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Vision
A leading solar energy research institute in the world, contributing to global 
sustainable development. 
 

Mission 
To develop industrially relevant materials, components, processes, systems
and services in the fields of solar energy conversion and solar and 
energy efficient buildings. 

Targeted leadership areas include industrial silicon wafer solar cells, PV 
modules for the tropics, PV module testing, high-performance PV systems 
for the tropics, management of the variability of PV for grids with a high solar 
share, solarisation of Singapore, and PV quality assurance in Asia.  

Solar Energy Research 
Institute of Singapore
National University of Singapore (NUS)

Feedback from Key Stakeholders
Singapore Economic Development Board (EDB)

“As the leading solar research institute in the region, SERIS continues to play an integral role in working with 
industry partners in Singapore on solar research. The new National Solarisation Centre (NSC) under SERIS will 
be instrumental in promoting the widespread adoption of solar energy across Singapore government agencies 
through the SolarNova programme. Its success will catalyse Singapore’s efforts to rapidly scale up solar 
energy adoption and encourage the private sector to consider solar energy as a viable source of energy.” 

Mr LIM Kok Kiang, Assistant Managing Director of the Singapore Economic Development Board (EDB) 
and member of the SERIS Supervisory Board 

 

National University of Singapore (NUS)

“SERIS’ importance to Singapore and the region has been enhanced not only by the establishment of the 
National Solarisation Centre but also by the formation of the Asian PV Quality Assurance Centre, which aims 
to act as an information and service platform to support the large-scale deployment of solar PV systems 
across Asia. The centre will provide the necessary technical expertise to help developers, PV manufacturers, 
system integrators, financiers and government agencies to design and implement high-quality, long-life PV 
systems and support the move towards lower costs of solar electricity in Singapore and the region.” 

Prof Barry HALLIWELL, Deputy President (Research & Technology), National University of Singapore (NUS) 
and Chairman of the SERIS Supervisory Board 
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Foreword

The “Solarisation of Singapore” has gained enormous 
momentum in the past 12 months. Boosted by Singapore 
Government agencies, SERIS, the solar industry, as well 
as a Solar Photovoltaic Roadmap for Singapore developed 
by SERIS, the “Garden City” is now on track to host PV 
systems with a peak capacity of several hundred Megawatts 
by 2020, whereby a significant share will be on the roofs of 
Green Mark certified buildings and residential blocks of the 
Housing & Development Board (HDB) through the SolarNova 
programme. In addition to high-value jobs, this exciting 
development will bring cost-effective solar power to Singaporeans 
and at the same time lower the country’s carbon footprint. 
      
One new pillar at SERIS supporting the downstream segment 
of the solar PV industry is the “National Solarisation Centre”, 
which was established at SERIS in December 2013. The Centre 
aims to support the large-scale deployment of solar power in 
Singapore through raising awareness about solar energy, as 
well as providing technical expertise to the public and private 
sectors. It will also host an online platform that can identify 
suitable areas for solar installations in Singapore, such as 
rooftops. The platform will also collect and host information 
about solar PV installations across the city-state, including
the performance of individual systems, and performance 
benchmarks across multiple systems nationwide. The work of 
the National Solarisation Centre is complemented by the 
“Asian PV Quality Assurance Centre”, which was established at 
SERIS in 2014 to assist the PV industry, financiers and 
government agencies in Singapore and the region in evaluating, 
and further improving, the quality of solar systems and 
their components, such as PV modules. 

An important milestone for SERIS in 2014 was the official 
opening of our photovoltaic module development and testing 
laboratories at CleanTech Park. This 1,400 m2 facility 

boosts Singapore’s capabilities in the solar energy sector, in 
particular, advancing solar energy research and conducting 
quality assurance of photovoltaic modules and systems. 
      
We have also made good progress with the re-build of the Silicon 
Solar Cell Laboratory. Construction works started in August 
2014 and the 1,400 m2 lab is scheduled to resume its R&D 
work in mid-2015. In parallel, we are building an R&D pilot 
line for CIGS (copper indium gallium selenium) thin-film solar 
cells and modules in the E3A building. The CIGS lab is expected 
to be fully operational in April 2015. 

With respect to our open Cluster Director positions, we are 
delighted that Associate Professor Runa HELLWIG from the 
NUS Department of Building has joined SERIS in September 
2014 as the new Director of our Solar and Energy Efficient 
Building (SEEB) Cluster. She has 20 years of expertise in the 
area of building physics, energy-efficient building design, and
indoor climate. Similarly, we are very pleased that Dr WANG 
Yan is joining us as the new Director of the PV Module (PVM) 
Cluster. He has an unique mix of expertise in the areas of 
crystalline silicon and CIGS PV modules and has worked for 
more than 7 years in senior positions in the PV industry. 
We wish both a lot of success in their work at SERIS and 
with taking their Clusters to new heights. 

The R&D section of this report describes some of SERIS’ most 
noteworthy R&D achievements of the past 12 months. For 
example, SERIS’ high-performance PV demonstration system 
continued to perform extremely well in 2014, extending its 
outstanding performance ratio of close to 90% into its fourth 
year. This provides confidence that the system will perform 
very well over its entire technical lifetime of more than 20 years in
tropical Singapore. Another R&D highlight was the development 
of a fully interactive solar irradiance map for Singapore, using the 
readings from 25 stations distributed across the country. Yet 
another example was the demonstration of excellent crystalline 
silicon surface passivation by atomic layer deposited titanium 
oxide thin films. Furthermore, using processing facilities at
industry partners in Singapore and abroad, we achieved 17.9% 
efficient multicrystalline silicon wafer solar cells featuring an 
inline-diffused emitter, which offers cost and throughput 
advantages in the factory. 

I thank all SERIS staff, adjunct researchers and students for 
their contributions and achievements throughout the year. 
As we all know, there is no substitute for dedication, tenacity 
and hard work. 

SERIS sincerely thanks all its supporters over the past 12 months, 
including the Energy Innovation Programme Office (EIPO), 
National Research Foundation (NRF), Economic Development 
Board (EDB), National University of Singapore (NUS), our 
Supervisory Board, our International Advisory Panel, and 
other partners in the public and private sectors. 

I hope you will enjoy reading SERIS’ Annual Report 2014. 
      
Prof Armin ABERLE
SERIS CEO
19 December 2014
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•	 Feb: SERIS scientists report a novel front electrode 
 structure for silicon solar cell applications, using a silver 
 nanoparticle mesh stacked onto a transparent conductive 
 oxide layer. Lead author: PhD student Mei HUANG 

•	 Mar: SERIS’ PV Module Cluster completes its relocation 
 to the CleanTech One (CTO) building at CleanTech Park 
       
•	 Mar: SERIS organises a Youth Outreach programme in 
 collaboration with the NUS student organisation Energy 
 Carta, to support the Asian Youth Energy Summit 2014 
       
•	 May: The PV Module Testing Laboratory adds ‘dynamic 
 mechanical load testing’ to its portfolio of PV module 
 performance analysis services 

•	 May: SERIS co-organises the Scientific Conference at the 
 SNEC 8th (2014) International Photovoltaic Power Generation 
 Conference and Exhibition in Shanghai, China, with SERIS 
 CEO Prof Armin ABERLE as the Conference Chairman 
       
•	 Jun: SERIS wins two public research grants from 
 Singapore’s Energy Innovation Programme Office (EIRP-03
 scheme), for work on improved silicon wafer solar cells. 
 Principal Investigators: Dr Thomas MUELLER and Prof Armin 
 ABERLE 

•	 Jun: SERIS wins a public research grant from Singapore’s 
 Energy Innovation Programme Office (EIRP-04 scheme), for 
 work on innovative power system control and energy 
 management for solar PV hybrid systems. Principal 
 Investigators: Assoc Prof Sanjib K. PANDA, Dr Thomas 
 REINDL and Assoc Prof Dipti SRINIVASAN 

•	 Jun: SERIS scientists report excellent crystalline silicon
 surface passivation by low-temperature atomic layer 
 deposited titanium oxide films. Lead author: PhD student 
 Baochen LIAO 

•	 Jul: SERIS officially opens the new PV Module Development 
 and Testing Laboratory at CleanTech Park, with guest of
 honour Mr LIM Kok Kiang, Assistant Managing Director, EDB

•	 Jul: The Solar Photovoltaic (PV) Roadmap for Singapore 
 is published by the Singapore Government. The roadmap 
 was prepared by SERIS (Prof Joachim LUTHER, Dr Thomas 

 REINDL et alia), in close collaboration with industry, 
 academia and Singapore government agencies 

•	 Aug: Commencement of rebuilding works for the Silicon 
 Solar Cell Laboratory 

•	 Sep: SERIS PhD student Mr Shubham DUTTAGUPTA
 wins one of the five 2014 EU PVSEC Student Awards at 
 the 29th EU PVSEC Conference in Amsterdam, The
 Netherlands, for his research work “Progress with cost-
 effective surface passivation of p+ silicon by PECVD SiNx”. 
 Supervisors: Prof Armin ABERLE and Dr Bram HOEX 
       
•	 Oct: SERIS researchers André NOBRE and Marek KUBIS win 
 the “National Instruments - 2014 Engineering Impact Awards - 
 ASEAN Regional Contest” under the Best Innovation in
 Renewable Energy category, for their work entitled “Large-
 area real-time solar irradiance mapping for PV applications” 
       
•	 Oct: SERIS’ Off-Grid PV Systems Group wins a pilot project 
 funded by the German Federal Enterprise for International 
 Cooperation (GIZ) for the development of solar DC mini-grids 
 in Bangladesh 

•	 Oct: SERIS organises the PV Asia Scientific Conference 2014 
 in Singapore, with SERIS CEO Prof Armin ABERLE as the 
 Conference Chairman 

•	 Oct: SERIS re-launches the National Solar Repository (NSR) 
 2.0 at the Asia Clean Energy Summit, Singapore 

•	 Oct: SERIS’ first fully-solution-processed perovskite solar 
 cell is fabricated with a power conversion efficiency of 3%
 
•	 Oct: SERIS, together with local PV manufacturer REC Solar, 
 publishes a self-consumption study for potential adopters of
 PV in Singapore to highlight benefits and economic viability 
       
•	 Oct: SERIS staff from the administrative unit, Jocelle Vicente 
 BAUTISTA, SENG Honghui, Aditi SRIDHAR and JI Yanzhao 
 receive the NUS Quality Service Award – Service Advocate 
 Award 2014. 

•	 Dec: SERIS co-organises the Singapore-Japan Joint 
 Workshop on Photovoltaics 2014 at NUS, with SERIS 
 CEO Prof Armin ABERLE as the Conference Co-Chairman

Highlights 2014

Oral presentation at the PV Asia Scientific Conference on 
29 October 2014.

Official opening of SERIS’ new PV Module Development and Testing 
Laboratory at CleanTech Park on 18 July 2014.
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Institute	in	Brief
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Introduction

The Solar Energy Research Institute of Singapore (SERIS) at the 
National University of Singapore (NUS) is Singapore’s national 
institute for applied solar energy research. It commenced 
operations in 2008. 

SERIS is sponsored by Singapore’s National Research 
Foundation (NRF) via the Singapore Economic Development 
Board (EDB), as well as the National University of Singapore 
(NUS). It has the stature of an NUS University-level Research 
Institute and is endowed with considerable autonomy and 
flexibility, including an industry friendly IP policy. 

The institute conducts research, development, testing and 
consulting in the fields of solar energy conversion and solar 
building technologies. Our R&D focus is on materials, 
components, processes and systems for (i) photovoltaic 
electricity generation and (ii) solar and energy efficient buildings. 
Being located close to the equator, one focus area at SERIS is 
developing solar technologies for the tropical climate. 

Our multi-disciplinary research team includes about 100 
scientists, engineers and technicians.   

SERIS collaborates closely with universities, research 
organisations, government agencies and industry, both locally 
and globally. Our collaborations with companies from the global 
solar sector span from small start-ups to industry leading 
heavyweights.  

R&D clusters:
• Novel PV concepts
• Silicon materials and cells
• PV modules
• Solar energy systems
• Solar and energy efficient buildings

SERIS’ scientists, engineers, technicians and administrative staff

SERIS at NUS (E3A building) SERIS at CleanTech Park (level 6 of CleanTech One building)
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PHOTOVOLTAIC ELECTRICITY GENERATION

A wide range of activities at SERIS are aiming at 
accelerating the deployment of PV systems in Singapore, 
South-East Asia, and globally.   

• National Solarisation Centre
• Asian PV Quality Assurance Centre
• Photovoltaic system technology
• PV grid integration
• Solar potential analysis 
• Solar energy meteorology
• Off-grid PV systems
• PV module development
• PV module testing & certification
• PV characterisation 
• PV modelling and simulation 
• Mono- and multicrystalline silicon wafer solar cells
• Heterojunction silicon wafer solar cells
• CIGS solar cells
• Organic solar cells
• Novel passivation layers 
• Novel solar cell concepts

SOLAR AND ENERGY EFFICIENT BUILDINGS

Globally, residential and commercial buildings account for 
more than 40% of mankind’s total energy consumption. In the 
tropics, due to the constantly high temperature and humidity 
and the resulting need for air conditioning, advanced building 
technologies along with the intelligent control - and use - of solar 
energy fluxes offer enormous opportunities for reducing carbon 
emissions, while at the same time providing long-term cost 
savings for the operators and users of the buildings. SERIS’ 
activities in this business area include: 

• Solar thermal systems
• Façade technologies
• Solar buildings

Business	Areas

SERIS focuses on two main business areas: 
 
1.  Photovoltaic electricity generation
2.  Solar and energy efficient buildings

In both areas, SERIS generates innovations for industry, the financial sector and government agencies. The institute’s application-
oriented research and development is complemented by targeted fundamental research that forms the basis for a steady flow of 
innovations. 
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Finances

SERIS is sponsored by Singapore’s Energy Innovation 
Programme Office (EIPO) and the National University of 
Singapore (NUS).  

In FY 2014, the second fiscal year of SERIS’ second 
5-year funding period, core funding from EIPO and NUS 
amounts to approximately SGD 21 million. The core funding 
is complemented by funds from industry contracts and 
grants from public competitive R&D programmes. 

The Singapore fiscal year is from 1st April of a year to 31st 

March of the following year. Thus, the 2014 numbers 
represent the estimated FY 2014 funding and expenses as 
of 30 November 2014. Figure 1 shows the estimated funding 
for FY 2014. Core funding forms about 75% of SERIS’ 
projected funding of SGD 28 million, while funds from industry 
contracts and public grants make up the remaining 25%. 
      
In FY 2014, SERIS has won several public competitive 
research grants amounting to close to SGD 6 million. These 
grants cover the period from the first half of 2014 to mid-2017. 
Several more public competitive research grants are expected 
to be awarded to SERIS before 31 March 2015. 

SERIS has also been consistent in successfully securing 
industry contracts. In FY 2014, SERIS expects to secure 
industry contracts worth at least SGD 2.2 million, whereby 
several of these contracts span multiple years. 

 

With a budget of about SGD 28 million in FY 2014, SERIS 
expects to spend about SGD 9.7 million on manpower, 
SGD 8.5 million on OPEX, and SGD 3.5 million on equipment 
(Figure 2). As part of the post-fire rebuilding efforts, SGD 2.8 
million is allocated to infrastructure expenses. Other expenses 
amounting to SGD 2.3 million are expected to be spent on 
non-refundable GST (goods and services tax) payments and 
indirect research costs paid to NUS. As a contingency measure,
SERIS has budgeted about SGD 1.6 million in FY2014 
as exigency funds. 

Figure 1: Projected SERIS funding for FY 2014 
(in SGD million)

EIPO core funding

NUS contribution

Public grants

Industry contracts

Figure 2: Projected expenses for FY 2014 
(in SGD million) 

Operating expenses

Infrastructure

Equipment

Manpower

Others

Exigency funds

2.3

8.5

9.7

3.5

2.8

1.6

13.2
46%

8.3
29%

4.7
17%

2.2
8%
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At the end of calendar year 2014, the SERIS headcount was 
160 people, including postgraduate students and adjunct 
researchers from NUS. The figure below depicts that research 
personnel - including scientists, engineers, technicians, post-
graduate students and adjunct researchers - constitute 84% 
of the total SERIS headcount. Employees from the project 
safety, controlling and development areas form 9% of the total 
headcount, while administrative staff represent 7% of the 
headcount. 

Headcount Laboratory	and	
Office	Space	

At NUS, SERIS has laboratory and office space of approximately 
4,800 m2. SERIS also occupies about 1,370 m2 of laboratory 
and office space at its off-campus location at CleanTech Park, 
where the PV Module Development and Testing laboratories 
reside. In addition, SERIS utilises about 3,000 m2 of rooftop 
space at NUS and CleanTech Park for experimental outdoor 
solar installations. 

PV Module Development Laboratory at CleanTech Park

Roof of CleanTech One building with PV module prototypes for testing

Scientists / Engineers / Technicians

Postgraduate Students

Administration

Project safety, controlling and development

32%

20%

7%

9%

Figure 1: Breakdown of SERIS headcount in 
 December 2014 

32%

Adjunct Researchers
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Organisational Chart

SERIS consists of five research clusters and two central service 
units. Each research cluster conducts research, development, 
testing and consulting in the fields of solar energy conversion or 
solar and energy efficient buildings. The two service units provide 
central services such as administration, facility support, as well 
as quality, environment, safety & health management. 

The directors of the research clusters and central service units 
report to the SERIS Senior Management, consisting of the CEO 
and the Deputy CEO. A Business Development Manager 
also reports to the SERIS Senior Management and assists 
all research clusters in their commercialisation and project 
acquisition activities. 

Prof Armin ABERLE 
Chief Executive Officer

Dr Thomas REINDL 
Deputy CEO

TECHNICAL
INFRASTRUCTURE

& QESH

ADMINISTRATION NOVEL	PV
CONCEPTS

SILICON
MATERIALS
AND CELLS

PV 
MODULES

SOLAR
ENERGY

SYSTEMS

SOLAR	AND
ENERGY

EFFICIENT
BUILDINGS

Dr Lena LEE
Director

Peter Lim
Director

Prof Armin 
ABERLE

Cluster Director

Dr	Bram	HOEX
 Cluster Director

To	be	
appointed

Cluster Director

Dr Thomas 
REINDL

Acting Cluster
Director

Dr Thomas
REINDL

Cluster Director
 

Assoc Prof
Runa	HELLWIG
Cluster Director

SERIS Senior Management: 
• CEO
• Deputy CEO
 
Research Clusters:
• Novel PV Concepts
• Silicon Materials and Cells
• PV Modules
• Solar Energy Systems
• Solar and Energy Efficient Buildings

Central Service Units:
• Administration
• Technical Infrastructure and QESH (Quality, Environment, Safety and Health)

Eddy	BLOKKEN
Business 

Development
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Management Team

The SERIS Management Team consists of the CEO, 
the Deputy CEO, the Directors of the research clusters, 
the Business Development Manager, the Director of SERIS 

Administration, and the Director of Technical Infrastructure 
and QESH. The team meets fortnightly to decide on the 
operational and strategic directions of the institute.  

SERIS Management Team: (from left) Dr Lee, Mr Lim, Dr Hoex, Prof Aberle, Dr Reindl, Assoc Prof Hellwig, Mr Blokken

ADMINISTRATIVE	SUPPORT	FOR	CEO	OFFICEMANAGEMENT TEAM

Prof Armin ABERLE
CEO 
Cluster Director, Novel PV Concepts 
armin.aberle@nus.edu.sg

Dr Thomas REINDL
Deputy CEO  
Cluster Director, Solar Energy Systems
Acting Cluster Director, PV Modules
Acting Cluster Director, Solar and Energy Efficient Buildings (until Aug 2014)
thomas.reindl@nus.edu.sg

Dr	Bram	HOEX
Cluster Director, Silicon Materials and Cells
bram.hoex@nus.edu.sg

Assoc	Prof	Runa	HELLWIG
Cluster Director, Solar and Energy Efficient Buildings (since Sep 2014)
runa.hellwig@nus.edu.sg

Dr Lena LEE
Director, Administration 
lenalee@nus.edu.sg

Mr	Eddy	BLOKKEN
Manager, Business Development 
eddy.blokken@nus.edu.sg

Mr Peter LIM
Director, Technical Infrastructure and QESH
peter.lim@nus.edu.sg

Maggie	KENG	Fang	Ling
Secretary to CEO
(until Sep 2014)

TAN	Mui-Koon
Scientific Manager 
(until Jun 2014)
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Extended Management Team
SERIS’ Extended Management Team consists of the SERIS 
Management Team (see previous page), the heads of 
the various research groups/teams, and the heads of 

HR & Project Controlling and Finance & Procurement. 
The team meets every two months to discuss managerial 
and operational matters of the institute. 

Assoc	Prof	Peter	HO 
Head, Organic Solar Cell Group
phyhop@nus.edu.sg

Dr Thomas MUELLER
Head, Heterojunction Silicon Wafer Solar Cell Group
thomas.mueller@nus.edu.sg

Dr Rolf STANGL
Head, Novel Cell Concepts and Simulation Group
rolf.stangl@nus.edu.sg

Dr	Wilfred	WALSH
Head, Solar Potential and Energy Meteorology Group
wwalsh@nus.edu.sg

Mr	Thian	Siong	CHOO
Head, Solar Building Group (until Nov 2014)
thiansiong.choo@nus.edu.sg

Dr	Ian	Marius	PETERS
Head, PV Modelling and Simulation (until Sep 2014)
marius.peters@nus.edu.sg

Dr	Timothy	WALSH
Head, Off-Grid PV System Group (since June 2014)
Head, PV Module Development Group (until May 2014)
tim.walsh@nus.edu.sg

Mr	Kenneth	GOH
Head, PV Module Testing Group 
kenneth.goh@nus.edu.sg

Prof Peter ADELMANN
Head, Off-Grid PV System Group (until May 2014)
peter.adelmann@nus.edu.sg

Ms	Brandy	TIO
Finance & Procurement Manager 
(since Nov 2014)
brandy.tio@nus.edu.sg

Dr	Johnson	WONG	Kai	Chi
Head, PV Characterisation Team
johnson.wong@nus.edu.sg

Dr	KHOO	Yong	Sheng	
Head, PV Module Development Group (since June 2014)
yongshengkhoo@nus.edu.sg

Mr	André	NOBRE
Head, PV System Technology Group
(since Oct 2014)
andre.nobre@nus.edu.sg

Prof	Joachim	LUTHER
Acting Head, Solar Thermal System Group 
joachim.luther@nus.edu.sg

Ms	Janet	GOH
Head, Human Resources
janet.goh@nus.edu.sg

Dr	Prabir	Kanti	BASU
Head, Multicrystalline Silicon Wafer Solar Cell Group 
(since Mar 2014)
prabir.basu@nus.edu.sg

Dr	Muhammad	Arifeen	WAHED
Representative of Prof Luther, Solar Thermal 
System Group 
arifeen.wahed@nus.edu.sg

Ms	Winnie	TAN
Head, Finance & Procurement 
(until Oct 2014)
winnie.tan@nus.edu.sg 

Dr	Selvaraj	VENKATARAJ
Acting Head, CIGS Solar Cell Group 
s.venkataraj@nus.edu.sg
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Adjunct Researchers

A number of NUS professors (“faculty”) have official links 
with SERIS, as researchers and/or managers. These 
“Adjunct researchers” supervise PhD and Master students 
at SERIS and perform joint R&D projects with one or 
more of the R&D clusters at SERIS. The research projects 
involving Adjunct researchers are partly or fully funded 

by SERIS. Adjunct researchers remain academic staff 
members of their respective NUS Departments and NUS 
continues to pay 100% of their salaries.  

In 2014, the following Adjunct researchers from NUS have 
been working with SERIS: 

NAME NUS Department Research area / role at SERIS

Prof Armin ABERLE Electrical and Computer Engineering Solar energy conversion / CEO and Cluster 
Director Novel PV Concepts

Assoc Prof Stefan ADAMS Materials Science and Engineering Modelling of nano-structured solar cells

Assoc Prof Andrew BETTIOL Physics Characterisation of photovoltaic materials 
and solar cells

Prof Charanjit Singh BHATIA Electrical and Computer Engineering Characterisation and fabrication of high-
efficiency silicon wafer solar cells

Asst Prof Karl Erik BIRGERSSON Chemical and Biomolecular Engineering Modelling, optimisation and characterisation 
of organic solar cells

Prof Mark BREESE Physics Characterisation and fabrication of photovoltaic 
materials using X-rays and ion beams

Asst Prof CHAN Yin Thai Chemistry Semiconductor nanomaterials for solar cell 
applications

Assoc Prof CHENG Han Song 
(until Aug 2014)

Chemistry Semiconductor thin film growth via chemical 
vapour deposition and atomic layer deposition

Asst Prof Ernest CHUA Kian Jon Mechanical Engineering Solar powered air-conditioning

Asst Prof CHUA Lay Lay Chemistry Organic materials and devices

Asst Prof Pritam DAS Electrical and Computer Engineering High-efficiency power electronics systems 
for solar applications

Asst Prof Eda GOKI Physics Fabrication and characterisation of 
nanomaterials based functional thin films

Assoc Prof Runa HELLWIG 
(since Sep 2014)

Building Solar and energy efficient buildings / Cluster 
Director, SEEB Cluster

Assoc Prof Peter HO Physics Organic photovoltaic materials, solar cells and 
solar modules / Head of Organic Solar Cell 
Group

Prof HONG Ming Hui Electrical and Computer Engineering Fabrication and characterisation of solar cells

Asst Prof Patrick JANNSEN Architecture Multi-objective design techniques for 
building integrated façade technologies 
and photovoltaics
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NAME NUS Department Research area / role at SERIS

Assoc Prof Anjam KURSHEED Electrical and Computer Engineering Developing novel SEM based solar cell 
characterisation tools

Prof LOH Kian Ping
(since Apr 2014) 

Chemistry Organic photovoltaic materials, solar cells, 
and solar modules

Prof Joachim LUTHER 
(until March 2014)

Materials Science and Engineering Solar thermal systems and Organic solar cells / 
Acting Head of Solar Thermal System Group

Asst Prof Christian NIJHUIS Chemistry Organic-inorganic hybrid nanostructures

Assoc Prof Thomas OSIPOWICZ Physics Analysis of ultra-thin films using high resolution 
(magnet spectrometer) RBS and ERD

Assoc Prof OUYANG Jian Yong Materials Science and Engineering PV-driven electrolysis of water

Assoc Prof Sanjib Kumar PANDA Electrical and Computer Engineering High-performance control of power electronic 
converters

Prof Seeram RAMAKRISHNA Mechanical Engineering Optical coatings for PV module glass

Asst Prof Akshay Kumar RATHORE Electrical and Computer Engineering High-efficiency power electronics systems for 
solar applications

Asst Prof Andrivo RUSYDI Physics Synchrotron based characterisation of solar 
materials

Assoc Prof Ganesh SAMUDRA Electrical and Computer Engineering Simulation and modelling of solar cells and 
underlying physical phenomena

Assoc Prof Dipti SRINIVASAN Electrical and Computer Engineering Analysis of impacts of solar PV integration 
into the medium- and low- voltage power 
distribution systems

Prof Andrew TAY (until June 2014) Mechanical Engineering PV modules and solar thermal systems

Assoc Prof Suresh VALIYAVEETTIL Chemistry High-efficiency organic solar cells

Prof Jagadese VITTAL Chemistry Synthesis of nano-scale materials for 
photovoltaics and solar cells

Asst Prof Jason YEO Boon Siang
(since May 2014) 

Chemistry Solar hydrogen
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The SERIS CEO reports to the SERIS Supervisory Board. 
The Board monitors the institute’s activities and corporate 

development. It meets at least three times a year.

Supervisory Board

Prof	Barry	HALLIWELL
Deputy President (Research & Technology)
NUS, Singapore

Chairman	of	the	Supervisory	Board

Members	of	the	Supervisory	Board	(in	alphabetical	order)

Dr Lily CHAN 
Chief Executive Officer 
NUS Enterprise, NUS, Singapore

Mr	LIM	Kok	Kiang
Assistant Managing Director
Economic Development Board, Singapore

Dr	John	KEUNG	Kam	Yin	
Chief Executive Officer
Building and Construction Authority (BCA), Singapore

Dr	Rob	STEEMAN	
Vice President, Technology Strategy
REC Solar Pte Ltd, Singapore

Er	Edwin	KHEW	Teck	Fook	
Managing Director, Anaergia Singapore Pte Ltd, Singapore
Chairman, Sustainable Energy Association of Singapore 
(SEAS), Singapore

Dr	YEOH	Lean	Weng
Director, Energy and Environment Research 
Directorate
National Research Foundation, Singapore

Dr	Richard	KWOK	Wai	Onn 
Executive Vice President and Chief Technology Officer
Singapore Technologies Kinetics (ST Kinetics), Singapore
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The SERIS International Advisory Panel (IAP) advises SERIS 
on strategic directions with respect to research and development 

activities. The panel meets at least once every two years. 
      

International Advisory Panel 

Dr	Alf	BJORSETH
Chairman of the Board
SCATEC Solar ASA, Norway

Chairman of the SERIS IAP

Members	of	the	SERIS	IAP	(in	alphabetical	order)

Dr Dan ARVIZU 
Director
National Renewable Energy Laboratory (NREL), USA

Prof	Andrew	BLAKERS
Director, Centre for Sustainable Energy Systems
Australian National University, Australia

Mr	Ole	ENGER	
Chairman of the Board 
REC Solar ASA, Norway

Mr	Jifan	GAO	
Chief Executive Officer
Trina Solar, China

Prof	Eicke	WEBER
Director 
Fraunhofer Institute for Solar Energy Systems (ISE) 
Germany
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R&D	Clusters	and	Groups
Central Service Units
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Research	&	Development	Clusters	
and	Groups

Novel	PV	Concepts	Cluster

Solar cells and modules based on novel or emerging concepts for PV energy conversion might one day offer cost, efficiency, 
or other advantages compared to the traditional solar cell concepts. One novel PV concept investigated at SERIS is 
solution-processed organic solar cells. We also explore novel formation methods for passivation layers on PV devices. 
An emerging mass-production PV technology researched by us are thin-film solar cells based on the copper-indium-gallium-
selenium/sulphur (CIGS) materials system. 

