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1. Samenvatting 
Het Joint Solar Programme (JSP) is het eerste grote programma op het gebied van funderend en 
exploratief onderzoek aan fotovoltaïsche zonne-energieconversie (PV). Met dit programma 
benadrukken FOM en Shell het belang van PV voor een duurzame energievoorziening, maar ook 
de wetenschappelijke uitdagingen die nog voor ons liggen. JSP-I, de eerste fase van het JSP, is in 
2004 van start gegaan. Het vormde een perfecte aanvulling op de reeds bestaande PV-
onderzoekprogramma’s, die zich vooral richten op toegepast onderzoek en 
technologieontwikkeling.  

JSP-I heeft opvallende, innovatieve en belangrijke output opgeleverd. Spectrumconverters en 
quantum dots om zonlicht efficiënter te gebruiken en plasmonische structuren voor 
lichtmanipulatie zijn slechts enkele voorbeelden. Andere resultaten hebben fundamentele kennis 
opgeleverd over veelbelovende ontwikkelingen in PV. Dit stelt onderzoeksgroepen en bedrijven in 
staat betere keuzes te maken voor toekomstige technologieën en markten. 

Bij PV-onderzoek is het gebruikelijk om de resultaten te meten in termen van (bijvoorbeeld) 
rendementsverbetering van zonnecellen. Bij funderend onderzoek blijkt dit echter vaak niet 
mogelijk en daarom is het belangrijk om andere indicatoren te ontwikkelen. Verder heeft het JSP 
laten zien dat het nuttig is om fundamentele wetenschappers en technologiedeskundigen in een 
vroeg stadium van het onderzoek bij elkaar te brengen. Dit verbetert de doelgerichtheid van het 
onderzoek en vergroot de kansen op succes voor latere toepassing in zonnecellen.  

 
 

2. Executive summary 
The Joint Solar Programme (JSP) was the first coordinated and large-scale effort on basic and 
exploratory research in the field of photovoltaic solar energy conversion (PV) in the Netherlands. 
The establishment of the first phase (JSP-I) by Shell and FOM in 2004 demonstrated the importance 
of PV as a key technology for a sustainable energy future, but also the great scientific challenges 
still ahead of us. JSP-I formed the perfect complement to the existing programmes, which focused 
largely on applied research and technology development.  
JSP-I has generated a large volume of output, part of which ranks among the most visible, most 
innovative and most important work in the field. Plasmonic structures for light management and 
quantum dot absorbers as well as spectrum converters for more efficient use of sunlight are just a 
few examples. Other parts have yielded crucial input for selecting the most promising 
developments in PV and enable research groups and companies to make their choice of new 
technologies and businesses.  
In PV it is customary to measure the quality and success of research in terms of (for instance) the 
efficiency improvement. A lesson learned is that this is often not possible in basic and exploratory 
research, so that it is important to develop useful other indicators. Moreover it is useful to bring 
together basic scientists and device experts in an early phase of the research. This will improve 
scope and focus on the one hand and enhance the probability of success in devices on the other 
hand.  
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3. Introduction 
The Joint Solar Programme (JSP) was initiated mid 2004 by the Shell Research Foundation, the 
Foundation for Fundamental Research on Matter (FOM) and the Chemical Sciences (CW) of the 
Dutch Organization for Scientific Research (NWO). It is a so-called Industrial Partnership 
Programme (IPP) of the Foundation for Fundamental Research on Matter (FOM). IPP's are 
programs for basic research where FOM staff works closely with colleagues from the industry. The 
participating companies tend to carry at least 50% of the cost.  
 
This document is the final reports on the first tranche of the Joint Solar Programme, that started in 
2004. This tranche has a budget of k € 3.846. It contains of contributions from FOM (k € 1.125), Shell 
(k € 2.046) and an in kind contribution of k € 675 of CW.  
 
Below the original aim and scope of the programme are mentioned like they were stated in the call 
for proposals. 

1. Creating prospects for new generations of PV cells with substantially improved 
characteristics, by exploring new conversion principles, device concepts and processing 
methods. 

2. Achieving synergy and acceleration by involving new groups and disciplines in PV related 
research. 

 
 
3.1 Background and relevance 
Photovoltaic conversion (PV) is the most direct way to tap our main sustainable source of energy: 
the sun. By using PV sunlight is converted into electricity without intermediate processes. This 
feature makes PV widely applicable and potentially allows for very high energy conversion 
efficiencies of up to ~85%.  
 
 
 
 
 
 
 
 
 
Although various types of solar cells differ substantially in design and practical operation, efficient 
conversion of a spectrum of photon energies to electricity generally requires optimization of the 
following steps: 

• photon absorption and generation + transport of charge carriers or charge precursors; 
• separation of positive and negative charge carriers; 
• transport of charge carriers to the device terminals.  

 
Today’s best (small area) laboratory solar cells have efficiencies in the range of roughly 15% to 
(almost) 40%1, while industrially manufactured large-area solar modules reach 5-15%. Narrowing 
the gap between these ranges and the abovementioned theoretical maximum of 85% is extremely 
important, and cannot be achieved by applied research and advanced technology alone. It requires 
thorough understanding of the underlying mechanisms, as well as development of new 
conversion principles and cell concepts.  
 
                                                      
1 Note that emerging technologies like polymer PV are still in the range below 5% and that the 40% (concentrator 

tandem) cells have no commercial counterpart.  

Figure 1. 
Schematic of 
a solar cell. 

 



 
 
 
3.2 Programme description 
The large difference between the performance of the best PV devices so far and the theoretical limit 
for PV conversion is mainly due to: 

• incomplete use of the solar spectrum (see example for a silicon cell in Figure 2)1; 
• recombination of charge carriers2. 
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The example of silicon cells shows that less than half of the energy in the solar spectrum is actually 
used. The same is true for cells based on other semiconductor materials. By ensuring full spectrum 

 photons) it will thus be possible to reach much higher 
bination of charge carriers (or rather, by shifting 

d recombination) the ultimate efficiency of 85% can be achieved 

 

 
 
 
                                                     

use (that is, the complete energy of all
efficiency values. By additionally tackling recom
the balance between generation an
(see Figure 3). 
 

 
1  Photons with energies smaller than the bandgap are not absorbed, photons with energies larger than the bandgap can 

only be used partially. 
2  Note that recombination and (thermal) generation are interlinked. 

Figure 2. Power density as a 
function of wavelength in a 
typical terrestrial solar spectrum 
(Air Mass 1.5). The grey area 
shows the fraction that can (in 
principle) be converted into 
electricity by a crystalline silicon 
solar cell. The arrow indicates 
the band gap energy of Si (1.1 
eV, corresponding to 1100 nm 
photons). 

Figure 3. Schematic representation of the loss factors in (left) a typical commercial silicon cell, (middle) an 
ideal solar cell employing one semiconductor (band gap roughly 1.4 eV), and (right) the ultimate solar 
cell achieving the theoretical maximum efficiency. 
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The obvious way to bridge the gap between the best single gap cell for use under natural sunlight 
and the ultimate solar cell is to build multi-bandgap (tandem or multi-junction) structures and to 
apply concentrated light. By doing so, a larger fraction of the solar spectrum can be used and the 
balance between generation and recombination of carriers is shifted, thus reducing the influence of 
the latter. Indeed, this route is explored worldwide and will probably lead to the breaking of the 
40% efficiency barrier in the near future. The 40% applies to very costly triple or quadruple 
junction devices based on III-V semiconductors. Although this is a very important development 
which requires top-quality technology, the PV community has recently (re)discovered the potential 
of other routes towards super high efficiency cells. They are commonly referred to as 3rd 
generation photovoltaics (3GPV). 3GPV includes a variety of conversion concepts. Some examples: 
 

• spectrum conversion before absorption (reduce losses related to the mismatch between 
photon energies and band gap energy); 

• intermediate band semiconductors (enable more than one low-energy photon to generate a 
charge carrier, thereby reducing mismatch losses); 

• multiple electron-hole pair generation per photon; 
• hot-carrier devices (prevent carriers generated deeper in the bands to fully relax to the 

band edges); 
• thermophotovoltaic and thermophotonic devices (use of absorbers and emitters with 

excellent thermal and optical control). 
 

An excellent in-depth review of concepts has been given by M.A. Green, in “Third generation 
photovoltaics; advanced solar energy conversion” (Springer-Verlag, Berlin, 2003) and overviews 
can also be found in various papers by the same and other authors.  
 
Efficient use of the solar spectrum is probably the best way to fulfill mankind’s future growing 
energy needs in a sustainable manner. This makes research in this area highly relevant. On the 
other hand, the scientific challenges that are faced are still huge and require top scientists to 
dedicate themselves to the topic. 
 
 
3.3 Aims and scope 
FOM, CW and SSR have recognized the importance and scientific attractiveness of a research 
program in this field and invited scientists to put forward proposals in the following areas. 

• Narrowing the gap between laboratory cell performance (including stability) and estimated 
practical limits1 for specific cell types that still require breakthroughs in fundamental 
understanding, such as polymer-based devices. Also truly innovative methods to prepare 
such devices are welcomed. 

