of the cell was achieved while keeping its initial 
efficiency value. The improved ceH exhibited an initial efficiency of 8.2% (Voc = 
0.646 V, Jsc = 20.81 mA cm-2 , FF = 0.608) and a stabilized efficiency of 
5.9% (degradation ratio 28%) [4J. To maintain the device performance with a 
thinner i-Iayer, a substantial effort was made to improve the properties of the 
ZnO / Ag back reflector. An increased random roughness of ZnO surface can 
make up for the loss caused by the decrease in film thickness. 

Through the R&D work, it was found that a lower deposition rate of 4.7 
nm S-l for a-SiGe:H deposition on the improved back reflector was useful. 
The lowered deposition rate is almost half the value initially used, but the 
thickness of the i-Iayer is also made half of the former ceH. A series of R&D 
efforts made it possible to produce small-degradation a-SiGe:H solar cells with 
high throughput. 

The developed a-SiGe:H single cells were evaluated for triple-ceH uses. 
To simulate the actual triple-cell performance condition, the degradat ion test 
should be done with the short-wavelength cutoff optical filters [5J. For the 
degradation test of the middle ceH, a 570 nm cuton filter was placed between 
the solar simulator (AM1.5, 100 mW cm-2 ) and the middle cell. For the 
bottom cell, a 630 nm cuton filter was used [4J. Other degradat ion conditions 
(50°C, open-Ioad) were the same as the degradation test without optical filters. 
The results of the filtered light degradation test are shown in Fig. 7.7. 
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Fig. 7.7. Degradation on characteristics of a-SiGe:H middel ceH (with 570-nm cuton 
filter) and bottom ceH (with 630-nm cuton filter) 

The initial efficiencies of the middle and bottom cells were 8.4% and 8.6%, 
respectively. The degradation curves of both middle and bottom cells tend to 
saturate over 1000 h light exposure. The stabilized efficiencies of middle and 
bottom cells were 7.0% (degradation ratio 17%) and 7.4% (degradation ratio 
13%), respectively. This result demonstrates that the a-SiGe:H cells deposited 
by LP-MWeVD can have small degradation, while they are deposited at very 
high rate and at high gas dissociation ratio. The degradation ratio of the 
middle and bottom cells made at low rate by RF was found to be comparable 
to the high-rate cell made by the by microwave process, implying that in the 
deposition rate regions below rv 4.0 nm S-l, the magnitude of degradation 
may not be strongly dependent on deposition rate. Degradation tests were 
conducted on the optimized a-Si:H/a-SiGe:H/a-SiGe:H triple-junction cell by 
the LP-MWeVD method for a-SiGe:H deposition. The degradation conditions 
were AM1.5, 100 mW cm-2 , 500 e, open-Ioad. The result is shown in Fig. 7.8. 

The efficiency ofthe triple cell (initial efficiency 11.7%) showed a tendency 
to saturation over 1000 h light exposure. The stabilized efficiency after 21 355 
h light soaking was 10.2% with a degradation ratio of 13% [4]. 

A series of R&D efforts made with the small-area cell on the batch-type 
eVD apparatus bore fruit by overcoming the technological challenges pointed 
out in Sect. 7.1 (1. Higher conversion efficiency 2. Higher deposition rate 3. 
More efficient source-gas utilization). 

The fruits of the R&D efforts were applied to the roll-to-roll production 
process that yields unique integrated solar-cell modules for rooftop uses. 

Of course, not all the results we obtained in the small-area cell experiments 
were used to develop the production machine, because mass production faces 
technological challenges and limitations of its own. It might be proper to 
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Fig. 7.8. (a,b). Degradation on characteristics of an optimized triple cell 

say that our production machine reflects the essence from the small-area cell 
results. 

7.5 Mass Production of a-Si:H/a-SiGe:H/a-SiGe:H 
Stacked Solar Cells and the Product Outlines 

Building-material integrated photovoltaic (PV) modules are generally fabri­
cated on glass or stainless steel substrates. Excellent processability is charac­
teristic of the PV modules using stainless-steel substrate cells, and they are 
preferably processed into the roofing-material integrated PV modules [6J-[8J. 
They are already in practical use as "the power-generating roofs" of more 
than 1000 private houses and public facilities. Figure 7.9 shows an example 
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Fig. 7.9. Example of the installed roofing-material integrated PV modules 

of the instaBed roofing-material integrated PV modules. It is seen that the 
stainless-substrate modules make their appearance as natural as a usual roof. 

In this section we describe the fabrication process and the output per­
formance of the building-material integrated PV modules made with the 
stainless-steel substrate ceBs. 

The production sequence of the triple-junction ceB module is illustrated in 
Fig. 7.10. From web washing to ITO deposition, each process has a roB-to-roB 

Web r- BR r- CVD - ITO 
wash sputter triple ceH sputter 

I 
I 

Cutting Electrode Protective I-V 
- - 1-

to slab attachment layer coat measurement 

J 
I 

Series connection Encapsulation Module 
of unit cells 

r- with roofing plate -
completion 

Fig. 7.10. Production sequence of the roofing-material integrated PV modules 
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apparatus of its own. After the ITO deposition is finished, the web is cut at 
an interval of 239 mm to make the slab cell. The integrated modules provided 
for rooftop applications are made by encapsulating the whole combined slab 
cells (or unit-size cells). Detailed descriptions of each production step are as 
follows: 

Web Washing 

The 356-mm wide stainless roll web (active deposition length 820 m) is first 
washed in a detergent bath to make its surface dean and suitable for thin-film 
deposition. 

Back-Reflector Deposition 

The washed roll is then set on the sputtering machine to form a textured 
ZnO / Al back reflector. 

Formation of the Triple-Junction Cell 

The roll-to-roll CVD machine is used to deposit the a-Si:H/a-SiGe:H/a-SiGe:H 
triple-junction cell. The knowledge from the basic work in Sect. 7.1 was 
fully utilized for the deposition of bottom and middle a-SiGe:H i-Iayers by 
the microwave process at a considerably higher rate on the order of several 
nanometers per second. High rate deposition of the i-Iayers by the MW-PCVD 
method makes it possible to produce high-performance a-Si:H/a-SiGe:H/a­
SiGe:H triple-junction cells at a relatively high web speed. 

ITO Deposition 

For ITO deposition, the reactive sputtering method was used with an indium­
tin target in an oxygen/argongas mixture. This method can reduce production 
cost because the indium-tin target is available at a far lower cost than the 
sintered ITO target. 

Web Cutting 

The ITO-deposited web was cut at a constant interval to make the 356 x 239 
mm size slab cells. 

Metal Electrode Attachment 

Current collection electrodes consisting of metal wires and busbars were at­
tached onto the ITO surface to complete the slab-cell fabrication. 
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Coating of Protective Layer 

The surface of the electrode-attached slab cell was coated with the hard pra­
tective layer. 

1-V Measurement of the Slab CeH 

For quality assurance purposes, the performance of each slab cell is monitored 
by measuring the I-V characteristics under 1 sun white light. 

Unit-Size CeH Preparation 

The good slab cells are cut into smaller-size unit cells, if necessary. Regular­
size (356 x 239 mm) slab cells are also used as a unit-size cell. 

Encapsulation 

Unit cells are combined and encapsulated. In the pracess depicted in Fig. 
7.10, various types of unit-size cells are combined to fabricate the integrated 
modules. This choice allows one to pravide integrated modules of various sizes 
and shapes according to the needs of customers. 

7.6 The Roll-to-Roll CVD Method 

The roll-to-roll CVD process is believed to be one of the most promlsmg 
praduction methods for thin-film solar cells. Canon have chosen this method 
to mass produce a-Si:H/a-SiGe:H/a-SiGe:H triple-junction stacked solar cells 
mentioned in Sect. 7.1. The schematic of the rall-to-rall CVD apparatus (for 
semiconductor layer deposition) is shown in Fig. 7.11. 

The stainless rall web substrate is mounted on the pay-off chamber, and 
the nip/nip/nip semiconductor layers are deposited successively while the web 
moves continuously through the adjacent chambers. A photograph of the CVD 
praduction machine is given in Fig. 7.12. 

Pay-off 
chamber 

Webmove 

Botiom ~ Middle 

~~ 

MW MW 

n i a-SiGe P n i a-SiGe P 

Top 

~ 

RF 

n ia-Si P 

Fig. 7.11. Schematic of the roll-to-roll CVD apparatus 

Take-up 
chamber 
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Fig. 7.12. Roll-to-roll CVD apparatus in operat ion 

The series-connected cells in Fig. 7.10 are encapsulated with a roofing steel 
plate to make a solar-cell module. The edge portions of the plate can be bent 
easily with the roller former or bending machine. Therefore, it can respond 
to various demands in design ing and can be used for various kinds of metal 
roofs. The bending processing also contributes to giving a high rigidity to the 
module, which satisfies the installation requirements (shape, strength, etc.) 
without additional parts such as an aluminum frame. 

A few examples of the roofing modules are given in Fig. 7.13a through 
Fig. 7.13c. The model in Fig. 7.13a is called the "batten-and-seam roof", a 
type with its edge portions bent upright . As shown in Fig. 7.13a, the modules 
are placed on the stiffeners and fixed with clip tingles or capping components. 
Simplicity in processing and installation is the characteristic feature of this 
model. 

The model in Fig. 7.13b is called the "stepped roof". The edge portions 
of this model are processed to form hook-like shapes. The modules can make 
the entire ro of by only connecting the adjacent modules with the hook-like 
shapes. The completed ro of appears nice and natural. Excellence in design 
quality is characteristic of this model. 

The model in Fig. 7.13c is called the "flat roof". The completed module 
length ranges from 2.1 to 5.4 m. The edge portions are bent so as to fit 
into the fastening part. The modules edges are placed into the support body 
called the gutter and sealed with the capping component to complete the 
roofing fabrication. Installation of this module is quite easy. When used on a 
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«Stepped module» 

loinl cover 

Sheathing board 

(a) (b) 

Sbeatbing board 

(e) 

Fig. 7.13. Examples of the roofing modules; (a) batten-and-seam roof, (b) stepped 
roof, (c) fiatroof 

large-size building, this model can make the appearance of the building quite 
neat. 

7.7 CharacterÎstics of Slab Cells and Modules 

Initial Performance 

Initial performance of each slab cell is examined for quality control purposes. 
The I- V measurement is done at a cell temperature of 25°C under an AM1.5, 
100 mW cm-2 , white light. Variat ion of the initial performance of approxi­
mately 3600 slab cells through the 820 m long roll web is shown in Fig. 7.14. 
AIso, the initial-efficiency distribution of the 3600 slab cells is depicted in 
Fig. 7.15. 
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It is confirmed that the welI-developed rolI-to-ralI process yields a con­
siderably smaller performance variation through the entire roll length; the 
initial out put power (initial efficiency), Voe , Ise , and FF were in the ranges 
of 7.980 ± 0.180 W (9.938 ± 0.224%), 2.101 ± 0.042 V, 5.54 ± 0.21 A, and 
0.678 ± 0.019, respectively. The average initial values of these parameters were 
8.044 W (10.02%), 2.103 V, 5.620 A, 0.680, respectively. These data prove 
that the rolI-to-rolI process can be effectively applied to the mass praduction 
of solar celIs. 

Degradation Characteristics 

From a series of degradation tests on the slab celI, it was found that the 
degradation ratio of the mass-produced slab cell was not so different from 
that obtained from the smalI-area celI. Thraugh the continuing effort for better 
stability, slab celIs with almost 9% stabilized efficiency have been obtained. 
Considering the fact that these celIs are produced at a high deposition rate 
of sever al nanometers per second, this stabilized efficiency is worth noting. 

7.8 Light-Soaking Testing 

Presently, an initial efficiency of about 10% has been achieved in the rooftop 
module as a commercial product. The intrinsic average initial efficiency of the 
component celIs is about 11%. There is an efficiency gap of about 9%. The loss 
factors in the mentioned module configurat ion were summed by taking into 
account the electrode shadows, electrical resistance, and optical losses by the 
encapsulation material. The calculated value was almost the same as the above 
mentioned efficiency gap. An initial efficiency of 13.0% has been reported [4] in 
a smalI-area cell deposited at high rate with the laboratory-size, batch-type 
CVD apparatus. The optimized high-rate, smalI-area cell (with the highest 
stabilized efficiency) exhibited an initial efficiency of 11.7% [4]. These data 
indicate that the performance level of our production modules is as high as 
that of the optimized laboratory-size celI. 

Figure 7.16 shows a comparison of the degradation characteristics of the 
production cell and the laboratory-size celI. The degradation pattern of the 
production cell is similar to that of the laboratory celI. Both curves start to 
saturate araund 1000 h light soaking and they become almost stable beyond 
1000 h. This means that the degradation characteristics of the production 
cell have been improved to a level comparable to that of the laboratory celI. 
Since the component celIs of the mentioned modules are alI made with a­
Si based materials, they can enjoy performance recovery at higher working 
temperatures by the thermal annealing effect. It is confirmed that the a­
Si:H/a-SiGe:H/a-SiGe:H module, contrary to the c-Si counterpart, can work 
more efficiently in high annual-average-temperature regions [9]. 
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Fig. 7.16. Comparison of the degradation on characteristics of smal!-area 
(laboratory-size) cel!s and production size cel! (light-soaking condition: AM 1.5, 
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7.9 Summary 

R&D efforts have been made to obtain high-efficiency a-Si:Hj a-SiGe:Hj a­
SiGe:H stacked solar cells and module production for rooftop applications. 
The low-pressure microwave plasma chemical vapor deposition (LP­
MWPCVD) method combined with the roll-to-roll process made it possible 
to mass produce high-efficiency triple-junction cells at high throughput. The 
intrinsic cell efficiency of the roll-to-roll production cell has been improved 
to the level achieved in the laboratory-size cell. The stabilized efficiency of 
the latest mass-produced module is improved to almost 9%. The modules 
with the stain!ess-stee! substrate cells can be regarded as a metal roofing ma­
terial. Installation simplicity and beautiful appearance are characteristic of 
these roofing modules. They are already applied to various types of roofs in 
residential houses and public facilities. 
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Low-Temperature Fabrication 
of N anocrystalline-Silicon Solar Cells 

Michio Kondo and Akihisa Matsuda 

A novel approach of the low-temperature processing for nanocrystalline silicon 
is overviewed. Contrary to the empirical rule between the solar-cell efficiency 
and the crystallite size, nanocrystalline-silicon-based solar cells demonstrate 
an efficiency higher than 10% in spite of the small size of 10 nm which is several 
orders of magnitude smaller than the conventional polycrystalline materials 
with a comparable efficiency. A predominant cause of the high efficiency arises 
from hydrogen, which passivates the grain-boundary defects. The hydrogen 
has other beneficial roles such as improvement of the crystalline fraction at 
lower temperatures, improvement of the crystallinity for boron-doped thin 
layers as used windows, and passivation of oxygen-related donors that decrease 
the open-circuit voltage. These beneficial roles overcome the disadvantage of 
small crystallite size at low-temperatures. Nanocrystalline-silicon solar cells 
on plastic substrate are also demonstrated. 

8.1 Why N anocrystalline-Silicon Solar Cells? 

The most popular solar cells at present are made of single- and multicrystalline 
silicon. The single-crystalline silicon and multicrystalline (or "conventional" 
polycrystalline) silicon solar cells show efficiencies above 24% and 17%, re­
spectively [1 J. The lower efficiency of multicrystalline silicon is ascribed to the 
carrier recombination at the grain-boundary defects, and therefore one can 
find a good correlation between the efficiency, particularly open-circuit volt­
age (Voc ) and the grain size, as shown in Fig. 8.1 [IJ. The carrier recombination 
dominates the saturation current and thereby affects the open-circuit voltage. 
The recombination occurs at dangling-bond defects in the grain boundaries. 
Simple extrapolation of the correlation between the \'ac and the grain size 
indicates quite low Voc as well as efficiency for the grain size of 10 nm that 
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Fig. 8.1. Empirical relation between the open-circuit voltage and the grain size 
for polycrystalline silicon (closed circle) and micro- (nano- )-crystalline silicon (open 
circles) (after [1]) 

is a typical grain size of nanocrystalline silicon. Thus, no one believed in the 
possibility of nanocrystalline-silicon solar cells for practical application. 

However, the recent development of nanocrystalline silicon solar cells re­
veals the possibility of high efficiency in spite of the small grain size of the 
order of 10-100 nm [2, 3]. Efficiencies higher than 10% have been obtained 
at process temperatures less than 400°C [4]. As shown in Fig. 8.1, nanocrys­
talline silicon shows much higher Voc than extrapolated values from the con­
ventional polycrystalline-silicon solar cells. It is astonishing that a difference 
in the grain size by several orders of magnitude leads to a difference in the Voc 

by only 10%. This high efficiency has been ascribed to the hydrogen passiva­
tion of the grain-boundary defects and the suppression of the recombination 
rate at the grain boundaries. Nanocrystalline silicon is commonly fabricated 
at temperatures below 400°C and typically around 200°C, as mentioned in 
Chap. 4. This low-temperature process reduces the grain size, whereas a large 
amount of hydrogen, of the order of several atomic per cent, remains in the 
film and passivates the dangling-bond defect at the grain boundaries as in 
hydrogenated amorphous silicon [5]. The defect density of the nanocrystalline 
silicon fabricated at around 200°C is below 1016 cm -3, as measured by electron 
spin resonance (ESR) [6]. This is consistent with the expected low recombi­
nation rate in solar cells as shown in Fig. 8.1. Thus, it has been demonstrated 
that nanocrystalline silicon possibly attains an efficiency (> 10%) compara­
bIe to conventional polycrystalline-silicon solar cells thanks to the hydrogen 
passivation of the grain boundaries. 
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Another advantage of nanocrystalline silicon is a possibility of higher ef­
ficiency by means of the tandem structure in combination with an a-Si:H 
solar cell [2, 7J. The low process temperature enables us to fabricate either 
superstrate- or substrate-type structure on inexpensive substrates such as 
glass, polymer, and stainless steel. Thus, the nanocrystalline silicon fabri­
cated at low-temperatures is a promising material for thin-film solar cells for 
the next generation. 

8.2 Low-Temperature Process 
for N anocrystalline-Silicon Solar Cells 

Nanocrystalline-silicon solar cells are commonly operated in a pin device struc­
ture because of the short carrier diffusion length, and the fac that photocar­
riers are driven by the built-in field. Since the i-Iayer contains defects of the 
order of 1015- 16 cm-3 , the band bending at the p/i and n/i interfaces causes 
the upper limit of the i-Iayer thickness for the extraction of the carriers. How­
ever, some experimental results suggest the carrier diffusion length over sev­
eraI hundreds nm, which is much larger than the grain size evaluated from 
XRD. The cross-sectional TEM image reveals the anisotropy with columnar 
shape and the diffusion length might be dominated by the longer dimension 
along the z-axis of the column. In fact, anisotropic carrier transport has been 
observed [8J. 

In solar cells, doped layers are crucial for device performance. The p-Iayer 
acts as a window layer, and therefore not only the electrical properties but 
also the optical transmittance in the short-wavelength region are of great im­
portance. The nanocrystalline-silicon p-Iayer has advantages over amorphous 
silicon and amorphous silicon carbide in the respects of higher electric al con­
ductivity and lower optical absorption. The plasma-enhanced chemical vapor 
deposition (PECVD) has been most widely used for the deposition of p, i, 
and n layers. The p and n layers are formed by adding diborane and phos­
phine gases as dopants, respectively. The presence of the impurity infl.uences 
the crystal growth. Undoped films shows the best crystallinity around 400°C, 
as explained in Chap. 4, while B-doped films do so at around 14Q--180°C as 
shown in Fig 8.2. This difference is ascribed to the catalytic role of boron to 
eliminate surface hydrogen [9J. This result also supports the importance of 
the surface coverage by hydrogen. 

Therefore, it turns out that the low-temperature deposition of the p-Iayer is 
effective to improve the crystallinity. In addition, low-temperature deposition 
is beneficial to prevent the bandgap narrowing of the B-doped amorphous 
tissue region and the darkening of the TCO substrate due to the reduction 
by atomic hydrogen [1OJ. The electronic conductivity, however, is lowered due 
to the hydrogen passivation of dopants [11J, and it has been reported that 
the post-annealing treatment is effective to improve the conductivity [12J. 
Another important requirement is the optical properties. In order to reduce 
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Fig. 8.2. Deposition-temperature dependence of the Raman crystallinity, Ici Ia, for 
B-doped films. For undoped films, see Fig. 4.4 for comparison. 

the optical absorption in the doped layers, the thickness should be minimized, 
while a certain amount of the dopants is required to form the built-in field, 
because there are dangling bonds that can act either as a donor or acceptor 
in the i-layer. Therefore, the doped layers should be heavily doped, while 
the p-layer is difficult to make crystalline as demonstrated in Fig. 8.3. The 
conductivity reveals a crystallinity and fully crystallized films usually show 
a conductivity over 0.1 S cm-1 . Figure 8.3 implies that there is a difficulty 
during the crystalline nucleation for high boron concentration for thickness 
below 200 A, which is a typical thickness of the p-layer. 

In the i-layer, the major impurities are oxygen, carbon and nitrogen. The 
oxygen-related donors, if activated, act as space charge and thereby screen 
the built-in potential in the i-layer and the stronger field is formed at the p/i 
interface as compared to the "intrinsic" i-layer. This results in the reduction 
in the "active" layer thickness in the i-layer. It has been reported that the 
spectral response of the contaminated cell shows a marked deterioration in 
the long-wavelength region. This implies that the photoexcited carrier (holes) 
cannot be extracted to the p-layer due to the weakened field ("dead" layer) 
in the deeper part of the i-layer. Even with oxygen contamination, it has 
been found that the low-temperature deposition successfully passivates the 
oxygen-related donors as mentioned in Chap. 4. The deposition temperature, 
however, is a very complicated parameter because it afIects a variety of ma­
terial properties such as crystallinity, defect density, interface damage, and 
so ono In the case of the usual vacuum level (rv 10-5 Pa), the incorporated 
oxygen is > 1019 cm-3 and the oxygen-related donors have been deactivated 
by reducing the deposition temperature to 140°C. This low-temperature de­
position results in a markedly improved Voe , while the Jse is stiU maintained 
at a reasonable level, as shown in Fig. 8.4. As a consequence, the optimum 
temperature is 140-180°C depending on other device parameters, such as the 
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layers with various thickness (after [13]) 

i-Iayer thickness, and an efficiency of 8.6% was obtained on the Asahi-U sub­
strate with a 2.6-p,m thick i-Iayer, and 9.4% on the textured ZnO:Ga substrate 
with the improved texture as mentioned later [14J. It is stiH an open question, 
however, whether a further improvement in efficiency is possible at higher 
temperature without oxygen contamination because the defect density of un­
doped nanocrystalline silicon shows a minimum at rv 200°C [7J similarly to 
a-SI:H. 