Cluster Director
Prof Armin ABERLE

Group Heads
Assoc Prof Peter HO   Organic Solar Cells
Prof Armin ABERLE (Acting Head)  Novel Passivation Layers
Dr Selvaraj VENKATARAJ (Acting Head) CIGS Solar Cells

Cluster Secretary 
Maggie KENG Fang Ling (until Sep 2014) 

Adjunct Researchers, NUS 
• Prof Armin ABERLE, Department of Electrical and Computer Engineering (Cluster Director and Acting Head of Novel Passivation 
 Layer Group) 
• Assoc Prof Stefan ADAMS, Department of Materials Science & Engineering (Modelling of nano-structured solar cells) 
• Asst Prof Karl Erik BIRGERSSON, Department of Chemical & Biomolecular Engineering (Modelling, optimisation and 
 characterisation of organic solar cells) 
• Asst Prof CHAN Yin Thai, Department of Chemistry (Semiconductor nanomaterials for solar cell applications) 
• Asst Prof CHUA Lay Lay, Department of Physics (Organic materials and devices) 
• Asst Prof Eda GOKI, Department of Physics (Fabrication and characterisation of nanomaterials based functional thin films) 
• Assoc Prof Peter HO, Department of Physics (Head of Organic Solar Cell Group)  
• Prof LOH Kian Ping, Department of Chemistry (Organic solar cells) (since Apr 2014) 
• Prof Joachim LUTHER, Department of Materials Science and Engineering  
 (Organic solar cells, solar thermal systems) (until Mar 2014) 
• Assoc Prof OUYANG Jian Yong, Department of Materials Science and Engineering (PV-driven electrolysis of water) 
• Assoc Prof Suresh VALIYAVEETTIL, Department of Chemistry (High-efficiency organic solar cells) 
• Prof Jagadese VITTAL, Department of Chemistry (Synthesis of nano-scale materials for photovoltaics and solar cells) 
• Asst Prof Jason YEO Boon Siang, Department of Chemistry (Solar hydrogen, since May 2014) 
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Organic	Solar	Cell	Group

Group Head 
Assoc Prof Peter HO  

Team Leaders
• Assoc Prof Stefan ADAMS 
 (Simulation and Modelling Team Leader) 
 
• Asst Prof CHUA Lay-Lay 
 (Materials Development Team Leader)

• Dr Rachael PNG Rui-Qi 
 (Advanced Device Technology Team Leader)

Scientist
• Dr Ian Marius PETERS 
 (Coordinator of simulation activities in OSC Group) 
 (until Aug 2014)

Adjunct Research Fellow
• Dr Rachael PNG Rui-Qi 

PhD Students
• Mervin ANG Chunyi
• LENG Kai (since Aug 2014)
• LI Meilin 
• LIM Fang Jeng 
• SET Ying Ting 
• Cindy TANG Guanyu
• TANG Xiao (since Aug 2014)
• YU Zhimeng (since Aug 2014)
• TO Tran Thinh (until Apr 2014) 
• ZHANG Teng (until Jul 2014)
• ZHOU Rui (until Jul 2014)

Master Student
• Sai Abhinand THUMMALAKUNTA (until Aug 2014)

Adjunct PhD Students
• TAN Jun-Kai 
• CHOONG Ping-Sen (until Mar 2014)
• Furkan ISIKGOR (until Apr 2014)

The Organic Solar Cell Group focuses on the development 
of the science and technology of solution-processed organic 
solar cells. The group’s R&D work includes: (i) fabrication, 
characterisation and modelling of the morphological, optical and 

electrical characteristics of diagnostic cells, (ii) novel materials 
and device concepts, and (iii) printed solar cells. 
Contact person: Assoc Prof Peter HO (phyhop@nus.edu.sg)
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The Novel Passivation Layer Group conducts research on 
very-low-cost layers for producing highly efficient solar cells. 
The present focus is on the surface passivation of silicon wafer 
solar cells using novel liquid-based coatings deposited with 
non-vacuum methods such as spray coating or dip coating. 
Both single layers as well as layer stacks are being 
investigated.  
Contact person: Mr Thomas GASCOU (thomas.gascou@nus.edu.sg)

Group Head
Prof Armin ABERLE (Acting Head)

Scientists / Engineers
• Thomas GASCOU
• Dr Ananthanarayanan KRISHNAMOORTHY 
• Dr Serena LIN Fen
• Matthew LU Fei (until Jun 2014)

The CIGS Solar Cell Group is establishing an R&D pilot line 
for CIGS (and later also CZTS) solar cells and mini-modules, 
using glass substrates with a size of up to 300 mm × 300 mm. 
The CIGS absorber layer will be deposited by magnetron 
sputtering, while the buffer layer that forms the heterojunction 
will be deposited by chemical bath deposition of a thin 
CdS film. In parallel to R&D on this baseline CIGS solar cell 
development, the group will also work on the development of 
Cd-free buffer layers, for example through ZnOS buffer layer 
deposition using magnetron sputtering. The broad goal of 
the group is to develop robust and cost-effective fabrication 
sequences for high-performance thin-film PV modules. 
Contact person: Dr Selvaraj VENKATARAJ (s.venkataraj@nus.edu.sg) 

Group Head
Dr Selvaraj VENKATARAJ (Acting Head)

Scientists / Engineers
• Dr William XU Wei-Lun (since Mar 2014)

PhD Students
• LI Weimin 
• YAN Xia 
• ZHENG Xue (since Aug 2014)

Novel	Passivation	Layer	Group CIGS	Solar	Cells	Group
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Silicon	Materials	and	Cells	Cluster

Solar cells made from silicon wafers dominate the global PV market and it is expected that this dominance will continue 
in the next decade(s). To further reduce the cost of PV electricity, continuous improvements with respect to efficiency 
and manufacturing cost of silicon wafer solar cells are required. To contribute effectively to the effort of bringing down
the cost of PV electricity, the silicon solar cell programme at SERIS is sub-divided into several R&D groups and teams. 

Cluster Director
Dr Bram HOEX 

Deputy Cluster Director
Dr Thomas MUELLER

Group Heads
Dr Prabir Kanti BASU   Multicrystalline Silicon Wafer Solar Cells
Dr Bram HOEX    Monocrystalline Silicon Wafer Solar Cells
Dr Thomas MUELLER   Heterojunction Silicon Wafer Solar Cells
Dr Rolf STANGL    Novel Cell Concepts and Simulation

Team Heads
Dr Johnson WONG Kai Chi    PV Characterisation 
Dr Ian Marius PETERS (until Aug 2014) PV Modelling and Simulation

Cluster Secretary
• Ann Mythel ROBERTS

Adjunct Researchers, NUS
• Prof Armin ABERLE, Department of Electrical and Computer Engineering (Silicon materials and solar cells)
• Assoc Prof Andrew BETTIOL, Department of Physics (Characterisation of photovoltaic materials and solar cells) 
• Prof Charanjit Singh BHATIA, Department of Electrical and Computer Engineering (Characterisation and fabrication of 
 high-efficiency silicon wafer solar cells) 
• Prof Mark BREESE, Department of Physics (Characterisationand fabrication of photovoltaic materials using X-rays and 
 ion beams)
• Prof CHENG Han Song (Semiconductor thin film growth via chemical vapour deposition and atomic layer deposition) 
 (until Aug 2014) 
• Prof HONG Minghui, Department of Electrical and Computer Engineering (Fabrication and characterisation of solar cells)
• Asst Prof Christian NIJHUIS, Department of Chemistry (Organic-inorganic hybrid nanostructures) 
• Assoc Prof Thomas OSIPOWICZ, Department of Physics (Analysis of ultra-thin films using high-resolution  
 (magnet spectrometer) RBS and ERD) 
• Asst Prof Andrivo RUSYDI, Department of Physics (Synchrotron based characterisation of solar materials)
• Assoc Prof Ganesh SAMUDRA, Department of Electrical and Computer Engineering (Simulation and modelling of 
 solar cells and underlying physical phenomena) 
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The Multicrystalline Silicon Wafer Solar Cell Group focuses 
on the reduction of the $/Watt manufacturing cost, and the 
improvement of the PV efficiency, of multicrystalline silicon wafer 
solar cells by utilizing high-throughput, high-yield industrial 
equipment and manufacturing steps. The R&D activities range 
from the improvement of existing processes to the development 
of new industrially feasible processes. Present focus areas 
include wet-chemical processes (for example using SERIS-
patented industrial cleaning and etching steps), dry and wet 
etching for reduced front surface reflectance, bulk material 
impurity analysis, emitter tailoring by tube and low-cost inline 
diffusion, optimisation of screen-printed metallisation, improved 
surface passivation, and thin wafer processing. 
Contact person: prabir.basu@nus.edu.sg

Group Head
Dr Bram HOEX (until Feb 2014)
Dr Prabir Kanti BASU (since Mar 2014)

Scientists / Engineers
• Dr Debajyoti SARANGI (until Mar 2014)
• Devappa SHETTY KISHAN (until Mar 2014)
• Dr Felix LAW (until Jun 2014)
• Dr Avishek KUMAR (from Aug 2014 to Nov 2014)
• Dr LI Bingrui Joel (since Dec 2014)

Intern Student
• Alzjargal MURAT (until Sep 2014)

The Monocrystalline Silicon Wafer Solar Cell Group focuses on 
advanced processing of p-type and n-type Cz silicon wafers 
into high-efficiency (> 20%) solar cells. Examples of the group’s 
work include advanced surface passivation layers (e.g. atom-
ic layer deposition, plasma-enhanced chemical vapour depo-
sition), inkjet printing, laser processing, and ion implantation.
Contact person: bram.hoex@nus.edu.sg  

Group Head
Dr Bram HOEX

Scientists / Engineers
•	 Kishan DEVAPPA SHETTY (since Apr 2014)
• Dr Shubham DUTTAGUPTA (since Oct 2014)
• Dr Serena LIN Fen 
• Dr Debajyoti SARANGI (from Mar 2014)
• Pooja CHATURVEDI (until May 2014)
• Matthew LU Fei (until Jun 2014)

PhD Students
• FU Xiaotian (until Nov 2014)
• Naomi NANDAKUMAR
• CHEN Jia (until Jul 2014)
• DU Zheren (until Mar 2014)
• Shubham DUTTAGUPTA (until Sep 2014)
• Martin HEINRICH (until Jul 2014)
• LIU Licheng (until Jul 2014)

Multicrystalline	Silicon	Wafer	Solar	Cell	
Group

Monocrystalline	Silicon	Wafer	Solar	Cell	
Group
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The Heterojunction Silicon Wafer Solar Cell Group is developing 
advanced solar cell architectures and related processes for 
manufacturing that are capable of cost-effectively realising very 
high (> 24%) PV efficiencies on thin (< 150 microns) industry-
size Cz silicon wafers. The group is presently establishing an 
industrial pilot line for full-size heterojunction silicon wafer solar 
cells. Research examples of the group’s work include inductively 
coupled plasma deposition of amorphous silicon and advanced 
copper metallisation methods such as plating and screen printing.
Contact person: thomas.mueller@nus.edu.sg 

Group Head
Dr Thomas MUELLER

Scientists / Engineers
• Dr Johnson WONG Kai Chi
• GE Jia (since Aug 2014)
• Dr Ziv HAMEIRI (until Mar 2014) 

PhD Students
• Vinodh SHANMUGAM
• HUANG Mei 
• Ankit KHANNA
• TANG Muzhi 
• GE Jia (until Jul 2014)
• LIAO Baochen (until Feb 2014)
• Gordon LING Zhi Peng (until Jul 2014)

The Novel Cell Concepts & Simulation group researches on novel 
cell concepts for solar cells, mainly for wafer based silicon solar 
cells, but also for thin-film silicon solar cells and tandem solar cells. 
Examples are contact passivation or hybrid (homojunction / 
heterojunction) cell concepts. The group houses a strong “PV 
simulation” team, which supports the investigated concepts by 
means of multi-dimensional numerical computer simulation (device 
simulation as well as process simulation). 
Contact person: rolf.stangl@nus.edu.sg 

Group Head
Dr Rolf STANGL

Scientists / Engineers
• Gautam ANAND
• Dr MA Fajun 
• Ranjani SRIDHARAN 
• Dr Ziv HAMEIRI (until Mar 2014)

PhD Students
• GUO Siyu (since Aug 2014)
• KE Cangming
• LI Mengjie (since Aug 2014)
• LIU Haohui (since Aug 2014)
• LIU Zhe (since Aug 2014)
• Wilson QIU Zixuan 
• WANG Puqun (since Aug 2014)
• XIN Zheng (since Aug 2014)
• HUANG Ying (until May 2014)
• Nasim SAHRAEI KHANGHAH (until Nov 2014)
• Avishek KUMAR (until Jul 2014)
• LIAO Baochen (until Feb 2014)
• Gordon LING Zhi Peng (until Jul 2014)
• Selven VIRASAWMY (until Jul 2014)
• YIN Yunfeng (until Aug 2014) 

Heterojunction	Silicon	Wafer	Solar	Cell	
Group

Novel	Cell	Concepts	and	Simulation	Group
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The PV Characterisation Team is devoted to support the PV 
community with high-quality standardised measurements, 
while also developing innovative methodologies that will create 
new insights for solar scientists and engineers to make 
better cells, modules and systems. Research examples include: 
the incorporation of detailed two-dimensional simulation in the 
analysis of solar cell imaging and mapping data, refinement 
of solar cell loss analysis, and rapid methods to extract cell 
metallisation recombination, resistance, and optical parameters.
Contact person: johnson.wong@nus.edu.sg 
 
Team Head
Dr Johnson WONG

Scientists / Engineers
• Samuel RAJ
• Dr Rolf STANGL
• Jessica KOH (since Oct 2014)
• HO Jian Wei (since Nov 2014)
• Jithesh Dev KUNIYIL (until Mar 2014)
• Dr MENG Lei (until Aug 2014)

Modelling and simulation is an established factor and is used in 
scientific as well as in industrial research. The dedicated team 
at SERIS works on the development of tools for the analysis 
of PV cells, modules and systems. Topics cover a wide range 
and reach from fundamental studies of concepts over process 
simulation on industrial tools to questions concerning modules 
and systems. A high-performance computer cluster and a 
multitude of software are available for these tasks. 
Contact person: marius.peters@nus.edu.sg  

Team Head
Dr Ian Marius PETERS (until Aug 2014)

Scientist
Dr Rolf STANGL (until Aug 2014)

PhD Students (until Aug 2014)
• GUO Siyu 
• KE Cangming 
• LI Mengjie 
• LIU Haohui 
• LIU Zhe
• Nasim SAHRAEI KHANGHAH 
• WANG Puqun 

PV Characterisation Team PV	Modelling	and	Simulation	Team	
(until	August	2014)
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PV	Module	Cluster

The PV Module Cluster consists of two groups – the PV Module Development Group and the PV Module Testing Group. 
The R&D activities of the Cluster include: 

• Advanced characterisation methods for PV modules 
• Development of cost-effective high-performance PV modules 
• Potential-induced degradation (PID) – outdoor test facility for short- and long-term measurements 
 in Singapore’s tropical climate conditions 
• Development of accelerated aging tests (modules & components)
• Failure analysis (root causes) and design optimisations

Cluster Director
Dr Thomas REINDL (Acting Director)

Group Heads
Dr KHOO Yong Sheng (since Jun 2014)  PV Module Development
Dr Timothy WALSH (until May 2014)
Kenneth GOH     PV Module Testing

Adjunct Researchers, NUS:

• Prof Seeram RAMAKRISHNA, Department of Mechanical Engineering
 (Optical coatings for PV module glass)
• Prof Andrew TAY, Department of Mechanical Engineering
 (PV modules and solar thermal systems) (until Jun 2014)
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The PV Module Development Group performs R&D on module 
reliability, with specific focus on potential-induced degradation 
(PID), innovative module structures, and novel characterisation 
methods. The PV module laboratory houses state-of-the-art 
PV module manufacturing, characterisation, and testing facilities 
in which PV modules of different sizes (up to full-size commercial 
types) can be fabricated, characterised, and tested. 
Contact person: yongshengkhoo@nus.edu.sg

Group Head
Dr KHOO Yong Sheng (since Jun 2014)
Dr Timothy WALSH (until May 2014)

Scientists / Engineers
• CHAI Jing 
• Tetsufumi KAWAMURA (since Apr 2014)
• ZHAO Tian (since Sep 2014)  

PhD Students
• Hemant Kumar RAUT
• Jai Prakash SINGH
• Anand Ganesh VENKATESAN

The PV Module Testing Group performs solar module 
certification and customised testing for qualification and 
assessment purposes. We regularly upgrade our equipment 
and test methods to stay relevant to industry. As one of the 
few ISO 17025 accredited labs for PV modules in the world, 
we have been offering high-precision measurements since the 
end of 2012. Our latest acquisition, the Dynamic Mechanical 
Load Tester, gives us expanded resources in our test-to-fail and 
challenge test programmes. We strive to be our customers’ 
preferred choice for certification and R&D testing needs.
Contact person: kenneth.goh@nus.edu.sg 

Group Head
Kenneth GOH

Customer Project Coordinator
Susan ONG Muay Muay

Junior Executive
Zuraidah Binte JA’AFAR (since Mar 2014)

Engineers
• Henry LIM Kian Meng
• LIM Chern Mo (since Feb 2012)
• Reynold  LOI Teck Shiun (until Feb 2014)

Technicians
• Jamil BIN ZAINAL
• CHUAH Tuang Heok 
• LOH Joon Ann 
• XIAO Minqi (until Oct 2014)
 

PV	Module	Development	Group PV	Module	Testing	Group
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Solar	Energy	System	Cluster	

The Solar Energy System Cluster focuses on making solar power a cost-effective and trusted source of electricity through:  

• Increasing the availability of PV power through designing high-performing PV installations 
 (site  evaluation, components, layout)
• Increasing the reliability of PV systems through real-time monitoring and remote control of PV installations 
• Increasing the predictability of PV electricity generation through forecasting solar irradiance several minutes to 
 hours in advance 
 
Cluster Director
Dr Thomas REINDL

Group Heads  
André NOBRE (since Oct 2014)   Photovoltaic System Technology
Dr Thomas REINDL (Acting Head, until Sep 2014)
Dr Wilfred WALSH     Solar Potential and Energy Meteorology
Dr Thomas REINDL (Acting Head)   PV Grid Integration
Dr Timothy WALSH (since Jun 2014)   Off-Grid PV Systems
Prof Peter ADELMANN (until May 2014)  

Project Managers
Michelle THOMPSON (since Oct 2014)
Andre NOBRE (until Sep 2014)
Dr Keping YOU (since May 2014)
 
Cluster Secretary
Marinel DUNGCA

Adjunct Researchers, NUS
• Asst Prof Pritam DAS, Department of Electrical and Computer Engineering 
 (High-efficiency power electronics systems for solar applications) 
• Assoc Prof Sanjib Kumar PANDA, Department of Electrical and Computer Engineering 
 (High-performance control of power electronic converters) 
• Asst Prof Akshay Kumar RATHORE, Department of Electrical and Computer Engineering 
 (High-efficiency power electronics systems for solar applications) 
• Assoc Prof Dipti SRINAVASAN, Department of Electrical and Computer Engineering 
 (Analysis of impacts of solar PV integration into the medium- and low-voltage power distribution systems) 
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The Photovoltaic System Technology Group runs extensive 
research programmes on long-term outdoor PV module 
performance testing and analytical monitoring of installed PV 
systems, which is the scientific base for optimising solar PV 
systems. A particular focus of the group is PV systems for 
tropical climate zones. Proprietary software tools enable 
accurate yield projections, which are of vital importance 
to project developers as well as investors. Also acting as 
a banker’s engineer, the group offers a variety of services, 
ranging from independent third-party evaluation of system 
design & implementation via yield assessment for PV systems, 
to feasibility studies and full due diligences. 
Contact person: andre.nobre@nus.edu.sg 

Group Head
André NOBRE (since Oct 2014)
Dr Thomas REINDL (Acting Head, until Sep 2014) 

Project Managers
Michelle THOMPSON (since Oct 2014)
André NOBRE (until Sep 2014)

Scientists / Engineers
• Myint Khaing AUNG 
• Marek KUBIS
• Stanley PHUA Chee Siang
• Dr Mridul SAKHUJA (since May 2014)
• SOE Pyae (since May 2014)
• Sophia WANG Juan 
• YONG Chian Haw 

PhD Student
• YE Jiaying (until Aug 2014)

Technician 
• DU Hui 

Quantitative knowledge of solar irradiance at a particular 
location – and how it varies on different time scales - is 
essential for planning, financing and managing solar energy 
systems and solar building features. As solar power systems 
increase in size and number, ever more detailed information is 
required, including irradiance studies, long term PV system 
monitoring, and forecasts on short, medium and long 
timescales. These forecasts, which use statistical techniques for 
minutes to hours, and numerical weather prediction codes for 
longer timescales, facilitate optimised grid management, and 
provide vital input to the operators of smart grids. 
Contact person: wwalsh@nus.edu.sg 

Group Head
Dr Wilfred WALSH

Scientists / Engineers
• Rupesh BAKER
• YANG Dazhi 
• ZHAO Lu (since Sep 2014)

PhD Student
• Aloysius Wishnu ARYAPUTERA
• DONG Zibo 
 

Photovoltaic System Technology 
Group

Solar Potential and Energy Meteorology 
Group
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The PV Grid Integration Group aims to address and solve one 
of the most challenging topics of power grid operators and 
regulators in the future: how to ensure a stable and reliable 
grid operation with an increasing share of electricity generation 
coming from widely distributed and variable solar power. The 
group’s research includes analysis of electric power grids 
in their entirety as well as addressing the multiple levels of 
interdependencies between the distributed generation, the 
variability of the resource and the user/demand side. Potential 
interactions between the grid control centre and the PV systems 
(making them an active part of the power grid) and energy 
storage solutions are taken into account. The group also 
leverages the forecasting algorithms developed in the Solar 
Potential and Energy Meteorology Group. 
Contact person: thomas.reindl@nus.edu.sg 

Group Head
Dr Thomas REINDL (Acting Head)

Scientists / Engineers
• Monika BIERI-GMUER (since Apr 2014) 
• LI Cong Miao (since Aug 2014)
• Dr Vishal SHARMA
• Anupam TRIVEDI (until Oct 2014)
• Grace YAO Guoxiu 
• Dr Keping YOU (since May 2014)

PhD Students
• CE Shang 
• Ramprakash KATHIRESAN 

The Off-Grid PV System Group at SERIS performs research 
and development related to applications of photovoltaic energy 
for contexts where an electricity grid is not available. These 
include village-level solar DC mini-grids for rural electrification, 
solar-powered stand-alone water purification systems, and self-
contained solar-powered streetlights. The group collaborates 
with external partners to develop off-grid PV applications, 
as well as developing its own products with the target 
to spin off companies or to licence technologies. 
Contact person: tim.walsh@nus.edu.sg 

Group Head
• Dr Timothy WALSH (since Jun 2014)
• Prof Peter ADELMANN (until May 2014)

Deputy Group Head
• Dr Timothy WALSH (Jan 2014 – May 2014)

Scientist
• Prof Peter ADELMANN (since Jun 2014)

Masters Student
• Manuel DANNER (until Aug 2014)

Intern Students
• Bernhard ADELMANN
• Tobias LANDERER

Associated Personnel at Fosera Lighting 
(SERIS spin-off company)
• Manuel DANNER (since Sep 2014)
• Robert HAENDEL
 

PV	Grid	Integration	Group Off-Grid	PV	System	Group
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Solar	and	Energy	Efficient	Building	Cluster

Commercial and residential buildings account for more than 40% of mankind’s total energy consumption. In the tropics, 
buildings represent an enormous opportunity for reducing greenhouse gas emissions while at the same time providing 
long-term cost savings for the operators and users of the buildings. Of key importance are energy efficient building technologies
(such as high-performance building envelopes) and the intelligent control and use of solar energy fluxes.  

Cluster Director
Assoc Prof Runa T. HELLWIG (since Sep 2014)
Dr Thomas REINDL (Acting Director, until Aug 2014)

Group Heads
Assoc Prof Runa T. HELLWIG (since Sep 2014)  Facade Technology
Dr Thomas REINDL (Acting Head) (until Aug 2014)
CHOO Thian Siong (until Nov 2014)    Solar Buildings
Prof Joachim LUTHER (Acting Head)    Solar Thermal Systems

Adjunct Researchers, NUS
• Asst Prof Ernest CHUA Kian Jon, Department of Mechancal Engineering 
 (Solar powered air conditioning) 
• Assoc Prof Runa T. HELLWIG, Department of Building (since Sep 2014) 
 (Solar and energy efficient buildings) 
• Asst Prof Patrick JANNSEN, Department of Architecture
 (Multi-objective design techniques for building integrated façade technologies and photovoltaic) 
• Prof Joachim LUTHER, Department of Materials Science and Engineering (until Mar 2014)
 (Solar thermal systems) 
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Façade Technology 
Group

Solar	Building	
Group	

Façades account for up to 50% of the 
thermal load in buildings in the tropics 
and are related to many occupant 
comfort  issues. High-performance 
façades shall both reduce the building 
energy consumption and improve the 
occupant’s comfort. The Façade
Technology Group at SERIS is active 
in the development of holistic high-
performance façade technologies 
suitable to Singapore’s tropical climate. 
The group also offers services for the 
industry in façade material testing, 
test-bedding and simulation analysis. 
Contact person: runa.hellwig@nus.edu.sg 

Group Head 
Assoc Prof Runa HELLWIG 
(since Sep 2014)

Dr Thomas REINDL (Acting Head) 
(until Aug 2014)

Scientists / Engineers
• Dr CHEN Fangzhi 
• Selvam VALLIAPPAN 

Technicians
• CHEN Qiqiang 

The Solar Building Group provides 
research, concept development and 
consulting services for all energy 
and user comfort related topics in 
buildings. In particular, this includes 
early-stage design simulations for 
building envelopes in three ways: 

• Development and evaluation 
 of multifunctional building 
 envelopes
• Optimisation through multi-
 objective performance 
 simulations of the building 
 envelopes 
• On-site electricity generation
 with building-integrated PV
 (BIPV) systems
Contact person: thiansiong.choo@nus.edu.sg
 

Group Head  
CHOO Thian Siong (until Nov 2014)

PhD Students
• Religiana HENDARTI 
 (until May 2014)
• NG Poh Khai (until May 2014)

The Solar Thermal System Group focuses 
on providing evaluation services for solar 
thermal collectors and collector systems 
in a tropical climate at SERIS’ outdoor 
test facility. The services provided include 
testing of solar thermal collectors, solar 
thermal system design, analytical 
monitoring and technical consulting.  
Contact person: arifeen.wahed@nus.edu.sg

Group Head  
Prof Joachim LUTHER (Acting Head)

Scientist / Engineer
• Dr Muhammad Arifeen WAHED
 (also Representative of Prof Luther)

PhD Student
• Mohammadreza SAFIZADEH

Master Student
• Mahbubul MUTTAKIN 
 (until Apr 2014)

Solar Thermal System 
Group	

SERIS’ Calorimeter Laboratory for building façade assemblies and 
fenestration systems

Solar thermal collectors
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Central Service Units

Administration

The SERIS Administration Unit is responsible for the institute’s 
finance, procurement, personnel, contract management, 
intellectual property (IP), information technology (IT), and 
corporate relations functions. Working very closely with SERIS’ 
funding agencies (the Singapore Economic Development 
Board, EDB, and Singapore’s National Research Foundation, 
NRF) and key offices at NUS, the SERIS Administration provides 
the full spectrum of administrative support to the institute’s 
research and development activities.  

Director 
Dr Lena LEE 

Heads 
Winnie TAN Lee Eng (Finance and Procurement, until Oct 2014)
Janet GOH Kwee Bin (Human Resources)
 
Team 
• Jocelle BAUTISTA
• Gary JI Yanzhao 
• Charlotte LIOW 
• LOH Yiang Meng (since Aug 2014)
• Kim NINH Tran Kim Phuong (since Jun 2014)
• Samantha OW YONG
• Ghedy PRAWIRO 
• SENG Honghui 
• Aditi SRIDHAR
• Brandy TIO (since Nov 2014)
• Wendy YAP (since May 2014)
• Nur Fattanah Binti Md KASIM (until Apr 2014)
• War War LWIN KYAW (until Aug 2014)
• Mohamed Faizal Bin RASHID (until Aug 2014)
• Phoebe YIN (until Mar 2014)

The unit is made up of the Technical Infrastructure Group and 
the Quality, Environment, Safety & Health (QESH) Group. 
The Technical Infrastructure Group comprises a Technical 
Facilities Team that oversees the facilities and infrastructure 
support and a Silicon Solar Cell Laboratory Team that manages 
the silicon solar cell laboratory including the maintenance 
of the laboratory’s R&D equipment. The QESH Group oversees 
QESH matters, including ISO 9001 Quality Management 
and the ISO 17025 Laboratory Accreditation.  

Director 
Peter LIM 

Team Leaders
• LOI Teck Shiun (Technical Facilities Team)
• Dr Per WIDENBORG (Silicon Solar Cell Laboratory Team)

Staff, Technical Infrastructure Group
• Jason AVANCENA
• Edwin Decena CARMONA
• John Alson Lacson ELISEO (until Jul 2014)
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Selected R&D 
Results	2014	



1. 90% performance ratio of 
 photovoltaic systems in a 
 tropical environment

2. Large-area solar irradiance 
 mapping

3. Real world test-bedding and
 thermal performance analysis 
 of thermally-broken fenestration
 frames in a tropical climate

4. Characterisation of bifacial 
 solar cells and modules 
 using standard indoor 
 measurements 

5. 17.9 % inline-diffused screen-
 printed multicrystalline silicon
 wafer solar cells using the   
 SERIS etch non-acidic emitter  
 etch-back

 
6. Fabrication of sub-wavelength
 surface structures for inline-
 diffused multicrystalline silicon
 wafers

7. Excellent c-Si surface 
 passivation by low-temperature 
 atomic layer deposited titanium  
 oxide

8. Hybrid silver nanoparticle and
 transparent conductive oxide
 structure for silicon solar cell 
 applications

9. Advanced loss analysis for 
 silicon wafer solar cells 
 (“Cell Doctor”)

10. Extraction of surface 
 recombination velocity at 
 highly doped silicon surfaces 
 using electron beam induced 
 current

11. 2D process simulation of boron 
 diffusion for pyramidally textured
 silicon wafer solar cells

12. Differential electroluminescence
 imaging and the current 
 transport efficiency of silicon 
 wafer solar cells

List of R&D reports
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SERIS has conducted comprehensive research on 
photovoltaic related devices and systems tailored for the 
tropics. Since early 2010, SERIS has monitored 11 silicon 
wafer-based PV systems which have yielded a median 
performance ratio (PR) of ~80%, with best-in-class systems 
achieving PRs of ~83% (see Figure 1 left) [1]. When compared 
with PV systems located in temperate climates (for example 
Germany), tropical systems achieve on average 3-7% lower 
PRs (see Figure 1 right), mostly due to temperature-related 
losses. The losses linked to the higher operational temperatures 
of the modules can contribute 45-60% of all system losses, 
as it is the case for the systems in Singapore. It is not 
uncommon in Europe to find PV systems with performance 
ratios of 85-90%[2].  
 