• Bridging the gap between today’s PV efficiency range and theoretical limits by applying 
new (3GPV) conversion concepts2.  

Both areas involve fundamental physics and chemistry as well as device design issues aimed at 
creating breakthroughs in photovoltaic conversion. Researchers were challenged to cross current 
boundaries, since the aim was to establish a programme which is complementary to existing ones.  
 

                                                      
1  The difference between laboratory cell efficiencies and estimated ('theoretical') practical limits for specific cell types 

varies from 10% (relative) for mature technologies like silicon and gallium arsenide to 50% or more for emerging or 
new technologies. Bridging this gap requires detailed understanding of (a.o.) electronic material properties and device 
operation and sophisticated process control. Many of the questions to be answered are truly fundamental and a 
challenge to physicists, chemists, and device specialists.  

 
2  In contrast to the usual definition of 3GPV, this programme does not want to exclude any material from research. 

Sustainability aspects will be considered in a later stage of research and development. 

 4 



 
 
 
3.4 Project selection 
The projects of the JSP started in 2005 after a thorough selection procedure, that is sketched below.  
• During the annual Solar Cell R&D meeting on 29 September 2004, the programme committee 

launched the Joint Solar Programme and the call for (pre) proposals. 
• 24 pre proposals were received. The programme committee judged whether these proposals fit 

within the scope of the programme. Applicants of 16 pre proposals were invited to draw up a 
full proposal. In January 2005 15 full proposals were received. 

• In March 2005 the applicants presented their proposal to an international panel of experts that 
gathered in Amsterdam:  Prof. Dr. Antonio Luque, TU Madrid, Spain (chair); 

 Prof. Dr. Martin Stutzmann, TU Munich, Germany; 
 Prof. Dr. Dieter Meissner, Johannes Kepler University Linz, Austria; 

  Prof. Dr. Peter Würfel, Karlsruhe University, Germany. 
• Based upon the panel report and the rebuttal of applicants the programme committee gives a 

granting advice to the steering group.  
• On 25 April 2005 the steering group decided to grant the seven best proposals, as was advised 

by the programme committee (projects 05JSP03, 05JSP04, 05JSP13, 05JSP14, 05JSP15, 05JSP20, 
05JSP22). The eighth project (05JSP25) was added to the programme as in kind contribution of 
NWO Chemical Sciences. The proposal was screened via a separate procedure at NWO.  

• The last project of the first round of the JSP was granted in 2006. Although there was no budget 
left in 2007, Prof. Dr. Albert Polman submitted an additional proposal for a small research 
project to the programme committee and steering group. Since the proposal was appreciated 
very well, Shell offered to finance the extra project. 

In total the first round of the Joint Solar Programme houses nine projects. An overview of the 
projects and individual evaluations are described in chapter 5.  
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4. Organisation 
 
4.1 Programme organisation 
The program committee monitors the scientific quality of the programme and it is also responsible 
for the promotion of (knowledge) networking, co-promote the interests of the stakeholders (e.g. in 
the field of knowledge protection), to (help) to ensure the dissemination of research to potential 
users at universities and companies and promote the use of results by these groups and promoting 
the anchoring of the research stimulated by the programme.  
 
The programme committee consists of the following members: 

Prof. Dr. Wim Sinke, ECN, Utrecht University (chairman)  
Dr. Edward Hamers, Nuon Helianthos 
Prof. Dr. Kees Hummelen, Groningen University 
Prof. Dr. Albert Polman, FOM Institute AMOLF 
Prof. Dr. Ruud Schropp, Utrecht University 
Drs. Joost Smits, Shell  
Drs. Marcel Bartels, FOM (secretary) 
Dr. Maartje de Snoo, CW (observer) 

  
The steering group consists of representatives of the funding organisations. The steering group 
monitors the execution of the programme. It consists of the following members: 

Drs. Hendrik van Vuren, FOM (chairman) 
Dr. Gert Jan Jongerden, Nuon Helianthos1 
Dr. Alexander van der Made, Shell 

 Dr. Louis Vertegaal, CW 
 Drs. Marcel Bartels, FOM (secretary) 
 
 
4.2 Coherence of the projects/knowlegde transfer  
Every six months, all members of the JSP (30 - 40 people) get together to exchange information on 
the state of affairs of the various research projects. These summer- and winter meetings consist of 
project presentations, poster presentations, presentations of guest speakers and fruitful 
discussions.  
 
A third event where JSP researchers meet is the Dutch Solar Cell R & D Seminar, that is annually 
organised by the Joint Solar Panel (a joint venture between Shell Global Solutions and ECN), FOM 
and Agentschap NL (former SenterNovem). This meeting is co-financed by AgentschapNL and the 
Joint Solar Programme. 
This national meeting provides a platform for everyone in the Netherlands professionally engaged 
in research and development of solar cells. These days, make it ideal for everyone to be informed 
of the latest findings, a network to maintain or expand and thus opportunities for collaboration 
and cross fertilization of different lines of research to promote. The seminars enjoys a growing 
interest from participants: 160 in 2005 to around 400 in 2010. Every year project leaders or PhD 
students or post docs of the JSP gave a presentation about their work. 
 
Besides these formal meetings several informal collaborations were initiated between the projects. 
The JSP has contributed to improved complementarity and coherence of PV research in the 
Netherlands. It led to new partnerships that may not have been established without the JSP. 

                                                      
1 At the start of the programme Dr. Jongerden was member of the programme committee. When Nuon Helianthos joined 
the JSP in the second tranche (2008) he got a seat in the steering group. In the prorgamme committee he was replaced by 
Dr. Hamers. 

 6 



 
 
 

 7

Written information was shared between researchers via annual scientific reports and a web portal 
that hosts all kind of (background) documents. The results of the programme were also published 
in annual reports in Dutch that were sent to the Netherlands to researchers, government, press and 
companies, outside the JSP consortium. 
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5. Individual project reports 
 

Project Project leader Affiliation Researcher (s) Start date End date 
05JSP03 Prof.dr. M. Bonn AMOLF Ir. J.J.H. Pijpers 

I. Stavenuiter (tech) 
01-02-2006 
01-02-2006 

31-01-2010 
31-01-2010 

05JSP04 Prof.dr. L.D.A. Siebbeles TUD M.T. Trinh, M.Sc. 01-05-2006 31-07-2010 
05JSP13 Prof.dr.ir. R.A.J. Janssen TU/e Dr. T. Hanrath 

Dr. T. Jiu 
15-06-2006 
01-11-2008 

14-08-2007 
30-06-2010 

05JSP14 Prof.dr. A. Meijerink UU Drs. L. Aarts 
Drs. J.T. van Wijngaarden

01-11-2005 
01-01-2006 

30-10-2009 
 30-06-2010 

05JSP15 Prof.dr. J.C. Hummelen RuG Dr. W. Kretschmer 
Dr. C. Visser 
H. Bian, M.Sc. 
W.-Q. Zou, M.Sc. 

15-05-2006 
01-11-2009 
08-12-2006 
01-09-2008 

14-05-2008 
14-01-2011 
31-10-2007 
31-08-2012 

05JSP20 Prof.dr. A. Polman AMOLF Drs. E. Verhagen 
. Derks (tech) 

01-09-2005 
01-09-2005 

31-08-2009 
J 31-08-2009 

05JSP22 Prof.dr. A. van Blaaderen UU Dr. A. Campbell 
Dr. Z. Zhou 
Dr. S.M.C. Badaire 

01-04-2006 
01-01-2007 
13-11-2007 

30-09-2006 
31-08-2007 
12-11-2009 

05JSP25 Prof.dr.ir. R.A.J. Janssen TU/e Ir. B.P. Karsten 
Ir. J.C. Bijleveld 
Ir. S.D. Oosterhout 
D.J. Wehenkel, M.Sc. 

01-09-2006 
15-09-2006 
01-05-2007 
06-06-2008 

31-08-2010 
14-09-2010 
30-04-2011 
31-05-2012 

06JSP26 Prof.dr. A. Polman AMOLF Dr. K.R. Catchpole 18-06-2007 17-06-2008 
 

PhD's from the JSP: 
1.Linda Aarts (11-11-2009), 
2.Ewold Verhagen (16-12-2009), 
3.Joep Pijpers (12-05-2010),  
4.Timon van Wijngaarden (14-06-2010), 
5.Bram Karsten (27-09-2010), 
6.Tuan Trinh (07-10-2010), 
7.Johan Bijleveld (09-12-2010).  
 
Stefan Oosterhout,  
Dominique Wehenkel and  
Wenqiang Zou are expected to  
defend their PhD thesis 
in 2011/2012. 

1 2 3 4 

5 6 7 
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Below all projects are described: the original aim of the project, a self evaluation of the project leader, 
a scientific highlight and an overview of academic publications. The total scientific output of the 
programme (up to February 2011)  is given in the table below. 
 