Under the fixed deposition conditions, the crystalline volume fraction de­
creases with decreasing temperature as shown in Fig. 4.4, and the ceH effi­
ciency also decreases, as shown in Fig. 8.4. This can be recovered by increasing 
the hydrogen dilution ratio. Under variable hydrogen dilution conditions for 
optimizing the efficiency, it turns out that the efficiency can be maintained 
down to 120°C, as shown in Fig. 8.5. In this temperature regime, the hydrogen 
passivation of the dopants becomes a more serious problem. At present, the 
post-annealing process is the only way to overcome this problem. The upper 
limit of the processing temperature, on the other hand, seems to be deter­
mined by the thermal damage at the p/i and n/i interfaces. The nip cell can 
be successfully obtained over 300°C [4], while the pin cell is usually prepared 
at rv 200°C or the lower [2, 16J . These results could arise from the different 
thermodynamics of the dopants. 

Hydrogen dilution is an essential factor to determine the solar-cell perfor­
mance as well as the crystallinity. The hydrogen-dilution dependence of the 
Voc is shown in Fig. 8.6, [15J. With increasing hydrogen dilution, the struc­
ture varies from amorphous to crystalline and the crystalline volume fraction 
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increases monotonically. Therefore, one may expect the better performance 
for higher dilution ratio, whereas this is not the case. Voc is monotonically 
increases with decreasing dilution ratio. The Jsc , on the other hand, is nearly 
constant in the crystalline regime and decreases abruptly in the amorphous 
regime. Therefore, an empirical conclusion is that the best performance is 
obtained near the amorphousjcrystalline phase boundary in the crystalline 
regime. 
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Fig. 8.5. Dependence of the efficiency optimized at each temperature on the i-layer 
deposition temperature. The i-layer thickness is fixed at 2 mm and the Bat substrate 
was used [12] 
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8.3 Substrate Technology 

In amorphous-silicon solar cells, textured substrates are used to reduce the 
i-Iayer thickness on the basis ofthe light-trapping technique, because the weak­
ened built-in field in the thick i-Iayer results in significant photo-degradation. 
In nanocrystalline-silicon solar cells, on the other hand, the required thick­
ness for the i-Iayer is at least 1 p,m because of its indirect bandgap. Taking 
into account the typical defect density of 1016 cm -3, the band bending (or 
screen ing of the built-in field) due to the charged defect results in a poor fill 
factor and open-circuit voltage for the i-Iayer thicker than several mm. There­
fore, in nanocrystalline-silicon solar cells, the light-trapping technique is of 
great importance, particularly in the long-wavelength region (A > 700 nm) as 
compared to the a-Si:H solar cells. For pin-type amorphous-silicon solar cells, 
textured Sn02 is widely used, and has been also applied for nanocrystalline­
Si solar cells [15, 16]. However, the optimized texture is not always the same 
for nanocrystalline-silicon solar cells, and therefore different approaches using 
ZnO have been attempted by means of wet etching [17] and LPCVD [18]. 

An additional issue, other than the optical effect, emerges in the case of 
nanocrystalline-silicon solar cells. Figures 8.7 shows the cross-sectional TEM 
image of p,c-Si layers on the three different textured substrates; (a) flat ZnO, 
(b) textured ZnO fabricated by the wet-etching technique, and (c) Asahi-
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Fig. 8.7. (a-c). Cross-sectional TEM images of nanocrystalline silicon on different 
surface texture (after [16]) 

U coated with 500-Â thick ZnO. The overcoating of the ZnO is efIective to 
reduce the darkening of the Sn02 due to the reduction by atomic hydrogen 
[10]. Looking at the growth trajectory of nc-Si layer, the columnar growth 
along [110] direction takes place, and the growth direction is perpendicular 
to the local surface as indicated by the arrow in the figure . On the textured 
surface, the columnar structure starting from difIerent local surfaces collides 
with each other and a macroscopic grain boundary is formed near the p/i 
interface, and correspondingly, the Voc decreases from (a) to (c). 

This result therefore suggests that the substrate texture optimized for 
nc-Si:H solar cells is difIerent for a-Si:H solar cells. In the case of the nip 
structures, the STAR structure was successfully introduced on the flat sub­
strate utilizing the spontaneous texture of the crystal growth [3]. For the 
pin structure, the optimized structure is rather shallower than the Asahi-U 
as demonstrated in Fig. 8.7b and 8.7c. The best efficiency on Ashai-U (Fig. 
8.7c) has been reported to be 8.5- 8.6% [15, 16], while on the shallower texture 
(Fig. 8.7b) an efficiency of 9.4% has been reported [13, 16], as evidenced in 
Fig. 8.8. 

For the cost reduction of solar cells, the roll-to-roll process has been con­
sidered as a promis ing method, and for this purpose, flexible sheet substrates 
are required. Stainless steel and polymer substrates have been developed 
for amorphous-silicon solar cells [19, 20]. The polymer substrate is attrac­
tive for various uses such as mobile electricity sources and biomechanical 
applications. However, the common drawback of polymers is durability at 
high temperatures. Commodity plastic has a low glass-transition temperature 
that limits the application of the polymer substrates to solar cells. The re­
cent progress, however , in high-temperature durability of thermoplastic and 
in low-temperature processing techniques for nanocrystalline silicon, as men­
tioned above, enables us to apply these materials to nanocrystalline-silicon 
solar cells. The actual application on the plastic substrate has been demon­
strated by several groups using E/TD (ethylene tetracyclododesence copoly­
mer). Figure 8.9 shows a picture of the microcrystalline-silicon solar cell on 
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Fig. 8.9. Example of the nanocrystalline-silicon solar ceH on the polymer substrate 
and its I- V characteristics. The I- V curve for the ceH on the glass substrate prepared 
under the identical conditions are shown for comparison (after [21]) 

the E/TD substrate and its ceU performance. The deposition temperatures 
for aU the layers was kept at 100°C and aU the process temperature includ ing 
the ITO deposition and annealing procedures. The efficiency of 6% is reason­
able, taking into account the nontextured substrate. The identical process was 
applied to the glass substrate and an efficiency of 7% was obtained as shown 
in Fig. 8.9 [21]. 

8.4 Future Prospect 
of Nanocrystalline-Silicon Solar Cells 

In summary, we have argued the advantages and disadvantages of nanocrystal­
line-silicon solar cells from a variety of viewpoints such as fundamental growth, 
material properties (Chap. 4), and device performance. Several years ago, 
no one believed that tiny crystallites smaller than 1/ 100 of the conventional 
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polysilicon could be used as actual devices with a promising efficiency over 
10%. Simple thermodynamic considerations support the very low growth rate 
and poor crystallinity at low-temperatures. In fact, at that time, the effi­
ciency of the nanocrystalline-silicon solar cells was very low compared to the 
amorphous-silicon counterpart. Recent progress, however, in the material as 
well as the devices of nanocrystalline silicon has unveiled its potential per­
formance, and there seems no reason to insist on the advantage of the high­
temperature polysilicon unless the device performance is much better than 
10%. It is also noteworthy that these improvements are based on the bene­
ficial role of hydrogen and that the hydrogen has been considered to disrupt 
the crystal growth in conventional CVD and MBE. For further development, 
we should overcome the serious drawback of nanocrystalline silicon that is, 
the lower open-circuit voltage than high-temperature polysilicon. There has 
been an argument concerning the upper limit of the Voc being 550 m V for 
nanocrystalline silicon [22], and in fact, the current status of the maximum 
Voc is around 550 m V. Another possibility of nanocrystalline silicon is to utilize 
the quantum-size effect to obtain higher Voc due to the larger (quasi-)direct 
bandgap. 
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Mass Production of Large-Area Integrated 
Thin-Film Silicon Solar-CeH Module 

Yoshihisa Tawada, H. Yamagishi, and K. Yamamoto 

A mass-production technology of a-Si single junction modules with stable 
8% efficiency had been developed in the Shiga factory of the Kaneka Cor­
poration. In 1999, Kaneka instituted Kaneka Solartech Corporation (KST) 
as a subsidiary company and invested in a 20-MW production plant in Toy­
ooka City. There are fully automatic thin-film fabricat ion equipment and laser 
scribers equipped with conveyors and the robots installed. The main size of 
glass substrates used for these modules is 910 x 910 x 5 mm, and the recent 
production yields constantly exceed 95%. 

To improve the module efficiency and decrease the module cost, we pro­
posed the new type of ceH structure (hybrid cell) with a-Si and thin-film 
poly-crystalline Si layers. R&D for the new thin-film hybrid solar device has 
been accelerated and the stable 10% module technology of the hybrid cells 
has been completed in the Shiga factory. The stable conversion efficiency of 
this hybrid cell with 1 cm2 area showed 12% efficiency. 

Through many efforts to enlarge the glow-discharge deposition area in the 
preparation of the thin-film poly-Si, Kaneka established a new technology to 
fabricate poly-Si films with 1 m2 area as well as a-Si films. 

Since the hybrid modules can be integrated by the laser-scribing method, 
we could easily modify the production line of a-Si modules to that of hybrid 
modules. By adding the glow-discharge deposition equipment for thin crys­
talline Si to the a-Si solar-cell production line of KST, Kaneka has just begun 
to produce stable 10% hybrid modules, since April 2001, in Toyooka City. 

In this chapter, a series of production technologies of a-Si, thin c-Si and 
solar cells, performances of modules, applications to the rooftop PV systems 
will be presented. We estimated the production cost of a-Si solar modules and 
a-Sijthin c-Si hybrid solar modules. We will also discuss the future business 
plan of our new type of solar modules and our production lines. 

Y. Hamakawa (ed.), Thin-Film Solar Cells
© Springer-Verlag Berlin Heidelberg 2004
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9.1 Introduction 

For the commercial applications for consumer use, such as calculators and 
watches, the PV devices and their industry had been successfully by 1980 
[1 J. Although the trials to realize the outdoor applications of the stable 6% 
efficient modules had also been carried out with the production scale of 3 to 
5 MW /y, it appeared that these production scales were too small to reduce 
the module cost to be less than $2/Wp. To achieve this cost reduction, at 
least a stable 8% efficient module-production technologies with the minimum 
production scale of more than 40 MW /y must be developed. 

Several types of thin-film silicon solar celIs are investigated as the can­
didates of outdoor photovoltaic modules that can be applied to a 100-MW 
scale of a mass-production line. One of the typical processes is rolI-to-rolI for 
flexible-type solar celIs proposed by several companies [2, 3J. The other is the 
inline apparatus for the rigid-type substrates, such as glass. In this chapter, 
we will introduce a mass-production technology of amorphous-silicon (a-Si) 
and thin-film polycrystalline-silicon solar celIs on large-area glass substrates 
developed by Kaneka Corporation. 

9.2 Performance and Production of a-Si Modules 

Since 1993 we have built a pilot plant for a-Si PV modules and developed 
the mass-production technology for modules with a stable 8% efficiency in 
the Shiga factory of the Kaneka Corporation [4J. In this pilot plant we have 
investigated individual aspects for a 20-MW scale of mass-production using 
large-scale apparatus such as CVD, sputtering, and laser-scribing machines. 

More popular device structures are pin double- and triple-junction with 
a-Si and a-SiGe alIoy layers to obtain a high cell performance and reduce the 
ceH degradation caused by the light exposure. However, our selection is a pin 
single-junction scheme. Our R&D strategies of a-Si photovoltaic modules were 
determined in 1994 as follows: 

Materials: amorphous silicon 
+-- Environmental problem, resources, safety 
Structure: single junction 
+-- Simple structure, reproducibility, productivity 
Efficiency: Stable 8% Scale: 2 lines of 20 MW /Y 
Deadline for mass production: 1999. 

To reduce the light-induced changes in the cell performance, the i-Iayer 
thickness has been limited below 300 nm. To improve the stabilized efficiency 
of cells with the i-Iayer thickness less than 300 nm, we made efforts to obtain 
a high uniformity of thickness and quality using a new a-Si deposition system 
with 1 m2 plasma areas. 
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Glass So02 p n 

Fig. 9.1. Schematic illustration of amorphous single-junction solar ceU produced 
by Kaneka Solartech Corporation 

Figure 9.1 shows a typical cross-sectional structure of the single-junction 
PV devices produced in the Shiga pilot plant and the Kaneka Solartech Cor­
poration (KST) mass-production lines. To obtain a high short-circuit current 
density and improve the reliability for the long-term outdoor use, the optical 
confinement structure is applied between the top TCO and the back-contact 
metal layers. 
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Fig. 9.2. I- V Characteristics of a pin junction module with a size of 910 x 415 mm. 
The conversion efficiency, short-circuit current, open-circuit voltage, and fiU factor 
are 10.6%, 1.403 A, 44.3 V, and 67.5%, respectively 
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Fig. 9.3. Change of output power by the field test of pin single-junction module in 
Hamanako by JQA 

Figure 9.2 shows the I-V characteristics of a 91 x 45.5 cm module measured 
by the Japan Quality Assurance Organization (JQA). We have developed a 
technology to fabricate modules with an initial efficiency more than 10% and 
the production yield has been improved to be higher than 95% [5]. 

Figure 9.3 shows the result of the outdoor exposure test for our a-Si module 
situated at the shores of Lake Hamanako, Shizuoka, Japan by JQA. The 
module performance changes to 77% of the initial value in winter and recovers 
to 93% in summer, and shows the reciprocal annual change each year. These 
data show that the average module performance is estimated at 82% of the 
initial value. We have not measured the irreversible degradation since 1997. 
JQA carried out the same field test in Australia and obtained similar results. 
Through these field data we have confirmed that our modules can be applied 
to rooftop PV systems. 

The investment for massproduction of the a-Si modules was decided with 
an initial capacity of 20 MW /y in Toyooka City in September 1998. Toyooka 
City is located in the northern part of Hyogo Prefecture and within 100 miles 
of the Kaneka Shiga factory. As a subsidiary company of Kaneka, Kaneka So­
lartech Corporation was established in September 1998 and started to produce 
and supply the standard a-Si modules in October 1999 [6]. The submodule 
production lines in KST are fully automatically, operated with the conveyors 
and the robots as seen in Fig. 9.4. 

Figure 9.5 shows a histogram of the out put power for the modules shipped 
recently from KST. The size of glass substrates used for these modules is 910 x 
91Ox5 mm, and the number of the total modules are around ten thousand. 
Except for the loss by appearance, mainly caused in the process of module 
constructions using these submodules, the production yields constantly exceed 
95%. 

As the most popular size of our products in KST was 910 x 455 mm, we had 
purchased the TCO-coated glass substrates with this size until March 2000. 
However, as a variation of the size was requested from several users, KST 
introduced a new process in these lines. In order to simplify the production 
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Fig. 9.4. Fully automatic production line of the PV modules in KST 

rJJ 
W 
...J 
~ 
O 
O 
:::E 
LI.. 

O 
It: 
W 
III 
:::E 
~ 
z 

2000 

1750 

1500 

1250 

1000 

750 

500 

250 

o 
I 

:: .. 
I I I I .. .. .. .. . . .. .. 
" .. <> .. 

I I • • • • • .. .. .. !: .. .. .. .. .. .. .. .. .. 
<> .. " .. " .. <> 

OUTPUT 

I I I I I I I I I I I I .. ... ... .. ... ... ... ... ... ... ... ... .. o o .. .. .. .. . . .. .. <> .. <> .. <> .. <> .. <> .. <> 

POWER (W) 

Fig. 9.5. Histogram of the large-area PV modules produced by KST 
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and respond to the demands of the market, KST have started to produce many 
large modules with the same-size glass substrate and we cut them into several 
small modules after the fabrication of the semiconductor and the back-contact 
layers. 

The solar modules integrated with the roofing materials were proposed and 
we planned to produce them with these high-efficiency submodules. Through 
the detailed design, the actual installation and the performance evaluation, 
we confirmed the suitability of the proposed modules as roofing materials. It 
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-,IC.-,;;",-~---........ Cement Type PV Roof 

Fig. 9.6. Private house with a-Si PV roof-tile modules 

is said that the thin-film solar ceHs, particularly amorphous solar ceH, can be 
used for the PV systems on the roofs of private houses. The most profitable 
situat ion is that any size of modules with high voltage can be prepared by 
cutting from the large-size modules as discussed before. Figure 9.6 shows 
one of the applications of a-Si solar modules in which solar submodules with 
45.5 x 30 cm are put onto typical Japanese ro of tiles. The PV houses roofed 
with these modules are, as can be seen in the figure, high-grade houses. 

9.3 Performances and Production 
of a-Si/Thin-Film c-Si Hybrid Solar Module 

At the same time, we have been developing the low-temperature deposi­
tion technologies of the thin-film poly-crystaHine Si since 1993. In 1999, we 
achieved 9.8% efficiency of the thin film poly-Si solar ceHs with 3 Jlm thick­
ness [7] . This solar ceH keeps about 9% efficiency with decreasing the thickness 
from 3.5 to 1.5 Jlm. One of the reasons of the high performances is the nat­
ural surface texture with a "STAR Structure" , which shows a dendrite-like 
morphology with the surface roughness on the order of 0.1 Jlm to few Jlm. 
High efficiency with a few Jlm thick is obtained by the optic al confinement 
effect of the STAR structure. Taking advantage of the thinner layer of our 
thin-film poly-Si, we proposed the new hybrid ceH structure of a-Si combined 
with thin-film c-Si. The stable efficiency of this hybrid ceH with 1 cm2 area 
was 12%. This hybrid module can be integrated on the substrate by the laser-
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Fig. 9.7. I-V characteristics of 10 X 10 cm hybrid cell confirmed by JQA. The 
conversion efficiency, short-circuit current, open-circuit voltage, fiI! factor are 11.8%, 
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scribe method, as well as a-Si module. We fabricated 5 x 5 cm module with 
stable 11.3% efficiency [8]. The performance of this hybrid module with an 
are a of 10 x 10 cm was confirmed to be 11.8% as the initial performance by 
JQA, as shown in Fig. 9.7. 

There existed a technology barrier to enlarge the glow-discharge deposition 
area in the preparat ion of the thin-film poly-Si. We broke through this barrier 
to fabricate poly-Si film with 1 m2 area as well as a-Si. 

We have developed a-Si/poly-Si hybrid (stacked) monolithic solar modules 
sized 910 x 455 mm, like the a-Si module [9]. Its cross-sectional structure of 
ser ies interconnection is shown in Fig. 9.8. An initial aperture efficiency of 
11.7% or an output power of 44.9 W has been achieved for 910 x 455 mm2 

a-Si:H/poly-Si integrated solar cell module, as shown in Fig. 9.9. The measure­
ment of this module was performed by the duallight source solar simulator. 
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Fig. 9.8. Cross-sectional structure of series interconnection of a-Si/poly-Si hybrid 
(stacked) solar-cel! module 
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910x455 mm 
a-Si/poly-Si Hybrid 
AM1.5,25°C 
KANEKA Double-light 
source simulator 

Voe: 134.3V 
Ise: 0.452A 
F.F.: 73.9% 
Effi: 11.7% 
Pmax: 44.9W 

50 100 
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150 

Fig. 9.9. I-V characteristics of 910 x 455 mm2 a-Si/poly-Si series interconnected 
solar-ceH module. The measurement of this module was performed by the double 
light source solar ceH simulator (AM1.5 spectrum, 1000 W m-2 .) The measured 
aperture area was 3827 cm2 for this module 

As mentioned in the following discussion, the outdoor measurements of our 
module, early September in Shiga, Japan, showed good agreement with that 
of our indoor measurements, which were performed by a dual light source 
solar simulator. 

The results of our first run of 266 a-Si/poly-Si hybrid modules in our pilot 
plant exhibit the initial average module efficiency of 11.2%, which is shown 
in Fig. 9.10. It was confirmed that these modules are applicable for mass pro­
duction. The outdoor performances of a-Si/poly-Si hybrid (stacked) modules 
were investigated. For the thin-film stacked cell, it is important to measure 
the real module efficiency outside, since the currents of the cell are strongly 
affected by the shape of the spectrum. In another words, indoor measurements 
by a standard single light source solar simulator should be carefully performed 
to be fully consistent with the real outside spectrum (AM1.5). The resulting 
performances for four modules were listed in Table 9.1 together with a so­
lar spectrum of our measured site (Shiga, Japan, early September, shown in 
Fig. 9.11). Superior coincidence between outdoor and indoor measurements, 
which were performed by our duallight source solar simulator, was observed 
as shown in Table 9.1. 

As the photocurrent of a hybrid module is limited by that of a pin a-Si 
layer, and the spectrum in summer has a high level of the visible wavelength 
region, the hybrid module shows a higher output power in summer than the 
standard condition. 

Although the hybrid-type module changes its initial performance under 
the sunlight as well as the a-Si module, it might be somewhat smaller than 
that of a-Si. Our hybrid module has also been exposed in JQA Hamanako 
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Fig. 9.10. Trial produetion performanee distribution (initial) of 910 x 455 mm2 

a-Si/poly-Si hybrid modules at our pilot plant 

Laboratories. Figure 9.12 shows the performance changes since May 1st, 2000. 
As can be seen in this figure, the light-induced change is only 8% after 10 
months of outdoor exposure. 

Table 9.1. The outdoor performanees of four 910 x 455 mm2 a-Si/poly-Si hybrid 
modules measured at Otsu, Shiga, Japan, on the afternoon of 5th September, 2000, 
together with the indoor measurements. The measured module illuminated aperture 
area was 3738 em2 . The ealibration (Voe , [ se ) of four modules was performed to 
refer the measurements to standard 1000 W em -2 , 25°C eondition, whieh is shown 
in the bottom line of each module 

Sample Voe Ise FF Pmax Efi. Temp. Sun-light Measurement 

lot. (V) (A) (W) (%) re) intensily (sun) 

63.77 0.871 0.755 41 .96 11 .22 24.6 Double-light source simulator 

1 61.99 0.828 0.761 39.02 34.4 0.955 Outdoor raw data 
63.98 0.867 0.761 42.17 11.28 25 1 Outdoor (afler ealibration) 

63.86 0.873 0.757 42.17 11 .28 24.8 Double-lillht souree simulator 

2 62.55 0.817 0.766 39.18 34.4 0.955 Outdoor raw data 

64.55 0.856 0.766 42.34 11.33 25 1 Outdoor (afler ealibration) 

63.30 0.896 0.745 42.25 11 .30 24.4 Double-light souree simulator 

3 61.64 0.838 0.760 39.24 34.6 0.959 Outdoor raw data 

63.66 0.874 0.760 42.25 11 .30 25 1 Outdoor (afler ealibration) 

63.73 0.902 0.742 42.62 11.40 24.4 Double-light souree simulator 

4 62.15 0.840 0.760 39.69 34.2 0.972 Outdoor raw data 

64.09 0.864 0.760 42.10 11.26 25 1 Outdoor (afler ealibration) 
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Fig. 9.11. Measured onsite solar spectrum of the afternoon of 5th of September, 
2000 was shown together with the AM1.5 global spectrum 

Integrating the hybrid ceH by the laser-scribe technology, we fabricated 
the 91 x 91 cm modules showing a stable 10% efficiency. 

