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Foreword

Ph o to v o l t a i c s  I n te r n at i o n a l 1

There have been encouraging signs in recent months of changing fortunes for PV 
equipment suppliers after a difficult period of consolidation. Shipment figures, 
actual and forecast, have in many instances seen an upswing, as booming markets in 
Japan, China and the US continue to drive demand, even as some European markets 
continue to dwindle.

It’s probably too early to call the beginnings of a new PV technology buy cycle, 
but it seems more a case of ‘when’ rather than ‘if ’ now, and analysts have pointed 
to mid-2014 as the likely point when supply and demand will be in some kind 
of equilibrium. Clearly the implication of this is that if demand continues to rise 
beyond this point, supply will have to keep up, so manufacturers will have to invest 
in new capacity.

This means that now is a crucial period for upstream decision makers to select 
the tools, materials and processes that will be used in their factories when the 
next buy cycle begins. At Photovoltaics International we strive to provide the 
most up to date, independent and authoritative information to top engineers and 
PV manufacturers to help them make more informed purchasing decisions. This 
and future editions of the journal will provide invaluable guidance on emerging 
technologies and trends.

In this issue, the Institute for Solar Energy Research investigates which of the 
currently available concepts for next-generation passivated emitter and rear cells 
(PERC) technology show the most promise (p.44). 

Meanwhile, Fraunhofer Institute for Solar Energy Systems researchers outline 
the deployment of electrically conductive adhesives as interconnectors in high-
efficiency cells (p.27). Their paper describes the basic principles of this emerging 
technology and offers insights into the performance of different materials available 
on the market.

And a team from Hanwha Q Cells look at the key question of quality in PV 
equipment and how much effort manufacturers are actually going to in living up to 
the promises they make about their products (p.91). They conclude that true quality 
can only be achieved if it is sought in every process along the value chain. 

From our discussions with industry colleagues, it is evident that some of the gloom 
of recent years is beginning to lift. But no one is under an illusion that there are hard 
yards still to be made.  We will be at EU PVSEC in Paris at the beginning of October, 
and our editorial team looks forward to meeting you there to hear your stories as 
you make that journey.

Ben Willis 
Head of Content
Solar Media Ltd



Photovoltaics International’s primary focus is on assessing existing and new technologies for 
“real-world” supply chain solutions. The aim is to help engineers, managers and investors to 
understand the potential of equipment, materials, processes and services that can help the PV 
industry achieve grid parity. The Photovoltaics International advisory board has been selected 
to help guide the editorial direction of the technical journal so that it remains relevant to 
manufacturers and utility-grade installers of photovoltaic technology. The advisory board is 
made up of leading personnel currently working first-hand in the PV industry.

Editorial Advisory Board
Our editorial advisory board is made up of senior engineers from  
PV manufacturers worldwide. Meet some of our board members below:

Gary Yu, Senior Vice President, Operations
Mr. Yu served as Trina Solar’s Vice President of Manufacturing since May 2007 and in July 2010 was promoted to the position of 
Senior Vice President of Operations. Mr. Yu has 17 years’ manufacturing management experience in semiconductor-related 
industries. Before joining Trina Solar, he was Managing Director of Wuxi Lite-On Technology, an LED assembly company based in 
China. Prior to Wuxi Lite-On Technology, he served as a Director of Manufacturing for 1st Silicon Sdn. Bhd. in Malaysia, prior to which 
he worked at Macronix International, a semiconductor integrated device manufacturer in Taiwan. Mr. Yu has a master’s degree 
in Industrial Engineering and Management from National Chiao Tung University in Taiwan and a bachelor’s degree in Chemical 
Engineering from Tunghai University.

Takashi Tomita, Senior Executive Fellow, Sharp Solar
Takashi Tomita has been working at Sharp for 34 years and is widely recognised as a fore-father of the solar industry in Japan. 
He was responsible for setting up Sharp’s solar cell manufacturing facilities in Nara and silicon production in Toyama. Takashi’s 
passion for solar power has led him to hold numerous posts outside of his roles at Sharp, including: Vice Representative at the Japan 
Photovoltaic Industry Association; Committee Member of Renewable Energy Portfolio Standard of METI; Adviser Board Member of 
Advanced Technology of Nara; Visiting Professor of Tohoku University; Adviser of ASUKA DBJ Partners (JAPAN) and Adviser of Global 
Catalyst Partners (US).

Dr. Peng Heng Chang, CEO, Motech Industries, Inc.
Dr. P.H. Chang was elected CEO of Motech in March 2010. Dr. Chang has over 30 years of experience in management at 
multinational technology companies and in-depth knowledge in Materials Engineering. Prior to joining Motech, Dr. Chang was VP 
of Materials Management and Risk Management, VP of Human Resources and Senior Director of Materials Management at Taiwan 
Semiconductor Manufacturing Co. (TSMC); VP of Administration at Worldwide Semiconductor Manufacturing Co. and Professor of 
Materials Science and Engineering at National Chiao Tung University in Hsinchu, Taiwan. Dr. Chang also worked for Inland Steel Co. 
and Texas Instruments in the US prior to 1990. He received his Ph.D. degree in materials engineering from Purdue University in 1981.

Professor Eicke R. Weber, Director of the Fraunhofer Institute for Solar Energy Systems ISE in Freiburg
Professor Eicke R. Weber is the Director of the Fraunhofer Institute for Solar Energy Systems ISE in Freiburg. Weber has earned 
an international reputation as a materials researcher for defects in silicon and III-V semiconductors such as gallium arsenide and 
gallium nitride. He spent 23 years in the U.S. in research roles, most recently as Professor at the University of California in Berkeley. 
Weber is also the Chair of Applied Physics, Solar Energy, at the University of Freiburg, and during his career has been the recipient 
of several prestigious awards including the Alexander von Humboldt Prize in 1994, and the German Cross of Merit on ribbon in 
June 2006.

Dr. Zhengrong Shi, Executive Chairman and Chief Strategy Officer, Suntech
Dr. Zhengrong Shi is founder, CEO and Chairman of the board of directors of Suntech. Prior to founding Suntech in 2001, he was a 
Research Director and Executive Director of Pacific Solar Pty., Ltd., the next-generation thin-film technology company, before which 
he was a Senior Research Scientist and leader of the Thin Film Solar Cells Research Group in the Centre of Excellence for Photovoltaic 
Engineering at the University of New South Wales in Australia. Dr. Shi holds 11 patents in PV technologies and is a much-published 
author in the industry. His work has earned him such accolades as “Hero of the Environment” (TIME magazine 2007) and “Corporate 
Citizen of the Year” at the China Business Leaders Awards 2007. A member of the NYSE advisory board, Dr. Shi has a Bachelor’s 
degree in optical science, a Master’s degree in laser physics and a Ph.D. in electrical engineering.

Dr. Sam Hong, President and COO of Neo Solar Power
Dr. Hong has more than 30 years of experience working in the solar energy industry. He has served as the Research Division Director of 
Photovoltaic Solar Energy Division at Industry Technology Research Institute (ITRI), a research organization that serves to strengthen 
the technological competitiveness of Taiwan, and Vice President and Plant Director of Sinonar Amorphous Silicon Solar Cell Co., which 
is the first amorphous silicon manufacturer in Taiwan. In addition, Dr. Hong was responsible for Power Subsystem of ROCSAT 1 for the 
Taiwan National Space Program. Dr. Hong has published three books and 38 journal and international conference papers, and is a 
holder of seven patents. Dr. Hong was the recipient of Outstanding Achievement Award from the Ministry of Economic Affairs, Taiwan, 
and was recently elected as chairman of the Taiwan Photovoltaic Industry Association.

Dr. G. Rajeswaran, President and CTO of Moser Baer Photovoltaic Ltd
Raj served as President and CTO of Moser Baer Photovoltaic Ltd. from July 2007 until October 2008, since which time he has been 
Group CTO for all the Moser Baer business units and holder of the CEO function for launching new businesses. He spent 22 years 
with Eastman Kodak Company as the Vice President of Advanced Development & Strategic Initiatives, where he managed Kodak’s 
Japan display operations including technology & business development in Japan, Taiwan, Korea and China. He has also served as 
Vice President and on the board of SK Display Corporation, and worked in technology development with Brookhaven National 
Laboratory. Raj has a Ph.D., an M.Tech. and a B.E. in electrical engineering. A much-published author, speaker and patent holder, 
Raj is a member of the Society for Information Display (SID) and has chaired several international conferences in the field of OLEDs.



INTERSOLAR SOUTH AMERICA INTERSOLAR INDIA INTERSOLAR EUROPEINTERSOLAR CHINA INTERSOLAR NORTH AMERICA

The World’s Leading Exhibition Series for the Solar Industry

3,000 exhibitors I 100,000 visitors I Most international solar event series with b2b focus I Meet the decision makers who are 
shaping the solar market I Stay informed about the latest technological innovations I Get connected at exclusive networking
events I Meet renowned speakers at the world-class conferences I Benefit from the events in the world's key solar markets



w w w. p v - te ch . o rg4

39

Page 11

In the balance: The social costs and benefits 
of PV

Carol Olson, Energy Research Centre of the Netherlands 

(ECN), Petten, The Netherlands

38 Section 3

Cell Processing

42 PRODUCT REVIEWS

7

23

21 Section 2

Materials

26 PRODUCT REVIEWS

Page 27

Electrically conductive adhesives: An 
emerging interconnection technology for 
high-efficiency solar modules

Torsten Geipel & Ulrich Eitner, Fraunhofer Institute for Solar 

Energy Systems ISE, Freiburg, Germany

Page 34

Progress in n-type monocrystalline silicon for 
high efficiency solar cells

Joel Kearns and Bo Li, SunEdison, Inc.

Page 44

Emitter technology options for industrial 
PERC solar cells with up to 20.3% conversion 
efficiency

Thorsten Dullweber, Helge Hannebauer, Christopher

Kranz, Rene Hesse, Sabrina Wyczanowski & Rolf 

Brendel, Institute for Solar Energy Research Hamelin 

(ISFH), Emmerthal, Germany, Vikram Bhosle & Chris 

Dubé, Applied Materials, Varian Semiconductor Equipment, 

Gloucester, Massachusetts, USA, Katrin Weise & Franck 

Delahaye, RENA GmbH, Freiburg, Germany, Oliver Doll & 

Ingo Kohler, Merck KGaA, Darmstadt, Germany

Page 52

The status and future of industrial n-type 
silicon solar cells

Radovan Kopecek & Joris Libal, ISC Konstanz, Konstanz, 

Germany

Page 62

Cost-effective and reliable Ni/Cu plating for 
p- and n-type PERx silicon solar cells yielding 
efficiencies above 20.5%

Richard Russell, Loic Tous, Riet Labie, Monica Aleman, 

Filip Duerinckx & Jozef Szlufcik, imec, Leuven, Belgium, 

Jurgen Bertens, Meco Equipment Engineers BV, 

Takeshi Horiuchi, Hitachi Chemical Co Ltd, Chikusei, Japan

6 Section 1

Fab & Facilities

Contents



Ph o to v o l t a i c s  I n te r n at i o n a l 5

107 Section 6

Power Generation

111 PRODUCT REVIEWS

118 Subscription / Advertisers Index

120 The PV-Tech Blog

87

Page 91

Quality makes all the difference

Nicole Nelles, Max B. Koentopp & Sandra Scholz, Hanwha 

Q CELLS GmbH, Thalheim, Germany

Page 100

Compatibility of copper-electroplated cells 
with metal wrap-through module materials 

Ian Bennett, Bart Geerligs, Carol Olson & Maurice Goris, 

Energy Research Centre of the Netherlands (ECN), Petten, 

The Netherlands

Page 114

The triple play: Achieving commercial 
benefits of PV and energy storage

John Merritt, Ideal Power, Spicewood, Texas, USA

87 Section 5

PV Modules

90 PRODUCT REVIEWS

Page 76

CIGS manufacturing: Promises  
and reality 

David Jimenez, Wright Williams & Kelly, Inc., Pleasanton, 

California, USA

70 Section 4

Thin Film

75 PRODUCT REVIEWS

74

108



Page 7
News

Page 11
In the balance: The social 
costs and benefits of PV

Carol Olson, Energy Research Centre 
of the Netherlands (ECN), Petten, The 
Netherlands

w w w. p v - te ch . o rg

Fab & Facilities

8

9 10



News

Scale bucks low labour costs 

Production scale rather than low labour costs has driven 
China’s boom in manufacturing PV modules, according to a 
joint report released today by the National Renewable Energy 
Laboratory and the Massachusetts Institute of Technology. 
Low labour costs and generous government subsidies have 
often been cited as the main reasons for China’s dominance 
in PV manufacturing, views which formed the basis of the 
SolarWorld trade challenge that resulted in US trade levies 
on Chinese PV imports last year. The report’s authors used 
a Minimum Sustainable Price (MSP) for monocrystalline 
silicon solar panels to predict factory location decisions. 
MSP estimates the long-term market-clearing price for the 
product assuming competitive equilibrium, or the minimum 
price of modules that will provide an adequate rate of return 
for a company and sustain growth without subsidies. Scale 
and supply-chain advantages were found to account for the 
majority of a Chinese factory’s MSP advantage. 

Production scale is the key to China’s PV 
manufacturing boom.
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Full capacity facilities

Sharp near full capacity at UK solar module 
assembly plant 
Sharp’s European PV module manufacturing operations, based 
in Wrexham, UK are running at near full nameplate capacity of 
400MW due to demand across Europe in the residential market, 
according to the company. 

The announcement is in stark contrast to Sharp’s decision only a 
year ago to consolidate its European sales and marketing operations 
from Germany to London, UK and local news reports that the 
Wrexham plant was laying off workers due to weak demand and 
being uncompetitive with Chinese competitors. 

The announcement that its Wrexham plant is running at near full 
capacity is the first public statement the European operation of the 
company has announced in over 12 months.
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News

Panasonic reaches full capacity 
at 300MW Malaysian module 
solar plant

Panasonic Cor p oration said i t  had 
started full-scale production of its ‘HIT’ 
PV modules at its new integrated facility 
in Malaysia. 

The plant has an initial nameplate 
capacity of  300MW. The company 
noted that the majority of modules were 
being shipped to Japan to meet booming 
installations. 

The plant located in Kulim Hi-Tech 
Park , in the state of Kedah started 
production in December 2012.

Technology upgrades

Improving technology not 
materials to drive down Chinese 
solar costs: GTM

Improving technology not the falling cost 
of materials will be the dominant factor 
in the ongoing fall in costs of Chinese 
module manufacturers, according to a 
report by GTM Research. 

G T M  c l a i m s  t h a t  C h i n e s e 
manufacturers will be able to produce 
modules at a cost of US$0.36 per Watt by 
2017 and has provided more details on 

how they could get there. 
They have already achieved a 54% 

decrease in manufacturing costs since 2010. 
GTM found that the majority of this came 
from the falling cost of materials caused by 
an oversupply with polysilicon responsible 
for 54% of the total reductions and other 
materials contributing a further 26%.

SolarWorld to close Hillsboro 
wafer operations for technology 
upgrades

Having gone through a major financial 
restructuring, SolarWorld is starting 
to tackle its  issues on competitive 
manufacturing, with a round of technology 
upgrades and new product introductions. 

At  t h e  c o r e  i s  u p g r a d i n g  i t s 
multicrystalline ingot/wafer production 
plants in Germany and the US, including 
lowering cost production, a key problem 
the company had in competing with 
Chinese producers that had both the 
scale and claimed lowest production, 
causing almost all wafer production in 
Europe to cease. 

In its efforts to upgrade processes, 
SolarWorld said in its first-half year interim 
financial report that its wafer operations in 
Hillsboro, Oregon would close at the end 
of August, 2013 for upgrades to processes. 

First Solar to manufacture new 
crystalline silicon line

Fi r s t  S o l a r  w i l l  s t a r t  a  1 0 0 M W 
manufacturing line for crystalline silicon 
cells for the residential distributed market 
from the end of next year with production 
scaling from 2015. 

In May this year, the leader in thin-
film CdTe acquired the lower-cost, high 
efficiency crystalline silicon start-up 
founded in 2009 by Denis de Ceuster after 
12 years at Sunpower. 

By 2017, distributed residential and 
commercial generation is expected to 
account for more than half of the market, 
a lucrative, growing market that is more 
suited to higher efficiency crystalline 
technologies than thin film, which typically 
requires larger installation areas. 

Celestica gains TÜV Rheinland 
PTL approval of PV lab in 
Toronto (image)

In an effort to be able to support the 
manufacture of better PV products and 
certification for outsourcing customers, 
third-party manufacturer, Celestica has 
opened a PV testing lab in Toronto, 
Canada. 

Celestica’s solar lab has been audited 
and approved by TÜV Rheinland PTL to 
provide tests for a variety of PV standards, 
including UL-1703 / ULC-1703 and IEC-
61215 /IEC-61730. 

Sharp’s UK module plant is near full capacity.
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SolarWorld to close Hillsboro wafer operations for technology upgrades.
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News
The company said that the lab would be 

operated independently within the Total 
Quality Management System at Celestica 
to ensure the integrity of test procedures 
and results.

Joint ventures

First Solar buys GE’s CdTe 
thin-film IP and forms business 
partnership 

GE has decided to cancel plans to ramp its 
own cadmium telluride (CdTe) thin-film 
operations in Aurora, Colorado, instead 
selling the intellectual property portfolio to 
CdTe leader, First Solar. 

First Solar has issued 1.75 million shares 
of common stock as part of the transaction, 
while GE will retain the shares for at least 
three years. 

As part of the deal, GE Global Research 
will collaborate on future CdTe solar 
technology development with First Solar 
as well as teaming up on commercial levels 
that include purchasing and branding 
First Solar’s modules for future global GE 
PV power plants. Collaboration will also 
include power plant equipment, such as PV 
central inverters, controls, balance of plant 
and ownership of utility-scale systems. 

GE went back to basics a year ago by 
temporarily halting the roll out of module 
production and refocus on R&D to boost 
module efficiencies and lower production 
costs to better compete with the likes of 
First Solar and a number of CIGS start-
ups. First Solar will be increasing its 
R&D expenditure by US$75 million to 
accommodate the collaboration with GE. 

Canadian Solar to partner 
on 60MW module plant in 
Indonesia

To benefit from a new feed-in tariff (FiT) 
system to be introduced in Indonesia, 
Canadian Solar is planning to partner 
with local PV module manufacturer, PT 
Swadaya Prima Utama, on a proposed 
60MW plant. 

The companies signed a memorandum 
o f  u n d e r st a n d i n g  to  e v a l u ate  th e 
opportunity. Canadian Solar hopes if the 
joint venture is successful it will provide 
a strong position for participating in the 
new FiT and provide flexibility to meet 
global demand. 

Reports: Suntech Wuxi could 
be merged with rival

Reports suggest a deal is in the making 
that could see Suntech Power Holdings’ 

bankrupt subsidiar y rescued by the 
involvement of a r ival  Chinese PV 
manufacturer and several state-owned 
enterprises in Wuxi, China. 

· THIN FILM HANDLING·  PLANNING AND ENGINEERING·  CUSTOMIZED SOLUTIONS·  GENERAL CONTRACTING·  AUTOMATED PV MODULE 
 MANUFACTURING ·  THERMAL COLLECTOR SOLUTIONS 

www.kuka-systems.com

Canadian Solar is partnering on a 
60MW module plant in Indonesia.
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News

Suntech Wuxi is allegedly in talks with 
five enterprises over separate deals to 
provide a much needed cash injection, 
with the company having debts of around 
US$1.75 billion. 

The Wuxi regional government is 
said to be actively participating and 
reportedly said that creditors, which 
include d numerous C hinese bank s 
would have to take a cut on loans or face 
higher losses. 

An official was also quoted as ruling out 
a liquidation of the company. Based on a 
deal being struck with a possible Chinese 
rival, a cash injection would be part of deal, 
suggesting a merger is on the cards

Business news focus

SolarWorld to close wafer 
operations as part of major 
financial restructure 

SolarWorld is starting to tackle its 
manufacturing competitive issues with a 
round of technology upgrades and new 
product introductions. 

At  t h e  c o r e  i s  u p g r a d i n g  i t s 
multicrystalline ingot/wafer production 
plants in Germany and the US, including 
lower cost production, a key problem the 
company had in competing with Chinese 
producers that had both the scale and 
claimed lowest production costs that 
has seen almost all wafer production in 
Europe cease. 

In its efforts to upgrade processes, 
SolarWorld said in its first-half year interim 
financial report that its wafer operations in 
Hillsboro, Oregon would close at the end 
of August, 2013 for upgrades to processes.

Only R&D activities in relation to 
monocrystalline wafers would continue. 
SolarWorld’s production plants in the US 
and Germany made operating losses in the 
first-half of the year of €30 million and €43 
million respectively. 

Former LDK subsidiary put 
back on the market

The former LDK subsidiary LDK Hefei is 
to be sold by the local Chinese government 
affiliate that purchased it earlier this year.

The Hefei  High-Te ch Industr i a l 
D e velopment Z one S o c ial  S er v ice 
Company paid a reported RMB120 million 
(US$19.6 million) for LDK Hefei in April. 

According to a statement posted on the 
website of the Hefei Bidding Centre, which 
will act as the middle man in the deal, LDK 
Hefei is on the market for RMB 330 million 
(US$53.9 million). The company’s net 
assets as of 31 May 2013 were appraised at 
RMB326 million (US$53.2 million). LDK’s 
Hefei solar cell manufacturing facility 
had a capacity of 2.2GW when it started 
production in 2011. 

The company took an estimated loss 
of US$80 million when it sold the plant 
as part of the LDK Hefei sale to the local 
government affiliate.

Funding and investment 

Solar manufacturers to increase 
investment for first time in 
three years: IHS

Solar manufacturers will increase their 
expenditure for the first time in three 
years as they look to meet demand from 

emerging economies, according to IHS. 
Capital expenditure, including investment 
i n  p ro d u c t i o n  a n d  m a n u f a c tu r i n g 
operations, fell by 72% in 2012 and is 
expected to fall a further 36% this year. 

A new report by IHS predicts that in 
2014 it will rise by 30% to US$3 billion. In 
2011 the industry spent US$12.9 billion 
but the overcapacity in the market has 
seen this figure nosedive to a low of US$2.3 
billion in 2013.

The expected recovery is likely to 
be led by the rising demand for PV in 
emerging markets, which appear to have 
spurred on the financial recovery of some 
manufacturers, who can now look to 
reinvest that money.

Brazilian state announces 
incentive programme for 
renewable energy producers 

A renewable energy incentive programme 
has been launched in the Brazilian state 
of Minas Gerais, by the state governor, 
Alberto Pinto Coelho. 

The scheme, named ‘Energia de Minas’, 
will include tax breaks for investors 
building modules, inverters and solar 
plants. This will be in conjunction with 
incentives for involvement in other forms 
of renewable energy. 

Although f inancial  details  of the 
scheme have yet to be revealed, ‘Energia 
de Minas’ could also involve assistance 
from the local state-owned bank Banco de 
Desenvolvimento de Minas Gerais. 

A local company, Companhia Energetica 
Integrada, is already building a 3MW solar 
park in the state and Tecnometal, Brazil’s 
first solar panel maker, has apparently 
demonstrated an interest in investing in 
Minas Gerais.

Solar manufacturers to increase investment for first time in three years: IHS.
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Background 
PV modules convert sunlight into 
electricity and operate for decades 
without emitting any greenhouse gases 
at all. But energy, with its associated 
carbon footprint, is intrinsic to the 
materials used to produce a PV module. 
In addition, energy (usually including 
a significant amount of conventional 
electricity) is directly used in PV 
module manufacturing and installation, 
as well as in its de-installation and 
recycling at the end of its life. This 
energy, which is invested in a PV 
module over its lifetime, is usually 
‘paid back’ by the energy generated 
over about one year’s operation of that 
module (‘energy payback time’), or 
roughly 1/25th of the module’s lifetime. 
A life cycle assessment (LCA) of a PV 
module considers the energy use, 
greenhouse gas emissions and other 
environmental impacts of the module 
from the manufacturing phase, through 
installation and operation, to the end-
of-life and recycling stage.

One might fully accept the idea that 
a PV module does not emit greenhouse 
gases over its operation, but wonder 
whether it really makes sense for society 
to invest money and energy to switch 
from mostly conventional electricity 
production to a much greater amount 
from renewables. Given the current 
state of the world, it is urgent to address 

both the emission of greenhouse 
gases and the economy. It is therefore 
instructive to analyze what the costs 
and benefits are for society in opting 
for PV electricity, or electricity from 
renewable energy sources in general, as 
compared with conventional electricity-
generating technologies. Costs which 
are not included in the market price of 
a saleable item are called ‘external costs’. 
For electricity, external costs can be 
categorized into: 1) environmental and 
health costs; 2) costs associated with 
subsidies and energy security; and 3) 
costs for grid expansion and reliability. 
Included in these costs  are the 
increased insurance, health, social and 
environmental costs associated with 
damage to health, infrastructure and the 
environment, as well as tax payments 
that subsidize producers of electricity or 
fuels, their markets and the electricity 
infrastructure.

In this article,  an LCA of the 
environmental impact of PV electricity 
is presented and compared with that 
of conventional electricity. Because 
the environmental footprint of PV 
electricity is highly dependent on the 
electricity mix used in PV module 
fabrication [1], the environmental 
indicators are calculated for PV 
electricity manufactured using different 
electricity mixes, and compared with 
those for the European electricity mix 

(UCTE) and electricity generated by 
burning 100% coal or 100% natural 
gas. The environmental indicators are 
then used to quantify the associated 
environmental and health costs. The 
recent monetarization of these impacts 
is discussed, and compared with the 
findings of earlier studies.

Next, the global energy subsidies 
in 2011 and the energy subsidies 
in Germany over the past decades 
are reviewed. The amounts spent 
on subsidies to stimulate renewable 
energy deployment are compared with 
the savings on fossil fuel imports, and 
other economic effects of a stimulated 
industry sector. The security of a 
renewable energy supply is  also 
explored.

Finally, the costs for grid expansion 
and grid reliability are considered. 
There are various motivations for grid 
expansion, some of which are not related 
to renewable energy generation. While a 
cost analysis of grid expansion is beyond 
the scope of this article, an examination 
of a current grid development plan 
suggests that a new estimate, with the 
interests of the future electricity mix 
and market in mind, may be required. 
Some recent studies are included to put 
into perspective the costs for achieving 
a very reliable electricity supply with a 
high penetration of renewable energy 
sources.

In the balance: The social costs and 
benefits of PV 
Carol Olson, Energy Research Centre of the Netherlands (ECN), Petten, The Netherlands

ABSTRACT

For more than a decade, the growth in PV markets surpassed expectations. Then, in 2012, the European 
market declined for the first time compared with the previous year. As policymakers’ support for PV hesitates 
over the costs to society of this technology, it is timely to take an overview of the social costs and benefits, 
also referred to as the ‘external costs’, of PV electricity. In this article, these costs are put into perspective vis-
à-vis those associated with conventional electricity-generating technologies. The external costs of electricity 
can be broken down into: 1) the environmental and health costs; 2) the costs of subsidies and energy security; 
and 3) the costs for grid expansion and reliability. Included in these costs are the increased insurance, 
health, social and environmental costs associated with damages to health, infrastructure and environment, 
as well as tax payments that subsidize producers of electricity or fuels, their markets and the electricity 
infrastructure. A life cycle assessment (LCA) of the environmental impact is used in the quantification of the 
associated environmental and health costs. Because the environmental footprint of PV electricity is highly 
dependent on the electricity mix used in PV module fabrication, the environmental indicators are calculated 
for PV electricity manufactured using different electricity mixes, and compared with those for the European 
electricity mix (UCTE), and electricity generated by burning 100% coal or 100% natural gas. In 2012$, coal 
electricity requires 19–29¢/kWh above the market price, compared with 1–1.6¢/kWh for PV manufactured 
with 100% coal electricity. The sum of the subsidies, avoided fossil-fuel imports and energy security, and the 
economic stimulation associated with PV electricity deployment, amounts to net external benefits. Integrating 
high penetrations of renewables, with the same reliability as we have today, appears to be fully feasible and 
within the cost horizons of the current activities of system operators.
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Methods

An LCA evaluates the environmental 
impact of a product or service over 
its lifetime. This analysis follows the 
guidelines set out in the international 
standard ISO 14040, which describes 
the principles and framework for LCA, 
as well as the methodology for LCA 
of PV electricity by the IEA [2]. The 
software used in this analysis is Simapro 
7.3 with the ecoinvent 2.2 database, 
and the ReCiPe method for calculating 
a range of environmental indicators 
[3]. The carbon footprint is a measure 
of the emissions of greenhouse gases 
(in kg of CO2 equivalents), effective 
over a period of 100 years, using the 
GWP100a method as defined by the 
Intergovernmental Panel on Climate 
Change (IPCC) in 2007 [4].

Data and key parameters

In order to calculate the environmental 
impact of 1kWh electricity over the 
lifetime of the generation source, data 
are required for each stage in the life 
cycle. Most of the data are supplied 
by the ecoinvent database, one of the 
world’s leading international databases 
for life cycle studies .  A kWh of 
electricity generated by coal or natural 
gas, or produced with the European 
electricity mix, can be readily calculated 
using the ecoinvent database. However, 
recent (2011) data on the energy and 
material use and processing of PV 
modules are not yet available in the 
ecoinvent database. This set of data has 
been compiled at ECN and was used 
to calculate the environmental profile 
of currently available PV modules. The 
key parameters of typical polysilicon 
PV modules manufactured in 2011 are 
given in Table 1.

A 12.4kWp PV system, mounted 
on-roof, with cabling and inverter, is 
taken as a typical PV system for a small 

to mid-size commercial enterprise. 
Electricity directly from the module 
is considered to be comparable to 
electricity from the power plant. 

The env ironmental  prof i le  of 
electricity from three different PV 
modules is calculated: 1) one fabricated 
using electricity produced by 100% coal 
generation in European (UCTE) power 
plants; 2) another one manufactured 
using the average European (UCTE 
2000) electricity mix (47% conventional 
thermal, 37% nuclear, 16% hydro); and 3) 
a third one made using hydropower in 
the production of the silicon feedstock, 
and natural gas electricity in the 
manufacturing of the cell and module. 
The manufacturing techniques, based 
on recent (2011) processes, of the three 
PV modules are in every other way 
identical. The environmental profile of 
natural gas electricity and the UCTE 
electricity mix is also calculated, and all 
the results are normalized to electricity 
generated with coal, in order to put them 
into perspective. The electricity from 
hard coal, natural gas and the UCTE mix 
is representative of average European 
plants in 2000 or 2001, as specified in 
the ecoinvent 2.2 database. In 2008 the 
UCTE mix consisted of 56% thermal 
(a mix of coal and gas technologies), 
28% nuclear, 10% hydro and 7% other 
renewable energy sources.

Environmental impact

Greenhouse gases and air pollutants
Roughly 30% of the CO2 emissions 
in Europe and the USA [5]  are 
contributed by the power sector and 
are a major cause of global warming. 
These emissions lead to changes in the 
climate, including more frequent and 
more energetic weather events, rises 
in sea level, river flooding, heat waves 
and droughts, as well as changes in 
agriculture [6]. 

“Roughly 30% of the CO2 

emissions in Europe and the 

USA are contributed by the 

power sector and are a major 

cause of global warming.”

The air pollutant emissions by 
1kWh electricity from multicrystalline 
silicon PV modules (19, 38 or 39g CO2 
eq) compared with electricity derived 
from burning gas (620g CO2 eq), coal 
(1020g CO2 eq), and the UCTE mix 
(506g CO2 eq) are shown in Fig. 1. 
The emissions of greenhouse gases 
contributing to climate change (kg CO2 
eq) from PV modules manufactured 

with 100% coal electricity are double 
those from PV modules manufactured 
with hydro power and natural gas 
electricity, but are still 96% less than 
the emissions of electricity generated 
by coal. Coal electricity is also a leading 
cause of mercury emissions that may 
be inhaled or ingested by humans, 
causing neurological damage and 
contributing to the human toxicity 
indicator.  Non-methane volat i le 
organic compounds (NMVOCs) are 
organic compounds (e.g. benzene) that 
typically have compounding long-term 
health effects. Many are carcinogens. 
Particulate matter is suspended in air 
as an aerosol, and is associated with 
lung cancer and respiratory disease. 
Emissions of sulphur oxides lead to 
acid rain, which affects the biology of 
soil and vegetation and accelerates 
degradation of buildings and structures. 
The emissions calculated here are the 
average emissions of UCTE coal plants 
in 2000. Between 2000 and 2006, SO2 

emissions have decreased on average 
by ~40% in up-to-date coal plants, but 
70% of coal plants in Europe are over 20 
years old [7,8].

The results  for the formation 
of  photo chemical  oxidant s  and 
par t icu lates  and for  ter restr ia l 
acidification follow the same pattern: 
the PV module made using hydro 
and natural gas electricity produces 
electricity with only ~2–3% of the 
impact per kWh of coal. The PV 
modules made with UCTE electricity 
(~50% fossil fuel) and with 100% coal 
electricity have twice the impact of 
the cleaner PV module (~6–7.5% of 
coal electricity). Electricity generated 
with natural gas provides 60% of the 
greenhouse gas emissions of coal, 36% 
of the volatile organic compounds 
(VOC), 15% of the particulates and 14% 
of the acidification. UCTE electricity 
presents the same level of human 
toxicity as coal electricity, but only 50% 
of the greenhouse gas emissions, 42% of 
the VOCs, 50% of the particulates and 
47% of the acidification.

The UCTE electricity mix consists 
of almost a third nuclear generation, 
which is the reason for the high level 
of human toxicity in Fig. 1 and for 
the much greater amount of ionizing 
radiation in Fig. 2.

Water depletion and eutrophication
Water depletion and eutrophication 
(Fig. 3) are two critical issues for water 
management, now and in the future. 
Water depletion is a measure of the 
water withdrawn for use, and accounts 
for the water intake (which may 
damage ecosystems), the consumption 
(which reduces water availability) 
and the discharged water (which may 

Wafer thickness 180μm

Cell size 156mm × 156mm

Module size 60 cells

Glass single

Frame yes

Roof mounting Schletter

Inverter 2.5kW

Module efficiency 14.4%

Degradation 0.7%/yr

Performance ratio 0.8

Lifetime 30yrs

Irradiation 1700kWh/m2/yr

Table 1. Key parameters associated 
with a PV system.
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present water quality issues). The 
eutrophication, or the accumulation of 
reactive nitrogen in the environment, 
is a leading cause of water quality 
impairment, and a serious threat to 
the health of marine systems. Both 
coal and, to a lesser extent, natural gas 
contribute to marine eutrophication. 
Water depletion for coal electricity 
is calculated to be 2682 litres/MWh, 
which is  consistent  with recent 
estimates for pulverized coal plants 
[9]. UCTE electricity uses 4300 litres/
MWh, and natural gas, 2114 litres/
MWh. The water demand of the 
thermal generation of electricity using 
coal or natural gas dwarfs the demand 
of PV electricity (575 litres/MWh for 
PV fabricated with coal or UCTE, and 
474 litres/MWh for PV made with gas 
and hydro).

“Although PV plants require 

some water over the life cycle, 

they offer the advantage of 

requiring little or no water for 

operation.”
During recent warm, dry summers 

(2003,  2006 and 2009) ,  se veral 
thermoelectric (fossil fuel and nuclear) 
plants in Europe were forced to reduce 
production because of a lack of cooling 
water. Recent analysis shows that the 
electricity supply from thermoelectric 
plants is vulnerable to climate change 
[10]. Although PV plants require some 
water over the life cycle, they offer the 
advantage, in terms of energy security, of 
requiring little or no water for operation.

Transformation of land
The transformation of natural land, 
as well as the occupation of urban 
and agricultural land, is large for 
hard coal because of the mining and 
infrastructure. Electricity from natural 
gas requires about three times as much 
transformation of natural land as coal 
or UCTE electricity as a result of the 
requirements for gas pipelines (Fig. 4).

Compared with coal electricity (per 
kWh), PV uses 86–89% less water, 
occupies or transforms over 80% less 
land and presents ~95% lower toxicity 
to humans; it also contributes 92–97% 
less to terrestrial acidification, 97–98% 
less to marine eutrophication and 
96–98% less to climate change.

Monetarization of health and 
environmental impacts

The external  costs of  electr icity 
have been discussed in polit ical 
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Figure 2. Comparison of the ionizing radiation emitted over the life cycle of 
various electricity generation sources.
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Figure 3. Comparison of water depletion and marine eutrophication by 
various electricity generation sources.

Figure 1. Comparison of air pollutant emissions of electricity produced 
by PV, natural gas, and the UCTE mix, at power plant, relevant to climate 
change (kg CO2 eq), human toxicity (kg 1.4 dichlorobenzene (DB)), reactive 
organic pollutants (kg non-methane volatile organic compounds (NMVOCs)), 
and atmospheric particulate matter loading (kg of particulate matter smaller 
than ~10μm (PM10)), normalized to the impacts of hard coal electricity.
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and scientific contexts for about 20 
years. A very comprehensive, though 
finally inconsistent and incomplete, 
exercise quantifying energy-related 
externalities in Europe was done 
in the ExternE project [11], which 
continued through the NEEDS and 
CASES projects . The most recent 
(2010) set of results from the early 
methodology of ExternE estimates the 
total external costs for coal between 
2.5 and 3¢/kWh (2008$) [12]. A more 
recent (2011) appraisal of these costs, 
carried out by Epstein et al. [13] at 
Harvard’s School of Public Health, 
valued the environmental and health 
costs of coal electricity in the range of 
18–27¢/kWh (2008$). This disparity 
of a factor of ten arises out of three 
fundamental differences in the bases 
of the evaluations: 1) the value placed 
on human morbidity; 2) the adequacy 
of the medical evaluation of the health 
and environmental damage; and 3) the 
appropriate and updated valuation of 
climate change. ExternE uses a much 
lower valuation (~50%) of human 
life than Epstein, who uses the value 
of statistical life most commonly 
us e d  by  the  US Env ironment a l 
Protection Agency. ExternE also uses 
outdated estimates of health and 
environmental impacts. Epstein gives 
a more complete epidemiology of air 
pollution, including particulates, and 
of the toxicity of heavy metals, such 
as mercury, relying on recent medical 
studies. 

Finally, ExternE and its successors 
put an incredibly low value on the 
impact of climate change: an effective 
social cost of carbon of €2/tonne CO2 

[11]. The idea behind putting a price 
on CO2 emissions was to stimulate 
industry and utilities to invest in clean 
electricity. When the price of CO2 
plummeted to €4/tonne last year, E.on 
CEO Johannes Teyssen proclaimed 
that the CO2 market was a failure 
[13]. At this price, coal power plants 
are the most competitive, and even 
gas power plants can no longer stay 
in business [14]. E.on has also called 

for a minimum CO2 price to be set, so 
that the market can begin to function 
as intended. The absolute minimum 
carbon price is considered to be about 
€20/tonne, as evidenced by the UK’s 
carbon ‘f loor’ price, the minimum 
CO2 price set by the UK government 
in April 2013, with the plan that it will 
go up to €35/tonne by 2020 [15,16]. 
For the social cost of carbon, Epstein 
[13] uses values of US$30/tonne (€23/
tonne) or US$100/tonne (€78/tonne)  
(low and high in Table 2).

Before 2006, external cost studies 
of electricity did not take into account 
the magnitude of the costs of climate 
change. Then Nicolas Stern [17] 
changed that with his report stating 
that, if no action is taken, climate 
change will cost annually between 
5–20% of the global GDP. A 2011 study, 
based on the social cost of carbon 
in Stern’s work (US$85/tonne CO2), 
estimated the cost of the impact of 
global greenhouse gas emissions to be 
US$4.5 trillion in 2008 (8% of GDP), 
with an expected rise to US$28.6 trillion 
in 2050 [18].

“Climate change is 

contributing to the frequency 

and magnitude of extreme 

weather events, causing the 

losses from these events to 

steadily grow.” 

A val idat ion of  the increased 
valuation of climate change costs is the 
observation by the insurance industry 
in recent years that climate change 
is contributing to the frequency and 
magnitude of extreme weather events, 
causing the losses from these events to 
steadily grow. In 2012 the ten costliest 
natura l  cata strophes  worldwide 
amounted to US$131bn in losses [19]. 
Total losses from natural catastrophes 
worldwide are approaching US$1 
trillion annually, as contrasted with 
a norm 30 years ago of less than 
US$400bn/year [14]. The IPCC states 
in a 2012 report [20]: “Loss estimates 

        Coal [¢/kWh] % impact of PV        PV/coal [¢/kWh] 
Category Low High  Low High

Climate change 3.15 10.55 3.8 0.12 0.40

Human toxicity 4.69 6.08 5 0.23 0.30

NMVOC+PM+SO2 9.31 9.31 6.9 0.64 0.64

Land+AML 0.45 0.61 15 0.07 0.09

Coal transport 0.09 0.09 5 0.00 0.00

Total  17.69 26.64   1.07 1.44

Table 2. Monetarization of the environmental and health impact of 1kWh of electricity from coal compared with 1kWh 
of electricity from a PV module manufactured with 100% coal electricity, as per Epstein et al. [13]. Categories include: 
non-methane volatile organic compounds (NMVOCs) + particulate matter (PM) + sulphur oxide emissions (SO2), and 
land transformation + abandoned mine lands (AML).
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are lower bound estimates because 
many impacts, such as loss of human 
lives, cultural heritage, and ecosystem 
services, are difficult to value and 
monetarize, and thus they are poorly 
reflected in estimates of losses. Impacts 
on the informal or undocumented 
economy as well as indirect economic 
effects can be very important in some 
areas and sectors, but are generally not 
counted in reported estimates of losses.” 
The estimate of roughly half a trillion 
dollars for the cost of extreme weather 
reveals that the order of magnitude for 
the costs of climate change must be at 
least in the trillions of dollars annually, 
which is consistent with Epstein et al., 
but not with the earlier methodology. 

 The methodology for costing damages 
from global warming is still evolving 
but the trend clearly indicates that 
climate change is much more expensive 
than originally thought .  Indeed, 
insurers are currently re-evaluating 
their risk and business models in order 
to accommodate the new ‘normal’ of 
climate change events [21]. 

By using the methodology of Epstein 
et al., the external environmental 
and health costs can be estimated 
for PV manufactured with 100% coal 
electricity. Because the lion’s share 
of the environmental impact of PV is 
associated with the electricity used to 
produce it, it is more consistent to 
compare 1kWh of electricity generated 
from PV manufactured using 100% 
coal electricity with 1kWh of electricity 
generated from coal.

 Epstein et al. [13] assign monetary 
values (¢/kWh) for each impact category 
associated with the life cycle of coal, 
summarized here in the 'coal' columns 
of Table 2. The relative impact of PV ('% 
impact of PV' in Table 2) is taken from 
the environmental indicators for PV as a 
percentage of those for coal, as reported 
in Figs. 1-4. If the monetarization of 
Epstein et al. [13] is used, an estimate of 
the external environmental and health 
costs for a PV module manufactured 
exclusively with 100% coal electricity 
may be determined. This leads to an 
estimate of less than 1.5¢/kWh for the 
environmental costs for a PV module 
manufactured with 100% coal electricity, 
compared with 18–27¢/kWh for 
electricity generated from coal (2008$). 

Subsidies
 As pointed out by Chang [22]: 
“Virtually all of today’s rich countries 
used protectionism and subsidies 
to promote their infant industries 
… The computer, semiconductors, 
aircraft, internet and biotechnology 
industries have all been developed 
thanks to subsidized R&D from the US 
government.” The energy sector, in both 

the USA and Europe, is no exception. It 
is important to look at subsidies across 
the energy sector to put into context 
subsidies for renewable energy sources 
in general, and for PV in particular. 

The IMF estimates that subsidies for 
fossil fuels took US$1.9 trillion out of 
the global economy in 2011, or 2.5% 
of global GDP, on an annual basis [23]. 
The figure for directly subsidizing 
fossil fuel use in 2011 was US$523bn 
(or ~25% of the total), compared with 
US$88bn subsidies for all renewable 
energy sources [24]. The other ~75% is 
attributable to the accompanying costs of 
environmental, health and infrastructure 
damages paid by taxpayer money (Fig. 5).

One example of a national renewable 
energy source subsidy is the feed-in tariff 
associated with the German Renewable 
Energy Law (EEG), which stimulated the 
growth of PV installations so that in 2012 
PV generated 5% of German electricity. 
The feed-in tariff is funded by electricity 
users (but not large industrial electricity 
users) through a surcharge that appears 
on their electricity bills. The proceeds 
go to renewable electricity ‘producers’, 
the majority of whom are residential 
customers. From its inception, the 
feed-in tariff was designed so that the 
assistance would taper off to zero as the 

feed-in tariff converged to the market 
price of electricity as a function of the 
market growth in renewable energy. Fig. 
6 gives an overview of the subsidies paid 
out by the German government from 
1970 to 2012 [25].

The contribution that German 
electricity users pay to subsidize 
renewable energy rose from 3.592ct/
kWh in 2012 to 5.277ct/kWh in 2013, 
constituting an increase of 46.9%. For 
an average household (3,500kWh/yr), 
electricity customers are paying about 
€185 total (or €84/person) during 2013, 
to finance a cleaner society and a new 
business sector with the associated jobs 
[26]. According to Claudia Kemfert, the 
Director of the Energy, Transportation 
and Environment Unit at the German 
Institute for Economic Research in 
Berlin, the cost of renewable energy 
is really quite small, i.e. about 2.3% of 
the average household’s consumption 
expenditure – a lot less than the high 
prices of gasoline and heating, since the 
price of fossil fuels has been rising and 
will continue to rise [27].