 
Project Poster Publication Presentation Invited 

presentation 
Thesis Patent 

05JSP03 3 4 12 4 1 0 
05JSP04 12 7 4 14 1 0 
05JSP13 1 1 2 0 0 0 
05JSP14 3 11 12 11 2 0 
05JSP15 1 0 0 0 0 0 
05JSP20 12 11 9 14 1 0 
05JSP22 0 0 5 7 0 0 
05JSP25 13 15 12 32 2 0 
06JSP26 0 7 1 4 0 1 
Total 45 56 57 86 7 1 

 
 
 
 
 
  

Project title : Hot nanocrystals for efficient solar cells 
Project number : 05JSP03 
FOM workgroup : AMOLF 
Project leader(s) : Prof.dr. M. Bonn and Prof.dr. D. Vanmaekelbergh 
Materials budget : k€ 174 
 
Personnel: 
Name Position Start date End date Position after project 
Ir. J.J.H. Pijpers 
I. Stavenuiter 

oio 
technician 33% 

01-02-2006 
01-02-2006 

31-01-2010 
31-01-2010 

postdoc at MIT (USA) 

 
1. Original aim of the project 
Our general aim of designing a new type of solar cell based on hot carriers thus requires three 
stages of research, each with distinct key objectives:  
(A) Fundamental study and control of carrier relaxation and exciton dynamics in nanocrystals and 

nanocrystal heterostructures: 
a. To determine the rate and mechanisms of electron and hole cooling (independently 

measured by appropriate techniques) in nanocrystals. 
b. To control cooling by tuning nanocrystal electronic structure through material choice. 
c. To study the interplay of inter-band and intra-band optical transitions in such systems. 

(B) Design of heterostructures that allow extraction of hot carriers:  
a. To design and construct different nanocrystal heterostructures aimed at harvesting hot 

carriers (size engineering, controlled assembly and tuning interaction with semiconductor 
host). 

b. To optimize the hot carrier extraction efficiency. 
(C) Implementation of concepts in working devices: To demonstrate the feasibility of combining 

quantum-dot hetero structures (high-energy generation) with existing wide band-gap thin film 
solar cells.  
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2. Self evaluation 
We have studied exciton dynamics in isolated quantum dots and have performed fundamental 
studies of charge extraction from quantum dots into a percolated oxide phase, which is in direct 
contact with electrodes. The systems studied range from isolated quantum dots in dilute solution, 
to monitor exciton cooling and multi-exciton recombination dynamics in isolated quantum dots, to 
prototype devices of which I-V characteristics were determined. The original aims have therefore 
all been pursued. Several papers have been published in high-impact journals (see list below), the 
most prominent one in Nature Physics, which has received 20 citations in less than one year; the 
first paper, from 2007 has received almost 60 citations. 
Our results have attracted much attention, amongst others that of Toyota Motor Company (TMC), 
who are funding a 2-year post-doctoral position to continue this type of work in our group at 
AMOLF. We have presented the results at several national and international meetings. Joep 
Pijpers, the PhD student who performed the research, obtained his PhD 48 months after his 
appointment. Joep has meanwhile obtained a Young Energy Scientist (YES!) fellowship from FOM, 
to work at MIT on novel concepts for integrating photovoltaics and electrochemical water splitting. 
We are grateful to the Joint Solar Programme for the opportunity to do this research. 
 
3. Highlight 
An important drawback of current solar cells is that only one electron is generated per absorbed 
photon. It has always been assumed that in semiconductor nanocrystals, quantum dots, multiple 
electrons per photon could be generated efficiently. We have demonstrated that, in contrast to this 
assumption, more electrons per photon are generated in bulk than in quantum dots, and we have 
elucidated the effects that have potentially led to previous erroneous conclusions to the contrary. 
The observation of relatively efficient multiple carrier generation in bulk materials could be 
explained by simple density of states arguments, and has far-reaching implications for quantum 
dot solar cells. (J. J. H. Pijpers, R. Ulbricht, K. J. Tielrooij, A. Osherov, Y. Golan, C. Delerue, G. 
Allan, and M. Bonn, "Assessment of carrier-multiplication efficiency in bulk PbSe and PbS," Nat. 
Phys. 5 (11), 811-814 (2009); C. Delerue, G. Allan, J. J. H. Pijpers, and M. Bonn, "Carrier 
multiplication in bulk and nanocrystalline semiconductors: Mechanism, efficiency, and interest for 
solar cells," Physical Review B 81 (12) (2010).)  
 
 
 
 
 
 
 
 
 
 
 
4. Academic publications  
- Direct observation of electron-to-hole energy transfer in CdSe quantum dots 
 E. Hendry, M. Koeberg, F. Wang, H. Zhang, C. de Mello Donegá, D. Vanmaekelbergh and M. 

Bonn, Phys. Rev. Lett. 96, 057408 (2006).  
- Carrier multiplication and its reduction by photodoping in colloidal InAs quantum dots, J.J.H. Pijpers, 

E. Hendry, M.T.W. Milder, R. Fanciulli, J. Savolainen, J.L. Herek, D. Vanmaekelbergh, S. 
Ruhman, D. Mocatta, D. Oron, A. Aharoni, U. Banin, and M. Bonn, J. Phys. Chem. C 111 (11), 
4146-4152 (2007). 

- Reduction of carrier mobility in semiconductors caused by charge-charge interactions, E. Hendry, M. 
Koeberg, J.J.H. Pijpers, and M. Bonn, Physical Review B 75 (23) (2007). 

The process of Carrier Multiplication allows for the 
generation of not one, but multiple electrons (red balls) in a 
material, following absorption of one high-energy photon 
(blue wave). This process is highly relevant for 
photovoltaics - we elucidated its mechanism and efficiency. 

 



 
 
 
- Ultrafast intraband relaxation in colloidal quantum dots, J.J.H. Pijpers, E. Hendry, M. Bonn,  

In: Ultrafast Phenomena in Semiconductors and Nanostructure Materials XII,San Jose, CA, USA 
20 January 2008/ Eds: Jin-Joo Song, Kong-Thon Tsen, Markus Betz, Abdulhakem Y. Elezzabi. - 
Bellingham: SPIE, 2008. - pp. 68921H 1-12 

- Carrier multiplication and its reduction by photodoping in colloidal InAs quantum dots, J.J.H. Pijpers, 
E. Hendry, M.T.W. Milder, R. Fanciulli, J. Savolainen, J.L. Herek, D. Vanmaekelbergh, S. 
Ruhman, D. Mocatta, D. Oron, A. Aharoni, U. Banin, and M. Bonn, (vol 111, pg 4146, 2007), J. 
Phys. Chem. C 112 (12), 4783-4784 (2008). 

- A THz spectrometer based on a CsI prism, A. S. Meijer, J.J.H. Pijpers, H. K. Nienhuys, M. Bonn, and 
W. van der Zande, Journal of Optics a-Pure and Applied Optics 10 (9) (2008). 

- Assessment of carrier-multiplication efficiency in bulk PbSe and PbS,J.J.H. Pijpers, R. Ulbricht, K. J. 
Tielrooij, A. Osherov, Y. Golan, C. Delerue, G. Allan, and M. Bonn, Nat. Phys. 5 (11), 811-814 
(2009). 

- Picosecond electron injection dynamics in complete dye-sensitized solar cells, J.J.H. Pijpers, R. Ulbricht, 
S. Derossi, J.H. Reek, and M. Bonn, submitted to J. Phys. Chem. C.  

- Spectroscopic Studies of Electron Injection in Quantum Dot Sensitized Mesoporous Oxide Films, J.J.H. 
Pijpers, R. Koole, W. H. Evers, A. J. Houtepen, S. Boehme, C. de Mello Doneg, 
D. Vanmaekelbergh, and M. Bonn, J. Phys. Chem. C, 114 (44), 18866–18873 (2010). 

- (Multi)exciton Dynamics and Exciton Polarizability in Colloidal InAs Quantum Dots, J.J.H. Pijpers, 
M.T.W. Milder, C. Delerue, and M. Bonn, J. Phys. Chem. C 114 (14), 6318-6324 (2010). 

- Carrier multiplication in bulk and nanocrystalline semiconductors: Mechanism, efficiency, and interest 
for solar cells, C. Delerue, G. Allan, J.J.H. Pijpers, and M. Bonn, Physical Review B 81 (12) (2010). 

- Carrier dynamics in photovoltaic nanostructures, Joep J.H. Pijpers, University of Amsterdam, 
Thesis, 12 May 2010 

 
  

Project title : Towards high efficiency impact ionization solar cells 
Project number : 05JSP04 
FOM workgroup : FOM-D-37 
Project leader(s) : Prof.dr. L.D.A. Siebbeles, Dr. J.M. Schins 
Materials budget : k€ 100 
 
Personnel: 
Name Position Start date End date Position after project 
M.T. Trinh, M.Sc. oio 01-05-2006 31-07-2010 postdoc at University of Amsterdam 
 
1. Original aim of the project 
The aim of the proposed project is twofold. Firstly, it will be investigated how the efficiency of 
multiexciton formation depends on the chemical composition, size (or band gap) and shape 
(spherical dots or elongated rods) of semiconductor nanoparticles. 
Secondly, the factors influencing the efficiency of dissociation of multiexcitons into free charge 
carriers will be studied for heterogeneous blends of nanoparticles and electron or hole accepting 
materials. The knowledge to be obtained will contribute to the future development of highly 
efficient solar cells based on impact ionization. 
 