We can easily change the production line of a-Si modules to the hybrid 
modules by adding the glow-discharge deposition equipment for thin-film poly­
Si. As the hybrid module can be integrated by laser scribing, as weH as a-Si, 
the equipment for a-Si modules can be utilized perfectly. 

Through the marketing of the PV systems in the roof-tile applications, 
at least 10% module efficiency is needed to site the 3-kW modules on the 
south-side roof. Therefore, we invested in a new CVD system for thin c-Si 
in the KST-plant to introduce the hybrid technology, and began to produce 
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Fig. 9.12. Outdoor exposure test of hybrid module in Hamanako, JQA 
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Fig. 9.13. Private houses with PV roofing tiles in Japan 
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high-efficiency hybrid modules in April 2001. As the module efficiency was 
improved from 8% to 10% by changing from a-Si to the hybrid, the production 
capacity has been increased to 1.25 times larger and the production cost has 
been decreased by more than 10%. 

9.4 Future Business Plan 

The advantages of the thin-film PV modules are the design flexibility and the 
cost potential. As the modules are prepared to be cut from the maximum 
module with 980 x 950 mm, any size of modules can be applied to the roofing 
tiles. 910 x 455 mm, 910 x 227 mm, and 455 x 227 mm are the typical sizes. 
Figures 9.13 shows some private houses with these PV roofing tiles. In these 
cases the PV roofing tiles act as ordinary roofing tiles, so that the construction 
cost for PV system can be saved. We expect the production cost of the thin­
film solar cells will be reduced as the production scale increases as in chemical 
plants. 

We estimated the production cost of a-Si solar modules and a-Si/thin c-Si 
hybrid solar modules. Figure 9.14 shows the production cost reduction in ac­
cordance with the inverse square root of the production scale. The production 
cost might be less than Yen 200/W with the scale of more than 40 MW /y. 

In order to reduce the production cost in our production line to less than 
half of the cost of polycrystalline-Si module our production capacity must be 
increased to be more than 40 MW /y. At the end of FY2002 the Japanese 
government will stop paying subsidies for the national residential PV rooftop 
dissemination program. By increasing the production volume to 100 MW /y 
and using the hybrid technologies with more than 12% efficiency, thin-film 
PV will be a major business in Japan. 

Cost Estimation ofThin i PV Module 

• Fixed Cost (YenIW) 

• Material Cost(YenlW) 

Produetion Scale(MW I y) 

Fig. 9.14. Cost estimation of thin Si solar module as a function of production scale 
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Properties of Chalcopyrite-Based Materials 
and Film Deposition for Thin-Film Solar Cells 

Hans-Werner Schock 

The development of chalcopyrite-based solar ce lIs started in the early 1970s, 
when Wagner et al. [1] realized a 12% efficient solar cell based on a CulnSe2 
single crystal. A few years later, Kazmerski et al. [2] were able to demonstrate 
the first thin-film solar cell by evaporation of CulnSe2 as a compound. Even 
though these results were very promising it took two decades unt il the first 
commercial CIGS modules were produced. The full potential of the mate­
rial was only reached after some important modifications of the growth and 
composition of the absorber film. The addition of Ga stabilized p-type conduc­
tivity and increased the bandgap. Sodium-containing glass, or the deliberate 
addition of Na to the growth process, was the key for further controlling 
film growth and free carrier concentration. These developments were mostly 
empiric al and sometimes serendipitous. However, due to the involvement of 
more research teams world-wide basic understanding has been improved as a 
prerequisite for reproducible manufacturing processes. 

10.1 Cu-Chalcopyrite Compounds 

The Cu-chalcopyrite compound CulnSe2 and its alIoys Cu(In,Ga)(Se,Sh pro­
vide the absorber material for the, to date, most efficient thin-film solar celIs. 
A high-power conversion efficiency of close to 19% obtained with an alloy 
Cu(In,Ga)Se2 (with a Ga/(Ga+ln)-ratio ~ 0.2) reaches the level obtained 
with conventional wafer-based, polycrystalline-silicon solar-cell technology [3]. 
The Cu(Inl-xGax)(Sel-ySyh alIoy system provides vast design options for 
processing and properties for the development of high-efficiency solar ce lIs with 
high open-circuit voltage solar ce lIs as the bandgap energy Eg of CulnSe2 in­
creases upon alIoying with Ga and/or S [4]. Besides the technologicalIy advan­
tageous features includ ing the outstanding radiation hardness of CulnSe2 and 
its alIoys [5, 6], the Cu-chalcopyrites also attract considerable scientific interest 
because of their unusual defect physics: e.g., the ability to form electronically 
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inactive defect complexes explains the great tolerance of these materials to 
deviations from stoichiometry and to foreign impurities [7]. 

10.1.1 Material Properties 

CuInSe2 and CuGaSe2, the compounds that form the alloy Cu(In,Ga)Se2, be­
long to the semiconducting I-III-VI2 compounds. Their lattice elements are 
tetrahedrally coordinated like in all adamantine (diamond-like) semiconduc­
tors. The tetragonal chalcopyrite structure of, for example, CuInSe2 is derived 
from the cubic zinc blende structure of II-VI materials like ZnSe by occupying 
the Zn sites alternately with Cu and In atoms. In the chalcopyrite structure 
each I (Cu) or III (In) atom has four bonds to the VI atom (Se). In turn each 
Se atom has two bonds to Cu and two to In. Because the strengths of the 
I-VI and III-VI bonds are different, the ratio of the lattice constants c/a is 
not exactly 2, i.e., it varies from 2.01 in CuInSe2, to 1.96 in CuGaSe2. 

The absorption coefficients of chalcopyrite compounds in comparison with 
other semiconductors are depicted in Fig. 10.1. The specifically high absorp­
tion coefficient makes the chalcopyrite compounds well suited for thin-film 
solar cells. 

Further important properties for the operation of solar cells are charge­
carrier mobilities, diffusion length, and minority-carrier lifetimes. These quan­
tities depend very much on the preparation conditions of the thin films. Elec­
tron mobilities in single crystals reach 1000 cm2V-1s-1 [8, 9]. In connection 
with lifetimes of several ns, the electron diffusion length is on the order of a few 
fim. With an absorption length below one micrometer (Fig. 10.1), CIGS-based 
solar cells could reach very high efficiencies. 

A further important feature of the material is the role of the grain bound­
aries. Up to efficiencies in the 15% range, grain size does not seem to play an 
important role for device performance. However, a profound understanding of 
grain-boundary properties is stilllacking. 

10.1.2 Phase Diagram 

Due to the multitude of elements and compounds involved in the formation of 
Cu(Inl-xGax)(Sel-ySyh defects and growth of films are extremely complex. 
The phase diagrams have been extensively investigated by Godecke et al. [10]. 
These investigations had a special focus on temperatures and compositions 
relevant for the preparation of thin films. 

Figure 10.2 displays a simplified version of the ternary phase diagram, 
which comprises aU ternary Cu-In-Se compounds. This ternary phase diagram 
can be reduced to a simpler pseudobinary phase diagram along the tie line 
between Cu2Se and In2Se3 (dotted line in Fig. 10.2). The bold points along 
this line represent the range of photovoltaic-quality material. By combining 
these two compounds, CuInSe2 can be formed: 
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Fig. 10.1. Absorption coefficient of chalcopyrite compounds together with data of 
other semiconductors applied in photovoltaics 
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Fig. 10.2. Simplified version of the ternary phase diagram, which comprises all 
ternary Cu-In-Se compounds. The bold points represent the range of photovoltaic­
quality material 
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Fig. 10.3. Pseudobinary cut Cu2Se-In2 Se3 of the ternary phase diagram in Fig. 
10.2. The a-phase has a narrow range of existence 

O<x<l. 

Figure 10.3 shows the relevant portion of the phase diagram of CuInSe2 given 
by the phase diagram in Fig. 10.2 [16]. There are four different phases which 
have been found to be relevant in this range: the a-phase (CuInSe2), the (3-
phase (CuIn3Se5), the b-phase (the high-temperature sphalerite phase) and 
CU2_ySe. An interesting point is that the phases adjacent to the a-phase have 
a similar structure. The (3-phase is actually a defect chalcopyrite phase built 
by ordered arrays of defect pairs (Cu vacancies V Cu and In-Cu antisites Incu)' 
Similarly, CU2-ySe can be viewed as being constructed from the chalcopyrite 
by using Cu-In antisites CUln and Cu interstitials CUi' The transition to the 
sphalerite phase arises from disordering the cation (Cu, In) sub-lattice, and 
leads back to the zinc blende structure. 

The existence range of the a-phase in pure CuInSe2 CU2Se-In2Se3 at room 
temperature extends from a Cu content of 24% to 24.5% on the quasibinary 
tie line [16] . Thus, the existence range of single-phase CuInSe2 is astonishingly 
small and does not even include the stoichiometric composition of 25% Cu. 
The Cu content of absorbers for efficient thin-film solar cells typically varies 
between 22 and 24 at % Cu. At the growth temperature of 500- 550°C this 
region lies within the single-phase region of the a-phase. However, at room 
temperature it lies in the two-phase a + (3 region of the equilibrium phase 
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diagram in [16]. Hence, there is a tendency for phase separat ion in CuInSe2 
after deposition. Fortunately, it turns out that partial replacement of In with 
Ga, as well as the use of Na-containing substrates, considerably widens the 
single-phase region in terms of (In + Ga)/(In + Ga + Cu) ratios [18]. Thus, 
the studies of the phase diagram, especially in connection with the addition of 
Ga and Na explain the substantial improvements actually achieved in recent 
years by adding Na to the growth process either from Na-containing substrates 
or from Na-containing precursor layers, as well as by the use of Cu(In,Ga)Se2 
alloys. 

10.1.3 Defects and Impurities 

The ro le of defects in the ternary compound CuInSe2, and even more so 
in Cu(In,Ga)Se2, is of special importance because of the large number of 
possible intrinsic defects [11] and the role of deep recombination centers in 
the performance of the solar cells [12]. The challenge of defect physics in 
Cu(In,Ga)Se2 is to explain three unusual effects in this material: 

• doping of Cu(In,Ga)Se2 with native defects; 
• the electrical tolerance to large off-stoichiometries; 
• the electrically neutral nature of the structural defects. 

It is obvious that the explanation of these effects significantly contributes to 
the explanation of the photovoltaic performance of this material. It is known 
that the doping of CuInSe2 is controlled by intrinsic defects. Samples with 
p-type conductivity are grown if the material is Cu-poor and annealed under 
high Se vapor pressure, whereas Cu-rich material with Se deficiency tends to 
be n-type [13, 14]. Thus, the Se vacancy VSe is considered to be the dom­
inant donor in n-type material (and also the compensating donor in p-type 
material), and the Cu vacancy Veu the dominant acceptor in Cu-poor p-type 
material. 

In contrast to the binary compounds, where small deviations from stoi­
chiometry cause drastic changes of the electronic properties, the ternary com­
pounds, in particular CuInSe2, are much more tolerant. Note that the Cu 
content of device-quality CuInSe2 or Cu(In,Ga)Se2 absorbers varies typically 
between 22 and 24 at % Cu. Thus, these films are markedly Cu-poor but 
nevertheless maintain excellent semiconducting properties. In terms of point 
defects, a nonstoichiometry of 1 % would correspond to a defect concentrat ion 
of roughly 1021 cm -3. This is by about five orders of magnitude more than 
the acceptable density of recombination centers in a photovoltaic absorber 
material and on the order of the net doping concentration of about 1017 cm-3 

that is useful for the photovoltaic active part of a solar cell. Even if we allow 
a degree of compensat ion of 99%, the respective densities of donors and ac­
ceptors would be only in the 1019 cm-3 range. The virtual number of defects 
calculated from off-stoichiometry has to be brought down to reasonable quan­
tities that are compatible with the good electronic quality that is required for 
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a photovoltaic device. Deviations of the valence stoichiometry, i.e., the proper 
Se/metals ratio according to the pseudobinary tie line in Fig. 10.3, however, 
cause significant changes in the electronic properties. If the material is grown 
under Se saturation, the Se content in the film is self-adjusting, i.e., excess Se 
reevaporates. 

There are two ways that could lead to a material with good electronic 
properties at high stoichiometry deviations: Either the nonstoichiometry is 
accommodated in a secondary phase that is not harmful to the photovoltaic 
performance, or the off-stoichiometry-related defects are electronically inac­
tive. In principle, CuInSe2 could realize both possibilities. The two point de­
fects that are related to an overall Cu-poor composition are the Cu-vacancy 
VCu (a shallow acceptor) and the In-Cu antisite Incu (a deep double donor). 
According to first-principle calculations these two defects form a defect com­
plex (2Vcu, Incu) that is electronically neutral and has no energy levels within 
the energy gap of CuInSe2 [7]. Therefore, these complexes do not contribute to 
the electronically active defects. Ordered arrays of this complex can be consid­
ered as the building blocks of a series of Cu-In-Se compounds like CuIn3Se5, 
CuIn5Ses [9, 15], i.e., the secondary phases that delimit the single-phase re­
gion of CuInSe2 (a-phase) towards the Cu-poor side [16]. Due to the lower Cu 
concentration these compounds have a lower valence-band energy and hen ce 
a wider bandgap. Segregations of these phases are found in Cu-poor single 
crystals [17]. 

At room temperature, the equilibrium phase diagram of pure CUxInl-xSe2 
[lO] predicts a two-phase a + (3 region for Cu contents below 24%, i.e., the 
stability region of the a-phase is quite narrow. The situation with respect 
to secondary phase segregations is a little different in thin films compared 
to pure single-crystal CuInSe2. First, in these films about 20-30% of the In 
is replaced by Ga and, second, these films grow on Na-containing glass and, 
consequently, contain around 0.1 at% Na that diffuses out of the glass during 
deposition. Both, the incorporation of Ga and Na inhibit the ordering of the 
defect complexes and hence the formation of secondary phases in the bulk of 
the thin film [18]. 

The surface of In-rich films exhibits the 1-3-5 composition of the 
Cu(In,GahSe5 defect phase [19], i.e., the surface is always more Cu-poor 
than the bulk of the material. Most likely, the Cu-poor surface of these thin 
films is not the consequence of the segregation of a secondary bulk phase but 
rather results from the ac cumulat ion of Cu-deficiency-related defects and de­
fect complexes [18]. The precise properties of this surface defect layer are not 
yet known. However, it is of high importance that the bandgap at the surface 
of the Cu(In,Ga)Se2 thin films is somewhat larger than the bandgap in the 
bulk of the material [19]. 

On the Cu-rich side of the single-phase region of the phase diagram, CU2Se 
segregates as a secondary phase. In thin films, CU2Se can be easily removed 
by dissolving in potassium cyanide (KCN) solution leaving behind a CuInSe2 
or Cu(In,Ga)Se2 film with the proper stoichiometry. It is one of the puzzles of 
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this material that films prepared in such a way exhibit good electronic quality 
(judged, e.g., from photoluminescence experiments [20, 21]). However, solar 
cells made from material that is grown in such a way are far less efficient than 
those with a slightly Cu-deficient absorber. 

The related compound CuInS2 recently gained attention as an absorber 
material for thin-film solar cells [22]. Growth processes in this case rely on the 
Cu-rich growth of the films in connection with subsequently removing excess 
CuS by dissolving in KCN solution. 

10.1.3.1 Models for Defect Structures 

By calculat ing the metal-related defects in CuInSe2 and CuGaSe2, the au­
thors of [7] found that the defect-formation energies for some intrinsic defects 
are low and depend on the chemical potential of the components (i.e., on the 
composition of the material) as well as on the electrochemical potential of the 
electrons (i.e., the Fermi level). For VCu in Cu-poor and stoichiometric mate­
rial, a negative formation energy is calculated. This would imply the sponta­
neous formation of large numbers of those defects if the Fermi level changes. 
Low (but positive) formation energies are also found for the Cu-on-In anti­
site CUln in Cu-rich material (this defect is a shallow acceptor that could be 
responsible for the p-type conductivity of Cu-rich, non-Se-deficient CuInSe2). 
The dependence of the defect-formation energies on the electron Fermi level 
could explain the strong tendency of CuInSe2 to self-compensat ion and the 
difficulties of achieving extrinsic doping. The work of [7] provides a theoreti­
cal basis for the calculat ion of defect-formation energies and defect-transition 
energies, which exhibit good agreement with experimentally obtained data. 

Further important results are the formation energies of some defect com­
plexes such as (2Vcu, Incu), (CUln, Incu), and (2CUi, CUln), where CUi is 
an interstitial Cu atom [23]. These formation energies are even lower than 
those of the corresponding isolated defects. Interestingly, (2Vcu, Incu) does 
not exhibit an electronic transition within the forbidden gap, in contrast to 
the isolated Incu antisite, which is a deep recombination center. As the (2Vcu, 
Incu) complex is most likely to occur in In-rich material, it can accommodate 
a large amount of excess In (or likewise Cu deficiency) and, at same time, does 
not significantly influence the electrical performance of the material. Further­
more, ordered arrays of this complex can be thought as of the building blocks 
of the In-rich Cu-In-Se compounds such as CuIn3Se5 and CuIn5Ses [23]. 

10.1.3.2 The Role of Na 

The influence of Na on the growth of Cu(In,Ga)Se2 films was found some years 
ago [24]-[26]. The early thin-film devices were fabricated on glass or Na-free 
glass substrates). When soda lime glass is used, Na from the glass substrate 
diffuses into the absorber. In order to better control the sodium content it 
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is also deliberately incorporated in the film by the use of Na-containing pre­
cursors such as Na2Se [27, 28], Na202 [26], aud NaF [29]. Among difIerent 
alkali precursors Na-containing precursors yielded the best ceH efficiencies. 
The most obvious efIects of Na incorporation are better film morphology and 
higher conductivity of the films [26]. Furthermore, the incorporation of Na 
reduces the defect concentration of the absorber films [30, 31]. 

The explanations for the efIect of Na are manifold, and it is most likely 
that the interaction of Na with the growing film has a variety of consequences. 
A basic process appears to be the reaction of Na with Se and the formation of 
intermediate compounds. During film growth, the incorporation of Na leads to 
the formation of NaSex compounds. This slows down the growth of CuInSe2 
and could at the same time facilitate the incorporation of Se into the film [32, 
33]. A similar, however, less-pronounced efIect can be ascribed to the presence 
of Ga [34]. AIso, the widening ofthe existence range ofthe a-(CuInSe2) phase 
in the phase diagram, discussed above, as weH as the reported larger tolerance 
to the Cu/(In + Ga) ratio of Na-containing thin films, could be explained in 
this picture. Furthermore, the higher conductivity of Na-containing films could 
result from the diminished number of compensating VSe donors. The presence 
of Na has a significant influence on the kinetics during formation of CuInSe2 
films from stacked elementallayers. Thin-film calorimetry [35] revealed that 
Na inhibits the growth of CuInSe2 at temperatures below 380°C. The retarded 
phase formation due to stabilization of the intermediate binary Cu-compounds 
is responsible for the better morphology in the case of Na-containing samples. 

The above explanations deal with the role of Na during growth. However, 
the amount of Na found in device-quality Cu(In,Ga)Se2 films is of the order 
0.1 at %, whieh is a eoneentration of 1020 em -3 [36]. This amount is far beyond 
the free carrier concentration. The change of efIective doping resulting from 
Na incorporation, is achieved at concentrations of rv 1016 cm-3 , four orders of 
magnitude below the absolute Na conteut. It has long been believed that the 
majority of the N a is situated at the film surface aud the graiu boundaries. 
Confirmation of this hypothesis was receutly found by [37] with the help of 
high-resolutiou scanning Auger electron spectroscopy. 

A further explanation, put forward in [38], is that Na promotes oxygena­
tion and passivation of grain boundaries. This could account for the observed 
enhancement of the net film doping by Na incorporation, through the dimin­
ished positive charge at the grain boundaries. It has, in fact, been observed 
that oxygenation of the surfaces of Na-containing films is much stronger com­
pared to Na-free films [39]. 

Another interpretation of the beneficial efIect of N a is based on the incor­
poration of Na into the Cu(In,Ga)Se2 lattice [36]. Niles and co-workers [36] 
identified N a-Se bonds by means of XPS and concluded that the N a is built 
into the lattice, replacing In or Ga. The extrinsic defect NaIn/Ga should then 
act as an acceptor to improve the p-type conductivity. The incorporation of 
Na into the Cu(In,Ga)Se2 lattice is supported by X-ray difIraction measure­
ments that indicate an increased volume of the unit ceH. In this case Na in a 
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Cu site could prevent the formation of the deep double donor InCu. Na driven 
into epitaxial Cu(In,Ga)Se2 films at a temperature of 550°C decreases the de­
gree of compensat ion by up to a factor 104 [40]. These finding are attributed 
to a Na-enhanced reorganization of the defects, which allows them to build 
electrically passive clusters. 

Despite the importance of Na for CIGS film formation and properties, 
the benefit is far from being explained in terms of simple models. In view 
of the amounts of N a ('" 0.1 at %) necessary for optimum film preparat ion, 
arguments based on its effect on film growth and control of defect formation 
are more conclusive than those based on the incorporation of Na into the 
completed film. 

10.2 Alloys 

The present design of a standard cell is the result of an historic development 
based upon empirical optimization. Improved knowledge about the material 
and devices now allow systematic developments. The exploitation of the chal­
copyrite compound material system expanded considerably in the recent past. 
Alloys of multinary chalcopyrite compounds allow all kinds of bandgap vari­
ations in the absorber film. Figure 10.4 presents an overview about the possi­
bility of bandgap engineering and the design of wide-bandgap devices in the 
Cu(In,Ga,AI)(S,Seh system. The bandgap energies ofI-III-VI2 chalcopyrites 
are considerably smaller than those of their binary analogs (this is the binary 
material where the IIIII elements are replaced by their average II element; 
thus ZnSe is the binary analog of CuGaSe2 and Zno.5Cdo.5Se that of CuInSe2). 
This difference is because the Cu 3d band, together with the Se 4p band, forms 
the uppermost valence band in the Cu-chalcopyrites, which is not so in II-VI 
compounds. However, the system of copper chalcopyrites displayed in Fig. 
10.4 covers the visible spectrum with a wide range of band-gap energies from 
1.04 eV in CuInSe2 up to 2.7 eV in CuAISe2. Figure 10.4 summarizes lattice 
constants and bandgap energies of this system. Any desired alloys between 
these compounds can be produced, as there is no miscibility gap in the entire 
system. 