Federal  Environment Minister  
Peter Altmaier (Christian Democratic 
Union) and Federal Economics Minister 
Philipp Rösler (Free Democratic 
Party) have brought attention to the 
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Figure 5. IMF statistics of annual global energy subsidies. The direct fossil 
fuel subsidies are concentrated in developing countries, while the indirect 
fossil fuel subsidies are predominately in the developed countries [19]. 

Figure 6. German government subsidies 1970–2012 in €bn (real) [21].
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idea that the costs for the renewable 
energy transition are too high, and 
that renewable installations need to be 
slowed down significantly or stopped 
[28]. Altmaier has alarmed audiences 
with the claim that the energy transition 
will cost €1 trillion. However, economic 
analyses that take into consideration 
the cost of avoided fossil fuel imports, 
and avoided environmental damage 
among other related effects, do not 
substantiate the idea that renewable 
electricity is more expensive than fossil 
fuel electricity [29]. 

The main costs and benefits of the 
energy transition can be identified 
by looking at an economic analysis of 
the renewable energy expenditures 
for 2011, as shown in Fig. 7 [30]. In 
2011 Germans paid, via the Renewable 
Energy Law, €11bn to install new 
renewable energy systems. For this 
price they received almost €60bn in 
economic and environmental benefits; 
in addition, 14,200 jobs were created 
in 2011, bringing the renewable energy 
employment to a total of 381,600 direct 
and indirect jobs (Fig. 7) [26]. 

Fuel imports and energy security
The political and economic potential 
risks and uncertainties of importing 
fossil fuels from outside Europe are 
continuously assessed in order to 
determine the security of Europe’s 
energy supply (Fig. 8) [31]. A recent 
working paper of  the European 
Commiss ion d iscusses  Europ e ’s 
deteriorating security of energy supply 
[32]. “The EU currently imports more 
than 50% of its energy: more than 80% 
of the oil and more than 60% of the gas. 
If the current trends continue, import 
levels could reach more than 70% of 
the EU overall energy needs by 2030” 

[28]. The increased share of renewable 
energy will take some demand pressure 
off the fossil fuel supply, slowing down 
price escalation and increasing the EU’s 
energy independence. 

Compared with conventional energy, 
renewable energy is more economically 
and politically secure because fuel 
imports and dependencies are avoided, 
and the associated money does not 
leave the borders of the country. 
Furthermore, renewable deployment is 
associated with net job creation [33] – 
a stabilizing economic factor. Available 
studies show that job creation associated 
with renewable energy deployment is 
significant and occurs along the entire 
value chain, e.g. in manufacturing, 
sales, engineering, installation and 
administration. This means that 
countries which do not manufacture 
renewable energy products will still have 
a net job increase in the downstream 
parts of the value chain. 

“Compared with conventional 

energy, renewable energy 

is more economically and 

politically secure.”
The costs that German society paid 
in 2011 through the EEG surcharge 
(€10.9bn) are almost balanced by the 
savings on fossil fuel imports alone 
(€7.1bn). The presence of renewable 
energy in the energy market brings 
down the cost of peak electricity (the 
merit order effect (€4.6bn)). Just these 
two factors more than offset the costs, 
and there is still a list of other benefits 
on top of that. Consequently, the net 
economic results of subsidies, fossil 

fuel imports and energy security are net 
external benefits. 

Costs for grid expansion, control and 
balancing
In Fig . 7 (relating to the case of 
renewable energies in Germany in 
2011), the costs for renewable energy 
(€10.9bn) include the direct renewable 
energ y  system cost s  (€10 .6bn) , 
electricity transaction costs (€0.3bn, 
or ~3% of the total costs) and the 
costs for control and balancing as well 
as grid expansion (most PV systems 
are connected to the low or medium 
voltage grid and do not require the 
kinds of additional transmission line 
that offshore wind requires).

Al lo cat ing  the  cost s  for  g r id 
expansion to PV, and to renewable 
e n e r g y  s o u r c e s  i n  g e n e r a l ,  i s 
complicated by several  dif ferent 
factors. The ten-year plan of ENTSOE 
[34]  sets  out  an ambit ious and 
expensive blueprint for transforming 
Europe’s transmission grid. The three 
motivations that it addresses are: 1) 
security of supply; 2) renewable energy 
integration; and 3) internal market 
integration, with the latter deemed the 
most important [34]. The security of 
supply aspect also relates to necessary 
upgrades to the ageing infrastructure, 
which were not performed over the 
past decades [35]. As there is little 
incentive in the liberalized energy 
market for investment in the common 
energy infrastructure, an investment 
shor t fa l l  has  accumulate d.  The 
current need for investment in the 
electricity grid infrastructure because 
of insufficient investment in the past 
should not automatically be allocated 
to new electricity generators. Indeed, 
transparent and detailed information 
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Figure 7. Economic analysis of the costs and benefits of the Renewable Energy Law in 2011, carried out by the German 
Federal Ministry for the Environment, Nature Conservation and Nuclear Safety. In 2011 14,200 more jobs were 
created, bringing the total number of renewable energy jobs to 381,600.
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over what costs are really necessary in 
terms of infrastructure should be put 
out in the public domain. Furthermore, 
this information should be separated 
from the costs for a market structure 
whose benefit to customers is debatable.

E N TS O E ’s  d e v e l o p m e nt  p l a n 
currently allocates more than 60% of 
the investments to internal market 
integration in accordance with, and 
building on, the current energy market 
design [31]. However, the energy market 
is currently designed for conventional 
generators, and is against f lexible 
renewable generators [36]. Considering 
that the energy market will need to 
evolve with the inevitable increase of 
renewables, the large investment in this 
energy market design should not be 
accepted without question. 

Questions have been raised about 
the costs (which include the costs for 
balancing and reserve capacities) for 
assuring the reliability of integrating 
large amounts of renewables. Recent 
studies [37,38] demonstrate that 
the same high level of reliability as 
at present can be achieved on an 
hourly basis throughout the year, 
for the estimated electricity demand 
for the year 2050, with more than 
50% renewable generation (TWh); 
this ‘transition’ scenario would offer 
savings of US$83bn over 40 years 
compared with the ‘business as usual’ 
(BAU) scenario. Those studies also 
demonstrate that the idea that ‘every 
MW of renewable capacity requires a 
MW of fossil fuel generation capacity 
to back it up’ is a misconception. The 
transition scenario requires 20% extra 
capacity, whereas 30% extra capacity is 
required by the BAU scenario.

The US National Renewable Energy 
Laboratory (NREL) has also produced 
a study which shows that balanced 
electricity from 80% renewables is 
feasible for the USA in 2050 [39]. 
The cost was found to be comparable 
to other possible energy scenarios 
(including combinations of renewable, 
nuclear and low-emission fossil fuels).

The experiences of system operators 
such as the Xcel Energy subsidiary 
Public Service Company of Colorado 
(PSCo) and the Electric Reliability 
Council of Texas (ERCOT) are also 
relevant. PSCo has had well over 50% 
wind at times, and ERCOT has over 
10GW wind. ERCOT’s calculations 
for the total cost of integrating wind in 
2011 came out to about US$0.50/MWh, 
or a modest ~1.3% of the energy value 
[40]. ERCOT explains that its efficient 
dispatch of wind is a result of state-of-
the-art forecasting, five-minute dispatch 
intervals, the advantages of a large 
geographic area, and the ability to use 
‘non-spinning reserves’ to cover the risk 

of insufficient generating capacity [35]. 
‘Non-spinning reserves’ means that 
they can obtain electricity by turning on 
generation sources with a fast start-up, 
or by balancing imports and exports to 
retain more electricity to cover demand.

This kind of flexible, short-interval 
dispatch is what is necessary for low-
cost integration of large penetrations of 
renewable energy sources. In February 
2013 the California Independent System 
Operator (CAISO) and PacifiCorp (a 
utility ranging over six western states 
in the USA) signed a memorandum 
of understanding to create an energy 
imbalance market in 2014. This will 
create the sort of market structure 
for enabling flexible, short-interval 
dispatch. NREL anticipates that this 
market will save US$150–300m per 
year over current operations, as well as 
allowing low-cost integration of a high 
percentage of renewables [41,42].

Instances of high penetrations of 
renewables are increasingly occurring 
in Europe. Redes Energéticas Nacionais 
(REN), Portugal’s grid operator, reported 
that 70% of the country’s electricity was 
generated by renewable energy sources 
in the first quarter of 2013 [43].

The cost of integrating renewables 
clearly depends on the abilities of the 
system operator to operate flexibly, 
with short-interval dispatch, and to 
share reserve generation across a 
broader region. It may be that many 
system operators have to update their 
operations to rise to the inevitable 
challenge of high penetrations of 
renewables; the solutions some utilities 
and operators have found to achieve 
this apparently come with cost savings, 
rather than cost burdens. Detailed cost 
pictures for integrating renewables 
necessarily depend upon the system 
operator, and this is beyond the scope 
of this paper. However, the adaptation 
to the future electricity supply based 
on very large penetration of renewables 

appears to lie within the choice of 
business model and operations of the 
system operators. 

Renewable energy is a solution for 
mitigating the deteriorating energy 
supply, for bringing down greenhouse 
gas emissions, for avoiding the economic 
drain of importing fossil fuels from 
third countries, and for stimulating 
the creation of jobs. Integrating high 
penetrations of renewables, with the 
same reliability as we have today, appears 
to be totally feasible and within the 
cost horizons of current operations. It 
therefore does not need to be considered 
an external cost burden for distributed 
renewable generators.

Conclusions

The social, economic and environmental 
value of PV specifically, and renewable 
energy in general, is especially relevant 
today. Two indicators, one social and 
one environmental, are emblematic for 
the state of the world in 2013: income 
inequality and the atmospheric level of 
CO2. The first indicator is highlighted 
in the World Economic Forum’s 2013 
Global Risk Report. Severe income 
disparity, or inequality of wealth and 
income, is identified as one of the direst 
risks in 2013, and a symptom of the 
continued stress on the global economic 
system [44]. The OECD also recently 
published a report showing that the 
first three years of the financial crisis 
markedly increased income inequality 
worldwide: from 2007 to 2010 the 
inequality in income from work and 
capital increased as much as in the 
previous twelve years [45]. That report 
cautions that, given the current sluggish 
recovery, with less spending capability of 
the middle classes, this trend may spiral 
downwards.

The social and economic benefits 
of investing in renewable energy, and 
PV specifically, include not having 

Figure 8. EU-27 and the USA dependency on imports of coal, lignite, oil and 
gas (2011 data for Japan were not available).
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to send increasing sums of money for 
fossil fuels to third countries, which 
increases energy security and creates 
jobs and renewable energy products 
and markets, as well as lower wholesale 
electricity prices. The costs paid in 
2011 by German society through the 
EEG surcharge (€10.9bn) are almost 
balanced by the savings on fossil fuel 
imports alone (€7.1bn). The presence 
of renewable energy in the energy 
market brings down the cost of peak 
electricity on account of the merit order 
effect (€4.6bn). These two factors alone 
more than offset the costs, and there 
is additionally a list of other benefits 
on top of that. The combination of 
subsidies, avoided fossil fuel imports 
and energy security therefore results in 
net external benefits.

“Switching to renewable 

energy sources is the single 

most effective measure that 

can be taken to slow the 

acceleration of CO2 levels in 

the atmosphere.” 
Th e  s e co n d  i n d i c a t o r  –  t h e  

atmospheric level of CO2 – has just 
passed the 400ppm mark; CO2 added 
to the atmosphere and oceans stays 
around for thousands of years. Thus 
climate changes forced by CO2 depend 
primarily on cumulative emissions, 
making it progressively more and more 
difficult to avoid further substantial 
climate change [46]. Switching to 
renewable energy sources is the single 
most effective measure that can be 
taken to slow the acceleration of CO2 

levels in the atmosphere. As Ralph 
Keeling [43], from the Scripps Institute 
of Oceanography, says: “It mainly 
comes down to how much we continue 
to rely on fossil fuels for energy.” PV 
electricity contributes 96–98% less 
greenhouse gases than electricity 
from 100% coal, and 92–96% less 
compared with the European electricity 
mix. Furthermore, compared with 
coal electricity, PV electricity over 
its lifetime uses 89–86% less water, 
occupies or transforms over 80% less 
land, and presents ~95% lower toxicity 
to humans; it also contributes 92–97% 
less to terrestrial acidification and 
97–98% less to marine eutrophication. 
The economic consequences are 
expressed as the environmental and 
health external costs, which, for a PV 
module manufactured with 100% coal 
electricity, is 1–1.5¢/kWh compared 
with 18–27¢/kWh for electricity 
from coal (2008$). In 2012$, coal 

electricity requires an extra 19–29¢/
kWh, compared with 1–1.6¢/kWh 
for PV manufactured with 100% coal 
electricity. For households this is yet 
another economic burden that may be 
avoided by using renewable electricity.

The  f ina l  re s er v at ions  ab out 
integrating high amounts of renewable 
energy into the grid appear to be 
resolvable, as more and more evidence 
mounts showing that it is indeed 
feasible to do so. Integrating high 
penetrations of renewables, with the 
same reliability as we have today, 
appears to be totally feasible and within 
the cost horizons of current operations 
of the system operators. It therefore 
does not need to be considered an 
external cost burden for distributed 
renewable generators. If the goal of 
policymakers is to improve the health 
and welfare of society, then they need 
not hesitate in supporting PV and other 
renewable energy sources.
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Suntech’s Chinese suppliers ISRA Vision 
cites signs of solar business recovery in 
upstream sector

Leading machine vision systems specialist, ISRA 
Vision, has hinted at further PV equipment 
acquisitions and a whiff of recovery in equipment 
enquiries within the PV sector in reporting third 
quarter financial year results.  
Having acquired GP Solar GmbH in May, ISRA 
Vision said that it was assessing further acquisition 
targets within the PV sector as it positions itself with 
an increasingly broad product offering to capitalise 
on the next technology and capacity buy-cycle. An 
acquisition could occur this year, or in 2014, the 
company said. Its Surface Vision segment targets 
the glass manufacturing sector, which saw revenues 
increase slightly in the first three quarters to €48.0 
million. Overall, the company still expects full-year 
revenue to be in the range of €100 million.

ISRA Vision is considering buyouts following GP solar 
acquisition.
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Polysilicon

GCL-Poly blames losses on 
polysilicon price dumping; 
wafer sales up 21%

China’s largest polysilicon and solar wafer 
producer GCL-Poly said in a financial 
statement that there were only three to five 
polysilicon producers still in production 
in China, but supply appeared to be 
beginning to fall short of demand. 

GCL-Poly Energy Holdings reported 
a group loss of HK$917.3 million 
(US$118.2 million) or the first-half of 
2013, citing polysilicon price dumping 
from major overseas rivals ,  after 
recently announcing a profit warning. 

The company reported its solar 
business segment sales for the first six 
months of the year reached HK$7,647 
million (US$985.9 million) and a 
segment loss of US$184.3 million. 

GCL-Poly said it sold 8,472MT of 
polysilicon and 3,858MW of solar 
wafers in the period, a decrease of 6.0% 
for polysilicon but an increase of 21.1% 
for solar wafers.

Daqo to expand polysilicon 
production as costs targeted at 
US$14/kg 

Stabilizing polysilicon prices and recent 
technical upgrades to its polysilicon 
production facilities are behind Daqo New 
Energy’s plan to boost production in the 
second-half of the year in a bid to reach 
production costs as low as US$14/kg.

Gongda Yao, chief executive of Daqo, 
said: "In the second quarter of 2013, our 

Xinjiang polysilicon facilities continued 
to contribute positive cash flow. In 
April, we successfully conducted several 
technical improvement projects which 
reduced our production cost below 
US$16/kg, which is significantly lower 
than our original target of us$20/kg. We 
expect our Xinjiang facilities to generate 
positive operating income in the third 
quarter of 2013. We are also making 
great effort to maximize our capacity in 
Xinjiang. We plan to expand our capacity 
in Xinjiang to 6,150 MT by the end of 
2013. By achieving that, we expect that 
we can reduce our cost to the level of 
US$14/kg at that time.”

However, to achieve lower production 
costs and reduce operating losses, Daqo 
said that it was closing its polysilicon 
facility in Wanzhou it would move 
polysilicon equipment to its Xinjiang 
facilities.

The company said the relocation 
would result in impairment charges of 
US$158.4 million.

Hemlock sues GET over breach 
of polysilicon supply deal

Solar polysilicon manufacturer 
Hemlock Semiconductor has filed a 
US$737 million lawsuit against Green 
Energy Technology (GET) over an alleged 
breach of a long-term supply agreement.  

Hemlock claims GET, a Taiwan-based 
wafer manufacturer, defaulted on a down 
payment relating to a contract the two 
companies agreed in 2011 and failed to 
place orders it had committed to under 
the same deal.

According to court papers, Hemlock 
Semiconducter agreed to supply GET 

with polysilicon manufactured at its 
plant in Michigan, US, up to 2020.

In return GET agreed to pay a US$81.5 
million advance payment in installments. 
But after making its first payment, 
Hemlock alleges GET failed to make 
six subsequent monthly installments, 
amounting to US$46,047,500 – claims 
Hemlock says GET later acknowledged 
in correspondence.

Hemlock claims GET also defaulted 
on an installment in January 2013 worth 
US$16.3 million.

In addition to failing to meet its 
advance payment obligations, Hemlock 
maintains GET failed to order and pay 
for certain quantities of product it had 
agreed to purchase in 2013.

Hemlock Semiconductor is suing 
GET over supply contract breach.
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As a result Hemlock terminated 
its supply agreement with GET on 13 
August, demanding payment of all 
amounts under the contract, totalling 
US$737,235,429.17.

OCI to postpone South Korea 
polysilicon plant expansion

South Korean polysilicon manufacturer 
OCI has shelved plans to expand one of 
its production lines. 

In a regulatory filing, the company 
said it had postponed US$100 million 
plans to expand production at its Gunsan 
plant, citing ongoing uncertainties in the 
solar market. The expansion would have 
increased plant capacity by 10,000 tonnes.

Technology not materials to drive 
down Chinese solar costs: GTM

Improving technology not the falling cost 
of materials will be the dominant factor in 
the ongoing fall in costs of Chinese module 
manufacturers, according to a report by 
GTM Research. 

G T M  c l a i m s  t h a t  C h i n e s e  
manufacturers will be able to produce 
modules at a cost of US$0.36 per Watt 
by 2017 and has provided more details 
on how they could get there. 

They have already achieved a 54% 
decrease in manufacturing costs since 
2010. GTM found that the majority 
of this came from the falling cost of 
materials caused by an oversupply with 
polysilicon responsible for 54% of the 
total reductions and other materials 
contributing a further 26%.

New REC bonds incentivise 
investors on split plans 
oversubscribed

Renewable Energy Corporation (REC) 
announce d a  ne w US$110 mil l ion 
convertible bond offer and a partial 
repurchase offer of existing bonds as it 
looked to appease investors. 

The company announced in July 
that it would split its PV module 
and polysilicon production into two 
separate companies. On 13 August 
REC announced the new US$110 
million convertible bond offer was 
oversubscribed and is now closed. 

REC has been given 57% anti-
dumping tariff by Chinese authorities, 
the largest of all polysilicon producers, 
while having the lowest costs due to its 
FBR technology.

A c c o r d i n g  t o  r e s e a r c h  n o t e  
Citigroup, the company’s bondholders 
were likely to resist attempts to expose 
a new standalone REC Silicon arm to 
these tariffs. 

The company announced the new 
convertible bond loan will mature 

in 2018 and will offer the partial 
repurchase and exchange of  the 
existing 2014 convertible bond and the 
partial repurchase of the 2014, 2016 
an 2018 bond loans. The separation 
of the company is subject to the 
approval of an extraordinary general 
meeting of the company and also of its 
bondholders.

Wafers

Solargiga sales boosted by 
supply deal with Sharp

Mono c r yst a l l ine  pro duc t  suppl ier,  
Solargiga Energy Holdings, reported a 
68.9% increase in revenue for the first half 
of 2013, compared to the same quarter a 
year ago as demand from Sharp for N-type 
mono-wafers and modules increased due 
to the booming Japanese market. 

Solargiga recently signed a new 
supply agreement with Sharp, including 
370MW third-party N-type mono-
modules .  The company reported 
re venue  o f  R MB818 .94  mi l l ion 
(US$133.8 million) for the first six-
months of 2013, up 68.9% from 
RMB484.959 million in the same period 
a year ago. 

Sales to Japan continued to be 
its major revenue stream, totalling 
around US$83.6 million in the first-
half of the year, up from US$23.3 
mill ion in the f irst-half  of 2012. 
Sales of ingots/wafers to Taiwan also 
increased significantly from the same 
period a year ago, reaching US$20.5 
million, compared to US$4.6 million 
in the first-half of 2012.

Sales to Spain and Germany dropped 
significantly in the first-half of 2013, 
while wafer sales to the UK, stopped 
completely in 2012 as well as to the US.

S o l a rg i g a  s a i d  th at  i t  w o u l d 
be increasing the proportion of 
production and sales  of  N-type 
p r o d u c t s ,  c l a i m i n g  i t s  h i g h -
performance N-type wafer generated 
conversion efficiencies of 22-23%.

ReneSola posts 32.8% increase in 
sales on record shipment volume

Despite raising second quarter 2013 
shipment guidance significantly, ReneSola 
exceeded the figure and reported record 
shipment volume of wafers and modules 
totalling 849.3MW.

The company previously expected 
total solar wafer and module shipments 
to be in the range of 760MW to 770MW, 
compared to its previously guided range 
of between 700MW to 720MW. ReneSola 
guided third quarter solar wafer and 
module shipments to be in the same range 
as originally expected for the second 
quarter of 730MW to 750MW. 

The company reported net revenues in 
the second quarter of US$377.4 million, 
an increase of 32.8% from US$284.2 
million in the prior quarter. 

However, ReneSola guided revenue for 
the third quarter of 2013 to be in the range 
of US$360 million to US$380 million with 
a gross margin in the range of 7% to 9%, 
slightly higher than the 7.3% gross margin 
reported for the second quarter of 2013. 

As a result of the increased sales and 
shipments in the second quarter, the 
company reiterated its recently revised 
shipment forecast to be between 2.8GW to 
3.0GW, compared to its previously guided 
range of 2.7GW to 2.9GW.

Silicor secures new funding to 
fuel growth

Solar silicon provider Silicor has announced 
that it has secured new investment as it looks 
to expand its manufacturing operations. 

REC has announced a US$110 million to appease investors as it plans to split.
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ReneSola posts 32.8% increase in 
sales on record shipment volume.
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The company has raised US$6 
million from existing investor Hudson 
Clean Energ y  Par tners  and has 
appointed the asset management and 
investment firm Robert W. Baird to 
help raise additional capital. 

Silicor is currently in advanced 
development work at several sites for a 
new solar silicon manufacturing plant 
capable of producing 16,000 tonnes 
annually. 

The company claims i t  is  the 
lowest-cost producer of high-quality 
solar silicon and expects increasing 
demand for its products as cell, wafer 
and module manufacturers look to 
continue lowering costs.

SunEdison’s polysilicon and 
wafer operations made loss in 
first half of 2013

SunEdison plans to spin-off and IPO its 
polysilicon and wafer operations, which 
could net the company around US$250 
million.

H o w e v e r,  i n  a n  S E C  f i l i n g ,  
SunEdison revealed that its SunEdison 
Semiconductor Inc division, including its 
polysilicon and wafer operations, made a 
first-half year loss of US$21.4 million on 
net sales of US$471.3 million. 

Revenue for the full year 2012 was 
US$927.4 million, down from US$1.05 
billion in 2011. In a separate SEC 

filing the same day, SunEdison said 
that its cancelled silicon tetrachloride 
( TC S )  s u p p l y  a g r e e m e n t  w i t h  
Evonik Industries for its shuttered 
semiconductor polysilicon plant in 
Italy will now result in a €7.68 million 
penalty charge to be paid to Evonik. 

The IPO proceeds are expected to 
be used for building PV power plants, 
while its SunEdison Semiconductor 
spin-off will use a range of banks for 
credit facilities.

The company later said its project 
pipeline remained strong, it expected 
total project completions in 2013 to be 
between 75-105MW. 

Metallization pastes

DEK Solar and Yingli Green team 
on solar cell metallization R&D

Screen printing specialist, DEK Solar is 
to collaborate with leading PV module 
manufacturer, Yingli Green Energy, on 
next-generation metallization technology.

The companies held a signing 
ceremony on the 9 August . The 
collaboration will include DEK Solar 
supplying, at no cost, one of its ‘Apollo’ 
metallization lines, which will be used for 
ongoing research on silver paste usage 
and cost reductions at Yingli Green.

Applied Nanotech eyes 
efficiency record after signing 
R&D agreement

Materials IP developer Applied Nanotech 
has signed an R&D agreement with 
Sichuan Yinhe Chemical Co (YHCC) and 
thin silicon manufacturer Solexel.

YHCC has the exclusive rights to 
Applied Nanotech’s solar ink and paste 
technology and will produce the 1000 
tonnes of the materials at a new plant 
in Sichuan Province.

The deal will see the technology 
commerc ia l i s e d  in  the  ce l l s  o f 
California-based Solexel.

The company achieved a world record 
of 20.62% efficiency from a 156x156 
mm full-square solar cell using its low 
cost ultra thin epitaxial silicon film and 
porous silicon lift-off technology. Now 
the trio are eying improvement to raise 
this efficiency to 22%.

DEK Solar is to partner with Yingli 
Green team on metallization R&D.
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Product 
Reviews

Scifiniti

S cifiniti’s 'SmartWafer' technology 
reduces high purity silicon usage by 
more than 90%

Product Outline: US start-up, Scifiniti, is 
developing a low-cost ‘SmartWafer’ that is 
claimed to enhance the performance and 
significantly lower the cost of silicon-based 
products. 

Problem: To enable the continued cost 
reduction and growth of solar energy, 
the largest opportunity in the value 
chain is to dramatically decrease the 
cost of the silicon wafer. SmartWafer has 
been engineered specifically for solar 
cell manufacturing, unlike traditional 
wafers that have been adapted from the 
semiconductor industry.  

Solution: SmartWafer uses a thin, deposited, 
high-quality silicon layer on a conductive 
substrate, offering the same form-factor 
as a standard wafer and enabling a 'drop-in' 
replacement. Cell and module manufacturers 
can use the SmartWafer without any changes 
to existing processes or purchase new 
capital equipment. The company estimates 
that high purity silicon usage is reduced 
by more than 90% and provide improved 
yields from reduced wafer breakage rates 
when compared to conventional wafers. 
The wafers comprise a 30 micrometer high-
quality multicrystalline silicon active layer, on 
top of a 170 micrometer low cost substrate 
for mechanical support. Scifiniti notes that a 
silicon layer of 30 to 50 microns with effective 
light trapping has the same conversion 
efficiency as a conventional wafer of 160-180 
microns.

Applications: : Solar-grade wafers. 

Platform: SmartWafers comprise a 30 
micron, high-quality multicrystalline 
silicon active layer. Along with the 
SmartWafer, Scifiniti has developed a 
number of new technologies, including 
an inline continuous deposition system, a 
crystallization system and advanced semi-
grade ceramic processes.

Availability: Sampling only. 

Product Reviews 
Linde Gases

Linde and LiSEC team to provide anti-
reflection glass coating technology to 
boost module performace

Product Outline: Linde Gases, a division 
of the Linde Group, has developed the 
‘S-COAT,’ claimed to be a cost effective 
anti-reflection (AR) coating technology 
which s ig nif icantly  increa ses  l ight 
transmission values and resultant energy 
yields of PV modules.

Problem: Solar module manufacturers 
are under pressure to optimize costs. 
An economical solution for effectively 
improving energy yields without changing 
solar cell processes provides significant 
advantages from both a capital and 
operating expenditure viewpoint, as 
compared to competing technologies. 

S o l u t i o n :  To g e t h e r  w i t h  L i S E C ,  
an Austrian based global  company 
specializing in glass processing lines, 
Linde Gases Division has developed the 
new anti-reflection solar glass coating 
technology to deliver light transmission 
gains of around 3% on average – and up 
to 3.5% in peak conditions – as compared 
to identical glass substrates without such 
a coating. The patented coating process 
involves applying a specially developed 
water-based chemical mixture onto the 
glass surface using an inert gas spraying 
technology, and results in a glass surface 
finish of controlled porosity, maximising 
light transmission.

Applications: Anti-reflection coating for 
solar glass. 

Platform: S-COAT can be installed into 
existing glass processing lines and operates 
at speeds up to 15 metres per minute, 
meaning no loss to productivity. After 
the coating is applied, the glass sheets are 
tempered to create a highly damage and 
wear resistant finish for the solar module. 

Availability: Currently available.

ISRA

ISRA Vision's SOLARSCAN-MICRO-D 
provides inline wafer crack detection

P r o d u c t  O u t l i n e :  I S R A  Vi s i o n' s 
SOLARSCAN-MICRO-D is a non-contact 
inline on-the-fly inspection system for the 
detection of micro-cracks in processed 
solar cells. The wafer segment accounts for 
about 60% of the total module processing 
costs incurred, therefore error-free 
production quality lowers cost.

Problem: The biggest challenge in PV 
production is the detection of defects 
within wafers. These so-called micro- 
cracks can occur in every production step 
and increase breakage rates dramatically. 
Shipment of wafers, handling during 
processing and processing itself can trigger 
cracks or micro- cracks in wafers and cells.

Solution: The inspection solutions offered 
by GP Solar a subsidiary of ISRA Vision 
detect defects in as-cut wafers, rear side 
prints as well as in finished solar cells and 
reduce production downtime and eliminate 
breakage sources. Most of the damaged 
material can be sorted out by means of 
optical systems. Micro cracks within finished 
solar cells, however, cannot be detected with 
standard systems. For this application the 
system SOLARSCAN-MICRO-D provides 
a solution. It is a non-contact inline on-the-fly 
inspection system for the detection of micro 
cracks in processed solar cells. Its innovative 
technology works independent from grain 
boundaries, variations of electronic material 
properties. As a result it delivers exact 
information on the position, shape and size 
of the cracks.

Applications: Micro crack detection of 
defects hidden within the bulk of the wafer.

Platform: The MIC RO-D extends 
the range of applications as it can also 
handle the incoming control for module 
manufacturers. In addition, a stand-alone 
system for grading cells by quality is already 
available with the ‘TEST-UNIT’ tool.

Availability: Currently available. 
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Introduction
Although soldering is currently the 
standard interconnection technology for 
crystalline solar module manufacturing 
because of its relatively low cost and 
proven long-term reliability, electrically 
conductive adhesives (ECAs) have 
gained increasing attention as an 
alternative [1]. On the one hand, 
ECA is a lead-free and f lux-free 
technology, and an adhesive can be 
processed at lower temperatures 
(120–180°C), which therefore imposes 
less thermomechanical stress on the 
cells than soldering. Moreover, ECA is 
usually a flexible and compliant material 
that can absorb and reduce mechanical 
stress caused by the different thermal 
expansion coefficients of the module 
components.

“ECA is a lead-free and flux-

free technology.”

On the other hand, the cost of ECA 
is an important concern because of the 
high silver content in the glues that is 
still necessary for achieving a reasonable 
electrical performance. However, ECA 
manufacturers are currently making 
significant progress in driving down 
costs of the material, and in increasing 
mechanical strength while maintaining 
reliability. Although it has been shown by 
many other researchers and producers 
that modules fabricated with ECA can 
withstand IEC certification tests [2–4], 
there are still open questions regarding 
the long-term stability and degradation 
mechanisms of the material. The cost 
and the lack of long-term experience of 
ECA are the key factors that still limit its 
wider use in module manufacturing.

Despite these concerns, ECA is a key 
technology for emerging new high-
efficiency cell concepts. The most 
prominent example is the metal-wrap-
through (MWT) solar cell together 
with the module integration based on 
conductive backsheets [5]. MWT solar 
cells have both contacts on the rear 
side, so the busbars on the sunny side 
can be omitted, increasing efficiency 
and reducing material consumption. 
For the interconnection of the cells, 
the backsheet of the module contains 
a structured metal layer, comparable 
to a circuit board in microelectronics, 
where the cells are glued with ECA. 
The glue is cured together with the 
cross-linking of the encapsulation 
material during a standard lamination 
process.

A n o t h e r  h i g h - p e r f o r m a n c e 
concept comes from Sanyo, which 
was the first company to industrialize 
crystalline heterojunction solar cells 
and modules. The efficiency of these 
high-performance cells exceeds 20% 
[6]. Since they contain temperature-
sensitive layers such as amorphous 
silicon and a transparent conductive 
oxide, the use of ECA is one possible 
so lut ion for  a  low- temp erature 
interconnection [7].

ECA can also be used as a substitute 
for the front-side busbar [8]. The 
busbars are omitted in the screen-
printing process during solar cell 
fabrication, and a standard ribbon is 
directly glued to the grid during the 
interconnection process in the module 
fab. Eliminating the screen-printed 
busbar has the advantage of improved 
efficiency because of better passivation 
of the front side, but most importantly 
saves roughly 40% of the front-side 
silver paste.

This  paper  wi l l  beg in with a 
brief overview of the fundamental 
principles of conductive adhesives. A 
selection of relevant characterization 
techniques will then be discussed. In 
the last section the focus will be on 
the cure kinetics of ECA; a modelling 
approach will be demonstrated, along 
with a presentation of the results of a 
simulation.

Fundamentals of conductive 
adhesives

Components: polymers and filler
ECAs are basically polymers that are 
filled with electrically conductive 
particles. ECAs are usually viscous 
pastes of monomers or pre-polymers 
that cross-link when they are exposed 
to heat to form a solid polymer. 
The adhesives are applied to the 
components by printing or dispensing 
techniques, and the curing is carried 
out by using furnaces, heating plates, 
thermodes or infrared lamps.

“ECAs are basically polymers 

that are filled with electrically 

conductive particles.”
The polymer matr i x  prov ides 

cohesion (internal strength) of the 
material and adhesion to the surfaces 
to be bonded. Interestingly,  the 
fundamentals of adhesion are still a 
field of debate. Many theories exist, 
such as chemical bonding, physical 
interlocking, diffusion and physical 
adsorption (especially by Van der Waals 
forces), with the latter being the most 
widely accepted [9,10].

Electrically conductive adhesives: An 
emerging interconnection technology 
for high-efficiency solar modules
Torsten Geipel & Ulrich Eitner, Fraunhofer Institute for Solar Energy Systems ISE, Freiburg, Germany

ABSTRACT

Electrically conductive adhesives (ECAs) are an alternative interconnection technology especially suited to 
high-efficiency cell concepts with new contact structures. This paper describes the basic principles of this 
emerging interconnection technology and discusses the different material types on the market. Mechanical 
and electrical characterization methods for conductive adhesives are also presented. Results are included from 
peel tests, volume and contact resistivity measurements, metallographic investigations, dynamic mechanical 
analysis and differential scanning calorimetry. Finally, a novel simulation approach for the cure kinetics of 
ECAs and arbitrary temperature profiles is briefly described and demonstrated by an example of an epoxy 
adhesive cure.
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The filler particles inside the adhesive 
form an electrically conductive network 
once the quantity is high enough 
to reach the so-called percolation 
threshold (see Fig. 1). They can be of 
different materials and can have various 
shapes and sizes, such as spheres or 
flakes. A ‘typical’ conductive adhesive 
is based on an epoxy polymer and 
contains silver flakes with 35–40 vol% 
and a diameter of 1–10μm. Additional 
components are diluting and curing 
agents as well as lubricants [11].

 
Types of conductive adhesive
Conductive adhesives for solar cell 
applications can be distinguished in 
respect of their conduction mechanism 
(isotropic, anisotropic) or polymer base 
(epoxies, acrylates, silicones). 

Isotropic conductive adhesives
Isotropic conductive adhesives (ICAs) 
are presently the dominant type on the 
market. After curing, the conductivity 
is equally high in all directions; this is 
achieved by a large fraction of metal 
particles well above the percolation 
threshold. As one-component products 
they come pre-mixed in syringes 
of different sizes, frozen at –40°C. 
However, users also have the option to 
obtain the two components separately 
and take care of the proper mixing in 
their own fab, a process which requires 
sophisticated mixing equipment. If the 
user chooses the deep-frozen syringes, 
appropriate cooling equipment must 
be provided and the limited shelf life 
(usually six to twelve months) taken 
into account . Beyond expiration, 
particles can sink down and clog; in 
addition, the viscosity increases and 
makes the adhesives practically useless 
for automated equipment.

ICAs are relatively simple to process 
using printing or dispensing equipment 

and a curing step which does not require 
additional bonding pressure except from 
the fixation of the component or ribbon 
to the contact pad.

Anisotropic conductive adhesives
The characteristic of anisotropic 
conductive adhesives (ACAs) is that the 
current flows in one direction. Since 
only 0.5–5 vol% conductive particles 
are needed, this type of adhesive has 
considerable cost-saving potential.

Prominent ACAs come as conductive 
tapes, but paste-type products are also 
available. Tapes have the advantage 
of being clean in their application. 
However, they require special bonding 
conditions, usually at temperatures 
of 180°C with simultaneous pressure 
application of 2MPa for 10 sec [12], 
which may not only limit throughput but 
also cancel out the advantage of being a 
low-stress interconnection technology.

Solder-filled adhesives can also be 
put into this category [13]. They have 
the potential to be completely silver-free 
and almost compatible with existing 
module manufacturing equipment, 
for example a stringer used at low 
temperatures as a first curing step 
and a laminator for a final cure. Of 
course, modifications to the stringer 
are necessary in order to allow it to 
dispense or print the adhesive.

Epoxies
The characteristic feature of the cure 
reaction of epoxies is a polyaddition of 
components A (resin) and B (hardener) 
to a solid polymer. This is the most 
common polymer base for ECAs.

The curing time of epoxy-based 
ECAs ranges from 1.5 min to 10 min 
at 150°C. In the authors’ experience, in 
tests the peel strength of the fully cured 
material is in the range of 0.2–1N/
mm. Epoxies have stable properties at 

temperatures of up to 180–200°C and 
have a relatively high resistance to water 
and chemical attacks [14]. 

Acrylates
Acr ylates  a s  monomers  have  a 
particular chemical structure in that 
there exists a carbon–carbon double 
bond. This bond is cleaved by radicals 
during the cure reaction, resulting in 
the creation of new valences where the 
same kind of monomers can join and 
form the polymer network. Since only 
one kind of monomer is involved, the 
reaction is called polymerization.

The cure time at 150°C takes just a 
few seconds, which makes this polymer 
base an ideal candidate for solder 
replacement from a process point 
of view. However, acrylates are less 
temperature resistant, with a limitation 
of about 100°C [9].

Silicones
Silicones contain si l icon–oxygen 
bonds instead of carbon chains. They 
are categorized as polycondensation 
adhesives, although silicones exist that 
can also be formed without the creation 
of a by-product. 

At 150°C the cure time of silicones 
is  in  the  range of  10–15 min, 
demonstrating a good compatibility with 
standard lamination times. Silicones 
have outstanding temperature stability, 
displaying high elasticity in a wide 
temperature range of at least –40°C to 
200°C. Resistance to environmental 
attacks is claimed to be high [14].

Material characterization

Numerous methods are available 
for the mechanical and electrical 
characterization of conductive adhesives 
[15–17]. The focus here will be on the 
following methods: peel test, volume 
and contact resistance, metallography 
and dynamic mechanical analysis. For 
studying the cure reaction, the modelling 
procedure is based on differential 
scanning calorimetry experiments.

Peel test
Quality control incorporating the peel 
test for solar cell interconnections was 
reported by Wirth [18] in 2010. The 
foundation of the peel test is DIN EN 
50461 [19]; the test was performed at a 
constant speed of 1mm/s and an angle 
of 90 degrees. 

“A major concern is the 

typically low peel strength 

of conductive adhesives 

compared with soldering.”

component

interconnector

filler particle

polymer matrix

conductive path

Figure 1. Schematic of a cross section of a conductive adhesive, showing 
how electrical paths are formed as a result of the internal contact of the 
filler particles.
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A major concern expressed by 
industry is the typically low peel 
strength of conductive adhesives 
compared with soldering. The reason 
is that peel stress is a highly localized 
stress and adhesives are polymers 
with naturally lower toughness than 
metals, resulting in lower resistance 
to peeling. Moreover, adhesives are 
highly filled with particles that cannot 
contribute to the cohesive strength 
of the adhesive layer. Nevertheless, 
some adhesives ,  such as glue A 
shown in Fig. 2, are able to achieve 
the criterion of 1N/mm. Despite the 
above-mentioned drawback, other 
mechanical characteristics of ECAs 
– for example higher compliance and 
flexibility – may be advantageous from 
a long-term perspective and should not 
be neglected.

 
Volume and contact resistivity
The volume resistance of ECAs is 
determined in accordance with MIL-
STD-883H [20]. A cured adhesive track 
of defined dimensions is prepared on a 
glass slide. The resistance is determined 
by a four-point-probe measurement. 
The volume resistivity ρv can be 
calculated using the formula:

 (1)
 
where Rv = measured resistance, w = 

width, th = thickness and l = length of 
the adhesive track.

The volume resistivity of some 
conductive adhesives is given in Fig. 
3; it can be seen that the difference is 
not very distinct. Epoxies A and B are 
standard isotropic adhesives with ~80 
wt% Ag-content and have the lowest 
resistance among the tested ECAs. As 
expected, a greater resistance can be 
observed for an epoxy with a low Ag 
content. The acrylate and silicone also 
have relatively high Ag contents but 
show higher resistances or stronger 
variations, which could be caused by the 
polymer base.

The contact resistivity of a conductive 
adhesive joint can be determined by 
the transfer length method (TLM) 
[21,22]. Ribbons have to be attached 
perpendicularly to the busbar at 
successively increasing distances. The 
resistance between adjacent contacts 
is determined using a four-point-
measurement and then plotted against 
the distance. The intercept of the linear 
fit to the measurements with the y-axis 
is equal to the contact resistance Rc 
multiplied by two.

The contact resistivity (or specific 
contact resistance) can be calculated by:

 (2)

where LT = transfer length and Z = 
length of the contact if a rectangular 
contact area is assumed.

Contact resistivities for three different 
glues and various ribbon coatings glued 
on the busbar can be seen in Fig. 4. 
Adhesive A is a silver-filled isotropic 
epoxy and works best on Ag finishes. 
The contact resistivity for the Ag-coated 
ribbon is even in the range of that 
corresponding to a soldered contact. 
It can be seen that using adhesive B 
on a SnAg coating leads to a contact 
resistance that is greater by an order of 
magnitude. Glue C with SnAg ribbons 
yields the highest contact resistivity. 
According to the glue manufacturer, the 
reason for this is that the ribbon material 
is not ideally suited to this type of glue.

Contact resistance is typically the 
dominant electrical loss factor for 
ECA joints and thus is of particular 
importance for modules built with 

ECA. As can be seen in Fig. 4, contact 
resistance strongly depends on surface 
metals; glue manufacturers are usually 
aware of which substrates the glue can 
be used on. In this test, initial resistance 
is lowest on Ag- and Cu-finished 
surfaces. For cost-reduction purposes 
it may seem reasonable to use bare Cu 
or Sn-coated ribbons instead of Ag, but 
those can lead to resistance increases due 
to oxidation and/or galvanic corrosion 
during outdoor exposure. Some adhesive 
manufacturers sell formulations having 
stable contact resistance on Sn and OSP-
treated Cu, which is especially important 
for the MWT conductive backsheet 
concept that uses OSP-treated Cu 
circuitry on the backsheet foil.

 Metallography
The inspection of cross sections by 
using metallographic methods gives 
an insight into the joint integrity 

Figure 2. Peel strength of conductive adhesives.

Figure 3. Volume resistivity of ECAs (error bars depict the standard 
deviation of the set of measurements).
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and the morphological structure of 
the adhesive bond. Metallographic 
preparation techniques require several 
cutting and polishing steps [23]. A 
polished cross section of a conductive 
adhesive bond of an MWT cell with a 
copper interconnector can be seen in 
Fig. 5. Important information – such as 
bond line thickness, voids, cracks and 
morphological structure of the glue – 
can be obtained using this technique.

Dynamic mechanical analysis
To study the mechanical bulk properties 
of polymers, dynamic mechanical 
analysis (DMA) can be used [24]. In 

DMA a sinusoidal force is applied to 
a bulk sample of an adhesive, and the 
resulting deformation and phase shift 
of the material are measured. The 
storage modulus E', the loss modulus 
E" and the damping factor tan δ at 
various temperatures and frequencies 
can be calculated from the response. 
The storage modulus is a measure of 
the elasticity of the material, whereas 
the loss modulus is related to the 
energy that is dissipated in the bulk 
of the material. The damping factor 
is an indicator of the material’s ability 
to lose energy through molecular 
rearrangements and internal friction.

“DMA is extremely sensitive 

to material transitions and 

therefore ideally suited to 

studying the glass transition 

of ECAs.”
DMA is extremely sensitive to 

material transitions and therefore 
ideally suited to studying the glass 
transition of ECAs. Figs. 6 and 7 show 
the DMA data for two different ECAs 
measured in tension mode at 1Hz. 
The glass transition temperature Tg, 
determined here as the peak of the 
tan δ curve, is considerably different 
for both adhesives: while the Tg of 
adhesive A is 31°C, for adhesive B it 
is 113°C. This means that adhesive 
A can be either soft (E' < 1000MPa) 
or rigid, depending on the operating 
temperature of the module. Adhesive B, 
however, will always be rigid within the 
relevant temperature range. This may 
give rise to concern about the reliability 
of the module when the mechanical 
properties are changing according to 
the temperature conditions.

Cure kinetics

Curing is an exothermal reaction, and 
in order to obtain kinetic information 
about the conductive adhesive the 
generated heat can be measured using 
differential scanning calorimetry (DSC) 
[25]. This method is used in polymer 
science primarily for investigating phase 
transitions, such as melting point, glass 
transition and crystallization. 