2. Self evaluation 
During the project we have given conclusive evidence for the occurrence of carrier multiplication 
(CM) in PbSe quantum dots (QDs). Unexpectedly, the introduction of a PbS shell around a PbSe 
quantum dot does neither affect the rate of carrier thermalisation nor the efficiency of CM. We 
have provided detailed insights into the nature(symmetry) of electronic excited states in PbSe 
quantum dots that were subject to debate in the literature. We characterized the kinetics of the 
decay of multi-excitons by Auger recombination and found the decay rate to increase 
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exponentially with the exciton multiplicity. Due to the large number of interesting phenomena 
encountered for QDs in solution, we have not been able to study extraction of charges in blends of 
QDs with electron and hole accepting materials, as originally proposed. Charge extraction from 
multi-excitons is the subject of our currently ongoing project in the Joint Solar Programme.  
Our results have attracted significant world-wide interest in the scientific community, the industry 
and the popular press. During the project we have established new collaborations with Nozik 
('founding father of CM' at National Renewable Energy Lab., USA,) and Lifshitz (Technion, Israel). 
Toyota Motor Company has taken the initiative to fund a post-doc at TU Delft for further research 
on CM in QD thin films for third generation solar cells. 
The project has shown that CM is of great interest for development of cheap and highly efficient 
solar cells based on QDs. The project has made it possible to profile our group as being highly 
active in internationally competitive research on CM. The bi-annual meetings of the Joint Solar 
Programme has strengthened our contacts with other researchers working on related topics.  
 
3. Highlight 
Carrier multiplication (CM) is a process in which absorption of a single photon leads to excitation 
of two or more electrons. We have provided conclusive evidence for occurrence of CM in 
leadselenide (PbSe) quantum dots (QDs) using femtosecond laser spectroscopy. To reduce possible 
relaxation of excitons by interaction with surface passivation molecules or defects, we have 
introduced a PbS shell around the PbSe core. As expected, the QD band gap decreases with shell 
thickness. However, this reduction of the band gap does not lead to a higher CM yield for a given 
photon energy, in contrast to the case for QDs consisting of a PbSe core only. The unexpected 
absence of an appreciable effect of a PbS shell on the CM yield can be due to cancellation of effects 
of the enhanced density of electronic states on thermalisation of the initially highly excited electron 
and CM.  

 
 

 
4. Academic publications  
- In spite of recent doubts carrier multiplication does occur in PbSe nanocrystals, M.T. Trinh, 

A.J. Houtepen, J.M. Schins, T. Hanrath, J. Piris, W. Knulst, A.P.L.M. Goossens, L.D.A. Siebbeles, 
Nano Lett. (2008), 8, 1713-1718  

- Nature of the second optical transition in PbSe nanocrystals, M.T. Trinh, A.J. Houtepen, J.M. Schins, 
J.Piris, L.D.A. Siebbeles, Nano Lett. (2008), 8, 2112-2117 

- Ladingsvermenigvuldiging in quantumdots, A.J. Houtepen, M. T. Trinh, J. M. Schins, 
L.D.A. Siebbeles, Nederlands Tijdschrift voor Natuurkunde. 314-317, Sep. 2008 
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- Probing formally forbidden optical transitions in PbSe nanocrystals by time- and energy-resolved 

transient absorption spectroscopy, J.M. Schins, M.T. Trinh, A.J. Houtepen, L.D.A. Siebbeles, 
Physical Review B, 80, 035323, (2009). 

- Photogeneration and Ultrafast Dynamics of Excitons and Charges in P3HT/PCBM Blends, J. Piris, T.E. 
Dykstra, A.A. Bakulin, P.H.M. van Loosdrecht, W. Knulst, M.T. Trinh, J.M. Schins L.D.A. 
Siebbeles. Journal of Physical Chemistry C, 113, 14500 (2009). 

- Anomalous independence of carrier multiplication efficiency on shell thickness in core/shell quantum 
dots, M.T.Trinh, L. Polak, J.M.Schins, A.J. Houtepen, G. Grinbom, G. Maikov, R. Vaxenburg, E. 
Lifshitz, M. Bonn, M. Beard, A. Nozik, L.D.A. Siebbeles, In preparation 

- Non-stochastic Auger decay of multiple excitons in PbSe nanocrystals, J.M. Schins, M.T. Trinh, A.J. 
Houtepen, L.D.A. Siebbeles, In preparation 

- Effects of multi-excitons on excited state absorption in PbSe nanocrystals, M.T. Trinh, J.M. Schins, A.J. 
Houtepen, L.D.A. Siebbeles, In preparation 

- Carrier multiplication and exciton behaviour in PbSe quantum dots, M.T. Trinh, thesis Technische 
Universiteit Delft, 7 October 2010, Promotor: Prof.dr. L.D.A. Siebbeles 

 
  

Project title : Hybrid impact ionization quantum dot solar cells 
Project number : 05JSP13 
FOM workgroup : FOM-E-20 
Project leader(s) : Prof.dr.ir. R.A.J. Janssen, Dr. S.C.J. Meskers and Dr.ir. M.M. Wienk 
Materials budget : k€ 85 
 
Personnel: 
Name Position Start date End date Position after project 

Dr. T. Hanrath 
Dr. T. Jiu 

postdoc 
postdoc 

15-06-2006 
01-11-2008 

14-08-2007 
31-05-2010 

ass. prof at Cornell University (USA) 
postdoc at University of Alberta (Canada) 

 
1. Original aim of the project 
To study and exploit impact ionization in PbSe nanocrystals for free charge carrier generation in 
solar cell configurations. Our design to hybrid impact ionization quantum dot solar cells is based 
on the well known bulk heterojunction cell architecture in which two materials with 
complementary electronic properties are intimately mixed into a bicontinuous network that 
enables charge generation and transport. Hybrid polymer/PbSe cells are a promising architecture 
to exploit impact ionization. The goals are extremely challenging and will present a major 
breakthrough if successful. 
 
2. Self evaluation 
The aim of the project was to demonstrate multiple carrier generation, e.g. via impact ionization, in 
working PbSe solar cells. This goal has not been reached. We have been successful in 
demonstrating a 2.1% solar cell based on a nanoparticle PbSe layer sandwiched between a 
PEDOT:PSS and ZnO charge transport layers. The external quantum efficiency of this cell reached 
~60% at about 3 times the energy of the optical band gap. Although 60% is a high value, it does not 
give proof of multiple carrier generation for which values is excess of 100% would have been 
required. To reach the 2.1% power conversion efficiency under simulated AM.15 light important 
hurdles have been overcome in depositing PbSe layers that can transport charges by removing the 
surfactant ligands and optimizing layer thickness, particle size, deposition technique, choice of 
charge transport layers and contacts.  
During the course of the project many groups, e.g. at NREL and Cornnell, have been successful in 
achieving similar results, which gives credence to the fact that this is more or less the state of the 
art. The question to which extent multiple exciton generation actually occurs in PbSe nanocrystals 
has also been lively debated over the last few years with arguments in favour and against. An 
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external quantum efficiency of >100%, which would have been unambiguous proof, has not been 
substantiated although the ultimate value is off by less than a factor 2. Nevertheless this leaves 
sufficient doubt as to whether multiple exciton generation in PbSe is a viable concept for future 
solar cells. 
So far the project has resulted in 1 published paper and 1 paper still in preparation. This is a 
disappointing result, especially for the two post docs that worked enthusiastically on this project. 
Maybe the goal was one bridge too far.  
The organization of the JSP programme has been very good, efficient and supportive. The joint 
biannual meetings were very helpful. 
 