The different compounds have different electronic properties. In particu­
lar, the situation of the phase diagram of all chalcopyrite compounds is not 
necessarily as favorable as for CuInSe2 [41, 42]. 

10.2.1 Growth Methods for Thin Films 

Even though the first photovoltaic device based on CuInSe2 was a heterojunc­
tion with evaporated CdS on a CIS single crystal [1], high-efficiency single­
crystal devices have never been reproduced. Various attempts to produce epi­
taxial films as a reference contribute to the basic understanding of the material 
[43, 44] but did not result in the development of very high efficiency devices. 
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Fig. 10.4. Lattice constants versus bandgap of ternary chalcopyrite compounds 
that could form multinary alloys. Complete miscibility allows design of wide-gap 
and graded-gap devices 

Photovoltaic-grade Cu(ln,Ga)Se2 films have a slightly In-rich overall com­
position. The allowed stoichiometry deviations are astonishingly large, yield­
ing a wide process window with respect to composition. This great tolerance 
of CIS to deviations in the stoichiometry is a prerequisite for the success of 
CIGS solar-ceH production. Devices with efficiencies above 14% are obtained 
from absorbers with (In + Ga)/(In + Ga + Cu) ratios between 52 and 64%, 
if the sample contains Na. Cu-rich Cu(In,Ga)Se2 shows the segregation of a 
secondary CU2- ySe phase preferentially at the surface of the absorber film. 
The metallic nature of this phase does not allow the formation of efficient het­
erojunctions. Even after removal of the secondary phase from the surface by 
dissolving in KCN, the utility of Cu-rich material for photovoltaic applications 
is limited, probably due to the high doping density of 1018 cm-3 in the bulk 
and the surface defects. However, the importance of the Cu-rich composition 
is given by its role dur ing film growth. Cu-rich films have grain sizes in excess 
of 1 f.lm whereas In-rich films have much smaller grains. A model for the film 
growth under Cu-rich compositions comprises the ro le of CU2_ySe as a flux 
agent during the growth process of coevaporated films [45]. This model for 
the growth of Cu(ln,Ga)Se2 in the presence of a quasiliquid surface film of 
CUySe is highlighted in Fig. 10.5. In the presence of CuxSe, crystal growth is 
determined by this quasiliquid surface phase that helps to incorporate In and 
Se in a liquid-solid growth mechanism. 

For Cu(ln,Ga)Se2 prepared by selenization, the role of CU2_ySe is similar 
[46] . CuxSe mediates the growth of the crystallites, during the selenization 
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~ In , Se 

Fig. 10.5. Growth model in the presence of CuxSe: a) liquid-solid growth due the 
presence of Cu2Se, b) fully crystallized slightly ln-rich film 

from solid Se films (RTP) or element al evaporation from the gas phase or 
therefore growth processes for high quality have to go through a copper-rich 
stage and end In-rich. 

10.2.2 Vacuum Evaporation Methods 

The first thin-film cells were produced by evaporation of CulnSe2 as a com­
pound together with element al selenium [2, 47]. Complete evaporation of a 
well-defined amount of the metals together with the coevaporation of Se leads 
to the correct composition of the film and a device-quality film without addi­
tional process control [48]. For scalable production processes and for a good 
control of film growth other methods have to be applied. 

10.2.2.1 Coevaporation Processes 

The absorber material yielding the highest efficiencies is Cu(ln,Ga)Se2 with 
a Ga/(Ga + In) ratio of ~ 20%, prepared by coevaporation from element al 
sources. Figure 10.6 sketches a coevaporation setup as used for the preparat ion 
of laboratory-scale solar cells and minimodules. 

The process requires a substrate temperature of rv 550°C for a certain 
time during film growth, preferably towards the end of growth. One advan­
tage of the evaporation route is that material deposition and film formation 
are performed during one processing step. A high reproducibility is obtained 
if the evaporat ion rates are well controlled. A feedback control based on elec­
tron impact emis sion spectroscopy (EEIS), a quadrupole mass spectrometer 
(QMA) or an atomic absorption spectrometer (AAS) controls the rate of each 
source. The composition of the deposited material with regard to the met­
als corresponds to their evaporation rates , whereas Se is always evaporated 
in excess. An additional possibility to control the composition is to monitor 
the emissivity of the films [49]. At the transition between In-rich and Cu-rich 
compositions the thermal emission changes, resulting in a change of substrate 
temperature at constant heating power or a change of heating power while 
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Fig. 10.6. Coevaporation setup as used for the preparation of laboratory-scale solar 
cells and minimodules includ ing various methods for process control 

keeping a constant substrate temperature. This behavior allows us to adjust 
the process precisely. 

This precise control over the deposition rates allows for a wide range of 
variations and optimizations with different substeps or stages for film depo­
sition and growth. In the simplest single-step process, all rates as well as the 
substrate temperature are kept constant during the whole process. 

Advanced preparation sequences always include a Cu-rich stage dur ing 
the growth process and end with an In-rich overall composition in order to 
combine the large grains of the Cu-rich stage with the otherwise more favor­
able electronic properties of the In-rich composition. Figure 10.7 illustrates 
two possibilities, in Fig. lO.7a the so-called Boeing or bilayer process [50, 51], 
which starts with the deposition of Cu-rich Cu(In,Ga)Se2 and ends with an ex­
cess In rate. Another possibility is the inverted process, where first (In,GahSe3 
(likewise In, Ga, and Se from element al sources to form that compound) is 
deposited at a lower temperatures (typically around 300°C). Then Cu and 
Se are evaporated at an elevated temperature until an overall composition 
close to stoichiometry is reached [52]. This process leads to a smoother film 
morphology than the process that starts Cu-rich. The most successful modi­
fication of the inverted process is the so-called three-stage process [53] shown 
in Fig. 10.7b. In this process In, Ga, and Se are again evaporated at the end 
of an inverted process to ensure the overall In-rich composition of the film, 
even if the material is Cu-rich during the second stage. The three-stage pro­
cess currently leads to the best solar cells. In general, variations of the Ga/In 
ratio during deposition, allow the design of graded-bandgap structures to be 
accomplished [54, 55]. 
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Fig. 10.8. Inline processes with line sources for large-area substrates 

Coevaporation can be realized easily only for relatively small areas, Great 
efforts have been invested in the development of an in line coating system that 
allow us to continuously coat substrates with a width of 0.6 m. Figure 10.8 
shows the schematic view of such a deposition system, where the substrates 
can be continuolisly processed in an air-to-air loadlock system [56]. 

10.2.3 Reactive Film Formation 

The complexity of the equipment for coevaporation processes can be circum­
vented if the layer can be formed from element al of compound precursor films. 
These precursor films can be put down by any method for thin-film deposition. 
Figure 10.9 illustrates the different possibilities for film formation by reactive 
processes. 

10.2.3.1 Selenization from Se Vapor 

The second class of absorber preparation routes is based on the separation of 
dep os it ion and compound formation into two different processing steps. High 
efficiencies are obtained from absorbers prepared by selenization of metal pre­
cursors in H2Se [57] - [59] and by rapid thermal processing of stacked element al 
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Fig. 10.9. Illustration of the sequential process. a) Stacked metallayers are selenized 
and converted into CuInSe2 in a H2Se atmosphere. b) Se is provided by a solid layer, 
reaction kinetics is controlled by the annealing temperature 

layers in a Se atmosphere. These sequential processes have the advantage that 
approved large-area deposition techniques such as sputtering can be used for 
the deposition of the materials. The Cu(In,Ga)Se2 film formation then re­
quires a second step, the selenization. 

The first large-area modules were prepared by the selenization of metal 
precursors in the presence of H2Se more than ten years ago [60]. Today, 
a modification of this process is providing the first commercially available 
Cu(In,Ga)Se2 solar cells, manufactured by Siemens Solar Industries. This 
process is schematically drawn in Fig. 10.9a. First, a stacked layer of Cu, 
In, and Ga is sputter deposited on the Mo-coated glass substrate. Then sel­
enization takes place under H2Se. To improve device performance, a second 
thermal process under H2S is added, resulting in an absorber that contains a 
Cu(In,Ga)(S,Seh surface layer. 

10.2.4 Annealing of Stacked Elemental Layers 

A variation of this method that avoids the use of the toxic H2Se during sel­
enization is the rapid thermal processing of stacked elementallayers shown in 
Figure 10.9b [46]. Here, the precursor includes a layer of evaporated element al 
Se. The stack is then selenized by a rapid thermal process (RTP) in either an 
inert or a Se atmosphere. The highest efficiencies are obtained if the RTP is 
performed in an S-containing atmosphere (either element al S or H2S). 

On the laboratory scale, the efficiencies of cells made by these preparation 
routes are smaller by about 3% (absolute) as compared with the record val­
ues. However, on the module level, coevaporated and sequentially prepared 
absorbers have about the same efficiency. Sequential processes need two or 
even three stages for absorber completion. These additional processing steps 
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may counterbalance the advantage of easier element deposition by sputter­
ing. AIso, the detailed and sophisticated control over composition and growth 
achieved during coevaporation is not possible for the selenization process. The 
reaction kinetics is controlled by the time and tempera ture of the annealing 
process. Fortunately, the distribution of the elements within the film grown 
dur ing the selenization process turns out to be close to a certain optimum, 
especialIy if the process includes the sulphurization stage. Since the formation 
of CuInSe2 is much faster than that of CuGaSe2, and because the formation 
of the ternary chalcopyrite phase starts at the re act ion front with the Se at 
the surface, Ga is concentrated towards the back surface of the film. An in­
cre as ing Ga content implies an increase in bandgap energy. This introduces 
a so-called back-surface field, improving carrier collection at the same time 
as minimizing back-surface recombination. In turn, S from the sulphurization 
step is incorporated at the front surface of the film, where it reduces reCom­
bination losses and also increases the absorber bandgap in the space-charge 
region of the heterojunction. 

10.2.5 Epitaxy, Chemical Vapor Deposition, 
and Vapor Transport Processes 

Besides selenization and coevaporation, other deposition methods have been 
studied, either to obtain films with very high quality or to reduce the cost of 
film deposition on large areas. Methods that are used to form epitaxial III-V 
compound films, such as molecular beam epitaxy (MBE) [44] or metal organic 
chemical vapor deposition (MOCVD) [61] have revealed interesting features 
for fundamental studies, such as phase segregation and defect formation, but 
cannot be used to form the base material for high-efficiency solar celIs. Chem­
ical vapor transport of Cu2Se and Ga2Se3 was applied to successfulIy grow 
CuGaSe2 thin films [62]. 

10.2.6 Other Techniques 

Attempts to develop so-called low-cost processes include electrodeposition, 
[63]-[65] screen printing, and particle deposition [66, 67]. Electrodeposition 
can be carried out in either one or two steps. Codeposition of alI elements 
requires adjustment of concentrations and complexing agents. The crucial 
step in alI caSeS is the final film formation in a high-temperature annealing 
process. The recrystalIization process competes with the decomposition of 
the material, therefore process optimizat ion is quite difficult. CelIs with good 
efficiencies were obtained by a hybrid process combining electrodeposition of 
a Cu-rich CuInSe2 film and subsequent conditioning by a vacuum-evaporation 
step of In(Se) [68, 69]. Again, annealing of the films at elevated temperature in 
a suitable atmosphere is an important step to the low-cost deposition processes 
of the precursor film. 



178 Hans-Werner Schock 

References 

1. Wagner, S., Shay, J. L., Migliorato, P. and Kasper, H.M., 'CuInSe2/CdS het­
erojunction photovoltaic detectors', Appl. Phys. Lett. 25 (1974) 434-435. 

2. Kazmerski, L.L., Ayyagari, M.S., Juang, Y.J., R.P. Patterson, R.P., 'Growth 
and Characterisation of Thin Film Compound Semiconductor Heterojunctions', 
J. Vac. Sci. Technol. 13 (1977) 65. 

3. Contreras, M., Egaas, B., Ramanathan, K., Hiltner, J., Swartzlander, A., Ha­
soon, F., and Noufi, R., Prag. Photovolt. Res. Appl. 7 (1999) 311. 

4. Shay, J.L. and Wernick, J.H., Temary Chalcopyrite Semiconductors: Grawth, 
Electranic Praperties, and Applications (Pergamon Press, Oxford, 1975). 

5. Jasenek, A., Rau, U., Hahn, T., Hanna, G., Schmidt, M., Hartmann, M., Schock, 
H.E., Werner, J.H., Schattat, B., Kraft, S., Schmid, K.-H., and Bolse, W., Appl. 
Phys. A 70 (2000) 677. 

6. Jasenek, A., and Rau, U., J. Appl. Phys. 90 (2001) 650. 
7. Zhang, S.B., Wei, S.H., Zunger, A., and Katayama-Yoshida, H., Phys. Rev. B 

57 (1998) 9642. 
8. Wasim, S.M., Solar Cells 16 (1986). 
9. Wasim, S.M., Rincon, C., Marin, G., Marquez, R., Sanchez Perez, R., Guevara, 

R., Delgado, J.M. Nieves, L., 'Growth, Structural Characterisation, and Optical 
Bandgap Anomaly in Cu-IIh-VI5 and Cu-III5-VIs Ternary compounds', Mater. 
Res. Soc. Symp. Prac. 668 (2001). 

10. Godecke, T., Haalboom, T., Ernst, F., Phase Equilibria of Cu-In-Se, Z. Metallkd. 
91 (2000) 622-662. 

11. Cahen, D. (1987), 'Some thoughts about defect chemistry in ternaries', Prac. 1th. 
Int. Conf. on Temary and Multinary Compounds, Mater. Res. Soc., Pittsburgh, 
433-442. 

12. Burgelman, M., Engelhardt, F., Guillemoles, J.-F., Herberholz, R., Igalson, M., 
Klenk, R., Lampert, M., Meyer, T., Nadenau, V., Niemegeers, A., Parisi, J., Rau, 
U., Schock, H.-W., Schmitt, M., Seifert, O., Walter, T., and Zott, S. (1997), 'De­
fects in Cu(In,Ga)Se2 semiconductors and their role in the device performance 
of thin-film solar cells', Prog. Photovoltaic Res. Appl. 5 (1977) 121-130. 

13. Migliorato, P., Shay, J. L., Kasper, H.M., and Wagner, S., 'Analysis of the 
electrical and luminescent properties of CuInSe2', J. Appl. Phys. 46 (1975) 1777-
1782. 

14. Noufi, R., Axton, R., Herrington, C., and Deb, S.K., 'Electronic properties ver­
sus composition of thin films of CuInSe/, Appl. Phys. Lett. 45 (1984) 668-670. 

15. Zhang, S.B., Wei, S.H., and Zunger, A., Phys. Rev. Lett. 78 (1977) 4059. 
16. Haalboom, T., Godecke, T., Ernst, F., Riihle, R., Herberholz, R., Schock, H.-W., 

Beilharz, C., and Benz, K.W., Inst. Phys. Conf. Ser. 152E (1998) 249. 
17. Hornung, M., Benz, K.W., Margulis, L., Schmid, D., and Schock, H.-W., 

'Growth of Bulk CUO.85Inl.05Se2 and Characterization on a Micro Scale', J. 
Cryst. Grawth 154 (1995) 315. 

18. Herberholz, R., Rau, U., Schock, H.-W., Haalboom, T., Godecke, T., Ernst, F., 
Beilharz, c., Benz, K.W., and Cahen, D., Eur. Phys. J. AP 6 (1999) 131. 

19. Schmid, D., Ruckh, M., Grunwald F., and Schock, H.-W., J. Appl. Phys. 73 
(1993) 2902. 

20. Zott, S., Leo, K., Ruckh, M., and Schock, H.-W., J. Appl. Phys. 82 (1977) 356. 



10 Properties of Chalcopyrite-Based Materials Thin-Film Solar Cells 179 

21. Wagner, M., Dirnstorfer, I., Hofmann, D.M., Lampert, M.D., Karg, F., and 
Meyer, B.K., phys. stat. sol. (a) 167, 131 (1998); Dirnstorfer, I., Wagner, M., 
Hoffmann, D.M., Lampert, M.D., Karg, F., and Meyer, B.K., phys. stat. sol. (a) 
168 (1998) 163. 

22. Klaer, J., Siemer K., Luck. I., Braunig, D., '9.2% efficient CuInS2 mini-module', 
Thin Solid Films, 387 (2001) 169-17l. 

23. Zhang, S.B., Wei, S.H., and Zunger, A., 'Stabilization of ternary via ordered 
arrays of defect pairs', Phys. Rev. Lett. 78 (1977) 4059-4062. 

24. Hedstrom, J., Ohlsen, H., Bodegard, M., Kylner, A., Stolt, L., Hariskos, D., 
Ruckh, M., and Schock, H.-W., 'ZnO/CdS/Cu(In,Ga)Se2 thin film solar cells 
with improved performance', Conf. Record 23rd. IEEE Photovoltaic Specialists 
Conf., Louisville, IEEE Press, Piscataway (1993) 364-371. 

25. Stolt, L., Hedstrom, J., Kessler, J., Ruckh, M., Velthaus K.O. and Schock 
H.W., 'ZnO/CdS/CuInSe2 thin-film solar cells with improved performance', 
Appl. Phys. Lett. 62 (1993) 597-599. 

26. Ruckh, M., Schmid, D., M. Kaiser, R. Schăffier, Walter, T., and Schock, H.­
W., 'Infiuence of Substrates on the Electrical Properties of Cu(In,Ga)Se2 Thin 
Films', Solar Energy Mater. Solar Cells 41/42 (1996) 335. 

27. Holz, J., Karg, F., and v. Phillipsborn H. (1994), 'The effect of substrate impu­
rities on the electronic conductivity in CIGS thin films, Proc. 12th. European 
Photovoltaic Solar Energy Conf., Amsterdam, H.S. Stephens & Associates, Bed­
ford, 1592-1595. 

28. Nakada, T., Iga, D., Ohbo, H., and Kunioka, A., 'Effects of sodium on 
Cu(In,Ga)Se2-based thin films and solar cells', Jpn. J. Appl. Phys. 36 (1997) 
732-737. 

29. Contreras, M.A., Egaas, B., Dippo, P., Webb, J., Granata, J., Ramanathan, 
K., Asher, S., Swartzlander, A., and Noufi, R. (1997a), 'On the role of Na and 
modifications to Cu(In,Ga)Se absorber materials using thin MF (M = Na, K, 
Cs) precursor layers', Conf. Record. 26th. IEEE Photovoltaic Specialists Conf., 
Anaheim, IEEE Press, Piscataway, 359-362. 

30. Keyes, B.M., Hasoon, F., Dippo, P., Balcioglu, A., and Aboulfotuh, F. (1997), 
'Infiuence of N a on the electro-optical properties of Cu(In,Ga)Se2', Conf. Record 
26th. IEEE Photovoltaic Specialists Conf., Anaheim, IEEE Press, Piscataway, 
479-482. 

31. Rau, U., Schmitt, M., Engelhardt, F., Seifert, O., Parisi, J., Riedl, W., Rim­
masch, J., and Karg, F., 'Impact of Na and S incorporation on the electronic 
transport mechanisms of Cu(In,Ga)Se2 solar cells', Solid State Commun. 107 
(1998b) 59-63. 

32. Schăffier, R., Hariskos, D., Kaiser, M., Ruckh, M., Riihle, U., and Schock, H.-W., 
'Electrical Characterization of Cu(In,Ga)Se2 Chalcopyrite Thin Films: Methods 
of Infiuencing the Effective Doping', Crys. Res. Technol. 31 (1996) 543. 

33. Braunger, D., Hariskos, D., Bilger, G., Rau, U., and Schock, H.-W., 'Infiuence 
of Sodium on the Growth of Polycrystalline Cu(In,Ga)Se2 Thin Films', Thin 
Solid Films 361-362 (2000) 161-166. 

34. Braunger, D., Zweigart, S., and Schock, H.-W., 'The Infiuence of Na and Ga on 
The Incorporation of the Chalcogen in Polycrystalline Cu(In,Ga)(S,Seh Thin­
Films for Photovoltaic Applications', in Proc. 2nd World Conf. On Photovolt. 



180 Hans-Werner Schock 

Energy Conv., edited by J. Schmidt, H. A. Ossenbrink, P. Helm, H. Ehmann, 
and E. D. Dunlop (E. C. Joint Res. Center, Luxembourg, 1998) 1113. 

35. Wolf, D., Miiller, G., 'Thin film calorimetry as a tool for in-situ investigat ion of 
reactions in the Cu-In-Se ternary system', Proceedings ofthe 11th International 
Conference on Ternary and Multinary Compounds. ICTMC-l1., Institute of 
Physics Publishing, Bristol, UK (1998) 281. 

36. Niles, D.W., Ramanathan, K., Haason, F., Noufi, R., Tielsh, B.J., and Fulghum, 
J.E., 'Na impurity chemistry in photovoltaic CIGS thin films: Investigation with 
X-ray photoelectron spectroscopy', J. Vac. Sci. Technol. A 15 (1997) 3044-3049. 

37. Niles, D.W., AI-Jassim, M., and Ramanathan, K., 'Direct observat ion of Na and 
O impurities at grain surfaces of CulnSe2 thin films', J. Vac. Sei. Technol. A 
17 (1999) 291-296. 

38. Kronik, L., Cahen, D., and Schock, H.-W., 'Effects of sodium on polycrystalline 
Cu(ln,Ga)Se2 and its solar cell performance', Adv. Mater. 10 (1998) 31-36. 

39. Braunger, D., Hariskos, D. and Schock, H.W. (1998a), 'Na-related stability 
issues in highly efficient polycrystalline Cu(ln,Ga)Se2 solar cells', Proc. 2nd. 
World Conf. on Photovoltaic Solar Energy Conversion, Vienna, European Com­
mission, 511-514. 

40. Schroeder, D.J. and Rockett, A.A., 'Electronic effects of sodium in epitaxial 
Culnl-xGaxSe2', J. Appl. Phys. 82 (1997) 5982-5985. 

41. K6tschau, I.M., Turcu, M., Rau, U., Schock, H.-W., 'Structural and Electronic 
properties of Cu(ln,Ga)(Se,S)2 alloys', Mater. Res. Symp. Proc. 668 (2001) H4.5. 

42. Turcu, M., Koetschau, I.M., and Rau, U., 'Composition dependence of defect 
energies and band alignments in the Cu Inl-x GaxSel- y Sy alloy system', J. 
Apl. Phys. 91 (2002) 1391. 