The partial  heat Qp( t)  can be 
determined by partially integrating the 
heat flow, as measured by DSC, over 
time t. If this is then divided by the total 
generated heat Qt, information about 
the degree of cure α over time can be 
obtained:

 (3)

Around 15mg of a typical isotropic 
silver-filled epoxy was dispensed into 
sample pans made of aluminium, which 
were then hermetically sealed. Sample 
and reference were quickly brought 
to an isothermal temperature and held 
until the reaction was finished. Fig. 8 
shows α(t) curves for various constant 
temperatures. It takes eight minutes to 
fully cure the adhesive at 120°C, but the 
reaction can be speeded up to under a 
minute if 170°C is used instead. The large 
process window and flexibility in curing 
conditions of most adhesives is one of 
the major advantages of this technology.

Si wafer

Ag contact pad

ECA

thickness 75 μm

Cu interconnector

void

Figure 5. Cross section (500× magnification) of a conductive adhesive bond 
prepared with metallographic methods. A narrow void is visible between 
the ECA and the contact pad.

Figure 4. Contact resistivities for conductive adhesives on different ribbon 
coatings and front-side busbar (error bars depict the standard deviation of 
the set of measurements).
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“The large process window 

and flexibility in curing 

conditions of most adhesives 

is one of the major advantages 

of this technology.”
 
Curing is a new process step in 

module fabrication and having control 
over it is essential in order to ensure 
reliable interconnections. A model, 
along with a simulation tool to calculate 
the cure kinetics for an epoxy ECA 
and arbitrary temperature profiles, 
has recently been developed [26,27]. 
The steps are: 1) establish the model; 
2) identify the model parameters with 
dynamic DSC measurements of the 
used ECA; and 3) solve the equations 
numerically.

The model is based on the general 
rate law, the Arrhenius relationship and 
an autocatalytic reaction model:

            (4)

where dα/dt = conversion rate, A = 
pre-exponential factor, E = activation 
energy, T = absolute temperature, α = 
degree of cure, and m, n = exponents of 
the reaction model. 

The task is to find values for the 
parameters A, E, m and n, a procedure 
for  which has  been extensively 
described by Geipel and Eitner [26]. 
Simulation results of the cure kinetics 
of a conductive epoxy, for example, 
are shown in Fig. 9. The temperature 
profile, represented as the dashed 
black line, was used as an input. The 
red curve shows the degree of cure, as 
calculated using the given temperature 
profile. The blue line corresponds to 
a simulation of an isothermal cure 
at 150°C; the blue squares on this 
curve show experimental data from 
the isothermal cure, highlighting the 
satisfactory accuracy of the model.

 If the isothermal cure is compared 
with the temperature profile cure, one 
may conclude that the latter, containing 
an extended ramp-up phase, takes 
significantly longer (7 min) than the 
former (2 min) at comparable set 
temperatures. Thus, knowing the actual 
time needed to fully cure the adhesive 
is  extremely helpful for process 
optimizations in the fab.

Conclusions

Conductive adhesives are an alternative 
interconnection technology well 
suited to high-efficiency cell concepts 
with new contact structures, while 
offering low thermomechanical stress 

Figure 6. DMA measurement of adhesive A at 1Hz.

Figure 7. DMA measurement of adhesive B at 1Hz.

Figure 8. Degree of cure of a conductive adhesive at various constant 
temperatures.
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and high f lexibility. To guarantee 
module reliability for 25+ years , 
ECAs and the involved processes 
have to be thoroughly understood 
using characterization techniques 
and methods common in PV and well 
established in polymer science.

This  a r t i c l e  ha s  d i s c u ss e d  a 
selection of mechanical and electrical 
methods for determining the relevant 
characteristics of ECAs, such as 
peel strength, volume and contact 
resistance, morphology, glass transition 
temp erature  and cure  k inet ics .  
The most important findings are 
summarized as follows.

It was shown that the peel strength 
of ECAs can reach 1N/mm; work is 
currently ongoing to further improve this.

The electrical losses of ECA bonds 
are dominated by contact resistivity, 
and particular attention must be given 
to the compatibility of the surface 
metals. Ag demonstrated the lowest 
resistivity of typically 0.01–0.1mΩcm2, 
which is in the range of that of a 
soldered contact. Cu, Sn and SnAg 
yielded significantly higher resistivities 
(> 0.1mΩcm2), and the compatibility 
with an adhesive must be investigated 
for each specific case. However, if not 
protected from moisture, all non-noble 
metals – Sn and Cu for example – 
during long-term testing are prone to 
oxidation and/or galvanic corrosion, 
which can dramatically increase the 
resistance.

By metallographic investigations it 
was observed that the most common 
filler shapes are flakes and spheres with 
a diameter of 1–10μm. Moreover, the 
existence of voids is a concern in terms 
of the adhesive bond quality having an 
impact on mechanical and electrical 
performance losses.

Additionally, DMA measurements 
w e r e  c a r r i e d  o u t  i n  o r d e r  t o  

investigate the bulk properties of 
adhesives. Wide variations in glass 
transition temperature were seen 
among the adhesives. An interesting 
question for further discourse is 
how these differences in mechanical 
characteristics with regard to the 
module’s operating temperature range 
can affect reliability. 

“ECA is a technically 

interesting, reliable and 

even cost-competitive 

interconnection technology 

for high-efficiency solar 

modules.”
Finally, a model was established and 

used to simulate the degree of cure over 
time for any given temperature profile 
for an epoxy ECA. The actual curing 
time using a specific heating device is 
usually longer than that for an ideal 
isothermal cure at a comparable set 
temperature. In the authors’ opinion, 
ECA is a technically interesting , 
reliable and even cost-competitive 
interconnection technology for high-
efficiency solar modules.
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Advantages of silicon as a 
solid state material
Silicon, although an indirect band-
gap element, has several advantages 
which have made it  the primar y 
mater ial  for  semiconductor and 
photovoltaic applications. It is made 
into a conductor by measured addition 
of a small  amount of electronic 
impurities, such as boron. It exhibits 
an acceptable (indirect) band-gap, 
carr ier  mobi l i ty,  bulk  minor i ty  
carrier lifetimes and other electronic 
properties . It grows a very stable 
native oxide, allowing the protection 
and passivation of interfaces. Silicon 
cr ystals can be grown threading 
“dislocation-free” (DF) in large sizes 
(meters in length and up to 450mm in 
diameter). The fact that single crystals 
can be grown threading DF enables 
the agglomeration of chemical and 
native point defects into specific bulk 
micro-defects not possible in materials 
possessing dislocations . Some of 
these defects can be advantageous in 
semiconductor manufacturing (oxygen 
defects used for internal/intrinsic 
gettering of process-added impurities) 
and some unwanted (oxygen clusters 
and precipitates which are physical 
recombination centers ,  reducing 
lifetime). Silicon is abundant; it is the 
second most common element in the 
Earth’s crust, bound in silicates. The 
cost of the purified raw material – 
solar or electronic grade polysilicion 
– is relatively low and can be bought 
in high purity in large volumes . 
Finally, silicon technology for solar cell 
materials benefits from over 50 years, 
sustained investment in research and 
development by the semiconductor 
silicon industry.

Monocr ystal l ine si l icon wafers 
show ver y high minority carrier 
lifetimes compared to multicrystalline 
wafers, due to the absence of grain 
boundaries, dislocations, electrical-
active decorated metals on those 
structural  defects  and excessive 
background metals ; these defects 
in multicrystalline silicon reduce 
photovoltaic conversion efficiency due 
to the many types and large density of 
carrier recombination centers. 

Advantages of n-type 
monocrystalline silicon

The champion silicon photovoltaic 
conversion efficiencies, without stacked 
multi- junctions or concentrators , 
have been demonstrated on n-type 
Heterojunction with Intrinsic Thin layer 
(HIT) and inter-digitated back contact 
(IBC) cells [1, 4, 6]. In 2013, Panasonic 
produced a record 24.7% cell conversion 
efficiency using its HIT architecture 
on a thin (98 um) cell with a surface 
area of 101.8 cm2 [2]. Panasonic’s 2013 
production cell efficiency, using a 
similar earlier generation architecture, 
has been independently estimated as 
21.6%. In 2012, Sunpower demonstrated 
24.2% using its third generation 
“Maxeon” IBC cell, and offers modules 
with up to 20% efficiency [3, 6]. An IBC 
cell must be fabricated using silicon 
wafers with a large minority carrier 
diffusion length, for all the charge 
carriers to reach the emitter, since the 
p-n junction is deliberately located at 
the rear of the cell. 

N-type silicon exhibits a stable, 
high minority carrier lifetime [6, 17]. 
Diffusion lengths of minority carriers 
(holes) in n-type silicon are much 

higher than for electrons in p-type 
silicon. N-type silicon does not exhibit 
light induced degradation seen in 
p-type silicon, allowing increased 
values of stabilized cell efficiency. 
Light induced degradation (LID) is an 
immediate, light activated reduction 
in material bulk minority carrier 
lifetime leading to lower photovoltaic 
conversion efficiency. LID has been 
shown to be a strong function of 
boron and oxygen concentration [5]; 
in p-type silicon, boron is the impurity 
deliberately added to provide electrical 
resistivity. In p-type monocrystalline 
silicon, the initial conversion efficiency 
can be reduced by 0.5-3% (relative) 
by LID, due to the boron and oxygen 
defect effect on lifetime. Since the 
reduction is to a value of lifetime set by 
the boron-oxygen defect concentration 
in the crystal, as advanced devices 
are made which allow higher initial 
l ifetimes due to reduced surface 
recombination, the decrease due to LID 
is even more evident. N-type silicon 
avoids this condition as no appreciable 
concentration of boron is present 
(oxygen concentration may be the same 
as for p-type ingot).

N-type silicon exhibits a higher 
lifetime tolerance for most common 
bulk metallic impurities (e.g., Fe) [6, 
9]. Tolerance for Co and W was also 
demonstrated. This led to an early 
expectation that n-type mono silicon 
would be relatively impervious to 
metals addition, but this is not accurate. 
Certain impurities and defects can 
decrease lifetime in n-type silicon (e.g., 
Cr). Cr can affect n-type cell efficiencies 
at concentrations as low as 1010 atoms/
cm3 [16]. Cu can also strongly reduce 
the lifetime of n-type silicon, similar 

Progress in n-type monocrystalline 
silicon for high efficiency solar cells
Joel Kearns and Bo Li, SunEdison, Inc.

ABSTRACT

Future high efficiency silicon solar cells are expected to be based on n-type monocrystalline wafers. Cell 
and module photovoltaic conversion efficiency increases are required to contribute to lower cost per watt 
peak and to reduce balance of systems cost. Past barriers to adoption of n-type silicon cells by a broad base 
of cell and module suppliers include the higher cost to manufacture a p-type emitter junction and the higher 
cost of the n-type mono silicon crystal. Technologies to reduce the cost of manufacturing the p-type emitter 
by diffusion or implantation of boron are being developed in the industry. To reduce the cost and improve 
further the quality of n-type mono silicon crystal, SunEdison has developed a continuous Czochralski (CCZ) 
crystal pulling process, based on the technology of Solaicx, acquired in 2010. This CCZ technique allows 
production of a crystal with much greater resistivity uniformity, with a lower incorporation rate of lifetime-
reducing metals impurities, and allows crystal oxygen to be selected independent of production batch size. 
CCZ is expected to reduce n-type crystal cost below that of current p-type mono crystal. 
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to its effect on p-type silicon [15] So 
n-type silicon is resistant to some 
common metals, but not all metals.

The  Inter nat ional  Te chnolog y 
Roadmap for Photovoltaics predicts 
n-type mono-crystalline material to 
reach ~10% of the total Si solar module 
market by the year 2015, and over 30% 
by 2023 [8]. This roadmap predicts a 
substantial shift from p-type to n-type 
mono-Si within the mono-Si material 
market [8]. Past barriers to adoption of 
n-type silicon cells by a broad base of 
cell and module suppliers include the 
higher cost to manufacture a p-type 
emitter junction and the higher cost 
of the n-type mono silicon crystal. 
Technologies to reduce the cost of 
manufacturing the p-type emitter by 
diffusion or implantation of boron are 
being developed in the industry [1].

Crystal growth technology 
defines the cost of the n-type 
crystal

The Czochralski (CZ) method of crystal 
pulling is used to economically produce 
large amounts of dislocation-free, 
single orientation ('mono') silicon for 
photovoltaic conversion applications. 
Most of this crystal is p-type, doped 
with boron. In the CZ method, a single 
crystal of silicon is grown by pulling a 
seed of the desired crystal orientation 
from the melt contained in a fused silica 
crucible. The CZ method is a batch 
process in that a crystal is pulled from 
a single crucible charge; the crucible is 
used once and is discarded after use. 
To increase yield per crystal growth 
operation and reduce unit crystal 
growth cost, strategies such as larger 
starting charge sizes or pulling several 
crystals sequentially from a single 
crucible after 'recharging' the melt 
with additional polysilicon, have been 
employed in high volume, large-scale 
production. However, a disadvantage 
of recharging the melt can be that 

unwanted impurities can build up in the 
residual melt between recharges, due 
to macro-segregation. These impurities 
can lead to a variety of lifetime-
reducing recombination centers that 
degrade solar cell efficiency.

The crystals are grown in the shape 
of right circular cylinders. To convert 
them to the ‘pseudo-square’ shape 
needed for solar cells, the crystals are 
cut from a circular to a roughly square 
cross section shape, and the roughly 
27% mass 'wings' of the original crystal 
are diverted as recycle silicon for future 
mono crystal growing or to cast multi-
crystalline silicon ingots. The wings 
are not directly used in making the cell 
on the wafers sliced from the crystal. 
They are recycled and offset ~27% by 
mass the need for virgin polysilicon, 
contributing to lower cost of the 
combined polysilicion plus crystal 
conversion cost.

Unique challenges of n-type 
silicon crystal

Phosphorous is used as the n-type 
cr ystal  dopant ,  just  as it  is  for 
semiconductor device processing. 
During CZ crystal growth, phase 
diagram partition segregation of 
phosphorous will lead to a wide range 
of resistivity along the crystal length 
and from wafer to wafer. Figure 1 
calculates and compares the resistivity 
distribution down the length of two 
CZ crystals both nominally targeted at 
10 ohm-cm, one crystal p-type (boron 
dopant) and the other crystal n-type 
(phosphorous dopant). While the 
ratio of seed-end resistivity to tail-end 
resistivity for a boron doped crystal will 
often be slightly less than 1.8, the ratio 
for a phosphorous doped crystal can be 
7. How detrimental this is depends on 
the base resistivity specification upper 
and lower limits for the particular 
device – that is, how much electrical 
properties are changed because of the 
value of base resistivity. Since there 
is always some error in the dopant 
concentration produced in the crystal 
– from measurement error of the 
dopant or polysilicon amount, variation 
in the crucible shape from suppliers, 
etc. – there is additional variation 
introduced from crystal to crystal. 
Yingli Solar reported that in high 
volume manufacturing, new necessary 
procedures had to be implemented to 
minimize the yield loss from resistivity 
non-uniformity along the length of the 
n-type crystals [18].

This large range of resistivity is 
therefore also in the ‘wings’ slabbed 
from the crystal sides as waste from 
making the pseudo-square shaped ingot 
from the crystal. If the wings possess 

varying resistivity down their length, 
they must be carefully matched to 
similar resistivity sections for recycling 
and use in future n-type crystal growth 
runs; the amount of dopant to add in 
that run will depend on the amount of 
dopant already introduced in the form 
of recycled wings. This need to match 
and bin resistivity of the recycled 
material adds cost to the growth of 
n-type crystals . The n-type wings 
cannot be used as source poly for p-type 
multicrystalline ingots, or the ingots 
may be compensated; the n-type wings 
must be recycled for n-type mono 
growing, or roughly 27% more virgin 
polysilicon must be added to offset the 
lost wings.

Oxygen is an unavoidable chemical 
impurity in CZ-grown monosilicon 
crystals; the oxygen is introduced 
from dissolution of the fused silica 
crucible which holds the molten 
silicon during growth. In addition to 
generating LID in p-type crystal, high 
oxygen concentrations combined with 
particular but common crystal growing 
conditions can encourage oxygen atoms 
to cluster in the silicon. This leads to 
nano-scale microstructures, which 
act as charge carrier recombination 
centers. If oxygen concentration is 
high enough in the starting crystal, and 
cell temperatures high enough during 
cell manufacture on the wafers, the 
oxygen clusters can form with silicon 
a secondary silicon-oxide phase with a 
defined boundary, which again acts as 
a carrier recombination centre. Both 
of these types of defects would trap 
charges, reducing lifetime and diffusion 
length. Although this oxygen behavior is 
not unique to n-type, the recombination 
centres it produces can have a profound 
effect on the normally high lifetime 
n-type material, dramatically reducing 
the lifetime after specific cell processing 
steps. To preclude this, the n-type 
silicon may have to be grown using 
more complex CZ techniques, or the 
higher oxygen sections of crystals 
screened out for device use and 
recycled as feedstock, lowering first 
pass crystal yield. Both of these increase 
costs compared to p-type silicon grown 
by CZ technique.

Continuous CZ to produce 
n-type crystal

Continuous CZ (CCZ) can produce 
near-uniform resistivity mono wafers 
[11]. CCZ can provide quasi-steady 
state heat and mass transfer conditions 
during pulling, and produce multiple 
crystals during a single operation, by 
continuously adding polysilicon and 
electronic impurities during the crystal 
growth itself. Macroscopic crystal axial 

Figure 1: Calculated Crystal 
Resistivity Distribution for Boron 
and Phosphorous Doped crystal 
grown by Czochralski technique
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impurity variation is inherent in the CZ 
'batch' growth process due to macro-
segregation phenomena during normal 
freezing conditions. By continuously 
controlling charging of both polysilicon 
and dopant via CCZ, the resistivity is 
directly controlled.

Bulk chemical inhomogeneities in 
crystals grown by the conventional 
CZ method are a direct result of 
phase partitioning combined with 
the melt volume reduction during 
crystal growth. The CCZ method can 
be used to reduce the production cost 
of crystals as wells as to grow crystals 
under quasi-steady heat and mass 
transport conditions, leading to quasi-
uniform structural and chemical defect 
distributions. The CCZ process can 
be designed to lead to a much slower 
build-up of impurities than sequential 
melt replenishment. It has been shown 
that a lower impurity build-up, and 
greater axial uniformity of impurities 
incorporated, can be achieved by the 
CCZ method when compared to either 

the conventional or sequential multiple 
crystal growth CZ methods [11, 12]. 

For more than 55 years ,  CCZ 
has been an anticipated s i l icon 
m a n u f a c t u r i n g  b r e a k t h r o u g h  
[10]. Research at all major silicon 
manufacturers (i.e., MEMC, Motorola, 
SEH, Siltronic, Toshiba) plus by the 
US government, Russia and numerous 
universities, did not generate a high 
volume manufacturing CCZ process. 
Several promising crystal growing 
configurations were generated, but 
were not demonstrated to have the 
cost or repeatability for high volume 
manufacturing [13,14]. However, a 
production-scale CCZ process has been 
demonstrated and is being implemented 
by SunEdison [11, 12]. Figure 2 shows 
a representative long crystal generated 
by the CCZ process, as well as the level 
resistivity along a crystal body length 
[11, 17]. Figure 3 shows the oxygen 
exhibited by CCZ process compared to 
representative CZ crystals grown for 
solar application [12].

For n-type solar cell crystal substrate, 
there are several benefits of the CCZ 
approach for n-type mono-silicon 
[11,12]:

1. M e t e r e d  d o p a n t / p o l y s i l i c o n 
introduction during crystal growth 
allows for 'uniform' axial resistivity 
for both p-type and n-type and 
improves crystal manufacturing 
yield (particularly for dopants with 
segregation coefficients <<1, such 
as Phosphorous). There are fewer 
‘bins’ of solar cell power output 
and cell efficiency, in those cases 
where power or efficiency is greatly 
inf luenced by the value of base 
resistivity.

2. It can prevent a gradual build-up of 
unwanted impurities (i.e. C, metals); 
metals are a major determiner of 
lifetime.

3. The oxygen concentration can be 
decoupled from crucible size and 
crystal diameter, and relatively low 
oxygen concentrations obtained over 
long crystal lengths without use of a 
magnet to change the molten silicon 
flow conditions.

4. Many  long  b o dy  cr ys ta l s  are 
produced from each CCZ production 
run, spreading out cost per run for 
specialized or unusual consumables.

5. T h e  c r y s t a l / i n g o t  l e n g t h  i s 
determined by ‘height of building’ 
(length of pull chamber) instead of 
crucible and hot zone and puller tank 
size. This allows longer crystals (and 
more wafers) to be made in a run 
without increasing the size and cost 
of the consumables or the production 
equipment.

6. The continuous supply of fresh 
polysilicon during body growth 
allows modification (shortening) of 
the sequential charge-melt-stabilize-
grow-remove cycle for crystals.

7. Constant melt height maintains 
t arge te d  bu lk  cr ys t a l  g row th 
conditions. The process can be 
des igned to  ma ximize  cr ysta l 
body pull speed for higher crystal 
productivity.

8. Quasi steady-state distribution of 
bulk micro-defects in the crystal 
can be realized from the quasi stead 
growing conditions. The majority 
of crystal length can cooled under 
similar conditions, which should 
lead to similar grown-in micro-
defects in wafers produced from 
each crystal. 

Figure 2: Crystal grown by Continuous Czochralski Technical, notional 
pulling process, and measured within crystal axial resistivity uniformity.

Figure 3: Measured axial crystal interstitial oxygen comparing CCZ to 
various CZ methods.
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Conclusion
It is likely that solar cell architectures 
will migrate from ‘traditional’ p-type Al 
back-surface field (BSF) cells to more 
advanced p-type cells and ultimately 
to n-type cells, due to cost/watt-peak 
reductions needed for modules and 
the independent impact on balance-
of-systems economics. This increased 
eff iciency should be particularly 
beneficial to residential installations. 
One barrier to adoption of n-type high 
efficiency cells is the cost of n-type 
mono crystal. CCZ is being developed 
or implemented by several companies 
to enable a large supply of n-type Si 
for high efficiency Si cells. This will 
allow avoidance of crystal yield loss 
from both resistivity extremes due to 
axial phosphorous segregation as well 
as high oxygen concentration. It will 
also potentially reduce the number cell 
bins, when that binning is influenced 
by the base resistivity. CCZ can enable 
more uniform material properties and 
reduced wafer costs. 

There are several different technical 
approaches to CCZ being implemented 
by different equipment makers and 
wafer suppliers. The specific CCZ 
technical approach will determine if 
productivity is high and conversion cost 
is low enough to be implemented for 
solar PV applications, but it is likely that 
at least one approach will be successful.
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First Solar to manufacture China Sunergy cells 
achieve conversion efficiency record of 20.26% 

China Sunergy has announced its monocrystalline solar cells 
reached a record 20.26% efficiency during pilot research and 
development with the record certified by the Fraunhofer 
Institute for Solar Energy Systems (Fraunhofer ISE), the 
largest solar research centre in Europe. China Sunergy claims 
the new record breaking cell is the result of a combination of 
breakthroughs with its previous cells, Waratah and QSAR. 
Using a new design structure with normal wafers, China 
Sunergy was given ISE certification as the leading conversion 
level amongst Chinese PV companies. The company plans 
for mass commercial production of the new high-efficiency 
cell to start by the end of next year and has installed a 
70MW capacity production line. The high-efficiency cell 
surpasses the benchmark of 20% conversion efficiency, 
set by development guides by the state council for China’s 
photovoltaic industry, in July 2013. China Sunergy cells have achieved a conversion 

efficiency record of 20.26%.

Cell efficiencies

Hareon Solar reveals PERC 
and IBC cells developments 

H a r e o n  S o l a r  Te c h n o l o g y  h a s 
demonstrated new technological 
developments for both Passivated Emitter 
and Rear Cells (PERC) and Interdigitated 
Back Contact (IBC) solar cells. 

Hareon Solar noted that its IBC-based 
cell used a novel process to reduce costs, yet 
claimed a peak cell efficiency of 19.6%. IBC 
cells are expected to provide conversion 
efficiencies of over 24%. Its ‘Andes’ series 
solar cell, which employed highly passivated 
rear surface to minimize loss, was reported 
to have achieved batch average efficiency of 
19.9%. Hareon Solar’s Andes cells were said 
to be in pilot production.

 JA Solar monocrystalline 
cells top 20% conversion 
efficiency 

Chinese solar cell producer JA Solar’s 
new p-type monocrystalline silicon 
(‘mono-Si’) solar cells have surpassed 
a conversion eff iency of 20%, as 
verified by the PV calibration lab 
at the Fraunhofer Institute for Solar 
Energy Systems (Fraunhofer ISE), 
Freiburg, Germany.

According to JA Solar, this puts the 
company ’s new range of solar cells ,  
trade-named PERCIUM, at the forefront 
of industr y efficienc y standards for 
industrial size solar cells that use p-type 
mono-Si wafers. JA Solar aims to integrate 
PERCIUM cells into commercial module 
assembly lines for mass production.

The company also reported a record 

cell efficiency of 18.3% for a standard 
(156x156 mm2) mult icr ystal l ine 
solar cell, verified by Yangzhou Opto-
Electrical Products Testing Institute in 
China. 

Solar3D touts leap forward in 
cell design 

PV start-up Solar3D has claimed the 
use of an unspecified “thinner” silicon 
wafer substrate in prototyping its 
technology has achieved improved cell 
efficiency of 10% above its 25% cell 
efficiency claimed in 2012. The results 
have not been verified by a third party.

The start-up also claimed that its 3D 
cell had a wider angle of light capture 
than previous designs, boosting low-light 
operation beyond existing cell designs. 

Taiwan boon

Taiwan cell producers the 
only beneficiaries of trade 
war, says report 

According to Taiwan-based research 
firm, EnergyTrend, Taiwan-based solar 
cell producers shipped 3.2GW of cells in 
the first half of 2013 on the back of anti-
dumping duties against China in the US 
and EU.

EnergyTrend said 16% of the worldwide 
solar cell shipments in the first half of 
2013 came from Taiwanese producers. 
Taiwanese PV cell shipments grew by 
6.7% compared to H1 2012. 

EnergyTrend said that Taiwanese solar 
cell producers benefited from the anti-

JA Solar monocrystalline cells top 20% conversion efficiency.
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dumping duties but also from the higher 
cell efficiencies they offer compared 
to their Chinese competitors as well as 
offering PID-free products. 

Hareon Solar to build 300MW 
solar cell plant in Taiwan

In late July, a potential shift by Chinese 
PV manufacturers to avoid anti-dumping 
duties in the US and EU as well as in India 
included the move by Hareon Solar to 
build a 300MW solar cell plant in Taiwan.

The China-based company signed a 
memorandum of understanding with 
Mascotte Holdings, which acquired 
polysilicon start-up, Sun Mass Energy, last 
year. Sun Mass Energy is using a proprietary 
‘hydrogen-assist-reductive-combustion’ 
process for producing polysilicon, claimed 
to reduce costs to around US$12/kg. 

Neo Solar Power monthly 
sales pass US$67.2 million 
following DelSolar merger 

The merger of Taiwan-based solar cell 
producer Neo Solar Power (NSP) and 
Delsolar was successfully completed on 
May 31. 

The merged companies fall under the 
Neo Solar Power Corporation name but 
will have two seats on its board occupied 
by Delta Electronics executives. 

The merger and continued strong demand 
for solar cells pushed Neo Solar Power’s 
monthly sales past NT$2 billion (US$67.2 
million) in August 2013. NSP stated as the 
merger went ahead that the company’s order 
visibility extended to Q3 2013.

 Business news focus

Amtech continues to reduce 
headcount to weather solar 
equipment drought

Specialist equipment supplier Amtech 
continues to reduce staffing levels as one 
of a series of measures aimed at reducing 
costs. The company reported FY third 
quarter 2013 sales of US$10.4 million, 
including US$6.5 million in its solar 
segment. The company incurred non-
cash inventory write-downs of US$4.4 
million and a stock compensation 
expense of US$1.6 million. Net loss for 
the quarter was US$12.1 million. 

Centrotherm photovoltaics 
ends bankruptcy but loses 
CEEG contract

I n  e a r l y  J u n e ,  C e n t r o t h e r m  
Photovoltaics successfully restructured 
the  comp any  under  ins o lvenc y  
proceedings, securing around 900 jobs.

Ulm District Court in Germany 
approved the company’s insolvency 
plan, enabling the company to operate 
independently once again. Subsidiaries 
Centrotherm Thermal Solutions and 
Centrotherm Si-Tec, are also expected 
to have proceedings halted.

Creditors have agreed a debt-for-
equity swap and will hold a majority 
share in the company. The company said 
that the restructuring has also secured its 
stock market listing, central to creditors 
potentially recouping debts completely.

Centrotherm said it would continue 
to allocate expenditure to focus on next-
generation R&D.

Low solar sales continue at 
BTU International

Ther mal  pro ce ss ing  e quipment 
specialist, BTU International reported 
second quarter 2013 sales of $14.2 
million, up 35.6% compared to $10.5 
million in the preceding quarter, due 
primarily due to sales in the electronics 
industry. However, the company noted 
it had few solar sector sales in the 
quarter as overcapacity remained.  

Manz expects record growth 
year without solar equipment 
sales contribution 

The strateg y  to  divers i f y  f rom 
dependence on sectors such as solar is 
proving to be a success for equipment 
supplier Manz AG. 

Manz reported record quarterly sales of 
€87.9 million and guided full-year sales to 
the highest in its history of between €250 
million to €260 million. 

However, the solar segment accounted 
for only 1.2% of the company’s order 
backlog, while the high-growth in its 
Display division was said to be the main 
driver of sales growth during the first six 
months of 2013. 

SEMI PV equipment book-to-
bill showed historic lows in 
first quarter 2013

A c c o r d i n g  t o  t h e  S E M I  P V 
manufacturing equipment supplier 
book-to-bill survey, which last posted 
findings in early July, orders and sales 
remained at unprecedentedly low levels 
in the first quarter of 2013. 

In the first quarter of 2013, SEMI, 
said that worldwide billings declined to 
US$291 million, a 41% decline from the 
prior quarter and 58% below the same 
quarter a year ago. 

Worldwide bookings for the f irst 
quarter dropped to US$174 million, 17% 
below the previous quarter and 71% lower 
than the first quarter of 2012. 

The long down-cycle for equipment 

sales is apparent with it being the eighth 
consecutive quarter when the book-to-bill 
ratio stayed below parity and stood at 0.60 
in the first quarter of 2013. 

Upstream recovery

Asia-based solar cell 
customer qualifies Invetac’s 
ion implant tool

Specialist PV equipment manufacturer, 
Intevac said it had successfully qualifiedits 
‘ENERGi’ ion implantation production 
s y s t e m  t h a t  w a s  a n n o u n c e d  a n d 
shipped in the first quarter of 2013 to an 
unidentified large solar cell manufacturer 
based in Asia. Invetac stated that the 
unidentified manufacturer is a Tier 1 
producer.

The ENERGi ion implant system is 
said to employ a continuous flux ion 
source system that offers a replacement 
for diffusion based POCl3 doping 
systems, while providing doping for 
improved emitter profiles boosting cell 
efficiencies.

The tool was said to have a throughput 
of 2,400 wafers per hour for both P- and 
N-type wafers.

Meyer Burger cites turning 
point in PV equipment orders

Major equipment supplier Meyer 
Burger reported a better than expected 
order intake over a six week period this 
summer, citing it as a “turning point in 
customer behaviour.” 

Meyer Burger said that it expected 
customers to start making new capital 
investments in wafer, cell and module 
manufacturing lines during the second 
half of 2013 and continuing to develop in 
2014. As a result, Meyer Burger expects 
increasing levels of orders and sales. 

Me yer Burger also note d that  it 
expected to sign order contracts for 
its heterojunction solar cell processing 
equipment as well as further orders for its 
‘SmartWire’ connection technology that 
would include the purchase of integrated 
production lines.

Manz expects record growth year 
without solar equipment sales 
contribution.



DuPont reports increasing PV materials demand
Reduced silver consumption and lower silver prices meant 
DuPont’s Electronics & Communications division reported an 
18% decline in second quarter 2013 sales of US$653 million.

However, the company reported that on a sequential basis, total 
segment volumes increased by about 10% on higher PV installations, 
notably in China, and broad-based demand improvements, which 
were said to continue in the second half of the year.

DuPont said that in the third quarter, earnings would continue to 
improve from the second quarter, despite expected price declines 
for silver, which are being passed directly to customers, especially 
in the PV industry.  

SoLayTec installs first two production ALD 
tools in Asia

In a rare move in the current low of capital spending and 
meager signs of a technology buy cycle, PV equipment specialist 
SoLayTec has installed its first two mass production ALD 
(Atomic Layer Deposition) tools at high-efficiency solar cell 
manufacturers based in Asia. Names and financial details were 
not disclosed. 

SoLayTec said that the new orders took the tally of ‘InPassion’ 
ALD tool, for depositing Al2O3 in mass production deliveries to 
eight, making the company the current market leader of spatial 
ALD technology used in the PV industry. 

ACT Aurora Control Technologies bags 
another evaluation project 

Inline measurement systems start-up ACT Aurora Control 
Technologies said it had entered into a new evaluation 
agreement for its Decima tool. 

The company will be working with an unidentified solar cell 
equipment supplier on the Decima’s measurement and control 
capabilities of various emitter formation processes. 

The equipment supplier was said to be a leading provider of 
coating and thermal processing equipment. 

RENA and Tempress Systems win 100MW 
advanced cell line contract from US-based 
Nexolon

Wafer producer Nexolon, which plans to invest more than 
US$115 million to become a major US-based PV module 
manufacturer has selected the n-PASHA Alliance (RENA, ECN 
and Tempress Systems) to provide its advanced n-type solar cell 
technology for bi-facial module production.

The n-PASHA Alliance has won a 200MW turnkey 
equipment and process order, which will be organized in two 
100MW phases for Nexolon’s facility Texas.

Nexolon America plans to generate over 400 jobs at the new 
manufacturing plant. 

China drives increased materials demand for DuPont.
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3D-Micromac 

3 D - M i c r o m a c ’ s  P E R C  c e l l  
process offers improved price to 
performance ratio

Product Outline: 3D-Micromac has 
developed a novel, highly productive 
laser system for opening the rear sides 
of PERC cells .  Innovative on-the-f ly 
technology makes it possible to achieve 
an improved cost-benefit ratio. The 
system is modular, combinable with 
different laser-source technologies and 
achieves a typical efficiency increase of 
up to one percentage point.

Problem: PERC cells are photovoltaic 
cells made of crystalline silicon having 
special, optimized rear-side passivation. A 
PERC cell’s rear side is completely coated 
with a non-conductive, dielectric SiOx/
SiN or AIOx/Sin layer. The task is to open 
this layer with the aid of point or line 
patterns using lasers without damaging the 
underlying silicon in order to later apply a 
metal layer for contacting. 

Solution: 3D-Micromac relies on its 
‘on-the-fly’ technology, which is claimed 
to offer the highest productivity with 
an excellent price-performance ratio, 
leading to an increase in cell efficiency. 
The productivity advantage is due to 
the handling and individual positioning 
procedures of the cells ,  which are 
eliminated. The cells are instead transported 
under the laser source on a conveyor belt, 
which renders alignment stops superfluous. 
The integrated optics automatically 
compensates for the cells’ relative motion 
and scribes exactly the desired pattern into 
the cell’s sensitive rear side.

Applications: PERC cell passivation. 

Platform: The system is being initially 
offered as a stand-alone variant; however 
it can also be completely integrated into 
existing production automation. The 
structuring platform from 3D-Micromac 
is also suitable for processing of selective-
emitter, MWT, and EWT cells.

Availability: Already available.

BTU International

BTU’s SinTerra metallization firing 
f urnace desig ne d for  low-cost 
production 

Product Outline: BTU International has 
launched its new ‘SinTerra’ metallization 
firing furnace that offers outstanding 
value by providing high-performance 
heating and cooling technologies. SinTerra 
delivers the lowest cost of ownership with 
industry-leading uptime, unmatched 
process repeatability and competitive 
pricing, according to the company. 

Problem: PV cell manufacturers remain 
under tremendous pressure to wring cost out  
of their manufacturing lines while increasing 
efficiency. Very fast ramp rates are required 
to optimize contact formation on silicon 
wafers. Rapid ramp rates are constantly 
pushing for faster belt speed, which in turn 
drives the overall length of the firing furnace. 
Uptime, reliability and cost of ownership are 
also becoming increasingly important. 

S olution:  The contact  f ir ing and 
metallization application is used in the 
manufacturing of silicon solar cells. The 
final step is performed in the metallization 
furnace. The metallization furnace actually 
integrates four process steps into one tool: 
drying to remove the last solvent, burnout 
to remove the binder, firing to form the 
electrical contact and finally the cool 
down. SinTerra, the latest technology for 
metallization drying and firing from BTU, 
was designed to meet that challenge, with 
superior thermal performance, including 
fast ramp rates, all while enabling lower 
cost manufacturing through high uptime 
and high throughput.

Applications: Silicon solar cell contact 
firing and metallization. 

Platform: SinTerra is claimed to have 
the best-in-class uptime/reliability (98%) 
coupled to the lowest cost and short lead-
times due to being manufactured in China. 
The system employs fast spike heating and 
convection cooling for process repeatability. 

Availability: April 2013 onwards. 

Heraeus

‘SOL202’ from Heraeus offers 45% 
less silver content in back-side 
tabbing 

Product Outline: Heraeus Photovoltaics 
Business Unit is featuring its low silver 
content back-side tabbing pastes for 
conventional c-Si solar cells, the SOL202 
Series. The back-side tabbing paste is said 
to contain 45% less silver than previous 
versions while providing 18% better 
adhesion, according to the company.   

Problem: Silver remains a high-expense 
item in solar cell manufacturing, forcing 
PV cell manufacturers to look for ways 
to reduce usage, while retaining silver’s 
inherent qualities. 

Solution: The SOL202 Series enables 
the back-side tabbing of a string of cells 
using Ag conductor paste for mono and 
multicrystalline silicon wafers. SOL202 
requires less paste per cell than previous 
generations and maintains the advantage 
of printability ease and excellent cell 
adhesion. The paste is co-fireable with 
back-side aluminum and front-side silver 
pastes. SOL202 is a Pb and Cd free material 
that has excellent solderability in both lead 
and lead-free solders, according to the 
company. This reduction in silver usage, 
combined with excellent performance, will 
assist solar cell manufacturers in reducing 
their cells’ cost per watt.

Applications: Solar cell back-side tabbing 
process.  

Platform: Typical properties include a 
viscosity of 70–130 kcps and solderability 
of 96.5Sn/3.0Ag/0.5Cu. Guidelines may 
vary based on manufacturing process. 
Drying in an IR dryer with set points of 
250–300°C in less than 20 seconds or 
150°C for 10 minutes in circulated air oven.

Availability: July 2013 onwards. 
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Introduction
The passivated emitter and rear cell 
(PERC) concept was first published in 
1989 [1] as a high-efficiency laboratory-
type solar cell. PERC solar cells have 
since been intensively evaluated and 
optimized by industry and research 
institutes as a next-generation silicon 
solar cell concept for mass production. 
Several  companies  have already 
announced the pilot production of 
PERC solar cells [2–5], and efficiencies 
of up to 21.0% have been demonstrated 
for large-area PERC cells with screen-
printed contacts [6]. Excellent rear-
surface recombination velocities 
below 150cm/s have been reported, 
demonstrating the high-efficiency 
potential of industrial PERC cells [7,8].

B ecause of  the much-reduced 
carrier recombination at the rear side 
of PERC cells, the phosphorus emitter 
now requires further optimization 
for conversion efficiencies beyond 
21.0% to be achieved in the future. To 
keep production costs low, however, 
improvements in emitter technology 
have to be realized using a very lean 
process flow and as few extra process 
steps as possible. In recent years, a lot 
of effort has already been dedicated 

to optimizing the phosphorus emitter, 
in particular with respect to selective 
emitters [9–14], which are applicable to 
PERC cells as well.

“The phosphorus emitter 

now requires further 

optimization for conversion 

efficiencies beyond 21.0% to 

be achieved in the future.”

Four different PERC process flows 
which yield almost identical rear sides, 
but result in four different phosphorus 
emitters, are investigated and compared 
in this paper: 

1. R e f .  P E R C :  I S F H  r e f e r e n c e 
PERC process flow employing a 
homogeneously POCl3-diffused 
70Ω/sq. emitter and a planar rear 
side obtained by a protection layer.

 
2. I2-PERC: PERC process flow where 

the emitter is formed by phosphorus 
ion implantation (I2) and subsequent 
annealing. 

3. Polished PERC: PERC process flow 
where the rear side is chemically 
polished after texturing and POCl3-
diffusion. The rear polish and 
subsequent wet cleaning slightly etch 
back the emitter.

4. GEB PERC: PERC process f low 
where the very reactive gas phase of 
a modified polishing process is used 
to form a selective emitter via gas 
phase etch-back (GEB). 

W h e r e a s  t h e  r e f e r e n c e  P E R C 
process serves as a high-efficiency 
baseline process , the other three 
PERC process flows are designed to 
reduce the front-surface phosphorus 
concentration and hence potentially 
reduce the emitter saturation current 
density, allowing higher conversion 
efficiencies. At the same time, these 
th re e  i n d u s t r i a l  P E R C  p ro ce s s 
flows incorporate very lean process 
sequences with the aim of targeting 
industr ial  mass production.  The 
emitter doping profiles and saturation 
current densities, as well as the I-V 
parameters and quantum efficiencies 
of the resulting PERC solar cells, are 
reported in this paper.

Emitter technology options for 
industrial PERC solar cells with up to 
20.3% conversion efficiency
Thorsten Dullweber1, Helge Hannebauer1, Christopher Kranz1, Rene Hesse1, Sabrina Wyczanowski1, Vikram Bhosle2, 
Chris Dubé2, Katrin Weise3, Franck Delahaye3, Oliver Doll4, Ingo Kohler4, Rolf Brendel1 & Franck Delahaye3

1 Institute for Solar Energy Research Hamelin (ISFH), Emmerthal, Germany
2 Applied Materials, Varian Semiconductor Equipment, Gloucester, Massachusetts, USA
3 RENA GmbH, Freiburg, Germany
4 Merck KGaA, Darmstadt, Germany

ABSTRACT

Passivated emitter and rear cells (PERC) are considered to be a next generation of industrial solar cells, and 
several companies have already started pilot production. The much-reduced rear-surface recombination in 
PERC cells requires improvements to the front side, for example the emitter, in order to further increase the 
conversion efficiency in the future. This paper presents an evaluation of the emitter technologies of three 
industrially applicable PERC cell concepts: 1) with an ion-implanted emitter, 2) with a chemically polished 
rear surface, and 3) with a selective emitter formed by gas phase etch-back (GEB). The results are compared 
with a reference high-efficiency POCl3-diffused PERC cell. The three industrial PERC concepts utilize 
lean industrially applicable process flows which reduce the phosphorus concentration at the wafer surface. 
Accordingly, when compared with the POCl3-diffused emitter, the ion-implanted and GEB emitters obtain 
significantly lower emitter saturation current densities of 40 to 60fA/cm2 for emitter sheet resistances of 90 to 
130Ω/sq. When applied to large-area PERC cells with screen-printed metal contacts, the ion-implanted and 
GEB emitter cells demonstrate up to 10mV higher open-circuit voltages than the POCl3-diffused reference 
PERC cell, and achieve conversion efficiencies of 20.0 and 20.3%, respectively. The next steps in further 
increasing the efficiency are outlined.
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The PERC process flows 
and emitter technologies 
investigated
B oron-doped Cz wafers  of  s ize 
156×156mm2 with a resistivity of 
2–3Ωcm and a starting thickness of 
190μm are used for all PERC process 
flows. The four process flows, shown 
in Table 1, differ in their emitter 
formation and rear-surface preparation. 
Process steps which impact the emitter 
formation are highlighted in green. 
All four PERC process flows, however, 
apply the same initial wafer cleaning, 
alkaline texturing, SiNx front-surface 
passivation, AlOx/SiNy rear-surface 
passivation, laser contact opening 
(LCO), screen printing of Ag front 
(print-on-print) and Al rear metal 
contacts, and firing profile, as indicated 
by the process steps highlighted in blue 
in Table 1. The resulting PERC cell 
structures are shown schematically in 
Fig. 1. An overview of each of the four 
different PERC process flows of Table 
1 and Fig. 1, with an emphasis on the 
emitter formation, is given next.

A) Ref. PERC: reference PERC cells 
with rear protection layer 
The process f low for the reference 
PERC solar cells  is  described in 
detail by Dullweber et al. [7]. Before 
texturing and POCl3 dif fusion, a 
dielectric protection layer is deposited 
on the rear side of the wafer, resulting 
in a planar and non-diffused rear 
side. A homogeneously doped emitter 
with a sheet resistance of about 
60Ω/sq. measured after diffusion is 
applied. Because of the subsequent 
wet cleaning (PSG and dielectric etch, 
cleaning before rear passivation), 
the emitter is etched back slightly, 
which increases the emitter sheet 
resistance to a final value of around 
70Ω/sq. A 10nm-thick atomic layer 
deposited (ALD) AlOx layer is applied 
to the rear side. A plasma-enhanced 
chemical vapour deposition (PECVD) 
SiNy capping layer is then deposited 
on top of the AlOx passivation layer 
at the rear in order to improve both 
the optical reflectivity and the surface 
passivation quality. 

The emitter is covered with a PECVD 
SiNx anti-reflective coating. To form 
local line openings, the dielectric layer 
stack at the rear is locally ablated by 
LCO [7,15]. Line contacts were chosen 
instead of point contacts, since the 
former facilitate the formation of a 
deep and uniform local Al-BSF [16]. 
The Ag front contacts are deposited by 
a print-on-print (PoP) screen-printing 
process, resulting in a finger width of 
around 60μm [17]. The Al rear contact 
is formed by full-area Al screen printing 
of a commercially available Al paste 
designed for local rear contacts. In 
total, 11 process steps are necessary 
for this reference PERC process flow, 
resulting in the PERC solar cell shown 
schematically in Fig. 1 (left). 