3. Highlight 
Using PbSe nanoparticles of <4 nm in diameter it has been possible to construct a nanoparticle 
solar cell with a power conversion efficiency of 2.1%. In this cell the PbSe particles are sandwiched 
between a conducting polymer hole transport layer and a metal oxide electron transporting layer 
using indium tin oxide bottom and calcium-aluminum top electrodes. The cell is gives a short-
circuit current of 14.3 mA/cm2, an open-circuit voltage of 0.39 V, and a fill factor 0.38. The 
photoresponse extends beyond 1000 nm. The external monochromatic photon to electron 
conversion quantum efficiency of the PbSe nanoparticle layer is as high as 60% at ~400 nm, but 
does not exceed the 100%, which would have been the ultimate proof for multiple carrier 
generation.   
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4. Academic publications  
- PbSe nanocrystal network formation during pyridine ligand displacement, T. Hanrath, D. Veldman, 

J.J. Choi C.G. Christova, M.M. Wienk, and R.A.J. Janssen, ACS Applied Materials & Interfaces, 
2009, 1, 244-250. 
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Project title : Photon management for solar cells 
Project number : 05JSP14 
FOM workgroup : FOM-U-32 
Project leader(s) : Prof.dr. A. Meijerink 
Materials budget : k€ 235 
 
Personnel: 
Name Position Start date End date Position after project 
Drs. L. Aarts 
Drs. J.T. van Wijngaarden 

oio 
oio 

01-11-2005 
01-01-2006 

30-10-2009 
30-06-2010 

researcher at TNO 
researcher at ASML 

 
1. Original aim of the project 
PhD student Aarts will focus on crystalline model systems for spectral conversion for solar cells. 
The work will involve the design, synthesis and analysis of up- and downconversion materials 
based on couples of lanthanide ions. Different combinations of lanthanides in a variety of 
crystalline hosts will be investigated. In addition to studying the mechanism for the up- and 
downconversion processes, the energy efficiency of the conversion process will be measured, 
understood and optimized. Finally sensitization of the lanthanide ions will be addressed. 
PhD student Van Wijngaarden will investigate lanthanide-doped glasses for up- and down-
conversion. Based on the most successful combinations of ions for spectral conversion in 
crystalline model systems, the spectral (conversion) properties will be measured in glasses of 
various compositions and are aimed at finding a efficient glass for up- and downconversion. To 
increase the efficiency, the influence of the introduction of metal nanorods (varying the size, shape 
and concentration) will be studied. 
 
2. Self evaluation 
The projects of Mrs. Aarts and Mr. Van Wijngaarden were aimed at the development of efficient 
downconversion system for enhancement of solar cell efficiency. The project was quite ambitious 
and involved the exploration of downconversion systems (a new research area) and the 
development of sensitization schemes.  
The exploratory part has been very successful: based on the knowledge generated in the project it 
is now clear which lanthanide couples can efficiently 'cut' blue/green photons into two infrared 
photons of 1000 nm (viz. (Pr,Yb), (Er,Yb) and (Tb,Yb)) and under what conditions (e.g. low phonon 
host for (Er,Yb)). The results have been published in good journals and received considerable 
attention at conferences. It has also led to a worldwide increase in research in this area. Research 
on sensitization has not been as successful. The work has provided good insight in the difficulties 
for this topic, but no good solutions have been found. The topic of Van Wijngaarden on 
sensitization and enhancement schemes based on plasmon coupling suffered from the 
reorganization in the Physics department and the dismantling of the particle accelerator. As a 
result, the research plan had to be adapted halfway. Still, a very good thesis was written, including 
three chapters on metal nanostructures (e.g. work on a model system for studying distance 
dependent plasmon coupling for lanthanides). In addition, high quality work exploring new 
downconversion couples was done.  
Based on the novelty of the results, patents could have been obtained. Due to the decrease in 
interest of the industrial partner (Shell) no attempts were taken in this direction, also in view of the 
long term perspective and high risk (uncertainties if serious issues like sensitization can be solved). 
For the present and future programmes it may be wise to consider if nevertheless for these basic 
findings should be patented to build a strategic position.  
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3. Highlight 
A recent highlight is the discovery of efficient 
quantum cutting through downconversion for 
the Er-Yb couple in low-phonon hosts. The Er-
Yb couple is well known for efficient IR-to-
green upconversion. The opposite process had 
never been observed. Thorough investigations 
in fluoride, chloride and bromide host lattices 
co-doped with Er and Yb revealed that 
quantum cutting with VIS to NIR efficiencies 
close to 200% is possible in bromide host 
lattices. The downconversion process is 
depicted in the inset in the figure below: upon 
excitation in the 4F7/2 level of Er3+ a two step 
energy transfer between Er and Yb, using the 
4I11/2 intermediate level of Er3+, brings two 
Yb3+ ions in the 2F5/2 excited state from which a 1000 nm photon can be emitted. The splitting of 
one blue/green photon into two 1000 nm photons is particularly interesting for silicon solar cells 
where an efficient downconversion material can boost the efficiency with 30%.  
  
4. Academic publications  
- Lanthanide ions as spectral converters for solar cells, Van der Ende B.M., Aarts L., Meijerink A. 

Source: Physical Chemistry Chemical Physics Volume: 11 Issue: 47 Pages: 11081-11095 
Published: 2009 

- Downconversion for solar cells with lanthanide ion couples , L. Aarts, thesis Universiteit Utrecht, 
November 11, 2009. 

- Plasmon enhanced for lanthanides in a AU-nanoparticle model system, J.T. van Wijngaarden, M.M. 
van Schooneveld, C. de Mello Donega and A. Meijerink, Europhysics Letters, submitted. 

- Downconversion for the Er, Yb couple in KPb2Cl5 – A low-phonon frequency host, Aarts L., van der 
Ende B.M., Meijerink A., Journal of Luminesence, in press 

- A fluorescent, paramagnetic and PEGylated gold/silica nanoparticle for MRI, CT and fluor-escence 
imaging, Van Schooneveld M.M., Cormode D.R., Koole, R., Van Wijngaarden J.T. et al., Contrast 
Media and Molecular Imaging, published online 

- Downconversion for solar cells in NaYF4:Er, Yb, Aarts L, van der Ende B.M., Meijerink A. Source: 
Journal Applied Physics Volume: 106 Issue: 2 Article Number: 023522 Published: July 15 2009 

- Near-Infrared Quantum Cutting for Photovoltaics, Van der Ende B.M., Aarts L., Meijerink A. 
Source: Advanced Materials Volume: 21 Issue: 30 Pages: 3073-+ Published: Aug. 14 2009 

- Temperature-Dependent Emission of Monolayer-Protected Au-38 Clusters, Van Wijngaarden J.T., 
Toikkanen O., Liljeroth P., et al., Journal of Physical Chemistry C Volume: 114 Issue: 38 Pages: 
16025-16028 Published: Sept. 30 2010 

- Downconversion for Solar Cells in YF3:Pr3+, Yb3+, Aarts L., van der Ende B., Reid M.F. et al. 
Spectroscopy Letters Volume: 43 Issue: 5 Pages: 373-381 Published: 2010 

- Energy transfer mechanism for downconversion in the (Pr3+, Yb3+) couple, Van Wijngaarden J.T., 
Scheidelaar S., Vlugt T.J.H., et al., Physical Review B Volume: 81 Issue: 15 Article Number: 
155112 Published: APR 15 2010 

- Efficient visible to infrared quantum cutting through downconversion with the Er3+-Yb3+ couple in 
Cs3Y2Br9, Eilers J.J., Biner D., van Wijngaarden J.T., et al., Applied Physics Letters Volume: 96 
Issue: 15 Article Number: 151106 Published: Apr. 12 2010 

- Downconversion for solar cells in YF3:Nd3+, Yb3+, Meijer J.M., Aarts L., Van der Ende B.M., et al., 
Physical Review B Volume: 81 Issue: 3 Article Number: 035107 Published: January 2010 

- Spectral conversion for solar cells using metal nanoparticles and lanthanide ions,  
J.T. van Wijngaarden, thesis Universiteit Utrecht, June 2010 

 



 
 
 

  
Project title : Molecular up-conversion PV (µ-Power) 
Project number : 05JSP15 
FOM workgroup : FOM-G-23 
Project leader(s) : Prof.dr. J.C. Hummelen 
Materials budget : k€ 165 
 
Personnel: 
Name Position Start date End date Position after project 
Dr. W.P. Kretschmer 
H. Bian, MSc 
W.-Q. Zou, MSc 
Dr. C. Visser 

postdoc 50% 
oio 
oio 
postdoc 

15-05-2006 
08-12-2006 
01-09-2008 
01-11-2009 

14-05-2008 
31-10-2007 
31-08-2012 
14-01-2011 

ass. prof at U of Bayreuth (Germany) 
PhD student at TU Munich (Germany) 
 
postdoc at Groningen University 

 
1. Original aim of the project 
The overall objective of the project was to prove that up-conversion and subsequent photovoltaic 
(PV) action can be achieved in a molecular system upon combining an up-converting nanoparticle 
(ucNP) or multi-center coordination compound with a suitable donor-acceptor moiety or with a 
donor-acceptor blend in some fashion. 
The first objective was to show that up-converting nanoparticles (made of suitable lanthanide 
combinations) can cooperate with known (molecular) donor-acceptor blends (e.g. polymer: 
fullerene bulk-heterojunctions). We expected that this could be tested, in a relatively straight-
forward manner, by a combination of various optical and electrical measurements, addressing 
absorption, fluorescence, up-conversion, energy transfer, electron transfer, and PV processes. 
Originally, our second objective was to determine whether (multi-center) mixed lanthanide 
coordination compounds can be made that show up-conversion. We were planning to attach 
(either covalently or non-covalently) a suitable molecular donor system, acceptor system, and, if 
possible, a complete donor-acceptor system to such coordination compounds, in order to obtain 
well-defined model systems that allow for an in-depth investigation of the photophysical events 
that take place in what would be the heart of an all-molecular up-converting PV cell.  
 