Based on this research, SERIS has optimised the PV system 
design for the tropics and eventually built a 10 kWp demonstration 
system with very high performance ratio levels - despite 
being located in tropical Singapore with its constant hot and 
humid climate conditions. Through its first 3 years of operations 
(as of June 2014), the system has an averaged performance 
ratio of almost 90% (see Figure 2), one of the highest recorded

worldwide. It highlights that it is possible to design PV systems
in the tropics that have excellent energy yields and performance 
ratios. 

One other finding of the long-term field research is regarding 
the degradation rates of PV systems in Singapore. Due to its 
location near the equator, it is common to find solar systems
tilted at very small tilt angles, ranging from 0 to 10 degrees. 
Although the desirable so-called “self-cleaning effect” (through 
rainfall) only works from ~10o tilt angle and above, the 
number of systems with inclinations below 5 degrees is high. 
Figure 3 shows the performance ratio progression of a PV 
system installed at 0 degrees tilt and the strong degradation 
of the system’s DC performance as a consequence. The system 
has been losing ~7% of PR per year on average. The photo 
in Figure 4 was taken about 4 years (1,500 days in the graph) 
after the system started its operations and clearly shows 
the severe soiling due to the low tilt angle. SERIS currently 
conducts research towards better understanding of soil 
accumulation patterns and the physical, and chemical 
interactions between soil particles, the glass and environmental 
parameters; all of which as a function of tilt angle. 

90%	PERFORMANCE	RATIO	OF	PHOTOVOLTAIC	SYSTEMS	
IN	A	TROPICAL	ENVIRONMENT

References
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 Proceedings of the 27th European Photovoltaic Solar Energy Conference & Exhibition (PVSEC), Frankfurt, Germany, 24-28 Sep 2012, pp. 3763-3769, 
 http://dx.doi.org/10.4229/ 27thEUPVSEC2012-5CO.6.2.
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Figure 1: (Left) Performance ratio (PR) of 11 existing silicon wafer-based PV systems in Singapore as validated from previous SERIS research [1]. 
The spectrum of variation indicates room for improvement for some PV systems in the country. (Right) State-of-the-art PV systems in Singapore can 
operate at 82-83% PR, whereas European systems reach up to 90% [2].

The cumulative installed capacity of solar photovoltaic (PV) systems worldwide has reached close to 140 GWp at the end 
of 2013 and will potentially cross 200 GWp in 2014. However, less than 10% of these PV systems are located 
in tropical regions. As a consequence, further research efforts in understanding PV systems’ performance metrics at these 
hot and humid locations, such as yield and performance ratio (PR) over time, are required. 
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Figure 2: Performance ratio (PR) of SERIS’ demonstration system 
during 3.3 years of operation. The average PR over the entire period 
was  89.7% with very little degradation over time. 

Figure 4: Photograph of PV modules of this system, demonstrating 
severe soiling.

Figure 3: Performance ratio over more than 4 years (~ 1, 500 days) for 
a zero-degree tilt, unmaintained PV system in Singapore. Performance 
ratio has decreased from ~72% to the low 40s over the past 4 years.
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Power system operators are often worried about the possible 
impact of the variability in energy generated from the increasing 
share of solar PV systems on the stability and resilience of the 
electric power grid. The solar power generated from PV modules 
naturally fluctuates with the available irradiance on site, which is 
influenced by clouds and absorbing or scattering constituents 
of the atmosphere. In order to better manage the penetration of 
solar energy into the grid, it would be helpful if the output from 
solar PV systems could be forecasted, if not to the extent of 
advanced bidding as required from conventional power 
generators, but at least to have a reasonable estimation of the 
solar power output over the next 15-30 minutes (typical 
dispatch cycles), intra-day (for ramping up or down of 
conventional capacities) or day-ahead (for futures trading). 
“Reasonable” in that sense strongly depends on the climatic 
conditions and the forecasting horizon, but many stakeholders 
require as low as < 10% uncertainty. Forecasts (even long-
term) with > 50% accuracy are probably not meaningful,
but such levels of forecasting skill have been typical until 
recently. 

Both of the above-mentioned challenges can be addressed 
if there were a constantly updated, area-wide mapping of the 
solar resource available. Ideally, such a map is based on a 
dense network of irradiance sensors, but in many cases 
access to such information is restricted by the cost of 
high-precision pyranometers, real-time monitoring and the 
frequent maintenance that such systems demand. However, 
many PV system installations are equipped with reference 
cells which are typically installed in the plane of array (POA) 
of the PV modules to evaluate and monitor the 
performance of the PV system. Adding this network of 
reference cells to existing pyranometer networks (from 
meteorological services or research institutes) would allow 
the generation of large-area irradiance maps with improved 
resolution, which could then be used to evaluate the 
performance of PV systems without on-site irradiance readings 
or to have a base for forecasting of irradiance for the grid 
operator. Since POA readings cannot be added to horizontal 
irradiance sensor data, this article therefore uses an irradiance 
conversion technique, which allows the conversion of the 
POA irradiance measurements from an on-site reference cell 
to global horizontal irradiance (GHI). The converted GHI from 
each location can then be used for maps through spatial 
interpolation techniques such as kriging, an interpolation 
technique which uses the spatial covariance to construct 
weights.  

Spatio-temporal interpolation models developed by SERIS 
were applied for the case of Singapore. Figure 1 shows a fully 
interactive irradiance map for the country, using the readings 
from 25 stations for an area of about 700 km2. The map 
displays the irradiance at any point within this area, either 
via cursor movements or by entering zip codes. Calibrating 
the 2D irradiance maps with actual measurements from 11 
local PV systems, the uncertainties range from 6% to 31% for 
fine time resolution (< 1 min) irradiance interpolation, depending 
on the location and the spatial resolution. The higher values 
are naturally found in the outer areas of the island where 
there are only 1 or 2 stations available for interpolation. This 
is less critical in larger countries where the perimeter effect is 
less pronounced. The average uncertainty within the area 
that has more sensors is 14%. This value can be significantly 
lowered through extending the sensor network, which would be 
possible through adding reference cell readings from existing - 
and future - PV installations and leveraging the conversion
technique. 

LARGE-AREA	SOLAR	IRRADIANCE	MAPPING

There are two primary reasons for the development of accurate solar irradiance mapping, namely, to facilitate 
real time grid management by way of photovoltaic (PV) power forecasts, and to assist in the determination of the 
“performance ratio” (PR, in [%]) of photovoltaic systems. Many owners of PV systems are unable to evaluate the 
performance of systems because they do not have on-site readings from an irradiance measurement device. The 
irradiance reading is an important input in the calculation of the performance ratio of the system, which in turn is an 
important metric used to assess how well a real system performs relative to an “ideal” system with identical 
components. The total energy generated by the system over time, referred to as “specific yield” in [kWh/kWp], is not 
sufficient for judging the performance, since the baseline reference is missing and the output also fluctuates due 
to the year-on-year variability of the irradiance (there are “good” and “bad” solar years). So, without on-site irradiance 
data, the PV system owner wouldn’t know whether the system “could do better” or if the PV modules are 
possibly degrading faster than what has been guaranteed by the PV module manufacturer. 
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Figure 1: An interactive tool developed by SERIS showing a live irradiance map taken on 1 February 2014, 12:00 noon. Location of the 25 irradiance 
measuring stations (numbered 401 - 425) in Singapore are shown. Map: Google Map,retrieved on 1 February 2014. 
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Both transparent and opaque building façade materials can 
admit solar heat. Theoretical calculations conducted in
accordance with ISO 15099 [1] show that the solar heat gain 
coefficient (SHGC or g-value) of a typical dark-coloured 
uninsulated aluminium frame is 0.23, which is close to, or even 
higher, than the SHGC of some low-solar-gain type glazing 
systems available in the market. The theoretical analysis also 
suggests that the SHGC of a frame is also proportional to its 
thermal transmittance (U-value) and solar absorptance. 

To verify the theoretical results, the most effective way is to 
conduct real-world test-bedding in actual Singapore weather 
conditions. A test-bedding system was therefore set up by SERIS 
to comparatively measure 8 aluminium frames, with different 
thermal characteristics in terms of U-value and solar absorptance.

The test room was built with a west-facing façade. Figure 1 
shows the outdoor view of the test-bedding system setup 
and Table 1 lists the key characteristics of the frame samples 
tested. The test room was air-conditioned during typical office 
hours (9 am to 6 pm, daily). An on-site monitoring system 
was developed by SERIS for this project. Round-the-clock 
data of the room and the frame samples, including indoor/
outdoor air temperature and relative humidity, outdoor solar 
irradiance, indoor/outdoor frame surface temperature and heat
flux through frame samples, were automatically logged over a 
period of 60 days, from September to November 2013. 

Figure 2 shows the 60-day mean daily heat gain through the 
frame samples. There are several important observations:

(i) The fenestration frame admits significant amounts of heat 
in tropical climates. The amount of daily heat gain through 

AL_DC (No. 2, un-insulated aluminium frame with dark colour) 
was 1.13 kWh/m2, which is in the same order of magnitude as 
the daily solar irradiance on the window plane (1.81 kWh/m2). 

(ii) Light coloured frame samples always admitted less heat than 
the dark coloured samples of the same type. It shows that the 
heat gain through the frame in Singapore’s tropical climate is 
dependent on the outside surface solar absorptance of the frame. 

(iii) Thermally-broken aluminium frames admitted less heat than 
uninsulated aluminium frames and the heat gain reduction 
is dependent on the performance level of the thermal break. 
It indicates that the heat gain in Singapore’s tropical climate 
is dependent on the U-value of the frame. 

(iv) The heat gain reduction with the thermally-broken frames 
is substantial in tropical climates. TBH_LC (No. 7, high 
performance thermally-broken aluminium frame with light 
colour) was the best-performing frame type and it was 
able to achieve a reduction in heat gain of 74% compared 
to the worst-performing frame sample (AL_DC). 

Figure 3 shows a thermal imaging photo taken from the indoor 
side of the frame samples. The thermal imaging photo 
is, in general, consistent with the observations mentioned 
above. The indoor surface temperature of frame AL_DC was 
even slightly higher than 50° C and this indicates that excessive 
heat was transmitted through this frame. 

This project was sponsored by Technoform Bautec Asia Pacific
Pte Ltd. 

REAL	WORLD	TEST-BEDDING	AND	THERMAL	
PERFORMANCE	ANALYSIS	OF	THERMALLY-BROKEN	
FENESTRATION	FRAMES	IN	A	TROPICAL	CLIMATE

No. Abbreviation U-value [W/(m2K)] Solar absorptance [-]

1 AL_LC ~ 7 0.67

2 AL_DC ~ 7 0.96

3 TBL_LC ~ 3 - 4 0.68

4 TBL_DC ~ 3 - 4 0.96

5 TBM_LC ~ 2 - 3 0.27

6 TBM_DC ~ 2 - 3 0.96

7 TBH_LC ~ 1 - 2 0.30

8 TBH_DC ~ 1 - 2 0.96

Table 1: List of test-bedding samples 

AL: Uninsulated aluminium frame; TBL: low-performance thermally-broken aluminium frame; 
TBM: moderate-performance thermally broken aluminium frame; 
TBH: high-performance thermally broken aluminium frame.
LC: with light colour; DC: with dark colour 

Theoretical calculations show that the solar heat gain through un-insulated aluminium frames can be higher than some 
transparent high-performance glazing systems. To verify the theoretical calculations, a test-bedding system was set up by 
SERIS to comparatively measure 8 aluminium frames with different thermal characteristics. The test-bedding results, 
collected over a three-month period, confirmed that the heat gain through un-insulated aluminium frames is very high. 
The findings suggest that the thermal performance of the fenestration frames should not be overlooked in the tropics and 
thermally-broken aluminium frames is a suitable means to effectively reduce the heat gain through the fenestrations.

References
[1]  ISO 15099:2003 Thermal performance of windows, doors and shading devices - Detailed calculations.
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Figure 3: Thermal imaging photograph of the inside of the frame samples 
taken at 3:30 pm on 21 Nov 2013 (with direct solar radiation on the 
frames) 
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Figure 1: Outdoor view of the test-bedding system setup for various frames 
in Singapore’s tropical climate 

Figure 2: 60-day mean daily heat gain through the frame samples 
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The use of bifacial PV modules for solar power generation can 
potentially increase the energy yield, since this module type 
can convert incident sunlight to electrical energy from both 
sides of the device. With increase in energy yield, bifacial 
modules present a potential to reduce the cost of PV electricity. 
While there is a well establish standard [1] to characterise 
the performance of monofacial devices, there is no generally 
accepted, standardised characterisation method available to 
characterise bifacial devices. In the absence of standards, 
bifacial solar cells/modules are reported for the front and rear 
I-V characteristics separately, measured under STC [2]. Since 
bifacial devices operate under simultaneous front and rear side 
illumination (i.e., bifacial illumination) in real-world conditions, 
separate reporting of the front and the rear side characteristics 
does not provide information regarding the bifacial performance 
of the device. Moreover, it is neither practical nor feasible to 
measure the bifacial devices for all possible combinations of 
front and rear side illuminations. At SERIS, we devised a 
method to measure the performance of bifacial cell under 
bifacial illumination without actually increasing the complexity 
in measurements. The proposed method requires only a 
standard indoor measurement set-up. 

I-V	 characterisation	 of	 bifacial	 PV	 devices	 for	 bifacial	
illumination:	The	method 

Under bifacial illumination, the electrical parameters (I
sc

, V
oc

, 
FF and efficiency) of the bifacial device will change. Hence, 
to characterise the bifacial device under bifacial illumina-
tion, we can define new bifacial electrical parameters. If Gf 
is the irradiance on the front side and G

r
 is the irradiance on 

the rear side of the bifacial device, the bifacial performance
parameter i.e. bifacial efficiency (ηbi) can be defined as 

where A
cell/module

 is the cell/module area, I
sc.bi

, V
oc.bi

, FF
bi
, and η

bi
 

are the electrical parameters of the device corresponding to the 
bifacial illumination. To calculate the bifacial efficiency, we use 
standard single-sided (front and rear side separately) indoor I-V 
measurements under STC. During these measurements it is 
important to cover the non-illuminated side with a black-cover, 
to ensure that no stray light (for example due to reflection from 
the mounting chuck/structure) can enter the device. For the 
bifacial performance calculation, we assume that the I

sc of the 
bifacial device varies linearly with front and rear irradiance, 
and it can be considered as a standard monofacial device at 
a current which is equal to the sum of the current generated 
from both sides of the device [3]. The bifacial parameters 
are derived using one-diode model of the solar cell/module 
and measured single-sided I-V characteristics. Using 

Equation 1, the bifacial efficiency of the device in terms of front 
and rear side measured parameters is calculated as [4]

and pFF is the fill factor of the solar cell/module considering 
no resistive losses. This can be determined experimentally using 
the Suns-V

oc
 method of Sinton and Cuevas or can be calculated 

using front and rear side indoor measurements [5]. 

Examples:	 bifacial	 efficiency	 of	 bifacial	 solar	 cells	 and
modules	
To understand and study the effect of bifacial illumination on 
the cell performance, we compare the bifacial efficiencies of two 
bifacial cells with different front and rear side electrical parameters 
as given in Table 1. Using front and rear side characteristics, the 
bifacial efficiency were calculated numerically using the method 
described in the previous section. Figure 1 shows the simulated 
bifacial efficiency for the two bifacial cells as a function of the 
rear to front side irradiance while keeping the front side irradiance 
equal to 1 Sun. From Figure 1, it can be observed that although 
the front side (STC) efficiency of cell B is higher than cell A, 
above a certain irradiance on the rear side (~25 % of front 
side in the present case), cell A has higher bifacial efficiency 
and performs better than cell B. Thus, the front and rear side 
efficiencies alone do not provide sufficient information about a 
bifacial solar cell. The actual bifacial performance depends upon 
the simultaneous front and the rear side illumination conditions.

Table 1: Front and rear side electrical parameters for two fictitious 
bifacial solar cells 

Isc.f (A) Voc.f (mV) FFf (%) ηf (%) Isc.r /Isc.f

Cell A 5.72 627 72.0 16.85 0.9

Cell B 5.72 627 74.0 17.32 0.7

Similar to the bifacial cell, to characterise a bifacial PV module 
for bifacial illumination with indoor measurements, we chose 
a commercially available large-size silicon wafer based bifacial 
PV module. The front-side I-V curve of the bifacial module was 
measured under STC (1000 W/m2, 25ºC module temperature) 
and rear-side I-V curve was measured under a low irradiance 
of 200 W/m2 (and a module temperature of 25ºC) as shown 
in Table 2. Figure 2 shows the calculated bifacial efficiency 
of the bifacial module for various combinations of front and

Jai Prakash SINGH, Yong Sheng KHOO, Armin G. ABERLE, Timothy M. WALSH

CHARACTERISATION	OF	BIFACIAL	SOLAR	CELLS	
AND	MODULES	USING	STANDARD	INDOOR	MEASUREMENTS

A new method to characterise bifacial solar cells and modules under standard test conditions (STC) is presented. The method 
characterises the bifacial solar cells and modules considering the bifacial operation i.e. simultaneous front and rear side 
illumination. The method uses standard single-sided indoor I-V measurements on the front and rear sides of the bifacial 
device. To define the performance under bifacial illumination, new bifacial parameters (short-circuit current, open-circuit 
voltage, fill factor and efficiency) were determined using a one-diode model. The method is useful in predicting the 
behaviour of the bifacial solar cells and modules under bifacial illumination, without actually measuring them under 
these conditions. 

(1)

(2)ηbi = ηf  (1+Gr/Gf) 
1 RIsc [RIsc-(RIsc-1) FFf 

pFF
]

Ln(RIsc

Isc.f

I0
)

Ln(     )
I0

Isc.f 

where I0=
Isc.f

Voc.fexp(          )0.026
and

Isc.r

Isc.f

    (             )Gr
Gf RIsc=1+  (3)
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rear side illumination using measured front and rear side I-V 
characteristics. It can be observed that bifacial efficiency 
varies with the illumination conditions. Also, the bifacial efficiency 
shows a broad peak at intermediate irradiances, whereby the 
peak positions shift to lower front side irradiances for 
increasing G

r
/G

f
 ratios. This behaviour is expected because 

the module’s resistive loss is caused by the total current 
response from the front and rear side of the module. With 
the result, we can optimise a bifacial module for a particular 
installation condition. For instance, we can estimate the bifacial 
module performance and energy yield (for known temperature 
behaviour) for a particular installation and irradiance conditions.

The presented SERIS bifacial device characterisation method can 
play an important role in standardising bifacial PV characterisation 
techniques and provides means for improving conditions in 
which bifacial solar cells and modules can achieve higher energy 
yields in real-world applications. 

Figure 1: Comparison of bifacial efficiency (numerically simulated) for 
two bifacial solar cells with different electrical parameters  

Figure 2: Bifacial efficiency (numerically simulated) for a bifacial module with 
measured front and rear side I-V characteristics 

References
[[1] IEC Standard 60904-3: Photovoltaic Devices. Part 3: Measurement Principles for Terrestrial Photovoltaic (PV) Solar Devices with Reference Spectral Irradiance
 Data. International Electrotechnical Commission, 2008.

[2] Hubner A, Aberle AG, Hezel R. Novel cost-effective bifacial silicon solar cells with 19.4% front and 18.1% rear efficiency. Applied Physics Letters 70, 1997, 
 pp. 1008-1010.

[3] H. Ohtsuka, M. Sakamoto, M. Koyama, K. Tsutsui, T. Uematsu, Y. Yazawa, Characteristics of bifacial solar cells under bifacial illumination with various intensity
 levels. Progress in Photovoltaics: Research and Applications 9, 2001, pp. 1-13.

[4] Singh JP, Walsh TM, Aberle AG. A new method to characterize bifacial solar cells. Progress in Photovoltaics: Research and Applications 22, 2014, pp. 903-903.

[5] Singh JP, Walsh TM, Aberle AG. Electrical characterization method for bifacial photovoltaic modules. Solar Energy Materials and Solar Cells 127, 2014, 
 pp. 136-142.

Isc (A) Voc (V) FF (%) Power (W) η (%)

Front side under STC 3.68 67.37 72.86 180.7 14.90

Rear side at irradiance of 200 W/m2 and 
25 ºC module temperature

0.62 59.92 78.86 29.5 12.16

Table 2: Measured front and rear side electrical parameters of the bifacial PV module 
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Inline diffusion uses conventional belt furnaces with phosphoric 
acid (H3PO4) as P source. During diffusion, the dopant source 
is directly deposited onto the wafer surface, and consequently 
it typically achieves a better doping homogeneity compared to 
tube diffusion, especially for emitters with a high sheet resistance 
(R

sq
). However, the use of an open-ended furnace, lower-grade 

chemical precursors, metal conveyor belts and shorter process 
times has its own adverse impacts on the solar cell efficiency. 
A surface ‘dead layer’ is formed at the diffused surface by a high 
dopant concentration at the surface and surface contaminants 
resulting from the direct deposition of dopants onto the wafers [3]. 
This dead layer is the reason for the typically lower efficiencies 
of inline-diffused emitter (ILDE) solar cells compared to their 
tube-diffused counterparts. The dead layer reduces both the 
short-circuit current (I

sc
) and the open-circuit voltage (V

oc
) of 

the solar cell. Thus, the strategy for achieving high PV efficiency 
for IDLE solar cells lies in the thinning, or even complete 
removal, of the dead layer.  
 
Recently, Basu et al. [1] introduced a new non-acidic and uniform 
emitter etch-back process, the SERIS etch. Application of the 
SERIS etch on ILDE multi-Si solar cells with emitter etch-backs 
by up to 30 Ω/sq is reported in this work. Even after this deep 
etch-back, which completely removes the dead layer, the 
front surface morphology and R

sq
 uniformity were maintained.

Four groups of solar cells were fabricated, all featuring a 70 Ω/sq 
emitter. The overlay of the active dopant profiles of the as-
diffused 70 Ω/sq (Group 1) and three etch-back 70 Ω/sq 
(Groups 2 - 4) emitters is shown in Figure 1 [as measured by the 
electrochemical capacitance voltage (ECV) technique]. Group 4 
had the lowest surface concentration but a larger junction depth 
compared to the other groups. The deeper junction is beneficial for 
the metallisation process, as it reduces the possibility of shunting.
Symmetrically passivated carrier lifetime samples from all emitter 
groups were also analysed by effective minority carrier lifetime 
measurements. The implied V

oc
 (iV

oc
), emitter saturation current 

density (J
0e

), and effective minority carrier lifetime (t
eff

) of 
representative samples from all groups are shown in Figure 2. 
Significantly improved t

eff
, iV

oc
, and J

0e
 values were 

measured for groups 2 - 4, while the best results were 
achieved for Group 4 which received the heaviest etch-back. 
      

Figure 3 shows the one-Sun efficiencies for the as-diffused 
(group 1) and etched-back (groups 2 - 4) solar cells. These results 
show that the etch-back process was beneficial for the solar 
cell efficiency. Groups 3 and 4 achieved average solar cell 
efficiencies of 17.7%, representing a 0.4% (absolute) efficiency 
gain compared to the cells without etch-back (group 1). These 
results show that the etch-back process with the SERIS etch can 
enable higher efficiencies for industrial multi-Si wafer solar cells.

17.9%	INLINE-DIFFUSED	SCREEN-PRINTED	
MULTICRYSTALLINE	SILICON	WAFER	SOLAR	CELLS	
USING	THE	SERIS	ETCH	NON-ACIDIC	EMITTER	ETCH-BACK
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A low-cost, high-throughput inline diffusion process can be used as an alternative to the industry-standard 
tube based phosphorus (P) diffusion process. However, the efficiency of inline-diffused solar cells is usually lower than 
that of their tube-diffused counterparts. In this contribution, we report on the application of light and heavy 
non-acidic emitter etch-backs with the SERIS etch [1] to improve the performance of industrial inline-diffused aluminium back 
surface field multicrystalline silicon (multi-Si) wafer solar cells. An average cell efficiency gain of 0.4% (absolute) and a champion 
solar cell efficiency of 17.9% are reported for solar cells fabricated with a heavy etch-back compared to their as-diffused 
counterparts [2]. The inline-diffused solar cells have the same PV efficiency as the corresponding solar cells with tube-
diffused emitter. 
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Figure 1: Active dopant profiles of inline-diffused emitters before 
and after etch-back: as-diffused (group 1) and etch-back 70 Ω/sq 
emitters (groups 2 - 4). 

Figure 2: Measured iV
oc

, J
0e

 and t
eff

 for the as-diffused and etch-back 
emitters. The as-diffused Rsq values of groups 1 - 4 were ~70, 60, 50 
and 40 Ω/sq, respectively, while all etch-back emitters had 
Rsq of~70 Ω/sq after etch-back. 

Figure 3: Distribution of the efficiencies of the as-diffused (group 1: 
as-diffused 70 Ω/sq) and etch-back (groups 2 - 4: etch-back 70 Ω/sq) 
solar cells. The efficiencies were measured under one-Sun AM1.5G 
conditions. 
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The double-texturing process was optimized on 156 mm x 156 
mm square, industry-grade, p-type multi-Si wafers. The wafers 
were first micro-textured using a standard mixed hydrofluoric 
acid/nitric acid solution to etch ~2.5 µm of silicon from each 
side. Then, these textured wafers were nano-textured using 
reactive ion etching (RIE), whereby another ~1 µm of silicon was 
etched from each side. Next, a low-cost inline diffusion was 
applied on the double-textured surface. Finally, a non-acidic 
emitter etch-back process - the ‘SERIS etch’ [3] - was applied 
on the inline-diffused emitter (ILDE) surface for the formation 
of the emitter. This novel SERIS etch process helps in two 
ways: first, it removes the detrimental surface debris which 
is normally remaining on the surface after an inline diffusion 
process. Second, it performs a conformal etch that removes 
the RIE damage without affecting the surface morphology.

Scanning electron microscopy (SEM) studies confirmed the 
formation of the nano-spikes generated during nano-texturing 
by RIE (see Figure 1A). On an ILDE surface this additional 
surface roughness resulted in the accumulation of debris on 
the double-textured Si surface (Figure 1B). However, as evident 
in Figure 1C, this surface debris was removed by the SERIS 
etch treatment. Also the underlying micro-textured surface
remained clearly visible on the wafer after the emitter etch-
back process. The magnified image shown in Figure 1D further 
confirms the formation of the desired double-textured 
SWS surface sculpted with nano-holes in combination with the 
underlying micro-structured multi-Si surface. Consequently, this 
novel process also eliminates the requirement of pre-diffusion 
damage removal etching (DRE) needed for removal of RIE 
induced damages. 
 
This optimised double-textured inline-diffused SWS surface 
has a weighted average reflection (WAR*) in air of only 
3.2% after deposition of an antireflection coating (ARC) of 
amorphous silicon nitride (SiNx), which is significantly lower 
than that of conventional acid-textured wafers (WAR of 6-7%, 
see Figure 2). As shown in Figure 2 the minority carrier lifetime 
of symmetrical lifetime samples was not affected by this 
new process, indicating that the process does not introduce 
additional surface or bulk recombination. 

  

In conclusion, we demonstrated a metal-free process for 
achieving sub-wavelength structures on multi-Si wafers. 
Similar to reports by other researchers, a significant reduction 
of the surface reflectance for both short and long wave-
lengths is also clearly observed for our sub-wavelength 
structures. Hence, this novel process is a promising candidate 
for the fabrication of high-efficiency multi-Si wafer solar cells.

* WAR is weighted against the standard AM1.5G spectrum 
over the 300-1000 nm wavelength range. 

FABRICATION	OF	SUB-WAVELENGTH	SURFACE	STRUCTURES	
FOR	INLINE-DIFFUSED	MULTICRYSTALLINE	SILICON	WAFERS
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Minimisation of the reflectance from the front surface is a key challenge for further enhancement of the multicrystalline 
silicon (multi-Si) wafer solar cell efficiency. Double-texturing, consisting of a micro-texturing step by conventional 
isotropic acidic-texturing in combination with nano-texturing using sub-wavelength structures (SWS), provides 
a possibilityto tackle this challenge. However, presently available double-texturing processes typically involve multiple and 
high-cost nano-texturing metal-based processing steps [1] and thus have not yet become industrially viable. SERIS has 
developed an improved double-texturing process [2] that is based on reactiveion etching (RIE) as a metal-free nano-texturing 
step in combination with the conventional acidic iso-texturing process. 



SERIS ANNUAL REPORT 2014   45

Figure 1: SEM micrographs of double-textured multi-Si wafers viewed at an angle of 45°: (A) only double textured (magnification = 15,000), (B) textured 
and inline-diffused (magnification = 15,000 X), (C) textured, inline-diffused, after simultaneous damage removal etching (DRE) and emitter 
etch-back (magnification = 15,000 X), (D) textured, inline-diffused, after simultaneous DRE and emitter etch-back (magnification = 25,000 X).  

Figure 2: Measured effective minority carrier lifetime of reference 
micro-textured and double-textured (using optimised process) multi-Si 
wafers. 
 

Figure 3: Measured front surface reflectance as a function of wavelength 
for double and micro-textured multi-Si wafers before and after SiNx ARC 
deposition 
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As the wafer thickness used for silicon wafer solar cell 
manufacturing continues to decrease, the surface to volume ratio 
increases and efficient passivation of the front and rear surface 
becomes more important. Silicon oxide (SiO2) and aluminium 
oxide (AlOx) are high-bandgap dielectrics that are able to provide 
excellent c-Si surface passivation with effective surface 
recombination velocities (S

eff
) below 10 cm/s on low-resistivity 

c-Si. But unfortunately, the refractive index of SiO2 and AlOx is 
relatively low, thus they are not suited to be used as a single-
layer anti-reflection coating (ARC) for silicon wafer solar cells 
and typically an additional capping layer (e.g. SiNx) is required. 
Silicon nitride (SiNx) is commonly used in the PV industry, as 
it can provide good bulk and surface passivation, and in 
addition has the right refractive index to be used as single 
layer ARC. However, SiNx has a significant absorption in the 
ultraviolet (UV) part of the solar spectrum [1]. In addition the
level of passivation on heavily p+-type surfaces is quite poor.
Titanium oxide (TiO2) is another interesting dielectric film for 
solar cell applications as it has ideal optical properties 
(refractive index of ~2.4 and a relatively low absorption in the 
visible range) to be used as single layer ARC for encapsulated 
silicon wafer solar cells [1]. Despite the fact that the c-Si surface 
passivation properties of TiOx were investigated intensively in 
the past, only moderate levels of surface passivation were 
reported to date on undiffused c-Si, with S

eff 
values typically 

well above 150 cm/s. Recently, Thomson et al. demonstrated 
a light enhanced surface passivation of undiffused n-type 
c-Si surfaces by APCVD TiO2 with S

eff
 values down to 

30 cm/s [2]. However, the light enhanced surface passivation 
by TiO2 films was reported to be unstable and the effective 
lifetime decreased exponentially to the value before illumination 
in a matter of minutes after switching off the light. A similar 
light-enhanced surface passivation was also reported by Barbe 
et al. [3] for n-type c-Si surfaces passivated by sol-gel deposited 
TiO2 films.   