B) I2-PERC: PERC solar cells with 
ion-implanted phosphorus emitter
As an alternative to POCl3 diffusion, 
emitter formation by ion implantation 
is evaluated; see Dullweber et al. 
[18] for a detailed description of 
the I2-PERC process flow. A single-

A: Ref. PERC B: I2-PERC C: Polished PERC D: GEB PERC

Wafer cleaning Wafer cleaning Wafer cleaning Wafer cleaning

Rear protection layer Rear protection layer  

Texturing Texturing Texturing Texturing

Phosphorus diffusion Ion implantation Phosphorus diffusion Phosphorus diffusion

PSG + dielectric etch Anneal  Front: etch barrier

 Front: SiNx  Rear: Polish Polish + GEB 

Rear: AlOx/SiNy Rear: dielectric etch Rear: AlOx/SiNy Rear: AlOx/SiNy

Front: SiNx Rear: AlOx/SiNy Front: SiNx Front: SiNx

Rear: laser ablation Rear: laser ablation Rear: laser ablation Rear: laser ablation

Ag screen printing Ag screen printing Ag screen printing Ag screen printing

Al screen printing Al screen printing Al screen printing Al screen printing

Co-firing Co-firing Co-firing Co-firing

    
11 steps 12 (10) steps 10 steps 11 steps

Table 1. Process flows of the reference PERC cell (A), as well as the three industrially applicable PERC cell concepts 
with ion-implanted emitter (B), chemically polished rear surface (C) and selective emitter by gas phase etch-back 
(GEB) (D). The ‘green’ process steps impact the emitter formation, whereas the ‘blue’ process steps are identical for 
all four PERC process flows.

Figure 1. Schematic cross sections of the four PERC cells resulting from the different process flows in Table 1.
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sided texturing of the front side is 
obtained by using a rear protection 
layer, which is later removed in the 
process flow. The phosphorus emitter 
is ion implanted using an implanter 
similar to the Applied Materials 
Solion tool [13]. Afterwards , the 
crystal damage caused by the ion 
implantation is annealed in a high-
temperature step, which activates 
the phosphorus doping, resulting in 
an emitter sheet resistance of around  
65Ω/sq. A thin thermal oxide is then 
grown in the furnace as part of the 
anneal, providing surface passivation 
of the emitter. A SiNx anti-reflective 
coating is deposited on the front 
side, and the dielectric layer on the 
wafer rear side is then removed. Next, 
the AlOx/SiNy passivation stack is 
deposited on the wafer rear side. The 
LCO and the screen printing of the 
front and rear contacts is performed 
as described above for the reference 
PERC process flow.

The result ing PERC solar  cel l 
is  shown schematically in Fig .  1 
(centre); this cell differs from the 
reference PERC cell in its emitter 
doping profile and SiO2/SiNy front-
surface passivation. A future option 
for a very lean process f low with 
industrial manufacturing in mind 
is to skip the rear protection layer 
and apply a single-sided alkaline 
texturing or a chemical rear polish 
after double-sided texturing as in the 
polished PERC cell (described in the 
next section). This would allow the 
dielectric etch (later in the process 
flow) to also be skipped, so that only 
10 steps in total would be required for 
the PERC cell processing. 

C) Polished PERC: PERC solar cells 
with polished rear side 
The process flow for the polished PERC 
cell is described in detail by Kranz et 
al. [19]. After double-sided alkaline 
texturing, the emitter is formed by 
POCl3 diffusion, resulting in an emitter 
sheet resistance of 45Ω/sq. after 
diffusion. The RENA InPilot tool is then 
used to take off about 5μm of silicon 
from the rear surface by single-sided 
wet chemical polishing; this removes 
the rear-side emitter and smooths the 
rear surface. After the polishing step, 
a cleaning sequence is carried out 
prior to depositing the AlOx/SiNy rear 
passivation layer. The polishing process, 
and even more so the subsequent wet 
cleaning, slightly etch back the emitter, 
which increases the emitter sheet 
resistance from the initial 45Ω/sq. to 
around 65Ω/sq. The passivation of the 
rear and front surfaces, the LCO and 
the screen printing of the front and rear 
contacts are performed as described 

Figure 3. Emitter saturation current density of homogeneously POCl3-diffused 
emitters with Ag screen-printed contacts (grey), as well as a SiNx surface 
passivation (black) [21]. The emitter saturation current densities of the GEB 
(green) and ion-implanted (blue) emitters are significantly lower than for 
POCl3-diffused emitters with the same sheet resistance.

(b)

(a)

Figure 2. (a) Doping profiles of the ion-implanted phosphorus emitter (65Ω/
sq.), the emitter after polishing (65Ω/sq.) and the gas phase etch-back (GEB) 
emitter (90Ω/sq., shifted by 40nm) measured by ECV profiling. The doping 
profile of the POCl3-diffused emitter (70Ω/sq.) is included as a reference. 
(b) Close-up of the front surface in Fig. 2(a). The dashed green line denotes 
the removal of around 40nm of silicon by the GEB process. The lower 
concentration of surface phosphorus of the GEB, polished and implanted 
emitters compared with the POCl3 emitter is the main reason why the J0e

(see Fig. 3) values are lower and the Voc values are higher (see Table 2).
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earlier for the reference PERC process. 
This very lean PERC process flow 

requires just 10 process steps. The 
schematic cross section of the resulting 
PERC solar cell is basically identical to 
the reference PERC cell in Fig. 1 (left). 
However, the rear surface of the polished 
PERC cell is slightly rougher, and the 
doping profile of the emitter is different 
from that of the reference PERC cell.

D) GEB PERC: PERC solar cells with 
selective emitter formed by gas phase 
etch-back
See Hannebauer et al. [20] for an 
in-depth description of the novel 
selective emitter process for GEB 
PERC cells. The wafers are double-
sided textured and double-sided POCl3 
diffused, with an emitter sheet resistance 
of 45Ω/sq. Using an inkjet printer, an 
etch barrier (barrier material provided 
by Merck) is printed on the front side 
of the wafer in areas where the front Ag 
fingers will later also be screen printed. 
The printed etch barrier width is around 
600μm, which is subject to further 
reduction and optimization. 

The rear side is then polished using 
the RENA InPilot tool, and the emitter 
is thereby simultaneously etched back 
on the front side in between the etch 
barrier fingers by the reactive gas phase 
of the polish bath. In contrast with the 
previously described polished PERC 
process, the polish recipe is adjusted in 
order to obtain a much more reactive 
gas phase which removes about 30 to 
40nm of the phosphorus emitter on the 
front side while wet chemically polishing 
and removing about 8μm of silicon on 
the rear side. The cleaning after the 
polish removes the etch barrier.

The final emitter sheet resistances 
are about 90Ω/sq. in between the etch 
barrier fingers (later SiNx passivated), 
and about 45Ω/sq. below the etch 
barrier (later Ag screen printed). 
The passivation of the rear and front 
surfaces, the LCO and the screen 
printing of the front and rear contacts 
are carried out as described earlier for 
the reference PERC process. Compared 

with the polished PERC cells, the GEB 
PERC process flow requires just one 
additional process step (etch barrier 
deposition) to form a selective emitter 
instead of a homogeneously doped 
emitter. Fig. 1 (right) shows a schematic 
drawing of the GEB PERC solar cell 
with selective emitter.

Emitter doping profiles and 
saturation currents

The doping profiles are obtained by 
electrochemical capacitance-voltage 
(ECV) measurements of planar test 
wafers which have been processed 
in a very similar way to that of the 
corresponding PERC solar cells . 
Fig. 2(a) shows the resulting doping 
profiles; the 70Ω/sq. POCl3 emitter 
of the reference PERC cell is shown 
in black and serves as a reference. The 
doping profile of the 90Ω/sq. GEB 
emitter is almost identical to that of the 
polished PERC cell, since in both cases a  
45Ω/sq. POCl3 diffusion is applied. 
However, around 40nm of the front 
surface of the emitter has been removed 
by the GEB; accordingly, the ECV profile 
of the GEB emitter is shifted by 40nm in 
Figs. 2(a) and (b). The doping profile of 
the 65Ω/sq. ion-implanted emitter after 
annealing has a depth of around 0.55μm, 
which is comparable to that for the GEB 
and polished PERC emitters.

Fig. 2(b) shows a close-up of the 
first 0.1μm in Fig. 2(a) so that the 
significantly different phosphorus 
c o n c e n t r a t i o n s  a t  t h e  f r o n t 
surface can be observed. As can 
be seen, the GEB 90Ω/sq. emitter 
is etched back by approximately 
4 0 n m ,  re s u l t i n g  i n  th e  l o w e s t 
phosphorus surface concentrations of  
5×1019cm-3. The doping profile of the 
polished PERC emitter shows a front 
phosphorus concentration of around  
1.5×1020cm-3, despite the strong 45Ω/
sq. POCl3 diffusion. This is achieved 
by the aggressive wet cleaning after 
the rear polishing, which partly etches 
the emitter front surface. The ion-
implanted emitter indicates a low 

phosphorus concentration of around 
2×1020cm-3 of the front as well, which 
is achieved by a suitable combination 
of implant and annealing parameters. 
In this case, the diffusion mechanism 
follows a ‘limited source behaviour’ 
according to Fick’s laws of diffusion, 
which allows a reduction in the surface 
concentration of phosphorus ,  as 
opposed to the typically ‘unlimited 
source behaviour’ of POCl3 diffusion, 
which maintains the concentration at 
the surface. 

To assess the electrical performance 
of the different emitters, the emitter 
saturation current density J0e is 
mea sure d by  qua s i - s teady- state 
photoconductance (QSSPC) of suitable 
test structures using float zone wafers 
with resistivities of about 200Ωcm. 
The GEB, polished and ion-implanted 
emitters are processed in the same 
way as the corresponding PERC cells, 
including a textured surface passivated 
by SiNx.

“The superior performance 

of the ion-implanted and 

GEB emitters is due to 

the significantly lower 

front-surface phosphorus 

concentration.”
Measurements taken after firing 

are shown in Fig. 3. The black data 
points represent the reference POCl3 
emitter for different sheet resistances 
and are taken from Hannebauer 
et al.  [21]. The grey data points , 
labelled ‘Ag screen-printed’,  refer 
to J0e measurements by dynamic 
infrared lifetime mapping (DILM) 
of Ag screen-printed contacts on 
POCl3-diffused emitters with different 
sheet resistances , as published in 
Hannebauer et al. [21]. For sheet 
resistances of 90 to 130Ω/sq. in 
particular, the ion-implanted and GEB 
emitters yield significantly lower J0e 

PERC type Emitter Emitter doping η Voc Jsc FF
 technology  [%] [mV] [mA/cm2] [%]

Ref. PERC POCl3 H, 70�/sq. 20.0 649 38.1 80.9

I2-PERC Ion implantation H, 65�/sq. 20.0 659 38.7 78.3

Polished PERC POCl3 H, 65�/sq. 20.2 655 38.0 81.0

GEB PERC GEB SE, 90/45�/sq. 20.3* 660 38.3 80.3

*Independently confirmed by ISE CalLab

Table 2. Solar cell parameters of the best PERC solar cell of each process flow, measured under standard testing 
conditions (H = homogeneously doped; SE = selective emitter).
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values of 40 to 60fA/cm2, compared 
with 90fA/cm2 for the POCl3-diffused 
emitter. The superior performance of 
the ion-implanted and GEB emitters 
is due to the significantly lower front-
surface phosphorus concentration, as 
shown in Fig. 2(b), resulting in fewer 
inactive phosphorus atoms which 
could act as recombination centres. 
For the polished PERC cells, however, 
the J0e values of around 110fA/cm2 are 
comparable to the current densities 
for POCl3-diffused emitters of the 
same sheet resistance.

PERC solar cells 

Table 2 shows the I-V parameters 
of the best performing PERC cells 
of the four PERC cell process flows 
descr ibed earl ier.  The reference 
PERC cell demonstrates a conversion 
efficiency η of 20.0%, whereas the 
polished and GEB PERC cells yield 
conversion efficiencies of 20.2% and 
20.3% respectively. The benefit of the 
selective emitter of the GEB PERC 
cell can be seen in the high open-
circuit voltage Voc of 660mV and good 
short-circuit density Jsc of 38.3mA/
cm2. The I2-PERC cell achieves 20.0% 
conversion efficiency and high Voc and 
Jsc values; the fill factor FF, however, is 
significantly lower than for the other 
PERC cells. It has to be considered, 
though, that the I2-PERC cell has been 
produced using an older process, with 
respect to the rear-surface passivation 
and front-side metallization, than 
in the case of the other three PERC 
cells, which have been created using 
the latest process at ISFH. If the latest 
process is applied to the I2-PERC cells, 
the conversion efficiency is expected to 
be around 20.2%.

Another option for further increasing 
the conversion efficiency of I2-PERC 
cells is to apply a selective emitter by 
putting a shadow mask in the ion beam, 
a technique which requires no additional 
process step [12]. Moreover, it should 
be mentioned that the GEB PERC cells 
stem from only the fourth batch ever of 
cells processed using this novel selective 
emitter concept. The etch barrier still has 
improvement potential with respect to 
the barrier width and the etch resistance. 
Efficiencies higher by at least 0.2% abs. 
are therefore expected with an optimized 
GEB PERC cell process in the future.

“Efficiencies higher by at 

least 0.2% abs. are expected 

with an optimized GEB PERC 

cell process in the future.”

To compare the performance of 
the different phosphorus emitters, 
the internal quantum efficiency (IQE) 
and reflectance of the four PERC cells 
of Table 2 were measured. As can be 
seen in Fig. 4, the GEB PERC and the 
I2-PERC cells show a significantly 
improve d  b lue- w aveleng th  I QE 
compared with the reference PERC 
cell. Accordingly, the lower J0e values 
of the ion-implanted emitter and the 
GEB emitter compared with the POCl3 
emitter in Fig. 3 translate into a higher 
blue-wavelength IQE, and hence into 
higher Voc and Jsc values, as shown in 
Table 2.

Fig. 4 also indicates that the IQE of 
the I2-PERC cell is slightly lower in 
the infrared regime around 1000nm 
wavelength; this is caused by the 
older rear-passivation process and is 
not related to the emitter formation. 
The IQE of the polished PERC cell 
is almost identical to that of the 
reference PERC cell ,  despite the 
different types of POCl3 diffusion 
used in the process flows. The wet 
chemical etch-back of the emitter 
of the polished PERC cell therefore 
compensates for the stronger POCl3 
diffusion. Furthermore, in the red-
wavelength regime the IQEs of the 
GEB and polished PERC cells are 
comparable to the IQE of the reference 
PERC cell,  which proves that the 
rear polish is sufficient to allow an 
excellent rear-surface passivation.

Conclusions
E m i t t e r  t e c h n o l o g i e s  o f  t h r e e 
industrially applicable PERC cell 
conce pt s  have  b e en  e v a luate d , 
including ion-implanted emitter, 
chemically polished rear surface, 
and selective emitter by GEB. The 
results were compared with a high-
efficiency reference PERC cell. The 
three industr ia l  PERC concepts 
employ lean industrially applicable 
process sequences which reduce the 
phosphorus concentration at the wafer 
surface.

“When applied to PERC cells, 

the ion-implanted and GEB 

emitters achieve conversion 

efficiencies of up to 20.3%.”
The ion-implanted and GEB emitters 

consequently obtain signif icantly 
reduced emitter saturation current 
densit ies  of  40 to 60fA/cm2 for 
emitter sheet resistances of 90 to 
130Ω/sq. When applied to PERC 
cells , the ion-implanted and GEB 
emitters demonstrate up to 10mV 
higher open-circuit voltages than the 
POCl3-diffused reference PERC cell 
and achieve conversion efficiencies of 
up to 20.3%. The potential for further 
increases in ef f iciency has been 
discussed.

Figure 4. IQE (top) and reflectance (bottom) measurements of the GEB 
PERC cell, the I2-PERC cell, the polished PERC cell and the reference PERC 
cell (POCl3) in Table 2. The improved IQE in the blue-wavelength regime 
of the GEB and I2-PERC cells compared with the reference PERC cell is in 
accordance with the lower J0e values shown in Fig. 3. The slightly lower IQE of 
the I2-PERC cell in the infrared-wavelength regime is due to the older rear-
passivation process.
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Introduction
The passivated emitter and rear cell 
(PERC) concept was first published in 
1989 [1] as a high-efficiency laboratory-
type solar cell. PERC solar cells have 
since been intensively evaluated and 
optimized by industry and research 
institutes as a next-generation silicon 
solar cell concept for mass production. 
Several  companies  have already 
announced the pilot production of 
PERC solar cells [2–5], and efficiencies 
of up to 21.0% have been demonstrated 
for large-area PERC cells with screen-
printed contacts [6]. Excellent rear-
surface recombination velocities 
below 150cm/s have been reported, 
demonstrating the high-efficiency 
potential of industrial PERC cells [7,8].

B ecause of  the much-reduced 
carrier recombination at the rear side 
of PERC cells, the phosphorus emitter 
now requires further optimization 
for conversion efficiencies beyond 
21.0% to be achieved in the future. To 
keep production costs low, however, 
improvements in emitter technology 
have to be realized using a very lean 
process flow and as few extra process 
steps as possible. In recent years, a lot 
of effort has already been dedicated 

to optimizing the phosphorus emitter, 
in particular with respect to selective 
emitters [9–14], which are applicable to 
PERC cells as well.

“The phosphorus emitter 

now requires further 

optimization for conversion 

efficiencies beyond 21.0% to 

be achieved in the future.”

Four different PERC process flows 
which yield almost identical rear sides, 
but result in four different phosphorus 
emitters, are investigated and compared 
in this paper: 

1. R e f .  P E R C :  I S F H  r e f e r e n c e 
PERC process flow employing a 
homogeneously POCl3-diffused 
70Ω/sq. emitter and a planar rear 
side obtained by a protection layer.

 
2. I2-PERC: PERC process flow where 

the emitter is formed by phosphorus 
ion implantation (I2) and subsequent 
annealing. 

3. Polished PERC: PERC process flow 
where the rear side is chemically 
polished after texturing and POCl3-
diffusion. The rear polish and 
subsequent wet cleaning slightly etch 
back the emitter.

4. GEB PERC: PERC process f low 
where the very reactive gas phase of 
a modified polishing process is used 
to form a selective emitter via gas 
phase etch-back (GEB). 

W h e r e a s  t h e  r e f e r e n c e  P E R C 
process serves as a high-efficiency 
baseline process , the other three 
PERC process flows are designed to 
reduce the front-surface phosphorus 
concentration and hence potentially 
reduce the emitter saturation current 
density, allowing higher conversion 
efficiencies. At the same time, these 
th re e  i n d u s t r i a l  P E R C  p ro ce s s 
flows incorporate very lean process 
sequences with the aim of targeting 
industr ial  mass production.  The 
emitter doping profiles and saturation 
current densities, as well as the I-V 
parameters and quantum efficiencies 
of the resulting PERC solar cells, are 
reported in this paper.

Emitter technology options for 
industrial PERC solar cells with up to 
20.3% conversion efficiency
Thorsten Dullweber1, Helge Hannebauer1, Christopher Kranz1, Rene Hesse1, Sabrina Wyczanowski1, Vikram Bhosle2 & 
Chris Dubé2, Katrin Weise3 & Franck Delahaye3, Oliver Doll4, Ingo Kohler4, Rolf Brendel1 
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3 RENA GmbH, Freiburg, Germany
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ABSTRACT

Passivated emitter and rear cells (PERC) are considered to be a next generation of industrial solar cells, and 
several companies have already started pilot production. The much-reduced rear-surface recombination in 
PERC cells requires improvements to the front side, for example the emitter, in order to further increase the 
conversion efficiency in the future. This paper presents an evaluation of the emitter technologies of three 
industrially applicable PERC cell concepts: 1) with an ion-implanted emitter, 2) with a chemically polished 
rear surface, and 3) with a selective emitter formed by gas phase etch-back (GEB). The results are compared 
with a reference high-efficiency POCl3-diffused PERC cell. The three industrial PERC concepts utilize 
lean industrially applicable process flows which reduce the phosphorus concentration at the wafer surface. 
Accordingly, when compared with the POCl3-diffused emitter, the ion-implanted and GEB emitters obtain 
significantly lower emitter saturation current densities of 40 to 60fA/cm2 for emitter sheet resistances of 90 to 
130Ω/sq. When applied to large-area PERC cells with screen-printed metal contacts, the ion-implanted and 
GEB emitter cells demonstrate up to 10mV higher open-circuit voltages than the POCl3-diffused reference 
PERC cell, and achieve conversion efficiencies of 20.0 and 20.3%, respectively. The next steps in further 
increasing the efficiency are outlined.
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The PERC process flows 
and emitter technologies 
investigated
B oron-doped Cz wafers  of  s ize 
156×156mm2 with a resistivity of 
2–3Ωcm and a starting thickness of 
190μm are used for all PERC process 
flows. The four process flows, shown 
in Table 1, differ in their emitter 
formation and rear-surface preparation. 
Process steps which impact the emitter 
formation are highlighted in green. 
All four PERC process flows, however, 
apply the same initial wafer cleaning, 
alkaline texturing, SiNx front-surface 
passivation, AlOx/SiNy rear-surface 
passivation, laser contact opening 
(LCO), screen printing of Ag front 
(print-on-print) and Al rear metal 
contacts, and firing profile, as indicated 
by the process steps highlighted in blue 
in Table 1. The resulting PERC cell 
structures are shown schematically in 
Fig. 1. An overview of each of the four 
different PERC process flows of Table 
1 and Fig. 1, with an emphasis on the 
emitter formation, is given next.

A) Ref. PERC: reference PERC cells 
with rear protection layer 
The process f low for the reference 
PERC solar cells  is  described in 
detail by Dullweber et al. [7]. Before 
texturing and POCl3 dif fusion, a 
dielectric protection layer is deposited 
on the rear side of the wafer, resulting 
in a planar and non-diffused rear 
side. A homogeneously doped emitter 
with a sheet resistance of about 
60Ω/sq. measured after diffusion is 
applied. Because of the subsequent 
wet cleaning (PSG and dielectric etch, 
cleaning before rear passivation), 
the emitter is etched back slightly, 
which increases the emitter sheet 
resistance to a final value of around 
70Ω/sq. A 10nm-thick atomic layer 
deposited (ALD) AlOx layer is applied 
to the rear side. A plasma-enhanced 
chemical vapour deposition (PECVD) 
SiNy capping layer is then deposited 
on top of the AlOx passivation layer 
at the rear in order to improve both 
the optical reflectivity and the surface 
passivation quality. 

The emitter is covered with a PECVD 
SiNx anti-reflective coating. To form 
local line openings, the dielectric layer 
stack at the rear is locally ablated by 
LCO [7,15]. Line contacts were chosen 
instead of point contacts, since the 
former facilitate the formation of a 
deep and uniform local Al-BSF [16]. 
The Ag front contacts are deposited by 
a print-on-print (PoP) screen-printing 
process, resulting in a finger width of 
around 60μm [17]. The Al rear contact 
is formed by full-area Al screen printing 
of a commercially available Al paste 
designed for local rear contacts. In 
total, 11 process steps are necessary 
for this reference PERC process flow, 
resulting in the PERC solar cell shown 
schematically in Fig. 1 (left). 

B) I2-PERC: PERC solar cells with 
ion-implanted phosphorus emitter
As an alternative to POCl3 diffusion, 
emitter formation by ion implantation 
is evaluated; see Dullweber et al. 
[18] for a detailed description of 
the I2-PERC process flow. A single-

A: Ref. PERC B: I2-PERC C: Polished PERC D: GEB PERC

Wafer cleaning Wafer cleaning Wafer cleaning Wafer cleaning

Rear protection layer Rear protection layer  

Texturing Texturing Texturing Texturing

Phosphorus diffusion Ion implantation Phosphorus diffusion Phosphorus diffusion

PSG + dielectric etch Anneal  Front: etch barrier

 Front: SiNx  Rear: Polish Polish + GEB 

Rear: AlOx/SiNy Rear: dielectric etch Rear: AlOx/SiNy Rear: AlOx/SiNy

Front: SiNx Rear: AlOx/SiNy Front: SiNx Front: SiNx

Rear: laser ablation Rear: laser ablation Rear: laser ablation Rear: laser ablation

Ag screen printing Ag screen printing Ag screen printing Ag screen printing

Al screen printing Al screen printing Al screen printing Al screen printing

Co-firing Co-firing Co-firing Co-firing

    
11 steps 12 (10) steps 10 steps 11 steps

Table 1. Process flows of the reference PERC cell (A), as well as the three industrially applicable PERC cell concepts 
with ion-implanted emitter (B), chemically polished rear surface (C) and selective emitter by gas phase etch-back 
(GEB) (D). The ‘green’ process steps impact the emitter formation, whereas the ‘blue’ process steps are identical for 
all four PERC process flows.

Figure 1. Schematic cross sections of the four PERC cells resulting from the different process flows in Table 1.
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sided texturing of the front side is 
obtained by using a rear protection 
layer, which is later removed in the 
process flow. The phosphorus emitter 
is ion implanted using an implanter 
similar to the Applied Materials 
Solion tool [13]. Afterwards , the 
crystal damage caused by the ion 
implantation is annealed in a high-
temperature step, which activates 
the phosphorus doping, resulting in 
an emitter sheet resistance of around  
65Ω/sq. A thin thermal oxide is then 
grown in the furnace as part of the 
anneal, providing surface passivation 
of the emitter. A SiNx anti-reflective 
coating is deposited on the front 
side, and the dielectric layer on the 
wafer rear side is then removed. Next, 
the AlOx/SiNy passivation stack is 
deposited on the wafer rear side. The 
LCO and the screen printing of the 
front and rear contacts is performed 
as described above for the reference 
PERC process flow.

The result ing PERC solar  cel l 
is  shown schematically in Fig .  1 
(centre); this cell differs from the 
reference PERC cell in its emitter 
doping profile and SiO2/SiNy front-
surface passivation. A future option 
for a very lean process f low with 
industrial manufacturing in mind 
is to skip the rear protection layer 
and apply a single-sided alkaline 
texturing or a chemical rear polish 
after double-sided texturing as in the 
polished PERC cell (described in the 
next section). This would allow the 
dielectric etch (later in the process 
flow) to also be skipped, so that only 
10 steps in total would be required for 
the PERC cell processing. 

C) Polished PERC: PERC solar cells 
with polished rear side 
The process flow for the polished PERC 
cell is described in detail by Kranz et 
al. [19]. After double-sided alkaline 
texturing, the emitter is formed by 
POCl3 diffusion, resulting in an emitter 
sheet resistance of 45Ω/sq. after 
diffusion. The RENA InPilot tool is then 
used to take off about 5μm of silicon 
from the rear surface by single-sided 
wet chemical polishing; this removes 
the rear-side emitter and smooths the 
rear surface. After the polishing step, 
a cleaning sequence is carried out 
prior to depositing the AlOx/SiNy rear 
passivation layer. The polishing process, 
and even more so the subsequent wet 
cleaning, slightly etch back the emitter, 
which increases the emitter sheet 
resistance from the initial 45Ω/sq. to 
around 65Ω/sq. The passivation of the 
rear and front surfaces, the LCO and 
the screen printing of the front and rear 
contacts are performed as described 

Figure 3. Emitter saturation current density of homogeneously POCl3-diffused 
emitters with Ag screen-printed contacts (grey), as well as a SiNx surface 
passivation (black) [21]. The emitter saturation current densities of the GEB 
(green) and ion-implanted (blue) emitters are significantly lower than for 
POCl3-diffused emitters with the same sheet resistance.

(b)

(a)

Figure 2. (a) Doping profiles of the ion-implanted phosphorus emitter (65Ω/
sq.), the emitter after polishing (65Ω/sq.) and the gas phase etch-back (GEB) 
emitter (90Ω/sq., shifted by 40nm) measured by ECV profiling. The doping 
profile of the POCl3-diffused emitter (70Ω/sq.) is included as a reference. 
(b) Close-up of the front surface in Fig. 2(a). The dashed green line denotes 
the removal of around 40nm of silicon by the GEB process. The lower 
concentration of surface phosphorus of the GEB, polished and implanted 
emitters compared with the POCl3 emitter is the main reason why the J0e

(see Fig. 3) values are lower and the Voc values are higher (see Table 2).
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earlier for the reference PERC process. 
This very lean PERC process flow 

requires just 10 process steps. The 
schematic cross section of the resulting 
PERC solar cell is basically identical to 
the reference PERC cell in Fig. 1 (left). 
However, the rear surface of the polished 
PERC cell is slightly rougher, and the 
doping profile of the emitter is different 
from that of the reference PERC cell.

D) GEB PERC: PERC solar cells with 
selective emitter formed by gas phase 
etch-back
See Hannebauer et al. [20] for an 
in-depth description of the novel 
selective emitter process for GEB 
PERC cells. The wafers are double-
sided textured and double-sided POCl3 
diffused, with an emitter sheet resistance 
of 45Ω/sq. Using an inkjet printer, an 
etch barrier (barrier material provided 
by Merck) is printed on the front side 
of the wafer in areas where the front Ag 
fingers will later also be screen printed. 
The printed etch barrier width is around 
600μm, which is subject to further 
reduction and optimization. 

The rear side is then polished using 
the RENA InPilot tool, and the emitter 
is thereby simultaneously etched back 
on the front side in between the etch 
barrier fingers by the reactive gas phase 
of the polish bath. In contrast with the 
previously described polished PERC 
process, the polish recipe is adjusted in 
order to obtain a much more reactive 
gas phase which removes about 30 to 
40nm of the phosphorus emitter on the 
front side while wet chemically polishing 
and removing about 8μm of silicon on 
the rear side. The cleaning after the 
polish removes the etch barrier.

The final emitter sheet resistances 
are about 90Ω/sq. in between the etch 
barrier fingers (later SiNx passivated), 
and about 45Ω/sq. below the etch 
barrier (later Ag screen printed). 
The passivation of the rear and front 
surfaces, the LCO and the screen 
printing of the front and rear contacts 
are carried out as described earlier for 
the reference PERC process. Compared 

with the polished PERC cells, the GEB 
PERC process flow requires just one 
additional process step (etch barrier 
deposition) to form a selective emitter 
instead of a homogeneously doped 
emitter. Fig. 1 (right) shows a schematic 
drawing of the GEB PERC solar cell 
with selective emitter.

Emitter doping profiles and 
saturation currents

The doping profiles are obtained by 
electrochemical capacitance-voltage 
(ECV) measurements of planar test 
wafers which have been processed 
in a very similar way to that of the 
corresponding PERC solar cells . 
Fig. 2(a) shows the resulting doping 
profiles; the 70Ω/sq. POCl3 emitter 
of the reference PERC cell is shown 
in black and serves as a reference. The 
doping profile of the 90Ω/sq. GEB 
emitter is almost identical to that of the 
polished PERC cell, since in both cases a  
45Ω/sq. POCl3 diffusion is applied. 
However, around 40nm of the front 
surface of the emitter has been removed 
by the GEB; accordingly, the ECV profile 
of the GEB emitter is shifted by 40nm in 
Figs. 2(a) and (b). The doping profile of 
the 65Ω/sq. ion-implanted emitter after 
annealing has a depth of around 0.55μm, 
which is comparable to that for the GEB 
and polished PERC emitters.

Fig. 2(b) shows a close-up of the 
first 0.1μm in Fig. 2(a) so that the 
significantly different phosphorus 
c o n c e n t r a t i o n s  a t  t h e  f r o n t 
surface can be observed. As can 
be seen, the GEB 90Ω/sq. emitter 
is etched back by approximately 
4 0 n m ,  re s u l t i n g  i n  th e  l o w e s t 
phosphorus surface concentrations of  
5×1019cm-3. The doping profile of the 
polished PERC emitter shows a front 
phosphorus concentration of around  
1.5×1020cm-3, despite the strong 45Ω/
sq. POCl3 diffusion. This is achieved 
by the aggressive wet cleaning after 
the rear polishing, which partly etches 
the emitter front surface. The ion-
implanted emitter indicates a low 

phosphorus concentration of around 
2×1020cm-3 of the front as well, which 
is achieved by a suitable combination 
of implant and annealing parameters. 
In this case, the diffusion mechanism 
follows a ‘limited source behaviour’ 
according to Fick’s laws of diffusion, 
which allows a reduction in the surface 
concentration of phosphorus ,  as 
opposed to the typically ‘unlimited 
source behaviour’ of POCl3 diffusion, 
which maintains the concentration at 
the surface. 

To assess the electrical performance 
of the different emitters, the emitter 
saturation current density J0e is 
mea sure d by  qua s i - s teady- state 
photoconductance (QSSPC) of suitable 
test structures using float zone wafers 
with resistivities of about 200Ωcm. 
The GEB, polished and ion-implanted 
emitters are processed in the same 
way as the corresponding PERC cells, 
including a textured surface passivated 
by SiNx.

“The superior performance 

of the ion-implanted and 

GEB emitters is due to 

the significantly lower 

front-surface phosphorus 

concentration.”
Measurements taken after firing 

are shown in Fig. 3. The black data 
points represent the reference POCl3 
emitter for different sheet resistances 
and are taken from Hannebauer 
et al.  [21]. The grey data points , 
labelled ‘Ag screen-printed’,  refer 
to J0e measurements by dynamic 
infrared lifetime mapping (DILM) 
of Ag screen-printed contacts on 
POCl3-diffused emitters with different 
sheet resistances , as published in 
Hannebauer et al. [21]. For sheet 
resistances of 90 to 130Ω/sq. in 
particular, the ion-implanted and GEB 
emitters yield significantly lower J0e 

PERC type Emitter Emitter doping η Voc Jsc FF
 technology  [%] [mV] [mA/cm2] [%]

Ref. PERC POCl3 H, 70�/sq. 20.0 649 38.1 80.9

I2-PERC Ion implantation H, 65�/sq. 20.0 659 38.7 78.3

Polished PERC POCl3 H, 65�/sq. 20.2 655 38.0 81.0

GEB PERC GEB SE, 90/45�/sq. 20.3* 660 38.3 80.3

*Independently confirmed by ISE CalLab

Table 2. Solar cell parameters of the best PERC solar cell of each process flow, measured under standard testing 
conditions (H = homogeneously doped; SE = selective emitter).
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values of 40 to 60fA/cm2, compared 
with 90fA/cm2 for the POCl3-diffused 
emitter. The superior performance of 
the ion-implanted and GEB emitters 
is due to the significantly lower front-
surface phosphorus concentration, as 
shown in Fig. 2(b), resulting in fewer 
inactive phosphorus atoms which 
could act as recombination centres. 
For the polished PERC cells, however, 
the J0e values of around 110fA/cm2 are 
comparable to the current densities 
for POCl3-diffused emitters of the 
same sheet resistance.

PERC solar cells 

Table 2 shows the I-V parameters 
of the best performing PERC cells 
of the four PERC cell process flows 
descr ibed earl ier.  The reference 
PERC cell demonstrates a conversion 
efficiency η of 20.0%, whereas the 
polished and GEB PERC cells yield 
conversion efficiencies of 20.2% and 
20.3% respectively. The benefit of the 
selective emitter of the GEB PERC 
cell can be seen in the high open-
circuit voltage Voc of 660mV and good 
short-circuit density Jsc of 38.3mA/
cm2. The I2-PERC cell achieves 20.0% 
conversion efficiency and high Voc and 
Jsc values; the fill factor FF, however, is 
significantly lower than for the other 
PERC cells. It has to be considered, 
though, that the I2-PERC cell has been 
produced using an older process, with 
respect to the rear-surface passivation 
and front-side metallization, than 
in the case of the other three PERC 
cells, which have been created using 
the latest process at ISFH. If the latest 
process is applied to the I2-PERC cells, 
the conversion efficiency is expected to 
be around 20.2%.

Another option for further increasing 
the conversion efficiency of I2-PERC 
cells is to apply a selective emitter by 
putting a shadow mask in the ion beam, 
a technique which requires no additional 
process step [12]. Moreover, it should 
be mentioned that the GEB PERC cells 
stem from only the fourth batch ever of 
cells processed using this novel selective 
emitter concept. The etch barrier still has 
improvement potential with respect to 
the barrier width and the etch resistance. 
Efficiencies higher by at least 0.2% abs. 
are therefore expected with an optimized 
GEB PERC cell process in the future.

“Efficiencies higher by at 

least 0.2% abs. are expected 

with an optimized GEB PERC 

cell process in the future.”

To compare the performance of 
the different phosphorus emitters, 
the internal quantum efficiency (IQE) 
and reflectance of the four PERC cells 
of Table 2 were measured. As can be 
seen in Fig. 4, the GEB PERC and the 
I2-PERC cells show a significantly 
improve d  b lue- w aveleng th  I QE 
compared with the reference PERC 
cell. Accordingly, the lower J0e values 
of the ion-implanted emitter and the 
GEB emitter compared with the POCl3 
emitter in Fig. 3 translate into a higher 
blue-wavelength IQE, and hence into 
higher Voc and Jsc values, as shown in 
Table 2.

Fig. 4 also indicates that the IQE of 
the I2-PERC cell is slightly lower in 
the infrared regime around 1000nm 
wavelength; this is caused by the 
older rear-passivation process and is 
not related to the emitter formation. 
The IQE of the polished PERC cell 
is almost identical to that of the 
reference PERC cell ,  despite the 
different types of POCl3 diffusion 
used in the process flows. The wet 
chemical etch-back of the emitter 
of the polished PERC cell therefore 
compensates for the stronger POCl3 
diffusion. Furthermore, in the red-
wavelength regime the IQEs of the 
GEB and polished PERC cells are 
comparable to the IQE of the reference 
PERC cell,  which proves that the 
rear polish is sufficient to allow an 
excellent rear-surface passivation.

Conclusions
E m i t t e r  t e c h n o l o g i e s  o f  t h r e e 
industrially applicable PERC cell 
conce pt s  have  b e en  e v a luate d , 
including ion-implanted emitter, 
chemically polished rear surface, 
and selective emitter by GEB. The 
results were compared with a high-
efficiency reference PERC cell. The 
three industr ia l  PERC concepts 
employ lean industrially applicable 
process sequences which reduce the 
phosphorus concentration at the wafer 
surface.

“When applied to PERC cells, 

the ion-implanted and GEB 

emitters achieve conversion 

efficiencies of up to 20.3%.”
The ion-implanted and GEB emitters 

consequently obtain signif icantly 
reduced emitter saturation current 
densit ies  of  40 to 60fA/cm2 for 
emitter sheet resistances of 90 to 
130Ω/sq. When applied to PERC 
cells , the ion-implanted and GEB 
emitters demonstrate up to 10mV 
higher open-circuit voltages than the 
POCl3-diffused reference PERC cell 
and achieve conversion efficiencies of 
up to 20.3%. The potential for further 
increases in ef f iciency has been 
discussed.

Figure 4. IQE (top) and reflectance (bottom) measurements of the GEB 
PERC cell, the I2-PERC cell, the polished PERC cell and the reference PERC 
cell (POCl3) in Table 2. The improved IQE in the blue-wavelength regime 
of the GEB and I2-PERC cells compared with the reference PERC cell is in 
accordance with the lower J0e values shown in Fig. 3. The slightly lower IQE of 
the I2-PERC cell in the infrared-wavelength regime is due to the older rear-
passivation process.
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Introduction
In the last 10 years, the PV industry has 
had to survive three large crises: the 
feedstock crisis in 2005–2008, the world 
financial crisis in 2008–2009, and, 
the most difficult one so far, the large 
overcapacity of wafer, cell and module 
producers beginning in 2011. The last 
one is the most difficult so far and still 
ongoing; because of consolidation, only 
the fittest companies and most cost-
effective technologies are surviving it.

Fig .  1 shows schematically the 
known learning curve for PV module 
prices. The plummet in price is due to 
sales that are close to, or even below, 
production costs in the struggle for 
survival. In 2013, module prices have 
now fallen to €0.50/Wp on average, 
so that – apart from the downstream 
players – actually nobody in the PV 
business today is making a profit. The 
period after 2014 is expected to be 
characterized by a continuous but slow 
decrease in module manufacturing 

c o s t ,  w i t h  t h e  m o d u l e  p r i c e 
stabilizing for a certain time, enabling 
manufacturers to restore some profit 
margins. At the same time, balance of 
system cost is expected to experience 
a stronger cost reduction, resulting in 
an overall decrease in the cost of the 
installed PV system. Compared with 
the boom period lasting until 2011, 
characterized by continuous expansion 
of production capacities all along 
the value chain, it is now much more 
difficult to introduce new technologies 
to the market as the capability of cell 
producers to invest in the future drops 
to zero because of the lack of liquidity 
and of the persisting overcapacity.

At the moment ,  however,  the 
situation is slightly improving, and 
the concepts that were popular two 
or three years ago are gaining interest 
again, because, after the crises, high-
level companies have to be prepared 
to distinguish their products from 
standard mass- produced p- type 

p ro d u c t s .  Th i s  i s  p o s s i b l e  b y, 
for example,  introducing n-type 
technologies that – thanks to the stable 
and high efficiencies – will enable a 
significant step forwards regarding the 
reduction in the cost of electricity (€/
kWh) generated by PV.

“The trend is moving 

towards ion-implanted cells, 

rear-contacted cells or n-type 

processes.”

In order to significantly exceed 20% 
efficiency, the trend is moving towards 
ion-implanted cells, rear-contacted 
cells or n-type processes. Actually the 
combination of these three technologies 
will result in the most cost-effective and 
powerful device – an ion-implanted, 
n-type, rear-contacted interdigitated 
back-contact (IBC) cell with a potential 
efficiency greater than 23% in mass 
production. Provided that low-cost 
processes will be available, the addition 
of surface passivation by a-Si layers will 
further enhance the efficiency potential.

In the next section, the challenges 
and chances  for  the  industr ia l 
implementation of n-type solar cell 
concepts will be considered. This will 
be followed by an overview of existing 
technologies, with a focus on diffused 
screen-printed devices; the specific 
requirements such devices have 
regarding suitable I-V measurements will 
be examined. Finally, useful advanced 
module technologies will be summarized 
and the future of n-type PV discussed. 

The status and future of industrial 
n-type silicon solar cells
Radovan Kopecek & Joris Libal, ISC Konstanz, Konstanz, Germany

ABSTRACT

According to the ITRPV (International Roadmap for PV), a large fraction of future solar cells will be n-type 
and rear-contact cells with the highest efficiencies and fabricated using low-cost processes. As the standard 
p-type silicon solar cell in mass production is completely optimized and has therefore reached its cost limit, 
it is currently very difficult for new solar cell concepts to be cost effective from the outset when introduced 
into production. Consequently, in the current market situation, the introduction of new solar cell concepts to 
the market is not straightforward. The only way to achieve this is to use the fully adapted standard processes 
employed in today’s manufacturing lines and only upgrade them with a few industrially approved process steps 
– such as laser ablation and boron diffusion – in order to implement low-cost device structures with stable 
efficiencies well above 20%. This paper gives an overview of n-type cell concepts already present on the market 
and of promising technologies ready for pilot production; the latter were summarized and discussed at the 
3rd nPV workshop in April 2013 in Chambéry, France. The consequences for module manufacturing, as well 
as for measurement techniques and for requirements in respect of new standardization for cell and module 
characterization, will also be discussed. 

Figure 1. The development of demand, production capacity and module 
prices over the years and a forecast for the future.
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Figure 2. Predicted market share of various Si PV technologies according to 
ITRPV [2]. The data have been simplified as follows: ‘p-type multi’ includes 
‘p-type multi’ and ‘p-type high-performance mc-Si’, while ‘p-type mono-like’ 
has been included in ‘p-type mono’. 
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The status of diffused and 
screen-printed solar cells 

Voc

Voc

The need for additional 
measurement standards for 
bifacial structures

Pmpp

Company/Institute Country Name Bifacial cell structure Technology Efficiency [%] Reference

Yingli China PANDA H-pattern Diffused, SP 19.5 [7]

ECN Netherlands n-Pasha H-pattern Diffused, SP 20 [8]

INES France NN H-pattern Diffused, SP 20 [9]

ISC Konstanz Germany BiSoN H-pattern Diffused, SP 20 [10]

PVG Solutions Japan NN H-pattern Diffused, SP 20 [11]

Suniva USA NN H-pattern Implanted, SP 20 [12]

LG Electronics Korea Neon H-pattern Implanted, SP 20.5 [13]

Bosch Solar Germany iBiN H-pattern Implanted, SP 20.5 [14]

Hareon China NN IBC Diffused, SP 20 [15]

Samsung Korea NN IBC Implanted, SP (metal glass) 20.5  [16]

ISC Konstanz Germany ZEBRA IBC Diffused, SP 21 [17]

Table 1. Diffused and ion-implanted 6˝ industrial n-type solar cells from different companies/institutes with screen-
printed (SP) metallization and with two different geometries, both having a bifacial characteristic. (Efficiency values 
are rounded to 0.5% abs., as different measuring conditions were applied.) 
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devices 
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devices 
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Module interconnection

Figure 3. Cross sections and images of the most prominent n-type solar cells. 
Since both sides always have an emitter or a BSF/FSF, and as none of the sides 
has a fully metallized surface, the solar cells can be made bifacial. 

Figure 4. Schematic of the illumination of a bifacial cell in (a) bifacial and (b) 
monofacial modes. The unknown features are the illumination from the rear 
and the choice of chuck. 
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Figure 5. (a) Possible bifacial measurement modes. (b) Power gain as a 
function of rear albedo.

Figure 6. IQE for a bifacial p-type cell, measured with a black and a white 
chuck, and the same measurements for a standard p-type solar cell with full 
Al rear contact. The gain in short-circuit current Jsc for the bifacial cell, when 
using a white chuck, results from reflected light of wavelengths from 1000 to 
1200nm. 