2. Objectives and planning 
At the start of the project, we developed both the ucNPs and the multi-center lanthanide 
coordination compounds (Bian/Kretchmer). While the nanoparticles clearly showed up-
conversion (when irradiated with 980 nm pulsed laser light), none of the coordination compounds 
did. We therefore skipped the original second objective and focussed completely on up-conversion 
possibilities with the nanoparticles (Zou/Visser). A natural new second objective was to improve 
the efficiency of the upconversion of these nanoparticles. We proposed to use antenna-molecules, 
bound to the surface of the nanoparticles, to harvest more (i.e. over a wider spectral range) and 
more efficiently (by much stronger absorption) the (N)IR photons of the solar spectrum, and 
transfer the energy into the nanoparticle for up-conversion, by Förster resonance energy transfer. 
Subsequent steps in an OPV setting would be identical to those of the 'simple' up-conversion 
proposal without antenna molecules, mentioned above. 
OIO Wenqiang Zou still has 1.5 year to finish the project (until 09/2012). Hence, although the 
schedule of the project was adjusted and although the experimental work appeared to be much 
more cumbersome and complicated that anticipated, we are still optimistic that we can achieve the 
goal of proof-of-principle of antenna-mediated up-conversion, and hopefully of subsequent up-
converted NIR OPV action. 
 
3. Self evaluation 
Working on the first objective, we found compelling but not yet scientifically sound proof of 
charge generation in a P3HT:PCBM bulk-heterojunction layer, induced by up-converted 980 nm 
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laser photon energy from inorganic up-conversion nanoparticles (ucNPs), suspended in the active 
layer. We are still working on strengthening the proof. In parallel, we have developed a number of 
functionalized cyanine dyes as antenna molecules for the nanoparticles.  
The chemistry is complicated, computational methods to predict optical properties of new 
derivatives of cyanine dyes appear to be rather weak (cyanine dyes have rather unique and 
intriguing chromophores), and obtaining communication between the funcionalized antenna 
molecules and the nanoparticles has not yet been achieved in a convincing manner. 
Because in our view only partial successes and preliminary results have been obtained thus far, we 
have not yet published on the subject. 
The organization of the project was complicated by the fact that both starting researchers 
(Kretchmer, Bian) left the project in an early stage, for independent personal reasons. With 
Kretchmer and Prof. Hessen leaving, the expertise on the multi-center coordination compounds 
was gone as well. Luckily, we learned enough on those compounds to decide that they were of no 
use for the project after all.  
The JSP organization and management has been very helpful, with stimulating regular scientific 
meetings and strong coordinating effort by FOM.  
 
3. Highlight 
The end-goal of the project is the realisation of up-conversion OPV through the depicted series of 
photophysical events in an organic solar cell, to be followed by the ‘standard’ PV action (i.e., 
charge separation and collection): NIR-light absorption by the antenna, followed by: (1) energy 
transfer to the up-convertor centers; (2) up-conversion to a visible light photon; (3) energy transfer 
to the active layer’s donor or acceptor material. We have good indications that the following part 
hereof has been realized: absorption of NIR light by the up-convertors, up-conversion to visible 
light photon, energy transfer to the (donor) polymer, and electron transfer to the acceptor (the 
latter being the first step in the ‘standard’ PV action).  
 

 
 
4. Academic publications  
- Thesis by W. Zou: expected in August 2012. 
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Project title : Rare-earth doped surface plasmon solar upconverter 
Project number : 05JSP20 
FOM workgroup : AMOLF 
Project leader(s) : Prof.dr. A. Polman, Prof.dr. L. Kuipers 
Materials budget : k€ 120 
 
Personnel: 
Name Position Start date End date Position after project 
Drs. E. Verhagen 
J. Derks 

oio 
technician (33%) 

01-09-2005 
01-09-2005 

31-12-2009 
31-08-2009 

post doc at EPFL Zwitserland 
technician at AMOLF 

 
1. Original aim of the project 
Surface plasmon solar upconversion will be achieved by an optimized combination of 1) the 
collection and conversion of solar irradiation into planar SP waves, 2) concentration the SP field 
using tapered waveguides, 3) field concentration by metallic nanostructures, 4) near-field effects to 
enhance the effective absorption and emission cross section.  
The research project will focus on the engineering, fabrication, and analysis of plasmonic solar 
concentrator circuits and integrating them in a Si solar cell. Various rare earths will be investigated 
as upconversion sources. Confocal and near-field optical microscopy will be used to directly probe 
and optimize the plasmonic field propagation and concentration at different wavelengths. 
Integration of this novel concept into a standard Si solar cell design will be studied. 
 
2. Self evaluation 
Various applications in photovoltaics can benefit from light concentration. This project has aimed 
to achieve nanoscale light concentration using surface plasmon polaritons (SPPs). 
Strong concentration of SPPs to subwavelength length scales has been achieved in tapered metallic 
waveguides. The demonstrated nanofocusing – which has been one of the major goals in 
plasmonics research in recent years – relies on adiabatic mode transformation, which ensures that 
the process has a high efficiency (~50%). The nature of the SPP mode responsible for the focusing 
and the subsequent guiding of SPPs on ultrasmall metallic nanowires was revealed in phase- and 
polarization-resolved near-field measurements. The efficiency with which infrared light is 
converted to visible light in Er ions implanted close to a tapered waveguide was shown to be 
enhanced by the nanoconcentration. Such up-conversion is of interest for Si solar cells in which the 
infrared part of the solar spectrum is not absorbed. It was shown in calculations that similar 
adiabatic focusing can be achieved in arrays of metallic waveguides to directly convert light 
incident from free-space to highly confined SPPs, with high efficiency, very large bandwidth, and 
a large range of incident angles. This part of the project work was published in 6 articles, and at 
least one more will be submitted. 
Field concentration in nanoscale metal-insulator-metal (MIM) waveguides was studied using near-
field microscopy, measuring the dispersion of SPPs squeezed in 50 nm thick waveguides. 
Theoretical analysis of MIM waveguides revealed that they can also guide SPPs that are 
characterized with a negative refractive index. Negative refraction into such a waveguide was 
demonstrated in a simulation. Moreover, it was shown how coupling between MIM waveguides 
arranged in a stacked geometry can lead to three-dimensional negative refraction of light with 
relatively low loss. This work was performed in close collaboration with the group of prof. 
Atwater at the California Institute of Technology. Three articles were published. 
Strong field concentration was also achieved by exploiting plasmonic resonances in arrays of 
subwavelength apertures in a metal film. Up-conversion of 1480 nm light to 980 nm light in Er ions 
implanted close to such arrays was shown to be enhanced by a factor 450. Although the absorption 
cross section of Er ions is not large enough to allow efficient up-conversion of solar radiation, the 
demonstrated light concentration could be of use with alternative systems showing up-conversion, 
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or to reduce the amount of active material in solar cells. Localized resonances in annular apertures 
were shown to provide angle-independent up-conversion enhancement, as well as enhancement of 
the radiative emission rate or Er ions at 1.5 µm. These results were published in two articles. 
The next challenge is to implement the acquired insights in light concentration in new solar cell 
designs. The first results in that direction, using plasmonic scatterers to achieve absorption 
enhancement in ultrathin amorphous Si solar cells, look promising. 
 
3. Highlight 
We demonstrate that ultra-thin silver tapers can be used to concentrate infrared light into hot-spots 
with a focal dimension smaller than λ/10. The incident light (λ=1550 nm) is converted into surface 
plasmon polaritons that are tightly confined to the surface of a 60 nm thick silver layer and are 
adiabatically guided and concentrated towards the taper tip. Key to the efficient nanofocusing is 
the conversion of the incident free space light to radially polarized surface plasmon polariton 
modes. The field concentration is probed using phase-sensitive near-field microscopy and by 
detecting the upconversion of optically active erbium ions that are incorporated near the taper. 
Light concentration in solar cells in which such tapers are integrated can lead to enhanced carrier 
collection, higher open circuit voltage and upconversion of the infrared solar spectral band to the 
visible.  
 
 
  
 
 
 
 
 
 
 
 
4. Academic publications  
- Erbium luminescence imaging of infrared surface plasmon polaritons, E. Verhagen, 

A.L. Tchebotareva, A. Polman, Appl. Phys. Lett. 88, 121121 (2006). 
- Direct imaging of propagation and damping of near-resonance surface plasmon polaritons using 

cathodoluminescence spectroscopy, J.T. van Wijngaarden, E. Verhagen, A. Polman, C.E. Ross, 
H.J. Lezec, H.A. Atwater:, Appl. Phys. Lett. 88, 221111 (2006). 

- Enhancing nonlinear optical effects with a tapered plasmonic waveguide, E. Verhagen, L. Kuipers, 
and A. Polman, , Nano Lett. 7, 334 (2007). 

- Nanofocusing in laterally tapered plasmonic waveguides, E. Verhagen, A. Polman, L. Kuipers, 
Opt. Express 16, 45 (2008). 