In this work, we demonstrate that temporal thermal atomic layer 
deposited (ALD) titanium oxide (TiOx) films are able to provide 
a – up to now unprecedented – level of surface passivation 
on undiffused low-resistivity p-type and n-type c-Si wafers [4]. 
Undiffused double-side polished FZ wafers (4” diameter, n-type 
with ~2.5 Ωcm resistivity or p-type with ~2 Ωcm resistivity, 
~280 µm thick) were used as substrates. After sample cleaning, 
around 60 nm thick TiOx films were deposited onto both sides 
of crystalline silicon wafers by thermal ALD (Sunale R200, 
Picosun) at 100°C. A post-deposition anneal (at 250°C in N2 

ambient) was used to activate the surface passivation. 
Subsequently, the impact of light soaking was investigated, as 
solar cell devices work under illumination. The results are shown 
in Figure 1.  

EXCELLENT	C-SI	SURFACE	PASSIVATION	BY	
LOW-TEMPERATURE	ATOMIC	LAYER	
DEPOSITED	TITANIUM	OXIDE

Figure 1: Measured injection level dependent effective lifetimes for (a) ~2.5 Ωcm n-type and (b) ~2.0 Ωcm p-type FZ c-Si wafers passivated by as-
deposited, annealed, and annealed plus light-soaked TiOx. The corresponding surface recombination velocities (Seff) are also shown on the right 
y-axis. 

To further reduce the cost and complexity of silicon wafer solar cells, the photovoltaic R&D community is constantly looking for 
cost-effective ways to further reduce optical and recombination losses. Titanium oxide (TiOx) was the traditional 
antireflection coating (ARC) for silicon wafer solar cells before the year 2000 as it has ideal optical properties 
for encapsulated silicon wafer solar cells. However in terms of surface passivation, TiOx is typically outperformed by other 
dielectrics such as silicon nitride, which is therefore currently the state-of-the-art ARC film. In this contribution we 
demonstrate that TiOx films are able to provide a – up to now unprecedented – level of surface passivation on 
undiffused c-Si. This finding could facilitate the re-emergence of TiOx in the field of high-efficiency silicon wafer 
solar cells. 
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As can be seen from Figure 1, as-deposited TiOx films provide 
only a moderate level of surface passivation on n-type 
and p-type c-Si with S

eff
 values of 38 cm/s and 136 cm/s, 

respectively. The level of surface passivation was significantly 
improved by the post-deposition “activation” anneal, resulting 
in Seff of 11 cm/s and 61 cm/s on n-type and p-type c-Si, 
respectively. This is significantly better than the results reported 
previously in literature. After light soaking treatment for about 
two hours, a very clear light enhanced c-Si surface passivation 
was observed for our TiOx films. Effective lifetimes of 
~4 ms and ~1.5 ms, corresponding to S

eff
 values of 2.8 

cm/s and 8.3 cm/s, were achieved for the n type and p type 
samples, respectively. Similar to the AlOx film, the charge 
trapping effect during light soaking [5] could be one of the main 
mechanisms behind the light-enhanced c-Si surface passivation 
for TiOx films passivated c-Si wafers. For the passivation 
stability, the passivation quality was found to be stable even after 
storing the samples in the dark for eight months. 

In order to get more insight into the c-Si surface passivation 
mechanism of these TiOx films, X-ray diffraction (XRD) and
 

Rutherford Back Scattering (RBS) measurements were carried 
out to investigate the crystalline phase composition of the film. 
The XRD spectra of the TiOx films before and after thermal 
treatment are shown in Figure 2. It can be seen that the TiOx 

films grown at a substrate temperature of 100 oC were 
amorphous in the as-deposited and annealed. The film grown 
at a substrate temperature of 300 oC was found to be in the 
anatase phase and this phase was found to be detrimental
for surface passivation. Apparently, the interface defect density 
between amorphous TiOx and c-Si is lower compared to 
the defect density between anatase TiOx and c-Si. The RBS 
spectrum of TiOx thin film deposited at 100°C is shown in 
Figure 3. The stoichiometric ratio “x” in the TiOx film was 
determined to be 2.1 ± 0.1. The small amount of Cl 
detected in the film results from the Ti precursor TiCl. 
The optical properties of our TiOx films were found to be 
idealfor a single layer ARC with a refractive index of 2.4 at 
a wavelength of 600 nm. This finding could potentially provide 
another useful option for the PV industry, and open up 
interesting new frontiers for high-efficiency silicon wafer 
solar cells that are manufactured with a low thermal budget.
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Figure 2: XRD spectra of as-deposited (T
dep

 = 100°C and 300°C) 
and annealed TiOx films (T

dep
 = 100°C andT

anneal
 = 250°C). All films 

had a thickness of 60 nm. 

Figure 3: RBS spectrum of TiOx thin film deposited at 100°C with a 
normal detector angle at 160°. 
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Transparent conductive oxides (TCOs) have been widely used 
as electrodes for various solar cell structures. For heterojunction 
silicon wafer solar cells, the front TCO layer not only serves as 
a top electrode (by enhancing the lateral conductance of the 
underlying amorphous silicon film), but also as an antireflection 
coating. These requirements make it difficult to simultaneously 
achieve excellent conductance and transparency, and thus only 
high-quality indium tin oxide (ITO) has as yet found its way into 
industrial heterojunction silicon wafer solar cells. At SERIS, we 
have fabricated a cost-effective hybrid structure consisting of 
a TCO layer and a silver nanoparticle mesh as shown in 
Figure 1. This structure enables the separate optimisation of the 
electrical and optical requirements. The silver nanoparticle mesh 
provides high electrical conductance, while the TCO material is 
optimized as an antireflection coating. Therefore, this structure 
allows the use of cost-effective (and less conductive) TCO 
materials, such as aluminium-doped zinc oxide. The performance 
of the hybrid structure is demonstrated to achieve a similar 
visible transmission (~86% in the 380 - 780 nm range) as an 80 
nm thick ITO layer, but with 10 times better lateral conductance 

The silver nanoparticles (proprietary SANTE technology, Cima 
NanoTech) are initially embedded and suspended in a solvent 
emulsion. After a wet-coating process, the nanoparticles self-
assemble into a random mesh-like network on the coated 
substrate due to the evaporation of solvents. The formed 
network is composed of closely packed nanoparticles 
(bonded with resin contained in the emulsion). Excluding the
mesh network covered area, the openings between the silver 
nanoparticle lines are 100% transparent. Advantages of this 
approach include: (i) mask-less coating process, and 
(ii) inexpensive deposition tool. These features ensure a 
simple and low-cost process. Furthermore, the formed silver 

mesh is compatible with a large-area roll-to-roll process, 
which is easy to be adapted for mass production. 

At the current stage, direct coating of the silver nanoparticle 
mesh onto TCO-coated substrates is still a challenge due 
to the low wettability of TCO surfaces. Currently, a transfer 
technique is employed to transfer the silver nanoparticle mesh 
from a coated PET foil (donor, SANTE FS110, Cima NanoTech) 
to the TCO-coated substrate (receiver), using an ultraviolet 
(UV) curing resin. The transfer method can form the silver 
mesh structure on various substrates, without modification 
of the emulsion. Besides being very suitable for glass based 
devices (such as organic and thin-film solar cells), the transfer 
method is a useful tool to examine the performance of the 
hybrid structure before its application in a solar cell structure.

Two groups of 80 nm TCO samples, one with and the other 
without the silver mesh, were used to compare the electrical 
and optical performance of the standard structure (TCO only) 
and the hybrid structure. The sheet resistance and the average 
visible transmission of the different samples are listed in Table 1. 
A large reduction of the sheet resistance, by more than a 
factor of 10, was observed after transferring the silver mesh 
onto the TCO-coated glass substrate. It is noted that this large 
reduction was accomplished with only a moderate reduction 
of the visible transmission. 

HYBRID	SILVER	NANOPARTICLE	AND	TRANSPARENT	
CONDUCTIVE	OXIDE	STRUCTURE	FOR	SILICON	
SOLAR	CELL	APPLICATIONS

Figure 1: SEM images of hybrid structure: (a) Top view of silver nanoparticle mesh; (b) Cross-sectional view of the hybrid structure. 

A hybrid structure, consisting of a transparent conductive oxide layer and a silver nanoparticle mesh, is demonstrated 
to achieve high electrical conductance (< 5 Ohms/square sheet resistance) and high visible transparency (~86%). 
This structure enables a separate optimisation of the electrical and optical requirements, which provides benefits for 
applications in solar cells and other devices. 
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Table 1: Sheet resistance and average visible transmission of TCO 
layers and hybrid structures. 

Properties 80 nm ITO 80 nm AZO

Single 
layer

Hybrid 
structure

Single 
layer 

Hybrid 
structure

Rs
 (Ω/g) 47.0 ± 1.2 4.7 ± 0.2 180 ± 5.0 4.8 ± 0.3

T
visible 

(%) 82.5 ± 0.1 79.5 ± 0.2 84.5 ± 0.1 79.6 ± 0.2

 

Figure 2(a) compares the optical transmission (bare glass as 
reference in UV/Vis/NIR measurement) of the ITO hybrid 
structure with that of a standard sample having an 80 nm thick 
ITO film. As can be seen, even with the influence of the resin, 
the hybrid structure maintains a high transmission of well above 
80% in the 400 - 1200 nm wavelength range. The reduced 
transmission compared to the standard sample is due to the 
shading loss from the silver mesh network and the additional 
transmission loss caused by the resin layer. The estimated 
transmission, after elimination of the loss caused by the resin 
layer, predicts that the hybrid structure will preserve 85% 
transmission in the 400 - 1200 nm wavelength range once 
the direct coating of the silver nanoparticle mesh is realised. 
An image of the hybrid structure of 80 nm ITO and silver 
nanoparticle mesh on a glass pane is shown in Figure 2(b). 

To conclude, we demonstrated a hybrid structure of a 
TCO layer and a silver nanoparticle mesh to reduce the 
sheet resistance of the transparent conductive electrode by 
one order of magnitude. By using this hybrid structure, the 
electrical properties of the front transparent electrode can 
be improved significantly, with a little loss in the electrode’s 
optical transmission. While this hybrid structure is targeted 
for applications in heterojunction silicon wafer solar cells, we 
believe that this structure can also be applied to other solar 
cell structures, due to its excellent electrical performance and 
extended transmission window. Future work will focus on the 
direct formation of the silver mesh on the TCO surface, 
thereby eliminating the loss from the resin used in the 
present process. 

For further details, please see: M. Huang, Z. Hameiri, 
H. Gong, W.-C. Wong, A.G. Aberle and T. Mueller, Hybrid 
silver nanoparticle and transparent conductive oxide structure 
for silicon solar cell applications, physica status solidi - 
Rapid Research Letters 8, pp. 399-403, 2014 

Figure 2: (a) Optical transmission as a function of wavelength of a hybrid ITO/silver nanoparticle mesh sample (red solid line) and a standard sample 
with 80 nm ITO thickness (black line). Also shown (red dashed line) is the estimated optical transmission of the hybridstructure after elimination of the
influence of the resin layer; (b) Photo of the hybrid structure of ITO and silver nanoparticle mesh on a glass pane. 
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Where do power losses in a solar cell originate? This question 
can be answered on a couple of levels. On a more direct level, 
by examining the one-Sun current-voltage (I-V) curve, external 
quantum efficiency (EQE), reflectance (R), and the front metal 
grid dimensions, we can readily categorise power loss in terms 
of front metal shading, front surface reflectance in the active 
cell area, front surface escape of light, series resistance, shunt 
resistance, non-perfect active-area internal quantum efficiency, 
and forward-bias current at the one-Sun maximum power 
point [1]. On a deeper level, in order to differentiate between 
recombination losses stemming from the various regions of the 
solar cell (i.e. passivated emitter or back-surface-field regions, 
front or rear contact regions), we need to expand the analysis 
by considering the injection level dependence of the 
recombination parameters in different regions of the cell [4], and 
to zoom in on the particular shape of the quantum efficiency 
curve [3]. These efforts enable a further breakdown of the 
contributors to the losses in the fill factor (FF), open-circuit 
voltage (V

oc
) and short-circuit-current density (J

sc
), which are 

traceable to specific regions of the solar cell such as the 
passivated rear surface, the contact openings, the front 
metallisation, and the front antireflection coating. 

Non-linear recombination parameters in a solar cell may arise 
from various sources like interfaces that induce space charge 
layers with injection level dependent potential barriers, or 
recombination processes with highly asymmetric capture 
cross sections for electrons and holes. As a consequence, 
recombination parameters at open-circuit conditions will often 
differ from recombination parameters at maximum power point 
conditions. Hence, the reverse diode saturation current density 
(j

0
) can be injection level dependent, and this will affect the 

efficiency of the solar cell. By taking injection level dependent 
recombination parameters into account, an advanced version 
of the “Cell Doctor” was developed that provides an accurate 
quantification of V

oc
 losses, FF losses and J

sc
 losses in silicon 

wafer solar cells. In order to account for non-linear 
recombination effects, V

oc
 and FF losses are analysed through 

photoconductance-calibrated photo-luminescence (PL) imaging 
of different test structures (e.g., partially processed solar cells 
with/without front or rear contacts) at different illumination 
intensities. In the following, the method is demonstrated 
using an aluminium local back surface field (Al-LBSF) 
monocrystalline silicon wafer solar cell with an efficiency of 
19.4%. 
 
The non-linear loss analysis method requires measurements on a 
finished solar cell, as well as on several dedicated test structures 
processed in parallel with the solar cell (i.e. test samples without 
metal contacts or with only rear metal contacts), as shown in 

Figure 1. Precursor A is a fully passivated non-metallised sample 
and can thus be used for a QSSPC (quasi steady state photo-
conductance) calibration of the PL images obtained at different 
illumination intensities (i.e. correlating the measured average PL 
intensity to the excess carrier concentration Δn). It is then 
assumed that the corresponding calibration constant (comparing 
samples A and B) is only affected by the difference in rear surface 
optics. The differences due to the rear surface optics were 
quantified by numerical computer modelling and verified by 
comparing the modelled reflectance with the measured 
reflectance. Quantifying the differences in front and rear surface 
optics for all samples then allows to obtain the excess carrier 
concentration Δn of all samples of Figure 1 as a function 
of the applied illumination intensity (varied from 0.02 to 1.2 
Suns). This data can be further converted to implied J-V 
curves, and the losses in V

oc
 and FF stemming from the 

front and rear contacts can be analysed by fully considering 
intensity-dependent recombination effects,see Figure 2. 
 

ADVANCED	LOSS	ANALYSIS	FOR	SILICON	WAFER	
SOLAR	CELLS	(“CELL	DOCTOR”)

Figure 1: Schematics of the partially processed cell precursors 
(A, B, C) and the finished Al-LBSF cell (D). 

In recent years, SERIS has developed a series of analytical tools called the “Cell Doctor” that accurately quantify the 
main loss mechanisms of the short-circuit current density, the open-circuit voltage and the fill factor of silicon wafer 
solar cells [1, 2, 3, 4]. Here, we report on the enhancement of the capabilities of the Cell Doctor by (i) taking into account 
non-linear recombination parameters [4] and (ii) providing a further breakdown of the losses due to a non-perfect internal 
quantum efficiency [3]. The method is demonstrated on an aluminium local back surface field silicon wafer solar cell with 
an efficiency of 19.4%. 
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In order to investigate the J
sc

 loss, the full-area external 
quantum efficiency (EQE) of the Al-LBSF cell is measured. 
The rectangular space bound by EQE = 1 is further subdivided 
by various lines (stemming from measurements and numerical 
computer simulations (labelled 1, 2, 3, 4 in Figure 3) that divide 
the area into different spectrally dependent loss mechanisms [3], 
i.e. (i) front grid shading (line 1), (ii) front surface escape (lines 
2 and 3), (iii) absorbed photons in the silicon wafer not being 
collected (line 4). These four lines divide the graph into the 
following Jsc loss components, as shown in Figure 3: (i) losses 
due to front grid shading, (ii) reflection losses at the cell’s 
antireflection coating (ARC, in this case a SiNx layer), 
(iii) parasitic ARC absorption loss (considered but negligible 
in this cell, i.e. no difference between lines 2 and 4 at short 
wavelengths), (iv) parasitic near-infrared (NIR) absorption loss 
(occurring predominantly at the rear metal contacts), (v) imperfect 
emitter collection (blue loss), (vi) imperfect base collection (NIR 

collection loss), and (vii) front surface escape. Looking at the 
loss pie charts of Figures 2 and 3, it can be seen, 
for example, that the investigated 19.4% efficient Al-LBSF 
solar cell suffers from significant V

oc
 and FF losses due to the 

front contacts, as well as significant J
sc

 loss due to NIR parasitic 
absorption at the rear metal contacts. 
  
In conclusion, in addition to revealing the most important loss 
mechanisms of a given silicon wafer solar cell, the detailed 
“Cell Doctor” loss analysis presented here also reveals 
structural and material parameters of the device (such as 
the emitter thickness, the internal rear reflectance, the minority 
carrier bulk lifetime, the effective diffusion length, and the 
injection level dependent surface recombination velocities).
Thus, it provides an accurate quantification of the major power 
loss mechanisms as well as strategies for further device 
performance improvements. 
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Figure 2: (Left): Measured implied current-voltage characteristics (iJ V) of the various test samples of Fig. 1, together with the measured one Sun J V curve 
of thefinished solar cell. The ideal J V curve of sample B, using the one-diode equation, is also shown for comparison. (Middle & Right): 
Corresponding pie charts of the various Voc and FF losses of the investigated Al LBSF solar cell. 

Figure 3: (Left): Measured external quantum efficiency (EQE) of the investigated Al-LBSF cell, together with the various 
components of the short-circuit current density loss. (Right): Corresponding pie chart of the various J

sc
 loss mechanisms. 

Short-circuit current loss
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The effective surface recombination velocity (S
eff

) is an important 
parameter that is used to quantify the recombination of minority 
carriers at the surfaces of materials or devices. Due to the 
presence of high-density surface states such as dangling bonds, 
the recombination of minority carriers can be significant to the 
extent of adversely impacting on the device performance. In the 
case of a solar cell, a high surface recombination rate reduces 
the device efficiency by reducing the open-circuit voltage and 
short-circuit current. The electron beam induced current (EBIC) 
is a well-known technique for taking quantitative measurements 
of p-n-junction devices owing to the small diameter of the 
electron beam as well as the easy and precise control of the 
beam. Typically, a focused electron beam impinging upon a p-n 
junction device generates electron-hole pairs through beam-
sample interaction. These electron-hole pairs are separated by 
the built-in electric field within the space charge region and are 
collected to induce current by the device under short-circuit 
condition. In this work [1], bifacial n-type Cz monocrystalline 
silicon (mono-Si) wafer solar cells with a boron doped emitter 
were used for EBIC measurements. Both the front and back 
surfaces of the solar cells were passivated using a stack of 
aluminium oxide (AlOx) and silicon nitride (SiNx) with a combined 
thickness of 80 nm [2]. Figure 1(a) and 1(b) show the plan-view 
secondary electron (SE) and EBIC images, respectively, of 
typical, random pyramid texture of a mono-Si solar cell sample.
Comparing SE with the EBIC image, one can see that the 
peaks and side edges of the pyramids have lower-than-
average induced current (dark lines), and conversely so for the 
valleys in-between pyramids (bright lines). The higher EBIC 
current collected at the valleys can be explained by the 
following reasons. Firstly, the number of electrons lost through 
backscattering is much lower in the valleys as it is more 
difficult for the electrons to escape. In other words, there 
are a higher number of charge carriers in the valleys. 
Moreover, as shown in the cross-sectional EBIC image 
of Figure 1(d), the distance between the valleys and the 
junction is (~0.3 µm) shorter than that between the pyramid 
peaks and the junction (~0.8 µm). The collection efficiency of 
the charge carriers is thus higher at the valleys. 

For quantitative analysis of EBIC in the solar cell structure, 
three-dimensional (3-D) simulations of the electron-sample 
interaction were first carried out using the CASINO software 
based on Monte Carlo simulation of electron trajectory in solids. 
A 3-D carrier generation profile (Figure 2) was then created 
based on the CASINO simulated data (electron-beam energy 
dissipation as a function of the electron beam penetration 
depth), and was subsequently imported into the 3-D device 
modelling using Sentaurus TCAD to study the charge collection 
in the n-type mono-Si wafer solar cell with an average junction 

depth of 0.3 μm and substrate thickness of 160 μm. With the 
carrier generation profile, Sentaurus TCAD is able to simulate 
the 3-D beam-induced current (I

EBIC
) at different beam 

conditions (e.g. beam size, acceleration voltage and current). 
Comparing the simulated carrier generation profiles with and 
without 80 nm AlOx/SiNx surface passivation, it can be seen 
that approximately one order of magnitude fewer carriers are 
generated in the passivation layer than those generated in the 
sample without the surface passivation layer, although electron 
beam penetration depths of both samples are in a similar range.

EBIC imaging using different beam energies ranging from 2 to 
15 keV was carried out on a textured mono-Si solar cell with/
without AlOx/SiNx passivation. To generate highly localised 
quantitative EBIC data, a typical valley was chosen and the 
localized EBIC gain (I

EBIC
/I

beam
), approximately in an area of 

30 x 30 nm2 corresponding to this particular valley, was 
extracted at each beam energy. Given the small probe size of 
the electron beam, a smaller area of less than 30 x 30 nm2 can 
also be chosen for a better final resolution of the quantitative 
EBIC measurement of surface recombination velocity. This 
clearly illustrates the advantage of EBIC as an electron-
beam-based characterization technique compared to optical 
techniques.  
 

EXTRACTION	OF	SURFACE	RECOMBINATION	VELOCITY	
AT	HIGHLY	DOPED	SILICON	SURFACES	USING	ELECTRON	
BEAM INDUCED CURRENT

Figure 1: (a) SE image showing the plan-view of the textured mono-Si 
solar cell, and (b) the corresponding EBIC image. Cross-sectional view 
of (c) SE image and (d) SE-EBIC overlap image of the same 
sample, indicating significant difference in the junction depths at the
valley (~0.3 µm) and at the peak (~0.8 µm). The red region is EBIC 
signal collected at the junction. 

In this work, we demonstrate that the effective surface recombination velocity Seff at highly doped silicon surfaces can be 
quantified using the electron beam induced current (EBIC) technique. Firstly, the three-dimensional (3-D) electron-beam 
sample interaction is simulated using CASINO Monte-Carlo software in order to generate the 3-D carrier generation 
profile. Subsequently, this carrier generation profile is used in Sentaurus TCAD device modelling, and the EBIC response 
is simulated as a function of Seff. The simulation results show a near-perfect match with the EBIC measurements 
obtained on a passivated and unpassivated p+ emitter of n-type silicon wafer solar cells. In addition, localized 
Seff extraction on an area of 30 x 30 nm2 is presented, clearly illustrating the advantage of EBIC as an 
electron-beam-based characterisation technique compared to optical techniques. 
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The energy-dependent EBIC data of the unpassivated solar 
cell sample (Figure 3(a)) show a near-perfect match with the 
simulation results across the entire range of the electron beam 
energy between 2 and 15 keV. In this case, the simulated re-
sults were generated from Sentaurus TCAD with a S

eff
 input value 

of 107 cm/s. The close match between the experimental and 
simulation results provides strong evidence supporting the high 
accuracy of the 3-D EBIC model used in this work. Quantitative 
EBIC measurements were then performed on a solar cell sample 
with passivation (Figure 3(b)). To extract the value of S

eff
, TCAD 

simulations were carried out by varying only the input values 
of S

eff
 in the TCAD until a close match between the 

experimental and simulated data was obtained. By fitting the 
EBIC experimental data using TCAD simulation, the effective 
surface recombination velocity in this case was extracted to 
be 2.8×105 cm/s. The close agreement between the 
experimental and simulated data clearly demonstrates 
that one can accurately extract the surface recombination 
velocity from quantitative EBIC data by fitting the experimental 
I
EBIC

/I
beam

 curve with a simulated one using TCAD. 

Figure 2: Simulated carrier generation profiles (in the x-z plane when y = 0) resulting from a 5 keV electron beam for an n-type silicon wafer solar cell 
(a) with, and (b) without the 80 nm AlO

x
/SiN

x
 surface passivation film. The electron beam current and radius were set as 300 pA and 10 nm, respectively. 

Figure 3: Comparison of experimental and simulated EBIC gain (I
EBIC

/I
beam

) for the solar cell (a) without; and (b) with AlO
x
/SiN

x
 stack. S

eff
 obtained

from the EBIC model without and with passivation is equal to 107 cm/s and 2.8 × 105 cm/s, respectively. 
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Boron diffusion is relevant for both p-type and n-type 
crystalline silicon wafer solar cells. It is desirable to optimise 
the boron doping profile in order to minimise Auger and 
surface recombination while retaining a reasonably low contact 
resistance. Boron profile optimisation is typically achieved by 
tuning the BBr3 diffusion process. Thermal oxidation and etch-
back processes are sometimes employed for this purpose 
as well. Surface texturing makes the boron diffusion profile 
even more complex. For boron emitters or back surface fields, 
quantitative analyses of surface passivation are commonly 
performed on planar samples. Studies on textured samples 
are rare as obtaining boron profiles on textured samples is still 
very challenging. In a thermal oxidation process, especially dry 
oxidation, a high hydrostatic pressure is built up at the tips and 
valleys of the surface texture and a high number of interstitials 
are injected into silicon. These interstitials significantly alter the 
boron diffusivity and make a boron depth profile strongly position 
dependent. 

To resolve this challenge, multidimensional numerical simulation 
of boron diffusion becomes relevant for the PV industry. In 
this work, we show that measured boron profiles can be 
accurately simulated for textured silicon substrates. Boron 
diffusion experiments were carried out on seven groups of 
wafers. Each group contains both planar and textured wafers, 
which were subjected to different process conditions as shown 
in Table 1 [1]. The sheet resistance R

sh
 was measured on planar 

samples using a four point probe after each process condition. 

One planar sample from each group was characterised 
by secondary ion mass spectrometry (SIMS) to obtain 1D 
boron depth profile. One textured sample from group C was 
further processed into a solar cell for both scanning electron 
microscopy (SEM) and electron beam induced current (EBIC) 
measurements. The remaining samples were symmetrically 
passivated by a dielectric stack of AlOx/SiNx for passivation 
study. 

Process simulations were carried out in Sentaurus TCAD [2] 

using the same time dependent temperature profiles as used 
in the actual experiments. Only the boron diffusivities and 
segregation coefficient between silicon oxide and silicon were 
tuned to match the measured 1D boron profiles for planar 
samples. As shown in Figure 1, the measured 1D boron 
depth profiles were well reproduced by process simulations. 
Our process simulation capability helps predict boron profiles 
under different time dependent temperature profiles, which 
may lead to significant time and cost saving in the PV industry.

We proceeded to simulate 2D boron profiles for pyramidally 
textured samples. For verification, simulation results were 
compared against the 2D junction depth profile measured by 
SEM and EBIC. As shown in Figure 2, the overlaid image of 
SEM and EBIC images shows the 2D junction profile (the 
top edge of the red region) of a sample from group C. 
The predicted 2D junction profile shown on top of the over-
laid image agrees well with the measurements. 

2D	PROCESS	SIMULATION	OF	BORON	DIFFUSION	FOR	
PYRAMIDALLY	TEXTURED	SILICON	WAFER	SOLAR	CELLS

TABLE 1: Thermal history of boron profiles on planar and pyramidally textured samples.

Group
BBr3 diffusion

Dry oxidation Wet oxidation Rsh (planar) [Ω/sq]
Pre-deposition Drive-in

A
880 °C 50 min 1000 °C 40 min

- - 30

B 1050 °C 30 min - 45

C

880 °C 30 min 980 °C 25 min

- - 65

D
1050 °C 30 min

- 80

E 1050 °C 240 min 175

F 940 °C 45 min 940 °C 10 min - - 55

G 915 °C 45 min 915 °C 10 min - - 85

High-efficiency crystalline silicon wafer solar cells are nowadays increasingly fabricated using n-type silicon substrates. 
The boron emitters of these cells should be effectively passivated in the non-metallised areas. Typically, surface 
passivation is studied on planar test samples. However, this approach neglects the effects of the typical pyramidal texture on 
the boron doping process and resulting doping profile. In this work Sentaurus TCAD was used to obtain the 2D boron 
diffusion profile in process simulation and to accurately evaluate chemical passivation on textured samples in the 
subsequent device simulation. The process simulation results agree quantitatively well with the measurements. 
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To accurately evaluate chemical passivation of boron emitters 
on textured samples, a rigorous 2D simulation approach was 
adopted in Sentaurus TCAD to simulate effective lifetime curves 
and to compute emitter saturation current densities. In this 
approach, the surface topology and boron diffusion profiles 
from process simulations were applied to the lifetime structure. 
Meanwhile, the fixed charge density of the AlOx/SiNx stack 
was also properly addressed. By reproducing the measured 
emitter saturation current densities, the electron surface 

recombination velocity of boron emitters can be determined. 
It was found that the electron surface recombination velocity 
values for AlOx/SiNx passivated planar and textured boron 
emitter samples were very similar with a value of 1×104 cm/s 
in the investigated experimental range [3]. This indicates that 
the chemical passivation provided by AlOx/SiNx was not 
affected by differences in crystalline silicon crystal orientations 
nor boron concentration variations investigated in this work. 
      

Figure 1: The simulated 1D boron depth profiles (lines) show a good 
agreement with the measured profiles (symbols) on planar samples. 

Figure 2: Overlaid image of SEM and EBIC measurements, where the 
top edge of the red region reveals the junction profile of group C 
underneath the pyramidally textured surface. The simulated junction 
depth profile of half pyramidal structure agrees quite well with the 
measurement. 
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Electroluminescence (EL) imaging is a simple and versatile 
technique for the characterisation of silicon wafer solar panels 
and cells.  Recently, Wong and Green introduced a physically 
tractable parameter called the current transport efficiency (f

T
) 

to quantify the non-uniformity of solar cell EL patterns [1, 2].  A 
spatially dependent variable, f

T
(x,y) is defined to be the ratio of 

the differential light-induced current generated at a point (x,y) on 
the solar cell plane, to the corresponding rise in terminal current.  
One advantage of working with f

T
 is that it can be mapped 

from EL images in a very straightforward way, via the relation [1]

where V is the local junction voltage, V
T
 the terminal voltage,  

f
em

 the EL intensity, q the elementary charge, k the Boltzmann 
constant, and T the device temperature.  Equation 1 arises from 
the Lorentz reciprocity theorem in linear circuits and its practical 
usefulness is apparent: instead of performing a LBIC scan type 
measurement to obtain f

T
, one can instead take two EL images 

at incrementally different bias voltages and compare them, 
which is obviously much faster thanks to the spatial multiplexing 
of a camera system.  The main goal of this article is to report on 
this EL imaging method and relevant analysis to derive unique 
applications. 