Figure 7. (a) The reflective conductive chuck (top) and the black (non-reflective) 
and non-conductive chuck (bottom) used for measuring Bosch’s n-type bifacial 
solar cells. (b) Measurements of these cells taken at FHG ISE [21]. 
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Background and motivation 
for copper-based 
metallization

There is a strong motivation within 
the PV industry to decrease the usage 
of silver in cells; this is driven mainly 
by the desire to reduce €/Wp costs. 
For conventional screen-printed solar 
cells ,  silver accounts for 30–45% 
of  the  w afer- to-cel l  convers ion 
cost and is the main cost element 
[1]. Despite efforts to reduce silver 
usage for front contacting in the last 
four or five years, this cost element 
has not generally been reduced in 
production owing to a doubling of 
the average yearly Ag price between 
2008 and 2012. Furthermore, if the 
PV industry continues to grow and Ag 
remains the dominant metallization 
method, within a few years PV will 
be the major user of Ag and its 
share of total Ag production will 
continue to increase, putting further 
pressure on Ag prices (Fig . 1). It 
therefore seems likely that silver will 
remain a significant cost element 
for conventional solar cells for the 
foreseeable future.

“Copper-based metallization 

clearly has a potential cost 

advantage.”
Given that copper has a similar 

electrical conductivity to silver but 
is less than a hundredth of the price 
per kg, copper-based metallization 
clearly has a potential cost advantage. 
However, the motivation for replacing 

silver with a copper-based metallization 
scheme is not just because of the 
potential cost-reduction arguments and 
concerns over future Ag prices: contacts 
based on nickel/copper provide many 
technological advantages which can 
increase cell efficiency. Ni/Cu contacts 
prov ide ~2.5× higher  electr ical 
conductivity than Ag paste, lower 
contact resistance at low Ns [3] and 
no restriction on line widths (because 
of the self-aligned nature of plating). 

Cost-effective and reliable Ni/Cu plating 
for p- and n-type PERx silicon solar cells 
yielding efficiencies above 20.5%
Richard Russell1, Loic Tous1, Riet Labie1, Monica Aleman1, Filip Duerinckx1, Jurgen Bertens2, Takeshi Horiuchi3 & 
Jozef Szlufcik1

1 imec, Leuven, Belgium
2 Meco Equipment Engineers BV, Drunen, The Netherlands
3 Hitachi Chemical Co Ltd, Chikusei, Japan

ABSTRACT

This paper presents the status of imec’s work on the use of copper for the main conductor as an alternative to 
screen-printed silver front contacts in solar cells. This work is motivated not only by the limitations that Ag 
screen-printed contacts have regarding solar cell efficiency (high contact shading, limited line conductivity, and 
poor contact resistance to moderately doped emitters), but also by the PV industry’s desire to reduce Ag usage 
for reasons of cost. Despite the potential advantages of Ni/Cu contacts, their commercialization has been limited 
because of increased process complexity and doubts over the €/Wp advantage and long-term reliability. These 
three factors all depend on the specific process and toolset and are discussed in this paper. A relatively simple 
process sequence is described that uses industrial pilot-line tools and consists of: 1) defining the front-contact 
pattern by ps-UV laser ablation; 2) self-aligned plating of the contacts using Ni/Cu/Ag; and, finally, 3) sintering in 
N2 for nickel silicidation. The process sequence is applied to 15.6×15.6cm2 p-type CZ-Si PERC (passivated emitter 
and rear cell) solar cells with 120Ω/sq. homogeneous emitters; average cell efficiencies of 20.5% are achieved 
over more than 100 cells. Cost analysis results are then discussed, indicating that this Ni/Cu process sequence 
has a lower cost/piece than equivalent screen-printed PERC cells while also providing ~0.5% abs. higher cell 
efficiency. Thermal-cycling and damp-heat reliability data that meet extended (1.5×) IEC 61215 criteria for single-
cell laminates and small modules are reported. The improved efficiency potential of applying this metallization 
sequence to rear-junction n-type PERT (passivated emitter and rear totally diffused) cells is discussed and 
preliminary results are given.

Figure 1. Worldwide annual silver production and usage by applications. 
(Historical data from The Silver Institute, 2013; Future prediction from 
Verlinden [2].)
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Contacts of this type are typically 
sintered between 250 and 400°C, 
which is significantly lower than the 
temperature of 750–850°C required for 
Ag paste contacts, enabling passivation 
schemes degraded by high temperatures 
to be used as well as providing superior 
rear dielectric/Al reflectance in the 
PERC (passivated emitter and rear 
cell) cell since no melting of the rear Al 
occurs on contact formation.

Despite the potential advantages 
o f  N i / C u  c o n t a c t s ,  t h e i r  
commercialization has so far been 
limited, with the notable exception 
of  BP Solar  betwe en the  years 
1992 and 2008 [4]. Reasons for the 
l imitation include the increased 
process complexity and the availability 
of  suitable  low-cost  production 
techniques and tools. In BP Solar’s 
process, cells were laser grooved and 
subsequently nickel plated, sintered 
to form nickel silicide for low contact 
resistance and contact adhesion, then 
copper plated and a thin layer of Ag 
deposited for solderability. Although 
this metallization process provided 
highly  conduct ive ,  low contact 
resistance metallized fingers with low 
shading, the downside from the point 
of view of production was that it relied 
on electroless Ni and Cu plating, with 
the process flow being interrupted by 
Ni sintering between plating steps. The 
low plating rate (compared with typical 
electroplating) of the electroless plating 
solutions created an undesirably large 
amount of work-in-progress. Electroless 
plating solutions have the reducing 

agent in the electrolyte and need to be 
well controlled, and require frequent 
dosing and bath changing, which leads 
to significant waste disposal costs. 
Even though some development work 
in copper electroplating was carried 
out in 2004 [5,6], the process was not 
introduced into production at BP 
Solar, one issue being the suitability of 
available production equipment at the 
time. Despite these issues, BP Solar sold 
~150MWp of modules of the Ni/Cu 
laser-grooved buried contact process. 
An early, large 1MWp installation in 
Toledo, Spain, commissioned in 1992 
but still operational today, provides 
evidence that long-term reliability is 
possible using Cu-based metallization.

Some of the early obstacles to 
achie v ing a  v iable  low-cost  Cu 
metall ization process have been 
surmounted by recent advances in 
plating and dielectric patterning 
techniques. Bias-assisted light-induced 
Ni/Cu plating and suitable production 
electroplating tools now provide 
increased plating rates and stable baths 
which can operate for long periods of 
time as a result of consumed metal 
ions being replaced from metal anodes, 
greatly reducing effluent treatment 
costs. New cost-effective patterning 
techniques such as laser ablation, laser 
doping and patterned etching have 
also made possible new metallization 
strategies which do not rely on Ag 
screen printing. 

It is therefore not surprising that 
there has been a recent re-emergence 
of interest in copper plating. Over 

the last year at least six companies 
(Kaneka, TetraSun, Silevo, Schott Solar, 
Hyundai heavy industries, SunTech) 
have reported solar cell efficiencies 
of  over 20% (some signif icantly 
h igher)  w i th  the  incor p orat ion 
of Cu metallization. However,  it 
is not achievable cell efficiencies 
that will trigger a major switch to 
copper metallization but rather the 
demonstration of a clear reduction in 
the cost of the energy produced over 
the lifetime of modules compared 
with other metallization technologies. 
Convincing the PV community of 
the possibility of long-term module 
reliability with Cu-based contacts may 
now be the biggest hurdle to overcome 
for the widespread introduction of Cu 
metallization. 

Copper metallization 
development at imec

At imec the focus has been on 
invest igat ing the cel l  ef f ic ienc y 
potential, module reliability and €/Wp 
cost potential for Ni/Cu contacts on 
i-PERC cells using industrial pilot-line 
processing tools. Initially, sputtered 
Ni layers were used to guarantee good 
uniformity, and nickel silicidation 
was performed before copper plating, 
which, as expertise grew, progressed to 
a simpler Ni/Cu metallization sequence 
as shown in Fig. 2. The final simplified 
sequence has the advantage of a 
minimal number of process steps and 
allows one-stop in-line plating. 

All results reported here use the 
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Figure 2. Metallization process evolution at imec.
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Figure 3. i-PERC cell process flow 
with Ni/Cu metallization.
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simplified sequence, with the Ni/Cu/
Ag plating being made in an industrial 
pilot-line plating tool from Meco, and 
the final nickel silicidation step in a 
belt furnace from BTU; both tools have 
throughputs of greater than 100 6˝ cells/
hr. The full i-PERC process sequence 
using Ni/Cu metallization is shown 
in Fig. 3, with the final cell structure 
depicted in Fig. 4.

 In this plating sequence Ag is still 
used, albeit only a 100–200nm, thin, 
dense layer deposited by displacement 
plating, adding minimal cost. Ag is 
preferred over, for example, Sn because 
the final sintering step is above the 

melting point of Sn. Since the cell rear 
remains metallic Al in this process, 
conventional solder tabbing is not 
possible in module fabrication. This is 
a problem which is common to many 
high-efficiency cell structures, but 
several solutions already exist, such 
as the use of conductive adhesives, 
Schmid’s  TinPad technology [7] 
sputter ing addit ional  layers ,  or  
displacement plating of a zinc layer on 
the Al, enabling further rear plating. 
The use of a non-Ag-containing 
conductive adhesive film from Hitachi 
Chemical  for module tabbing is 
reported here. 

Cell results
In 2012 imec reported top efficiencies 
(confirmed at Fhg-ISE Cal lab) of 20.3% 
on 125mm CZ-Si substrates and 20.5% 
on magnetic Czochralski Si (MCZ Si) 
[8] using the Ni/Cu i-PERC process 
described in Russell et al. [9]. 

Before the process was transferred 
to 156mm wafers ,  a  power loss 
analysis (in mW/cm2) gave a detailed 
quantification of the loss mechanisms 
limiting cell  eff iciency [10].  The 
analysis showed that the three main 
contributors lowering cell efficiency 
were: 1) recombination losses at 
V o c (3 .35mW/cm 2)  mainly  f rom 
recombination at the front metal 
contacts; 2) optical losses (2.99mW/
cm2) mainly from high shading and 
non-optimal rear reflectance; and 3) 
recombination losses (1.33mW/cm2) 
as a result of a non-ideal diode. On 
the basis of this analysis, performance 
improvements for several process 
changes were estimated using PC1D, 
predicting that cell efficiencies greater 
than 21% should be feasible,  as 
discussed in Tous et al. [10]. 

Several performance-improving 
process changes have already been 
incorporated into the process flow for 
156mm wafers [11]. Other potential 
i mp ro v e m e nt s  –  i n  p a r t i c u l a r, 
improving rear-side reflectivity and 
lowering rear-contact recombination 
by replacing local Al back-surface 
f ie ld  (BSF )  contact s  w i th  lo c a l 
epitaxially grown B BSF contacts – are 
under development, with promising 
results being reported [12]. Current 
cell eff iciencies obtained at imec 
using MCZ-Si 156mm wafers are 
shown in Table 1, with a tight cell 
efficiency distribution as shown in 
Fig . 5. With only one electrically 
failed cell (not included), these results 
demonstrate a repeatable, robust Ni/
Cu process capable of providing high 
cell efficiencies. All 109 remaining 
cells yielded efficiencies above 20% 
(average of 20.5%), with the best cell 
achieving 20.8%.

“Results demonstrate a 

repeatable, robust Ni/Cu 

process capable of providing 

high cell efficiencies.”
Adhesion and reliability data
A summary of imec’s current reliability 
test data is presented here (more details 
can be found in Russell et al. [9]). 
Cells were made for reliability testing 
according to the i-PERC process flow 
as described. Single- and multi-cell 
laminates were made either by using a 

Figure 4. Cell structure of Ni/Cu i-PERC cells.

 Jsc [mA/cm2] Voc [mV] FF [%] Eff [%]

Average 38.8 661.3 80.0 20.54

CoV 0.26% 0.18% 0.25% 0.49%

Best cell 39.1 663.3 80.3 20.79

Table 1. Ni/Cu i-PERC cell results for 156mm MCZ wafers (averages over 
109 cells). (CoV = coefficient of variation = std dev/mean %.)

Figure 5. Cell efficiency distribution from a 109 Ni/Cu i-PERC cell run.
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non-Ag-containing conductive adhesive 
film from Hitachi Chemical for tabbing 
or by conventionally soldering Sn/
Ag/Pb-coated ribbons at five points 
along the cell length at 320ºC. Note 
that, in order to allow some cells to be 
conventionally soldered, these cells had 
an additional 2μm-Al/40nm-Ni/150nm-
Cu layer sputtered on the rear after 
rear-contact firing; this was necessary 
because in the standard i-PERC process 
flow the cell rear remains metallic 
aluminium, which cannot be soldered to 
by conventional means.

Pull-tab adhesion
Table 2 presents adhesion results for 
three cell types: 1) Ag screen-printed 
i-PERC cells as a control group; 2) 
Cu-metallized i-PERC cells; and 3) 
Cu-metallized i-PERC cells with an 
additional 2μm-Al/40nm-Ni/150nm-
Cu layer sputtered on the rear to allow 
rear-side conventional soldering. The 
results in Table 2 represent averages 
taken over 20 or 50 measurements for 
the maximum 45-degree pull strength 
registered at a test point normalized to 
the metallized contact width (N/mm). 

Single-cell laminates put on test
Eighteen 25×25cm2 Tedlar/EVA/1cell/
EVA/glass laminates were prepared 

for either thermal-cycling (–40 to 
85ºC) or damp-heat (85% relative 
humidity, 85ºC) tests. Cells were pre-
conditioned to approximately 5kWh/
m2 to remove any l ight-induced 
degradation before testing.

The ribbons were conventionally 
soldered onto cells or else connected 
via a non-Ag-containing conductive 
adhesive film technology from Hitachi 
Chemical. Standard Ag screen-printed 
cells (Ag sp/Al BSF with Ag rear 
busbars) tabbed by soldering and Ag 
screen-printed i-PERC cells (Ag sp/
Al) tabbed by conductive adhesive 
film were included as control groups. 
Copper-metallized i-PERC cells had 
rear surfaces of either metallic Al (Cu/
Al) or metallic Al/Ni/Cu/Ag (Cu/
Al Ni Cu Ag) and were tabbed either 
using conventional soldering or via a 
conductive adhesive film from Hitachi 
Chemical. The single-cell laminates put 
on test are summarized in Table 3.

Multi-cell modules put on test
Two modules were made (size for 60 
× 156mm cells), one for thermal-
cycling and the other for damp-
heat testing in accordance with IEC 
61512 specifications at an external 
accredited test site.  Within each 
module there were five individual 

cell strings consisting of eight or ten 
cells, each string electrically separated 
from the others, allowing each string 
to be measured individually. Four 
different cell-type/tabbing technology 
combinations were put on test, as 
indicated in Table 4. The cells were 
sister cells from the single-cell laminate 
tests and the same tabbing conditions 
were used.

Reliability test results
Summaries of the average results for 
copper-metallized cells and for Ag 
screen-printed cells are given in Tables 
5 and 6 respectively.

Many of the single-cell laminates in 
damp-heat testing showed significant 
progressive Jsc loss dominating cell 
efficiency losses, particularly for the 
copper-plated cells. These laminates 
had obvious EVA discolouration 
and were t inted brown.  As this 
affected both Ag- and Cu-metallized 
cell laminates, and no such Jsc loss 
was seen in the damp-heat Ag or 
Cu 10-cell string tests, the cause is 
believed to be related to the batch of 
EVA or Tedlar used for the laminates. 
The IEC 61215 test pass criterion is 
≤5% Pmax loss after 200 thermal cycles 
(–40 to 85ºC) or 1000 hours damp-
heat exposure (85ºC, 85% relative 
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humidity) [10]. In the tests, a total 
of 16 copper and 12 silver-paste 
metallized single/multi-cell laminates 
were subjected to thermal cycling 
(–40 to 85ºC) or damp-heat ageing 
(85ºC, 85% relative humidity). All 
laminates passed 300 thermal cycles 
or 1500 hours damp-heat exposure, 
which corresponds to one and a half 
times the IEC 61215 test specification, 
with no evidence of one metallization 
type being superior to any other. 
Although more complete testing is 
required and is planned, the results 
are clearly encouraging.

“All laminates passed 300 

thermal cycles or 1500 hours 

damp-heat exposure, which 

corresponds to one and a 

half times the IEC 61215 test 

specification.”

Estimates of the cost of 
ownership advantage of Ni/
Cu plating

While the developed Ni/Cu-plating 
process certainly has the potential for 
yielding higher efficiencies compared 
with a reference screen-printing 
process, it can also deliver substantial 
advantages with regard to cost of 
ownership (COO). COO calculations 
were carr ied out by imec for a 
hypothetical PERC-type production 
line comparing screen-printed Ag- and 
Ni/Cu-plated front contacts. In both 
cases, the assumed output of the line 
was roughly 2100 cells/hour. Included 
in these calculations were investment 
costs ,  f loor space, consumables/
materials, utilities, labour, downtime 
and yield losses.

At first sight, the Ni/Cu-plating 
p r o c e s s  a p p e a r s  t o  h a v e  a 
d i s a d v a n t a g e ,  s i n c e  i t  c r e a t e s 
additional process complexity and 
higher capital  expenses .  This  is 

clear from the fact that a Ag printer/
dryer has to be replaced by a trio of 
systems: a laser, a plating system and 
a low-temperature sintering furnace. 
However,  in terms of COO, this 
disadvantage is easily nullified when 
considering the cost of materials. Ag 
paste remains very expensive and 
this aspect is expected to become 
even more problematic as yearly 
production capacity increases in 
years to come. Although considerable 
efforts worldwide are being made to 
reduce the amount of Ag used per 
wafer [13], it is imec’s belief that this 
is only postponing the inevitable 
switch to the application of Cu.

If all the cost factors mentioned 
above are taken into account for 
both metallization possibilities, an 
advantage of 5.5€¢/cell in favour 
of  the Ni/Cu-plating scenario is 
estimated. This, however, assumes 
that a similar emitter is  used in 
both cases. If an adapted emitter is 
necessary then the advantage can 
decrease to a level of 3.2€¢/cell, still 
clearly in favour of the plating option. 
This means that introducing Ni/
Cu plating instead of screen printing 
in a production line significantly 
reduces not only the cost per Wp (by 
working on both the numerator and 
the denominator of the equation), 
but also the cost per piece as shown 
above. This makes Ni/Cu plating 
one of the few new technologies that 
can improve both the efficiency and 
the cost of the technology it aims to 
replace.

Ni/Cu metallization applied 
to n-PERT Cells

Metallization based on Ni/Cu contacts 
can be applied to many different 
cell  structures .  In fact imec has 
now started to look at applying this 
metallization scheme to an n-PERT 
(passivated emitter and rear totally 
diffused) cell, whose structure is shown 
in Fig. 6.

 In the PERT cell structure, the 
rear side is totally diffused to form 
the emitter, which is then passivated 
by a dielectr ic layer and local ly 
contacted. The plated front side 
remains n-type, so no modification 
is required to the plating process 
used for Ni/Cu p-type i-PERC cells. 
However, there are several advantages: 
1)  no l ight-induced degradation 
of final cell efficiencies typical of 
p-type wafer cells; 2) high minority-
carrier diffusion lengths of n-type 
wafers; and 3) any defect creation 
during front-contact laser ablation 
or metal diffusion (during nickel 
silicidation) is kept away from the 

Cell type Technology Measurements Av front Av rear 
(front/rear)  per side [N/mm] [N/mm]

Ag sp/Al Conductive adhesive 20 2.5 2.9

Cu/Al Conductive adhesive 50 2.2 3.3

Cu/Al Standard soldering 50 2.5 N/A

Cu/Al Ni Cu Standard soldering 20 2.0 3.5

Table 2. Summary of adhesion results for three cell types.

Cell type Tabbing Damp heat Thermal cycling    
(front/rear)  No. of cells No. of cells

Ag sp/Al BSF Soldering 2 2

Ag sp/Al Conductive adhesive 2 2

Cu/Al Conductive adhesive 2 2

Cu/Al Ni Cu Conductive adhesive 2 2

Cu/Al Ni Cu Soldering 1 1

Table 3. Summary of single-cell laminates put on test.

Cell string type Tabbing Module 1 Module 2                 
(front/rear)  Damp heat Thermal cycling 
  No. cells in string No. cells in string

Ag sp/Al BSF  Soldering 10 10

Ag sp/Al   Conductive adhesive 10 10

Cu/Al  Conductive adhesive 8 10

Cu/Al  Conductive adhesive 10 8

Cu/Al Ni Cu  Conductive adhesive 10 10

Table 4. Summary of strings in multi-cell modules put on test.
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most sensitive part of the cell – the 
emitter. This should add up to higher 
cell efficiencies and a more robust 
process. 

Indeed, imec’s PC1D simulations 
[ 1 4 ]  p r e d i c t  t h a t  h i g h e r  c e l l 
e f f ic iencies  (>0.5% abs . )  should 
be achievable with n-PERT cells if 
recombination at the front surface 
can be kept low. As the junction is 
on the cell rear in the n-PERT design, 
it is more sensitive to front-surface 
recombination compared with p-type 
i-PERC cells, as shown in Fig. 7. 

 In addition to a higher cell efficiency 
potential, n-PERT cells also present 
stronger efficiency tolerance to thinner 

wafers. This can be explained by the 
fact that if wafer thickness is decreased, 
minor i ty -c ar r ier  re combinat ion 
in the bulk (which is a significant 
recombination loss in rear-junction 
devices) can be reduced, balancing out 
optical losses from reduced photon 
absorption. 

Initial n-PERT results on 156mm 
wafers look very promising [15]. A best 
cell efficiency of 20.7% (Jsc = 38.3mA/
cm2, Voc = 677mV, FF = 79.8%) has 
already been achieved on 156mm CZ-Si 
wafers, with higher currents of 38.4mA/
cm2, voltages of 682mV and fill factors 
of 80.1% being demonstrated on other 
individual cells. 

Summary

Strong pressure exists to decrease silver 
usage in solar cells in order to reduce €/
Wp costs, and significant efforts have 
been made in this area. The benefits of 
reduced usage per cell, however, can be 
neutralized by rising Ag prices. A future 
scenario in which PV relies on Ag-based 
metallization and continues to grow 
significantly to become the dominant 
market user, creating further pressure 
on volatile Ag prices, is a concern. 

S w i t c h i n g  t o  N i / C u - b a s e d 
metallization has the potential to not 
only reduce costs but also provide 
higher cell efficiencies, benefiting 

Av �Isc -0.1% -2.7% -0.5% -2.6%

Av �Voc -0.3% 1.0% 0.2% 1.1%

Av �FF -0.9% 0.9% -0.8% 1.0%
 
Av �Eff -1.3% -0.8% -1.3% -0.5%

Max �Eff -2.2% -4.1% -2.3% -4.6%

     
 
Av �Isc 2.9% 2.0% 2.4% 1.6%

Av �Voc 0.2% 1.2% 0.5% 0.4%

Av �FF -1.2% -0.6% -3.2% -2.9%
 
Av �Eff 1.9% 2.7% -0.4% -1.0%

Max �Eff 0.9% 0.6% -1.3% -2.6%

Table 5. Summary of test results: copper-metallized cells.

Cu 1-cell laminates

4 Hitachi adhesive

1 standard solder

Cu 10-cell strings

3 Hitachi adhesive

             IEC 61215      Extended IEC 61215
  
  200 1000 hours 300 1500 hours            
  thermal cycles damp heat thermal cycles damp heat

  

Av �Isc -0.1% -1.2% -0.2% -0.9%

Av �Voc 0.1% 0.3% 0.2% 0.4%

Av �FF -0.8% -0.7% -0.9% -1.1%
 
Av �Eff -0.8% -1.6% -1.0% -1.5%

Max �Eff -1.4% -2.8% -1.6% -2.5%

     
 
Av �Isc 1.6% 1.7% 0.5% 1.5%

Av �Voc 0.2% 0.3% 0.2% 0.3%

Av �FF 0.9% 0.5% -0.7% -0.4%
 
Av �Eff 0.9% 2.3% -0.2% 1.5%

Max �Eff 0.9% 1.8% -0.2% 0.7%

Table 6. Summary of test results: Ag screen-printed cells.

Ag 1-cell laminates

2 Hitachi adhesive

2 standard solder

Ag 10-cell strings

1 Hitachi adhesive

1 standard solder

             IEC 61215      Extended IEC 61215
  
  200 1000 hours 300 1500 hours            
  thermal cycles damp heat thermal cycles damp heat
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both sides of the €/Wp equation. It 
is not surprising then that there has 
been a re-emergence of interest in 
Ni/Cu-based metallization schemes. 
Nevertheless, no significant switch 
to Ni/Cu has yet been seen: there are 
concerns about process complexity, 
realizing potential €/Wp cost reductions 
and long-term reliability. 

A  r e l a t i v e l y  s i m p l e  N i / C u  
meta l l i z at ion  pro ce ss  ha s  b e en 
d e v e l o p e d  a t  i m e c  w h i c h  u s e s 
industrial plating techniques and 
tools that were not available to the 
earlier Ni/Cu adopters , providing 
more robust and cheaper processing 
than previously possible. When this 
metallization process is applied to 
6˝ i-PERC cells , high average cell 

efficiencies ~20.5% (109 cells) with a 
tight distribution are demonstrated. 
Cost calculations estimate that the 
metallization process is cheaper at the 
€/cell level than Ag screen printing, 
with the added benefit of higher 
efficiency. Reliability data show that 
modules made from these cells pass 
damp-heat and thermal-cycling IEC 
61215 extended tests .  While not 
enough to fully demonstrate the long-
term reliability of imec’s Ni/Cu-based 
metallization scheme yet, it is a good 
starting point, with further testing 
planned. 

For the future, imec is applying its 
Ni/Cu metallization expertise to rear-
junction n-type cells, as it is believed 
that they have a higher efficiency 

potential and offer increased process 
robustness. It is also believed that a 
strong focus on reliability is important, 
because it seems that a significant 
switch to Ni/Cu-based metallization, 
as also predicted by the ITRPV 
roadmap, will be inevitable, provided 
that concern about reliability can be 
replaced by confidence. 

“It seems that a significant 

switch to Ni/Cu-based 

metallization will be 

inevitable as long as concern 

about reliability can be 

replaced by confidence.”
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News
Researchers pledge to crack open BIPV 
with flexible encapsulant
Germany’s Fraunhofer Institute for Electron Beam and 
Plasma Technology, ISC and IVV are working to develop 
a flexible weather-resistant PV encapsulation film aimed 
at building-integrated PV (BIPV) applications. The aim 
of the project is to develop a flexible film for thin-film 
solar cells that offers a service lifetime of 25 years. The 
research bodies claim such a product would be a “key” 
enabling technology for BIPV and allow parts of buildings 
previously unusable for PV installations to be exploited for 
electricity generation.

Cell efficiencies

TSMC Solar raises CIGS 
module efficiency to 15.7%
Taiwan-based TSMC Solar has pushed its 
CIGS thin-film module efficiency to 15.7%, 
up from 15.1%, only four months ago.

The new rating has been verified by 
TUV SUD.

TSMC S olar  said that  the latest  
improvements were achieved with existing 
equipment and processes, which also led to 
improved module temperature coefficient 
characteristics.

Champion CIS thin-film 
module at Solar Frontier 
verified at 14.6% conversion 
efficiency
Solar Frontier’s latest champion CIS thin-
film module has reached a conversion 
efficiency of 14.6%, close to values reported 
for mass-marketed polycrystalline silicon 
modules. 

The PV manufacturer said the rated 
capacity of its 1257mm x 977mm sized 

module has been certified by Underwriters 
Laboratories Inc. (UL) at 179.8W and 
was produced at its Kunitomi Plant in 
Miyazaki, Japan. 

Breakthrough efficiency set by 
Solliance and imec for CZTSe 
solar cell

With the aim of achieving 20% conversion 
efficiencies but with lower material costs, 
Solliance and imec have demonstrated a 
CZTSe (Cu2ZnSnSe4)-based thin-film solar 
cell (1x1cm2, AM1.5G) with 9.7% efficiency. 

Imec’s associated lab at the Hasselt 
University, IMOMEC, fabricated the 
CZTSe layers by sputtering Cu, Zn and Sn 
metal layers on a Molybdenum-on-glass 
substrate with a subsequent anneal in an 
H2Se containing atmosphere. 

The highest efficiency said to have been 
obtained was 9.7%, with a maximum short 
circuit current of 38.9mA/cm2, an open 
circuit voltage of 0.41V and a fill factor of 
61 percent. 

The 1x1cm2 cell was produced with 
polycrystalline absorber layers only 1μm 
thick, with a typical grain size of about 1μm.

Liquid phase crystallisation 
technology promises Masdar 
PV 14% module efficiencies 

A research and development collaboration 
between Helmholtz-Zentrum Berlin 
(HZB) and silicon thin-film manufacturer, 
Masdar PV, could potentially enable 
module efficiencies above 20%. 

Re s e a rch  b y  H Z B  o n  th i n - f i l m 
crystalline silicon created by Liquid Phase 
Crystallisation (LPC) has produced an open-
circuit voltage of 582 mV for c-Si on glass 
with the depositing of a 10μm layer of silicon.

Initially, HZB / PVcomB and Masdar 
PV are aiming at producing 14% module 
efficiencies with the LPC technology. 
M a s d a r  P V  p l a n s  to  t r a n s fe r  th e 
technology to its existing production 
facilities and use it on its ultra-large (5.7m²) 
substrates in the future.

Technology focus

Solibro’s CIGS thin-film IP 
changes hands within Hanergy 
as conversion efficiency issues 
loom 

H a n e r g y  H o l d i n g  i s  t r a n s f e r r i n g 
intel le ctual  proper ty (IP)  r ights  to 
S o l i b r o’s  c o p p e r- i n d i u m - g a l l i u m -
selenium (CIGS) thin-film technology to 
subsidiary, Apollo Kunming. 

Included in the deal is the IP from 
S o l i b r o  R e s e a r c h  A B ,  a  S w e d i s h 
CIGS solar technology research and 
development company. 

Hanergy noted that new Chinese 
g o v e r n m e n t  d i r e c t i v e s  o n  P V 
manufacturers improved conversion 
efficiency targets, including thin-film 
manufacturers, would lead to further 
consolidation and a greater need to focus 
resources on R&D activities. 

The company said that it would focus 
on more advanced thin-film technologies 
including nano-crystalline silicon and CIGS.

Researchers are developing a flexible BIPV encapsulant.

Solar Frontier’s latest champion CIS thin-film module has reached a conversion 
efficiency of 14.6%.
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Stion announces improvement 
to its CIGS PV modules
CIGS thin-film module manufacturer 
Stion has announced the release of the 
Elevation Series STO module line which 
it claims adds 10W to the performance of 
its existing modules through a number of 
process improvements. 

Stion claims that the module’s dual glass/
glass construction provides “significantly 
improved moisture resistance and lifetime 
durability over the traditional polymer 
based backsheets”. Stion also claimed that 
it had achieved a record low temperature 
coefficient of 0.26%/degrees C. 

Dyesol claims 90% initial 
performance retention after 
extended IEC 61646 test

Employing its liquid-based dye solar 
cell (DSC) substrate, Australian clean-
tech company D yesol claims it  has 
surpassed the standard IEC 61646 design 
qualification for PV modules, without 
disclosing the approved testing house. 

The IEC 61646 testing standard was 
mainly based on amorphous silicon 
(a-Si) technology, designed to monitor 
such module’s  performance (Pmax) 
capabilities under prolonged exposure to 
‘standard’ climates. 

Dysol said that its liquid-based dye solar 
cell (DSC) substrate maintained over 90% 
of initial performance after a 5000 hour 
cycle at 85 degrees C. The company said 
that the IEC 61646 standard called for 
1,000 hours and 85degrees C. 

Merck leads research 
consortium to increase dye-
sensitised cell efficiency

G erman chemical  company Merck 
will lead a consortium to develop high-
efficiency cobalt-based dye-sensitised solar 
cells (DSSCs).

The German Federal Ministr y of 
Education and Research (BMBF) will 
provide around €3 million (US$4 million) 
for project COBR A (organic cobalt-
based low-cost printable large-area 
photovoltaics), running for three years.

Other participating companies include 
3GSolar from Israel and Colour Synthesis 
Solutions (CSS) from the United Kingdom. 
Merck claims a cobalt-based redox system 
in a non-volatile electrolyte of the cell may 
be crucial. The large-area dye-sensitised 
solar cells are to have a projected lifetime 
of more than 20 years. 

First Solar

First Solar and Sharp thwart 
global dominance of Chinese 
PV suppliers 

N PD  S o l a r b u z z ’s  Mo d u l e  Tr a cke r 
Quarterly for Q2 2013 revealed that only 
First Solar and Sharp were competing with 
Chinese PV manufacturers, with First Solar 
dominating in the US and India and Sharp 
leading rankings in Japan. 

Chinese companies lead in seven 
of the top 10 PV regions according to 
shipment figures over the 12 months 
ending 30 June 2013. 

Otherwise, the top manufacturers in 
all other seven regions are big Chinese 
names – Yingli, Trina, Canadian Solar and 
Suntech. Chinese manufacturers have 
almost universal dominance, with Yingli, 
Jinko Solar and Haeron Solar supplying 
25% of modules to the Chinese market.

Jinko Solar leads a list of other tier one 
Chinese manufacturers that Solarbuzz 
says are gaining market share across the 
world, among them Renesola, JA Solar and 
Hanwha SolarOne. 

In the emerging markets of Latin 
America, the Middle East and Africa, 

Western and Japanese suppliers provided 
s t ro n g e r  c o m p e t i t i o n  to  C h i n e s e 
manufacturers, including Conergy, Sharp, 
REC Solar, SolarWorld and Kyocera.

First Solar and Ingenero form 
partnership to take on Australia 
and Asia-Pacific markets 

US thin-film module manufacturer First 
Solar and Australian PV developer and 
installer Ingenero, which has experience of 
building small to medium-scale projects, 
have formed a partnership agreement 
aimed at serving the market in Australia and 
the Asia-Pacific. The two companies will 
target the commercial and off-grid markets.

First Solar to build 23MW of 
solar capacity in New Mexico 

An agreement between First Solar and US 
regional power provider Public Service 
Company of New Mexico (PNM) to 
construct a total of 23MW of solar power 
generating capacity across three sites is 
awaiting approval by the New Mexico 
Public Regulation Commission. 

The plants will be built with thin-film 
PV modules produced by First Solar, which 
will also provide engineering, procurement 
and construction (EPC) services. PNM have 
around half a million energy customers. 

First Solar and BELECTRIC 
create joint venture for PV 
power plant projects

A joint venture firm has been created 
between First Solar and BELECTRIC to 
pursue the building of PV power plants in 
Europe, North Africa and the US.

PV Projects will be based in Germany and 
formalises a business relationship started 
between the companies around 10 years ago.

The companies recently collaborated in 
the 128MWp Templin solar power plant 
in Germany. Specifically in the US market, 
the companies will focus on smaller-scale 
projects below 20MW.

Residential thin film 

Hanergy expands into 
residential solar market 
through UK acquisition

Chinese thin-film manufacturer Hanergy 
has acquired Engensa ,  a  UK-based 
home energy systems provider, for an 
undisclosed purchase price. 

The deal will  enable the Chinese 
renewable energy company to break into 
the UK residential solar market and at 
the same time provide additional support 
for Hanergy’s strategy to expand into the 
downstream market.

First Solar is the leading module supplier in the US.
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October 21–24 
McCormick Place 
Chicago, Illinois USA

JOIN THE GLOBAL SOLAR COMMUNITY THIS OCTOBER

Solar Power International 2013, held 21–24 October in Chicago, Illinois, USA, delivers 
exclusive access to information, innovations and industry leaders—and provides a global 
marketplace for a growing industry.  

Over four powerful days, you can experience: 

• Targeted education tracks

• In-depth technical workshops

• New QuickTalk sessions that tackle timely industry topics

• Daily networking events

• New exhibit fl oor features including Start-Up Alley and Industry Trends

• Plus, nearly 700 of the industry’s leading manufacturers and suppliers 

SPI delivers the power that comes from being one of the United States’ top 100 trade 
shows with the sense of community and connection of a regional event. Register today!

GO WHERE SOLAR GOES.
 solarpowerinternational.com

Powered by:
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Solar Frontier goes rooftop with 
lightweight PV module

Japanese CIS thin-film manufacturer, Solar 
Frontier, is touting a new lightweight PV 
module for the residential rooftop market, 
primarily in the company’s domestic market. 

Dubbed ‘Solacis neo’, the 6.5mm-thick 
module is claimed by Solar Frontier to be 
the lightest glass substrate thin-film CIS 
module on the market, weighing only 8kg. 

Inherently, thin-film substrates are 
heavier than conventional crystalline-
based modules due to the use of the glass/
glass format. 

The frameless design is also claimed 
to increase f lex tolerance and will be 
produced at Solar Frontier’s Miyazaki 
No.2 Plant, with shipments scheduled to 
start in November 2013 for the Japanese 
residential market. 

Solar Frontier is also launching a new 
rooftop mounting system called ‘Cross 
One’ designed for the new module as well 

as its current ‘SF’ series modules. The new 
mounting system is claimed to reduce 
by 40% the number of mounting points 
needed to install its modules on roofs.

Thin-film consolidation 

CIGS suffering in a PV thin-film 
market in decline, says NPD 
Solarbuzz 

According to NPD Solarbuzz, the continued 
competitiveness of conventional c-Si 
technologies and market overcapacity is 
taking its toll on PV thin-film market share. 

The PV thin-film market was said to 
have peaked back in 2009 as the shortage 
of polysilicon and peak prices attracted 
investment, capacity and downstream 
installations, which led to a 16% global 
market share that year, up from only 3% 
in 2000. 

However, NPD Solarbuzz is forecasting 
thin-film PV market share to continue to 
decline, retaining only a 7% share of new 
PV production during 2017. 

The market research firm noted that in 
contrast, annual investments in new thin-
film equipment exceeded US$1 billion 
from 2007 to 2012, due to new entrants.

SoloPower looks for investors 
as restructuring continues

Thin-film manufacturer SoloPower has 
announced it is looking for new investors 
as its restructuring process continues. 

The company’s head offices will also 
relocate from San Jose, California, to 
Portland, Oregon, where the firm’s CIGS 
PV module plant is based. 

A  c o m p a n y  s t a t e m e n t  s a i d  a n 
agreement “in principle has been reached 
with its major secured creditors on a 
comprehensive restructuring plan as it 
continues to seek new strategic financing 
for future expansion”.

First Solar sales hit by large-
scale PV project slump 

First Solar reported worse than expected 
sales for Q2 2013 while downgrading full-
year revenue guidance. 

The company reported that the slump in 
sales was due to its PV project business and 
a delay in selling projects. 

The company reported second quarter 
2013 sales of US$520 million, a 31% 
decline from the previous quarter. Sales 
have declined for two straight quarters 
from a fourth quarter 2012 peak of over 
US$1.0 billion. 

First Solar had reported sales of US$957 
million in the same quarter a year ago. The 
company lowered full-year revenue guidance 
from US$3.8 billion to US$4 billion to 
between US$3.6 billion and US$3.8 billion. 

CIGS suffering in a PV thin-film market in decline, says NPD Solarbuzz.

Solar Frontier goes rooftop with lightweight PV module.
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Product 
Briefings

3D-Micromac

3D-Micromac’s ‘One-Stop-Patterning’ 
process increases thin-film module 
efficiencies 

Product Outline: 3D-Micromac has 
launched the first production equipment 
that can conduct the integrated series-
connection of a thin-film solar module 
on one single platform and in one single 
production step. The new One-Stop-
Patterning process (OSP) only structures 
the modules once all of the functional layers 
have been deposited.

Problem: Formerly, thin-film modules were 
structured with a laser or a mechanical 
unit, but after each individual layering step, 
cleaning steps were required,, lengthening 
processing times and leading to efficiency 
losses. Due to inaccuracies, 200 to 400 
micrometre wide ‘dead zones’ can be 
formed which could not be used to produce 
electricity.

Solution: The OSP process is said to 
significantly simplify the production process. 
In addition, the new process prevents 
inaccuracies, which are caused when the 
substrate is positioned and aligned on 
different tables - an improvement which 
increases the efficiency of a thin-film module 
by up to a claimed 0.8%. The OSP process 
also minimizes dead zones to less than 100 
micrometres, simplifies manufacturing 
and increases efficiency. For production, 
3D-Micromac falls back upon a combined 
process from laser and printing technology. 
The company has been successfully using 
it in other areas of application. Used for 
amorphous silicon, cadmium telluride or 
CIGS thin-film production, the OPS system 
can easily be integrated into an existing 
production line and works on all common 
formats up to 1.10 by 1.30 metres.

Applications: All types of glass substrate 
thin-film modules. 

Platform: The OSP could provide module 
efficiency gains of up to 0.8%.

Availability: June 2013 onwards.

Product Reviews 
First Solar

First S olar ’s ‘S eries 3’ CdTe thin-
film module platform offers harsh 
environment capability

Product Outline: First Solar has launched 
a new evolution of its Series 3 CdTe thin-
film PV module platform. The ‘Series 3 
Black’ is said to incorporate First Solar’s 
latest advances in conversion efficiency as 
well as additional features to enhance its 
performance in utility-scale power plants.

Problem: According to First Solar, around 
90% of PV power plants are located in 
hot temperature climates where module 
temperatures are above 25°C. Due to 
temperature coefficient impacts on 
module yields, limiting the temperature 
impact provides operators and owners 
with the best possible plant yield. 

S o l u t i o n :  Th e  a l l - b l a ck  m o d u l e ’s 
change in appearance results from 
the use of an advanced, all-black edge 
seal  technolog y combined with an 
innovative encapsulation material that 
further enhances its field durability and 
demonstrates improvements in accelerated 
life testing results. Tighter scribe lines 
at the module edge are used. The Series 
3 Black’s performance in a wide range 
of operating environments is further 
validated by its new IEC 60068-2-68 ‘sand 
and dust test’ certification, which measures 
durability in harsh desert environments, 
characterized by blowing abrasive sand. 
The Series 3 Black is expected to have 
module conversion efficiencies of 12.9% to 
13% plus.

Applications: Industrial and utility-scale 
PV power plants.

Platform: The Series 3 Black module 
maintains all the existing IEC certifications 
and UL listings for the Series 3 family 
which enable the 1000V system designs.

Availability: Currently available. 

Solar Frontier

Solar Frontier super-slim thin-film 
module thinner than a smart phone

Product Outline: Solar Frontier will be 
launching its Solacis neo, the world’s lightest 
glass substrate thin-film CIS module, which 
will be offered primarily in Japan on initial 
launch later in 2013. 

Problem: With land availability a growing 
concern in Japan for ground mounted PV 
power plants, emphasis is expected to shift 
to commercial and residential rooftop 
installs. Providing a lightweight module 
enables a greater number of rooftop 
structures to be used for PV. 

Solution: : Solacis neo is a slim, lightweight 
module using Solar Frontier’s latest CIS 
technology. The module is just 6.5 mm 
thick, virtually the same as a smart-phone, 
and weighs only 8.0kg. This constitutes 
a 40% reduction in weight from previous 
models. The lighter weight, advanced 
frameless design, increased flex tolerance, 
all-black appearance, and overall high 
quality, ‘Made-in-Japan’ construction, make 
it well-suited to rooftops. 

Applications: Commercial and residential 
rooftops, primarily in Japan. 

Platform: Solar Frontier will also feature 
new mounting systems for residential 
use called ‘Cross One’ mounting system 
for Solacis neo and SF series modules 
respectively. The new mounting system 
substantially reduces the number of 
mounting points needed to install CIS 
systems on roofs, without sacrificing safety 
and reliability. The Cross One mounting 
system can cut installation time by a 
claimed 40%, as well as reduce the load on 
roofs, which means a wider range of roofs 
can be outfitted with solar panels.

Availability: Manufacturing of Solacis neo 
is expected to begin at Miyazaki No.2 Plant 
in October 2013, with shipments scheduled 
to start in November 2013.
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The promise of CIGS [1]
In contrast to the non-crystallinity of 
amorphous silicon (a-Si), thin-film 
copper-indium-gallium-diselenide 
(CIGS) is a polycrystalline material 
consisting of small crystallites. CIGS 
has several characteristics that make 
it a valuable PV material. One is its 
absorption coefficient, which is among 
the highest for semiconductor materials: 
99% of the light incident on CIGS is 
absorbed in the first micrometre of the 
device. Thus cells with a thickness of that 
order of magnitude are possible. Another 
favourable characteristic is that CIGS 
has one of the highest current densities 
of any semiconductor material, with 
the potential to produce high current 
outputs. Third, these films retain their 
performance properties better than 
most semiconductors. And last, CIGS 
is amenable to large-area automated 
production.

Ef f ic iencies  in  excess  of  20% 
have been reported for small-area 
experimental cells made of thin-film 
CIGS. A principal problem with the 
material is its low open-circuit voltage. 
However, this deficiency seems to 
be correctable through improving 
compositional uniformity by, for 
example, removing oxygen.

The CIG portion is usually formed 
on a base electrode of molybdenum 
(Mo), chosen for its refractory nature 
and good electrical conductivity. Thin-
film CIGS is a p-type semiconductor 
and a junction is formed at the surface 
by deposition of a very thin layer of 
cadmium sulphide (CdS). This creates 
an n-p homojunction just inside the 
CIGS material, rather than a simple 
heterojunction. The device is completed 
by  dep osi t ion of  a  t ransparent 
conducting oxide (TCO), such as zinc 
oxide (ZnO), on top of the junction to 
help collect the light-generated current. 
Fig. 1 shows a typical CIGS solar 
module cross section.