43. Tiwari, A.N., Blunier, S., Zogg, H., Filzmoser, M., Schmid, D., and Schock, H.­
W., 'Characterization of Heteroepitaxial Culn3Se5 and CulnSe2 Layers on Si 
Substrates', Appl. Phys. Lett. 65/26 (1994) 3347. 

44. Niki, S., Fons, P. J., Yamada, A., Suzuki, R., Ohdaira, T., Ishibashi, S., and 
Oyanagai, H. (1994), 'High quality CulnSe2 epitaxial films-molecular beam epi­
taxial growth and intrinsic properties', Inst. Phys Conf. Ser. 152E (1994) 21-
227. 

45. Klenk, R., Walter, T., Schock, H.-W., and Cahen, D., 'A model for the success­
fuI growth of polycrystalline films of CulnSe2 by multisource physical vacuum 
evaporation', Adv. Mater. 5 (1993) 114-119. 

46. Probst, V., Karg, F., Rimmasch, J., Riedl, W., Stetter, W., Harms, H., and 
Eibl, O., 'Advanced stacked elementallayer progress for Cu(lnGa)Se2 thin film 
photovoltaic devices', Mater. Res. Soc. Symp. Proc. 426 (1996) 165-176. 

47. Kazmerski, L.L., Ayyagari, M.S., White, F.R., Sanborn, G.A., 'Growth and 
Properties of vacuum deposited CulnSe2 thin films', J. Vac. Sci. Technol. 13 
(1976) 139. 

48. Zweigart, S., Schock, H.-W., and Powalla, M., 'A New Method for the Analysis of 
Film Formation Kinetics and a Simple Process for the Growth of Cu(ln,Ga)Se2', 
in Proc. 14th Europ. Photovolt. Solar Energy Conf., edited by H.A. Ossenbrink, 
P. Helm, and H. Ehmann (H.S. Stephens & Ass., Bedford, UK, 1997) 1254. 

49. Wada, T., Nishikawa, S., Hashimoto, Y., and Negami, T., 'Physical vapour de­
position of Cu(ln,Gal)Se2 Films for Industrial Applications', Mater. Res. Symp. 
Soc. Proc. 668 (2001) H.2.1.1. 



10 Properties of Chalcopyrite-Based Materials Thin-Film Solar Cells 181 

50. Mickelsen, R.A., and Chen, W.S., 'High photocurrent polycrystalline thin-film 
CdS/CuInSe2 solar cell', Appl. Phys. Lett. 36 (1980) 371-373. 

51. Mickelsen, R.A., and Chen, W.S. (1982), 'Polycrystalline thin-film CuInSe2 solar 
cells', Conf. Record 16th. IEEE Photovoltaic Specialists Conf., San Diego, IEEE 
Press, Piscataway, 781-785. 

52. Kessler, J., Schmid, D., Dittrich, H., and Schock, H.-W., 'CuInSe2 Film For­
mation from Sequential Deposition of In(Se):Cu:Se', in Proc. 12th European 
Photovoltaic Solar Energy Conference (Amsterdam, 1994) 648. 

53. Gabor, A.M., Tuttle, J.R., Albin, D.S., Contreras, M.A., Noufi, R., and Her­
mann, A.M., 'High-efficiency CuInxGal-xSe2 solar cells from (InxGal-xhSe3 
precursors', Appl. Phys. Lett. 65 (1994) 198-200. 

54. Gabor, A.M., Tuttle, J.R., Bode, M.H., Franz, A., Tennant, A.L., Contreras, 
M.A., Noufi, R., Jensen, D.G., and Hermann, A.M, 'Band-gap engineering 
in Cu(In,Ga)Se2 thin films grown from (In,GahSe3 precursors', Solar Energy 
Mater. Solar Cells 41 (1996) 247-260. 

55. Dullweber, T., Hanna, T., Rau, U., and Schock, H.-W., 'A New Approach to 
High Efficiency Solar Cells by Band Gap Grading in Cu(In,Ga)Se2 Chalcopyrite 
Semiconductors', Solar Energy Mater. Solar Cells 67 (2001) 145-150. 

56. Dimmler, B., and Schock, H.-W., 'Scaling-up of CIS Technology for Thin-film 
Solar Modules', Progr. Photovolt. Res. Applic. 4 (1996) 425. 

57. Binsma, J.J.M., and Van der Linden, H.A., 'Preparation of thin CuInS2 films 
via a two-stage process', Thin Solid Films 97 (1982) 237-243. 

58. Chu, T.L., Chu, S.C., Lin, S.C., and Yue, J., 'Large grain copper indium dise­
lenide films', J. Electrochem. Soc. 131 (1984) 2182-2184. 

59. Kapur, V.K., Basol, B.M., and Tseng, E.S., 'Low-cost methods for the produc­
tion of semiconductor films for CuInSe2/CdS solar cells', Solar Cells 21 (1987) 
65-72. 

60. Mitchell, K.C.E., Ermer, J., and Pier, D. (1988), 'Single and tandem junction 
CuInSe2 cell and module technology', Conf. Record 20th. IEEE Photovoltaic 
Specialists Conf., Las Vegas, IEEE Press, Piscataway, 1384-1389. 

61. Gallon, P.N.R., Orsal, G., Artaud, M.C., and Duchemin, S. (1998), 'Studies of 
CuInSe2 and CuGaSe2 thin films grown by MOCVD from three organometal­
lic sources', Proc. 2nd. Wor1d Conf. on Photovoltaic Solar Energy Conversion, 
Vienna, European Commission, 515-518. 

62. Fischer, D., Dylla, T., Meyer, N., Jăger-Waldau, A., Lux-Steiner, M-Ch., 'CVD 
for thin film solar cells employing two binary sources', Thin Solid Films 387 
(2001) 63-66. 

63. Thouin, L., and Vedel, J. J. Electrochemical Soc. 142 (1995) 2995. 
64. Abken, A., Heinemann, F., Kampmann, A., Leinkiihler, G., Rechid, J., Sittinger, 

V., Wietler, T. and Reineke-Koch, R. (1998), 'Large area electrodeposition of 
Cu(In,Ga)Se2 precursors for the fabricat ion of thin film solar cells', Proc. 2nd. 
Wor1d Conf. on Photovoltaic Solar Energy Conversion, Vienna, European Com­
mission, 1133-1136. 

65. Guillien, C., and Herrero, J., Thin Solid Films, 387 (2001) 57-59. 
66. Eberspacher, C., Pauls, K.L., and Fredric, C.V. (1998), 'Improved processes for 

forming CuInSe2 films', Proc. 2nd. Wor1d Conf. on Photovoltaic Solar Energy 
Conversion, Vienna, European Commission, 303-306. 

67. Kapur, V.K., Fisher, M., and Roe, R., Mater. Res. Symp. Proc. 668 (2001) H2.6. 



182 Hans-Werner Schock 

68. Ramanathan, K., Bhattacharya, R.N., Granata, J., Webb, J., Niles, D., Contr­
eras, M.A., Wiesner, H., Haason, F.S., and Noufi, R. (1998a), 'Advances in CIGS 
solar ceH research at NREL', Conf. Record 26th. IEEE Photovoltaic Specialists 
Conf., Anaheim, IEEE Press, Piscataway, 319-325. 

69. Battacharya, R.N., and Fernandez, A.M., MateT. Res. Symp. Frac. 668 (2001) 
H8.10. 



11 

Development of Cu(InGa)Se2 Thin-Film 
Solar Cells 

Makoto Konagai and Katsumi Kushiya 

11.1 High-Efficiency Techniques 

11.1.1 Efficiencies of Small-Area CIGS Thin-Film Solar Cells 

Cu(InGa)Se2(CIGS)-based-material systems are attractive for photovoltaic 
device applications because they have shown very good stability in outdoor 
tests, which is an important criterion for commercialization. The performance 
of CIGS thin-film solar cells has improved markedly since the Boeing group 
reported the achievement of over 10% by using evaporation techniques [1]. 

At present, CIGS absorber layers are deposited by a three-stage evapora­
tion or a selenization method. Up to now, several groups have reported high 
efficiencies of over 18% [2] and more than 12% [3] in the case of modules. 
These device structures essentially consisted of ZnO /CdS/CIGS/Mo/glass as 
shown in Fig. 11.1. The CIGS thin-film solar ce Ils consist of sever al thin lay­
ers and interfaces. In addition to improvements in the quality of the CIGS 

,..-L----'----------i -----------------
Mo electrode 

Soda lime glass 

Technical Issues 

Novel buffer layers 

CdS/CIGS interface 
( buried pn homejunction) 
(n·type OVC) 
(S passivation) 

Graded bandgap structure 
wideg8p absorbers 

" CIGSlMo interface 
'" (formation of MoSe2) 

(diffusion of Na) 

Fig. 11.1. Structure of a CIGS thin-film solar cel! and issues to improve the 
efficiency 

Y. Hamakawa (ed.), Thin-Film Solar Cells
© Springer-Verlag Berlin Heidelberg 2004



184 Makoto Konagai and Katsumi Kushiya 

~ o 
:> 

N 

~ 
~ 
'o' 
1/) 
""l 

LL 
LL 

~ 
:::: 
LIJ 

0.8 

0.6 

0.4 

0.2 
40 

30 

20 

0.8 

0.6 

0.4 

0.2 

15 

10 

5 

o 
0.5 

•• • • .".r.l1"'.~ 

• • .......... • 

... "4". • • • 

• .~h.llt.) 
• • 

-0.6 0.7 0.8 0.9 - 1.0 

Cullil ratio [arb.units] 

Fig. 11.2. Photovoltaic performances of CIGS thin-film solar cells as a function of 
Cu/III ratio 

absorber layer, the properties at the CIGS/Mo and CdS/CIGS interfaces af­
fect the device performance. Technical issues that have a major effect on the 
photovoltaic performances are also shown in Fig. 11.1. 

In CIGS thin-film solar cells, soda lime glass is widely used as a substrate. 
It is reported that the Na diffusion from the soda lime substrate into the CIGS 
film enhances the grain growth of the absorber layer and is also effective to 
increase the hole concentration. Na also can be intentionally doped by using 
Na202, Na2S, Na2Se, and NaF etc. 

One of the important parameters to obtain high efficiencies in CIGS-based 
solar cells is the Cu/III(In+Ga) ratio in the film. As shown in Fig. 11.2, high 
efficiencies of over 10% are obtained in a relatively wide range of Cu/III ratios 
from 0.75 to 0.95. Most devices made of CIGS absorbers with compositions in 
the range of higher Cu/III ratio(> 0.95) do not show any photovoltaic effect. 
The solar cells are shorted due to undesirable Cu-related secondary phases 
with significantly lower resistivities. 

The Ga composition ratio is typicaHy 0.2 '" 0.3. Further increase of the Ga 
composition ratio usually degrades the ceH efficiency. In three-stage evapora­
tion, the graded-bandgap structure as shown in Fig. 11.3 is unintentionaHy 
prepared during the deposition. This band structure improves the effective 



60 

50 

~ 
-; 40 
g 
'u; 

30 o 
c. 
E 
o 

20 u 
!Il 

<!l 
10 

o 
o 

• • • 

0.5 

11 Development of Cu(InGa)Se2 Thin-Film Solar Cells 185 
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CdS/CIGS interlace CIGS/Mo interface 

Fig. 11.3. Bandgap profiling of CIGS solar cell: (left) Auger analysis of Ga com­
position, (right) graded-bandgap structure 

hole diffusion length in the absorber layer, thus the internal recombination loss 
in the visible region becomes negligible. The open-circuit voltage of CIGS thin­
film solar cells is roughly expressed by the following equation: Voc = Egj e-0.5 
(V) for a Ga composition ratio smaller than 0.3, where Eg is the bandgap of 
CIGS. However, the open-circuit voltage for Ga compositions above 0.4 be­
comes lower than expected. The reason for this is partly the degradation of 
film quality and type conversion of the surface layer from n-type to p-type. In 
the conventional CIGS cells, the surface layer is n-type because ofthe diffusion 
of Cd during the CBD process of CdS deposition and also the formation of 
n-type Cu(InGahSe5 (OVC, ordered vacancy phases). It is reported that the 
surface layer of CIGS with compositions above 0.3 become highly resistive or 
p-type due to the type conversion of Cu(InGahSe5 layer. A sulfurization pro­
cess is also applied to the surface of CIGS to convert the surface Cu(InGa)Se2 
to Cu(In,Ga)(Se,S)2' The addition of S to the surface layer improves the pho­
tovoltaic performance of the cell. The role of S is passivation of Se vacancies 
and dangling bonds. 

A MoSe2 layer is formed at the CIGS and Mo interface [4, 5]. It is reported 
that a columnar structure MoSe2 layer exists at the CIGSjMo interface in a 
high-efficiency CIGS solar cell and that the c-axis of MoSe2 is oriented parallel 
to the surface of Mo layer. Due to the layer structure of the MoSe2 compound, 
if the MoSe2 grains are oriented perpendicular to the surface of the Mo layer, 
the CIGS film would tend to delaminate from the Mo layer due to ease of 
interlayer cleaving. Thus, crystal orientation of the MoSe2 grains is important 
for the fabrication of solar cells. 
Figures 11.4 and 11.5 show typical I-V characteristics and spectral response 
of CdSjCIGS thin-film solar cells, respectively. The high-efficiency CIGS solar 
cells show an open-circuit voltage of 0.670-0.680 V, a short-circuit current of 
35.0-36.0 mA cm -2 and fill factor of 0.76-0.79, respectively. As shown in Fig. 
11.5, the internal recombination loss is very small for these devices. 
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Fig. 11.4. Illuminated I-V character­
istics of a high-efficiency CdS/CIGS 
thin-film solar ceH 

Fig. 11.5. Typical coHection efficiency 
spectra of CdS/CIGS thin-film solar 
ceH 

11.1.2 In-situ Monitoring of Composition Ratio 

The composition ratio of the CIGS films has agreat influence on the perfor­
mance of the cell. Thus the development of in-situ monitor ing techniques of 
the composition ratio of the growing surface is quite important for improving 
reproducibility. A major breakthrough has been achieved by in-situ monitor­
ing of the growing surface temperature. Kohara et al. [6, 7] found that the 
temperature of growing CIGS surface was dependent on the composition ratio 
of Cu/(In+Ga) when the film was deposited under constant heating power. 
The composition-monitoring system was applied to a three-stage deposition 
process of the CIGS films. Figure 11.6 shows a typical deposition sequence 
of the three-stage process and the in-situ substrate temperature variation. In 
the first stage, In-Ga-Se precursors were deposited on a Mo-coated soda lime 
glass. Then, Cu and Se fluxes were exposed to the In-Ga-Se precursors to 
form Cu-rich CIGS films in the second stage. Finally, small amounts of In, 
Ga, and Se fluxes are added to the Cu-rich CIGS films in order to obtain 
slightly (In,Ga)-rich CIGS films. Figure 11.6 (middle) is a typical variation of 
the substrate temperature as a function of the deposition time during a part 
of the second and the third stages under constant heating power. The chem-
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Fig. 11.6. Typical variation of (top) beam fluxes of Cu, In, and Ga, (middle) tem­
perature of the growing film, and (bottom) Cu/(In+Ga) ratios of the films removed 
at each point [6] 

ical composition of the films determined by EDX (energy dispersive X-ray 
analysis) is also shown in Fig. 11.6 (bottom). 

These results suggest that when the Cui (In +Ga) ratio of the growing film 
is less than one, the film temperature is constant at around 550°C, and when 
the Cu/(In+Ga) ratio is above one, the film temperature becomes lower than 
550°C, even under constant heating power. For the Cu-rich films, the temper­
ature of the growing film decreases with the Cu/(In+Ga) ratio. This effect 
strongly indicates that the Cu/(In+Ga) ratio ofthe growing CIGS film can be 
detected by measuring the film-temperature variation. The temperature vari­
ation of the growing film can be explained by the dependence of emissivity on 
the Cu/(In+Ga) ratio. The In(Ga)-rich CIGS phases have similar emissivity 
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Table 11.1. Solar-ceH parameters for the CIGS ceHs with efficiencies of over and 
below 18% 

CeH number CIS520 CIS1034 

Efficiency (%) 17.6 18.5 

Open-circuit voltage Voe (V) 0.649 0.674 

Short-circuit current lse (mA cm-2 ) 36.1 35.4 

FiU factor 0.751 0.774 

Series resistance (Q cm-2 ) 0.5 0.5 

Shunt resistance (Q cm-2 ) 7400 4800 

Diode quality factor n 1.5 1.4 

Saturation current 10 (A cm-2 ) 7 x 10-9 6 X 10-10 

to the stoichiometric CIGS and the Cu-rich CIGS in which the CuxSe phase 
exists at the surface has a higher emissivity than the stoichiometric CIGS. A 
cell with an active area of 0.96 cm2 showed an efficiency of 17.6%, as shown 
in Table 11.1 by using this technique. 

In addition to the precise control of the composition of the absorber layer, 
the technique to deposit CdS layer very uniformly by the chemical-bath de­
position technique has been developed. As the process is improved in order 
to prepare CdS film with excellent uniformity, damage and/or defects at the 
surface of the CIGS films, possibly formed by sputtering of ZnO films, may 
decrease due to sufficient coverage of CdS films over CIGS surface. 

A schematic explanation is shown in Fig. 11. 7 [8]. In this structure, Cd 
could uniformly diffuse into the CIGS films and a uniform buried junction 
may decrease the recombination at the interface of the pn junction, apart 
from the CIGS surface. Up to now, an efficiency of 18.5% has been obtained, 
as shown in Table 11.1 under AM1.5 illumination. The saturation current 
density Ia of the cell of 18.5% efficiency is one-tenth that of the cell with 
17.6% efficiency. 

11.1.3 Buffer Layers 

11.1.3.1 CdS 

The CdS films deposited by CBD process are widely used as an interfaciallayer 
of the CIGS thin-film solar cells in order to improve the efficiency. The role of 
the CBD-CdS buffer layer has been thought of as a prevention of undesirable 
shunt paths through the port ion of the very thin CdS buffer layer and the 
protection of the junction region from sputtering damage during subsequent 
transparent conducting oxide (TCO) deposition. 
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Damage and/or defect 

cf::rjq CIGS 

below 18% efficient 

over 18% efficient 

Fig. 11.7. Schematic drawing 
of the sufficient coverage of CdS 
films over CIGS surface [8] 

Recently, several research groups reported that the role of CBD-CdS is 
the diffusion of Cd into the CIGS absorber and the formation of a buried pn 
junction insi de the absorber [9]. Wada et al. [10] reported that when CIGS 
films were soaked in the Cd2+ aqueous solution, Cd atoms were doped in 
the CIGS surface by the substitution of Cu atoms in the CIGS film by Cd 
ions in the solution. SIMS depth profiles clearly demonstrated that the Cd 
concentrat ion is the highest at the CIGS surface and it decreases with depth 
into the CIGS films. The Cd concentrat ion reached the background level at 
a depth of about 20 nm. They also observed a decrease of Cu concentration 
near the film surface. The decrease of Cu concentrat ion starts at depth of 20 
nm, which is in good agreement with the limit depth of Cd doping. Cd atoms 
are doped in the CIGS surface by substitution reaction such as, 

xCd2+ + Cu(InGa)Se2 ----- (CdXCul_2x)(InGa)Se2 + 2xCu+ . 

They also demonstrated that Cd is more easily doped in the CuIn3Se5 than 
in the CuInSe2. This indicates that CuIn3Se5 phase on the physical-vapor­
deposited CIGS is readily modified during the CBD process of the Cd layer. 

11.1.3.2 Zn Compound Buffer Layer 

In order to improve the feasibility of manufacturing and the environmen­
taI safety, it is desirable to replace CdS with an alternative buffer material. 
Kushiya et al. [3] proposed a Zn compound that contains sulfur as one alter­
native for Cd-free buffers. A Zn-compound buffer layer was deposited on the 
CIGS thin-film absorber by the CBD method using Zn salts, S compounds, 
and ammonia solution. A submodule efficiency of 12% was reported for a 
device structure consisting of ZnO/Zn(O,S,OH)x/CIGS/Mo on a soda-lime 
glass substrate [3] . More details are described in Sect. 11.2. 
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11.1.3.3 ZnS 

In general, the diffusion of zinc into CIGS thin-film is more difficult than the 
case of Cd. Some external driving force is required to enhance the diffusion 
of Zn into CIGS thin-films to form a buried pn homojunction. Nakada and 
Mizutuni [11] demonstrated a role of the annealing process in CBD-ZnS/CIGS 
thin-film solar cells for prepar ing the buried homojunction. CBD-ZnS layers 
were chemically grown on CIGS thin films using a ZnS04-ammonia-thiourea 
aqueous solution at 80°C. CBD-ZnS thin films of 20- 40 nm thick were grown 
after dipping CIGS thin films for 15 min. The samples were treated at elevated 
temperatures in air. Following this, ZnS layers were removed by hydrochloric 
acid. The diffusion behavior at the CBD-ZnS/CIGS interface was investigated 
by means of SIMS and EDX. It was found that Zn diffused into CIGS thin 
films after heat treatment even at relatively low temperature of 200°C for 
10 min. The heat treatment promotes the Zn diffusion into the CIGS thin 
film. EDX analysis was carried out for ZnO /ZnS/CIGS solar-cell structures 
to confirm the Zn diffusion by air annealing. Zn was present inside the CIGS 
layer at a position of 40-50 nm from the ZnS/CIGS interface boundary. Thus 
it is evident that the buried homojunction is formed at the surface of the 
CIGS layer by using Zn. 

Figure 11.8 shows a cell structure of CIGS thin-film solar cells with 
the MgF2 /ZnO:Al/CIGS/Mo/soda lime glass structure along with a cross­
sectional transmission electron micrograph (TEM). The absorber layer is de­
posited by the the three-stage process. A 130- 150 nm-thick CBD-ZnS buffer 
layer was deposited on the CIGS absorber layer. Cell performances improved 
markedly as the thickness of the CBD-ZnS buffer layer was increased to 130 
nm. Up to now, the best efficiency of 17.7% was obtained with a CBD-ZnS 
buffer layer (Table 11.2). 