Figure 1 shows the photographs of the two investigated 
solar cells and their corresponding f

T
 maps according to the 

EL images and application of Equation 1. Clearly, f
T
 reflects 

both series resistance contrast and wafer diode saturation current 

DIFFERENTIAL	ELECTROLUMINESCENCE	IMAGING	
AND	THE	CURRENT	TRANSPORT	EFFICIENCY	OF	
SILICON	WAFER	SOLAR	CELLS

Figure 1: a) Photograph of the mono-Si cell; b) f
T
 of the mono-Si 

cell at bias voltage of 625 mV; c) photograph of the multi-Si cell; 
d) f

T
 of the multi-Si cell at bias voltage of 615 mV. 

The current transport efficiency of a solar cell, defined as the fraction of local light-induced current that leads to terminal 
current increase, is experimentally determined for industrially made crystalline silicon wafer solar cells. Fast mapping is 
possible by simple differential electroluminescence imaging and the application of a reciprocity relationship. The sensitivity
of the current transport efficiency to different components of series resistance is studied through computer finite element 
analysis. A measurement routine that can quantify the current division to the different metal busbars on the solar cell
is proposed to qualify screen printed metal fingers. 

(1)
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(Jo
) non-uniformity, with the latter effect especially evident in 

the multi-Si cell whose grains have high J
o
 contrast. These 

dependences stem from the fact that f
T
 goes down either with 

increasing series resistance in the path to the terminal, or 
decreasing differential resistance of the p-n junction diode in 
areas of high J

o
.  

An interesting property of f
T is that it can be broken down into 

additive parts: if there are N current extraction points, then

where f
T,i is defined as the ratio of the increment in light 

induced current to the rise in terminal current at the ith extraction 
point.  Furthermore, analogous to Equation 1,  f

T, i
 can be 

determined by comparing two EL images, one captured with 
a slightly higher bias voltage at the ith extraction point only, 
while all other extraction points are fixed at the median bias 
voltage throughout. This technique is applied to the mono-Si 
solar cell to break down f

T
 into f

T,left, f
T,middle, f

T,right, where the 
latter three terms denote the current transport efficiencies 

to the left, middle, and right busbars, respectively. The derived 
maps are shown in Figure 2. In contrast to Figure 1(b), f

T,left 

and f
T,middle

 have large gradients along the finger direction 
between the left and middle busbars, as do f

T,middle
 and f

T,right
 

for the space between the middle and right busbars.  
Interestingly, these constituent maps also accentuate broken 
fingers between the busbars, with the break points being marked 
by sharp discontinuities along the finger direction as seen in 
Figure 2. Simple image processing results in the two “equi-f

T
” 

lines in Figure 2(d): the left dashed line marks the points 
along the fingers where f

T,left
 = f

T,middle
, and the right dashed line 

marks the points along the fingers where f
T,middle

 = f
T,right. 

As expected, the lines roughly bisect the adjacent busbars, 
except at the two fingers with line breaks. From this brief 
demonstration it is apparent that f

T,i
 measurements reveal a 

host of information about the solar cell’s metallisation structure 
that would be difficult to de-convolve from f

T
 or R

s
 data alone. 

Although slightly more cumbersome to implement, the 
experiment setup is quite compatible with busbar-to-busbar 
(B2B) resistance tools, because in both cases the busbar 
voltages need to be controlled separately.  The combination of 
B2B resistance and EL-based f

T,i measurement may also 
enhance the analytical power and measurement precision of 
both techniques. 

Figure 2: Maps of f
T,i 

expressed as the fraction of differential light-
induced current extracted at the a) left busbar f

T,left
, b) middle busbar fT,middle, 

c) right busbar f
T,right

, d) any of the busbars f
T
.  In picture d, the left dashed 

line marks the points along the fingers where f
T,left

 = f
T,middle

, and the right 
dashed line marks the points along the fingers where 
f
T,middle

 = f
T,right

. 
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This laboratory is dedicated to the fabrication and characterisation 
of organic solar cells. A three-compartment glove box with a 
controlled N2 environment (less than 1 ppm O2 and H2O) houses 
coating and testing equipment such as a thermal evaporator 
for substrates up to 25 cm × 25 cm in size and a solar cell 
I-V tester.   
    
Impedance analyser 
A high-precision analytical tool for quality control and material 
characterisation. The electrical measurements can be correlated 
with complex material variables such as dielectric properties, 
defects and microstructure. Coupled with sophisticated modelling 
capabilities developed at SERIS, impedance spectroscopy 
is a powerful diagnostic tool for a range of solar cells. 

Other equipment in the lab
• Spin coater (maximum substrate size of 10 cm x 10 cm)
• Photoluminescence setup
• EQE measurement setup
• Absorption measurement setup

Industrial	Wet	Chemistry	(IWC)	Laboratory

Compartmental glovebox           Deposition of functional coatings by spin coating

The laboratory is equipped for developing liquid-based functional 
coatings for solar applications. The equipment enables the 
synthesis of solutions, the vacuum-free deposition of thin films, 
and their consolidation. Key tools include: 

Spray coater 
Single-sided coatings on substrates up to 75 cm x 50 cm in size.

Dip coater 
Double-sided layers on substrates of up to 20 cm x 30 cm.

Wobbler
Wet-chemical coating system (“wobbler”) for very thin and highly 
homogeneous buffer layers (such as ZnS or InS) on glass 
substrates of up to 30 cm x 30 cm in size.

Other equipment in this lab:
• Spin coater
• Fume hoods
• Viscometer
• Furnace
• Rotary evaporator
• Ultrasonic cleaner
• Weighing balances
• Stirring hotplates

Organic	Solar	Cell	
Laboratory

Liquid	Coating	Technology	
Laboratory

The 190 m2, class 100,000 IWC cleanroom laboratory, which houses activities by all three groups of the Novel PV Concepts Cluster, 
consists of two separate labs.  

Impedance analyser          Industrial Wet Chemistry Laboratory with (left) spray coater and 
glovebox, (right) wet-chemical coating system (“wobbler”).         
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Minority	carrier	lifetime	measurements,	i.e.	QSSPC,	
QSSPL,	Suns-Voc	(Sinton	Instruments,	WCT-120)	
Effective minority carrier lifetime measurements are one of 
the most common characterisation techniques in photovoltaic 
research. The effective lifetime directly influences the open-
circuit voltage V

oc
, one of the most important solar cell 

parameters. Injection dependent lifetime spectroscopy (IDLS) 
- the measurement of the effective lifetime as a function of 
the excess carrier density in the bulk - provides further 
information which can be used to distinguish between different 
recombination processes. The Sinton Instruments WCT-120 
system is an advanced lifetime tester that is widely used by 
research labs and PV companies around the world. The system 
measures the effective lifetime of a silicon sample from its 
conductance and the incident light intensity. Beside effective 
lifetime, the system also provides the implied V

oc
 and the 

emitter saturation current density j
0
. At SERIS we have adapted 

the WCT-120 system to include an additional photoluminescence 
sensor (QSSPL). This sensor extends the range of accurate 
lifetime measurements to lower excitation levels, where the 
standard lifetime system is influenced by artefacts which can 
produce a significant overestimation of the sample’s effective 
carrier lifetime. 

Lifetime	mapping	and	contactless	corona-voltage	
measurement	tool	(Semilab,	PV-2000)	
The Semilab PV-2000 system at SERIS is configured to 
perform lifetime mapping by microwave photoconductance 
decay (µ-PCD), as well as contactless C-V measurements, 
which together provides a wealth of spatially resolved 
information related to passivating dielectrics. µ-PCD measures 
the rate of change in carrier density with step changes in 
illumination conditions to deduce injection-dependent effective 
lifetime in the silicon material. The contactless C-V technique 

uses incremental corona charging of dielectrics and subsequent 
measurement of the surface potential with a vibrating 
capacitive electrode (‘Kelvin probe’), enabling the mapping 
of contact potential (in the dark and under illumination), band 
bending at the semiconductor/dielectric interface, fixed charge 
in the dielectric, interface defect density, equivalent oxide 
thickness, leakage current, and several other parameters for the 
modelling of the dielectric’s influence in the final solar cell device.

Photo-	and	electroluminescence	imaging	tools	
(BT	Imaging,	LIS-R2)	
The various luminescence imaging tools in the lab are used for 
process control and research purposes. Images of the effective 
minority carrier lifetime and series resistance of silicon wafer solar 
cells can be obtained within seconds, allowing rapid optimisation 
of the solar cell processing steps. Images of the implied open-
circuit voltage, pseudo fill factor, reverse diode saturation current 
densities j

01
, j

02
, and local ideality factor can also be generated. 

The application range of luminescence imaging is expanding 
rapidly. 

Spot-area	spectral	response	measurement	system	
(IVT	Solar,	PVE-300)	
Backed by Bentham’s extensive experience in the field of 
light measurement, this system allows quick and localised 
measurements of spectral responsivity over a wavelength range 
of 300 - 1700 nm for various types of solar cells. It is also 
capable of measuring integrating sphere-based reflectance/
transmittance as well as external/internal quantum efficiency of 
solar cells. 

Solar	Cell	Characterisation	Laboratory

SERIS operates a well-equipped Solar Cell Characterisation 
Laboratory spanning across several rooms in the E3A building. 
The lab is capable of analysing both wafer-based and thin-
film based PV materials and solar cells. It focuses on the 

development of new characterisation techniques, as well as 
high-precision application of existing characterisation techniques. 
Below are details of the measurement capabilities that are 
currently operational in the laboratory. 

Materials	Characterisation	Laboratory

Materials Characterisation Laboratory 
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Raman microscope 
(RENISHAW,	InVia)		
This Raman system, which is compatible with microscope, 
spectrometer and sampling accessories, is capable of extracting 
material information by observing the inelastic scattering of 
laser light in the visible range. The laser light interacts with the 
molecular vibrations within the material, causing losses or gains
in energy (and hence wavelength changes in the scattered light) 
during the scattering process. It results in Raman spectra as a
function of wavenumbers, where the known peak positions allow 
for the identification of materials. The relative peak intensities and 
peak shifts would give more in depth information with regards to 
the materials, such as strain and stress information.   

Fourier	transform	infrared	(FTIR)	spectrometer	
(Thermo	Scientific,	Nicolet	iS-50)	
The FTIR spectrometer, which measures how much a sample 
absorbs infrared light at each wavelength where dipoles of 
the molecules change during vibration, is used extensively to 
characterise the chemical composition of materials. Its purpose-
built accessories and integrated software allow for surface 
analysis of materials (i.e. solid, liquid or gas) using attenuated 
total reflection (ATR) as well as a fully-automated mapping 
analysis of wafers with a relatively high wavenumber resolution 
of ~0.07 cm-1. 

Four-point	probe	station	with	automated	mapping	capability
The four point probe is the industry standard for the measurement 
of the sheet resistance of thin doped layers. It is, for example, 
used for the analysis of emitters of silicon wafer solar cells or 
transparent conductive oxides (TCOs). Mapping of the sheet 
resistance is also possible, revealing the lateral uniformity 
of the sheet resistance over large areas. 

Light	and	dark	conductivity	measurement	system	
Light and dark conductivity constitute another very important 
parameter for semiconductor thin films used in solar cell devices, 
such as the amorphous silicon (a-Si:H) and microcrystalline 
silicon (µc-Si:H) films used in heterojunction silicon wafer 
solar cells. The activation energy can be extracted from 
dark conductivity measurements performed at different 
temperatures, enabling the determination of the Fermi 
energy for both undoped (or intrinsic) and doped films. 
Furthermore, the photosensitivity (a quality parameter of 
amorphous and microcrystalline silicon films) can be determined 
from the ratio of the light and dark conductivities. 

Electron Microscope 
Laboratory

Scanning electron microscope 
(Carl	Zeiss,	Auriga)	
SERIS operates an advanced scanning electron microscope 
(SEM) that can achieve a resolution of 1 nm at acceleration 
voltages of below 1 kV. The SEM is equipped with an electron 
backscatter detector (EBSD) and an electron beam induced 
current (EBIC) detector. EBSD enables the mapping of the crystal 
orientation of crystalline semiconductor films, while EBIC allows 
the study of the electronic quality of p-n junctions with SEM 
resolution. 

Three-dimensional	optical	microscope	
(Zeta	Instruments,	ZETA-300)	
The Zeta optical profiler, as a well-defined 3D true colour imaging 
tool, can image large areas and provide accurate topography 
information that is obtained by a non-contact method. Using 
these measurement data it can provide 2D and 3D roughness 
parameters of a surface. It also enables measurements of 
lateral dimensions, step heights and wall angles from a single scan.

Spectroscopic ellipsometer 
(SEMILAB,	SE-2000)	
The polarisation state of light typically changes during interaction 
with a surface. In spectroscopic ellipsometry this fact is 
employed to extract the dielectric properties and surface 
roughness of thin-film materials. For partly transparent films, 
even the film thickness can be determined with a high accuracy 
(for example, one atomic layer of silicon oxide on a silicon wafer 
can be measured with spectroscopic ellipsometry). 

Electron Microscope Laboratory 



62   SERIS ANNUAL REPORT 2014

Solar	Cell	Measurement	
Laboratory
High-precision	solar	simulator	for	one-Sun	current-
voltage	measurements	of	solar	cells	(OAI,	TriSOL)	
SERIS’ one-Sun solar simulator meets the specifications of 
the highest simulator class (‘AAA’). Both the intensity and 
the spectrum of the light can be actively controlled. The solar 
simulator provides a uniform illumination intensity across an 
area of 300 mm x 300 mm. Combined with high-precision 
calibrated electronics, the one-Sun and dark I-V characteristics 
of solar cells can be measured with a very high accuracy. 
From the measured data, important parameters such as so-
lar cell efficiency, open-circuit voltage, short-circuit current, 
fill factor, and series and shunt resistance can be determined.

Large-area	spectral	response	analyser	
(Enlitech,	SR-156)
This system measures the full-area differential spectral 
response under a bias light intensity of up to 1 Sun. Solar cells 
with an area of up to 156 mm x 156 mm can be measured. 
In a spectral response measurement, the ratio of the short-
circuit current generated by the solar cell and the monochromatic 
radiation intensity incident on the solar cell is determined as 
a function of the wavelength of the incident photons. From 
this measurement the external quantum efficiency of the 
solar cell can be determined. This is an essential input 
parameter for high-precision I-V measurements. Moreover, 
it can be used to extract important information of the 
solar cell from a model-based analysis. 

UV-VIS-IR	optical	spectrophotometer		
(Agilent	Technologies,	Cary-7000)	
As a solar cell converts light into electricity, knowledge of the 
interaction of light with materials and solar cell devices is crucial. 
At SERIS we can determine the specular and diffuse reflectance 
and transmittance of materials/devices in the 190-2500 nm 
wavelength range. The measurements can, for example, be 
used to calculate the losses due to reflection in solar cells. 
Material properties can also be extracted from a model-
based analysis. 

Area	measurement	tool	
(Sunny	Instruments,	MV-322)
This is a generic 2D measurement tool for monocrystalline 
and multicrystalline silicon wafers and finished solar cells, 
which can also determine areas in different layers / planes of a 
3-dimensional device. Measured parameters include the area 
and width of the sample, as well as the width of busbars and 
fingers of a metal electrode on the sample’s surface. 

Light	soaking	system	
(SOLARONIX,	Solixon	A-70)
Light soaking is the preconditioning of a solar cell sample 
prior to device testing. It is usually conducted at an intensity 
of one Sun, but in some cases (for example amorphous silicon 
thin-film solar cells) a higher light intensity may be used. Light 
soaking is important for solar cells that suffer from light-induced 
degradation effects, such as amorphous silicon thin-film solar 
cells (due to the ‘Staebler-Wronski effect’) or boron-doped Cz 
silicon wafer solar cells (due to boron-oxygen related defects).

LED	Solar	Simulator	
(WAVELABS,	SINUS-220)
Unlike xenon lamps of conventional solar simulators, LED (light 
emitting diode) solar simulators are relatively stable and even 
allow the individual LEDs to be independently controlled to match 
an user-desired spectrum. This tool, which can be run in steady-
state mode or long/short pulses, has a built-in spectrometer and 
photodiode to allow an active control of intensity and spectrum 
(all 21 LEDs are individually controlled). Its intensity range can be 
adjusted from 0.1 up to 1.2 suns without affecting the spectral 
quality, and the non-uniformity of the simulator irradiance fulfils the 
requirement of ≤ 2.0% (ASTM E927-10 standard) over an area 
of 160 mm x 160 mm. 

Electrochemical	capacitance-voltage	(ECV)	profiler	
(WEP,	CVP-21)	
ECV allows the extraction of the active doping concentration 
of doped semiconductors. ECV can, for example, be used 
to measure the phosphorus or boron doping profile of silicon 
wafer solar cells and silicon thin-film solar cells. Active dopant 
densities in the range of 1012 - 1021 cm-3 can be detected with 
a depth resolution of 1 nm.  
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Automatic	solar	cell	stringer	(P.Energy,	TS600Plus)
This machine is used for automatically soldering ribbons onto 
the solar cells and interconnecting the solar cells into strings.

Lay-up	station	(P.Energy,	LT200A)	
This station is used for assembling the various layers of 
materials (glass, encapsulants, strings of cells, backsheet) 
which will be laminated together in a subsequent process. 
Another task of this station is to interconnect the various 
strings of cells, by soldering cross connectors. 

PV	Module	laminator	(P.Energy,	L640A)	with	automatic	
loading	and	unloading	conveyors
This machine performs the lamination process, in which all 
the individual layers of the module are bonded together. 

PV	Module	framing	press	(P.Energy,	FA200S)
After lamination and edge trimming, this machine assembles the 
aluminium frames onto the modules. 

Frame	profile	cutting	saw	(Ozgenc,	OMRM	125)
This tool is used to cut the aluminium profiles to the correct 
length for use as module frames. 

Film	cutting	machine	(P.Energy,	FC200A)
This machine is used for automatically cutting films (encapsulant 
or backsheet) to the correct length. 

String	repairing	station	(P.Energy,	RP12M)	
This station is used for manually repairing strings of solar cells if, 
for example, one cell in the string gets broken. 

PV	Module	Development	Laboratory

Co-located with the Photovoltaic Module Testing Laboratory 
at CleanTech Park, SERIS’ 300 m2 Photovoltaic Module 
Development Laboratory is housing a 20 MW/year nameplate 

capacity module production line for industry-scale PV module 
research and development and related services. 

Loading of test samples into the laminator in SERIS’ PV Module 
Development Laboratory. 

SERIS researcher transferring a string of solar cells from the automatic 
solar cell stringer to the lay-up station

SERIS researchers inspecting a PV module backsheet foil after it has 
been cut from the roll. 
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Standard IEC / UL testing
Together with our on-site certification partner VDE-ISE Pte Ltd, 
SERIS of¬fers the full suite of certification tests for PV modules 
according to IEC standards 61215, 61646 and 61730. We can 
also perform tests meeting UL and CEC requirements. 

Other non-standard testing
• In-process current measurements (CM) of modules to 
 determine the rate of degradation that occurs during 
 climate chamber tests or mechanical load tests 

• Calibration and series resistance measurements of modules

• Electroluminescence (EL) imaging 
 
• Spectral response measurements of PV modules 

Light soak stabilisation 
Commonly used prior to calibration measurements of thin-film 
modules, this process ensures that the modules are stabilised 
against light-induced degradation effects (such as the Staebler-
Wronski effect in amorphous silicon modules) before embarking
on precision measurements. 

Accelerated aging 
This is a durability test for PV modules with extended or toughened 
test conditions in climate chambers, to determine the life 
expectancy and durability of modules in simulated outdoor 
weather conditions. 

Repeated challenge testing 
Working in close collaboration with customers, tailor-made 
test sequences seek to qualify new PV module components,
for example junction boxes or different encapsulants. These 
sequences also enable the customer to differentiate the quality 

of different PV module types, by identifying the ‘best-of-the-best’ 
in a comparative performance challenge. 

Salt mist testing 
In compliance with IEC standard 61701, six different salt mist 
severity tests can be conducted in a purpose-built climate 
chamber. Severity duration can range from short (3 days) to 
extreme (56 days). 

Test-to-fail 
Modules are repeatedly subjected to individual tests until they
fail mechanically (visually) and/or electrically. Afterwards, a 
detailed analysis of the root causes of the failure is performed 
and discussed with the client. 
 
Evaluation of c-Si and thin-film PV technologies 
Spectral response measurements are conducted at the module 
level for mismatch correction, enabling more accurate STC 
power measurements of various types of PV modules. 

Potential-induced degradation (PID) 
PID is an important phenomenon that has previously been 
neglected by many PV manufacturers. It is due to voltage-
driven leakage currents between the solar cells and the front 
glass (or backsheet) of PV modules in high-voltage (> 500 
volts) PV strings operating in humid environments. Our climate 
chamber based PID test sequences assist PV module makers 
in the development of PID-resistant PV modules. Outdoor 
measurements in Singapore’s constantly hot and humid climate 
are also offered. 

SERIS’ PV Module Testing Laboratory is ISO 17025 accredited 
by the Singapore Accreditation Council (SAC). 

PV	Module	Testing	Laboratory

At SERIS’ PV Module Testing Laboratory, the “SOLAR STEP” test method is employed which covers a wide range of 
reliability and durability testing needs of PV modules. The test services include: 

Immersion of a PV module in water (wet leakage testing) A cross section of a PV module indicating the components for Potential 
Induced Degradation (PID) testing offered by SERIS

•	 Standard IEC / UL testing

• Other non-standard testing

• Light soak stabilisation

• Accelerated aging

• Repeated challenge testing

• Salt mist testing

• Test-to-fail 

•  Evaluation of c-Si and thin-film PV technologies

• Potential-induced degradation (PID)
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Outdoor	Module	Testing	Facility

SERIS’ Outdoor Module Testing (OMT) facility provides 
high-precision outdoor performance testing of PV modules in 
the tropical climate of Singapore.  

Before being installed at SERIS’ OMT facility, each PV module 
undergoes “flash testing” at standard test conditions (STC), 
pre-conditioning for 5 days (outdoor exposure), and then again 
flash testing at STC. This procedure not only determines 
the initial degradation, but also leads to a reliable “actual” 
wattage of the modules, which is then used as “baseline” 
(rather than the “nominal” name plate value) for any yield data 
that relate to the installed capacity. 

Reported data (available in intervals as short as 10 seconds) 
include: 

• Irradiance in-plane (using c-Si sensors)  
• Ambient temperature 
• Module temperature 
• DC characteristics: V
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• Cumulative energy yield 

Additional environmental parameters (e.g. wind speed and 
direction, global irradiance in horizontal plane, relative humidity) 
can also be measured. 

SERIS’ Outdoor Module Testing facility on one of the roofs at the NUS campus
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PV	System	Monitoring	Laboratory		

Features of the live monitoring systems include: 

• Better than 1-second resolution of various DC and 
 AC parameters of a PV system, plus meteorological 
 parameters such as irradiances measured with different 
 devices and inclinations, temperatures (module, ambient), 
 relative humidity, and wind speed/direction 

• Live irradiance map for Singapore (spatially resolved), as 
 well as ambient temperature and relative humidity maps. 
 Maps can be assessed online at www.solar-repository.sg
 
• 1-minute sky images from different locations in Singapore
 
• Solar irradiance forecasting algorithms with different prediction 
 horizons (e.g. 15 minutes, 1 hour and 1 day forecasts) 
       
 

       

• Real-time (“live”) data transmission for key PV system and 
 meteorological parameters 
 
• Tailoring of alarms according to the customer’s needs 
 (e.g. upon inverter trips, grid outages, system 
 underperformance), including SMS service 

• High-quality online or screen visualisation for various target 
 groups: operations managers, engineers, general public 
 (e.g. through displays in corporate entrance area) 

• Automated daily download and data back-up routines 
       
• ± 150 ms time synchronisation with time server clocks 
       
• Better than 99% data acquisition reliability 
 

The PV System Monitoring Laboratory at SERIS conducts 
real-time analytical monitoring of photovoltaic systems as 
well as weather parameters. We use rugged, industrial-grade 
LabVIEW hardware and software for remote data logging 

and remote control of SERIS-monitored PV systems and 
meteorological stations. The equipment is highly versatile and 
can be customised to meet individual requirements.  

PV system monitoring laboratory at SERIS
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Electronics	Laboratory		

SERIS’ Electronics Laboratory enables research and 
development in areas including power electronics, battery 
testing, programming of embedded systems and the 

development of monitoring stations. The following processing 
and testing equipment is available in this laboratory. 

Maccor	4600	battery	testers
The two battery testers in this lab have 64 channels available 
for the testing of all types of small to medium batteries. Battery 
voltages of up to 5.0 V, and charging/discharging currents 
of up to 1.0 A can be applied. The testers are equipped with 
state-of-the-art testing functionalities such as impedance 
testing. In addition, three thermal chamber boxes are available 
for long term degradation tests of different kinds of battery 
technologies at elevated temperatures. 

National	Instruments	programmable	multipurpose	tester
The programmable multipurpose tester is a computer controlled 
platform for measurement and automation. It combines a 
chassis with interchangeable hardware modules which make it 
highly adaptable for different testing procedures of batteries and 
other electronic components. 

Weller	lead-free	solder	stations	for	SMD	(Surface	Mount	
Device)	soldering,	equipment	for	testing	and	wiring
All types of surface mounted device components can be soldered 
with high precision solder stations, and electrical circuits can 
be tested and verified after soldering. Large-scale monitoring 
stations are developed, assembled and tested in the laboratory 
before they are deployed at different project locations (in or 
outside Singapore). 

Computer	stations	for	microcontroller	programming
Microchip programming interfaces and debuggers are available 
for developing the firmware for embedded systems such as 
measurement equipment or solar charge controllers.  

Long-term	LED	performance	monitoring
The lab also houses a purpose-built testing system for 
monitoring the long-term light ouput and efficiency of light 
emitting diodes (LEDs).   

MACCOR battery testing station at SERIS with 64 separate channels
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SERIS’ calorimeter laboratory enables high-precision 
measurements of the thermal performance of building façade 
assemblies and fenestration systems. 

Calorimeters are used to accurately measure the overall thermal 
transmittance (U-value) and solar heat gain coefficient (g-value) 
of complex façade or fenestration systems. Both values are 
direct indicators of the energy efficiency of building facades. 
Low U and g-values are preferred in the tropics, to minimise the 
transmission of (i) ambient heat through the building envelope 
and (ii) direct solar radiation though windows. Higher U and 
g-values cause an increase in thermal loads and eventually also 
in air conditioning cost. 
 
Calorimetric	hot	box

PV system monitoring laboratory at SERIS

SERIS’ calorimetric hot box is a combined U and g-value 
measurement system with the following features:  
 
• Measurement of large, thick, inhomogeneous and non-flat 
 envelope assemblies (for example fenestration systems
 with protruding shading systems or light-redirecting devices)

• In the U-value measurement mode the climate chamber is 
 put in front of the sample, maintaining temperatures and 
 surface heat transfer coefficients as required by various 
 measurement standards (for example, winter conditions 
 or summer conditions). 

• For g-value measurements, the climate box is removed so
 that the sample is exposed to direct solar radiation provided
 by an indoor solar simulator. The intensity, spectrum, 
 divergence and spatial uniformity of the irradiance at the 
 sample’s surface comply with international standards. 
 Various angles of incidence of the solar radiation on the 
 sample can be realised, enabling the measurement of the 
 g-value as a function of the angle of incidence. 

SERIS’ calorimeter is superior to the more commonly used 
calorimetric hot-plate systems, which are limited to flat samples 
(as they need to be sandwiched between two plates). It is 
also superior to the optical determination and calculation of 
U and g-values with spectrophotometers, which is limited to 

small, flat and homogeneous samples (and which furthermore 
requires detailed information on the thermal properties of all 
components/layers of the sample).  

The calorimeter at SERIS is designed in compliance with the 
international standards ASTM C1363 (Test method for thermal 
performance of building materials and envelope assemblies 
by means of a hot box apparatus) and ISO 8990 (Thermal 
insulation -- determination of steady-state thermal transmission 
properties -- calibrated and guarded hot box). 

Large integrating sphere 

The large integrating sphere at SERIS features a 1.25 m diameter 
integrating sphere system that was built in compliance to DIN 
5036-3 (Radiometric and photometric properties of materials: 
Methods of measurement for photometric and spectral radiometric 
characteristics). The large integrating sphere can accurately measure 
visible light transmittance and/or reflectance of materials. 

For commercially available spectrophotometers, the integrating 
sphere size is typically between 60 mm and 150 mm. The size 
of SERIS’ large integrating sphere is much larger and it has 
many advantages over spectrophotometers. First, it is able to 
measure large, inhomogeneous and non-specular samples 
(for example frosted or patterned glasses, or fabric shading 
materials). Second, it is able to measure incident angle dependent 
visible light transmittance and/or reflectance. The large integrating 
sphere system is also able to determine the diffuse and specular 
components of the visible light transmittance and/or 
reflectance. 

Calorimeter	Laboratory		

Large integrating sphere for the measurement of the visible light 
transmittance and reflectance of different types of materials
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Outdoor	Solar	Thermal	System	Laboratory		

SERIS’ Outdoor Solar Thermal System Laboratory enables 
high-precision outdoor testing of solar thermal collectors 
in Singapore’s tropical climate. The facility can measure 
the solar thermal yield and the characteristic performance 
parameters of solar collectors under tropical conditions. 
The basic features of the test facility include: 
 
• Outdoor testing of solar thermal collectors and collector 
 systems (short term and long term).  

• Determination of collector efficiency and durability 
 under tropical conditions. 

• Evaluation of measurement data via model-based 
 time-resolved simulation analyses. This method is 
 capable of dealing with the highly fluctuating solar 
 irradiance conditions in the tropics. 
 
Currently, three different types of solar thermal collectors 
(each with an aperture area of up to 5 m2) can be tested in 
parallel, with input collector temperatures of up to 120 ºC.

Solar thermal collector testing in SERIS’ outdoor solar thermal system laboratory



70   SERIS ANNUAL REPORT 2014

SERIS Services
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Pre-conditioning 
Modules to be tested are mounted on the tilting rack located 
on the roof-top and will be exposed to natural sunlight for 
about 1 to 3 days.  

Irradiation level of the modules is then recorded from the 
in-plane pyranometer. 