In a manner similar to the definition 
and monolithic integration of thin-

film a-Si cells, individual CIGS cells are 
defined and serially interconnected via 
three patterning steps. The first scribe 
(in Mo) is performed by a laser beam, 
while the second and third scribes (to 
remove CIGS and separate the ZnO) 
can be performed mechanically or by 
laser. Again, metal foils are bonded to 
the first and last cells, and the module 
is encapsulated using a top cover glass, 
laminated with encapsulant.

The principle of operation of the 
device is similar to that of conventional 
crystalline silicon (c-Si) solar cells. 
Light is absorbed in the CIGS layer, 
creating free electrons and holes . 
The electrons diffuse in the CIGS 
grains until they find themselves in 
the electric field within the junction 
region, at which point they are driven 

into the CdS/ZnO, thereby building up 
a voltage between the ZnO electrode 
and the Mo base electrode.

Why is CIGS appealing? [2]
If you realize the initial success of First 
Solar, you realize that a thin-film cell 
having a higher efficiency than cadmium 
telluride (CdTe) with the potential to 
eliminate the toxic element cadmium 
would be of great interest. This major 
drawback has resulted in purchase 
restrictions on CdTe panels. In the 
CIGS manufacturing process, CdS is 
deposited in a very thin layer (30–50nm) 
compared with CdTe (2μm). A CIGS 
module therefore contains much less 
Cd (1/40th the amount) than a same 
size CdTe module. Currently, the use of 
CIGS instead of CdTe makes the issue of 
toxicity a smaller one, and it is expected 
that in 3–4 years CIGS manufacturers 
will have established a Cd-free buffer.

The benefits of CIGS modules [3] are:

The form factor of CIGS solar cells 
is optimal for rigid and f lexible 
substrates .  CIGS cel ls  can be 
manufactured on low-cost glass 

CIGS manufacturing: Promises 
and reality 
David Jimenez, Wright Williams & Kelly, Inc., Pleasanton, California, USA

ABSTRACT

Economic issues are the driving forces behind PV adoption. Even technological advances are measured 
against their impacts on cost per watt, levelized cost of energy (LCOE), and total cost of ownership for energy 
(TCOe™). This sixth paper in a series covering business analysis for PV processes looks at two approaches to 
manufacturing thin-film copper-indium-gallium-diselenide (CIGS) PV – sputtering and co-evaporation – and 
their potential areas for cost improvement.

Figure 1. CIGS module cross section.

CIGS companies Absorber formation step method Substrate 

Q-Cells,Solibro Co-evaporation Monolithic on glass

Mantz-Wurth Solar Co-evaporation Monolithic on glass

Heliovolt Co-evaporation Monolithic on glass

Centrotherm Co-evaporation Monolithic on glass

Johanna Solar Co-evaporation Monolithic on glass

Miasole Reactive sputtering Cell based roll to roll

SoloPower Electroplating Cell based roll to roll

NanoSolar Printing Cell based roll to roll

Stion Two-step sputtering Monolithic on glass

AVANCIS Two-step sputtering Monolithic on glass

Solar Frontier Two-step sputtering Monolithic on glass

Bosch Solar CISTech Two-step sputtering Monolithic on glass

TSMC Two-step sputtering Monolithic on glass

Table 1. CIGS companies and absorber formation method.
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substrates, which gives access to 
the largest PV markets, enables use 
of existing mounting systems, is 
compatible with existing PV system 
infrastructure, and has the ability to 
dominate the building-integrated 
photovoltaics (BIPV) market in the 
future.

CIGS yields the highest efficiency 
a m o n g  a l l  t h i n - f i l m  s o l a r  
technologies. The cells can absorb 

over 99% of the solar spectrum and 
they have the highest current density. 
CIGS laboratory samples rank the 
highest in conversion efficiency 
among all other thin-film solar 
technologies.

CIGS modules can be produced 
at competitive costs, even in the 
100MW/year volume range with high 
local content, avoiding dependence 
on Si wafer or Si cell manufacturers.

CIGS modules have demonstrated 
reliable and stable field performance 
for nearly 20 years.

“CIGS yields the highest 

efficiency among all thin-film 

solar technologies.”
Today and tomorrow
Listed below is the current state of 
CIGS manufacturing and some short-
term projections.

14% module efficiency in production 
(Manz) 

15.7% record module efficiency 
(TSMC) 

Annual efficiency improvement rate 
in the last five years has averaged 
0.4% per year – outpacing p-type c-Si 
in the last three years 

Energy harvest data from Manz test 
installations:

c-Si

p-type c-Si

p-type c-Si

for glass &  
wafer coating

for large-area 
glass coating

for web coating

YOU CHOOSE  
the substrate and the application. 

WE PROVIDE  
your coating equipment.

www.vonardenne.biz 
Join us at EU PVSEC 2013, October 1 - 3, booth 2/F3.      
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Figure 2. Sputtered CIGS process flow.
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Operating expense (OPEX) has 
re ache d  CdTe le ve l s ;  f ur ther  
efficiency improvements will result 
in lower OPEX ($0.50/watt-peak in 
2014, $0.45/watt-peak in 2015) 

Fu tu re  O P E X  p o te nt i a l  w i th  
scaled module format (1 × 1.6m2): 
< $0.30/watt-peak 

Best footprint (150MW) factory 
building: < 1m2/MW output 

Best headcount (all in production):  
< 1.5/MW output 

Lowest market entrance barrier: 
competitive OPEX reached at factory 
output of 150MW

CIGS production processes

There are two major approaches to 
CIGS manufacturing: 1) multi-target 
sputtering followed by a selenization 
furnace, and 2) co-evaporation. A 

number of companies have used, or 
are using, these processes, and the 
data used in this paper (while based 
on publicly available sources) are 
representative of the corresponding 
companies in Table 1.

Multi-target sputtering/selenization 
furnace
The process flow used in this paper 
is based on Fig. 2, with only the CIGS 
formation steps (see blue cells) being 
changed. The key parameters for each 
step (some cells in Fig. 2 represent more 
than one step) are shown in Table 2.

As can be seen from Table 2, the 
line balance for a 100MW factory 
is very good, with almost all tools 
having a 120 or 60 panel per hour 
throughput. It takes approximately 120 
panels per hour in a 24×7 operation 
to approximate a 100MW factory size, 
given 150W per panel and utilization 
between 70 and 80%. Two exceptions 
are the selenization furnace and the 
TCO deposition tools.

“The co-evaporation process 

replaces the CIG sputtering 

step and the selenization 

furnace step with a single 

process step.”
Co-evaporation
The  s e cond  appro ach  i s  b a s e d 
o n  C I G S  f o r m a t i o n  u s i n g  a 
co-evaporation tool.  Referring to 
the previously described Fig. 2, the 
co-e vaporat ion process  replaces 
the CIG sputtering step and the 
selenization furnace step with a single 
process step utilizing all four elements 
required to form the CIGS film.

As can be seen by comparing Table 
3 with Table 2, the co-evaporation 
process has eliminated one step and 
reduced the equipment set by 24 
tools. However, the co-evaporation 
equipment is more expensive than the 
equipment it is replacing.

Step description Tool group Process Step yield Availability Number Purchase Main  
  throughput   of tools capital materials 
  [panels/hr]    [k$/tool]

Receive / Inspect / Scribe ID Scriber 120 99.10% 90.0% 1 65.0 

W1 - pre-clean GlassWash 120 99.10% 90.0% 1 190.0 

Wash 1 MoCleaner 120 100.00% 90.0% 1 190.0 

SiO2 -> Mo deposition MoSputter 120 99.10% 90.0% 1 6,213.0 Moly target, silicon target

Pattern Mo (LP1) LaserScriberP1 120 99.10% 90.0% 1 1,786.0 

Wash 2 CIGCleaner 120 100.00% 90.0% 1 190.0 

Cu-Ga + In deposition CIGSputter 120 99.10% 90.0% 1 6,098.0  Cu-Ga target 1, Cu-Ga target 2,  
In target

Selenize / Sulphurize SASFurnace 5 99.10% 90.0% 28 1,056.0 Hydrogen sulfide, hydrogen selenide

CdS deposition Cji 60 99.10% 90.0% 2 1,462.0  Thiourea, cadmium sulphate, 
ammonium solution

P2 mechanical scribe LaserScriberP2 120 99.10% 90.0% 1 1,065.0 

B-ZnO deposition MOCVD-TCO 6 99.10% 90.0% 28 510.0 

P3 mechanical scribe LaserScriberP3 120 99.10% 90.0% 1 1,012.0 MOCVD TCO 1, MOCVD TCO 2

Perimeter edge deletion Laser4J 60 99.90% 90.0% 2 675.0 

Hole drill HoleDrill 60 100.00% 90.0% 2 675.0 

Bus pad prep and clean Cutter 60 100.00% 90.0% 2 288.0 

Ribbon attachment RibbonAttach 60 100.00% 90.0% 2 288.0  Copper ribbon, tin solder,  
indium solder

Circuit I-V test CircuitTester 60 99.90% 90.0% 2 200.0 

Front glass clean GlassWash2 60 100.00% 90.0% 2 190.0 

Assemble pre-laminate PLATool 60 100.00% 90.0% 2 190.0 Ethyl vinyl acetate, top glass

Lamination Laminator 60 99.90% 90.0% 2 623.0 

Junction box attachment JBATool 60 100.00% 90.0% 2 50.0 Pottant, junction box,

Framing FrameTool 60 100.00% 90.0% 2 50.0 Frame

Hi-pot test HiPot 60 100.00% 90.0% 2 100.0 

Sun soak SSTool 60 100.00% 90.0% 2 100.0 

Module I-V test ModuleTester 60 99.90% 90.0% 2 360.0 

Sorting / Labelling SLTool 60 100.00% 90.0% 2 200.0 

Table 2. Sputtering/selenization input parameters.
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Case study
The case study will use cost and resource 
modelling to evaluate both sputtered 
and co-evaporated CIGS processes. Both 
models are based on a 100MW annual 
factory output. All results were generated 
through Wright Williams & Kelly, Inc.’s 
(WWK) Factory Commander® cost and 
resource software [4].

Cost and resource modelling history
Cost  and resource model l ing is 
a  c o m p r e h e n s i v e  a p p r o a c h  t o 
understanding a wide variety of 
factory-level issues. The techniques 
were pioneered in the 1990s by 
SEMATECH for integrated circuits 
( I C s )  a n d  b y  S a n d i a  N a t i o n a l 
Laboratories under the National 

Center for Advanced Information 
C o m p o n e n t s  M a n u f a c t u r i n g 
(NCAICM) programme for flat panel 
displays (FPDs). The concept was 
developed to initially assist these 
two capital-intensive industries in 
improving their ability to compete 
globally and maintain a US supply of 
high-tech components.

While a joint approach between 
SE M ATEC H and  N C AI C M w a s 
considered, substantial limitations 
to the SEMATECH approach known 
as CR/M convinced the NCAICM 
programme to take up a separate line 
of development. Core requirements 
such as detailed material tracking/
costing, modelling of rework loops, 
mergers of multiple process flows, and 
better output reporting capabilities 
were among the chal lenges that 
s e p a r a t e d  S E M AT E C H ’s  m o r e 
limited goals from a more robust 
methodology that addressed both 
n e w  a n d  e x i s t i n g  o p e r a t i o n s . 
Further,  SE M ATECH considered 
CR/M a strategic asset and chose to 
limit access to members and select 
suppliers. Sandia, while recognizing 

Step description Tool group Process Step yield Availability Number Purchase Main  
  throughput   of tools capital materials 
  [panels/hr]    [k$/tool]

Receive / Inspect / Scribe ID Scriber 120 99.10% 90.0% 1 65.0 

W1 - pre-clean GlassWash 120 99.10% 90.0% 1 190.0 

Wash 1 MoCleaner 120 100.00% 90.0% 1 190.0 

SiO2 -> Mo deposition MoSputter 120 99.10%  90.0% 1 6,213.0 Moly target, silicon target

Pattern Mo (LP1) LaserScriberP1 120 99.10% 90.0% 1 1,786.0 

Wash 2 CIGCleaner 120 100.00% 90.0% 1 190.0 

Cu-Ga + In + Se deposition CIGSEvaporation 25 99.10% 90.0% 5 9,000.0 Sources for Cu, In, Ga, Se

CdS deposition Cji 60 99.10% 90.0% 2 1,462.0  Thiourea, cadmium sulphate, 
ammonium solution

P2 mechanical scribe LaserScriberP2 120 99.10% 90.0% 1 1,065.0 

B-ZnO deposition MOCVD-TCO 6 99.10% 90.0% 28 510.0 

P3 mechanical scribe LaserScriberP3 120 99.10% 90.0% 1 1,012.0 MOCVD TCO 1, MOCVD TCO 2

Perimeter edge deletion Laser4J 60 99.90% 90.0% 2 675.0 

Hole drill HoleDrill 60 100.00% 90.0% 2 675.0 

Bus pad prep and clean Cutter 60 100.00% 90.0% 2 288.0 

Ribbon attachment RibbonAttach 60 100.00% 90.0% 2 288.0  Copper ribbon, tin solder,  
indium solder

Circuit I-V test CircuitTester 60 99.90% 90.0% 2 200.0 

Front glass clean GlassWash2 60 100.00% 90.0% 2 190.0 

Assemble pre-laminate PLATool 60 100.00% 90.0% 2 190.0 Ethyl vinyl acetate, top glass

Lamination Laminator 60 99.90% 90.0% 2 623.0 

Junction box attachment JBATool 60 100.00% 90.0% 2 50.0 Pottant, junction box

Framing FrameTool 60 100.00% 90.0% 2 50.0 Frame

Hi-pot test HiPot 60 100.00% 90.0% 2 100.0 

Sun soak SSTool 60 100.00% 90.0% 2 100.0 

Module I-V test ModuleTester 60 99.90% 90.0% 2 360.0 

Sorting / Labelling SLTool 60 100.00% 90.0% 2 200.0 

Table 3. Co-evaporation input parameters.
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Figure 3. Activity-based resource relationships.
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the  va lue  of  the  sof tware ,  a l so  
understood that wider adoption would 
advance the technology more rapidly.

As a result, the Sandia Factory Cost 
Model (FCM) was developed as a 
‘decision tool’ in order to make cost-
competitive decisions regarding new 
manufacturing initiatives. The FCM 
was one of several cost-modelling 
tools and projects developed under 
the NCAICM programme. WWK 
acquired the intellectual property 
(IP) rights to Sandia’s work in 1996 
and commercialized FCM under the 
trade name Factory Commander. 
By using recognized standards as 
the basis for Factory Commander 
(industrial engineering, accounting, 
etc.), the application has proved to 
be robust, making it applicable to all 
discrete manufacturing and assembly 
operations, including PV.

Cost and resource models
Cost and resource models assess the 
resources needed – people, equipment, 
materials, etc. – to complete a process 
or task. Resources have roles, availability 
and costs associated with them. Cost 
and resource models are demand-based 
applications, and, to the extent possible, 
all resource requirements are tied to 
the production demand. As such, cost 
and resource models calculate all the 
resources required to meet the specified 
demand, typically expressed as a 
production schedule.

At the heart of cost and resource 
modelling are activities . 'Activity' 
is  an accounting term, with the 
manufacturing equivalent being the 
process step. Each activity requires 
resources, and resources cost money. 

Activ it ies  are  summed together 
to determine costs . Revenues are 
determined by the selling prices of 
products. By including all inflows and 
outflows of cash, a complete financial 
analysis can be performed (net present 
value, break-even, payback period, net 
cash flow, pro forma income statement, 
etc.) in addition to traditional industrial 
engineering metrics (floor space, tool 
counts, etc.). Four common business 
practices are subsets of cost and 
resource modelling:

1.  Cost  of  ownership (CO O) is 
essentially the cost of an individual 
activity. For a detailed discussion 
of the histor y,  standards and 
algorithms of COO and overall 
equipment efficiency (OEE), see 
Jimenez [5].

2.  Capacity  analysis  determines 
the total resources needed to 
meet the production demand. 
Typically, capacity analysis refers to 
equipment, but it can also include 
staffing, support and material needs.

3.  Budget ing ,  inc luding  capi ta l 
budgets, is a function of the capacity 
needs and the costs associated with 
meeting them.

4.  Product planning, where product 
demand is the key driver of the 
resource requirements and may 
involve product mix variability 
(ramp up/ramp down).

B oth SE M ATEC H and Sandia 
r e c o g n i z e d  t h e  l i m i t a t i o n s  o f 
spreadsheets – it was a bit like taking 

a two-dimensional approach to a four-
dimensional problem. Both chose 
a relational database approach to 
overcome the ‘simple factory’ limitation. 
This approach made it possible to 
account for the complex and dynamic 
nature of factories, with near-constant 
change in product volumes, product 
mix, yields, productivity rates (cycles 
of learning), process flows, step yields, 
material costs ,  labour eff iciency, 
product value, etc. It also helped 
address real-world issues such as non-
products run in the factory, including 
R&D, engineering evaluations and 
monitor units. There are re-entrant 
process flows, rework, merged process 
f lows and sophisticated process-
monitoring plans. Products can be 
binned into different levels and are 
often transformed (cells turn into 
modules, wafers into die, large panels 
of glass into small displays). Equipment 
can be underutilized and even pulled 
offline, material consumptions can 
vary, labour requirements can change 
and the price paid for any of these items 
can fluctuate with inflation and volume-
pricing contracts.

There are outside factors – such as 
licensing IP, overheads and currency 
rates – that all impact product cost. 
Once these factors are identified, the 
cost and resource model quantifies 
resource requirements and allocates 
those resources to individual products 
(see Fig. 3). It should be noted that cost 
and resource models are deterministic 
and cannot explicitly estimate the 
dynamic aspects of production such as 
product queuing or work-in-process 
( WIP).  (Estimations of  dynamic 
measures such as WIP and cycle 

Cost Categories
$ x 1000 Total  
Annual Cost

$/ Panel Out Unit 
Cost

% of Product Total
$/Watt Normalized 
Unit Cost

$ x 1000 Scrap 
Cost

Depreciation 
Equipment 
Building 

12,664 
11,245 

1,419

18.996 
16.868 

2.129

18.7% 
16.6% 

2.1% 

0.127 
0.112 
0.014 

515 
462 

54

Operation & Maintenance 
Equipment 
Facility

4,349 
3,578 

771

6.524 
5.367 
1.157

5.3% 
1.1% 
6.4%

0.036 
0.008 
0.043

176 
147 

29

Labour 
Direct Labour
Indirect Labour 

8,134 
5,059 
3,075

12.200 
7.588 
4.613

7.5% 
4.5% 

12.0%

0.081 
0.051 
0.031

232 
146 

86

Materials & Supplies 
Bottom Glass 
Direct Process 
Indirect Material

33,882 
30,518 

2,418 
947

50.823 
45.776 

3.627 
1.420

50.0% 
3.6% 

45.0% 
1.4%

0.305 
0.024 
0.009 
0.339

762 
227 
534 

0

Total Production 59,029 88.543 87.1% 0.590 1,685

Product Overhead 
Equipment Sales Tax

8,749 
8,749

13.123 
13.123

12.9% 
12.9%

0.087 
0.087

225

Product Total 67,778 101.667 100.0% 0.678 1,910

Report 1. Sputtering model: product cost summary.
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Report 2. Sputtering model: unit cost per step.

3.6273.6273.627
0.014 0.0340.0000.0000.0590.0000.0090.0080.0153.7320.105
0.057 0.0370.0000.0000.0580.2370.0180.0080.0454.1540.423
0.020 0.0000.0000.0000.0580.0000.0180.0080.0454.3030.148
0.525 0.0740.0001.0550.0580.2370.5070.0751.4658.2243.921
0.139 0.0830.0000.0000.0570.2370.1520.0330.4219.2621.039
0.020 0.0000.0000.0000.0570.0000.0180.0080.0459.4100.147
1.023 0.1530.0004.3170.0570.2370.4980.0751.43717.0557.645
3.250 0.3720.0007.2131.3461.6602.7881.0506.97041.33224.277
0.283 0.3910.0000.1780.1110.4740.2760.1040.68943.4472.115
0.104 0.3980.0000.0000.0550.2370.0980.0330.25144.2250.778
1.698 0.5120.0003.2351.0921.6601.2690.3643.36656.90712.682
0.101 0.5190.0000.0000.0540.2370.0940.0330.23957.6640.758
0.134 0.0590.0000.0000.1070.2370.1370.0660.31858.6651.000
0.081 0.0000.0000.0000.1070.0000.1010.0000.31859.2730.608
0.057 0.0000.0000.0000.1070.0000.0730.0550.13659.7010.429
0.133 0.0000.0000.5780.1070.0000.0430.0000.13660.6980.997
0.036 0.0610.0000.0000.1070.0000.0300.0000.09460.9660.267
0.039 0.0000.0000.0000.1070.0000.0370.0160.09061.2530.288
1.400 0.0000.0008.8330.1070.0000.0290.0000.09071.71110.458
0.194 0.0730.0000.0000.1070.7110.1110.0320.29473.1591.448
0.712 0.0000.0004.2070.1070.2370.0160.0160.02478.4785.318
2.496 0.0000.00015.6160.1070.2370.0640.1040.02497.12518.647
0.066 0.0000.0000.0000.1070.2370.0230.0160.04797.6220.497
0.067 0.0000.0000.0000.1070.2370.0240.0170.04798.1200.499
0.090 0.0990.0000.0000.1070.2370.0600.0110.17098.7960.675
0.072 0.0000.0000.0000.1070.2370.0300.0000.09499.3360.541
0.312 0.0001.4200.5450.0530.0000.0000.0000.000101.6672.331

13.1231.42049.4034.6137.5886.5242.12916.868101.667

Cost Categories
$ x 1000 Total 
Annual Cost 

$/ Panel Out Unit 
Cost

% of Product Total
$/Watt Normalized 
Unit Cost

$ x 1000 Scrap 
Cost

Depreciation 
Equipment 
Building 

14,131 
12,712 

1,419 

21.006 
18.896 

2.109

18.0% 
2.0% 

20.0%

0.126 
0.014 
0.140

576 
513 

63

Operation & Maintenance 
Equipment 
Facility

5,976 
4,045 
1,931

8.883 
6.012 
2.871

5.7% 
2.7% 
8.4%

0.040 
0.019 
0.059

248 
163 

85

Labour 
Direct Labour
Indirect Labour

8,134 
5,059 
3,075

12.091 
7.520 
4.571

7.1% 
4.3% 

11.5%

0.081 
0.050 
0.030

191 
129 

62

Materials & Supplies 
Bottom Glass 
Direct Process 
Indirect Material

32,736 
29,363 

2,418
955

48.663 
43.648 

3.594 
1.420

46.3% 
3.4% 

41.5% 
1.4%

0.291 
0.024 
0.009 
0.324

642 
206 
436 

0

Total Production 60,977 90.642 86.2% 0.604 1,657

Product Overhead 
Equipment Sales Tax

9,776 
9,776

14.531 
14.531

13.8% 
13.8%

0.097 
0.097

242

Product Total 70,752 105.173 100.0% 0.701 1,899

Report 4. Co-evaporation model: product cost summary.

Report 3. Sputtering model: material item costs.

732,673 2,417.8 23.92 %3.3 3.627

5.1 - Cu-Ga + In deposition
10.6 286.2 2.83 %27,000 0.429

71 1,314.4 13.00 %18,600 1.972

44.5 1,277.7 12.64 %28,700 1.917

6 - Selenize/Sulfurize
2,065,858 185.9 1.83 %0.09 0.279

2,836,178 4,623.0 45.74 %1.63 6.934

10,105.0 100.00 %15.157
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time require the use of discrete-event 
simulation as employed by Factory 
Explorer®, a commercial software 
package from Wright Williams &Kelly, 
Inc. [6].)

“Cost and resource modelling 

allows a new dynamic in 

decision-making: a virtual 

business model as an enabling 

technology.”

In the  midst  o f  a l l  o f  these 
complexities lie several challenges. 
First, cost and resource models need to 
speak multiple languages and conform 
to different standards. Accounting 
standards and nomenclature are much 
different from the standards and 
language used at the process step level 
(equipment and process engineering). 
One could therefore consider a cost and 
resource model as a translation vehicle 
that transforms technical considerations 
into  bus iness  resu l t s ,  a l low ing  
engineering and finance to communicate 
more clearly.  Cost and resource 
modelling allows a new dynamic in 
decision-making: a virtual business 
model as an enabling technology.

Sputtering model results
The following reports provide a 
summary and detailed cost analyses 
for the sputtering/selenization furnace 

case (refer to Table 2 for the input data 
summary). Report 1 shows the high-
level cost breakdowns for capital costs, 
operation and maintenance, labour, 
materials and supplies, and overheads. 
The cost per panel is $101.67, with a 
cost per watt-peak of $0.68. It should 
be noted that costs presented in this 
paper were generated at a specific point 
in time and are subject to change on a 
continuous basis. As such, these costs 
should be considered on a relative basis.

R e p o r t  2  l o o k s  a t  t h e  c o s t 
breakdowns for each step in the 
manufacturing flow, and highlights 
the highest cost items. The highest 
cost step is the selenization furnace 
at $24.28 per panel,  with almost 
equal contributions from equipment 
costs (28 tools at $1m/tool) and 
direct-materials consumption. Direct 
materials will be examined in more 
detail in Report 3, later in this paper. 
The next-highest cost step is framing, 
which is the same for both models 
and will be ignored for the rest of 
the analyses. The third-highest step 
is TCO deposition at $12.68, again 
with almost equal  contributions 
from equipment costs (28 tools at 
$500k/tool)  and direct-materials 
consumption. This is also the same 
for both models and will be ignored 
for the rest of the analyses. The last 
item of interest is the CIG sputtering 
step, with a cost of $7.65 and a direct-
materials contribution of $4.32.

Report 3 breaks down the material 
item costs, annual usage, annual costs 

and cost per panel. With regard to 
materials cost, the largest component 
for the CIGS formation steps is 
hydrogen selenide, representing $6.93 
per panel, or greater than 6% of the 
total  panel-manufacturing costs . 
Combined, the CIGS materials are 
$11.53/panel, or a little more than 11% 
of the total panel cost.

Co-evaporation model results
The second model is based on CIGS 
formation using a co-evaporation 
tool. The following reports provide 
a summary and detailed cost analyses 
for the co-evaporation case. Report 4 
shows the high-level cost breakdowns 
for capital  costs ,  operation and 
maintenance, labour, materials and 
supplies, and overhead. The cost per 
panel is $105.17, with a cost per watt-
peak of $0.70.

 “The significant difference 

is over $2.00 in additional 

equipment costs for the 

co-evaporation process.”
R e p o r t  5  l o o k s  a t  t h e  c o s t 

breakdowns for each step in the 
manufacturing flow and highlights the 
highest cost items. The highest cost 
step is co-evaporation at $33.80 per 
panel with almost equal contributions 
from equipment costs (f ive tools 
at $9m/tool) and direct-materials 

Report 5. Co-evaporation model: unit cost per step.

Product

Overhead

Category Unit Cost  ($/Panel)

Cumulative

Prod. CostProcess Step

Tool Group

ID

Equipment

Depreciation

Building

Depreciation

Operation &

Maint.

Direct

Labour

Indirect

Labour

Direct

Materials

Ind. Materials

& Supplies

Total Unit Cost

($/Panel)

All

Categories

Scrap

Cost

3.5943.5943.594Starting Material Cost :

0.0171 - Receive / inspect / scribe ID 0.0330.0000.0000.0760.0000.0090.0030.0153.715Scriber 0.121

0.0672 - W1 - Pre Clean 0.0380.0000.0000.0760.2590.0180.0030.0444.183GlassWash 0.468

0.0243 - Wash1 0.0000.0000.0000.0750.0000.0180.0030.0444.347MoCleaner 0.164

0.5613.1 - SiO2 -> Mo deposition 0.0740.0001.0460.0750.2590.5020.0301.4518.272MoSputter 3.925

0.1534 - Pattern Mo (LP1) 0.0840.0000.0000.0740.2590.1500.0130.4179.339LaserScriberP1 1.067

0.0235 - Wash2 0.0000.0000.0000.0740.0000.0180.0030.0449.501CIGCleaner 0.163

4.8355.1 - Cu-Ga + In + Se deposition 0.3900.0009.4120.3541.2965.6751.71210.51243.298CIGSEvaporatio 33.797

0.3077 - CdS deposition 0.4090.0000.1780.1460.5190.2730.0410.68345.445Cji 2.147

0.1158 - P2 mechanical scribe 0.4160.0000.0000.0720.2590.0970.0130.24946.251LaserScriberP2 0.805

1.8739 - B-ZnO deposition 0.5340.0003.2351.4361.8151.2570.1443.33659.347MOCVD-TCO 13.096

0.11210 - P3 mechanical scribe 0.5410.0000.0000.0710.2590.0930.0130.23660.132LaserScriberP3 0.785

0.14711 - Perimeter edge deletion 0.0610.0000.0000.1410.2590.1360.0260.31561.156Laser4J 1.025

0.09311.1 - Hole Drill 0.0000.0000.0000.1410.0000.1000.0000.31561.806HoleDrill 0.649

0.06212 - Bus pad prep and clean 0.0000.0000.0000.1410.0000.0730.0220.13562.237Cutter 0.432

0.15013 - Ribbon Attach 0.0000.0000.5780.1410.0000.0430.0000.13563.283RibbonAttach 1.045

0.04414 - Circuit IV test 0.0640.0000.0000.1410.0000.0300.0000.09363.591CircuitTester 0.308

0.04514.1 - Front glass clean 0.0000.0000.0000.1410.0000.0370.0060.08963.909GlassWash2 0.318

1.51815 - Assemble pre-laminate 0.0000.0008.8330.1410.0000.0280.0000.08974.517PLATool 10.608

0.22216 - Lamination 0.0760.0000.0000.1410.7780.1100.0130.29176.071Laminator 1.554

0.77717 - Junction Box attachment 0.0000.0004.2070.1410.2590.0160.0060.02381.500JBATool 5.429

2.69518 - Framing 0.0000.00015.6160.1410.2590.0630.0410.023100.338FrameTool 18.838

0.07919 - Hi-pot test 0.0000.0000.0000.1410.2590.0230.0060.047100.894HiPot 0.556

0.08020 - Sun Soak 0.0000.0000.0000.1410.2590.0240.0070.047101.451SSTool 0.557

0.10521 - Module IV test 0.1020.0000.0000.1410.2590.0590.0040.168102.188ModuleTester 0.737

0.08722 - Sorting & Label 0.0000.0000.0000.1400.2590.0300.0000.093102.798SLTool 0.610

0.34023 - Packaging 0.0001.4200.5450.0700.0000.0000.0000.000105.173Packaging 2.375

Total Unit Cost  : 14.5311.42047.2434.5717.5208.8832.10918.896105.173
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consumption. Direct materials will be 
examined in more detail in Report 6, 
later in this paper. It should be noted 
that the co-evaporation step replaced 
two steps in the sputtering model. 
Those two steps exceeded $31. The 
significant difference is over $2.00 in 
additional equipment costs for the 
co-evaporation process.

Report 6 breaks down the material 
item costs, annual usage, annual costs 
and cost per panel. With regard to 
materials cost, the largest components 
for the co-evaporation step are the 
indium source at $4.29 per panel 
and the selenium source at $4.10. 
Together they represent almost 8% of 
the total panel manufacturing costs. 

Combined, the CIGS materials are 
$9.41/panel, or approximately 9% of 
the total panel cost. Much of this cost 
is associated with the efficiency of the 
co-evaporation process, where only 40% 
of the material consumed ends up on 
the panel in the case of Cu, In and Ga, 
and only 20% in the case of Se.

Sensitivity analyses
B oth  mo dels  were  b a s e d  on  a 
module efficiency of 15%, which is 
approximately halfway between the 
Manz-reported 14% and the TSMC-
reported 15.7% record. Since module 
efficiency has a major impact on the 
cost per watt-peak, Fig. 4 looks at 
efficiency from the starting point of 

15% to near the small-scale record of 
approximately 20% for the sputtering 
model. In this example, each 1% 
improvement in panel eff iciency 
decreases the cost per watt-peak by 
approximately $0.04.

Next, the impact of throughput 
improvements on the selenization 
furnace will be examined. Since 28 
pieces of equipment are needed to 
meet the 100MW factory output, any 
improvement in throughput should 
yield a reasonable cost reduction. We 
could have also looked at reducing 
the equipment purchase price with 
the same relative results, but that is 
less likely as an outcome. Fig. 5 shows 
that doubling throughput from five to 
ten panels per hour decreases cost per 
watt-peak by nearly 5%. While that 
degree of increase in throughput may 
not be practical, the move from five 
to six panels per hour provides an 
overall cost reduction of approximately 
1.6%. It should be noted that the 
baseline model called for 28 furnaces 
to provide excess capacity in case of 
equipment downtime. This sensitivity 
analysis removed that constraint and 
allowed the model to calculate the 
actual required amount of equipment. 
Equipment optimization wil l  be 
discussed in more detail in the next 
section.

L a s t ly,  one  o f  the  p erce ive d 
major areas for improvement in the 
co-evaporation process will be looked 
at – the efficiency with which the CIGS 
materials are deposited on the panel. 
The baseline model used 40% material-
use efficiency for copper-indium-
gallium and 20% for selenium. As can 
be seen in Table 4 there is a modest 
cost benefit in increasing the deposition 
efficiency – between $0.005 and $0.01 
for each 5% improvement in deposition 
efficiency. The amount of material used, 
even at lower efficiencies, is just a few 
grams per 1m2 panel.

Other process options
While standard processes which have 
been in existence for some time were 
chosen, there are other options that 

Report 6. Co-evaporation model: material item costs.
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Figure 4. Panel efficiency sensitivity analysis.
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have the potential to reduce costs. One 
such example is to move from a framed 
to a frameless panel. The framing 
costs represent over $0.10/watt-peak; 
eliminating these costs would bring 
the total cost down to $0.573/watt-
peak. Additionally, if the equipment 
set is optimized to allow for higher 
factory loading (higher reliability, better 
predictability of availability), the cost 
per watt-peak can be further reduced to 
$0.51.

M a n z  h a s  r e p o r t e d  f u r t h e r  
enhancements to the process, including 
the use of lasers for all patterning 
steps, edge delete and hole drill, which 
removes the CIGS pre-clean step as 
well as building the barrier into the 
Mo deposition, eliminating the SiO2 
deposition. Other improvements include 
a change in TCO materials, a reduction 
in CIGS materials usage through a 
linear source, the replacement of solder 
with silver glue, and the replacement of 
ethylene vinyl acetate (EVA) and butyl 
edge tape with thermoplastic material. 
As a result, Manz forecasts OPEX of 
below $0.50/watt-peak, even for a 14% 
efficiency module.

Conclusions

The PV industry has gone through 
immense changes in recent years, yet is 
still developing rapidly in many ways. 
While previous papers in this series 
have focused on c-Si manufacturing 
and assembly issues, this paper has 
looked at an alternative PV technology 
which holds the promise of superior 
energy generation in high ambient 
heat and high direct normal irradiance 
(DNI) locations, as well as offering 
competitive costs.

“A series of lesser 

improvements is necessary 

for bringing the costs down to 

the $0.30/watt-peak level.”
The models presented here are based 

on manufacturing costs on a watt-peak 
basis and indicate that fully burdened 
CIGS manufacturing costs are still above 
the sales price for many c-Si modules. 
The case study in this paper has shown 
that there is not likely to be just one 
major cost breakthrough for either of 
the CIGS manufacturing processes 
presented here but, rather, that a series 
of lesser improvements is necessary 
for bringing the costs down to the 
$0.30/watt-peak level, indicated as the 
potential for an optimized panel format.

It should be noted that cost per 
watt-peak was used as a convenient 
manufacturing metric ,  s ince the 
conditions of final installation are 
highly variable (and outside the 
scope of this paper). However, the 
author strongly suggests that all cost 
comparisons for the final installed 
equipment (utility scale, commercial/
residential rooftop, etc.) be compared 
with metrics more suited to issues of 
system ownership (LCOE, TCOe). 
These metrics take into consideration 
actual energy production (site specific), 
annual efficiency degradation, balance 
of system (BOS) costs, installation, 
maintenance, etc.
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 40%, 20% 45%, 25% 50%, 30% 55%, 35% 60%, 40% 90%, 90%

Cu - g/panel 5.50 4.89 4.40 4.00 3.67 2.44

In - g/panel 8.00 7.11 6.40 5.82 5.33 3.56

Ga - g/panel 2.10 1.87 1.68 1.53 1.40 0.93

Se - g/panel 31.20 24.96 20.80 17.83 15.60 6.93

$/watt-peak  $0.701   $0.692   $0.685   $0.680   $0.676   $0.660 

Table 4. CIGS co-evaporation efficiency sensitivity analysis.

Material-use efficiency (Cu-In-Ga, Se)
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JinkoSolar inks 23MW module 
deal for California solar farm

A deal to provide 23MW of PV modules 
has been agreed between PV manufacturer 
JinkoSolar and US firms Swinerton Builders 
and Clenera, for use in the construction of 
a solar farm in Fresno, northern California.

The ground mounted plant will be 
constructed for Westlands Solar Farms, 
a renewable energy company based in 
California formed through a partnership 
of companies located close to electricity 
transmission sub-stations. 

Module deliveries are expected to be 
finished by Q4 2013. Expected completion 
date has not been announced. JinkoSolar’s 
300W 72-cell, high efficiency PV modules 
will be used and electricity generated sold 
to The Pacific Gas and Electric Company.

Solon supplies modules to 
2.2MW roof project in Romania

Solon Energy has said it is to supply around 
8,800 PV modules for a 2.2MW roof-
mounted PV project in Bucharest, Romania.

The project, for logistics firm SC Atwar 
& TH Services SRL, is expected to be 
complete at the end of September this year.

Solon said that up to 15% of the 
2.8MWh of power produced annually 
from the plant would be used to meet the 
needs of the logistics centre, while the 
remaining electricity produced would be 
fed into the grid and compensated using 
Green Certificates.

Canadian Solar lands Leeward 
Islands module contract

PV manufacturer Canadian Solar is to 
supply its modules to what will be the 
largest commercial PV project on the 
Leeward Islands of St Kitts & Nevis.

Anguilla-based installation firm Comet 
Solar will develop the 600kW project on 
behalf of SL Horsford, a trading, service 
and manufacturing company, spanning 
eight of the company’s buildings

Chris Mason, Comet Solar’s owner, said: 
“This project is our largest to date, with the 
challenge of having a remote location, a 
range of building types from steel buildings 
to concrete roofs and a mix of British and 
American electrical systems and voltages. 

China Sunergy to supply 
9.9MW of solar modules in 
Romania

Solar cell and module manufacturer China 
Sunergy has signed two contracts to supply 

9.9MW of solar modules in Romania.
The contr act s  were w ith B ester 

Generacion, a Spain-based renewables 
EPC company, it  will  deploy China 
Sunergy’s multi-crystalline modules for the 
two ground-mounted projects in Romania.

The modules will be supplied from 
Sunergy’s Turkey plant, to Romania, in 
September 2013.

Chinese shrug off trade duties

Strong emerging market 
shipments boost Q2 fortunes 
for Trina Solar

Trina Solar said geographic diversification 
and pricing stabilisation helped it decrease 
losses and post stronger than expected 
shipments in Q2 2013.

The China-based manufacturer said 
increased emphasis on markets such as 
Japan, India and the US meant it exceeded 
its quarterly shipment guidance by 
100MW and almost halved quarter-on-
quarter losses from US$63.7 million to 
US$33.7 million.

Despite the EU-China trade dispute 
Trina reported “stable” shipments to the 
EU and strong growth in shipments to 
other areas of the globe.

News

Trina Solar to supply 1.1 
million solar modules to 
Copper Mountain 3

The 345MW Copper Mountain Solar 3 
PV power plant project being built by 
AMEC in Boulder City, Nevada is to 
use 1.1 million PV modules supplied 
by Trina Solar. Trina Solar said it would 
start supplying 1,133,550 dual-rated, 
72-cell PD14 solar modules in the fourth 
quarter of 2013, while the project is 
expected to be completed in the first 
quarter of 2015. The project will be 
owned and operated by Sempra U.S. 
Gas & Power. “Trina Solar is uniquely 
qualified to provide solar panels to 
this project,” said Tom Dotson, vice 
president at AMEC. “Their modules’ 
track-record of proven performance and 
their strong balance sheet made them 
an easy choice for Copper Mountain 
Solar 3.” “The selection of Trina Solar 
for this record-breaking project is a 
strong endorsement of our capabilities 
in meeting the evolving demands of our 
customers in a maturing market,” said 
Mark Mendenhall, president of Trina 
Solar Americas.

Trina Solar to supply 1.1 million solar modules to Copper Mountain 3.
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Lightsource builds on Chinese 
inventory with 69.5MW 
Renesola deal

Lightsource Renewable Energy has penned 
a series of contracts with ReneSola that 
will see the Chinese manufacturer supply 
69.5MW of modules to the UK developer.

The 300,000 modules will be used 
for 10 solar farm projects in the South 
West, Isle of Wight and Kent, as well as 
a number of undisclosed future projects 
– ranging from 20MW to 1MW in scale. 
The companies expect the 69.5MWp 
of capacity to generate enough clean 
electricity to power more than 23,000 
households.

Certificates pave way for China 
Sunergy modules to enter 
French utility-scale market

Manufacturer China Sunergy (CSUN) 
has been awarded ‘carbon footprint’ 
certificates by the French engineering 
firm Solstyce that will allow its customers 
to enter the tender process for projects in 
France above the 250kW threshold.

Products from CSUN’s recently opened 
Turkish manufacturing facility will now 
be eligible for use in large-scale solar 
farms in France. Manufacturing the 
modules in Turkey, using non-Chinese 
materials and components, allows CSUN 
to escape the tarif fs  and minimum 
pricing rules introduced by the European 
Commission.

NPD Solarbuzz: Yingli Green 
breaks industry shipment 
record

According to analysts NPD Solarbuzz, 
s e c o n d  q u a r t e r  2 0 1 3  P V  m o d u l e 
shipments for the top 20 suppliers 
exce e de d 5.8GW. The r ise was le d 
by Yingli  Gre en Energ y which saw 
shipments estimated to exceed 800MW 
and over 1GW for the first-half of the 
year, a new record for any PV module 
manufacturer.

Efficiencies

Amonix beats own record with 
35.9% CPV module efficiency

California-based concentrated PV (CPV) 
manufacturer Amonix claims to have 
beaten a record it set earlier this year by 
achieving a 35.9% efficiency rate for a CPV 
module.

The efficiency level, achieved in a 
National Renewable Energy Laboratory 
tr ial ,  supersedes the 34.9% average 
efficiency the company recorded in a 
similar test in April.

The trial was conducted under recently 
adopted International Electrotechnical 
Commission (IEC) test conditions for CPV 
of 1000 W/m2 and 25 degrees Celsius 
cell temperature, the first time NREL 
quantified the rating for a concentrator 
module at that temperature instead of 
operating temperature. 

Winaico claims PV module 
efficiency victory in Australian 
desert

Taiwanese module manufacturer Winaico 
has claimed its panels achieved the highest 
efficiency by cost during trials at the 
Desert Knowledge Australia Solar Centre 
(DKASC). The testing centre provides 
live, real-time data on the output of the 

installed modules under harsh conditions 
including thin-film and crystalline panels 
from manufacturers including Q-Cells, 
Sanyo, REC and Trina.

The company claims its recent tests at 
DKASC have generated some of the best 
results with its modules 12% more cost 
efficient than its competitors.

Shakeout and restructuring

Komax pulls out of solar 
industry

Komax Group has announced it is pulling 
out of the solar industry by selling its module 
assembly equipment arm, Komax Solar.
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Renesola is to supply 69.5MW of modules for Lightsource UK projects.

Amonix has achieved 35.9% with one of its CPV modules.
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Komax Group said the risk potential of 
Komax Solar was “not compatible” with 
the Group’s objectives.

The company will continue to maintain 
machines it has already sold and affirmed 
its interest in finding a suitable buyer for 
the solar division.

Komax Solar cut jobs in June last year 
and again reduced its headcount by 50% 
in January this year, following a 90% drop 
in product orders, due to overcapacity and 
loss of customers. 

Komax Solar makes up an estimated 
3% of Komax Group’s net sales. Komax 
Group has two other business units, 
Komax Wire, Komax MedTech, with 
most sales made in Europe.

Three Hareon directors step 
down following disappointing 
results

Three directors resigned from Chinese 
PV manufacturer Hareon in mid-August, 
three days after it announced a 19% drop in 
revenue for the first half of 2013 compared 
to last year. 

On 10 August, the company announced 
first half losses for 2013 of RMB255 million 
(US$41.7 million) widening from RMB135 
million (US$22.1 million) in the first half of 
2012. Revenue was down 19% to RMB2.06 
billion (US$336 million). 

Meyer Burger sells module 
assembly line to UK start-up

UK-based PV manufacturing start-up, 
Sunsolar Energy, has placed an order 
with Meyer Burger for an automated and 
integrated module assembly line.

The order includes module lamination, 
cell connection, handling, performance 
testing and fast- track cer ti f ication 
technologies with an initial  annual 
production capacity of 35MW.

Meyer Burger said that the equipment 
was scheduled to be delivered by the end 
of September, 2013 with Sunsolar Energy 
beginning production in November 2013.

Company news

Photon Energy prepares IPO 
and expansion plans

Solar project developer, investor and 
m a n u f a c tu re r  Ph o to n  E n e r g y  h a s 
announced it is assessing financing options 
ahead of a planned expansion and IPO in 
the first quarter of 2014.

The company is already listed on the 
New Connect segment of the Warsaw Stock 
Exchange but plans a full listing next year to 
coincide with a global expansion strategy.

Photon announced strong results 
for the second quarter with earnings 

before interest ,  taxes ,  depreciation 
and amortisation (EBITDA) up 32% 
compared to Q2 2012, to €2.5 million 
(US$3.3million).