- Near-Field Visualization of Strongly Confined Surface Plasmon Polaritons in Metal-Insulator-Metal 
Waveguides, E. Verhagen, J.A. Dionne, L. Kuipers, H.A. Atwater, A. Polman, Nano Lett. 8, 
2925 (2008). 

 - Are negative index materials achievable with surface plasmon waveguides? A case study of three 
plasmonic geometries, J.A. Dionne, E. Verhagen, A. Polman, H.A. Atwater, Opt. Express 16, 
19001 (2008). 

- Nanowire plasmon excitation by adiabatic mode transformation, E. Verhagen, M. Spasenović, 
A. Polman, L. Kuipers, , Phys. Rev. Lett. 102, 203904 (2009). 

- Field enhancement in metallic subwavelength aperture arrays probed by erbium upconversion 
luminescence, E. Verhagen, L. Kuipers, A. Polman, Opt. Express 17, 14586 (2009). 

- Measurement of modal symmetry in subwavelength plasmonic slot waveguides, M. Spasenović, 
D. van Oosten, E. Verhagen, and L. Kuipers, Appl. Phys. Lett. 95, 203109 (2009). 

Measured electric field in a silver 
nanotaper that serves as an adiabatic 
nanofocuser of light. The inset shows the 
fabricated Ag taper (Phys. Rev. Lett. 102, 
203904 (2009)). 

 



 
 
 
- Enhanced spontaneous emission rate in annular plasmonic nanocavities, E.J.A. Kroekenstoel, 

E. Verhagen, R.J. Walters, L. Kuipers, A. Polman, Appl. Phys. Lett. 95, 263106 (2009). 
- Three-dimensional negative index of refraction at optical frequencies by coupling plasmonic 

waveguides, E. Verhagen, R. de Waele, L. Kuipers and A. Polman, Phys. Rev. Lett. 105, 223901 
(2010). 

- Subwavelength light confinement with surface plasmon polaritons, E. Verhagen, thesis, Utrecht 
University, 16 December 2009 (cum laude). This thesis was awarded both the FOM Physics 
Thesis Award 2010 and the FOM Valorisation Chapter Prize 2010. 

 
  

Project title : Metallo-dielectric photonic crystal solar cells 
Project number : 05JSP22 
FOM workgroup : FOM-U-09 
Project leader(s) : Prof.dr. A. van Blaaderen, Dr. A. Imhof and Prof.dr. R.E.I. Schropp 
Materials budget : k€ 75 
 
Personnel: 
Name Position Start date End date Position after project 
Dr. A. Campbell 
Dr. Z. Zhou 
Dr. S.M.C. Badair 

postdoc 
postdoc 
postdoc 

01-04-2006 
01-01-2007 
13-11-2007 

30-09-2006 
31-08-2007 
12-11-2009 

postdoc at University of Manchester (UK) 
researcher at Dupont (China) 
postdoc at Utrecht University/  
researcher at Michelin (Fr) 

 
1. Original aim of the project 
Develop metallo-dielectric photonic crystal solar cell in several phases, so that individual 
bottlenecks can be identified and studied systematically. Also, it should allow us to study the 
physics behind every step in the design.  
1. In the first phase we start with an n-type silicon wafer and use established methods to deposit a 

layer of gold shell particles on it. The results can be compared with cells made without colloids 
(which have been well studied and characterized). In order to reduce the thickness of the cells 
we will also investigate replacing the silicon wafer with a thin layer of n-type crystalline silicon 
deposited on a thin glass substrate. 

2. In the second phase we will study the effects of having a photonic crystal in the active layer on 
the cell performance. In order to study this effect separately from the plasmons we will use 
silica colloidal particles without a gold shell. This phase in the project will also allow us to 
optimize the conditions needed in the chemical vapor deposition (CVD) process.  

3. In the third phase we will combine the results from the first two phases, and make an active 
layer containing a photonic crystal of gold shell particles. Layer Korringa-Kohn-Rostocker 
(KKR) calculations will help to guide our choice for the gold shell thickness, silica core size, and 
crystal lattice constant. Comparison with transmission and reflection spectra will be made. The 
performance of the solar cells will be compared with those from the first two phases, and with 
solar cells presently available. 

 
2. Self evaluation 
The initial objectives, the development of new metallo-dielectric particles and the self-assembly of 
these particles into photonic crystals combined with the (optical) characterization of these particles 
and structures has been successful in the end (although all the work is still in preparation, several 
nice papers will be published on these results). As an example: the highlight described below is an 
unforeseen new scheme to self assemble plasmonic single crystal gold nano-sheets into 1D stacks 
and the subsequent self assembly of these stacks into nematic colloidal liquid crystals (aligned 
phases of the stacks of sheets) with electric fields. The coating of these monodisperse metallo-
dielectric particles with thin layers of silica and the subsequent removal of the silica with gas phase 
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reactions was successful as well. However, mostly because of the early stop of the first two 
postdocs on this project who both accepted other positions early in their project, the final goals as 
set in the proposal were not reached, despite strong efforts to do so, even partially using another 
FOM related project on non-linear effects on plasmonics. Nevertheless, we feel the new plasmonic 
structures made and the new self assembly route discovered will at some point be used in the field 
of photovoltaics and or the related fields of photocatalysis and plasmonics (e.g. as in SERS active 
materials). It is still our goal as a group to test out the m-d materials developed in collaboration 
with the group of Schropp as initially intended in this project. The meetings organized by the JSP 
programme were useful and have brought us into contact with scientists we otherwise would not 
have interacted with. However, the 'stop-go-mode' this project came into with the several new 
starters on the project made it hard to develop fruitful collaborations during this project.  
 
3. Highlight 
Highlight of this project is the successful synthesis (characterization) and self assembly of several 
monodisperse metallo-dielectric particles (Ag, Au) with plasmonic absorption characteristics in the 
red- near-IR part of the solar spectrum (see Fig). Especially, the self assembly of the 20 nm thick 
single crystal gold (Au) plasmonic nano-sheets (upper right image, including the coating of a thin 
silica layer: inset) into 1D stacks of these sheets and subsequently the arrangement of these 1D 
stacks (see cryo scanning electron microscopy image after focus ion beam cutting: left lower row in 
Fig.) into 2D and 3D nematic liquid crystals with the stack direction perpendicular to the external 
electric field direction (lower row Fig.). Both the spacing (and therefore plasmonic response) of the 
distance between the sheets is tunable (by the ionic strength) and the distance between the stacks 
by the electric field strength.  
 
 
 

rtially 
in colloidal crystal arrangements. The middle sets of graphs give the extinction spectra of the individual 
particles. The particles could also be coated with thin layer of silica (Top right inset) The lower row 
demonstrates the self assembly of 20 nm thick 200 nm in diameter single crystal gold sheets (see also top 
righ image) into 1D stacks (left image) and these stacks into 2D nematic liquid crystals (middle and right 
schematic) b

Top row: different metallo-dielectric noble metal colloidal particles (sizes several hundred nm), pa

y an external electric field. 

 



 
 
 
4. Academic publications 
- Removal of silica layers from metallodielectric photonic crystals through gasphase reactions, Z. Zhou, S. 

Badaire, A. van Blaaderen et al., in preparation (2011). 
- Shape Matters, A. van Blaaderen, S. Badaire, A. Imhof, et al., in preparation (2011). 
- Tuning the Self-Assembly of Plasmonic Gold Nano-Sheets, S. Badaire, A. Imhof, A. van Blaaderen, in 

preparation (2011). 
- Directing the Self-Assembly of Gold Nano-Sheets with Electric Fields, R. Vutukuri, S. Badaire, 

A. Imhof, A. van Blaaderen, in preparation (2011). 
- Directing the Self-Assembly of Colloidal Cubes with Electric Fields, R. Vutukuri, S. Badaire, A. Imhof, 

A. van Blaaderen, in preparation (2011). 
 

  
Project title : Polymer and hybrid solar cells 
Project number : 05JSP25 
FOM workgroup : FOM-E-20 
Project leader(s) : Prof.dr.ir. R.A.J. Janssen 
Materials budget : k€ 35 
 
Personnel: 
Name Position Start date End date Position after project 
Ir. B. Karsten 
Ir. J.C. Bijleveld 
Ir. S.D. Oosterhout 
D.J. Wehenkel M.Sc. 

aio 
aio 
aio 
aio 

01-09-2006 
15-09-2006 
01-05-2007 
06-06-2008 

31-08-2010 
14-09-2010 
30-04-2011 
31-05-2012 

Konarka (USA)  
Docent Hogeschool Leiden 
Not yet finished 
Not yet finished 

 
1. Original aim of the project 
Polymer solar cells convert sunlight directly into electricity via a complex sequence of events, 
starting with the absorption of light, followed by creation, separation, transport, and collection of 
charges. The objective of this project is to obtain a better insight into the minimal energy 
requirements for charge creation and separation in these devices and to explore the synthesis of 
new organic materials and inorganic, hybrid nanostructures that enhance the absorption of solar 
radiation and use of photon energy. We aim to develop nanostructured photoactive materials that 
may give breakthrough improvements in the performance of polymer and hybrid solar cells. Four 
related research activities are defined: 
1. In the subproject 'Charge generation in composite nanostructured organic semiconductors' the 

energetic and kinetic requirements for charge generation in solid state organic semiconductors 
will be investigated in detail. We aim to establish criteria for the alignment of the energy levels 
of p and n type components that optimize open-circuit voltage, photocurrent, and increased 
light absorption in the red and near infrared parts of the spectrum. 