~~ 
AI electrode 

MgF2 

I 
------------------

Cu(lnGa)Se2 

Soda lime glass 

ZnO:AI 

CBD-ZnS 

buried homojunction 
by Zn diffusion 

Mo electrode 

Fig. 11.8. (left) CeH structure of a CIGS thin-film solar ceH with CBD-ZnS buffer 
layer and (right) a cross sectional TEM image [11] 
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Table 11.2. Photovoltaic performances of small-area Cu(InGa)Se2 and CuInS2 
thin-film solar cells with a CdS buffer layer and a novel buffer layer (7]': Efficiency, 
**: Tokyo Institute of Technology, CIGS: Cu(InGa)Se2) 

Strueture V(V) I se FF 'f/* (%) Area Reaseareh 
(mA/em2) (em2) Institute 

ZnO/CdS/Cu(InGa)Se2 0.678 35.22 0.7865 18.8 0.449 NREL 

ITO/ZnO/CdS/CIGS 0.674 35.4 0.774 18.5 0.96 Matsushita 

ZnO:B/ZnO/CdS/CIGS 0.645 36.8 0.760 18.0 0.20 Aoyama Univ. 

ZnO/CdS/CIGS 0.671 33.2 0.790 17.6 0.19 TIT** 

ZnO/CdS/CIGS 0.647 35.8 0.760 17.6 0.38 EC group 

ZnO/ZnS/CIGS 0.671 34.0 0.776 17.7 0.15 Aoyama Univ. 

ZnO/Zn(SeOH) 0.566 33.0 0.701 15.1 1.08 HMI/Siemens 
/Cu(InGa) (SeS), 

ZnO/In(OH,S)CIGS 0.594 35.5 0.746 15.7 0.38 Stuttgart Univ. 

ZnO /ZnInSe/CIGS 0.652 30.4 0.763 15.1 0.19 TIT 

ZnO:B/ ALD-ZnO /CIGS 0.578 35.3 0.713 14.6 0.19 TIT 

Znl_xMgxO/CIGS 0.572 33.8 0.682 13.2 0.96 Matsushita 

ZnO/CdS/CuInS2 0.715 23.7 0.71 12.0 - Stuttgart U niv. 

ZnO/CdS/CuInS 2 0.728 21.42 0.71 11.1 0.48 HMI 

11.1.3.4 ZnIn",Sey 

InxSey (IS) and ZnInxSey (ZIS) buffer layers have been employed as attractive 
alternatives to the CdS buffer layer [12]. These buffer layers were continuously 
coevaporated on a CIeS absorber layer in the same fabrication apparatus. 
This continuous fabricat ion process makes it possible to fabricate the CIeS 
thin-film solar cells by all-dry processes. These buffer layers have the following 
advantages compared to the CBD-CdS buffer layer: 

• The same elemental effusion cells for the CIeS absorber layers can be used 
for the IS, resulting in a reduction of the cost for the CIeS solar cells. 

• ZIS has a defect chalcopyrite structure in the form of ZnIn2Se4, similar to 
the chalcopyrite structure of CIeS. Therefore, this buffer layer is suitable 
for the fabrication of a good heterointerface with the CIeS absorber. 

ZIS/CIeS thin-film solar cells were fabricated by three-stage evaporation. 
After the deposition of the absorber layer, the substrate was cooled to the 
growth temperature of the buffer layer. The IS or the ZIS buffer layer was 
deposited continuously on the CIeS absorber layer by a coevaporation method 
at a substrate temperature of about 300°C. The Se/Zn ratio and the Se/In 
ratio were adjusted to 10 and 15, respectively. The structural and electrical 
properties of ZIS thin films were characterized. It was demonstrated by the 
X-ray diffraction patterns and the Raman spectroscopy measurements that 
polycrystalline ZIS thin films were grown by the coevaporation method. The 
bandgap of ZIS is estimated at around 2.0 eV. In addition, the ZIS films on 
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glass substrates showed low dark conductivity of 10-9-10-8 S cm-1 and high 
photosensitivity of 103-104. The preferential growth of ZnIn2Se4 with (112) 
lattice plane was observed at a higher temperature range of 400-500°C. 

Based upon the above fundamental results, CIGS thin-film solar cells with 
a ZnO/ZIS/CIGS structure were fabricated. Table 11.2 summarizes the effi­
ciencies of these solar cells. The best efficiency is 15.1% with a remarkable 
improvement in fill factor (0.763). So far, a Httle lower efficiencies of CIGS 
solar cells with ZIS buffer layers were mainly attributed to lower short-circuit 
currents. A reduction of the short-wavelength response due to the absorption 
of the ZIS buffer layer is observed. 

11.1.3.5 ZnO 

A high-resistivity ZnO layer grown by the atomic layer deposition (ALD) 
method has been studied, especially for application as a buffer layer in CIGS­
based solar cells [13]. ALD is performed under vacuum that can be incor­
porated into inline manufacturing. Moreover, due to its surface-controlled 
nature, the ALD technique offers a possibility to deposit reproducible and 
uniform film over large areas along with better control of thickness. To in­
vestigate the optimum growth parameters for a high-resistivity ZnO layer, 
undoped ZnO films were deposited by ALD on glass substrate at temperature 
of 165°C. Diethylzinc (DEZn) and H20 were used as the zinc and oxygen 
source, respectively. These source gases were alternately fed into the chamber 
with argon (Ar) carrier gas. The periodic switching of the air valves was au­
tomatically controlled by a personal computer. The typical pulse lengths used 
were 2 s for the reactants and 8 s for the evacuation between the reactants. 

Figure 11.9 shows the dependence of resistivity on the DEZn flow rate. The 
deposition rate varied from 0.3-0.8 nm/cycle, depending on the DEZn flow 
rate. It can be seen from Fig. 11.9 that the resistivity of the films is strongly 
dependent on the DEZn flow rate. Although, in the DEZn flow rate range 
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of 40-53 ţ.tmol min- 1, the average growth rate led to almost a monolayer 
growth, the resistivity of the films was lower than 10-2 il cm. These low­
resistive films could not be applied as buffer layers in CIGS solar cells. The 
resistivity increased rapidly with decreasing DEZn flow rate, but subsequently 
decreased slightly with further decrease in the DEZn flow rate. The increase 
in resistivity with decreasing DEZn flow rate can be attributed to the decrease 
in defects such as oxygen vacancies and/or interstitial zinc acting as donors 
in the film. A high-resistivity ZnO (""' 1 kil cm) was obtained for the films 
prepared between the flow rates of 8 and 14.5 ţ.tmol min- 1 . These results 
indicate that a high-resistivity ZnO film prepared by ALD can be controlled 
by varying the DEZn flow rate at a constant H20 flow rate. 

In order to study ALD-ZnO buffers, a number of devices with the ZnO:B/i­
ZnO/CIGS/Mo/glass structure were fabricated. The Cu(lnGa)Se2 absorbers 
with thin Cu(lnGa)(SeSh surface layers were fabricated by selenization and 
sulfurization, yielding a homogeneous composition over a 10 x 10 cm2 area. 
Details on the fabricat ion of CIGS absorber layers can be found in Sect. 11.2. 

Figure 11.10 shows the solar-cell efficiencies as a function of resistivity 
of undoped ZnO buffer layer. The thickness of the buffer layer was set at 
75 nm. By using ZnO buffer layer, a relatively high short-current density of 
around 35.5 mA cm-2 was achieved because of the elimination of CdS-related 
absorption losses. The short-circuit current density does not exactly depend 
on the buffer-Iayer resistivity, whereas open-circuit voltage and fill factor are 
significantly dependent on the buffer layer resistivity. The high-efficiency solar 
cells were fabricated by using ZnO with resistivities higher than 103 il cm. 
Up to now, an efficiency of 14.6% has been obtained by using ALD-ZnO as 
shown in Table 11.2. 

14 

12 .Ii 

~ 10 
~ 
~ • 
~ 8 • r::: 
Q) 

6 ·0 

== w 4 

2 

o 
0.01 0.1 10 100 100010000 

Resistivity (Qem) 

Fig. 11.10. Photovoltaic perfor­
mances of ZnO/CIGS solar cells as a 
function of resistivity of undoped ZnO 
buffer layer 



194 Makoto Konagai and Katsumi Kushiya 

11.1.4 Conduction Band Offset 

Various groups have proposed Cd-free window layers, but none of the CIGS 
solar cells developed with Cd-free window layers have achieved a higher effi­
ciency than those with CdS. One of the important factors in improving the 
efficiency of solar cells is the formation of an appropriate conduction-band off­
set between the CdS and CIGS layers. Negami et al. [14] reported the effects 
of conduction-band offset of window jCIGS layers on solar-cell performance by 
using Znl-xMgxO. Znl-xMgxO thin films were prepared using a cosputtering 
method from ZnO and MgO targets at room temperature. The Znl-xMgxO 
films were deposited on glass substrates and directly on a CIGS film to char­
acterize bandgap and valence-band offsets (VBO), respectively. The bandgaps 
of the Znl-xMgxO films were derived from optical absorption data, and the 
VBO between the Znl-xMgxO and CIGS films was characterized by X-ray 
photoelectron spectroscopy (XPS). Figure 11.11 shows the band alignment of 
the CIGS and Znl-xMgxO films with the different Mg content. The valence 
band of Znl-xMgxO was constant except for the ZnO.83MgO.170 film. The 
conduction band of Znl-xMgxO shifted to the vacuum level mainly due to 
an increase of the bandgap. These results indicate that the conduction-band 
offset of Znl-xMgxOjCIGS films can be controlled by the Mg content of the 
Znl-xMgxO film. 

CIGS solar cells with a structure of ITOjZnl_xMgxOjCIGSjMojglass 
were fabricated. CIGS thin films were deposited by using the three-stage 
evaporation. Then, the CIGS films were dipped in the solution with Cd2+ 
ion to prepare Cd-doped CIGS layers and to form a buried junction. The 
thickness of the Cd-doped layer was estimated to be less than 0.02 J..Lm by 
a SIMS profile. The CIGS solar cells with the different conduction-band off­
sets of the Znl_xMgxOjCIGS layers were fabricated by changing the Mg 
content of the Znl-xMgxO films. The bandgap of the CIGS films was fixed. 
Figure 11.12 shows the efficiency as a function of conduction-band offset of 
Znl_xMgxOjCIGS films. The positive band offset of conduction bands indi-
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Fig. 11.12. Normalized efficiency 
as a function of conduction-band 
offset [14J 

cates that the conduction-band edge of the Znl-xMgxO film is above that 
of the CIGS film. The efficiency in Fig. 11.12 is normalized to that of the 
typical solar ceH that consists of the CdS buffer layer on the same CIGS 
film. An efficiency of the ceH with the conduction-band offset above 0.25 eV 
increased abruptly up to almost the same level of the base-line solar ceH. 
According to the theoretical analysis, the degradat ion of efficiencies for the 
band offset lower than 0.2 eV is due to the recombination between the major­
ity carriers via defects at the window jCIGS interface. The highest efficiency 
of the Znl-xMgxO jCIGS ceHs without an antireflective coating was 13.2% 
(Voc = 0.572 V, I sc = 33.8 mA cm- 2, FF = 0.682, 0.96 cm2). 

11.1.5 Flexible Substrates 

There is interest in the development of CIGS solar ceHs on flexible substrates 
for novel applications to space, buildings, etc. Several groups have reported 
on the flexible CIGS solar ceHs. Stainless steel can be essentiaHy applicable to 
the high-temperature process. Stainless steel has attracted attention as a sub­
strate for the high-efficiency flexible CIGS solar ceHs. Up to now, an efficiency 
exceeding 17% has been obtained using a Mo-coated stainless steel substrate 
[2]. However, in order to develop the large-area modules, an insulating layers 
between Mo back electrodes and stainless steel substrates is needed for inter­
connection. Figure 11.13 show a CIGS solar-ceH structure on a stainless steel 
substrate with an insulating layer [15] . Stainless steel with a thickness less 
than 0.1 mm was used as a substrate. The insulating layer of Si02 or Ah03 
with a thickness of 300 nm and 150 nm, respectively, was deposited by RF 
magnetron sputtering direct1y on the stainless steel substrate. The thickness 
of Mo back electrodes is less than 1 p,m. The CIGS absorber layer was pre­
pared by the three-stage process at the highest temperature of about 500°C. 
Table 11.3 summarizes the ceH performances for samples with and without the 
insulating layer. For CIGS solar cells with the insulating layer, an efficiency of 
11.0% was obtained without an antireflective coating. The efficiency scarcely 
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Glass 

ZnO:AI 

Zno 
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Cu(lnGa)Se2 
Mo electrode 

Polymer 

Fig. 11.13. Schematic diagram of the 
CdS/CIGS solar ceH on a polymer­
coated glass substrate with a NaCI 
buffer layer. The glass substrate is re­
moved by dissolving the NaCI buffer 
layer and the ceHs are obtained on 20-
25 ţ.tm-thick polymer sheets [17] 

decreased by the insertion of Si02 layer between the Mo film and stainless 
steel substrate, however the Voc of cells deposited on stainless steel is lower 
than on soda lime glass. With an Al2 0 3 insulating layer, instead of Si02 , 

the same efficiency was obtained. The CIGS films prepared on the stainless 
steel do not contain N a. Further improvement of the cell performance can be 
obtained by Na-doping. 

The effect of Na addition on the cell performance of flexible solar cells was 
also investigated. Na for the absorber was provided by NaF precursor films 
deposited prior to CIGS coevaporation [16]. It was demonstrated that adding 
a 3 -10 nm N aF precursor layer improves the efficiencies on polymer substrate 
and Ti foils. The optimum precursor layer thickness was about 10- 20 nm 
for CIGS on a metal substrate. Up to now, an efficiency of 10.6% has been 
reported for a 0.5-cm2 solar cell on a Ti-foiI substrate. 

Although a polyimide sheet is a strong candidate for the flexible-substrate, 
the polyimide sheet is difficult to heat above 400°C, whereas high-quality 
CIGS films are grown at substrate t emperatures above 500°C. Thermal ex­
pansion mismatch is another problem that may cause cracks in the Mo or 
CIGS layers . Tiwari et al. [17] developed a novel process to obtain CIGS so­
lar cells on polymer sheets. Figure 11.13 shows the schematic diagram of the 

Table 11.3. CIGS solar-ceH performances prepared on stainless steel substrate with­
out Na doping [15] 

Substrate Stainless steel Stainless steel Soda lime glass 
with Si02 without 
insulating layer insulating layer 

Area (cm2) 0.24 0.24 0.96 

Voc (V) .0527 0.516 0.590 

I sc (mA cm- 2) 31.4 30.6 31.5 

FF 0.664 0.685 0.732 

Efficiency (%) 11.0 10.8 13.2 
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Table 11.4. Efficiencies of small-area CIGS solar cells prepared on flexible sub­
strates 

Structure Voc(V) lsc FF Efficiency Reference 
(mAcm·2) (%) 

Mo/stainless steel 0.646 36.38 0.7419 17.4 2 
Si02Mo/stainless 0.527 31.4 0.664 11.0 15 
steel 
polyimide 0.6127 30.62 0.682 12.8 17 
Flexible metal 0.6668 40.83 0.763 15.2(AMO) 17 

layers and substrate. First, a thin buffer layer of NaCI is evaporated on the 
glass substrate. Then, a polyimide is spin coated and cured at a temperature 
of about 400°C in air. The typical thickness of the polyimide is about 20 p,m. 

The N aCI layer is used as a buffer because it can be dissolved easily in water 
and the glass substrate can be separated from the polymer film. This buffer 
layer can provide Na to the CIGS layer during the deposition. The CIGS 
absorber layer of about 2 p,m was grown by coevaporation at a substrate tem­
perature of 450°C. An efficiency of 12.8% (total area, without AR coating) 
has been obtained, as shown in Table 11.4. 

CIGS solar celIs deposited on light-weight and flexible substrates are very 
promising for space applications. A benefit of the use of thin-film CIGS is its 
radiation tolerance. CIGS has been shown to retain much more of its initial 
power than a comparable III-V celI. In fact, little or no degradation has been 
measured for CIGS thin-film solar celIs due to 1 MeV electron irradiation at 
a fluence of 1016 [18]. Up to now, a 15.2% AMO cell performance has been 
achieved for a cell prepared on a flexible metal substrate as shown in Table 
11.4, resulting in a specific power of 1433 W kg- 1 and 1235 W kg- 1 for bare 
and SiOx coverglass celIs, respectively. 

11.2 Fabrication Technologies 
of Large-area CIGS-based Modules 

11.2.1 Introduction 

For alI of the thin-film photovoltaic (PV) technologies, the most important is­
sue is to improve the cost competitiveness against the crystalline Si solar celIs 
and modules, which are currently entering an over 100 MW /y production 
stage in the leading companies, for instance, Kyocera and Sharp in J apan. It 
is acknowledged that the simplest way to reduce the cost is to increase the ef­
ficiency and among the thin-film PV technologies, Cu(InGa)Se2(CIGS)-based 
solar celIs and modules have the highest potential to achieve the competitive 
efficiency with crystalline Si solar celIs and modules as described in Sect. 11.1. 
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Table 11.5. Groups possible to make a CIGS-based module with the efficiency of 
over 12% on a substrate size of 30 cm x 30 cm or larger 

Organization Device Structure Efficiency Area [cm"] 
/Substrate=Soda-lime glass (Output) 

Showa Shell ZnO/ Zn(O,S,OH)xI 13.4 % * 3459 
Sekiyu K.K. Cu(lnGa)(SeS)lCIGSS)/ (46.4 Wp) (Mosaic 

CIGS/Mo Module) 
Shell Solar ZnO/ CdS/ 13.1% 5400 

GmbH CIGSS/Mo (64.8 Wp) (Module) 
Shell Solar ZnO/ CdS/ 12.8% * 3626 
Industries CIGSS/Mo (46.5 Wp) (Module) 

Wiirth Solar ZnO/ CdS/ 12.5% 5932 
CIGS/Mo (74 Wo) (Circuit) 

Showa Shell ZnO/ Zn(O,S,OH)xI 14.2% 864 
SekiyuK.K.. CIGSS/ CIGS/ Mo (12.3 Wn) . (Circuit) 
ZSWGmbH ZnO/CdS/ 12.7 % # 736 

CIGS/Mo (9.3 Wp) (Circuit) 
Measurements: * NatIOnal Renewable Energy Laboratory (NREL), 
# Fraunhofer-Institut rur Solare Energiesysteme (FhGIISE) 

Up to now, three groups (Siemens Solar Industries (currently Shell Solar In­
dustries), ZSW (Zentrum fiir Sonnenenergie- und Wasserstoff-Forschung, or 
Center for Solar Energy and Hydrogen Research) GmbH, and Showa Shell 

Fig. 11.14. ST-series CIGS-based modules in Shell Solar Industries 
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Fig. 11.15. Comparision offabrication process between CIGS-based and crystalline­
Si solar modules 

Sekiyu K.K.) have demonstrated the efficiency of over 12% in a substrate size 
of 30 cmx 30 cm or larger [20-25], as shown in Table 11.5. This is good evidence 
to indicate the competitiveness of CIGS-based modules on the performance, 
because the efficiency of 12% is required as the lower limit of the distribu-
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tion on the efficiency in the mass production stage. Therefore, CIGS-based 
modules are strongly required to demonstrate their superiority on the cost 
competitiveness by increasing a production volume in the module efficiency 
range of 12 to 13%. 

At this moment, commercially available CIGS-based modules are ST-series 
of Shell Solar Industries [26], which are shown in Fig. 11.14, and WS-series of 
Wiirth Solar GmbH [25]. The status of the above three groups is as folIows; 
1) Shell Solar Industries is under expansion of their pilot production line for 
ST series modules. 2) ZSW GmbH has completed the technology transfer to 
Wiirth Solar GmbH and continuously functions as the technology develop­
ment and technical support to Wiirth Solar GmbH [21, 25], which is in a pilot 
production stage and has a plan to expand the production volume of over 10 
MW / y. 3) Showa Shell Sekiyu K.K. is still in the R&D stage focusing on devel­
opment of "high-efficiency and low-cost" fabrication technologies applicable 
to the mass production. 

Comparing the fabricat ion processes between CIGS-based and crystalline 
Si solar modules, it is noticeable that CIGS-based module technology has fewer 
steps as shown in Fig. 11.15. This is also well understood as an advantage of 
thin film technologies on the cost reduction. Thickness of a CIGS-based circuit 
with three patterns to make a monolithic structure is, in general, 3 to 4 p,m 
excluding a substrate. This is about 100 times thinner than the thickness of 
crystalline Si solar celIs, which are currently in a range of 300 to 400 p,m 
(or 0.3 to 0.4 mm) , although development of thinner crystalline Si solar ce Ils 
is aggressively in progress. CIGS-based modules are, in general, fabricated 
by packaging or moduling a CIGS-based circuit or submodule, which is a 
stacked and monolithic structure as shown in Fig. 11.16, and by applying the 
packaging technologies for crystalline Si solar celIs as shown in Fig. 11.17. 

Pattern 3 Pattern 2 

ZnOWindow t ZnOWindow 

BuHer BuHer 

Pattern 1 

Fig. 11.16. Structure of monolithically integrated CIGS-based circuit 
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Tempered glass as Cover 
glass 
(3 mm thick.) 

Ethylene Vinyl Acetate 
(EVA) as Pottant 

Junction box 
with Leads 

EVAlTedler film 

Fig. 11.17. CIGS-based module as a substrate structure by applying the packaging 
technologies for crystalline-Si solar cells 

The energy payback time (EPT) calculated to the products in Siemens 
Solar Industries [27] also demonstrated the following advantages on the CIGS­
based module technology; 1) the EPT was l.8 years for CIGS-based module 

Table 11.6. Fabrication technologies for a monolithically integrated CIGS-based 
circuit 

Device Shell Solar Ind. ZSWGmbHl Showa Shell Sekiyu 
slructure Wiirth Solar GmbH K.K. 

Substrate Substrate Preparation (Soda-lime glass) 
Base Sputteriog (Mo) 
electrode 
Pattern 1 Laser 
Absorber Sputtering Coevaporation Sputtering 

(Cu-Oa alloy/In as a (One step method) (Cu-Ga alloy/In as a 
stacked precursor) (Cu, In, Oa, Se) stacked precursor) 
+ Selenization (C/GS) + Selenization 
/Sulfurization /Sulfurization 
(CIGSS) (CIGSS/C/GS) 

Buffer CBO CdS) CBO (Zn(O,S,OH)x) 
Pattern 2 Mecbanical Scribing 
Window MOCVO (ZnO:B) Sputtering Sputtering (ZnO:Ga 
(TCO) (ZnO:AI with thin with thin intrinsic ZnO) 

intrinsic ZnO) or MOCVO (ZnO:B) 

Pattern 3 Mecbanical Scribing 

(Note) CIGSS= Cu(InGa)(SSe)2, CIGS= Cu(InGa)Se2, CBO= Chemical Bath 
Deposition, TCO= Transparent Conductive Oxide, MOCVO= Metal-Organic 
Chemical-Vapor Deposition. 
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(ST 40), while 3.3 years for single crystal (se) Si module (SP 75). 2) Accumu­
lated output power from the CIGS-based module for 30 years as an estimated 
lifetime was 17 times more than the consumed energy for its production, while 
9 times more in the case of se-Si solar module. 