The company said it would have returned 
to profitability had it not been for the 26% 
levy placed on Czech PV power plants.

JA Solar and Canadian Solar 
raising funds

Both tier one PV module manufacturers, 
JA Solar and Canadian Solar, are raising 
funds to the tune of US$96 million and 
US$50 million respectively.

JA Solar said that it has entered into a 
Securities Purchase Agreement with a single 
institutional investor to buy 15,228,425 
ordinary shares, US$0.0001 par value per 
share, of ordinary shares, represented by 
3,045,685 American Depositary Shares at a 
price of US$7.88 per ADS.

The clos ing  of  the  of fer i ng  w a s 
expected to take place on or about 
Aug ust  16,  2013,  according to the 
company and the funds used for ‘general 
corporate purposes.’

Canadian Solar has taken the route 
of selling up to an aggregate of US$50.0 
million of its common shares through 
a n  ‘a t- t h e - m a r ke t  e q u i t y  o f fe r i n g 
programme’,  offered through Credit 
Suisse as the sales agent.

The funds are to be used for solar 
power project development expenses and 
working capital, the company said.

ReneSola posts 32.8% increase in 
sales on record shipment volume

Despite raising second quarter 2013 
shipment guidance significantly, ReneSola 
exceeded the figure and reported record 

shipment volume of wafers and modules 
totalling 849.3MW.

The company previously expected 
total solar wafer and module shipments 
to be in the range of 760MW to 770MW, 
compared to its previously guided range of 
between 700MW to 720MW.

However, ReneSola guided third quarter 
solar wafer and module shipments to be in 
the same range as originally expected for 
the second quarter of 730MW to 750MW.

ReneSola saw record shipments in the 
second quarter of 2013. 
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FLEXcon

FLEXcon offer black backsheet for 
aesthetically demanding PV module 
markets 

Product Outline: FLEXcon has expanded 
its solar module backsheet ‘multiGUARD’ 
offering with the addition of black/white 
and black/black products. The new, more 
aesthetically pleasing black backsheet 
pro duc t s  app e al  to  the  high-end 
commercial market and a much greater 
portion of the residential market. 

Problem: As PV installations are more 
commonly integrated into the design of 
commercial and residential projects. 
FLEXcon’s expanded backsheet offering 
enhances the options for solar module 
manufacturers to produce solutions that 
tailor to the needs of a much broader 
market base.

Solution: FLEXcon’s multiGUARD brand, 
a range of backsheets for photovoltaic 
modules are engineered to protect against 
moisture and humidity and provide 
superior partial discharge and high voltage 
insulation for proper functioning of the 
module. FLEXcon’s line of backsheet 
products are designed to meet stringent 
industry standards and regulations.

Applications: C-Si solar cell backsheet 
protection. 

Platform: Typically constructed in 12mm 
backsheet that offers advantages of 
Kynar material protection against harsh 
weather conditions. It features a polyester 
inner layer, which provides optimum 
electrical insulation and promotes 
ease of handling through the module 
manufacturing process, and an EVA layer 
which provides optimum adhesion to 
encapsulants. FLEXcon’s existing white 
backsheet offering, which includes double 
fluoropolymer (TPT and KPK), single 
fluoropolymer (TPE and KPE) and non-
fluoropolymer (PPE), is ideal for solar farms, 
commercial and residential installations.

Availability: Currently available.

Meyer Burger

Meyer Burger and LayTec team on 
first fully integrated EVA cross-linking 
module production metrology solution 

Product Outline: Meyer Burger and 
LayTec have collaborated to produce the 
world’s first fully integrated EVA cross-
linking metrology solution for PV module 
production lines.

Problem: Until recently, the guaranteed 
lifetime and long-term stability of a module 
was calculated by carrying out destructive 
off-line tests on less than 1% of the modules 
and then statistically extrapolating the 
results for end users.

Solution: The integrated EVA cross-
linking metrology system is a streamlined 
solution for process optimization and yield 
enhancement in module manufacturing 
lines. The measurement heads are directly 
integrated into the cooling press of 
Meyer Burger laminators. They facilitate 
closed loop process control and 100% 
quality assurance of EVA lamination. The 
system fully replaces slow, error-prone 
and costly off-line analysis methods. By 
integrating original OEM technology into 
the non-destructive lamination process 
control, module manufacturers are able to 
undisputedly prove the long-term stability 
of 100% of their module production. 
Based on in-line and off-line X Link 
technology, certifiers can now refer to a 
non-destructive and repeatable standard 
method for line and fab certifications.

Applications: EVA lamination of PV 
modules. 

Platform: Upgrade possible for NG and JT 
3S Modultec laminators.

Availability: Currently available.

Engineered Material Systems

EMS offers lower-cost conductive 
adhesive for back contact sheet

Product Outline: Engineered Material 
Systems (EMS) has introduced its new 
DB-1588-2 low-cost conductive adhesive 
for back contact applications in crystalline 
silicon solar modules. 

Problem: Conductive adhesive is required 
for metal wrap through (MWT) back 
contact solar cells to ensure correct bonding 
of the vias to the metal back contact sheet. 
Accurate and long-lasting adhesion is 
required, while minimizing process cycle-
times to ensure correct contact. 

Solution: DB-1588-2 is designed to make 
contact from vias or other conductors 
on the solar cells to the back contact 
sheet. The adhesive is stress absorbing 
to withstand the rigors of thermal cycling 
and features excellent conductive stability 
to back contact metallization during damp 
heat exposure. Additionally, the conductive 
adhesive is designed to cure through the 
encapsulant lamination and cure process. 
The material is claimed to be approximately 
50% lower cost than standard silver-filled 
adhesives and is said to be significantly 
lower cost than its EMS DB-1588-1 
product, currently used for manufacturing 
back contact solar modules.

Application: Conductive adhesive for vias 
and/or conductors for MWT solar cells.

Platform: The DB-1588-2 conductive 
adhesive  is  the  l atest  addit ion to  
Engineered Conductive Materials’ full line 
of conductive stringer attach adhesives, 
conductive adhesives for back contact 
crystalline silicon, thin-film and via fill 
applications as well as conductive grid inks 
for photovoltaic applications.

Availability: Currently available. 



Photovoltaics  International 91

Power
Generation

Market
Watch

Cell
Processing

PV
Modules

Materials

Thin
Film

Fab &
Facilities

Introduction
Quality makes all  the difference. 
This axiom applies in particular 
to products  which are expected 
to function and deliver constant 
performance over long periods. With 
a service life of 25 years or more, 
photovolta ic  modules  def ini tely 
belong to this category. Yet, in spite 
of this awareness, superior quality 
permits only a very slight increase 
in prices in the solar industry. When 
it comes to buying, the overriding 
argument continues to be the price, 
and brutal competition has driven 
this down to ruinous levels in recent 
years – proof of which is the constant 

consolidation in the sector. But why 
is this the case? From the customer’s 
point of view, is it really right to base 
a decision to buy almost entirely on 
the initial investment?

Admittedly  there  are ,  at  f i rst 
s ight ,  few reasons for  buying a 
more expensive product: the visible 
differences between solar modules are 
very small. From a distance, or once 
incorporated into a larger system, 
modules hardly carry any weight 
in terms of their looks. And there 
are also very few differences when 
it comes to certification by external 
testing bodies: ISO certification and 
IEC testing are standard. What is 

more, many manufacturers make 
more or less the same promises : 
guaranteed performance for periods of 
20 years or more, as well as apparent 
guarantees against potential-induced 
degradation (PID) and hot spots. But 
not everything that promises quality 
delivers on that promise, as becomes 
apparent by taking a second look at 
product quality, during which the 
customer should ask the following 
questions:

Which manufacturer is able to prove 
that its PV products will actually do 
their job without problems for a full 
25 years?

Quality makes all the difference
Nicole Nelles, Max B. Koentopp & Sandra Scholz, Hanwha Q CELLS GmbH, Thalheim, Germany

ABSTRACT

The aim of this paper is to shed some light on what difference the quality of a PV product makes to the 
customer and how much effort is required to deliver it. From the customer’s point of view, the quality 
of a PV product is key to a worthwhile investment, since the value of a PV system is defined by its cost 
compared with its yield over the entire lifetime, or the levelized cost of electricity (LCOE). But while many 
manufacturers make more or less the same promises, in this paper a closer look is taken at what is really 
involved in living up to those promises. If quality is understood to be a fundamental attitude that is reflected 
in every single process along the entire value chain, only then will this eventually lead to high-quality 
products and services. The paper discusses in detail the principles, methods, tests and processes required to 
secure a superior quality brand.

Figure 1. Quality is more than a product characteristic – it is a fundamental attitude.
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Are there tests which credibly 
underpin the promises made in the 
guarantee?

What  pro ofs  o f  qual i ty  must 
manufacturers provide, and at what 
intervals, in order to retain their 
current certification?

Are the standards comparable in 
different countries?

Are products which have been 
mass produced selected for random 
testing, or does the manufacturer 
provide products of its own choosing 
for testing?

What processes are used to effectively 
rule out hazards such as PID or hot 
spots?

Does the manufacturer undertake 
internal quality testing and how 
often?

Are processes also routinely tested for 
quality or is this limited to products?

“The demonstrable and 

sustainable quality of 

a product becomes an 

increasingly important factor 

in the purchasing decision.”

No matter what the answers are to 
these questions, one thing is clear: the 
value of a PV system is measured by 
the levelized cost of electricity (LCOE). 
For this, the decisive factor is the yield 
over its entire lifetime, and, therefore, 
the constant and reliable performance 
of the system. Considered against 
this background, the demonstrable 
and sustainable quality of a product 
becomes an increasingly important 
factor in the purchasing decision. Even 
if the initial investment costs are higher, 
a better quality product can save the 
system operator a great deal of stress 
and unexpected financial losses. For 
this, ‘product quality’ is taken to mean 
‘meeting the maximum requirements 
that the customer has of the product’. 
In the case of PV products these 
requirements are, in particular, a long 
service life, a high level of safety, one 
hundred per cent reproducibility of the 
product characteristics and an elegant 
optical appearance (especially for mono 
products). An outstanding service 
quality, fast reaction times and a high 
level of reliability are also important 
for a good business relationship. From 
these customer requirements, a set of 

criteria for product characteristics and 
criteria for testing have been derived. 
But at Hanwha Q CELLS it is not just the 
products of which quality is demanded – 
and that is how it should be.

Quality as a fundamental 
attitude

Do you know of a company that is 
known for the quality of its products, 
but which does not place any value on 
the quality of its internal processes or 
on how colleagues deal with each other 
or on how it deals with its partners? In 
the authors’ opinion such a contrast 
is not possible. Quality is rather a 
fundamental attitude, which either is 
valued through all levels and processes 
in a company or will not be found in its 
products. Furthermore, the theme of 
quality needs to be implemented at an 
organizational level throughout all areas 
and levels of the company. At Hanwha 
Q CELLS this is the task of the quality 
management (QM) team. This team 
drives forward the quality of current 
and future products through a certified 
quality management system, and 
supervises the entire value-added chain 
of production – from the inspection of 
all incoming raw, auxiliary and working 
materials, through the manufacture of 
solar cells and modules, to the creation 
of complete PV systems. Hanwha  
Q CELLS operates a tried and tested, 
certif ied, integrated management 
system that meets ISO 9001, ISO 14001, 
ISO 50001 and BS OHSAS 18001. The 
production workshops are ISO 9001, 
ISO 14001, ISO 50001 and BS OHSAS 
18001 certified. For any PV company 
with an international production 
footprint it is also worth meeting high 
standards on an international scale. For 
this reason, Hanwha Q CELLS not only 
submits to audits by external certifying 
bodies, but continuously tests quality 
through internal cross audits. Likewise, 
the quality team is involved in product 
development from an early stage, so that 
it is possible to improve the standard of 
quality from generation to generation.

Quality right from the start

As well as enhancing performance 
and reducing production costs ,  
improving the quality of products and 
manufacturing processes is a central 
aim in developing every new Hanwha  
Q CELLS product. That is precisely why 
the quality management team is involved 
in product development right from the 
start. This enables the introduction of 
quality targets early in the development, 
as well as the identification and 
remediation of discrepancies while still 
in the project stage. 

Thus the actual development process 
itself is subject to Hanwha Q CELLS’ 
philosophy of quality: in order to launch 
a new product, the product management 
must go through various levels, so-called 
‘gates’, which include demonstrating 
that various quality tests have been 
passed and specific quality features met. 
A comprehensive analysis of possible 
failures and influences – failure modes 
and effects analysis (FMEA) – provides 
some guarantee that possible quality 
risks can be predicted at an early stage 
and avoided through optimizations of 
process, technology and/or product 
designs. In this way, risks can be 
thoroughly evaluated and minimized, 
especially in projects which are directly 
relevant to customers or to safety.

Standardized quality processes are 
also necessary with regard to internal 
qual ity  assurance and customer 
service. So, for example, every new 
product-related document and every 
change to existing documents are 
subjected to a chain of approval by 
technical and expert auditors, before 
being automatically made available 
to all Hanwha Q CELLS’ employees 
worldwide. 

Ever y bit  as important as the 
forecasts are subsequent evidence-
b a s e d  p ro j e c t  e v a l u at i o n s  a n d 
appraisals. At Hanwha Q CELLS, every 
project close-out meeting includes 
critical scrutiny of the project process in 
order to derive the maximum potential 
for improving process and product 
quality in every project. 

A n  a d d i t i o n a l  f i x e d  q u a l i t y 
checkpoint is the approval of every 
technical alteration by the change 
m a n a g e m e n t  t e a m  a t  H a n w h a  
Q CELLS. The process of change is 
managed by the process change review 
board (PCRB) to guarantee a consistent 
method of proceeding and to ensure 
that changes to processes or products 
can be tracked. The PCRB is made up 
of colleagues from different sectors, 
and the quality management team is 
responsible for it. In addition to ruling 
on changes to products or processes, 
the committee makes decisions on 
quantitative, economic, safety and 
environmentally relevant aspects . 
The next level up from the PCRB is 
the quality board. In this committee, 
de cis ions  are  made on current 
requirements which involve higher 
goods values or are of broader scope. 
Thus it is ensured that the quality of 
processes and products is accorded the 
highest priority through all levels of 
processes and the hierarchy.

Supplier evaluation
Since 2005 Hanwha Q CELLS has 
establ ished specif ic  benchmarks 
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against which suppliers are evaluated, 
and which are continually being 
developed through dialogue with its 
partners. If, during the evaluation of 
suppliers, the quality requirements 
are not met, urgent measures for 
improvement can be drawn up. Since 
2008 the Hanwha Q CELLS Code of 
Conduct has obliged suppliers to meet 
internationally recognized standards, 
especially in the fields of quality, 
environmental protection and health 
and safety. To ensure that suppliers 
o p e r ate  a  q u a l i t y  m a n a g e m e nt 
system that meets the standard set 
by ISO 9001 as well as other quality 
parameters, regular audits of suppliers 
are conducted. Requirements are also 
reflected in the internal purchasing 
guidelines at Hanwha Q CELLS. 
Changes made by suppliers to existing 
processes or intermediate products 
must be approved by the PCRB.

Incoming goods inspection
All raw, auxiliary or working materials 
that could affect the quality of the 
end product  are subjected to a 
thorough inspection by Hanwha  
Q CELLS upon receipt. The content 
and structure of each inspection 
process are determined by how critical 
the material is to the quality of the 
end product. The scope of testing is 
generally defined by an acceptable 
quality limit (AQL) in accordance 
with  DIN ISO 2859-1 .  Hanwha  

Q CELLS also works closely with its 
suppliers to continually improve their 
output inspections. In addition to this, 
specifications for quality assurance 
are agreed with suppliers; this enables 
faulty raw, auxil iar y or working 
materials to effectively be controlled, 
claimed against and, particularly, to be 
minimized. 

Production: quality on  
the line

In Hanwha Q CELLS’ production 
plants for solar cells and modules 
at the company sites in Germany 
and Malaysia (cell production only), 
as well as at the company’s certified 
contractors in Europe and Asia, all 
important factors that inf luence 
quality are monitored through 100% 
testing. The basis for this testing 
is a set of key parameters . In the 
event of deviation from Hanwha  
Q CELLS’ target values, reaction plans 
are activated. This allows Hanwha  
Q CELLS to narrow down the root 
cause of the failure systematically and 
solve problems quickly.

“All important factors 

that influence quality are 

monitored through 100% 

testing.”

For the fault analysis, the patented 
process TRA.Q is used, whereby every 
wafer is assigned a laser-engraved ID, 
which enables faults to be tracked 
individually, the sources to be identified 
and the underlying problem to be 
corrected. In addition to this, experts at 
Hanwha Q CELLS inspect and classify 
every cell according to optical and 
electrical parameters. For the inspection 
and classification, for both solar cells 
and modules, consistent calibration 
standards, verified by independent 
institutes , are used. Additionally, 
proprietary internally devised testing 
methods, such as the 100% hot-spot 
test, are in use throughout the company. 
A constant product quality is ensured 
through visual follow-up inspections.

And that is not enough – even 
the quality of the packaging is tested 
and opt imize d through reg ular  
random sampling. In this regard, 
c lose  col laborat ion between a l l 
sectors involved, and particularly with 
customers, is very important, so that 
continual improvements can be made. 
In the development of the packaging it 
is important to strike the right balance 
between providing the best protection 
for the products and using packaging 
materials in a way that saves resources. 
To guarantee the protection of the cells 
and modules, the packaging materials 
are tested to international standards 
in independent testing laboratories. 
Transport and handling tests are also 

Figure 2. Load testing at the Hanwha Q CELLS test centre.
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carried out under real conditions, 
whereby product features before and 
after transportation or handling are 
compared.

Test centre for cells and 
modules

Covering an area of approximately 
2300m2 at the Thalheim site, Hanwha 
Q CELLS’ test centre for solar modules 
is one of the biggest and most modern in 
the sector. This is evidenced by: sixteen 
climate chambers (damp-heat, thermal-
cycling and humidity-freeze tests), with 
a capacity of 240 crystalline modules; 
seven light chambers, which can be used 
flexibly as UV or light soaking systems; 
two flasher lines, with an integrated 
electroluminescence imaging; and 
insulation measuring stations for dry 
insulation testing, hipot and wet leakage 
tests. During 2012 more than 4500 solar 
modules were tested in these flasher lines.

In  addit ion to  this ,  with two 
mechanical  stress test  machines 
(static/dynamic), a hail impact tester, 
a load testing capability, a hot-spot 
measuring station and three PID 
me a sur ing  s t at ions ,  Hanwha Q 
CELLS regularly conducts a wide 
range of standard and special tests. 
Equipping the test centre with a range 
of other tests allows the execution 
of all the tests necessary for meeting 
IEC 61215 Ed. 2.0 and IEC 61730-
2 Ed. 1.0 in house. It is therefore 

possible to achieve maximum security 
and f lexibility in evaluating new 
combinations of materials, certifying 
new products and ensuring the high 
quality of Q CELLS products.

Hanwha Q CELLS' test centre is 
accredited by the Test Data Acceptance 
Program (TDAP) of the German VDE 
(Association for Electrical, Electronic 
and Information Technologies). This 
ensures that all results are verified by 
an independent third party, as well as 
speeding up certification and module 
development.

Test criteria for best products

To ensure the highest quality of 
Hanwha Q CELLS products, three 
basic principles for testing are adhered 
to: test hard, test continuously and test 
realistically.

Test hard
The IEC certification ensures a basic 
quality for PV modules, thereby setting 
a minimum standard (Fig. 4). Hanwha 
Q CELLS products, by contrast, must 
survive considerably tougher tests and 
are all certified ‘VDE Quality Tested’ – 
from cells to modules and all the way 
through to the standard block for large 
solar power plants, Q.MEGA. The 
VDE certification process sets much 
more demanding test criteria, which 
ensures the long-term performance 
of the products. For example, ‘VDE 

Quality Tested’ means that the test 
duration for standard damp-heat tests 
is increased from 1000 hours to 1500 
hours, and the number of cycles for 
thermal cycling from 200 to 400. In 
addition to this, the number of test 
modules for the damp heat, thermal 
cycling and UV/thermal cycling/
humidity freeze sequence is doubled 
from two to four in each case.

“The VDE certification 

process sets much more 

demanding test criteria, 

which ensures the long-

term performance of the 

products.” 

Th e  d y n a m i c  s t re s s  te s t  w a s 
introduced specifically for the VDE 
certificate. At the start of the UV/
thermal cycling/ humidity freeze 
sequence, testers check the fracture 
behaviour of the solar cells within 
the module compound and thus 
increase the stress on the module. 
The subsequent ageing tests enable 
the  long- term behav iour  of  the 
pre v ious ly  s t resse d  mo dules  to 
be predicted.  The requirements 
are once more increased, since a 
module is only allowed to show a 
maximum performance loss of 5% 

Figure 3. Testing must be hard, continuous and realistic in order to guarantee 25 years of quality performance.
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per test sequence. In comparison, the 
maximum performance degradation 
permitted for standard certification is 
8%. 

Test continuously
According to the criteria set down for 
IEC certification, for the certification 
process a product only has to pass the 
qualification test once with a specific 
number of test products. The products 
tested are often prototypes. In contrast 
to this, for the internal VDE Quality 
Tested certification, Hanwha Q CELLS 
products regularly undergo testing of 
randomly selected samples from mass 
production. As a result, deviations 
caused by production processes or 
by materials used can be promptly 
identified.

To closely monitor quality during 
p ro d u c t i o n ,  H a nw h a  Q  C E L L S  
conducts not only in-line safety tests, 
but also supplementary in-line tests, 
as well as regular testing during 
production in order to test the cells 
and modules for hot spots, PID and 
so forth. Furthermore, at the end of 
production, the modules are checked 

for possible abnormalities with the 
aid of a 100% electroluminescence 
test. In addition to this, a specified 
percentage of the finished products 
are subjected to further insulation, 
ground continuity and reverse-current 
overload testing every day, with the 
aim of ruling out any safety problems. 
Only modules which are in perfect 
optical and electrical condition leave 
the production plants. 

But it is not only Hanwha Q CELLS’ 
internal tests that are continually 
being conducted. As a fixed element 
of  the VDE Quality Tested seal , 
production is tested every quarter 
using randomly selected samples. This 
process includes – among other things 
– safety-related test measurements, 
such as hipot, wet leakage, reverse-
current overload, hot-spot and ground 
continuity tests. Dynamic stress tests 
with subsequent thermal cycling and 
damp-heat tests are also a compulsory 
part of the testing. With the aid of 
these test sequences, production can 
be checked for consistent quality, 
possible deviations and faults. The 
results are reported to the VDE every 

quarter in order to retain the VDE 
Quality Tested seal. 

Test realistically
Twenty-five years is a long time, and 
no PV product has so far been on the 
market long enough to test product 
quality through real-time testing. That 
is why testing methods which simulate 
as realistically as possible the stresses 
on products throughout their service 
life are being developed and employed. 
The comprehensive equipment in 
the Hanwha Q CELLS test centres 
allows more rigorous testing than is 
usual in the sector, and enables those 
results to be transferred, taking into 
account varying local conditions. For 
example, models developed using 
climate data are employed in order to 
translate the significance of the tests 
and testing procedures to realistic, 
location-dependent climatic conditions. 
This yields information about the 
degradation process or the appearance 
of various effects of ageing under a 
range of climatic conditions – whether 
in a temperate climate or in the desert, 
for example.

Figure 4. The quality test matrix for Hanwha Q CELLS products.
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The four levels of quality at 
Hanwha Q CELLS

Before a product is worthy of using 
the name ‘Q CELLS’, it has to undergo 
and pass four independent quality 
programmes (Fig. 5): 

1. S ince  2011  the  Q C E L L S  
Yi e l d  S e c u r i t y  h a s  b e e n 
the  g uarante e  for  rel iable 
p r o d u c t s  f r o m  H a n w h a 
Q  C E L L S .  I t  c o m b i n e s 
guaranteed resistance to PID, 
secur ity  against  hot  spots 

and protection against  the 
counterfeiting of the company’s 
products.

2. The second layer comprises the 
international initial certification 
tests, for example in accordance 
with IEC, UL, MCS, JPEG and 
Kemco. These guarantee the 
electrical safety of the module 
and the safety of its construction 
in accordance with international 
standards.

3. Th e  V D E  Q u a l i t y  Te s te d 
programme (Fig. 7) exceeds 
the initial certification testing. 
Additionally,  the quarterly 
re-testing guarantees consistent 
quality and product safety at all 
times.

4. The Hanwha Q CELLS internal 
quality programme ensures that 
all products meet the company’s 
high safety requirements on a 
daily basis. 

Quality as an international 
standard

To ensure that the Hanwha Q CELLS 
quality programme is implemented 
in external production plants, three 
essential tools have been introduced: 
on-site presence, Q-sampling and 
Q-monitoring (Fig. 8). The Hanwha 
Q CELLS quality control engineers 
visit the module conversion sites of 
the company’s partners at regular 
intervals in order to ensure the quality 
and to improve it. For Q-sampling, the 
manufacturers must conduct regular 
random sampling tests and report the 
results to Hanwha Q CELLS. Finally, 
with Q-monitoring, random sampling 
tests on the conversions undertaken by 
partners are also regularly conducted in 
Hanwha Q CELLS’ laboratories on site 
and in Thalheim.

Test the test

Hanwha Q CELLS’ testing procedures 
are continually updated to optimize 
still further the standard of its testing 
methods. Good connections within the 
scientific community are maintained, 
and current developments as well 
as newly occurring faults in modules 
are always pursued. Thanks to its 
well-equipped test centres, Hanwha 
Q CELLS is then in a position to 
investigate and determine the causes. 
New test methods are developed in 
order to rapidly optimize processes and 
products and to eliminate occurrences 
of the fault in question. One example 
is the anti-PID technology (APT) test, 

Figure 6. In May 2012 Fraunhofer CSP tested thirteen modules from brand 
manufacturers – nine of the modules failed.

Figure 7. A sign of above-average quality: the ‘VDE Quality Tested’ seal.

Figure 5. The four quality programmes operated by Hanwha Q CELLS.
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which was developed in the Hanwha 
Q CELLS testing laboratory in 2009, 
to counteract PID. Since then this test 
has been further developed, so that it is 
now possible to test the PID resistance 
of cells during production and have 
conclusive results available within 48 
hours.

Nobody’s perfect

In the international PV market, the 
brand name Q CELLS stands for 
quality. And this is not the least of 
the reasons why the South Korean 
Hanwha Group decided to take over 
the company in 2012 and begin a bright 
future with Hanwha Q CELLS. But 
nobody is perfect, and complaints are 
occasionally received; in the ensuing 
process, the same attitude is taken as 
with the products – quality counts!

In  the  e vent  of  a  complaint ,  
customers contact the engineers in the 
complaints management department. 
Together with the customer, it is quickly 
decided what the best way to help will 
be: Is a plant visit required? Are test 
modules needed or does the available 
data suffice? If on-site measurement 
is necessary, Hanwha Q CELLS’ field 
service team is available with its 
highly experienced technicians. They 
have been trained to test not only the 
modules, but also the whole plant with 
all its components. This service is 
provided for customers free of charge.  

At the test centre it is then possible 
to carry out all the usual, and many 
additional, tests quickly and flexibly. 
If this is still not sufficient, there are 

links to independent institutes, such 
as the Fraunhofer Center for Silicon 
Photovoltaics in Halle, Germany. The 
cause of the problem is then determined 
using the eight disciplines (8D) problem-
solving method, and the customer can 
be provided with a detailed 8D report 
if desired. If the analysis shows that the 
fault is covered by the guarantee, the 
customer will immediately be provided 
with a free replacement.

“Quality makes all the 

difference.”
Conclusion
Quality is not just a sticker on a module 
or a promise made by a manufacturer. 
Quality is the result of a fundamental 
attitude and an immense effort, which 
runs through all levels and processes 
within a company and finally shows 
in the product. No less important is 
the financial and strategic basis on 
which a company makes the promises 
in its warranty at a time of constant 
consolidation in the solar industry. 
This makes the financial stability 
and sustainability of a company an 
integral part of quality from the 
customer’s point of view. This very 
broad understanding of quality is 
the fundamental prerequisite for 
promoting customer satisfaction, and 
is an increasingly weighty argument 
to be considered when deciding 
which PV products to buy. For, at a 
time when solar electricity is partially 
achieving grid parity, and funding 

is being reduced, the importance of 
energy consumption, and hence of 
the yield of a PV system or the LCOE 
over the entire service life, is growing. 
A good-quality PV system is therefore 
one that comes from a financially 
secure company and on whose stable 
performance the customer can rely – 
for many years to come. Quality makes 
all the difference. 
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Introduction
PV modules have an environmental 
impact, broadly speaking, via the 
embedded energy and scarcity of PV 
module material components, as well 
as an environmental impact in other 
fields (such as toxicity). The embedded 
energy is dominated (around 75%) 
by the silicon wafer (in the case of a 
crystalline silicon PV module); glass, 
EVA and the aluminium frame account 
for most of the remainder. Silver is the 
scarcest material used in crystalline 
silicon PV module manufacturing. 
Although embedded energy has the 
greatest environmental impact, there 
are also important contributions from 
silver, copper, aluminium and glass 
(Figs. 1 and 2).

The Cu-PV project [1] (‘Cradle to 
cradle sustainable PV modules’) is an 
R&D project in the European Union’s 
Seventh Framework Programme on the 
topic of improving resource efficiency. 
It focuses on three key sustainability 
issues of current PV technology:

1. Reducing the energy demand 
in  P V manuf ac tur ing ,  by 
developing high-power back-
contact solar cell designs that 
use thinner wafers , i.e. less 
silicon.

2. Minimizing the use of critical 
materials, namely silver and lead.

3. Improving the recyclability of PV 
modules.

Compatibility of copper-electroplated 
cells with metal wrap-through module 
materials 
Ian Bennett, Bart Geerligs, Carol Olson & Maurice Goris, Energy Research Centre of the Netherlands (ECN), 
Petten, The Netherlands

ABSTRACT

As part of the European FP7 R&D project ‘Cu-PV’, the compatibility of copper-electroplated metal wrap-
through (MWT) cells with conductive adhesives has been investigated. The objectives of this project 
include to reduce, by the use of copper plating, the amount of silver utilized in cell manufacturing, and to 
demonstrate the compatibility of high-power n-type back-contact module technology with copper-plated 
cells. The overall goal is to reduce the impact on the environment of cell and module manufacture. MWT 
module technology as developed by ECN uses conductive adhesive to make the interconnection between 
cells and a conductive backsheet foil. These adhesives have been proved to result in very reliable modules in 
the case of cells with fired silver metallization. To determine the compatibility of conductive adhesive with 
copper-plated cells, component tests were performed, followed by the manufacture of modules with copper-
plated cells and conductive adhesive interconnections. Climate chamber testing of these modules showed 
that the adhesive is compatible with the copper-plated cells. The next steps include further optimization of 
the plating process and additional testing at the module level. 
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Figure 1. Embedded energy breakdown for a PV module containing 
crystalline silicon cells.
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Figure 2. Environmental impact of silicon PV modules in terms of climate 
change and toxicity.
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Although Ag consumption in the 
manufacturing of solar cells has 
recently been significantly reduced 
for cost reasons, its use in solar cell 
metallization is still unsustainable in the 
longer term. The world’s Ag reserves 
are sufficient for less than 25 years’ 
mining of this metal at the current rate. 
Many options have been investigated 
for switching to non-Ag metallization 
of solar cells ,  most prominently 
physical vapour deposition (for back-
contact cells) and copper plating, or a 
combination thereof.

“The world’s Ag reserves 

are sufficient for less than 25 

years’ mining of this metal at 

the current rate.”
To make the transition from present 

fire-through metallization processes to 
copper plating as smooth as possible, 
one of the metallization methods 
under investigation in the Cu-PV 
project is seeding with a minimal 
amount of Ag metallization, followed 
by nickel–copper electroplating .  
Screen-printing technology cannot 
easily yield a significant reduction in 
Ag consumption for a seed pattern, 
as it does not have the ability to print 
very thin and very narrow lines. Thin 
lines are important for minimizing 
Ag consumption, whereas narrow 
lines are important for high efficiency 
(the Cu plating will widen the lines). 
In the Cu-PV project Ag seeding is 
therefore done by inkjet printing, 
which offers a contact resistance 
and recombination as good as that 
obtained using conventional Ag pastes, 
but with a much lower use of Ag and 
with significantly narrower lines. Seed 
patterns using 12mg Ag have so far 
been demonstrated, with 40μm-wide 
lines that could be electroplated without 
problems. A particular advantage is 
that bleeding of the seed lines is small, 
so that the plated lines do not contain 

much parasitic plated material at the 
edges (Fig. 3).

 The current focus of the Cu-PV 
project is on high-efficiency n-type 
MWT cells [2, 3], with emitter contacts 
on the rear of the cell (Fig. 4). This 
means that rear-side junction isolation 
will be the centre of attention.

The first module tests in the project, 
however, as reported in this paper, were 
carried out on plated non-metal-wrap-
through cells. Also, the seed grids in 
these first tests were made by screen 
printing rather than by inkjet printing 
(Fig. 5).

MWT module technology

MWT module technology as developed 
by ECN [5,6] makes use of a conductive 
backsheet foil in combination with a 
conductive adhesive, in contrast to 
the tabbing and stringing process used 
with H-pattern cells and modules. The 
conductive backsheet foil is made up 
of a copper–PET–PVF laminate, with 
the copper patterned to match the 
contact pattern on the rear of the cells. 
The conductive adhesive is chosen to 
have the correct printability, curing 
properties , and conductivity and 
flexibility after curing.

Manufacture is performed using a 
module line as developed by Eurotron. 
In this production line, the conductive 
foil is placed on a vacuum carrier, 
after which the conductive adhesive 
is stencil printed onto the foil at the 
position of the contact points on the 
cells. A layer of EVA is placed on the 
conductive backsheet foil. The EVA is 
perforated with holes at the positions of 
the conductive adhesive dots to ensure 
contact between the conductive adhesive 
and the cells. The cells are then arranged 
one by one on the conductive backsheet, 
with the cell only being touched once 
during the whole process. A second layer 
of encapsulant is then placed on the cells, 
followed by a glass sheet. This top layer 
of encapsulant is locally heated to tack 
the cells to the glass in order to prevent 
movement during lamination.

The module stack is then inverted 
for the lamination process. During 
lamination,  the encapsulant and 
adhesive are cured in a combined 
lamination and interconnection step. 

Figure 3. Seed and plated 
metallization finger with a  
width of 69μm.

Figure 4. An nMWT cell design: (a) front-side grid; (b) rear-side contacts. The rear-
side contacts are shown by the 4 × 4 pattern, and the front-side contacts (connected 
to the front-side grid through vias in the wafer) are shown by the 3 × 5 pattern.

(a) (b)

Figure 5. Seed and plate structure 
of the metallization as tested in this 
study [4]. The final layer was tin, 
silver or an organic solderability 
preservative (OSP). The OSP is also 
used on the conductive backsheet 
foils and so is known to be 
compatible with processing using 
conductive adhesive. 

Figure 6. Cross section through 
an MWT module, showing 
the conductive backsheet with 
patterned metal layer, conductive 
adhesive dots (interconnection 
paste), the first sheet of EVA, MWT 
cells and other module materials.
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There is no local heating as with 
soldering: the whole module is heated 
uniformly and the temperature is 
limited to the curing temperature of the 
adhesive and encapsulant (i.e. 150°C). 
This makes the process ideal for very 
thin cells as investigated in the Cu-PV 
project. A cross section of an MWT 
module is shown in Fig. 6.

Module manufacture with no cell 
breakage has been demonstrated in 
other projects [7,8] using cells with a 
thickness of less than 120μm. Climate 
chamber testing has been performed 
on MWT modules, resulting in less 
than 2% degradation in power output 
after 400 thermal cycles and 2000 
hours of damp heat for cells with fired 
silver metallization and EVA as the 
encapsulant. With a thermoplastic 
encapsulant, a degradation of less 
than 1% in power output for the 
same test has been measured [9]. 
A number of production lines have 
been sold to module manufacturers, 
a n d  co m m e rc i a l  p ro d u c t i o n  o f 
this type of module is expected to 
begin before the end of 2013. In this 
study, the suitability of the module 
technology and materials, particularly 
t h e  c o n d u c t i v e  a d h e s i v e s ,  i n 
combination with copper-plated cells 
is investigated.

Component testing

The first stage in evaluating the 
compatibility of copper-plated cells 
with MWT module technology was 
to measure the contact resistance and 
adhesion strength between the adhesive 
and the copper plating on the cells and 
to compare this with the values for a cell 
with fired silver contacts. It is known 
that the adhesive in combination with a 
cell with fired silver metallization has a 
contact resistance low enough not to be 
dominant in the module performance, 
and an adhesion strength high 
enough to be able to survive module 
manufacture and thermal cycling up to 
400 hours with limited degradation as 
mentioned above.

Contact resistance was measured 
using a transmission line method 
(TLM). A number of  t in-coated 
copper tabs were stuck to the busbar 
of a copper-plated p-type cell using a 
conductive adhesive which had been 
proven in climate chamber testing 
with full-size modules. The cells were 
plated by Meco. A spacer was used 
between the tab and the cell to simulate 
the thickness of the EVA and adhesive 
found in an MWT module between the 
conductive backsheet foil and the cell. 
The adhesive dot was printed using a 
stencil, also with the aim of simulating 
the shape and volume of adhesive as 

used in the module. The resistance 
between the first tab and subsequent 
tabs was measured and plotted, 
allowing the contact resistance to be 
estimated by TLM analysis.

Three types of surface finish were 
used on the copper of the cell: a silver 
finish, a tin finish and an organic 
solderability preservative (OSP). This 
finish is needed to prevent corrosion 
of the copper on exposure to ambient 
conditions, which would result in 
an increased contact resistance. The 
contact resistance values of the three 
types of copper-plated cells were 
compared with the contact resistance 
measured for cells with fired silver 
contacts . The same samples were 
also used for adhesion testing. Peel 
testing at 90° was performed first ; 
however, because of the dimension of 
the adhesive dots and the peel angle, 
very low values were obtained for the 
three copper-plated cell types as well 
as for the cell with fired silver contacts 
(Table 1). A second series of samples 
was subjected to a shear test, the 
results of which allowed the variations 
in adhesion strength between the 
different cells to be observed (Table 
1). The shear test is considered to be 
more representative of the stresses 
seen in an MWT module. These 
stresses are caused by differences 
in thermal expansion coefficients 
between the different module materials 
and generally act in the plane of the 
backsheet, resulting in shear forces on 
the interconnections.

Contact resistance was found to 
be lowest for the copper-plated cells 
with a silver coating, followed by the 
copper-plated cells with a tin coating, 
and finally the OSP-finished cells. The 
value for the cells with the fired silver 
metallization was intermediate between 
the OSP- and silver-finished copper-
plated cells. Despite the higher value, 
the contact resistance for the OSP-
finished cell is nevertheless much lower 
than the calculated acceptance limit for 
contact resistance. A contact resistance 
of this magnitude will not have a 

noticeable effect on the performance 
of the module: for example, the contact 
resistance of the adhesive on an OSP 
backsheet foil is approximately 500μΩ, 
and it has also been calculated that 
this value will not dominate the series 
resistance in the module (well below 
0.1% loss in fill factor). An OSP-finished 
cell is preferable because of cost and the 
use of OSP on the conductive backsheet 
foil. If both cell and foil have the same 
finish then compatibility with both 
surfaces can be engineered in one step. 
The shear test values show that the 
OSP-finished copper-plated cells have 
the highest adhesion in shear – higher 
even than that for the cells with fired 
silver metallization. This should result 
in a module that performs well in 
thermal-cycling tests.

“Contact resistance was 

found to be lowest for the 

copper-plated cells with a 

silver coating.”

Pseudo mini-module design 
and manufacture

After it had been confirmed that the 
conductive adhesive and copper-plated 
cells were compatible at the component 
level, single-cell mini-modules were 
manufactured for climate chamber 
testing. Since no copper-plated MWT 
cells were available at the time, the 
module design had to be adapted to 
allow the simulation of the adhesive 
contact in an MWT module by using an 
H-pattern cell. The front-side contact 
was made with tabs soldered to the 
busbars as for a standard H-pattern cell. 
The rear-side contacts were formed 
using a copper-based backsheet with 
adhesive dots printed on the copper 
to match the positions of the busbars 
on the rear of the cell (Fig. 7). Seven 
dots were printed for each of the three 
busbars. Holes corresponding to the 

Copper-plating finish 90° peel strength [N] 180° shear strength [N]

OSP 0.5–1 30–40

Tin 0.3–1 21–33

Silver 0.3–1 9–24

Table 1. Peel strength and shear strength results for conductive adhesive 
contacts on copper-plated cells. The geometry of the adhesive dot in 
the MWT module makes the 90° peel test unsuitable for the assessment 
of adhesion strength. The shear test, however, is considered to be more 
representative of the stresses in an MWT module.
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positions of the conductive adhesive 
dots were punched in an EVA sheet, 
and the sheet then placed over the dots. 
The cells were arranged on the EVA so 
as to make contact with the adhesive 
dots. A sheet of EVA and a glass plate 
were placed over the cells, and the stack 
was laminated to cure both the EVA and 
the conductive adhesive.

A total of four single-cell modules 
were manufactured. The performance 
of the modules was measured using a 
Pasan 3B flash tester (Table 2). Because 
of the non-optimized module design, 
the fill factors (FF) of the modules are 
not particularly high when compared 

with standard MWT modules, but 
were considered suitable for climate 
chamber testing. 

E le ctroluminescence (EL)  and 
thermography (DLIT – dark lock-in 
thermography) images were generated 
in order to evaluate the quality of the 
modules after manufacture. EL images 
(Fig. 8) reveal some cracking in the cell 
at the ends of the busbars, as well as 
finger interruptions on the front of the 
cell in several places at the edges; this 
is most likely caused by the soldering 
of the tabs. Thermography imaging 
(Fig. 9) shows the position of the 
conductive adhesive interconnections 

between the cell and the conductive 
backsheet foil.

Climate chamber testing 

In i t ia l  c l imate  chamb er  tes t ing 
focused on thermal cycling . The 
aim of this  was to conf irm that 
the adhesion test results obtained 
during component testing could be 
translated into good performance. 
Because of differences in the thermal 
expansion coefficients of the various 
module materials , the conductive 
adhesive contacts between the cells 
and conductive backsheet foil will 

Figure 7. Image of a pseudo-MWT 
mini-module. The front-side 
interconnection is accomplished 
by soldering tabs to the busbars; 
the rear contact to a conductive 
backsheet is made by a conductive 
adhesive printed at the location of 
the busbars on the rear of the cell.

Figure 8. EL image of an 
H-pattern single-cell module 
with soldered front-side contact 
and MWT rear-side contact, 
showing cracking in the top left 
corner and finger interruptions 
at the edges of the cell.

Figure 9. DLIT image of the same 
mini-module in Fig. 8, showing 
the position of the conductive 
adhesive interconnections 
between the cell and the 
conductive backsheet foil.

Module code Isc [A] Voc [V] FF [%] Efficiency [%]

A1535 9.17 0.63 74.4 18.3

A1537 8.95 0.63 74.9 17.8

A1538 9.26 0.63 74.0 18.2

A1540 (control) 9.06 0.63 75.4 18.0

Table 2. I-V characteristics of modules manufactured using copper-plated H-pattern cells with MWT interconnections 
on the rear side and tabbing on the front side (before climate chamber testing).

Module code �Isc [%] �Voc [%] �FF [%] �Efficiency [%] �Power [%]

A1535 0.29 0.93  –1.24 –1.68 –0.03

A1537 0.15 0.89 –0.52 –1.14 –0.51

A1538 0.34 0.90 –2.72 –3.14 –1.52

A1540 (control) –0.16 1.23 0.80 0.19 1.87

Table 3. Changes in I-V characteristics of the modules after 100 thermal cycles, relative to their values at t = 0.

Module code �Isc [%] �Voc [%] �FF [%] �Efficiency [%] �Power [%]

A1535 0.33 0.79 –2.46 –3.00 –1.37

A1537 1.05 0.57 0.48 0.43 2.11

A1538 4.54 0.91 –4.41 –0.82 0.84

A1540 (control) –0.99 0.64 1.65 –0.37 1.30

Table 4. Changes in I-V characteristics of the modules after 200 thermal cycles, relative to their values at t = 0.
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be stressed. Any degradation in the 
power output and fill factor of the 
module can be related to a loss of 
contact of the conductive adhesive 
with either the cell or the conductive 
backsheet. 

“Any degradation in the 

power output and fill 

factor of the module can be 

related to a loss of contact 

of the conductive adhesive 

with either the cell or the 

conductive backsheet.”
The thermal-cycling test is based 

on the test included in the IEC 61215 
standard and is performed using a 
current corresponding to the applied 
Impp. This subjects the module to more 
stress in the form of additional heating, 
especially in areas of high resistivity, 
such as a failing contact. The total test 
time was 200 thermal cycles, but testing 
was interrupted at 100 cycles to allow 
characterization of the module, so that 
any degradation could be measured. 
Characterization of the module was 
performed by IV flash testing and EL 

and DLIT imaging, as was also done 
at t = 0. A total of three modules were 
subjected to this test, with one control 
module kept out of the climate chamber.

As seen in Table 3, a maximum 
of 1.5% reduction in power output 
was measured for one of the modules 
(A1538) after 100 thermal cycles. The 
other two modules showed smaller 
changes in power output. The reduction 
in power output for module A1538 
could be accounted for by the 2.7% 
reduction in FF. EL and DLIT images 
(Figs. 10 and 11) of these modules 

show very little differences from the 
images made at t = 0. This shows that 
the interconnections and cells remained 
stable up to this point.