Testing	and	Certification	of	PV	Modules

The PV Module Testing Group offers the full suite of module 
testing and analysis according to the standards of the 
International Electrotechnical Commission (IEC). Silicon wafer 

based modules and thin-film modules can be tested 
according to the IEC standards 61215, 61646 and 61730, as 
well as UL1703 and CEC (California Energy Commission).

Roof-top testing facility at the CleanTech One building

High-precision power rating measurement of a PV module

UV preconditioning test

Maximum	Power	Rating	
Measurement 

This so-called “flash test” is carried out to determine the 
maximum power of a PV module, often in conjunction with 
various stress tests to determine the power difference before 
and after. It is therefore one of the most important pass/fail 
criteria in benchmarking and test-to-fail sequences. SERIS’ 
maximum power rating  lab is accredited according to 
ISO 17025 and can offer module calibration measurement 
services with an uncertainty of as slow as 2% on full-area 
modules (“golden modules”).   

UV Preconditioning Test 
UV preconditioning is an irradiance test used to identify 
materials that are susceptible to ultraviolet (UV) degradation
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Climate	Chambers 

This is a durability test for PV modules with extended or 
toughened test conditions in climate chambers, to determine 
the life expectancy and durability of modules in simulated 
outdoor weather conditions. Typical sequences are the so-
called “damp-heat”, “humidity-freeze” and “thermal-cycling” 
tests. 

Climate chamber at PV Module Testing Lab

Wet leakage testing

Salt mist chamber

Wet	Leakage	Current	Test 
The wet leakage current test is used to evaluate the insulation 
properties of the module under wet operating conditions 
(e.g., rain, fog, dew, melting snow), in order to detect 
corrosion, ground faults, and electric shock hazards 
(also for module safety). 

Dynamic mechanical load tester (MLT) 

Mechanical Load Test 
The mechanical load test is carried out to determine the 
ability of a module to withstand wind, snow and ice loads. At 
SERIS, we have a static and a dynamic load tester. The latter 
one employs 24 independently operating suction cups with 
a frequency of up to 1 Hz. 

Salt Mist Test 
In compliance with IEC standard 61701, six different salt 
mist severity tests can be conducted in a purpose-built 
climate chamber which is specially designed for the testing 
of the corrosion erosion resistance of the module. Severity 
duration can range from short(3 days) to extreme (56 days).
 



SERIS ANNUAL REPORT 2014   73

SERIS operates a PV Module Development Laboratory where 
PV modules ranging from small single-cell modules for testing 
purposes up to full-size 72-cell modules can be processed. 
Typical services include: 

• Processing of individual module components into full
 prototype modules for subsequent testing and qualification 
 
• Partial processing of PV modules for process or 
 component verification 
 
• Quality and yield analysis of PV module components
 
• Troubleshoot the root causes of module failure after 
 certification tests 

Current research activities conducted in the PV Module 
Development Group include: 

• Glass-glass modules - Development of a PV module 
 tailor-made for the tropical climate 
 
• Indoor and outdoor study of the potential-induced 
 degradation (PID) of PV modules 
 
• Development of high performance, cost effective, and 
 production ready PV modules 
 
• Recycling of PV modules 

• Optical characterisation of glass panes and encapsulants 
 for PV modules 

• Comprehensive cell-to-module (CTM) loss analysis 
 methodology 

Development	of	PV	Modules

The glass-glass modules developed at SERIS
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Magnetron	Sputtering	of	Metal	and	
Transparent	Conductive	Oxide	(TCO)	
Coatings	for	Industrial	Prototyping
Magnetron sputtering is a physical vapour deposition (PVD) 
process that is widely used in the coating industry to 
deposit thin films onto different substrates (glass, foil, steel 
etc), for a wide range of applications. SERIS is offering 
magnetron sputtering services for small volumes in order to
allow clients from industry and academia to explore the use of 
this technology for their products and prototypes. 

The PVD sputtering platform at SERIS is designed for medium- 
to high-throughput applications like solar cells and flat panel 
displays. In this machine we can handle any flat substrate with 
a size of up to 300 mm × 400 mm, with a maximum thickness 
of 5 mm. Typical substrates would be glass and silicon wafers. 
This state-of-the-art machine has dedicated chambers for the 
sputtering of metal films and dielectric layers. The processing 
chambers are equipped with planar magnetron sources for 
DC sputtering of metals, oxides and oxynitrides in the reactive 

mode, and with a cylindrical dual-magnetron source and planar 
sources for pulsed DC source (DC+) sputtering of dielectrics 
and transparent conductive oxides (TCOs), with substrate 
heating to up to 500oC. This allows us to deposit thin layers 
of metals, TCOs and dielectrics onto various substrates.  It is 
also possible to deposit graded layers or unconventional multi-
layer stacks, without breaking the vacuum conditions. As the 
platform is comparable with large-scale production machines, 
the processes developed on this machine can easily be scaled 
up to industrial production lines. At SERIS we use this tool for 
depositing metal layers, TCOs and multi-layers for Si and CIGS 
thin-film solar cells, as well as heterojunction silicon wafer solar 
cells. The features of our sputtering machine are listed in Table 1.

In addition to AZO and ITO, we are able to deposit a variety 
of other layers, including Ag, Al, ZnO and thin layers of metal, 
oxide and oxynitride tuned to the customer’s requirements.

Photograph of the in-line multi-chamber magnetron sputtering machine at SERIS

Parameter   Details

Substrate Glass, Si wafers and foils

Substrate size Min size: 50 mm x 50 mm                     Max size: 300 mm x 400 mm

Substrate movement Linear and Oscillation

Substrate temperature Up to 500oC

Power supply DC and DC+ (0-10 kW)

Sputter targets Planar (Ti, Zn, Ag, Al, ITO)
Dual cylinder (2 wt % Al doped ZnO)

Gas supply Ar, O2, N2, Ar+O2 (98% + 2%)

Layers Ag, Al, TiO2, ZnO, AZO, ITO

Table 1: Process capabilities of the in-line sputtering machine at SERIS
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Quality	and	Yield	Analysis	of	
PV	Modules	and	PV	Systems

Quality is of utmost importance in the PV industry. This applies to 
materials, components and complete PV systems. With its 
skilled workforce and well-equipped laboratories as part 

of the PV Quality Assurance Centre, SERIS offers a range of 
services to the solar sector. 

SERIS has a strong track record in accurate long-term DC 
measurements of PV module performance in real-life outdoor 
conditions in tropical Singapore. The service has been very well 
received by both module manufacturers and potential investors. 

Before being installed at SERIS’ OMT facility, each PV module 
undergoes “flash testing” at standard test conditions (STC), 
pre-conditioning for 5 days (outdoor exposure), and then again 
flash testing at STC. This procedure not only determines the 
initial degradation, but also leads to a reliable “actual” wattage 
of the modules, which is then used as “baseline” (rather than the 
“nominal” name plate value) for any yield data that relate to the 
installed capacity. 

Reported data (available in intervals as short as 10 seconds) 
include: 

• In-plane irradiance (using a c-Si sensor) 
• Ambient temperature 
• Module temperature (measured at the backsheet) 
• DC characteristics: V
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• Cumulative energy yield 

Additional environmental parameters (e.g. wind speed and 
direction, global irradiance in horizontal plane, relative humidity) 
can also be measured.  

As part of the periodical reports, customers also receive 
the full set of measured raw data. 

In addition to the results obtained on their own modules, 
customers can also select to get access to additional 
benchmark comparisons of up to 8 different commercially 
available PV module technologies (several thin-film technologies 
and several silicon wafer-based technologies). 
 

 

Outdoor	Module	Testing	(OMT)	Service

SERIS’ OMT facility for high-precision outdoor performance testing of PV modules under tropical climate conditions (Singapore)
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PV	System	Design	and	Evaluation
SERIS can assist project owners and developers in the design of 
their PV systems for performance optimisation and to meet the 
highest quality standards, in particular for installations in the 
tropics. For example, SERIS has designed and commissioned 
a PV system that, since 2011, is operating in Singapore
with an exceptionally high performance ratio of almost 90%.  

SERIS assists its clients until the systems are fully operational 
and perform as originally planned.  

Typical PV system services offered by SERIS are tabled 
below. 

Yield estimation Yield assessment Optimised system design for 
high performance

Initial estimation of annual energy yield and 
performance ratio (PR)*, based on the 
following criteria:
•		Location
•		Module	technology
•		Inverter	concept
•		Tilt	angle
•		Azimuth

Yield assessment of annual energy output 
and PR*, based on the proposed system 
design (by client) and various data for the 
global horizontal irradiation from several 
sources (by SERIS). This includes shadow 
analysis and quantification of system losses

All “Yield assessment” services, plus:
•		Optimisation	of	the	proposed	system		
    design (mechanical, electrical up to
    medium-voltage) for high system
    performance, based on existing PR* 
    benchmarks 

Third-party verification Project due diligence Full project partnership

All “Optimised system design” services, 
plus:
•		Suitability	of	the	key	plant	components
•		Detailed	review	of	system	design
   (mechanical, electrical up to 
    medium-voltage) and cross-check 
    against current industry practices

Optional:
•		Review	against	given	guidelines	
   (statement of compliance) 

All “third-party verification” services, plus:
Detailed review of: 
•		Track	record	of	suppliers	and
    turnkey providers
•		Project	structure	and	obligations	
    of project parties
•		Technical	warranties
•		Project	management
•		Operations	and	maintenance	concept
•		Project	risks	and	mitigations
•		Financial	modelling
•		Factory	inspections

All “Project due diligence” services, plus:
•		Site	visit	prior	to	project	closure
•		Construction	monitoring
•		Final	acceptance
•		Operations	and	maintenance	reviews
•		Analytical	on-site	monitoring	with	
    calibrated equipment 

Optional:
•		Sample	testing	of	solar	modules

* The performance ratio PR is the ratio of actual AC yield of a PV system over the theoretically expected DC yield. The latter is based on in-plane 
   irradiance measurements as well as the module’s indoor power output under standard testing conditions (STC). 

Left: SERIS engineer performing on-site measurements prior to commissioning. Right: Photo of a newly installed PV system in Singapore where 
SERIS had performed various PV system quality assurance services. Photo courtesy of the Singapore American School.
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On-site	PV	System	
Performance Testing 
and Commissioning
SERIS offers on-site PV system performance measurement 
as well as testing and commissioning. This provides an 
independent verification of the actual system installation 
against original design drawings, and an initial performance 
assessment. This service uses calibrated measurement 
equipment to record critical system parameters on the 
DC and AC side, and references them to the prevailing 
environmental conditions, such as module temperatures 
and irradiance conditions. The service includes: 

• System verification against design drawings 
• Independent measurement of the system’s power output
• DC string measurements 
• Low-voltage AC measurement 
• Module temperature measurement 
• Irradiance measurement 
• Verification tests as per IEC standards 

SERIS’ PV performance testing services can be quickly 
deployed if a PV system is suspected of failure or under-
performance. SERIS will analyse the recorded data and 
provide recommendations for improvement of the system’s 
performance. 

Real-time	Analytical	
Monitoring of PV Systems

We offer real-time analytical monitoring of PV installations - 
from small rooftop systems to large ground-based PV power 
plants in the multi-MW ran ge. Analytical monitoring consists 
of a detailed measurement of critical system parameters and 
their analysis through mathematical modelling and simulation. 
The monitoring system provides instant output verification, 
failure detection and alarm triggers. The features of the system, 
which can be customised to individual requirements, include:

• Better than 1-second resolution for various DC and AC 
 parameters of a PV system, plus meteorological 
 parameters such as irradiances measured with different 
 devices and inclinations, temperatures (module, ambient), 
 relative humidity and wind speed/direction  
• Tailoring of alarms according to the customer’s needs 
 (e.g. upon inverter tr ips, grid outages, system 
 underperformance, etc), including SMS service 
• High-quality visualisation of measured data online or on 
 screens for various target groups: operations managers, 
 engineers, general public (e.g. through displays in corporate 
 entrance areas) 
• Automated daily download and data back-up routines
• ± 150 ms time synchronisation (with time server clocks)
 
Upon a system failure, SERIS engineers receive a warning (e.g. 
via SMS), thus enabling a fast reinstatement of the PV system’s 
operation.

SERIS’ PV System Monitoring Laboratory: LCD screens display live 
information from PV systems installed, as well as from SERIS’ 
meteorological stations across Singapore for analysis by SERIS.

Snapshot of a remote PV system monitoring station with live display of 
irradiance, AC power and performance ratio (here 89.6%)

On-site PV system performance measurement
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Real-time	Monitoring	of	
Meterological Parameters
SERIS operates a network of 25 meteorological stations across 
Singapore on a ~5 x 5 km2 grid, enabling a live solar irradi-
ance map for Singapore based on global horizontal irradiance 
measurements. The live irradiance map developed by SERIS 
can be seen at www.solar-repository.sg. Two screen 
snapshots are shown below. 

Other parameters measured by SERIS at its meteorological 
stations are: 

• Diffuse horizontal irradiance
• Ambient temperature and relative humidity
• Wind speed and direction
• Air pressure

Other features of the stations are 1-sec resolution, automated 
daily downloads, graphical user interfaces, and precise time 
synchronization. The real-time monitoring system can also be 
applied to other data acquisition needs (e.g. building monitoring 
systems, BMS). 

Thermographic Analysis of 
PV Systems
SERIS offers thermographic analysis of PV installations, both 
at system and component level. This enables, for example, 
the detection of various forms of thermal stress within a 
PV system. Thermal stress can cause lower PV system 
performance and give rise to safety hazards such as loose 
cable connections. The thermographic analysis typically 
focuses on: 

• String and module temperature measurements: This helps 
 to determine whether there are any faulty modules in a DC
 string, or faulty cells inside a PV module (Image 1). Unusual
 thermal behaviour of the module junction boxes can 
 also be detected. 

• DC and AC cabling operating temperature measurements: 
 Hotspots do not only occur in system parts that are
 exposed to sunlight, but also within the DC wiring
 system. Loose connectors and undersized cables can
 result in overheated parts, effectively increasing resistance
 and reducing the PV system’s power output (Image 2). 

• Component temperature measurements: Component 
 failures do not only cause system downtime, but can 
 also be a potential fire hazard. Proper fuse ratings and 
 component selection targeted for hot climate conditions, 
 as found in the tropics, for example, are crucial, but often 
 neglected. Thermographic analysis enables an in-depth
 analysis of component operating temperatures in DC field
 junction boxes all the way to AC distribution boards 
 (Image 3). 

Image 1: PV modules in 
operation, with one solar cell 
having a significantly enhanced 
temperature (“hot spot” effect) 
(top) high irradiances and 
(bottom) high and low irradiances 
across the city-state. 

Image 2: Thermographic analysis 
showing the overheating of a DC 
cable and connector 

Image 3: Thermographic image of 
components in a DC distribution 
box 

Two snapshots of the live solar irradiance map for Singapore at 
conditions of (top) high irradiances and (bottom) high and low 
irradiances across the city-state. 
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Characterisation and Testing of
PV Materials and Solar Cells 

Characterisation is the combination of accurate measurements 
and physical models to generate actionable information. To this 
end, we choose state-of-the-art tools that probe materials 
composition, electronic activity, and structures down to the 
most minute levels, as well as top of class equipment that 
measure device characteristics with adherence to international 
standards. Our depth of experience in PV metrology, silicon 
wafer and thin-film cell processing, programming and simulation, 
gives us the versatility to solve real-world problems with 
unique, tailored solutions.   
      
Below are some of the services we offer: 
 

Sample testing and analysis
• Solar cell loss analysis (‘Cell Doctor’) – detailed breakdown 
 of optical and collection losses, recombination losses, and 
 resistive losses; two-dimensional simulation in the analysis 
 of solar cell imaging and mapping data 

• High-precision steady-state light I-V and full-area spectral 
 response 

• High-precision active-area spectral response and diffusion 
 length mapping 

• Photoluminescence and electroluminescence imaging 
       
• Mapping of impurity zones and defects in wafers 

• Specular and diffuse transmission and reflection 

• Dielectric coatings: Charge and interface defect density 
 mapping 

• Optical and dielectric properties of coatings 

• Scanning electron microscopy 

• Line scans and 3D surface profiles 

PV	product	validation	and	
improvement
• Technical consultancy of industrial solar cells development, 
 process optimisation, and yield improvement 

• Analysis and simulation of advanced cell concepts 
 such as the heterojunction architecture, local back-
 surface-field, n-type bifacial configuration. 

• Comprehensive evaluation of metallisation paste in terms 
 of printability, line and contact resistance, metal 
 recombination 
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PV	Modelling	and	Simulation   

Modelling and simulation provides understanding of basic 
physics and helps speeding up characterisation and optimisation 
in production. For this purpose, SERIS operates a well-
developed simulation infrastructure. Various commercial and 
SERIS-developed simulation tools are available and a 
powerful computer cluster allows efficient calculations.  

The simulation team develops and refines solar cell models, 
extracts key device parameters, and expands the fundamental 
understanding of solar materials and devices. Examples of our 
activities are studies on surface passivation, optimisation of doping 
profiles and loss analysis of silicon wafer solar cells and 
modules. Our activities also include fundamental studies 
and the investigation of novel concepts. 
 
SERIS offers consulting and theoretical analysis services 
of solar cells and modules to external customers. Services 
range from performing analysis of different PV components to 
development of analysis tools and training on software. 

Topics currently investigated include: 

High-efficiency	diffused	silicon	wafer	solar	cells

Technical computer assisted design (TCAD) software like 
Synopsys Sentaurus is used. Particular interest is paid to 
2D and 3D processes, advanced surface passivation and 
identifying optical and electrical losses. 

Heterojunction	silicon	wafer	solar	cells 
TCAD software like Silvaco Atlas and Synopsys Sentaurus are 
used. Focus points here include the development of novel 
concept and advanced simulation. 

Process	simulation 
TCAD software allows simulating processing steps in industry. 
Sentaurus is used to simulate, for example, the diffusion 
process or ion implantation. 

PV	modules	and	systems	

Models for solar cells are integrated with analytical or circuit 
models to simulate PV modules and systems. Investigations here 
focuses on predicting module characteristics like I-V, EQE and 
yield, considering actual illumination conditions and installation.

Thin-film	properties 
Thin films are used for passivation, as optical coatings or as 
autonomous solar cell structures. Optical and electrical software 
like ASA or Silvaco ATLAS are used to simulate thin-film 
properties, including reflection, transmission and absorption, 
refractive index, the impact of scattering or defects. 
 
Quantification of the main loss mechanism in solar cells 
and modules are also provided in close collaboration with 
SERIS’ PV Characterisation Team. Furthermore, the efficiency 
potential of various solar cell and module technologies 
can be predicted. These services are directly available to 
external customers via the PV Characterisation Team. 

SERIS’ PV Simulation Team develops techniques to investigate the main loss mechanisms in PV cells and modules. The chart below shows the 
SERIS loss analysis method (‘Cell Doctor’), developed jointly with the PV Characterisation Team.

Forward bias 
current at MPP 

17%

Non-perfect IQE
17%

Metal shading
27%

Front surface 
reflectance

11%

Front surface 
escape
3%

Shunt 
resistance

2%
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Testing	of	Building	Façade	Elements

Façades account for almost 50% of the thermal load in 
buildingsin the tropics and are related to many occupant 
comfort issues, such as glare, thermal discomfort and noise 
transmission. 

Testing	of	Building	Elements
SERIS has a well-equipped calorimeter laboratory for testing 
of thermal and optical properties of building façade materials 
and assemblies. The laboratory provides the following services:

• Measurement of the solar and luminous properties of 
 architectural glasses (visible light transmittance, shading 
 coefficient, U-value) 

• Measurement of the emittance and solar reflectance of 
 roof surface materials (e.g., paints, coatings, membranes) 
 and calculation of the solar reflectance index (SRI) 
       
• Measurement of the thermal insulation properties (U-value, 
 R-value, thermal resistance, thermal conductivity) and the 
 shading coefficient of building envelope materials and
 assemblies (e.g., windows, walls, insulating glazing units)

• Measurement of the visible light reflectance of facade 
 materials (e.g., cladding panels), with detailed information 
 of the diffuse, specular and total visible light reflectance

• Calculation of shading coefficient, visible light
 transmittance and U-value of window/door systems 
        
In the area of façade technologies, our services for industry 
and opportunities for collaborative research include: 

• Determination of solar and luminous properties of glazing 
 systems 

• Determination of the U-value and g-value of fenestration 
 systems 

• Other services such as cool roof material testing and 
 insulation material testing 

 

SERIS is also active in the development of measurement 
methods for building facade elements. We also work closely 
with laboratories in China, Korea and Japan on standardised 
calorimetric g-value measurement methods. 
To facilitate on-site thermal transmission measurements, 
SERIS - in collaboration with Aalborg University in Denmark 
- has designed an on-site U-value device to measure the 
thermal transmittance of walls, windows and roofs. This fast 
and non-destructive testing method informs building owners 
about the thermal performance of their façades and helps to 
identify the best-suited retrofit options for the building envelope.

The mobile tool has been calibrated in SERIS’ calorimeter 
laboratory and hence the measurement values taken on site 
are quite accurate. Besides U-value measurements, this 
instrument also provides results on the total heat transmitted 
through the building components, which is the sum of direct 
radiation and thermal transmittance into the building.  
 

On-site	Testing	of	the	Air-
tightness	of	Buildings 

In energy audits, the blower-door test is used to determine a 
building’s airtightness. Reasons for establishing a proper building 
airtightness include: 

• Avoiding unwanted heat gains through gaps in the 
 building’s envelope 
    
• Reducing additional energy consumption for cooling 
        
• Preventing moisture condensation problems 
 
A blower door consists of one or more powerful fans, mounted 
in a frame of an exterior opening (door). The fan pulls air out 
of, or into, the building, lowering or increasing the air pressure 
inside. Airflow through the gaps will be induced to balance the 
pressure difference.  In combination with the use of a smoke 
pencil, air leaks can be detected. These tests determine the air 
infiltration rate of a building. They can also be used to measure 
airflows between building zones, to test ductwork airtightness, 
and to help physically locate air leakage sites in the building 
envelope. The blower-door test is conducted according to ASTM 
E-779, ATTMA and BS EN 13829:2001 standards. 

Blower-door measurement of a 
building’s airtightness.

Measurement of the g-value of a sample for an angle 
of incidence of about 45º

SERIS’ on-site U-value measurement tool (developed 
in collaboration with Aalborg University, Denmark)
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Solar Thermal Collectors and 
Collector	Systems	-	Testing,	Analysis	and	
System Design

In tropical climates, the all-year-round availability of solar 
energy leads to several favourable applications of solar 
thermal technology, including domestic hot water (DHW) 
systems (50 - 60 ºC) and industrial process heat (60 - 150 ºC), 
for example for breweries, chemical/pharmaceutical factories, 
car washing installations, distilleries, the food industry, the 
galvanic industry, laundries, the service industry (e.g. hotels), 
textile processing and heat-powered air-conditioning.  

To help fostering such applications, SERIS has established 
a solar thermal testing laboratory to offer four types of 
services in the tropical climate. 

Outdoor	testing	of	solar	
thermal collector systems 
(short and long term)
The efficiency and durability of solar collectors are measured 
under tropical conditions. The evaluation of the measurements
is done via model-based time-resolved simulation analyses. 
This method is well adapted to the fluctuating solar radiation 
conditions in the tropics. 

Solar thermal system design
SERIS offers design services for solar thermal systems for trop-
ical climates. This includes qualitative and quantitative analyses 
(if necessary by means of computer simulations).

Analytical monitoring 
We offer monitoring in real time through continuous on-site data-
logging of the solar thermal system and quantitative analyses of 
the data. 

Tender	evaluation 

Evaluation of tender submissions for solar thermal systems for 
the tropics. 

Time-resolved measurements of collector system parameters – ambient 
temperature on the laboratory roof (green line), collector inlet temperature 
(red line), collector outlet temperature (orange line) and solar irradiation 
(blue line) - during a typical mid-day period in Singapore 

Solar thermal collectors (evacuated type) being tested in SERIS’ outdoor solar thermal testing facility

Calculated efficiency curves of two types of solar thermal collectors
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Technical	Consulting 

Selected topics for technical consulting include: 
• Solar cells
• PV modules
• PV systems
• Feasibility studies
• Technical due diligences
• Solar thermal systems
• BIPV systems
• Multi-functional building envelopes

Customer	Feedback

“SERIS is a truly valued partner to 
FHR Anlagenbau GmbH. We moved 
into a scientific cooperation project 
dealing with the cutting edge of 
Transparent Conductive Oxides for 
solar and other applications. SERIS
is an outstandingly competent and 
reliable partner for our company.” 

“Businesswise, we find in SERIS also 
an excellent partner at the door to the 
South East Asia region.” 

Dr Reinhard FENDLER
CEO, FHR Anlagenbau GmbH
Centrotherm Group, Germany

SERIS offers a wide range of technical consulting services. They 
are based on the institute’s activities in application-oriented 

research and development, ensuring that state-of-the-art 
 methods and know-how are applied in their provision. 

“SoLayTec is a global leader in new 
deposition technologies for the solar 
market. One of those is ALD, formerly 
a slow rate deposition technique 
resulting in too low a throughput 
for economically viable solar cell 
production. SoLayTec has changed 
that dogma by introducing the so 
called Fast ALD. SoLayTec is working 
with SERIS in order to further improve 
the viability of the ALD technology 
together with other industrial partners 
and supports the creation of an 
ideal platform for global industrial 
collaboration aimed at higher cell 
efficiencies.” 

Mr Huib HEEZEN
Managing Director
SoLayTec B.V.
The Netherlands

“The AGC Group, with Tokyo-based 
Asahi Glass Co., Ltd. at its core, is a 
world-leading supplier of architectural 
glass as well as energy saving glass, 
automotive and display glass, 
chemicals and other high-tech 
materials and components. Through 
extensive Research and Development, 
the AGC Group continuously develops 
innovative materials and technologies 
to become the primary source of 
sustainable energy components for 
modern urban solar environments. In 
collaborating with SERIS’s research, 
knowledge and experience, we are 
convinced that AGC Group will be 
a leader in this area in near future.”

Mr Lim Yew Meng 
Executive Director
AGC Asia Pacific Pte Ltd 
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Facts and Figures
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PUBLIC	GRANTS	AWARDED	
TO	SERIS	IN	CALENDAR	
YEAR 2014
Feasibility of high-efficiency aluminium local back surface field 
multicrystalline silicon wafer solar cells  
(EIRP-03, 1 Jun 2014 to 30 Nov 2015) 
Prof Armin ABERLE (Lead PI) 
Collaborators from SERIS: Dr Bram HOEX, Dr Felix LAW 
Collaborator from industry: Dr YANG Pan, REC Solar Pte Ltd, Singapore 
       
Advanced metallization concepts enabling cost reduction for industrial 
high-efficiency silicon wafer solar cells 
(EIRP-03, 1 Jun 2014 to 31 May 2017) 
Dr Thomas MUELLER (Lead PI) and Dr Johnson WONG (Co-PI)
Collaborators from SERIS: Dr Bram HOEX, Ankit KHANNA, Vinodh 
SHANMUGAM, Dr Timothy WALSH 
Collaborator from industry: Martijn ZWEGERS, BE Semiconductor 
Industries N.V. (Meco/Besi), The Netherlands 

Innovative power system control and energy management for solar 
PV hybrid systems using forecasting and multi-objective optimization 
techniques for advanced and economic diesel replacement business
(EIRP-04, 16 Jun 2014 to 15 Jun 2016) 
Assoc Prof Sanjib K. PANDA (Lead PI), Dr Thomas REINDL (Co-PI), 
Assoc Prof Dipti SRINIVASAN (Co-PI) 
Collaborators from industry: Eugene PARK, Gallant Venture Ltd, 
Singapore; Clemens TRIEBEL, Younicos AG, Germany 
 
Singapore PV Module Recycling Programme 
(EIRP-01, 10 Oct 2014 to 9 Oct 2016) 
Dr Timothy Michael Walsh (Lead PI) 
Collaborator: Dr LI Xiaodong, Singapore Polytechnic, Singapore 
       
SERIS would like to thank its grantors for the support and confidence 
in its research work. 

AWARDS
• Best Student Paper Award at the 2014 IEEE Innovative 
 Smart Grid Technologies Asia Conference  (ISGT-Asia) 
 SERIS postgraduate student Ramprakash KATHIRESAN received 
 the Best Student Paper Award at the 2014 IEEE Innovative Smart 
 Grid Technologies Asia Conference  (ISGT-Asia), Kuala Lumpur, 
 Malaysia, 20-23 May 2014, for his paper entitled “An interactive 
 LED lighting interface for high energy savings”. Co-authors 
 are Yeo Jiangang Kenneth, Sanjib Kumar Panda, Thomas Reindl 
 and Pritam Das. 

• 2014 Isao Takahashi Power Electronics Award for outstanding 
 achievement in power electronics 
 SERIS Adjunct researcher Assistant Prof Akshay Kumar RATHORE 
 received the 2014 Isao Takahashi Power Electronics Award for 
 outstanding achievement in power electronics (handed over during 
 the award ceremony of the ECCE ASIA (IPEC) 2014 
 conference, 20 May 2014, Hiroshima, Japan). 

• Best Poster Award at SNEC 8th (2014) International Photovoltaic 
 Power Generation Conference & Exhibition 
 SERIS Adjunct researcher Prof Andrew TAY won the Best Poster 
 Award (Category 3: PV systems) at the SNEC 8th (2014) 
 International Photovoltaic Power Generation Conference & 
 Exhibition, 20-22 May 2014, Shanghai, China.  

• 2014 EU PVSEC Student Award at the 29th EU PVSEC 
 Conference 
 SERIS postgraduate student Mr Shubham DUTTAGUPTA received
 one of the five 2014 EU PVSEC Student Awards at the 29th EU 
 PVSEC Conference, 25 Sep 2014, Amsterdam, for his research 
 work “Progress with cost-effective surface passivation of p+ 

 silicon by PECVD SiNx”. Co-authors are Prabir K. Basu, 
 Fa-Jun Ma, Bram Hoex and Armin G. Aberle, all from the 
 Solar Energy Research Institute of Singapore (SERIS). 

• National Instruments 2014 Engineering Impact Award for 
 “Best Innovation in Renewable Energy” 
 SERIS researchers Mr André NOBRE and Mr Mark KUBIS 
 received the 2014 Engineering Impact Award for Best Innovation 
 in Renewable Energy in the ASEAN Regional Contest held by 
 National Instruments during the NIDays 2014 Conference on 
 2 Oct 2014, Singapore. Their work is entitled “Large-area 
 real-time solar irradiance mapping for PV applications” and maps 
 Singapore’s ground solar irradiance in real time for solar 
 resource assessment and forecasting in PV applications. 
       