11.2.2 Fabrication Technologies 

Monolithically integrated CIGS-based circuits as shown in Fig. 11.16, are fab­
ricated with various technologies [20-25]. As shown in Table 11.6, similar 
device structure and common fabrication technologies are employed among 
three groups as a result of low-cost and large-area approaches. Among them, 
1) different fabrication technologies are employed for p-type CIGS-based ab­
sorbers and n-type ZnO windows, while 2) different materials are deposited as 
a high-resistivity buffer. The fabrication technologies for both CIGS-based ab­
sorber and ZnO window [20-25,28-33] stiH need some development to realize 
the mass production from the standpoint of continuous vs. batch process. 

11.2.2.1 p-type CIGS-based Absorber 

There are two formation processes for a large-area CIGS-based absorber as 
shown in Table 11.7. Limited by the transition point of soda-lime glass (Le. 
520-540°C dependent upon its thickness) as a substrate, the absorber forma­
tion temperature is carefully determined to avoid unfavorable deformation. 
Employing a one-step coevaporation method, the deformation of the substrate 
was prevented and the tact time was improved making the hold time at the 
highest temperature significantly shorter [21, 25]. ZSW GmbH successfully 
transferred this fabrication process to Wiirth Solar GmbH, which can make 
large-area absorbers up to 60 cmx 120 cm [25]. In the selenizationjsulfurization 
method employed by Shell Solar Industries [20, 24, 34] and Showa Shell Sekiyu 
K.K. [22, 23, 35], the hardware dimension (Le., a reaction furnace) affects the 
production volume because of a batch process. 

11.2.2.2 High-resistivity Buffer 

At this moment, most of high-performance CIGS-based solar cells and mod­
ules employ a CBD-CdS buffer as shown in Table 11.5. However, the ap­
proaches to make an eco-friendly device structure through the elimination 
of the toxic material like Cd are recognized as one of the important R&D 
subjects. The achievement by Showa Shell Sekiyu K.K. with a Zn(O,S,OH)x 
buffer indicates that high performance can be achieved without a CBD-CdS 
buffer. Many research groups demonstrate the high performance with various 
Cd-free buffers, described in detail in Sect. 11.1.3 [12, 22, 36-40]. Moreover, 
further disadvantage of using a CBD-CdS buffer is to need 1) a careful treat­
ment of Cd-containing waste solution through the filtration [41] to separate a 
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Table 11.7. Formation processes for a large-arua CIGS-based absorber 

Method Coevaporation SelenizationiSulfurization 
(One step coevaporation) 

SupplyofSe Se vapor (Continuous 1) Selenization of a sputtered 
supply from a line source) Cu-Ga alloylIn stacked precursor 
[21,25] layer with very low concentration 

ofH2Se gas, then sulfurization of 
CIGS with low concentration of 
H2S gas [20,22,23,35]. 
2) Annealing of an 
evaporated-Se/sputtered-Cu-Ga 
alloylIn stacked precursor layer 
with N2 gas, then sulfurization of 
CIGS with low concentration of 
HzS gas or Annealing of an 
evaporated-Se/sputtered-Cu-Ga 
alloylIn stacked precursor layer 
with low concentration ofHzS 
gas (Rapid Thermal Processing 
(RTP) method) [24,34]. 

Organization ZSW GmbH and Wiirth 1) Shell Solar Industries and 
SoiarGmbH Showa Shell Sekiyu K.K. 

2) Shell Solar GmbH 
Process Continuous process in Batch process in nearly 

vacuum atmosl'heric pressure 
Maximum 60cmx120cm 1) 30cmx120cm 
size of 2) 60cmx90cm 
substrate 
Remaining -to shorten the tact time. -to develop a large-volume 
subjects -to maintain the temperature re actor. 

uniformity. -to maintain the temperature 
uniformity. 

liquid waste (neutral water) and a solid waste (CdS) and 2) an extra work to 
eliminate or wipe off the CdS from the rear side of the circuit from the safety 
point of view. 

An interesting feature is a post-deposition light-soaking effect, which im­
proves the device performance and can control in a reversible or irreversible 
form, adjusting the light soaking conditions [36, 37, 42]. 

11.2.2.3 n-type Window 

As shown in Table 11.6, common deposition techniques for doped-ZnO TCO 
films as the n-type window are 1) sputtering with a ZnO:AI (2wt % Ab03) 
[33] or ZnO:Ga (5.7wt % Ga203) ceramic target [29-32] and 2) MOCVD to 
prepare a ZnO:B film formed on a heated substrate at 140 to 2000 through 
the reaction of diethyl zinc (DEZ) and deionized (DI) water with a very much 
low concentration of B2H6 gas as a dopant [28]. At this moment, sputtering 
as a kind of continuous process is believed to be more flexible to the mass pro­
duct ion and much easier to pursue the low cost approaches, such as a reactive 
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sputtering of Zn-Al alIoy in Ar + O2 mixed gas to make a ZnO:Al film [25, 33]. 
However, the electric al properties of doped-ZnO TCO films are remarkably 
different dependent upon the type of dopant. The mobility of sputtered-ZnO 
(i.e. ZnO:Al or ZnO:Ga) is almost half compared to that of MOCVD-ZnO 
(ZnO:B) [31]. In the monolithicalIy-integrated CIGS-based circuits, sheet re­
sistance of n-type window is critical and, in general, optimized about IOD /0 as 
a function of transmittance (%T), or haze, because the photo-generated cur­
rent in the CIGS-based absorber by incident light flows horizontalIy through 
the n-type window as seen in Fig. 11.16, in which each cell width is 5,000 to 
15,000 times larger than the thickness of ZnO window. 

11.2.2.4 Patterning 

To prepare a monolithicalIy-integrated CIGS-based circuit which consists of 
series-connected solar celIs as shown in Fig. 11.16, the patterning techniques 
should be as folIows: 1) to match the mechanical properties of each thin film 
in the CIGS-based circuit, 2) to be applied without any damage to the sur­
rounding or adjacent area of patterns, and 3) to be performed to minimize 
the dead area (or loss of an effective region) of each CIGS-based solar celI. 
As shown in Table 11.6, two types of patterning techniques with a laser and 
a mechanical scriber are currently applied to make an integrated circuit with 
three patterns from the standpoint of low cost, high speed and reliability. The 
requirements to the patterning are summarized in Table 11.8. 

11.2.2.5 Process Control 

Development of process control techniques and standardized procedure is one 
of the key issues to realize the mass production and to improve the repro­
ducibility and robust ness in the fabrication process for CIGS-based modules. 

Table 11.8. Requirements to the patterning 

Patterning Components to pattern Requirement 
Pattern 1 = Base electrode (Mo) -to develop the laser process without 
Laser making any shunts. 

-to develop the Mo suitable to laser 
processing. 
-to keep good adhesion at the interface of 
Mo/glass substrate and Mo/absorber. 

Pattern 2 = Buffer/CIGS-based -to develop a process suitable to the soft 
Mechanical absorber materiallike absorber. 
scriber -to develop a low-cost and high-speed 

processing. 
Pattern 3 = Window -to develop a crack-free process 
Mechanical applicable to the hard materiallike ZnO. 
scriber -to develop a low-cost and high-speed 

processing. 
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Table 11.9. Process control parameters in the fabrication of CIGS-based circuits 

Device Structure Organization 
Shell Solar ZSWGmbH Showa Shell 
Industries Seki~K.K. 

Process Control Parameters 
Soda-lime glass Check of front or back 

substrate 
MoBase Sheet resistance Sheet resistance, Sheet resistance, 
electrode and Thickness Thickness and Thickness and 

Adhesion Reflectance 
Pattern 1 - Isolation 

p-type Cu/III Ratio Cu/III Ratio, Cu/III Ratio and 
CIGS-based (Precursor Sheet resistance Thickness 

Absorber layer) and Thickness (Precursor layer), 
(Absorber) SNI Ratio and 

Reflectance 
. (Absorber} 

CBD Buffer - [Visual Transparency (or 
inspection] Transmittance) of 

CBD solution 
Sputtered - Sheet resistance, Thickness and 

high-resistivity Transmittance 
ZnO (i-ZnO) 

Pattern 2 - Isolation [Sampling to 
inspect with optical 

microscope] 
n-type ZnO Sheet resistance Sheet resistance, Sheet resistance, 

Window (TCO) and Thickness Thickness and Thickness and 
Transmittance Transmittance (if 

necessary, Carrier 
conc. and Mobility) 

Pattern 3 - Isolation [Sampling to 
inspect with optical 

microscope] 

The parameters for process control are shown in Table 11.9. The concepts on 
the process control should be different between R&D and production stages, 
because a production stage needs much quicker feedback and smaller number 
of control parameters to maintain the high throughput. One approach that 
Shell Solar lndustries has employed is the statistical process control (SPC) 
[43,44] and other groups have also tried the same procedure in a much smaller 
production volume [21, 45, 46], because the mechanical and electric al yields 
are a good yardstick to evaluate the robust ness and reproducibility of the fab­
rication process. A required yield should be 85% even in the initial stage of 
production. By applying the slicing to prepare small size of circuits, it is also 
effective to improve the yield and reduce the production cost. For instance, 
the circuits of 30cm x 15cm (ST5), 30cm x 30cm (STlO) and 30cm x 60cm 
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(ST20) are fabricated by slicing a 30 cm x 120 cm-sized circuit (ST40) in the 
case of Shell Solar Industries [20, 34], which is a significant advantage of thin 
film technologies. 

11.2.3 Durability 

11.2.3.1 Outdoor Exposure Test 

At an initial stage, the packaging techniques good for crystalline Si solar cells 
were applied to CIGS-based circuits and some troubles (for instance, tem­
porary degradation by moduling and recovery by light soaking) had been 
reported [47]. Therefore, adjustment of the packaging technologies for crys­
talline Si solar cells was carried out to prepare stable CIGS-based modules. 
The 1 kW system of ST40 (30 cm x 120 cm)-sized CIGS-based modules, which 
was prepared by Shell Solar Industries (formerly Siemens Solar Industries) and 
installed at the outdoor exposure test site in the NREL, has demonstrated 
stable performance for last 10 years [20]. Based upon this result, Shell Solar 
Industries has set the warrantee of ST ser ies modules for 10 years [26] and this 
duration will be longer. Furthermore, Shell Solar Industries has accumulated 
the outdoor exposure test data of the average 1 kW system from the 9 selected 
sites of 8 in the USA including the NREL site and 1 in Germany, based upon 
the different climate conditions, under the financial support by the California 
Energy Commission (CEC). At this moment, the largest CIGS-based module 
system, which was installed by Shell Solar GmbH in the newly constructed 
Congress Hall in Salzburg, Austria, is a 40.8 kW system with 1020 (i.e. 960 
on the raof and 60 on the fa<;ade) ST40 modules by Shell Solar Industries 
and expected to supply about 35,000 kWh/y [26]. Such large installations are 
currently seen in Europe, for instance Switzerland and Germany and will be 
increasing more and more in the near future by decreasing the module cost. To 
accelerate the market penetration and to fulfill further cost down requirement, 
it is important to develop alternative low-cost and high-reliability packaging 
technologies suitable to CIGS-based circuits, because the moduling cost in 
the case of applying the fabricat ion techniques of crystalline Si solar modules 
directly to CIGS-based circuits is estimated as a major part of the production 
cost of CIGS-based module. 

11.2.3.2 Safety Issue 

It is well known that CIGS-based absorber is insoluble in acidic and alka­
line solutions. In the acid-rain condition (pH = 4), leaching experiments from 
smashed CIGS-based modules were confirmed not to detect unfavorable metal 
ions from a CIGS-based absorber over the threshold limit [48]. In the alkaline 
solution, CIGS-based absorber is immersed in a hot strong-alkaline (pH :::: 10) 
solution to deposit a high-resistivity buffer by the CBD techniques. This is a 
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good evidence that CIGS-based absorber is insoluble in alkaline solution. Com­
bustion experiments on the possible fire to the CIGS-based module systems 
and animal tests on an intake amount of CIGS-based solar ce lIs in a human 
body were performed in the Brookhaven National Lab. [49-52], European and 
German Programs [53] and New Sunshine Program in Japan [48]. AlI reports 
concluded that there were no anxieties on the safety issues with CIGS-based 
modules. 

11.2.3.3 Space Application 

Space is a new frontier to CIGS-based modules. Requirements to the solar 
celIs in the space application are as folIows; 

1. high radiation hardness on electron and proton, 
2. high output per weight (Wp/kg) (or high output + light weight), 
3. high potential to reduce the cost. 

In 1997, the EQUATOR-S scientific satellite was launched, which was a 
spin-stabilized satellite to study the earth's equatorial magnetosphere on an 
elliptical orbit (500/65600 km) for two years, and it was confirmed from the 
flight experiments operated in a proton-dominated orbit that CIGS-based 
mini-modules with 6 monolithically integrated cells on a 4 cm x 4 cm glass 
substrate had significantly high radiat ion hardness on electron and proton and 
showed an improved performance compared to the ground data [54]. Based 
upon these results, the high radiation hardness on electron and proton of 
CIGS-based absorber was concluded to originate from the ability to accom­
modate the defects formed by the impact of electron and proton, in which 
the defects formed electrically neutral complexes (for instance, 2Vcu - In~t) 
with no contribution to the electrical performance [55-57]. The National Aero 
Space Development Association in Japan (NASDA), obtained the same trends 
through the irradiation experiments, in which CIGS-based solar cells demon­
strated no degradat ion against the electron and smaller degradation against 
the proton than other solar cells [58]. This was a noteworthy evidence that 
CIGS-based solar cells and modules were the best candidate in the space as 
a power source. To prepare the era frequently launching the low-cost satel­
lites which were assembled with low cost parts to reduce the satellite cost, 
NASDA has a plan to collect the irradiation data of various terrestrial so­
lar cells, which were mounted on the TSC-S of the MDS-1 satellite, named 
as Tsubasa after launch on February 2002, by operating in a geostationary 
transfer orbit (500/36000 km) [59]. 

CIGS-based solar cells and modules as a thin-film solar cell have the high­
est potential among the exist ing solar cells to reduce the cost or improve 
the power per weight (Wp/kg), because CIGS-based solar cells and modules 
demonstrate 1) the highest performance among the thin-film solar cells [60-62] 
and 2) a high potential to reduce the weight remarkably by applying various 
light weight substrates, such as stainless steel foilor plastic [63-66]. Currently, 
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the R&D 00 CIGS-ba.sed devices is focused 00 uoderstanding why CIGS-based 
devices demonstrate higher radiation hardness on electroo aod protoo than 
other space solar cells aod how these superior properties of CIGS-based de­
vices is further improved. 
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Expanding Thin-Film Solar PV System 
A pplications 

Hirosato Yagi, Makoto Tanaka, and Shoichi Nakano 

Applications ofthin-film solar cells, especially a-Si, started in the 1980s mainly 
in the field of electrical devices. By utilizing the features of thin-film solar 
cells, unique applications such as larger electrical power sources have been 
developed. Three kinds of applications are introduced in this chapter. The 
first one is the see-through a-Si solar cell, the second is the flexible a-Si solar 
cell, and the final one is the building integrated PV (BIPV) module. In the 
future, thin-film solar cells are expected to play an important role for the 
widespread use of solar cells from the field of electrical devices to the field of 
electrical generat ing use on a global scale. 

12.1 Introduction 

In recent times, the market for photovoltaic power-generation systems has 
grown rapidly. The production volume of solar cells in 2000 was more than 
280 MW /y, which was 40% larger than that of the previous year. Especially in 
Japan, production volume has increased by 50%, to 120 MW. This is mainly 
because ofthe subsidies provided by the Japanese government for photovoltaic 
systems. 

The majority of the solar cells used in photovoltaic system are crystalline­
silicon solar cells. The main application of thin-film solar cells had been con­
sumer products such as pocket calculators; however, their use in power gen­
eration has recently increased. 

The history of thin-film solar cells is different from that of crystalline­
silicon solar cells with respect to their applications. As thin-film solar cells 
were industrialized after crystalline-silicon cells, they should be positioned in 
a more specialized market in which features such as their high voltage, light 
weight, etc., are utilized. 

Y. Hamakawa (ed.), Thin-Film Solar Cells
© Springer-Verlag Berlin Heidelberg 2004
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In this chapter, a comparison of the market between thin-film solar cells 
and crystalline-silicon solar cells is given first. Next, various kinds of appli­
cations of thin-film solar cells are presented. Finally, future prospects are 
discussed. 

12.2 Comparison Between Crystalline Solar Cells 
and Thin-Film Solar Cells with Respect to Applications 

A comparison of applications between crystalline-silicon solar cells and thin­
film solar cells is shown in Fig. 12.1. 

The first applications of crystalline-silicon solar cells were in space use, 
telecommunication use, etc., which were stand alone systems. The grid-con­
nected market started in Japan in 1992. Since then, most power-generation 
systems have consisted of normal types of modules. Special modules, such as 
BIPV (building integrated PV) modules, semitransparent modules, etc., were 
of minor significance although they have been increasing recently. 

On the other hand, thin-film solar cells were industrialized in the special 
markets of consumer electronics, see-through solar cells for windows applica­
tions, etc. In these applications, the features of thin-film solar cells are utilized 
(see Sect. 12.3). Figure 12.2 shows the features and the applications of thin­
film solar cells. The first market for thin-film solar cells was pocket calculators. 
Here, the following features of thin-film solar cells were utilized; high voltage 
can be obtained easily from a single substrate and high conversion efficiency 
is obtained in fluorescent light. 

See-through solar cells and BIPV modules were the main applications in 
power-generation use, where the features of thin-film solar cells with good 
appearance and a simple module structure, etc., are utilized. 

1970 1980 1990 2000 Future 

System Stand Alone / Grid Connected 

Crystalline 
Standard Modules :::> Solar Cells 

Module ~ Special MOdule~ 
BIPV Modules etc. 

consu~ Stand Alone 
System Electronics ~ 

Grid Connected 
Thin-film f-----
Solar Cells Special Modules ~ Module (See-through etc.) 

~andard MOdU~ 

Fig. 12.1. Applications of crystalline solar cells and thin-film solar cells 
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Features of Thin-film Modules 

1. Possibility of Low Cost ---f---++ 1. Big Market for Low Cost Solar Ce Ils 

2. High Voltage 2. Consumer Electronics 
Pocket Calculator, Wrist Watches, 

3. Good View Mobile devices, etc. 

4. Semi-transparent -..::.....:;:-'''''''---t-.t-..tt 3. See-through Applications 

5. Simple Structure Module 

7. Flexible (Plastic substrate) 

Windows, Sun-roof (car), etc. 

4. BIPV (Building Integrated PV) 
Applications Houses, etc. 

5. Car, Plane, etc. 

Fig. 12.2. Features of applications of thin-film solar cel!s 

Flexible thin-film modules have also been industrialized. These modules 
have the features of flexibility and light weight. At present, their market is 
relatively small, however, their market is expected to grow in the future. 

The most prominent feature, low cost, will create a substantial market for 
power generation in the future. 

12.3 Applications to Electrical Devices 

Since the 1980s, solar cells, especially a-Si solar cells, have enjoyed widespread 
use as a power source mainly for electric al devices, such as pocket calculators, 
watches, etc. (Fig. 12.3). There are three reasons for the widespread use of 
a-Si solar cells in the area of electrical devices. 

Fig. 12.3. The first applications of a-Si solar cel! 
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Fig. 12.4. (a) Conventional-type solar ceH module and (b) integrated-type a-Si 
solar ceH modules 

The first reason comes from the excellent feature of a-Si solar ce Ils as thin­
film solar celIs. a-Si solar celIs can generate high-voltage electrical power with 
an integrated-type structure as shown in Fig. 12.4 [1]. Three layers of a-Si 
solar cells, the TCO (transparent conductive oxide) layer, the a-Si layer and 
a metal layer, are separated in the fabricat ion process so that neighboring 
separated celIs are connected consecutively at the edges of the metal layer 
and TCO layer. Where c-Si solar celIs are used, each cell should be connected 
consecutively by soldering. 

The second reason is that a-Si solar celIs are conducive to indoor lighting. 
In Japan, fluorescent lamps are commonly used for indoor lighting. Fluores­
cent light has a high intensity in the short-wavelength region and a-Si solar 
cells have high sensitivity in this region. This means that a-Si solar cells are 
more suitable for indoor use compared with c-Si solar celIs. 

The third reason is dependent on the electrical device itself. Through the 
progress of semiconductor technology, the size of transistors in IC and LSI has 
greatly reduced and the electrical power required for operation has diminished. 
This has accelerated the application of a-Si solar celIs for indoor use. 

Figure 12.5 shows the applications of a-Si solar cells to electrical devices, 
pocket calculators, watches, clocks, radios, testers, TV controllers, battery 
chargers, etc. 

In particular, a-Si solar cells occupy a very large part of the market in 
the application to pocket calculators. Recently, an application to watches has 
become very promising. 
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Fig. 12.5. Applications of a-Si solar cells 

12.4 Applications to Standalone Systems 

Standalone systems with a capacity ranging from a fewtens of kW to a few 
k W have been developed. In daytime, solar cells charge the battery and a 
rechargeable battery supplies electricity to the load at night. Figure 12.6 shows 
an example of a standalone system. On the right of Fig. 12.6, a "solar sensor 
light" , a lighting system composed of an IR sensor, a-Si solar cells, and battery, 
is presented. To the left of that, a "solar planter" , a hydroponics home farming 
kit in which solar cells are used to drive an air pump, is indicated. Figure 12.7 
shows an application called the "solar guide post", which incorporates a-Si 
solar cells and a rechargeable battery on the top of a roadsidemailbox.At 
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Fig. 12.6. Example of standalone system 

Fig. 12.7. Solar guide post 

night, electricity is supplied from the battery to light up the map and postal 
symbol mark. 

12.5 See-Through a-Si Solar Cells 

Special solar-cell modules were developed by utilizing the features of thin­
film solar cells. Figure 12.8 shows three kinds of these: see-through solar cells, 
flexible solar cells, and BIPV modules. 

See-through a-Si solar cells are semitransparent solar cells. They can gen­
erate electricity while transmitting part of the incidental light to the back 
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See-Ihrough Roofing lile (BIPV) Flexible solar cell 

Fig. 12.8. Unique applications of a-Si solar cel!s 

Fig. 12.9. Structure of see-through a-Si solar cel! 

side [2]. Figure 12.9 shows the structure of a see-through a-Si solar cell. One 
salient feature of the structure is the uniform presence of multiple micro­
scopic holes in the effective area of integrated-type a-Si solar cells. These 
holes are formed by removing the a-Si layer and metal layer by chemi cal 
etching or by a laser. Part of the incidental light can pass through these 
holes. 