Table 4 shows that module A1537, 
showing a power loss after 100 cycles, 
now shows a power increase after 200 
thermal cycles; moreover, the FF also 
no longer shows a decrease relative to 
the measurement at t = 0. One of the 
other modules (A1535) shows a loss of 
1.4%; this can again be attributed to a 
2.4% decrease in FF. The third module 
(A1538) shows no loss in power output, 

Figure 11. DLIT image of the 
same mini-module in Fig. 10, 
showing all contacts to the 
conductive backsheet foil intact, 
with little differences from the  
t = 0 image.

Figure 10. EL image of a single-cell 
module after 100 thermal cycles, 
showing little change relative to the 
module at t = 0. The module shows 
uniform illumination, indicating 
that the cell and interconnections 
are intact.
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but does show a 4.4% reduction in 
fill-factor. As was the case for the 
measurements after 100 cycles, the 
EL and DLIT images are stable when 
compared with the images at t = 0, with 
no hot spots or areas not contributing 
to current generation.

The results show that ,  for the 
limited sample size tested in this 
experiment, interconnection between 
a copper-plated cell and a conductive 
backsheet gives rise to a reliable 
module. Some variation in power 
output was measured, but this was 
well within the limits as specified in 
IEC 61215 and was no larger than the 
variations seen in the control module. 
For module A1538, an FF loss of 4.4% 
was measured, which was close to the 
acceptable limit of 5%; no power loss, 
however, was measured, indicating 
that, in combination with the high 
current, the FF value may have been 
a measurement artefact. To determine 
whether this loss is significant or 
the result of a manufacturing or 
measurement error,  the number 
of test samples would have to be 
expanded and the tests continued to 
400 or 600 cycles.

Conclusions and further work

The component testing and climate 
chamber testing of the mini-modules 
shows that copper-plated cells are 
compatible with the MWT module 
concept and materials. In particular, 
the cells are compatible with contacting 
using a conductive adhesive. The 
contact resistance is similar to that seen 
in cells with fired silver metallization, 
as is the mechanical strength of the 
contact. In mini-modules the initial 
performance shows that a well-
performing module can be produced 
using copper-plated cells.

“Testing of the mini-modules 

shows that copper-plated 

cells are compatible with the 

MWT module concept and 

materials.” 

Thermal cycling to 200 cycles 
demonstrates little degradation in 
power output, comparable to the 
thermal-cycling results for an MWT 
module with cells having fired silver 
contacts. This shows that it is possible 

to manufacture reliable MWT modules 
with copper-plated cells in combination 
with a conductive adhesive and 
conductive backsheet foil.

Further work in the Cu-PV project 
will focus on the development of a high-
power copper-plated n-type MWT cell 
and module. This will not only allow a 
direct comparison of copper-plated 
MWT cells and standard MWT cells 
(with fired silver metallization) and 
modules, but will also eliminate any 
negative effects of soldering tabs to the 
front side of the cell, a procedure that 
was necessary in the work discussed in 
this paper. The resulting modules will be 
subjected to additional climate chamber 
tests, including further thermal cycling 
and damp heat, as well as other tests 
stipulated in IEC 61215. Further work 
in the Cu-PV project in general will also 
focus on n-type copper-plated back-
junction back-contact cells and modules, 
the reduction of the wafer thickness, 
and the evaluation and development of 
recycling strategies for PV modules.
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contact foils.

Enquiries
ECN Solar Energy
Westerduinweg 3
1755 LE Petten
The Netherlands

Tel: +31 88 515 4709
Email: bennett@ecn.nl
Website: www.ecn.nl
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News

News
White House fitted with solar panels 
Solar panels are being fitted on the White House as part of 
an energy retrofit to improve the overall energy efficiency 
of the building. No details on the specification of the install 
or the companies involved have been revealed other than to 
confirm that they are “American-made” panels. Democratic 
President Jimmy Carter installed 32 solar thermal panels on 
the White House in the late 1970s; President Ronald Reagan 
then had the panels removed. The installation follows news 
that utility-scale solar power installations reached 3GW in 
the US, while residential solar installations hit an all-time 
high frequency with one installation every four minutes. 

PV in emerging markets 

Punjab government approves 
700MW solar plan 
Plans to develop 700MW of desert PV 
capacity in Punjab, Pakistan, have been 
approved.

The fourth meeting of the newly formed 
Energy Council of Punjab rubber-stamped 
plans for the Quaid-e-Azam solar park 
‘master plan’ in August.

The Punjab government aims to install, 
from its own resources, a 700MW series 
of solar projects, according to Punjab chief 
minister Mian Shahbaz Sharif. It has set up 
a state-owned company, the Quaid-e-Azam 
Solar Power Co., to deliver the projects.

Rwanda’s first grid connected 
solar project

Rwanda has announced the start of its first 
grid-connected solar project, also believed 
to the first of its kind in East Africa. 

A power purchase agreement contract 
was signed with Gigawatt Global Rwanda 
as the Rwanda government prioritises 
energy production. 

Gigawatt Global, a Dutch co-op that was 
established by the same American founders 
of Arava Power Company, will design, 

finance, maintain and operate the plant. 
The plant is expected to be operating 

by June 2014 and is valued at an estimated 
US$23 million.

Desertec France launched to help 
energy relations south to north to 
improve energy in Africa

The Desertec Foundation, the troubled 
non-profit organisation behind a push 
to generate export large volumes of 
renewable energy in developing countries, 
has launched Desertec France. 

Contracts launching Desertec France 
were signed by Desertec Foundation 
p re s i d e n t  a n d  co - fo u n d e r  Fr a n c i s 
Petitjean, general director and co-founder 
Charles Ifrah,  director of  Desertec 
Foundation and fel low co-founder 
Thiemo Gropp and member of the 
executive board Oliver Steinmetz.

 US PV news

California remains top US solar 
power generating state

California has installed 521MW of new 
PV in the last three months, making up a 

record 53% of all new PV installations in 
the US for the 2013 second quarter. 

Finlay Colville, vice president at NPD 
Solarbuzz said California’s installation rate 
“is a new record for PV added by any state 
in the US” continuing that California added 
“1.6GW in the past 12 months, with a 
further 1.1GW forecast for the second half 
of the year”.

According to NPD Solarbuzz quarterly 
data analysis, the US added 978MW of 
PV in total in the second quarter of 2013. 
The record new installation rates are a 24% 
increase from the 788MW installed in the 
US in the first quarter of 2013.

The quarterly analysis also reveals that 
72% of new installations were ground 
mounted and 28% rooftop. Utility-scale 
projects made up for 59% of installations 
and 41% residential and commercial.

Demand in the US PV market has been 
forecast to grow by 14%, with top solar 
installer states for the next quarter set to 
be Arizona and North Carolina, with a 
combined total of 400MW underway. A 
combined total of 500MW is scheduled 
for installation in New Jersey, New Mexico, 
New York and Texas. 

Around 44GW of projects remain in the 
pipeline in the US, with over 2,300 projects 
generating 50kW or more.

Solar to be price competitive in 
western US by 2025: NREL

Solar and wind power could be price 
competitive with gas-fired plants in the 

Solar panels being installed on the White House.

Rwanda is to get its first grid-connected solar installation.

California remains top US solar 
power generating state.
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News

west of the US by 2025, according to a new 
study by the National Renewable Energy 
Laboratory (NREL). 

According to the research, Californian 
solar and wind in Wyoming will generate 
cheaper electricity than gas in 2025, the 
year when state-wide Renewable Portfolio 
Standards (RPS) expires.

The study concludes that the end of 
the RPS will drive renewable energy 
development into the most fertile areas. 
It predicts that areas with direct normal 
insolation of 7.5 kWh per metre squared 
a day will receive the most attention. 
Germany averages around 3kWh per 
metre squared a day.

Pentagon awards US$7 billion 
of solar contracts

The US Department of Defense (DoD) has 
awarded US$7 billion of contracts to 22 
companies for the right to develop and sell 
solar energy to the US Army. 

The w inning companies  include 
Gehrlicher US, Siemens and Sunpower.

Once projects are developed it is 
understood winning companies will bid 
against each other to supply solar power 
with the remainder of the ring-fenced 
US$7 billion available for purchasing. 

The projects will be developed on land 
owned or under the jurisdiction of the 
DoD.

Technology and Information Progress

Thriving market Japan pushes 
for new power generation 
technology and storage 

Japan’s Ministry of Economics, Trade 
and Industry (METI), has requested an 
increase in the nation’s clean energy budget 
of 62%, partly to help relieve bottlenecks of 
solar power projects. 

METI released a series of budget 
requests in various fields, including two 
relating to the provision of renewable 
energy, which would require ¥46.2 billion 
yen (US$47.1 million) invested into the 
electrical grid system from an overall 
budget request for ¥198.1 billion yen 
(US$2 billion).

The document also discusses budgeting 
for assessment and research into various 
clean energy technologies including 
‘smart’ energy saving integrated systems 
and lithium ion battery installation. The 
news comes as Bloomberg reports that in 
southern Japan, solar power projects are 
struggling to connect to the grid. Utility 
companies Chugoku Electric Power and 
Kyushu Electric Power each have less than 
1GW of grid space remaining. 

In April, Hokkaido Electric Power, 
based on the northern Japanese island 
of Hokkaido, revealed that as few as one 
in four solar power stations were being 
connected as scheduled due to overcapacity, 
with the grid unable to cope. Japan’s grid 
system is split into 10 geographically divided 
regions, with different utility companies in 
different regions.

Simply Smarter...Simply Smarter...

Accurately measuring solar radiation is the 
key to finding optimal locations, helping 
investment decisions, improving technology, 
maximising operating efficiency, monitoring 
performance and scheduling maintenance.

As the experts, we develop high quality 
instruments for solar radiation measurements 
such as the well-known CMP series pyranometers, 
CHP 1 pyrheliometer and SOLYS 2 sun tracker.

Newly designed for optimal system integration 
is our range of Smart sensors. With enhanced 
performance by digital processing, RS-485 with 
Modbus® protocol, amplified analogue output 
and extremely low power consumption. Easy to 
use and ideal for applications in solar energy.

www.kippzonen.com/energy

The Japanese government is looking to increase investment in clean energy 
infrastructure.
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News

Kilowattsol to provide monthly 
UK irradiance anomaly data 
free of charge

Kilowattsol, a yield assessment provider 
for photovoltaic projects, is to provide 
monthly solar irradiance abnormality maps 
for the UK, following the launch of similar 
services in Germany, France and Spain in 
February 2013.

Acco rd i n g  to  K i l o w att s o l ,  s o l a r 
irradiance can frequently vary more than 
40% above or below the mean figure for the 
month. The new monthly data, to be issued 
free of charge, aims to provide solar power 
plant owners and operators with better 
means to accurately calculate the outputs 
and performances of projects. 

The company will provide maps of 
horizontal irradiation anomaly data for 
the preceding three months at the start of 
each month. A negative figure will indicate 
that irradiation was below the long-term 
average, while a positive figure will indicate 
that irradiation was above the average. 

European subsidy cuts 

Romania cuts green certificates

Romania made large cuts to its ‘green 
certificates’ (fixed price agreements for 
energy providers to buy solar power, in 
order to fulfil government quotas for 
renewably sourced energy). From the 1 July 
2013, Romania cut certificates awarded 
per grid-fed renewable MW, from six 
certificates, to four, applicable for 15 years 
for plants up to 10MW. 

Spain caps solar profits

Spain annoucned a cap on profits for solar 
investors of up to 5.5% of initial outlay has 
taken affect, despite the cap setting a lower 
percentage than interest rates, locking in 
losses. 

Italy also announced renewable power 
generation reforms, with possible cuts to 
payment periods for renewable incentives 
from 20 years, 18 years.   

Greek PV trade association 
pleas to prime minister

Greece’s solar trade association, the 
Hellenic Association of Photovoltaic 
Companies (HELAPCO), has written 
an angry open letter to the Greek prime 
minister asking for support to help revive 
the country’s PV industry. 

Although Greece installed more PV 
plants in the first seven months of 2013 
than in the whole of 2012, according to 
HEPALCO estimates, the industry has 
apparently lost one third of its jobs in the 
first half of 2013. 

HELAPCO believes new restrictive 
policies will lead to further job losses 
and pleads for Prime Minister Antonis 
Samaris to listen to the association’s 
recommendations.

The organisation argues that over 
50,000 jobs have been created, either 
directly or indirectly, by the PV industry in 
Greece, while a further 14,000 companies 
have invested in solar parks and 38,000 
residential customers have purchased PV 
installations.   

Switzerland considers 40% 
tariff cut

A petition with thousands of signatures 
calling for the protection of solar energy 
support in upcoming policy reforms 
has been delivered to the Swiss Federal 
councillor Doris Leuthard.

The ‘Pro Solar’ petition led by industry 
body Swissolar gathered more than 1,500 
signatures over the weekend alone.

The petition was part of the ‘Solar 
Wars’ campaign, which uses references 
to the film series Star Wars to engage the 
public. The campaign included imposing 
Leuthard wielding a lightsaber onto a film 
poster distributed at the Locarno Film 
Festival.

The Swiss government is considering up 
to a 40% cut in solar tariffs. 

Any changes or cuts decided will take 
effect from 1 January 2014. 

The campaign claims that lobbying for oil, 
gas and nuclear is undermining opportunities 
for solar in the new energy strategy. 

It also claims that energy users will 
lose money in the future without more 
renewables incentives that can help relieve 
energy dependency on international sources.

PV and development

Sunlabob to provide PV 
training in Kiribati

Laos-based Sunlabob Renewable Energy 
has been awarded a contract to provide 
training to PV engineers in the Pacific 
island state of Kiribati. 

Funded by the European Development 
Fund, the company, which specialises in 
renewable energy provision in developing 
countries, will give instruction in on- and 
off-grid solar PV installation, operation and 
maintenance techniques. 

The project follows Sunlabob winning 
another contract in Kiribati in early 
2013 to supply equipment for a range 
of decentralised solar projects, including 
the installation of over 2,000 solar home 
systems and village solar ‘mini-grids’. 

Kiribati is said to be one of the least 
developed of the Pacific island states.

Seraphim donates off-grid 
systems to Tibetan primary 
schools

Seraphim Solar System, wafer cell and 
module producers, donated two 8KW 
off-grid PV solar systems, to two Tibetan 
primary schools. 

The two schools in Pajiang village, 
Shigatse and Qudeng village of Litang 
county, Ganzi Tibetan Autonomous 
Prefecture of Sichuan Province, are 
far from infrastructure and transport 
including the national grid. 

The two off grid systems will meet the 
basic electricity needs of schools, while 
books, clothes and stationary were also 
donated by Seraphim employees ready 
for the start of the new school term.

Hanwha’s ‘Happy Sunshine’ 
campaign provides 30kW PV 
system for primary school in 
rural China
Hanwha Group’s  ‘Happy Sunshine’ 
campaign is to provide a 30kW distributed 
rooftop PV plant to Yuyangguan Town 
Hope Primary School, Wufeng County in 
Hubei province, China. 

Hanwha Group has appointed 
Hanwha Solar One to design and build 
the installation, which is expected 
to be completed by November 2013. 
The ‘Happy Sunshine’ campaign was 
launched by Hanwha in partnership 
with  CCCME and China Youth 
Development Foundation. 

‘Happy Sunshine’ began in late 2011 
and has pledged to provide PV systems 
at no cost in welfare or public facilities, 
aiming to provide over 500 different 
facilities over the next 10 years.

Switzerland considers 40% tariff cut.

Sunlabob is to provide training for 
PV workers in Kiribati.
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Product 
Reviews

AEG Power Solutions 

The Protect PV.880 central inverter 
from AEG provides harsh environment 
protection

Product Outline: AEG Power Solutions 
(AEG PS) has launched the Protect PV.880 
OD, a compact high efficiency central solar 
inverter for utility-scale applications on 
ground area installations in harsh outdoor 
environments.

Problem: With the majority of utility-
scale PV power plants located in harsh 
environments around the globe, high-
uptime and reliable performance of central 
inverters are essential for long-term project 
performance.  

Solution: AEG PS’ line of compact 
outdoor units for PV power stations 
supports between 500kWp and 1300kWp. 
Its integrated power stack PV core enables 
an input DC voltage of up to 1,000V and 
peak efficiencies of 98.7%. Designed for 
harsh outdoor applications, the new 
inverter supports a wide operating 
temperature range of -20°C to +50°C, 
while the light weight (1,850 kg) and small 
dimensions (2200 x 2,250 x 800 mm) raise 
the ease of transport, installation and 
service to new levels. All outdoor units 
comprise durable, external, weatherproof 
metal housings that meet the IP54 standard 
and can easily be mounted on concrete 
foundations. Designed for global use, the 
Protect PV outdoor systems fulfill all 
requirements in compliance with relevant 
national standards and guidelines.

Applications: PV power plants in harsh 
environments. 

Platform: The Protect PV.880 design 
can be integrated in the turnkey container 
solution TKS-C 1600, enabling a total 
nominal AC output of 1600 kVA and 
connecting to a DC generation capacity of 
up to 2600 kWp.

Availability: Currently available.  

Belectric

Belectric’s 3.0 ‘MegaWattBlock’ PV 
plant offers high grid stability 

Product Outline: Belectric’s new 3.0 
MegaWattBlock is claimed to set new 
standards in solar power production. The 
power plant unit is designed to create 
electricity at the lowest possible levelized 
costs of electricity (LCOE). On a par with 
the functionality of large conventional 
power plants, the grid-stabilizing plant 
technology is designed to intelligently 
integrate renewable energy sources in 
existing power grids. 

Problem: Regional public grids show 
many voltage deviations produced by 
different power loads. The dynamic 
reactive power control of the Power 
Conditioning Unit (PCU) stabilizes the 
public grid voltage - day and night and 
without solar irradiation. The PCU with 
its medium-voltage grid supply in outdoor 
construction enables optimum accessibility 
and easy maintenance of the system.

Solution: The 3.0 MegaWattBlock uses a 
maximum voltage of 1,500 Volt. Developed 
in co-operation with GE and PADCON, 
the 1,500 V inverter system reduces system 
and maintenance costs. A material-saving 
design is also built with the highest levels 
of quality and provides superior surface 
area efficiency, according to the company.  
The turnkey system uses an efficient, grid-
stabilizing PCU with General Electric 
inverter technology, providing a claimed 
performance ratio of up to 85%. 

Applications: Grid-tied PV power plants.  

Platform:  The specially developed 
PCU includes an intelligent power plant 
controlling system, the inverter system and 
the transformer. The inverter system was 
optimized for the use of thin-film module 
technologies and is characterized by the 
high level of system efficiency.

Availability: July 2013 onwards. 

 SMA

SMA’s ‘Compact MV Power Platform’ 
reduces system costs and installation 
times

Product Outline:  SMA Solar has 
introduced an improved, re-engineered 
version of its Medium-Voltage Power 
Platform. The new Compact MV Power 
Platform is an integrated, comprehensive 
power conversion solution for utility-scale 
PV plants in the North American market. 
It maximizes energy production while 
minimizing risk to EPCs, utilities and 
investors.

Problem: The current utility-scale solar 
market is showing increased demand for 
a more reliable, ready-to-use solution that 
will make investments worthwhile.

Solution: The Compact MV Power 
Platform is pre-engineered for simplified, 
faster installation and is designed for 
performance with a reduced levelized cost 
of energy due to simplified installation and 
superior energy production. Engineered 
for use with the Sunny Central CP-US, 
this NEC 2011-compliant solution is 
also fully NRTL listed, an industry first. 
Equipped with extensive grid management 
functions, it offers class-leading system 
efficiencies of more than 97.5% and 
provides an additional 10% power output 
at temperatures up to 25 C.

Applications: Available in 1.0MW to 
1.8MW models, for utility-scale PV power 
plants.

Platform: The system-oriented design 
of the Compact MV Power Platform 
includes integrated AC Disconnects and 
optional DC Disconnect units. Its user-
friendly customer interface and easy data 
monitoring enhance the simplified design.

Availability: Currently available in the US 
market.

Product Reviews
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S:FLEX

S:FLEX designs flexible lightweight 
mounting system for flat rooftops

Product Outline: S:FLEX has introduced 
a lightweight, low ballast, client-customized, 
f lat roof PV Solar mounting system, 
‘LEICHTmount.’ Its lightweight, material-
optimized design made of aluminum and  
stainless steel is suitable for all flat roofs and 
is custom-manufactured for each project.  

Problem: Flat roofs with their different 
composites,  skins,  weight and wind 
loads, provide a variety of demands on 
PV mounting systems, which can limit 
choice of panel orientation and therefore 
yield potential. 

Solution: LEICHTmount’s variable row 
spacing and tilt angles between 0° and 
35°, extendable base rails and individually 
customized projects with pre-assembled 
parts, guarantee a simple installation. 
In addition, it’s adjustable to conform to 
unforeseen changes or obstructions on 
the roof. It provides absolute stability 
and uses precisely calculated, strong and 
even weight distribution. All standard 60 
or 72 cell framed PV modules can be set 
in portrait or landscape and clamps are 
placed strictly according to the module 
manufacturer’s specifications, so the risk of 
micro cracks is minimized.
  
Applications: Mounting system for flat 
roofed buildings providing flexible panel 
orientation.  

Platform: In cooperation with one 
of the largest independent aluminum 
extruders, LEICHTmount was developed 
by a network of experienced engineers 
from Germany and NABCEP-certified 
PV installers in North America. RWDI  
wind tunnel tested and approved, it was 
engineered to meet all wind and snow  
load requirements even in earthquake and 
hurricane prone regions.

Availability: July 2013 onwards.

Fronius

Fronius PV string monitoring system 
provides yield loss protection  

Product Outline: Fronius has introduced 
the String Control 250/30 string monitoring 
system, which ensures that photovoltaic 
systems with central inverters generate a 
dependable yield. Module strings can now 
be professionally monitored and their data 
compared. This early fault detection feature 
prevents loss of yield.

Problem: If a problem such as shading, 
module failure or broken or chafed 
cabling occurs in one or more strings, the 
relevant monitoring system informs the 
operator immediately. Loss of yield is thus 
prevented.

Solution: The Fronius String Control 
250/30 DCD DF has been specifically 
developed to meet the requirements of 
central inverters. With a current carrying 
capacity of 250A and maximum input 
voltage of 1,000V, the Fronius string 
monitoring device is designed for the 
monitoring of photovoltaic systems 
that use Fronius Agilo inverters. Up to 
30 module strings can all be connected 
together on one DC main line. With a 
separate DC power supply available as an 
option, the control system is also ideal for 
distances of more than 100m between the 
solar modules and the monitoring system.

Applications: Monitoring of photovoltaic 
systems that use Fronius Agilo inverters. 

Platform: The integrated string fuses 
provide complete protection for the entire 
module array. The externally accessible DC 
disconnector ensures safe isolation of the 
PV generator from the inverter, enabling 
maintenance work . The monitoring 
system also has enough space for a DIN-
rail mounted overvoltage protection 
module to be installed. An optional base 
for outdoor installations provides a stable 
and secure structure for all types of ground. 

Availability: Currently available. 

Scorpius Trackers

Scorpius Trackers Vader-xFP tracking 
system uses frictionless technology 
and no bearings

Product Outline: Scorpius Trackers 
claims to be the first company to have 
pioneered a frictionless pivot system 
that does not require bearings for free 
movement in solar tracking systems. The 
Vader-xFP tracking system is claimed to 
have zero wear and tear of mechanical parts.

Problem: The pr imar y b enef it  of 
a  t r a ck i n g  s y ste m  i s  to  a l l o w  th e 
movement of PV modules in tandem 
with sun, thereby maximizing yield. 
However,  l imiting maintenance and 
yield loss is crucial for the lowest LCOE. 
Eliminating bearings in tracker systems 
could reduce costs and provide improved 
system performance over the lifetime of 
the system.

Solution: The Vader-xFP uses a ‘no 
bearings, maintenance free, frictionless 
pivot’ technology. The company claims 
there is no requirement of lubrication for life 
of the plant (>30 years) and that the system 
is completely immune to dust. Minimum 
power consumption of  fr ictionless 
mechanism is claimed to be less than 0.1% of 
the generated power consumed for tracking 
a >1MW plant. The system also employs 
a backtracking algorithm that tries to 
minimize shading and maximize the angle 
between the panels.
 
Applications: Tracking system for utility-
scale PV power plants. 

Platform: Less force is required to move 
a tracker - which means that no external 
power source is required to move the 
panels, up to 150 KW can be moved using 
a 7Kg force. Typically, in 1 MW, 800-1000 
of the xFPs will be required, accompanied 
by a lifetime replacement guarantee.

Availability: Currently available.
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IBM

IBM offers big data analytics 
and weather modelling to tackle 
intermittence issues of renewables

Product Outline: IBM has introduced 
an advanced power and weather modelling 
technology that will help utilities increase 
the rel iabi l i ty  of  rene w able energ y 
resources. The solution combines weather 
prediction and analytics to accurately 
forecast the availability solar PV energy. 

Problem: Energy utilities around the 
world are employing a host of strategies to 
integrate new renewable energy resources 
into their operating systems in order to 
reach a baseline goal of a 25% renewable 
energy mix globally by 2025. Applying 
analytics and harnessing big data will allow 
utilities to tackle the intermittent nature 
of renewable energy and forecast power 
production from solar and wind.

S olution:  The Hybr id Rene w able 
Energy Forecaster (HyRef ) represents 
advancements in weather modeling 
technology, stemming from innovations 
such as ‘Deep Thunder.’   Developed 
by IBM, Deep Thunder provides high-
resolution, micro-forecasts for weather 
in a region - ranging from a metropolitan 
area up to an entire state - with calculations 
as fine as every square kilometer. When 
coupled with business data, it can help 
businesses and governments tailor services, 
change routes and deploy equipment-
to minimize the effects of major weather 
events by reducing costs, improving service 
and even saving lives.

Applications: Utility-scale PV power plants.

Platform: The solution combines weather 
prediction and analytics to accurately forecast 
the availability of wind power and solar 
energy. This will enable utilities to integrate 
more renewable energy into the power grid, 
helping to reduce carbon emissions while 
significantly improving clean energy output 
for consumers and businesses.

Availability: Currently available.

SolarMax

The SolarMax 360 TS-SV central 
inverter provides PV plant flexibility 
and yield optimization

Product Outline: The SolarMax 360 
TS-SV central inverter from Sputnik 
Engineering and the TS-SV Compact 
Station, with a rated output power 
of 720kW, are designed as a cost 
effective solution for large PV power 
plants. The 360TS-SV has a European 
efficiency of 97.4%.

Problem: : Central inverters with higher 
rated output power mean that PV plant 
designers and operators can employ 
fewer inverter stations resulting in 
reduced overall costs.

Solution: The SolarMax 360 TS-SV 
central inverter comes with an increased 
minimum input voltage and greater 
output voltage, enabling a rated output 
power which is 30kW higher than that of 
the 330TS-SV inverter. Two 360TS-SVs 
can be installed easily, in a time and 
cost effective manner, on site using the 
new TS -SV Compact Station whose 
weight is significantly lower than that of 
a conventional concrete station. In this 
specification a 720TS-SV Compact Station 
provides a rated output power of 720kW. 
However, the station is also available as 
660TS-SV Compact Station with two 
330TS-SV inverters and a rated output 
power of 660kW. Through the modular 
design of the TS-SV series, it is possible to 
control and monitor up to four inverters or 
1.44MW via a control and operating unit 
(master control unit). 

Applications: Utility-scale PV power 
plants.

Platform: The TS-SV Compact Station 
has a compact housing and is provided 
to the plant manufacturer as a turnkey 
solution. With a total weight of less than 
three tons, the TS-SV Compact Station is 
easy to install and transport. 

Availability: Currently available. 

Byson Electronics

Byson Electronics offers PV cable 
approved to TUV 1,500V/UL 2,000V 

Product Outline: Byson Electronics 
announced its latest cable design has 
gained approval by TUV Rheinland – 
certified to 1,500V DC. This new TUV 
rating approval when combined with the 
existing UL 2,000V approval enables Byson 
Electronics to offer the world’s first TUV 
1,500V DC/UL 2,000V dual certified PV 
solar cable. 

Problem: No dual approved TU V 
1,500V/UL 2,000V PV solar cable was 
available to PV component manufacturers 
and EPC (engineering, procurement, and 
construction) firms around the world 
for installation, cable assemblies and 
interconnections. 

Solution: Solution: Byson Electronics 
designed a cable construction which is 
fully tested and certified to TUV 1500V 
DC / UL2000V and incorporates a two 
layer electron beamed cross-linked 
halogen free compound with optimized 
copper conductor structures producing 
improved flexibility for easier installation; 
ammonia and ozone resistance: electrical 
and mechanical performance over a wide 
temperature range; and is compatible with 
all major PV connectors. 

Applications: Large-scale utility and 
commercial PV installations

Platform: Byson Electronics also offers 
both standard and reduced diameter solar 
PV cables 600V & 1000V fully approved to 
UL & TUV or Dual. 

Availability: Currently available.
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Introduction
Commercia l  bui ld ings  consume 
approximately 40% of the electrical 
energy produced in the USA, but 
the utility cost to building owners/
operators is disproportionately high 
owing to punitive peak demand charges 
(kW) and peak demand rates (kWh). 
These charges and rates are rising, and 
the trend is unlikely to reverse in the 
near term because of the USA’s ageing 
energy infrastructure and ever-growing 
energy appetite in the commercial and 
industrial sectors.

The peak demand charge is normally 
calculated as the highest peak demand 
during the monthly billing cycle, 
based on a 15-minute sample interval. 
Although the average commercial 
retail rate in the USA is $0.10/kWh, 
the marginal cost of energy during 
these peak periods can be $1.00/kWh 
or more, making demand reduction an 
attractive opportunity for saving costs. 
A commercial customer may have 30%, 
40% or more of their monthly utility bill 
structures as peak demand charges.

“The first and most cost-

effective strategy for reducing 

commercial energy costs 

begins with addressing 

energy efficiency and demand 

management.”

The first step: reduce, 
measure and schedule loads 

Before a commercial building adds 
solar and storage capabilities, the first 
and most cost-effective strategy for 
reducing commercial energy costs 
begins with addressing energy efficiency 

and demand management. Lighting 
as well as heating, ventilation and air 
conditioning (aka HVAC) upgrades 
are obvious choices, followed by the 
scheduling of heavy intermittent loads, 
such as large industrial motors and 
chillers when appropriate. Beyond such 
physical upgrades, energy management 
tools should be deployed for tracking 
and monitoring energy consumption 
in real time. Such tools are available 
from a number of companies, and are 
a critical component in the demand-
reduction equation. Note that utilities 
often contract with large industrial 
and commercial customers in order 
to curtail load during peak demands: 
the compensation received generally 
justifies the cost of the management 
tools noted above.

The second step: deploy 
on-site energy generation 

The remainder of this article will 
concentrate on the utilization of 
on-site generation resources, focusing 
specifically on the integration of PV 

and energy storage, and the related 
power conversion and management 
technologies required for delivering 
the highest value solution for demand 
reduction, and other high-value services.

Demand reduction
Adding on-site PV generation to a 
commercial building reduces utility 
energy (kWh) charges, but can have 
minimal ef fect on peak demand 
(kW) charges. Here is why: in the 
USA, summer peak demand occurs 
during the late afternoon, just when 
PV generation is declining rapidly. 
Commercial customers with large 
rooftop PV arrays will dramatically 
offset peak energy use (kWh), but may 
achieve no reduction in peak power 
(kW) demand. Adding storage to the 
PV array significantly improves this 
situation (Fig. 1).

 
Other value streams
While integrated PV and storage 
solutions can significantly reduce both 
energy (kWh) and peak demand (kW) 
utility charges, they may also bring 

The triple play: Achieving commercial 
benefits of PV and energy storage
John Merritt, Ideal Power, Spicewood, Texas, USA

ABSTRACT

Beyond lowering energy costs and demand charges, Superstorm Sandy demonstrated the frailty of centralized 
power generation. Building owners/operators throughout the Northeast in the USA are evaluating distributed 
power generation options for supporting building-critical loads during future grid outages. Those options 
(many of which also incorporate commercial-scale grid storage solutions) include on-site diesel generators, 
micro-turbines, fuel cells and solar PV systems. As electrical vehicle (EV) charging is added to the mix, the 
grid requirements and demand costs will further increase. This article will discuss specific value streams for 
integrating energy storage with PV for commercial buildings, and technologies – specifically, advanced power 
converters – that will enable those benefits to be achieved.

Figure 1. PV with storage delivers lower energy (kWh) and lower demand 
(kW) costs.
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additional value streams. One such 
stream is providing ancillary services 
support, including frequency regulation 
and reserve requirements, back to the 
utility operator. These create additional 
high-value revenue streams for the 
system owner/operator, which may be 
the building owner or a separate entity 
that finances the system and shares 
these benefits with the building owner.

During periods of highly variable 
irradiance, such PV with storage 
systems should also support a PV 
smoothing algorithm. Highly variable 
irradiance is the result of moving cloud 
cover, and the rapid swings in power 
output in PV arrays can disrupt grid 
quality, specifically in areas of high PV 
penetration. Irradiance and PV output 
power are highly correlated: as seen in 
Fig. 2, array power can drop more than 
50% within seconds of a fast-moving/
variable cloud event.

Although utilities have not yet 
monetized the value of smoothing, 
several national labs have modelled 
its impact, and generally agree that 
it facilitates deeper levels of PV 
penetration, while also improving grid 
quality relative to PV systems without 
integrated storage.

Last, but not least, these systems will 
eventually evolve to support building-
critical loads during grid outages – a 

capability that today’s PV inverters 
cannot support because of UL1741 anti-
islanding requirements.

Triple-play systems

The value streams of integrated PV and 
storage solutions include:

Managing and mitigating peak demand 
in order to reduce operating costs.

Delivering high-value support services 
back to the grid operator to improve 
grid power quality and availability.

Providing emergency backup of critical 
loads during grid outages.

This triple play of value streams 
improves  re turn on investment 
(ROI), and facilitates cost-effective 
commercial-scale grid storage solutions.

Two major technical impediments 
have limited the practical deployment 
of these systems until very recently: 1) 
the high cost of batteries has limited 
the size and cost-effectiveness of the 
system; 2) the power conversion and 
power management systems have 
been costly and inf lexible. These 
systems are – at best – described as 
single-function devices incapable of 
efficiently interleaving the AC and 

DC power flows in an integrated PV/
storage system. Moreover, the power 
conversion equipment dedicated to 
critical-load support was bulky, heavy 
and expensive. As discussed below, 
these impediments are diminishing 
because of several factors. 

“It is now economically 

attractive to deploy integrated 

PV and commercial energy 

storage solutions for demand 

reduction alone.”

The California opportunity
C o n t i n u i n g  p r i c e  r e d u c t i o n s 
and ef f ic ienc y improvements in 
battery systems mean that it is now 
economically attractive to deploy 
integrated PV and commercial energy 
storage solutions for demand reduction 
alone. As one might expect, the initial 
markets for these systems are areas 
where peak demand rates and demand 
charges for commercial buildings are 
significant. 

In addition, a recently enacted Self-
Generation Incentive Program (SGIP) 
in the State of California rebates up 
to 40% of the installed cost of battery 
storage systems .  This  incentive 
should accelerate market demand for 
commercial storage over the next few 
years. It is also likely that the SGIP will 
lead to similar incentive programmes in 
other states.

In  C al i fornia  and Ne w York , 
demand charges may exceed 30 to 
40% of the monthly bill of commercial 
customers. Moreover, without local 
storage to ‘buffer’ the grid during EV 
charging, fast-charging providers could 
possibly have peak demand (kW) costs 
exceeding 70% of their monthly electric 
bill. The possibility of such a high 
instantaneous power requirement is 
frightening retailers and utilities alike.

Beyond California: lower costs and 
increased functionality open new 
markets
Grid storage batter y costs ,  and 
projects integrating them, are forecast 
to drop appreciably over the next few 
years. This is fuelled in part by the 
cost reduction of batteries used in 
EVs, including plug-in hybrid electric 
and fully electric vehicles. There are 
additional opportunities to integrate 
used EV battery packs into storage 
applications. These ‘second life’ packs 
are those that would no longer meet 
vehicle power requirements (rapid 
discharge rates upon acceleration), but 
whose energy capabilities are more than 

Figure 2. Impact of variable irradiance on power production.

Figure 3. Commercial storage with PV option.
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adequate to support commercial storage 
applications as described above.

 A study released in May 2013 by 
IHS/IMS Research [1] forecasts that an 
increasing percentage of commercial 
PV installations will also include grid 
storage (Fig. 3). This global market 
will begin in North America, and most 
likely in high peak demand charge 
utility jurisdictions such as California 
and New York. However, over the 
next few years as costs further decline, 
these same systems are expected to 
cost-effectively deliver a broader set 
of ancillary services as well as critical-
load support, fulfilling a ‘triple play’ of 
value streams. Key to this enhanced 
f unct ional i ty  are  f lex ib le  next-
generation power conversion platforms.

Hybrid converters

Idea l  Power ’s  30kW thre e- p or t 
hybrid converter is one example of 
new technologies being developed 
to combine the functionality of a PV 
inverter and battery converter together 
in a single hardware platform (Fig. 4). 
Equipped with two independent DC 
ports and an independent AC port, 
transferring power between any of 
the three ports, including interleaving 
power in real time, provides an efficient 
alternative to traditional AC grid-tied 
or DC bus-tied hybrid converters. 
There are considerable size and weight 
advantages relative to other solutions 
which typically require an external 
isolation transformer.

 The size and weight advantages are 
principally derived from a novel and 
patented bidirectional and indirect 
power-switching topology, which 
ensures complete isolation between all 
power ports. Perhaps more importantly, 
this architecture is totally software 
driven, providing a significant degree 
of flexibility with regard to delivering 
new features and capabilities without 
c h a n g i n g  o r  u p g r a d i n g  s y s te m  
hardware. This allows functionality to 
rapidly evolve and grow over time in 
response to changing applications and 
market needs.

“Conversion efficiency is 

more important in the hybrid 

scenario than with stand-

alone PV applications.”
Hybrid converter efficiency
Conversion efficiency (Fig. 5) is more 
important in the hybrid scenario than 
with stand-alone PV applications 
because multiple power conversion 
scenarios are required: summing PV 

and battery to the AC grid output, 
‘splitting’ the PV output between battery 
and grid, charging the batteries from 
the AC grid, smoothing highly variable 
PV, and so forth. Conversion efficiency 
is particularly important at low power 
levels. PV inverters typically operate at 
50–75% of rated power for five or six 
hours per day, whereas battery storage 
systems may operate at about 10% of 
rated power for 12+ hours per day. As a 
result, the 10% level is a very important 
system efficiency specification. 

Hybrid converters will need to be 
highly efficient at all conversion tasks: 
interleaving, or splitting the power 
sources, and smoothing, as well as 
charging/discharging the storage array 
at low power levels. To fulfil broader 
market need, they should also be 
compatible with virtually all battery 
types, including lead-acid, lithium-ion, 
zinc-air and others.

Hybrid converter power ports
With their wide DC voltage operating 
range, and battery interface options, 

battery stacks may be connected as 
a bipolar array, enabling the support 
of 1000VDC stacks (±500VDC) in the 
Ideal Power hybrid converter. Unipolar 
and floating arrays should also be 
supported; however, there may be limits 
to maximum stack voltage in some 
applications. 

When supporting batteries, the DC 
interface operates in current source 
mode, and multiple hybrid converters 
may be paralleled on the DC side to 
support charge/discharge power levels 
of greater than 30kW. This feature is 
specifically useful for larger commercial 
s torage  s ys tems ,  and  emerg ing 
applications such as EV fast charging, 
where fast-charge rates of 30kW, 60kW, 
90kW and higher are required.

Ideal Power ’s hybrid converter 
features a 480VAC, three-phase AC 
grid inter-tie interface. Building larger 
systems is easily achieved by paralleling 
‘n’ AC interfaces in a three-phase power 
panel, supporting designs of 120kW 
or larger, depending on application 
requirements.

Figure 5. Efficiency of the hybrid converter.

Figure 4. IHC-30kW-480 three-port hybrid converter.
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Hybrid converter configuration, 
control and monitoring
Control and monitoring of power flow 
between PV, batteries and the grid is of 
critical importance. Ideal Power uses 
the SunSpec Alliance standard, an open 
standard developed for PV inverters, 
AC meters, combiner boxes, and other 
smart devices found in commercial and 
utility-scale PV arrays. The physical 
implementation of the Modbus port is 
RS-485, allowing multiple converters to 
be controlled on a single ‘daisy-chained’ 
communications cable.

Extending the SunSpec Alliance 
approach into energy storage will 
ensure that interfaces are open and 
familiar to a large community of 
embedded system design engineers, 
simplifying the development of external 
control algorithms and software. For 
our part, this interface is common 
between all Ideal Power products, 
further reducing the coding learning 
curve, which accelerates system design.

Hybrid converter roadmap
Future derivative versions of the hybrid 
converter are envisioned, including 
micro-grid compatibility, which can be 
utilized for supporting building-critical 
loads, and AC/AC/DC port models to 
support grid inter-tie of asynchronous 

distributed AC generators, including 
wind, diesel, natural gas combined heat 
and power (CHP) and other sources. 
The technology is also expected to 
eventually scale to larger power systems.

“Systems that integrate 

PV with battery storage 

are becoming increasingly 

attractive to commercial 

building owners/operators.”
Conclusion

Systems that integrate PV with battery 
storage are becoming increasingly 
attractive to commercial building 
owners/operators  for  a  number  
o f  re a s ons .  The  adv ant age s  o f 
reducing peak demand charges with 
PV-charged battery systems already 
bring significant value for commercial 
buildings that struggle with electric 
utility bills even after installation of 
a PV system. PV and battery systems 
also carry the potential for additional 
value streams ,  such as ancil lar y 
services to utilities and emergency 
backup for critical load during power 
outages . With increasing sales of 

EVs, integrated systems present an 
additional opportunity for providers of 
DC fast chargers to avoid exorbitantly 
high demand charges associated with 
the high spikes in demand from the EV 
charging points. As the price declines 
and battery efficiency continues to 
increase, advanced power converters 
that are able to efficiently convert 
power between the PV array, battery 
packs and the AC grid will play a 
central role in enabling these benefits.
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The PV-Tech Blog
By Finlay Colville

At the end of August 2013 the world’s largest global solar PV 

module supplier, Yingli Green Energy, reported its second quarter 

earnings results and guided on expectations for the second half of 

2013 and 2014.

The data mostly confirmed Yingli Green’s clear status as the 

number one module supplier in the PV industry today. Just to 

get this into perspective, here are some stats from the latest 

NPD Solarbuzz Module Tracker Quarter report, based on 

Yingli’s new updates:

Yingli has shipped the most PV panels per quarter, every quarter, 

for the past six quarters going back to Q1 2012.

During each of the past three quarters (Q4 2012, Q1 2013 and 

Q2 2013), Yingli has set a world record for quarterly shipments 

for a PV module supplier.

Yingli has shipped almost 1GW more than any other PV module 

supplier in the trailing twelve months to end Q2 2013.

Yingli’s market share has reached 10% and is trending upwards

Records aside however, embedded in the results were some 

alarm bells. Not for Yingli but for companies that had been 

hoping to hear the words ‘new CapEx’, ‘capacity expansion’, 

‘new process flows’, ‘high efficiency upgrading’, etc.

The news on CapEx is really bad if you have Yingli as a key 

customer. During the entire six-month period of the second 

half of 2013, CapEx (for a company with >2GW vertical 

integration) is only US$40 million. That’s as close as you can 

get to maintenance-only.

But the more troubling news for PV equipment suppliers is 

that Yingli has now stated it can ship 4GW of modules in 2014 

without having to add any new capacity.

Confused?

Well, first off, this fully contradicts some of the strange press 

releases and new stories in the past two weeks that claimed new 

PV capacity additions from the leading makers were imminent, 

and we should be expecting to see all the leading players adding 

lots of capacity in 2014.

And – it also squashes the odd claims that an equipment 

spending rebound is only a few months away and might get 

driven out of the Middle East or Latin America.

Neither of the above claims had any strong basis or analysis 

to support, but each got picked up on – maybe this is because 

people are still desperate for any positive news on new-

capacity and new equipment spending.

The true explanation is that the PV industry is dominated 

by Chinese module suppliers today – more so than in the 

past. Chinese c-Si manufacturers have consistently operated 

in a part-fabless or asset-lite manner. Lately, leading Japanese 

module suppliers have adopted this approach also. During 2012 

and 2013, the leading Chinese module suppliers have been 

able to increase the levels to which in-house and third-party 

capacity is adjusted to prevent inventory levels building up.

With more module share coming from China now, and as 

many Western competitors leave the industry or lose further 

market-share, the use of asset-lite operations is having a more 

profound impact on any company waiting for new capacity to 

be added.

Other factors allowing Yingli to guide 4GW shipments with 

no-CapEx include:

There is a 12GW virtual fab in China from tier 2 and tier 3 

manufacturers with me-too capacity and limited access to 

overseas markets.

The US demands non-China cells in modules.

The leading suppliers are still posting negative operating 

margins. Saving costs everywhere is essential. CapEx can be 

avoided by using third-party capacity.

Market-share gains (with overseas sales/marketing cost) 

outweighs adding new capacity.

There is multi-gigawatt idled capacity at Suntech, LDK and 

elsewhere in China that could still be acquired at very low cost.

This all points to the equipment spending downturn 

lasting well into 2014, and perhaps the next meaningful new 

capacity is not going to arrive until 2015. Unless – of course 

– technology can rescue the industry and force every module 

supplier to perform significant line upgrades/process-flow 

changes in order to remain competitive. But without any 

technology roadmap being followed, this is highly unlikely to 

happen within the next 18 months.

This is a revised version of a blog that originally appeared on 

PV-Tech.org.

Lack of Yingli Green’s CapEx reveals scale of asset-lite fab operations

Finlay Colville is vice president of NPD Solarbuzz.

Yingli Green is aiming for 4GW shipments with no CapEx
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