• NUS Quality Service Award 2014 
 SERIS staff from the administrative unit, Jocelle Vicente Bautista, 
 Seng Honghui, Aditi Sridhar and Ji Yanzhao received the NUS
 Quality Service Award – Service Advocate Award 2014. The
 NUS Quality Service Award (QSA) is an annual university award
 that affirms in individuals their superb service attitude and a keen
 understanding on just how to exceed the expectations of their 
 customers. 

MEDIA	COVERAGE 
03 Jan 2014 “Solar energy start-up lights up rural communities” 
 in NUS News, Singapore
03 Feb 2014  “Solar energy institute back on its feet after fire” 
 in The Straits Times, Singapore
08 Feb 2014  SERIS was featured in Channel News Asia documentary
  “The Making of A City”
28 Apr 2014  “Solar power map to help S’poreans see the light” 
 in The Straits Times, Singapore
02 May 2014 “未来组屋屋顶更适合装太阳能板”: in Lianhe Zaobao, 
 Singapore
02 May 2014  “PUB embarks on solar projects to diversify energy 
 sources” in Channel NewsAsia, Singapore
03 May 2014  “Pilot projects using water sites to generate solar power 
 launched” in TODAY, Singapore
04 May 2014 “Singapore’s journey in harnessing solar power” 
 in The Straits Times, Singapore
22 May 2014 “Worst over for solar sector, but margins stay slim” 
 in South China Morning Post, Shanghai
10 Jun 2014 “Singapore continues to attract solar energy 
 companies: Singapore Incorporation” in Wall St Analyst,
 Bangalore
11 Jun 2014 “Singapore is planning the world’s largest floating solar
 farm” in Fast Company, New York
12 Jun 2014 “Singapore eyes large scale floatovoltaics” 
 in Energy Matters, New South Wales
27 Jun 2014  “HDB ramps up solar leasing with latest tender” 
 in TODAY, Singapore
18 Jul 2014  “SERIS opens lab to develop and test solar panels” 
 in TODAY, Singapore
18 Jul 2014  “Solar testing and development facility opens in Jurong”
 in The Straits Times, Singapore
21 Jul 2014  “SERIS opens PV testing lab in Singapore” in PV Tech,
 London
21 Jul 2014  “New solar lab shines in tropical research” 
 in asiaone Singapore, Singapore
22 Jul 2014  “新加坡太阳能研究所新光伏组件研发测试实验室” 
 in Solarbe, Beijing
22 Jul 2014  “Solar R&D, testing facility opens in Singapore” 
 on the NUS News, Singapore
25 Jul 2014  “S$14 million awarded to advance solar energy 
 research” in WILD Singapore, Singapore
25 Jul 2014  “S$14 million awarded to advance solar energy 
 research” in Channel NewsAsia, Singapore
30 Jul 2014  “AkzoNobel collaborates with institute in Singapore on 
 solar-cell technology” in HIS Chemical Week, New York
30 Jul 2014  “AkzoNobel joins hand with SERIS for solar cell 
 research” in Business Standard, Singapore
05 Aug 2014  “Not All Tier-1 Solar Panels Are Equal” in Energy Matters, 
 New South Wales
14 Aug 2014  “AkzoNobel to Collaborate with SERIS on Solar Cell 
 Technology” in Solar Energy Industry Today, 
 Washington DC
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18 Aug 2014  “Singapore can tap more solar power by 2050” 
 in The Straits Times, Singapore
29 Aug 2014  “Govt looking to take solar power to schools, camps” 
 in TODAY, Singapore
5 Sep 2014  “Two new train depots to get rooftop solar panels” 
 in Channel NewsAsia, Singapore
5 Sep 2014  “Sunny prospects for solar power in Singapore, 
 say industry players” in Channel NewsAsia, Singapore
6 Sep 2014  “Solar power use in Singapore poised for increase” 
 in Channel NewsAsia, Singapore
7 Sep 2014 “Solar power use in Singapore poised for increase” in
 Quiet Solar Energy
15 Sep 2014 “Sunny prospects for solar power in Singapore, say 
 industry players” in Bradman Energy & Carbon, New 
 South Wales
26 Sep 2014 “REC Launches High-Performance TwinPeak Series 
 Solar Panels for Major Rooftop Markets Worldwide” in
 Power Engineering, Tulsa
20 Oct 2014 “SPI 2014: REC showcases newly tested PID-free
 modules” in PV Tech, London
22 Oct 2014 “Solar Energy Research Institute of Singapore adopts
 Wavelabs’ solar simulator” in Photon.info, Aachen
25 Oct 2014 “$15m in grants awarded for research on clean energy”
 in asiaone Singapore, Singapore
1 Nov 2014 “Factories ‘suitable’ to tap sun’s rays” in asiaone 
 Singapore, Singapore
4 Nov 2014 “Singapore factories to benefit more from solar panels”
 in Asia Green Buildings, Singapore

PRESS RELEASES 
28 Feb 2014 Trina Solar and ANU jointly develop high efficiency solar 
 cell (by Trina Solar)

18 Jul 2014  Gearing up for Singapore’s bright future in solar energy- 
 Solar Energy Research Institute of Singapore at NUS
 officially launches photovoltaic module development
 and testing laboratories at CleanTech Park

30 Jul 2014  AkzoNobel and SERIS to collaborate on cost-efficient 
 precursors for high-efficiency silicon wafer solar cells
 (by AkzoNobel)

VISITING SCIENTISTS 
Prof Peter ADELMANN, 
University of Applied Sciences, Ulm, Germany
Research area: Off-Grid PV Systems

Prof Joachim LUTHER, 
Fraunhofer ISE, Germany
Research area: Solar thermal systems, Solar PV roadmap for 
Singapore

Mr Tetsufumi KAWAMURA, 
Hitachi Limited Japan
Research area: Increased durability of glass/glass photovoltaic 
modules in tropical climates.

Dr XUE Guogang, 
Nanjing University, China
Research area: Academic visit in the area of characterization of 
silicon wafer solar cells.

PARTICIPATION	IN	NATIONAL	
AND	INTERNATIONAL	
ORGANISATIONS

Editorial	Boards	of	Journals 

• Advances in OptoElectronics, Hindawi, USA  
 (Prof Armin ABERLE, member of the Editorial Board) 

• Green – The International Journal of Sustainable Energy 
 Conversion and Storage; Walter de Gruyter, Germany  
 (Prof Joachim LUTHER, member of the Editorial Board) 
       
• Organic Electronics, Elsevier, The Netherlands  
 (Assoc Prof Peter HO, Associate Editor) 

• Progress in Photovoltaics, Wiley, UK  
 (Prof Armin ABERLE, member of the Editorial Board) 

• Photovoltaics International, UK  
 (Prof Armin ABERLE, member of the Editorial Advisory Board)

• Reviews of Solar Energy, World Scientific Publishing, Singapore 
 (Prof Armin ABERLE, member of the Editorial Advisory Board)

• The Renewables Journal on Wind, Water and Solar, 
 Springer, Germany (Dr Thomas REINDL and Dr Bram HOEX, 
 members of the Editorial Board) 

• Transactions on Electron Devices, Institute of Electrical and
 Electronics Engineers (IEEE), USA (Prof Armin ABERLE, Editor)

Committees 

• Academic Committee of the Asian Photovoltaic Industry 
 Association (APVIA) (Prof Armin ABERLE, Executive Vice-
 Chairman)

• Advisory Board of the ANU Energy Change Institute, Australian 
 National University (Prof Armin ABERLE, member)

• Advisory Committee of the Climate Change Exhibition, 
 Singapore Science Centre (Dr Thomas REINDL, member)

• Advisory Committee of King Abdullah City for Atomic and 
 Renewable Energy (Dr Wilfred WALSH, member) 

• Becquerel Prize Committee of the European Union 
 (Prof Joachim LUTHER, Chairman)
 
• Clean Energy Committee of the Sustainable Energy 
 Association of Singapore (Dr Wilfred WALSH, member)

• Final Evaluation Committee of the Technology Enterprise 
 Commercialisation Programme (TECS), Spring Singapore 
 (Dr Thomas REINDL, member)
 
• IEA-SHC Task 40: Net Zero Energy Buildings of the IEA Solar 
 Heating and Cooling Programme (Dr Thomas REINDL, 
 Singapore representative)

• IEA-SHC Task 46: Solar irradiance forecasting 
 (Dr Wilfred WALSH, Singapore representative) 

• International Advisory Committee of the International 
 Photovoltaic Science and Engineering Conference, 
 PVSEC Committee (Prof Armin ABERLE, member, Singapore 
 representative)
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• International Scientific Committee of the European Photovoltaic 
 Solar Energy Conference (Prof Armin ABERLE, member)

• International Scientific Committee of SNEC 8th (2014) International 
 Photovoltaic Power Generation Conference (Prof Joachim LUTHER, 
 Chairman, Prof Armin ABERLE, Dr Thomas REINDL & Dr Bram 
 HOEX as members)

• High-Tech Committee of the Dutch Chamber of Commerce 
 (Dr Bram HOEX, observer)

• Organising Committee of the SNEC 8th (2014) International
 Photovoltaic Power Generation Conference, Scientific 
 Conference 2014  (Prof Armin ABERLE, Chairman; 
 Prof Joachim LUTHER, Honorary Chairman)

• Organising Committee of the PV Asia Scientific Conference 2014  
 (Prof Armin ABERLE, Chairman)

• Photovoltaics Committee of the IEEE Electron Devices Society, 
 USA (Prof Armin ABERLE, member)

• Programme Committee for the Optics for Solar Energy (SOLAR) 
 Conference at 2014 OSA CLEE (Prof Armin ABERLE, member)

• Renewable Energy Task Force of the Singapore Green Building 
 Council, Singapore (Dr Thomas REINDL, member)

• Scientific Committee of the International Conference on Silicon 
 Photovoltaics (SiliconPV) (Prof Armin ABERLE, member)

• Singapore Green Building Council Electrical Taskforce 
 (Dr Thomas REINDL, member)

• Sub-area Chair of the 40th IEEE Photovoltaic Specialists 
 Conference, USA (Dr Bram HOEX)

• Technical Programme Committee of the 6th World Conference
 on Photovoltaic Energy Conversion, Japan (Prof Armin ABERLE
 and Dr Thomas REINDL, members)

• Technical Review Panel for the Research & Development 
 collaboration programme launched by Ministry of National 
 Development (MND) and Tianjin Eco-city Administrative 
 Committee (ECAC) (Dr Thomas REINDL, member) 

• The Joint-National Technical Committee (NTC) for 
 “Solar Photovoltaic Energy System”, Singapore  
 (Dr Timothy WALSH, Co-Chairman)

• The National Research Foundation Consultative Panel on Energy,
 Singapore (Prof Armin ABERLE, member)

SERIS	Memberships	/	Partnerships

• Asian Photovoltaic Industry Association (APVIA)
• International Solar Energy Society (ISES)
• Min-E Access: Minimum Electricity Access, Sustainable
 Development Knowledge Platform, United Nations (partner)
• National Fenestration Rating Council (NFRC)
• Sustainable Energy Association of Singapore (SEAS)

VISITORS	
14 Jan 2014 Students from the King Fahd University of Minerals and
 Petroleum, Saudi Arabia

27 Jan 2014 Dr Bianca LIM, Project Leader, Institute for Solar Energy 
 Research Hamelin (ISFH), Germany

28 Feb 2014 Delegation headed by Vice Chancellor Professor V. Raju 
 from the Vellore Institute of Technology University, India

03 Mar 2014 Dr Fouad Karouta, Manager of the ANFF ACT Node,
 Australian National University, Canberra, Australia

08 Apr 2014 Students from De La Salle Lipa, Batangas, Philippines,
 headed by Engr. Joselito Roxas, EE Department Chair,
 De La Salle Lipa, Batangas, Philippines

08 May 2014 Delegation from the High-Tech Committee of the Dutch 
 Chamber of Commerce. 

21 May 2014 Delegation from Shanghai Jiao Tong University, China,  
 headed by Prof Huang Zhen, Vice President of 
 Shanghai Jiaotong University

11 Jul 2014 Students from the faculty of Applied Physics of the 
 Eindhoven University of Technology, The Netherlands, 
 as part of their study tour to Singapore and Malaysia.

02 Oct 2014 Delegation of international government officials hosted 
 by the Ministry of Foreign Affairs Singapore as part of 
 Singapore’s Climate Change and Energy Sustainability 
 Programme

01 Dec 2014 Delegation of international government officials hosted 
 by the Ministry of Foreign Affairs Singapore as part of 
 Singapore’s Climate Change and Energy Sustainability 
 Programme
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OUTREACH	ACTIVITIES

Asian	Youth	Energy	Summit	(AYES)	2014,	22	Mar	2014,	Singapore

Overseas participants of AYES 2014 at SERIS for a half-day Energy 
Trail programme, which comprised a lecture on solar power, a dialogue 
session with SERIS scientists, a lab tour and hands-on activities
at SERIS. 

SERIS CEO Prof Aberle giving his lecture on solar power to the AYES 
2014 participants. 

EMA	Energy	Innovation	Symposium	2014,	6	June	2014,	Singapore

SERIS researcher discussing the SERIS-developed Singapore Module with 
a symposium attendee. Courtesy of Energy Market Authority. 

Demonstration of SERIS’ Live Solar Irradiance Map which collects 
real-time data and translates them into a Singapore map to give a 
visual gauge of the solar irradiation across the city-state. Courtesy 
of Energy Market Authority 

CHIJ	St	Nicholas	Girls’	School	Science	Conference	“Expanding	Your	Horizons”,	
17	July	2014,	Singapore

SERIS hosted a booth at CHIJ St Nicholas Girls School’s annual science 
conference entitled “Expanding Your Horizons”. The 2014 event aimed 
at introducing the school’s students to women in science & engineering 
whose work falls into the category “Nurturing a Sustainable Future”.

SERIS researcher demonstrating the COMMLIGHT, a solar streetlamp 
developed by SERIS, to the school’s students.  
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NRF	Energy	TechRoadMap	2014,	31	July	2014,	Singapore

Presentation of the Solar Photovoltaic (PV) Roadmap for Singapore by 
Lead author Prof Joachim LUTHER. Prof Luther was SERIS’ CEO 
until March 2012 and is presently the Acting Head of SERIS’ Solar 
Thermal System Group. Photo courtesy of National Research 
Foundation, Prime Minister’s Office, Singapore. 

Posters on solar photovoltaics exhibited by SERIS at the 
Energy TechRoadMap event. Photo courtesy of National Research 
Foundation, Prime Minister’s Office, Singapore. 

Energy	Carta	Energy	Trail	@	SERIS,	22	Aug	2014,	Singapore

NUS students visited SERIS for an Energy Trail Workshop co-organised 
by NUS student group Energy Carta. The students were 
introduced to renewable energy and the basics of solar cell 
characterisation techniques. 

The students also learnt about solar PV system installation and 
monitoring in Singapore, and how to analyse one-day data to 
predict the effect of weather on the output of a PV system. 

NUS	Sustainability,	Environment	&	Energy	Research	(SEER)	Symposium	2014,	
23	September	2014,	Singapore

Dr Thomas REINDL discussing SERIS’ National Solarisation Centre in his 
plenary talk at SEER 2014 entitled “Photovoltaics: The solarisation of 
Singapore”. 

An attendee viewing SERIS’ posters at the SEER 2014 event.  
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CONFERENCES	ORGANISED	BY	SERIS

SNEC	2014	Scientific	Conference,	20-22	May	2014,	Shanghai,	China

SERIS CEO Prof Aberle delivering his Welcome Speech at the SNEC 2014 
Scientific Conference in Shanghai, China. Photo courtesy of Asian Photovoltaic 
Industry Association (APVIA). 
 

Prof Aberle with a Poster Award winner at the SNEC 2014 Scientific Conference 
in Shanghai, China. Photo courtesy of Asian Photovoltaic Industry Association 
(APVIA). 

PV	Asia	Scientific	Conference	2014,	29	Oct	2014,	Singapore

Prof Christophe BALLIF demonstrating a prototype of a white PV module during 
his invited talk at the PV Asia Scientific Conference  2014. 

Photo session after the Solar Leaders Dialogue of the PV Asia Scientific 
Conference 2014. 

Singapore-Japan	Joint	Workshop	on	Photovoltaics,	11-12	Dec	2014,	Singapore

Photo session with the invited speakers and representatives of Dai Dan Co. 
Ltd., exclusive sponsor of the Singapore-Japan Joint Workshop on 
Photovoltaics 2014. 
 

The invited speakers also received a laboratory tour of the PV Module 
Laboratory at CleanTech One. 
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PATENTS 
J. Chen, Z. Du, B. Hoex. Optimization of aluminum-silicon contact 
formation for semiconductor devices, US Provisional Application 
No. 61/969,162 (filing date 20 Jan 2014) 

M. B. Boreland, P. Basu, D. Sarangi. Method for single-side texturing 
of multicrystalline silicon wafers, US Provisional Application No. 
61/939,298 (filing date 12 Feb 2014) 

J. Wong, T. Mueller. Method and apparatus to monitor bias voltage 
disparities in solar cell measurement involving multiple current extraction 
points for either electrode polarity and to predict measurement output 
corresponding to zero disparity in bias voltages, Utility model 
(filing date 6 Mar 2014) 

R. Kathiresan, P. Das, A.K. Singh, T. Reindl, S.K. Panda. Purely 
inductive DC-side ripple power storage for solar-photovoltaic inverters, 
US Provisional Application No. 62/003,146 (filing date 27 May 2014)

P. Das, R. Kathiresan, A.K. Singh, S.K. Panda, T. Reindl. A single sensor 
based multi-string constant current controlled LED driver with 
switchless dimming, US Provisional Application No. 62/038, 522 
(filing date 18 Aug 2014) 

TEACHING/ LECTURES AT 
UNIVERSITIES  
Prof Armin ABERLE, Prof Charanjit BHATIA, Assistant Prof Akshay 
RATHORE, Dr Bram HOEX and Dr Ian Marius PETERS 
Devices for Electric Energy Generation, Module EE4432, National 
University of Singapore, Semester 2, academic year 2013/2014 
(Jan-May 2014) 

Dr Thomas REINDL (Guest lecturer and Examiner) 
Engineering Science Programme, Module ESP3902 (Assoc Prof Palani 
BALAYA), 3rd Year Engineering Science Students, Specializing in 
Energy Systems and Computational Engineering Science, academic 
year 2013/2014 (Jan-May 2014)  

PUBLICATIONS   

Journal	papers 
Duttagupta, S., Ma, F.-J., Hoex, B., Aberle, A.G. Excellent surface 
passivation of heavily doped p+ silicon by low-temperature 
plasma-deposited SiOx/SiNy dielectric stacks with optimised 
antireflective performance for solar cell application. Solar Energy 
Materials and Solar Cells, Vol 120, 2014, pp. 204-208 

Sahraei, N., Forberich, K., Venkataraj, S., Aberle, A. G., Peters, I. M. 
Analytical solution for haze values of aluminium-induced texture (AIT) 
glass superstrates for a-Si:H solar cells. Optics Express, Vol 22, 2014, 
pp. A53-A67 

Khoo, Y. S., Singh, J. P., Walsh, T. M., Aberle, A. G. Comparison of 
angular reflectance losses between PV modules with planar and 
textured glass under Singapore outdoor conditions. IEEE Journal of 
Photovoltaics, Vol 4, 2014, pp. 362-367 

Liu, B., Png, R.-Q., Tan, J.-K., Ho, P. K. H. Evaluation of built-in 
potential and loss mechanisms at contacts in organic solar 
cells: Device model parameterization, validation, and prediction. 
Advanced Energy Materials, Vol 4, 2014, Article ID: 1200972 

Shanmugam, V., Cunnusamy, J., Khanna, A., Basu, P. K., Zhang, 
Y., Chen, C. L., Stassen, A. F., Boreland, M. B., Mueller, T., Hoex, B., 
and Aberle, A.G. Electrical and Microstructural Analysis of Contact 
Formation on Lightly Doped Phosphorus Emitters Using Thick-Film 
Ag Screen Printing Pastes. IEEE Journal of Photovoltaics, 
Vol 4, 2014, pp. 168-174 

Lim, G. H., Zhuo, J. M., Wong, L. Y., Chua, S. J., Chua, L. L., Ho, P. K. H. 
A transition solvent strategy to print polymer: fullerene films using 
halogen-free solvents for solar cell applications. Organic Electronics,
Vol 15, 2014, pp. 449-460  

Khoo, Y. S., Nobre, A., Malhotra, R., Yang, D., Ruether, R., Reindl, T., 
Aberle, A. G. Optimal orientation and tilt angle for maximizing in-plane 
solar irradiation for PV applications in Singapore. IEEE Journal of 
Photovoltaics, Vol 4, 2014, pp. 647-653  

Huang, Y., Sahraei, N., Widenborg, P. I., Peters, I. M., Dalapati, G. K., 
Iskander, A., Aberle, A. G. Enhanced light trapping in polycrystalline 
silicon thin-film solar cells using plasma-etched submicron textures. 
Solar Energy Materials and Solar Cells, Vol 122, 2014, pp. 146-151 

Basu, P. K., Cunnusamy, J., Sarangi, D., Boreland, M. B. Novel selective 
emitter process using non-acidic etch-back for inline-diffused silicon 
wafer solar cells. Renewable Energy, Vol 66, 2014, pp. 69-77 

Heinrich, M., Kluska, S., Hameiri, Z., Hoex, B., Aberle, A. G. Extracting 
physical properties of arbitrarily shaped laser-doped micro-scale areas 
in semiconductors. Applied Physics Letters, Vol 103, 2013, p. 262103

Sahraei, N., Venkataraj, S., Vayalakkara, P., Aberle, A. G. Optical 
absorption enhancement in amorphous silicon films and solar cell 
precursors using the aluminum-induced glass texturing method. 
International Journal of Photoenergy, Vol 2014, 2014, Article ID: 842891

To, T. T., Adams, S. Modelling of P3HT:PCBM interface using coarse-
grained forcefield derived from accurate atomistic forcefield. Physical 
Chemistry Chemical Physics, Vol 16, 2014, pp. 4653-4663 

Peters, I. M., Khoo, Y. S., Walsh, T. M. Detailed current loss analysis 
for a PV module made with textured multicrystalline silicon wafer 
solar cells. IEEE Journal of Photovoltaics, Vol 4, 2014, pp. 585-593 

Xu, L., Weber, K., Fell, A., Hameiri, Z., Phang, S. S., Yang, X., Franklin,
E. The impact of SiO2/SiNx stack thickness on laser doping of silicon 
solar cell. IEEE Journal of Photovoltaics, Vol 4, 2014, pp. 594-600

Dong, Z., Yang D., Reindl, T., Walsh, W. M. Satellite image analysis and 
a hybrid ESSS/ANN model to forecast solar irradiance in the tropics.  
Energy Conversion and Management, Vol 79, 2014, pp. 66-73 

Huang, M., Hameiri, Z., Gong, H., Wong, W. C., Aberle, A. G., Mueller, T. 
Hybrid silver nanoparticle and transparent conductive oxide structure 
for silicon solar cell applications. Physica Status Solidi Rapid 
Research Letters, Vol 8, 2014, pp. 399-403 

Hameiri, Z., Rougieux, F., Sinton, R., Trupke, T. Contactless 
determination of the carrier mobility sum in silicon wafers using 
combined photoluminescence and photoconductance measurements. 
Applied Physics Letters, Vol 104, 2014, Article ID: 073506 

Liu, L., Wang, X., Lennon, A., Hoex, B. Geometric confinement of 
directly deposited features on hydrophilic rough surfaces using a 
sacrificial layer. Journal of Material Science, Vol 49, 2014, pp. 4363-4370

Gu, C., Yang, D., Jirutitijaroen, P., Walsh, W. M., Reindl, T. Spatial load 
forecasting with communication failure using time-forward kriging. 
IEEE Transactions on Power Systems, 2014, DOI: 10.1109/TPWRS.
2014.2308537 

Yang, D., Dong, Z., Reindl, T., Jirutitijaroen, P., Walsh, M. W. Solar 
irradiance forecasting using spatial temporal empirical kriging and 
vector autoregressive models with parameter shrinkage. Solar Energy, 
Vol 103, 2014, pp. 550-562 

Yang, D., Walsh, W. M., Jirutitijaroen, P. Estimation and applications of 
clear sky global horizontal irradiance at the equator. Journal of 
Solar Energy Engineering, Vol 136, 2014, Article ID: 034505
 
Basu, P. K., Chakraborty, S., Hameiri, Z., Boreland, M. B. Novel 
non-metallic non-acidic approach to generate sub-wavelength 
surface structures for inline-diffused multicrystalline silicon wafer 
solar cells. Applied Surface Science, Vol 307, 2014, pp. 689-697
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Singh, J. P., Aberle, A. G., Walsh, T. M. Electrical characterization method
for bifacial photovoltaic modules. Solar Energy Material and Solar Cells, 
Vol 127, 2014, pp.136-142 

Ge, J., Tang, M., Wong, J., Dippell, T., Doerr, M., Hohn, O., Zhang, 
Z., Huber, M., Wohlfart, P., Aberle, A. G., Mueller, T. Excellent silicon 
surface passivation achieved by industrial inductively coupled plasma 
deposited hydrogenated intrinsic amorphous silicon suboxide, 
International Journal of Photoenergy, Vol. 2014, 2014, Article ID: 752967

Ma, F.-J., Liu, H., Liao, B., Chen, J., Du, Z., Samudra, G. S., 
Aberle, A. G., Hoex, B., Peters, I. M. Impact of Auger recombination 
parameterisations on predicting silicon wafer solar cell performance. 
Journal of Computational Electronics, Vol 13, 2014, pp. 647-656

Liao, B., Hoex, B., Aberle, A. G., Chi, D., Bhatia, C. S. Excellent c-Si 
surface passivation by low-temperature atomic layer deposited titanium 
oxide. Applied Physics Letters, Vol 104, 2014, Article ID: 253903

Ke, C., Law, F., Widenborg, P. I., Aberle, A. G., Peters, I. M. Electrical 
activity of geometrically necessary dislocations in polycrystalline silicon 
thin films prepared by solid phase crystallization. Physica Status Solidi 
A Applications and Materials Science, 2014, DOI: 10.1002/pssa.
201431271 

Ye, J. Y., Reindl, T., Aberle, A. G., Walsh, T. M. Effect of solar spectrum on 
the performance of various thin-film PV module technologies in tropical 
Singapore. IEEE Journal of Photovoltaics, Vol 4, 2014, pp. 1268-1274

Ye, J. Y., Guo, S., Walsh, T. M., Hishikawa, Y., Stangl, R. 
On the spectral response of PV modules. Measurement Science 
and Technology, Vol 25, 2014, Article ID: 095007 

Zhang, T., Birgersson, E., Luther, J. Modeling the structure-property 
relations in pillar-structured organic donor/acceptor solar cells. Organic 
Electronics, Vol 15, 2014, pp. 2742-2748 

Ling, Z. P., Ge, J., Stangl, R., Aberle, A. G., Mueller, T. Micro Raman 
spectroscopy analysis of doped amorphous and microcrystalline 
silicon thin film layers and its application in heterojunction silicon 
wafer solar cells. Transactions of the Materials Research Society 
of Japan, Vol 39 Issue 1. Doi: 10.14723/tmrsj.39.11 

Liu, H., Nobre, A. M., Yang, D., Ye, J., Martins, F. R., Rüther, R., Reindl, T., 
Aberle, A. G., Peters, I. M. The impact of haze on performance ratio 
and short-circuit current of PV systems in Singapore. IEEE Journal 
of Photovoltaics, 2014, DOI: 10.1109/JPHOTOV.2014.2346429 
       
Ye, J., Reindl, T., Aberle, A. G., Walsh, T. M. Performance degradation 
of various PV module technologies in tropical Singapore. IEEE 
Journal of Photovoltaics, Vol 4, 2014, pp. 1288-1294 

Ling, Z. P., Ge, J., Mueller, T., Aberle, A. G., Stangl, R. Development 
of a conductive distributed Bragg reflector for heterojunction solar 
cells using n-doped microcrystalline silicon and aluminium-doped
zinc oxide films. IEEE Journal of Photovoltaics (in press) 

Virasawmy, S., Widenborg, P. I., Palina, N., Ke, C., Wong, J., Varlamov, S., 
Tay, A. A. O., Hoex, B. Laser chemical processing of n-type 
emitters for solid phase crystallised poly-silicon thin film 
solar cells. IEEE Journal of Photovoltaics (in press) 

Liu, Z., Sahraei, N., Hoex, B., Aberle A. G., Peters, I. M. Optical modelling
of alkaline saw-damage-etched rear surfaces of monocrystalline 
silicon solar cells. IEEE Journal of Photovoltaics (in press) 

Heinrich, M., Kluska, S., Binder, S., Hameiri, Z., Hoex, B., Aberle, 
A. G. Accurate potential drop sheet resistance measurements of laser 
doped areas of semiconductors. Journal of Applied Physics (in press)

Kumar, A., Law, F., Dalapati, G. K., Subramanian, G. S., Widenborg, 
P. I., Tan, H. R., Aberle, A. G. Synthesis and characterisation of 
large-grain solid-phase crystallized polycrystalline silicon thin films. 
Journal of Vacuum Science & Technology A (in press) 
 
Peters, I. M., Liu, Z., Guo, S., Stangl, R. Full loss analysis for a
multicrystalline silicon wafer solar cell PV module at short circuit 
conditions. Progress in Photovoltaics: Research and Applications 
(in press) 

Papers	in	PV	Industry	Magazines	  

Yang, D., Nobre, A. M., Baker, R., Reindl, T. Large-area solar irradiance 
mapping. PV International, 24th edition, pp. 91 

Wong, J., Sridharan, R. Griddler: The handy 2D solar cell calculator. 
PV International, 25th edition, pp. 41 

Conference Papers    

Sahraei, N., Venkataraj , S., Aberle, A. G., Peters, M. Optimum feature 
size of randomly textured glass substrates for maximum scattering 
inside thin-film silicon solar cells. SPIE Photonic West, San Francisco, 
USA, 6 Feb 2014. Physics, Simulation, and Photonic Engineering of 
Photovoltaic Devices III, Vol 8981, 2014 

Huang, M., Hameiri, Z., Gong, H., Wong, W. C., Aberle, A. G., Mueller, T. 
Novel hybrid electrode using transparent conductive oxide and 
silver nanoparticle mesh for silicon solar cell applications. 4th 
International Conference on Silicon Photovoltaics, The Netherlands, 
26 Mar 2014. Energy Procedia, Vol 55, 2014, pp 670-678 

Wang, X., Juhl, M., Malcom, A., Hameiri, Z., Yao, Y., Lennon, A. 
Use of QSSPC and QSSPL to monitor recombination processes 
in p-type silicon solar cells. 4th International Conference on Silicon 
Photovoltaics, The Netherlands, 26 Mar 2014. Energy Procedia, 
Vol 55, 2014, pp 169-178 