There is another type of semitransparent a-Si solar cell in which the 
metal layer is replaced by the TCO layer (Fig. 12.10b). But in this type 
of a-Si solar cell the transmitted light becomes reddish in color because of 
the absorption of short-wavelength light (500- 650 nm) by the a-Si layer, as 
shown in Fig. 12.10c. an the other hand, the spectral transmittance of see­
through a-Si solar cells remains almost constant over a wide wavelength re­
gion. Therefore, natural interior lighting can be obtained and the rate of 
transmittance can be controlled in a design value by changing the area of 
a hole. 

Figure 12.11 shows an application to car sunroofs. Electrical power gener­
ated by solar cells is used to drive a ventilation fan. It is effective in reduc ing 
the temperature inside a parked car on a sunny summer day. Another promis-
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Incident light Incident light 

,--_D _ _ D __ U_---, Glass U U U Glass 

Transmitted light 
(a) see-through 

substrate ~ substrate 
TCO TCO 

a-Si a-Si 

Metal TCO 
D D D 
Transmitted light 

(b) conventional 

~100.-----------------------' 
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Fig. 12.10. (a-c). Comparison between see-through a-Si solar ceH and conventional 
one 

ing application of see-through a-Si solar cells is their use as the windows of 
buildings (see Fig. 12.20). 

12.6 Flexible a-Si Solar Cells 

Another new type of solar cell utilizing the features of a-Si solar cells is the 
flexible a-Si solar cell. Flexible a-Si solar cells are a-Si solar cells fabricated 
on a plastic film [3]. They are very light and flexible . Figure 12.12 shows the 
structure of a flexible a-Si solar-cell module. Figure 12.13 shows the appear­
ance of a flexible a-Si module. The weight per square meter is about 500 g and 
the power-weight ratio is about 0.1 W g-l. Compared with those of coSi, the 
weight per square meter is about one twentieth and the power-weight ratio is 
about one tenth. Figure 12.14 shows an airplane powered by thin-film solar 
cells. 

It seems that the most promis ing application of flexible a-Si solar cells 
is their use as a portable power source. For example, solar-powered portable 
phones, parasols, and material integrated with flexible a-Si solar-cell modules. 
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Fig. 12.11. See-through sunroof 

12.7 Applications for Residential Housing 
(Building Integrated PV Modules) 

12.7.1 Present Market for PV Housing 

Residential housing is the main market in the world, especiaIly in industrial­
ized countries. In Japan and Germany, subsidies for photovoltaic systems for 
residential housing have created a huge market. The main modules used are 
crystalline-silicon solar ceIls, however, thin-film solar ce Ils have begun to be 
employed (Fig. 12.15). 



220 Hirosato Vagi et al. 

Transparent bond 

Inner surface protective lilm 

l ead wire 
Connective tead 

Flexibte sotar caII submodule 

Outer surface proteclive Iilm 

Fig. 12.12. Structure of flexible a-Si solar-cell module 

Fig. 12.13. Appearance of flexible a-Si solar-ceH module 

Recent features of residential PV systems can be found in the building 
integrated PV (BIPV) modules. In Japan, BIPV modules were certified as 
building materials in 1999 under article 38 of the Building Standard Law. 
Since then, BlPV modules have becn widely used for residential housing. 

12.7.2 Development BIPV Modules 

In the early period, BrpV modules were made of thin-film solar cells becausc, 
as noted before, thin-film solar cells have features such as good appearance, 
simple structure suited for BlPV modules etc. 



12 Expanding Thin-Film Solar PV System Applications 221 

Fig. 12.14. Solar plane 

Fig. 12.15. Example of residential house instal!ed with a-Si solar-cel! modules 

In the mid 1980s, Japanese-style roofing tiles were developed. This module 
has the same shape as conventional Japanese roofing tiles (Fig. 12.16) with a 
curved surface, which were only realized by thin-film solar cells. 

In the 1990s, many manufacturers of PV modules started R&D for BIPV 
modules. Most of those in Japan were supported by NEDO (New Energy 
and Industrial Technology Development Organization). Figure 12.17 shows 
an example of BIPV modules using amorphous-silicon solar cells. Recently, 
the stabilized conversion efficiencies of amorphous-silicon solar cells have been 
increased to 10%, and the conversion efficiencies of other thin-film solar cells 
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Fig. 12.16. a-Si solar tile 

Fig. 12.17. Example of BIPV module (a-Si) 

have also been improved. Therefore, BIPV thin-film modules will be utilized 
in various markets. 

12.7.3 Industrialization of BIPV Modules 

The industrialization of BIPV modules was started in thin-film solar celIs. See­
through solar celIs were the first BIPV thin-film solar cells. In 1997, BIPV 
modules using amorphous-silicon solar celIs were industrialized (see Chaps. 6 
and 8). AlI of the products made by this type of manufacturing were BIPV 
modules. 
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Fig. 12.18. Example of BIPV modules (HIT) 

New modules have also been industrialized for crystalline-silicon solar cells. 
Figure 12.18 shows an example of BIPV module applications using crystalline­
silicon solar cells. Here, the solar cells are HIT (heterojunction with intrinsic 
thin layer) solar cells, which incorporates a-Si technology [4]. Figure 12.19 
shows another example of BIPV module using amorphous-silicon solar cells. 

12.8 Application 
to Semi-Large-Scale Photovoltaic Systems 

In the field of semi-Iarge-scale photovoltaic systems, c-Si solar cells are mainly 
used. However , a-Si solar cells are used in some cases in which the appearance 
of the photovoltaic system is important or solar cells are installed in the 
windows and/or skylight. Figure 12.20 shows a photovoltaic system in the 
Hamaoka Nuclear Exhibition Center of the Chubu Electric Power Co., Inc. 
See-through solar cell modules (1.95 kW) have been installed in the windows 
of the building. Figure 12.21 is another example from the Tukasa Electric Co., 
Ltd. of Osaka prefecture, Japan. See-through a-Si solar ceH modules (1.4 kW) 
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Fig. 12.19. Example of BIPV modules (a-Si) 

Fig. 12.20. Example of PV system (1) (see-through: Japan) 
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Fig. 12.21. Example of PV system (2) (see-through: Jâpan) 

Fig. 12.22. Example of PV system (3) (CIS: Switzerland) (presented by FABRi 
SOLAR AG) 

have been installed in windows and conventional type a-Si solar-cell modules 
(3.7 kW) have been installed in one of the building walls. Figure 12.22 shows 
a PV system in Switzerland with CIS (copper indium selenide) modules. 
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Fig. 12.23. Bifacial solar cell module with HIT solar cells 

Fig. 12.24. Application to a portable phone 

Unique structure modules are also applicable to semi-Iarge-scale photo­
voltaic systems. Figure 12.23 shows a bifacial solar-cell module with HIT 
solar cells, which can generate electricity on the back side as well as on the 
front side. This type of module is expected to be very effective when modules 
are installed in the vertical soundproof walls of highways or railways. 
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Fig. 12.25. Solar-powered airship in stratosphere [5] 

12.9 Future Prospects 

As noted previously, thin-film solar cells have many prominent features and 
various kinds of market are expected. 

12.9.1 Applications of Flexible and Lightweight Modules 

The first promising market is the application of lightweight and flexible solar 
cells. Recently, mobile digital equipment such as portable phones, PDAs (per­
sonal digital assistance), pocket game machines, etc., have been widely used 
alI over the world. Lightweight solar ce lIs are useful for these types of mobile 
equipment. Figure 12.24 shows one example, which is a portable phone. At 
present, there are only a few applications in this field because the generating 
power is insufficient (as these types of mobile equipment are so smalI, the 
size of the solar celIs must also be smalI). However, the conversion efficiency 
of the solar celIs will be improved and the consumption power of the mobile 
equipment will decrease. 

Other applications of the lightweight modules are expected for automo­
biles, airships, and airplanes. Figure 12.25 shows a design concept of a strato­
spheric platform airship in which ultra-lightweight solar cells are employed to 
provide daytime/night propulsion power. 

12.9.2 Applications of BIPV Modules 

BIPV modules are also promis ing modules. In addition to rooftops and win­
dows, solar-cell modules will be installed at other locations such as sidewalls. 
Figure 12.26 shows a future house powered by thin-film solar celIs. 
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Fig. 12.26. Image of a future solar house 
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Fig. 12.27. Image of PV system for electric car 
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For industrial applications, the soundproofing of highways and the side­
walIs of buildings are other candidates for solar-cell application. Figure 12.27 
shows a future image. 

12.9.3 Applications of Power-Generating Use - GENESIS Project 

The most promising feature of thin-film solar celIs is the low cost. At present, 
the market for solar ce lIs is about 280 MW /y, which is much smaller than 
that of the total demand of electricity. For example, although Japanese peak 
demand is about 170 GW, the Japanese photovoltaics market is 120 MW. Of 
alI the features, that of low-cost is the most important. 

Described next is the GENESIS Project, which Sanyo proposes as a future 
energy-generation system based on solar power-generation [6]. 

The main disadvantages of solar celIs are their inability to generate power 
at night, and that their output fiuctuates dramaticalIy depending on the sun­
light conditions. These problems give some concern to those who feeI that 
solar energy is unstable as a prime energy source. 

As outlined in Fig. 12.28, a global energy network equipped with solar 
cells and international superconductor grids (GENESIS) has been proposed 
by the author for resolving these problems. A look at the Earth from outer 
space shows that rainy and cloudy areas cover less than 30% of the totalland 
mass, and obviously it is always daylight on the opposite si de of the globe 
to those areas under the shade of night. A worldwide photovoltaic power­
generating system connected by super-conducting cables with no transmis sion 
losses would enable daylight areas to provide clean solar energy around the 
clock to those areas where it is night, rainy or cloudy. This would ensure that 
no area on Earth is without power. 

It is forecast that in the year 2010, energy demands will be the equivalent 
of 14 billion kl of crude oiI per year. To meet this requirement, 802 km2 of 
solar cells will be required, assuming a conversion efficiency of 10%. This plan 

Fig. 12.28. GENESIS project 
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is quite feasible because barely 4% of the world's desert area would suffice. 
In the midst of the worsening energy crisis and environmental concerns, this 
plan must be put into effect for the sake of a prosperous 21st century. 
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Future Prospects 
for Photovoltaic Technologies in J apan 

Nobuaki Mori and Toshihisa Masuda 

The Japanese Photovoltaic Power Generation Technology Development Pro­
gram (so called "Sunshine Program") was started immediately after the first 
oiI crisis in 1973. Since that time, the meaning of PV technology has been 
changed from the generat ion of small-scale electrical energy to the develop­
ment of bulk electrical power as an alternative to oiI and to contribute to 
the suppression of global warming. As a result of having continuous R&D 
efforts on the technological development with market expansion aid by the 
government subsidies, Japanese PV industries have now started to work on 
self-development. In fact, the PV market in Japan has expanded markedly in 
recent years in the fields not only of the residential rooftop PV, but also other 
large-scale PV plants, such as public buildings and so ono 

In this chapter, first the state-of-the-art on the photovoltaic technologies 
under the direction of the New Sunshine Project are overviewed, and recent 
achievements in the solar-cell production volume and the cost transitions are 
summarized. Then, future prospects of this new industrialization are discussed 
on the basis of a new strategy. 

13.1 Current Status of Photovoltaic Industrialization 

Figure 13.1 shows the transition of world photovoltaic (hereafter, called "PV") 
module shipments [1]. As can be seen in the figure, a marked growth of PV 
modules has been achieved, and reached global production of about 300 MW in 
2000. Particularly rapid growth was seen in recent years in Japan, Europe, and 
USA. The production of PV cells has increased rapidly in Japan following the 
development of roof-type PV technologies and the introduction of a subsidy 
system to encourage the spread of PV systems. 

This fin an ci al subsidy program for residential PV systems was started 
in 1994, and so Japanese production was initiated to increase rapidly since 

Y. Hamakawa (ed.), Thin-Film Solar Cells
© Springer-Verlag Berlin Heidelberg 2004
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Fig. 13.1. World photovoltaic-cel! module shipments 

1994. Despite the recent recession in Japan, sales of PV systems are growing 
steadily, as the subsidy for roof-type PV systems has encouraged housing 
manufacturers to promote sales and install PV systems as standard on new 
houses. In addition, house buyers have been turning to PV housing in view of 
the lower environmental impact , regardless of the higher price. 

The world solar-cell module productions of various types in recent several 
years are plotted in Fig. 13.2. The world total production in 2000 reached 
288 MW and the rate of increase is 43% compared with that in 1999. The 
single-crystalline (c-Si) and polycrystalline (p-Si) Si solar cells are dominant 
in the production of photovoltaic (PV) cells. The production levels of coSi and 
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p-Si solar cells were 90 MW and 140 MW, respectively, in 2000. The growth 
rates of c-Si PV and p-Si PV are 23% and 60%, respectively. The increase of 
c-Si PV was large year after year and the production share was 49% in 2000. 
For other solar cells, the film-type a-Si PV production is almost constant and 
the production share was 9% in 2000. The ribbon-type PV production was 
4.2 MW in 1999 and 14.7 MW in 2000 (growth rate of 250%), and had a 
production share of 5% in 2000. As a whole, crystalline-Si solar cells using 
bulk-Si materials stiH dominate in current PV market. 

Figure 13.3 shows the cost transition of the various PV modules and com­
ponents [2]. The price of PV modules decreases steadily with their mass pro­
duction. These learning curves are similar to those of other electric al compo­
nents with mass-production price changes. It is a very useful tool to predict 
the future module cost when a large introduction of PV systems is realized. 

Figure 13.4 shows the calculated cost-reduction effect by mass production 
and the cost breakdown of a-Si module as one example. The cost-reduction 
rate is rather large until 100 MW /y production volume and not so large 
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above 100 MW jy. The materials cost , labor cost, and facility cost account 
for the major parts of the module cost. It is very important to reduce the 
matcrials cost espedally the glass base-plate cost aud production-faci li ty cost. 
In fact , changes in thc market price of residential 3-kW PV systems are plotted 
in Fig. 13.5. As can bc scen from this figurc , thc cost of pc ripheral devices 
such as invcrters and control cquipmcnt , as well as insta llation cost has bcen 
decrcasing, however, thc cost of Illodules has uot fallen markcdly. P V R&D 
progress should directly help ta reduce the module cost, but other factors such 
as production size or logistics cost appear to be having a strong influence. 

The govcrnmeut subsidy for a P V housc is reduced euch year hccause of de­
creasing total installation cost by the iucrease of applications. The Rcsidential 
PV Systcm Monitoring Program was started in 1994 in ordcr to disseminatc 
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PV systems. In this program, the Government subsidized half of the instal­
lation costs. This program was continued until the FY1997 and changed to 
the Subsidy Program for Residential PV Systems that supports the installa­
tion costs based on the power out put (kW). The subsidy for PV installation 
costs in FY1999 was 320 000 Yen/kW, and the number of applications was 
18000. The amount of the subsidy decreased down to 150 000 Yen/kW, and 
applications were 26 000 in 2000. Owing to this subsidy program, widespread 
introduction of PV systems reducing the installation cost in Japanese market 
has been promoted. Further reductions in PV costs are expected in FY2002. 

One objective of R&D in phase 1 is to reduce the cost of manufacturing 
various PV modules to 140 Yen/W by the end of FY2000 (assuming a factory 
production level of 100 MW /y). These products will appear in the market 
around 2005. It is assumed that, at that time, the system sales price will 
be approximately 1 million Yen, and the PV power-generation cost will be 
estimated to be less than 30 Yen/kWh. As the market price of 3-kW systems 
is now about 2.7 million Yen, which is equivalent to a power-generation cost of 
70-80 Yen/kWh, this target seems to be difficult to reach and it is necessary 
to take another approach to realize this target. Although this R&D objective 
can be accomplished technically, the market size has been expanding greatly 
and the breakeven point for PV-cell manufacturers is production of 100 MW 
or more per factory. 

13.2 Recent Achievements of the PV R&D 
in the New Sunshine Project 

After the first oiI crisis in 1973, the Sunshine Program was initiated in 1974 
to secure an alternative energy to oiI and to ensure a sta bIe supply of energy. 
Figure 13.6 illustrates the history of the PV National Program in Japan [3]. In 
the Sunshine Program, R&D on four new energy sources: solar energy (both 
thermal and photovoltaic), geothermal, coal-liquefaction and coal-gasification, 
and the utilization of hydrogen had been carried out. R&D on PV systems 
was also started in this program. Later, the new objective of preventing global 
warming was added to the technology development program, and the PV R&D 
program was rolled into the New Sunshine Program that was initiated in 1993. 

The New Sunshine Program was originally a long-term project running 
until 2010, in which R&D was divided into two phases, phase 1 and phase 2. 
The R&D program of phase 1 has been completed by fiscal 2000. Although 
the progress of PV R&D, now in its 27th year since the first oiI crisis, has 
not been fast, many results of the program have made it to market and per­
formed well, showing that the program has been one of the more successful 
national projects. Figure 13.7 shows the chronological improvements in effi­
ciencies of various solar cells in this program. An efficiency of 31.2% for the 
InGaP /InGaAs/Ge three-junction tandem cell of 25-cm2 cell area has been 
achieved. The 14.6% for the thin-film mc-Si ceH of 600 cm2 area, 12.9% for 
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Fig. 13.6. History of PV National Program 
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Fig. 13.7. Improvements in efficiencies of various solar cells 

CIGS of 900 cm2 area, 11.7% for the a-Si/poly-Si of 4500 cm2 area, and 10% 
for the a-Si/a-SiGe of 8100 cm2 area has been achieved. 

Batteries play a very important role to improve the added value of PV 

power-generation systems. In recent years, a high-performance closed-type 
lead battery has been developed, which has a lifetime of ten years, and 3000 
cycles of charging and discharging. Therefore, an inexpensive battery com­
parable to automobile batteries could hit the market if mass production is 
achieved. 
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Some solar cells and battery systems can generate uninterruptible power at 
prices comparable to normal electricity charge (around 24 Yen/kWh), combin­
ing with time-dependent charge systems (around 6 Yen/kWh at the late-night 
charge). As society becomes more information oriented and elderly, people will 
increasingly consider safety, health, and environmental protection, resulting in 
greater introduction of information technology into houses and complete usage 
of electrical devices. Uninterruptible systems with batteries will thus become 
essential for a stable supply of electricity. Furthermore, they will be required 
as an emergency power supply system in case of disaster. AIso, when various 
energy-conservation technologies are developed, the market share of PV cells 
having small generation capacity but independent, distributed characteristics 
for portability and mobility will increase drastically, and so products utilizing 
PV power will be developed. 

According to the preliminary assessment report of the Industrial Technol­
ogy Advisory Committee that was issued in May 2000, the PV R&D project 
in the New Sunshine Project has proceeded well in many areas, such as im­
provement of PV cell conversion efficiency, development of implementing mass­
production technology, grid-system development with public wires of utility 
companies, and the development of technologies for evaluat ing the perfor­
mance of PV cells and systems. In order to further reduce the cost of PV cells 
and systems, the Industrial Technology Advisory Committee recommended 
starting phase 2 of the R&D program in fiscal 2001. 

13.3 New Strategy and Future Prospects 
for PV Industry in Japan 

Up to now, due to factors such as the prolonged low price of crude oiI, renew­
able energies have faced difficult market conditions. However, recent awareness 
of the need for prevention of global warming is growing and the construction 
of new nuclear power plants, which have been plagued by accidents and trou­
bles in Japan, has been delayed, so there are high expectations for renewable 
energies, especially PV power generation. 

In March 2000, therefore, a tentative technology development strategy was 
reported at the sub-committee on strategy of new energy industrial technol­
ogy development established within the Ministry of International Trade and 
Industry, aiming at strengthening the competitiveness of Japanese Industry 
related to new energy in the 21st century, creating new job opportunities and 
satisfying social needs such as preparing for an information technology and 
elderly society. Table 13.1 shows the new energy diffusion scenario toward 
2030. 

In the strategy, R&D of PV power generation was positioned as of par­
ticular importance, and a long-term technology development and promotion 
strategy until 2030 were proposed. AIso, the government has recently orga­
nized the New Energy Working Group within the Energy Policy Advisory 
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Committee, and started discussing rules and an incentive mechanism for new 
energy technology development and promotion. 

The Industry Technology Advisory Committee of the government has eval­
uated the phase 1 technology development program and decided to start the 
phase 2 technology development programs from fiscal 2001. Ta date, sales 
of roof-type PV systems have grown ta create a large market, with subsidy 
support from the government. However, the market is not limited to house 
roofs. Ii the price of PV cells can be lowered, then PV systems could be used 
in various applications such as buildings, roofs of factories, and unused land. 
For instance, although this is not included in the current diffusion scenario, 
up to 80 GW of PV power could be gained by using 1600 km2 of abandoned 
agricultural land that is no longer cultivated. Government is spending a lot 
of money every year keeping this land in a waiting circle for future reuse. 

In Japan, sales of PV-generated electricity will clearly be larger than that 
of rice production per unit area of agriculturalland. This idea could contribute 
to both food and energy security. To achieve this, continuous efforts to reduce 
cost are required, from the usual electricity charge (around 25 Yen/kWh), to 
the electricity charge for large consumers (10-15 Yen/kWh) or even to the 
power generat ion cost of utility companies (around 5-10 Yen/kWh). 

Figure 13.8 shows the PV power-generation technology R&D roadmap 
that was formulated as part of New Energy Technology Strategies by the 
Ministry of International Trade and Industry, during the last half of fiscal 
year 1999. This PV roadmap provides the direction of PV R&D and promotion 
through to the fiscal year 2030. Advanced technology could achieve the target 
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of 25 Yen/kWh by fiscal year 2010. However, technological developments will 
not be sufficient for further breakthroughs. Indispensable will be innovative 
technology and innovative solar cells in order to attain the targets of 10-15 
Yen/kWh by fiscal year 2020, and 5-10 Yen/kWh by fiscal year 2030. 

Technological development for the reduction of the cost involves many 
issues such as cell cost, large-area integrated thin-film PV modules, next­
generat ion new PV cells with R&D on low-cost recycling technology for the 
next age of mass production. Although the necessary cost level is very difficult 
to attain, Japan must set the target for the long-term R&D program aiming 
to bring the cost down to 5-10 Yen/kWh, because this is ofprimeimportance 
to stimulate the PV market not only within Japan but also all over the world. 
R&D in the future will face even tougher situations, so further collaborative 
efforts will be needed to suppress global warming, stabilize the energy supply, 
and achieve sustainable development of society and the economy. 
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