Kathiresan, R., Kenneth, Y. J., Panda, S. K., Reindl, T., Das, P. 
An interactive LED lighting interface for high energy savings. 2014 
IEEE Innovative Smart Grid Technologies - Asia (ISGT Asia), Malaysia, 
20-23 May 2014. Published in conference proceedings, pp 508-513

Hoex, B., Chaturvedi, P., Hameiri, Z. SunsPZ©: Real-time spatially 
resolved solar cell parameter visualizer. 40th IEEE Photovoltaic 
Specialist Conference, USA, 8-13 Jun 2014 (in press) 

Wong, J., Sridharan, R., Wang Y. C., Mueller, T. Differential
electroluminescence imaging and the current transport efficiency of 
silicon wafer solar cells. 40th IEEE Photovoltaic Specialist Conference, 
USA, 8-13 Jun 2014 (in press) 

Hameiri, Z., Ma, F. -J., McIntosh, K. R. Investigation of low injection 
effects using the local ideality factor obtained from effective lifetime 
measurements. 40th IEEE Photovoltaic Specialist Conference, USA, 
8-13 Jun 2014 (in press)  

Zhong, L., Lu, P. H., Hameiri, Z., Wang, K., Cui, J., Li, Y., Lennon, A. 
Stored charge properties of anodic aluminium oxide on silicon 
substrate. 40th IEEE Photovoltaic Specialist Conference, USA, 
8-13 Jun 2014 (in press) 

Wilson, M., Hameiri, Z., Nandakumar, N. Application of non-contact 
corona-kelvin metrology for characterisation of PV dielectrics on 
textured surfaces. 40th IEEE Photovoltaic Specialist Conference, 
USA, 8-13 Jun 2014 (in press)  

Ma, F. -J., Hameiri, Z., Samudra, G. S., Peters, I. M., Hoex, B. 
Numerical analysis of injection level dependent effective lifetime 
on 125 mm undiffused lifetime samples. 40th IEEE Photovoltaic 
Specialist Conference, USA, 8-13 Jun 2014 (in press) 

Mueller, T., Ge. J., Tang, M., Wong, J., Ling, Z. P., Zhang, Z., Doerr, 
M., Dippell, T., Hohn, O., Huber, M., Wohlfart, P. Inductively coupled 
plasma deposited amorphous silicon alloys using industrial equipment 
for heterojunction silicon solar cells. 40th IEEE Photovoltaic 
Specialist Conference, USA, 8-13 Jun 2014 (in press)  

Duttagupta, S., Hameiri, Z., Hoex, B., Aberle, A. G. Dielectric 
charge tailoring in PECVD SiOx/SiNx stacks and its impact on 
industrial p-type silicon wafer solar cell efficiency. 40th IEEE 
Photovoltaic Specialist Conference, USA, 8-13 Jun 2014 (in press)

Kathiresan, R., Das, P., Reindl, T., Panda, S. K. Purely inductive ripple 
power storage for improved lifetime in solar photovoltaic micro-
inverter topology. 40th IEEE Photovoltaic Specialist Conference, 
USA, 8-13 Jun 2014 (in press)  
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Choo, T. S., Chen, K-W., Janssen, P. Multi-objective Optimisation of a 
Semi-transparent Building Integrated Photovoltaic Facade Using Ant 
Colony Algorithm. Building Simulation and Optimisation 2014 Conference, 
UK, 23-24 Jun 2014. Published in conference proceedings online

Safizadeh, M., Morgenstern, A., Bongs, C., Henning, H-M., Luther, J. 
Two-stage air-dehumidification system for the tropics - assessment 
of conceptual system configurations. EuroSun 2014 - International 
Conference on Solar Energy and Buildings, France, 16-19 Sep 2014 
(in press) 

Peters, I. M., Liu, Z., Guo, S., Stangl, R. Optical Losses in PV Modules. 
29th EU PVSEC, The Netherlands, 22-26 Sep 2014 (in press) 

Ge, J., Tang, M., Wong, J., Dippell, T., Doerr, M. Hohn, O., Zhang, Z., 
Huber, M., Wohlfart, P., Aberle, A. G., Mueller, T. State-of-the-art 
amorphous silicon sub-oxide passivation layer by ICPECVD for 
heterojunction solar cell application. 29th EU PVSEC, The Netherlands, 
22-26 Sep 2014 (in press) 

Tang, M., Ge, J., Wong, J., Huber M., Zhang, Z., Doerr, M., Dippell, Hohn, 
O., Wohlfart, P., Ling, Z. P., Aberle, A. G., Mueller, T. Hydrogen plasma 
etching for heterojunction silicon solar cell application using an 
industrial ICPECVD machine. 29th EU PVSEC, The Netherlands, 22-26 
Sep 2014 (in press) 

Wang, P., Azimi, S., Breese, M. B. H., Peters, I. M. Simulation of 
nanotextures for energy harvesting in thin silicon solar cells. 29th EU 
PVSEC, The Netherlands, 22-26 Sep 2014 (in press) 

Stangl, R., Qiu, Z., Ma, F.-J., Ling, Z. P., Wong, J., Duttagupta, S., Peters, 
I. M., Hameiri, Z., Hoex, B., Aberle, A. G. Accurate performance 
prediction and loss analysis of silicon solar cells considering nonlinear 
recombination. 29th EU PVSEC, The Netherlands, 22-26 Sep 2014 
(in press)   

Zhang, Z.-H., Dippell, T., Huber, M. R., Doerr, M., Hohn, O., Ge, J., 
Tang, M., Wong, J., Mueller, T., Wohlfart, P. SINGULAR platform for 
dual-sided plasma treatment and coating of Si based passivation 
layers. 29th EU PVSEC, The Netherlands, 22-26 Sep 2014 (in press) 

Duttagupta, S., Basu, P. K., MA, F. -J., Hoex, B., Aberle, A. G. Progress 
with cost-effective surface passivation of p+ silicon by PECVD 
SiNx. 29th EU PVSEC, The Netherlands, 22-26 Sep 2014 (in press)

Nobre, A. M., Yang, D., Tan, A., Barrot, J., Tan, A., Ruether, R., 
Reindl, T. Large-area 2D mapping of PV system performance. 
29th EU PVSEC, The Netherlands, 22-26 Sep 2014 (in press) 

Antoniolli, A., Nobre, A. M., Reindl, T., Rüther, R. A review on 
grid-connected PV systems in Brazil including system performance. 
29th EU PVSEC, The Netherlands, 22-26 Sep 2014 (in press)

Danner, M., Haendel, R., Reindl, T., Adelmann, P. Design, prototyp-
ing and testing of an affordable high-efficiency solar-powered street 
light. 29th EU PVSEC, The Netherlands, 22-26 Sep 2014 (in press)

Qiu, Z., Wang Y., Aberle, A. G.,  Stangl, R. Efficiency potential of rear-side 
heterojunction stripe-contacts applied in hybrid silicon solar cells. 
6th World Conference on Photovoltaic Energy Conversion (WCPEC-6), 
Japan, 23-27 Nov 2014 (in press)  

Nobre, A. M., Severiano JR. C. A., Kubis, M., Du, H., Karthik, S., Martins, 
F. M., Rüther, R., Reindl, T. A meteorological sensing network for 
improved short-term solar irradiance forecasting for PV applications 
in Singapore. 6th World Conference on Photovoltaic Energy Conversion 
(WCPEC-6), Japan, 23-27 Nov 2014 (in press) 

Liu, H., Nobre, A.M., Yang, D., Ye, J.Y., Martins, F.R., Rüther, 
R., Reindl, T., Aberle, A.G., Peters, I.M. The impact of haze on 
performance ratio and current generation of PV systems in Singapore. 
The 6th World Conference on Photovoltaic Energy Conversion (WCPEC-6), 
Japan, 23-27 Nov 2014 (in press) 

Zomer, C. D., Nobre, A. M., Yang, D., Reindl, T., Rüther, R. 
Performance analysis for BIPV in high-rise, high-density cities: 
A case study in Singapore. The 6th World Conference on Photovoltaic 
Energy Conversion (WCPEC-6), Japan, 23-27 Nov 2014 (in press)

TALKS	AT	CONFERENCES	
AND	WORKSHOPS
(Speaker’s name underlined)  

Aberle, A. G. Solar power - getting ready for the conquest of the 
world; SinBerBEST Annual Symposium, Singapore, 8 Jan 2014 (invited 
keynote talk) 

Sahraei, N., Venkataraj, S., Aberle, A., Peters, M. Optimum feature 
size of randomly textured glass substrates for maximising scattering 
inside thin-film silicon solar cells; SPIE Photonic West, USA, 6 Feb 2014

Aberle, A. G. Solar power - getting ready for the conquest of the world; 
Executive Education in Renewable Energy Management (REM-HSG) 
at the University of St. Gallen, Switzerland; Singapore, 19 Mar 2014 
(invited talk) 

Huang, M., Hameiri, Z., Gong, H., Wong, W. C., Aberle, A. G., Mueller, 
T. Novel hybrid electrode using transparent conductive oxide and silver 
nanoparticle mesh for silicon solar cell applications; 4th International 
Conference on Silicon Photovoltaics, The Netherlands, 26 Mar 2014

Reindl, T. Power grid stability with an increasing share of variable solar 
power - possible measures for smart grid integration; IEEE Ninth 
International Conference on Intelligent Sensors, Sensor Networks and 
Information Processing (ISSNIP), Symposium on Smart Grids, Singapore, 
23 Apr 2014 (invited talk) 

Reindl, T. Development and prospects of solar projects in Asia; 17th 
Annual Power & Electricity World Asia 2014, Solar Show Asia 2014, 
Solar Development Spotlight Panel, Singapore, 23 Apr 2014 (invited talk)

Reindl, T. The TruePowerTM Alliance - Advanced combination of 
extended indoor & outdoor testing of PV modules & system across 
various climate zones; 17th Annual Power & Electricity World Asia 
2014, Solar Show Asia 2014, Asian Solar Project Showcases, Singapore, 
23 Apr 2014 (invited talk) 

Haendel, R. Development of a high-efficient, all-integrated and affordable 
solar community & safety light; 17th Annual Power & Electricity World Asia 
2014, Solar Show Asia 2014, Singapore, 23 Apr 2014 (invited talk) 
       
Hoex, B., Wong, J., Stangl, R., Peters, M., Meng, L., Ma, F. -J., Duttagupta, 
S., Aberle, A. G. Advanced characterisation of industrial silicon wafers 
and solar cells, SNEC 8th (2014) International Photovoltaic Power 
Generation Conference & Exhibition, P. R. China, 22 May 2014 (invited talk)

Reindl, T. The importance of high-quality system design and 
implementation for optimised LCOE; SNEC 8th (2014) International 
Photovoltaic Power Generation Conference & Exhibition, 22 May 2014, 
P. R. China (invited talk) 
 
Kathiresan, R., Yeo, J. G., Panda, S.K., Reindl, T., Das, P. An interactive 
LED lighting interface for high energy savings; 2014 IEEE Innovative 
Smart Grid Technologies Conference - Asia (ISGT ASIA), Malaysia, 
20-25 May 2014 

Singh, J. P. Characterisation of bifacial solar cells and modules for 
bifacial illumination using standard indoor measurements; 2nd bifi PV 
workshop, France, 26-27 May 2014 
 
Reindl, T. Solar PV Exchange and the Solar Energy Research Institute of 
Singapore (SERIS); SolarPV Exchange Launch, Singapore, 19 Jun 2014 
(invited talk) 

Wong, J., Sridharan, R., Wang Y. C., Mueller, T. Differential 
electroluminescence imaging and the current transport efficiency of 
silicon wafer solar cells. 40th IEEE Photovoltaic Specialist Conference, 
USA, 8-13 Jun 2014 

Ma, F. -J., Hameiri, Z., Samudra, G. S., Peters, I. M., Hoex, B. 
Numerical analysis of injection level dependent effective lifetime on 
125 mm undiffused lifetime samples. 40th IEEE Photovoltaic 
Specialist Conference, USA, 8-13 Jun 2014 
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Duttagupta, S., Hameiri, Z., Hoex, B., Aberle, A. G. Dielectric 
charge tailoring in PECVD SiOx/SiNx stacks and its impact on 
industrial p-type silicon wafer solar cell efficiency. 40th IEEE 
Photovoltaic Specialist Conference, USA, 8-13 Jun 2014 

Kathiresan, R., Das, P., Reindl, T., Panda, S. K.  Purely inductive ripple 
power storage for improved lifetime in solar photovoltaic micro-
inverter topology. 40th IEEE Photovoltaic Specialist Conference, USA, 
8-13 Jun 2014  

Tan, J. K., Png, R-Q., Chua, L-L., Ho, P. K. H.  Contacts engineering of 
organic solar cells. 7th International Symposium on Flexible Organic 
Electronics (ISFOE14), Greece, 9-12 Jul 2014 

Choo, T. S., Chen, K-W., Janssen, P. Multi-objective Optimisation of 
a Semi-transparent Building Integrated Photovoltaic Facade Using 
Ant Colony Algorithm. Building Simulation and Optimisation 2014 
Conference, UK, 23-24 Jun 2014 

Hellwig, R. T. From Energy Saving Ordinance to Green Building Rating - 
Lessons Learnt from Germany. International Green Building Conference 
2014, Singapore, 1-3 Sep 2014 
 
Safizadeh, M., Morgenstern, A., Bongs, C., Henning, H-M., Luther, J. 
Two-stage air-dehumidification system for the tropics - assessment 
of conceptual system configurations. EuroSun 2014 - International 
Conference on Solar Energy and Buildings, France, 16-19 Sep 2014

Peters, I. M., Liu, Z., Guo, S., Stangl, R., Optical Losses in PV 
Modules, 29th EUPVSEC, The Netherlands, 22-26 Sep 2014 

Wang, P., Azimi, S., Breese, M. B. H., Peters, I. M. Simulation of 
nanotextures for energy harvesting in thin silicon solar cells. 29th EU 
PVSEC, The Netherlands, 22-26 Sep 2014 

Stangl, R., Qiu, Z., Ma, F. -J., Ling, Z. P., Wong, J., Duttagupta, S., 
Peters, I. M., Hameiri, Z., Hoex, B., Aberle, A. G. Accurate Performance 
Prediction and Loss Analysis of Silicon Solar Cells Considering Non
linear Recombination. 29th EU PVSEC, The Netherlands, 22-26 
Sep 2014 

Duttagupta, S., Basu, P. K., Ma, F. -J., Hoex, B., Aberle, A. G. Progress 
with cost-effective surface passivation of p+ silicon by PECVD SiNx. 
Proc. 29th EU PVSEC, The Netherlands, 22-26 Sep 2014 

WALSH, W. Global Resource Assessments & IEA Task 46 on Solar 
Resource Assessment. Asian and Pacific Centre for Transfer of 
Technology (APCTT) of the United Nations Economic and Social 
Commission for Asia and the Pacific EGM on Renewable Energy 
Assessment, Thailand, 24-26 Sep 2014 (invited talk) 

Aberle, A. G., Embracing the new paradigm in PV: Reduce LCOE 
through technological innovation. Solar World Congress, P.R. 
China, 14 Oct 2014 (invited keynote talk) 

Khoo, Y. S. PID testing at SERIS. PV Workshop at Fraunhofer Centre 
for Silicon Photovoltaics CSP, Germany, 21-22 Oct (invited talk) 
       
Nobre, A. M. SERIS and the RP internship program. Diploma Industry 
Day at Republic Polytechnic, Singapore, 24 Oct 2014 

Reindl, T., The nuts and bolts of Solar PV installations in Singapore. PV 
Asia Scientific Conference 2014, Singapore, 28-29 Oct 2014 

Basu, P., Emitter profile tailoring using the SERIS etch on tube and 
inline-diffused emitters for high efficiency multi-crystalline silicon wafer 
solar cells.  PV Asia Scientific Conference 2014, Singapore, 28-29 Oct 2014

Walsh, T. M., Solar DC mini-grids for rural electrification. PV Asia 
Scientific Conference 2014, Singapore, 28-29 Oct 2014 

Yan, X., Surface texturing studies of bilayer TCO films for thin-film Si solar 
cells. PV Asia Scientific Conference 2014, Singapore, 28-29 Oct 2014

Thompson, M., Technical and Economic Evaluation of an Off-Grid 
Solar Desalination System in Myanmar. Research Symposium on 
Energy, Environment and Business (RSEED-2014), UAE, 15-16 Nov 2014

Aberle A. G., Performance of PV modules and systems in the tropics. 
Asian Nations Joint Workshop on PV, Japan, 23 Nov 2014 (invited talk)

Qiu, Z., Efficiency potential of rear heterojunction stripe contacts 
applied in hybrid silicon wafer solar cells. The 6th World Conference on 
Photovoltaic Energy Conversion (WCPEC-6), Japan, 23-27 Nov 2014

Nobre, A. M., Severiano JR. C. A., Kubis, M., Du, H., Karthik, 
S., Martins, F. M., Rüther, R., Reindl, T. A meteorological sensing 
network for improved short-term solar irradiance forecasting for PV 
applications in Singapore. 6th World Conference on Photovoltaic 
Energy Conversion (WCPEC-6), Japan, 23-27 Nov 2014 

Zomer, C. D., Nobre, A. M., Yang, D., Reindl, T., Rüther, R. 
Performance analysis for BIPV in high-rise, high-density cities: A 
case study in Singapore. The 6th World Conference on Photovoltaic 
Energy Conversion (WCPEC-6), Japan, 23-27 Nov 2014 

Aberle, A. G., Liu, H., Nobre, A. M., Ren, Z., Buonassisi, T., Peters, I.M. 
Design criteria of GaAs on silicon tandem solar cells for terrestrial 
applications. Light, Energy and the Environment Congress, 2 Dec 2014, 
Australia (invited talk) 

Aberle, A. G. Design criteria of GaAs on Silicon Tandem Solar Cells 
for Terrestrial Applications. Light, Energy and the Environment Congress, 
2 Dec 2014, Australia (invited talk) 

Thompson, M., Technical and Economic Evaluation of an Off-Grid 
Solar Desalination System in Myanmar. 7th International Young Water 
Professional Conference, Taiwan, 7-11 Dec 2014 

Nobre, A. M. The nuts & bolts of solar PV installations in Singapore. 
A Mini-Conference on Solar Power Usage in Singapore by The Singapore-
German Chamber of Industry and Commerce, Singapore, 11 Dec 2014

Aberle A. G. Overview of PV R&D in Singapore. Singapore-Japan Joint 
Workshop on Photovoltaics 2014, Singapore, 11-12 Dec 2014 
(plenary talk) 

Reindl, T. Overview of PV market in Singapore and South East Asia. 
Singapore-Japan Joint Workshop on Photovoltaics 2014, Singapore, 
11-12 Dec 2014 (invited talk) 

Hoex, B. Advanced Si wafer solar cells at SERIS. Singapore-Japan Joint 
Workshop on Photovoltaics 2014, Singapore, 11-12 Dec 2014 (invited talk)

Mueller, T. Heterojunction silicon solar cell R&D at SERIS. Singapore-
Japan Joint Workshop on Photovoltaics 2014, Singapore, 11-12 
Dec 2014 (invited talk) 

Stangl, R. Advanced simulation and modelling of silicon wafer solar cells 
and modules. Singapore-Japan Joint Workshop on Photovoltaics 2014, 
Singapore, 11-12 Dec 2014 (invited talk) 

Wong, J. Characterisation of silicon wafer solar cells. Singapore-Japan 
Joint Workshop on Photovoltaics 2014, Singapore, 11-12 Dec 2014 
(invited talk) 

Nobre, A. M. Live irradiance map for Singapore. Singapore-Japan 
Joint Workshop on Photovoltaics 2014, Singapore, 11-12 Dec 2014 
(invited talk) 

Venkataraj, S. Establishment of an R&D pilot line for CIGS solar cells 
and mini-modules in Singapore. Singapore-Japan Joint Workshop on 
Photovoltaics 2014, Singapore, 11-12 Dec 2014 (invited talk) 
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POSTERS	AT	CONFERENCES	
AND SEMINARS   
Peters, I. M., Khoo, Y. S., Walsh, T. M., Hauser, H., Blaesi, B.  Simulating 
the optics of textured multicrystalline silicon wafer solar cells.
4th International Conference on Crystalline Silicon Photovoltaics, 
The Netherlands, 26 Mar 2014 

Xu, L., Hameiri, Z., Weber, K., Yang, X. Comparison between secondary 
electron microscopy dopant contrast image and electron beam 
induced current for laser doping of crystalline silicon. 4th International 
Conference on Crystalline Silicon Photovoltaics, The Netherlands, 
26 Mar 2014 

Lennon, A., Wang, X., Yau, Y., Juhl, M., Hameiri, Z., Abbott, M. 
Use of QSSPC and QSSPL to monitor recombination processes 
in p-type silicon solar cells. 4th International Conference on Crystalline 
Silicon Photovoltaics, The Netherlands, 26 Mar 2014 

Tay, A. A. O. Performance and prospects of PV-thermal systems for 
cogeneration of heat and electricity. SNEC 8th (2014) International 
Photovoltaic Power Generation Conference & Exhibition, P. R. China, 
20-22 May 2014 

Kumar, A., Widenborg, P. I., Subramanian, G. S., Aberle, A. G. 
Impact of deposition parameters on the material quality of SPC 
poly-Si thin films using high-rate PECVD of a-Si:H. Photovoltaic 
Technical Conference, France, 21 May 2014  

Chaturvedi, P., Hameiri, Z., Hoex, B. SunsPZ©: Real-time spatially 
resolved solar cell parameter visualizer. 40th IEEE Photovoltaic 
Specialist Conference, USA, 8-13 Jun 2014 

Hameiri, Z., Ma, F. -J., McIntosh, K. R.  Investigation of low injection 
effects using the local ideality factor obtained from effective lifetime 
measurements. 40th IEEE Photovoltaic Specialist Conference, USA, 
8-13 Jun 2014 

Zhong, L., Lu, P. H., Hameiri, Z., Wang, K., Cui, J., Li, Y., Lennon, A. 
Stored charge properties of anodic aluminium oxide on silicon substrate. 
40th IEEE Photovoltaic Specialist Conference, USA, 8-13 Jun 2014 
        
Wilson, M., Hameiri, Z., Nandakumar, N. Application of non-contact 
corona-kelvin metrology for characterisation of PV dielectrics on 
textured surfaces. 40th IEEE Photovoltaic Specialist Conference, 
USA, 8-13 Jun 2014  

Mueller, T. Ge. J., Tang, M., Wong, J., Ling, Z. P., Zhang, Z., Doerr, M., 
Dippell, T., Hohn, O., Huber, M., Wohlfart, P. Inductively coupled 
plasma deposited amorphous silicon alloys using industrial 
equipment for heterojunction silicon solar cells. 40th IEEE Photovoltaic 
Specialist Conference, USA, 8-13 Jun 2014  

Lim, F. J., Overcoming light soaking issues in inverted organic 
solar cells by interfacial layer modifications. International Conference 
of Synthetic Metals (ICSM 2014), Finland, 30 Jun-5Jul 2014 

Nobre, A. M., Yang, D., Tan, A., Barrot, J., Tan, A., Ruether, R., Reindl, T. 
Large-area 2D mapping of PV system performance. 29th EU PVSEC, 
The Netherlands, 22-26 Sep 2014  

Antoniolli, A., Nobre, A. M., Reindl, T., Ruether R. A review on grid-
connected PV systems in Brazil including system performance. 
29th EU PVSEC, The Netherlands, 22-26 Sep 2014  

Danner, M., Haendel, R., Reindl, T., Adelmann, P. Design, prototyping 
and testing of an affordable high-efficiency solar-powered street 
light. 29th EU PVSEC, The Netherlands, 22-26 Sep 2014  

Zhang, Z.-H., Dippell, T., Huber, M. R., Doerr, M., Hohn, O., Ge, J., 
Tang, M., Wong, J., Mueller, T., Wohlfart, P. SINGULAR platform for 
dual-sided plasma treatment and coating of Si based passivation 
layers. 29th EU PVSEC, The Netherlands, 22-26 Sep 2014 
       
Ge, J., Tang, M., Wong, J., Dippell, T., Doerr, M. Hohn, O., Zhang, 
Z., Huber, M., Wohlfart, P., Aberle, A. G., Mueller, T. State-of-the-art 

amorphous silicon sub-oxide passivation layer by ICPECVD for
heterojunction solar cell application. 29th EU PVSEC, The Netherlands, 
22-26 Sep 2014  

Tang, M., Ge, J., Wong, J., Huber M., Zhang, Z., Doerr, M., Dippell, 
Hohn, O., Wohlfart, P., Ling, Z. P., Aberle, A. G., Mueller, T. Hydrogen 
plasma etching for heterojunction silicon solar cell application using an 
industrial ICPECVD machine. 29th EU PVSEC, The Netherlands, 
22-26 Sep 2014 

Shetty, K. D., Boreland, M. B., Shanmugam, V., Hoex, B. Optimization 
of POCl3 Diffusion to Achieve Lightly Doped Shallow Emitters for 
Efficiency Improvements in Silicon Wafer Solar Cells. PV Asia Scientific 
Conference 2014, Singapore, 28-29 Oct 2014 

Sarangi, D., Basu, P. K., Shetty, K. D., Hameiri, Z., Boreland, M. B. 
Optimization of the doping profile of inline diffused n-type emitters for 
c-Si solar cells. PV Asia Scientific Conference 2014, Singapore, 
28-29 Oct 2014 

Huang, M., Aberle, A. G., Mueller, T. The conduction mechanism of 
amorphous indium tin oxide films prepared by radio frequency 
magnetron sputtering. PV Asia Scientific Conference 2014, Singapore, 
28-29 Oct 2014 

Liu, Z., Ma, F. -J., Stangl, R., Peters, I. M. Path tracing method for 
pyramid-textured silicon solar cells. PV Asia Scientific Conference 2014, 
Singapore, 28-29 Oct 2014 

Liu, H., Ren, Z., Liu, Z., Buonassisi, T., Aberle, A. G., Mueller, T. Impact 
of real illumination condition in Singapore on III-V/Si tandem solar cells: 
a theoretical case study. PV Asia Scientific Conference 2014, 
Singapore, 28-29 Oct 2014 

Shanmugam, V., Wong, J., Aberle, A. G., Mueller, T. Overcoming the 
performance limitations of fine-line screen-printed metal contacts 
by using stencils for high efficiency silicon wafer solar cells. PV Asia 
Scientific Conference 2014, Singapore, 28-29 Oct 2014 

Li, M., Ma, F. -J., Hoex, B., Samudra, G., Aberle, A. G., Peters, I. M. 
Simulation of the annealing step for ion implanted boron emitters. 
PV Asia Scientific Conference 2014, Singapore, 28-29 Oct 2014

Sridharan, R., Stangl, R. Characterization of local Aluminum emitters 
for Hybrid heterojunction Silicon Wafer Solar Cells. PV Asia Scientific 
Conference 2014, Singapore, 28-29 Oct 2014 

Li, W., Venkataraj, S., Yan, X., Aberle, A. G. Optimization of molybdenum 
deposition conditions for back contact applications in CIGS solar 
cells. PV Asia Scientific Conference 2014, Singapore, 28-29 Oct 2014

Khoo, Y. S., Singh, J. P. Advanced light management for improving 
photovoltaic modue performance. PV Asia Scientific Conference 2014,
Singapore, 28-29 Oct 2014 

Singh, J. P., Guo, S., Khoo, Y. S., Aberle, A. G., Walsh, T. M. 
Standardisation of bifacial PV devices. PV Asia Scientific Conference 
2014, Singapore, 28-29 Oct 2014 

Nobre, A. M., Kubis, M., Du, H., Phua, S., Pyae, S., Yang, D., Reindl, T. 
First full 2D solar irradiation maps for Singapore based on a 
network of ground measurements. PV Asia Scientific Conference 
2014, Singapore, 28-29 Oct 2014 

Liu, H., Nobre, A. M., Yang, D., Ye, J.Y., Martins, F.R., Rüther, R., 
Reindl, T., Aberle, A. G., Peters, I.M. The impact of haze on 
performance ratio and current generation of PV systems in 
Singapore. The 6th World Conference on Photovoltaic Energy 
Conversion (WCPEC-6), Japan, 23-27 Nov 2014 

Huang, M., Hameiri, Z., Aberle, A. G., Mueller, T. High electron 
mobility indium tin oxide films for heterojunction silicon wafer solar 
cell applications. The 6th World Conference on Photovoltaic Energy 
Conversion (WCPEC-6), Japan, 23-27 Nov 2014 
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Huang, M., Hameiri, Z., Aberle, A. G., Mueller, T. Comparative study 
of indium tin oxide prepared by pulsed-DC and RF magnetron 
sputtering at low temperature and low power conditions. The 6th 
World Conference on Photovoltaic Energy Conversion (WCPEC-6), 
Japan, 23-27 Nov 2014 

Liu, Z., Hoex, B., Peters, I. M. Impact of rear internal reflectance on 
photocurrent in silicon wafer solar cells. The 6th World Conference on 
Photovoltaic Energy Conversion (WCPEC-6), Japan, 23-27 Nov 2014

Sahraei, N., Stangl, R., Peters, I. M. Simulation study of electrical 
properties of window layers in a-Si:H solar cells. The 6th World 
Conference on Photovoltaic Energy Conversion (WCPEC-6), Japan, 
23-27 Nov 2014 

Shanmugam, V., Wong, J., Cunnusamy, J., Zahn, M., Zhou, A., 
Yang, R., Chen, X., Mueller, T., Aberle, A. G. Investigation of fine 
line screen-printed and stencil-printed Ag metal contacts for silicon 
wafer solar cells. The 6th World Conference on Photovoltaic 
Energy Conversion (WCPEC-6), Japan, 23-27 Nov 2014 

Nandakumar, N., Dielissen, B., Alonso, D. G., W. M. M., Gortzen, R., 
Aberle, A. G., Hoex, B. Spatial atomic layer deposition of intrinsic zinc 
oxide films for application in the photovoltaic industry. The 6th World 
Conference on Photovoltaic Energy Conversion (WCPEC-6), Japan, 
23-27 Nov 2014 

YAN, X., Venkataraj, S., Li, W., Aberle, A. G. Bilayer TCO structure as 
front electrode for thin-film silicon solar cell applications. The 6th World 
Conference on Photovoltaic Energy Conversion (WCPEC-6), Japan, 
23-27 Nov 2014 

Li, W., Venkataraj, S., Yan, X., Aberle, A. G. Effect of deposition 
pressure on the properties of magnetron sputter deposited Mo 
back contact for CIGS solar cells. The 6th World Conference on 
Photovoltaic Energy Conversion (WCPEC-6), Japan, 23-27 Nov 2014
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