2. The subproject 'Time-resolved photophysical and electrical characterization of charge 
separation in solar cells' aims to unravel the mechanisms of charge separation studying the 
amount of charge carriers present after pulsed excitation with time delay collection field 
experiments in combination with transient absorption spectroscopy. 

3. Typically, polymer solar cells absorb light with wavelengths below 650 nm, while the solar 
photon flux maximizes around 700 nm. Low band gap materials can alleviate this problem. The 
goal of the subproject 'Liquid crystalline and polymer donors with low band gaps' is to 
synthesize materials that have low band gaps and high charge carrier mobilities. Apart from 
conjugated polymers, we will synthesize low band gap calamitic liquid crystalline materials, 
merging our expertise on low band gap monomers and polymers with recent developments on 
charge transport in nematic and smectic phases. 

4. The subproject 'Novel hybrid and multi-junction polymer solar cells' focuses on exploring novel 
heterogeneous structures for hybrid polymer solar cells that use ZnO and tailor made polymers. 
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3D morphology of zinc oxide (yellow) 
in a polythiophene matrix. 

We aim to create hierarchical interpenetrating networks that allow efficient charge transport. 
Parallel to these studies, we will explore the use of ZnO in creating multi-junction polymer solar 
cells that may ultimately lift the performance of plastic photovoltaics above the single band gap 
limit of 31%. 

 
2. Self evaluation 
Several of the anticipated results were actually demonstrated and realized and several of the 
'dreams' did not come true, yet... All together our own evaluation is very positive. The project has 
provided interesting results, new insights and has advanced the state of the art in the field. 
Moreover, the JSP programme has enable our group to continue to be one of the leading groups in 
this field that is expanding enormously in the last 5 years. Many of the results have been presented 
at international conferences and in seminars at academic and leading industrial companies in the 
field (Konarka, Plextronics, Solvay, BASF, Merck). The total scientific output (18 papers published, 
accepted & submitted) has been substantial and especially the work of Johan Bijleveld (7 papers) 
on small band gap DPP polymers is attracting considerable attention and is being copied by 
several groups in industry and academia now. He realized 4.7% (J. Am. Chem. Soc. 2009) and 5.5% 
(Adv. Mater. 2010) efficient polymer solar cells, possibly the best cells resulting from JSP 
programme. Bram Karsten (8 papers) did more fundamental work on small band gap oligomers 
and unraveled important insights that are now used in the design of new materials. In terms of 
number of papers the work of Stefan Oosterhout has been less (3 papers), but with a paper in 
Nature Mater. (2009) there has been a very good exposure of his work. More papers are currently 
being written and he is expected to graduate in 2011. The work of Dominique Wehenkel has not 
yet resulted in a paper. This has our attention; he has several leads for publishable results and 
there is still 1.5 year to go.  
The organization of the JSP programme has been very good, efficient and supportive. The joint 
biannual meetings were very helpful. It has been, and still is, a very good experience.  
 
3. Highlight  
We have created hybrid conjugated polymer – metal oxide 
solar cells via a precursor route in which the metal oxide is 
generated in situ during the deposition of the active layer. 
The solar power conversion efficiency of 2% is one of the 
highest values reported for hybrid polymer/metal oxide 
solar cells. The three-dimensional volume morphology of 
these bulk heterojunctions has been resolved with electron 
tomography on a nanometre scale as shown in the figure 
and has been analyzed for the spherical contact distances 
of the two phases, percolation paths for charges, and used 
to solve the 3D exciton diffusion equation. The results of 
these analyses are in full accordance with the experimental 
data on cell performance and photophyiscal spectroscopic 
investigations for layers of various layer thicknesses, and 
enable new conclusions to be drawn.  
 
4. Academic publications  
- Small band gap oligothieno[3,4-b]pyrazines, B.P. Karsten and R.A.J. Janssen, Org. Lett. 2008, 10, 

3513-3516. 
- An oligomer study to small band gap polymers, B.P. Karsten, L.Viani, J. Gierschner, J. Cornil, and 

R.A.J. Janssen, J. Phys. Chem. A. 2008, 112, 10764-10773. 
- Poly(diketopyrrolopyrrole-terthiophene) for ambipolar logic and photovoltaics, J.C. Bijleveld, 

A.P. Zoombelt, S.G.J. Mathijssen, M.M. Wienk, M. Turbiez, D.M. de Leeuw, and R.A.J. Janssen, 
J. Am. Chem. Soc. 2009, 131, 16616-16617. 

 



 
 
 
- Copolymers of cyclopentadithiophene and electron deficient aromatic units designed for photovoltaic 

applications, J.C. Bijleveld, M. Shahid, J. Gilot, M.M. Wienk, and R.A.J. Janssen, Adv. Funct. 
Mater. 2009, 19, 3262–3270. 

- Electronic structure of small band gap oligomers based on cyclopentadithiophenes and acceptor units, 
B.P. Karsten, J.C. Bijleveld, L. Viani, J. Cornil, J. Gierschner, and R.A.J. Janssen, J. Chem. Mater. 
2009, 19, 5343-5350. 

- On the origin of small band gaps in alternating thiophene – thienopyrazine oligomers, B.P. Karsten, L. 
Viani, J. Gierschner, J. Cornil, and R.A.J. Janssen, J. Phys. Chem. A. 2009, 113, 10343-10350. 

- Charge separation and recombination in small band gap oligomer – fullerene triads, B.P. Karsten, 
R.K.M. Bouwer, J.C. Hummelen, R.M. Williams, and R.A.J. Janssen, J. Phys. Chem. B. 2009, 
ASAP. 

- On the origin of small band gaps in thiophene-thieno[3,4-b]pyrazine donor-acceptor oligomers, 
B.P. Karsten, L. Viani, J. Gierschner, J. Cornil, and R.A.J. Janssen, PMSE Preprints 2009, 101, 
1436-1437. 

- The effect of three-dimensional morphology on the efficiency of hybrid polymer solar cells, 
S.D. Oosterhout, M.M. Wienk, S.S. van Bavel, R. Thiedmann, L.J.A. Koster, J. Gilot, J. Loos, V. 
Schmidt, and R.A.J. Janssen, Nat. Mater. 2009, 8, 818-824. 

- Efficient solar cells based on an easily accessable diketopyrrolopyrrole polymer, J.C. Bijleveld, 
V.S. Gevaerts, D.Di Nuzzo, M. Turbiez, S.G.J. Mathijssen, D.M. de Leeuw, M.M. Wienk, and 
R.A.J. Janssen, Adv. Mater. 2010, 22, E242–E246. 

- Controlling morphology and photovoltaic properties by chemical structure in copolymers of 
cyclopentadithiophene and thiophene segments, J.C. Bijleveld, M. Fonrodona, M.M. Wienk, R.A.J. 
Janssen, Sol. Energy Mater. Sol. Cells 2010, 94, 2218–2222. 

- Maximizing the open-circuit voltage of polymer:fullerene solar cells, J.C. Bijleveld, R.A.M. Verstrijden, 
M.M. Wienk, and R.A.J. Janssen, Appl. Phys. Lett. 2010, 97, 073304/1-3 

- Small band gap copolymers based on furan and diketopyrrolopyrrole for field effect transistors and 
photovoltaic cells, J.C. Bijleveld, B.P. Karsten, S.G.J. Mathijssen, M.M. Wienk, D.M. de Leeuw, and 
R.A.J. Janssen, J. Mater. Chem. 2010, accepted DOI: 10.1039/c0jm03137b. 

- Copolymers of diketopyrrolopyrrole and thienothiophene for photovoltaic cells, J.C. Bijleveld, R.A.M. 
Verstrijden, M.M. Wienk, and R.A.J. Janssen, Adv. Funct. Mater., 2010 submitted. 

- Charge separation and recombination in small band gap oligomer – fullerene triads, B.P. Karsten, 
R.K.M. Bouwer, J.C. Hummelen, R.M. Williams, and R.A.J. Janssen, J. Phys. Chem. B. 2010, 114, 
14149-14156. 

- Diketopyrrolopyrroles as acceptor materials in organic photovoltaics, B.P. Karsten, J.C. Bijleveld, and 
R.A.J. Janssen, Macromol. Rapid. Commun. 2010, 31, 1554–1559. 

- Charge separation and (triplet) recombination in diketopyrrolopyrrole – fullerene triads, B.P. Karsten, 
R.K.M. Bouwer, J.C. Hummelen, R.M. Williams, and R.A.J. Janssen, Photochem. Photobiol. Sci. 
2010, 9, 1055-1065. 

- Chain length dependence in diketopyrrolopyrrole – thiophene oligomers, B.P. Karsten and 
R.A.J. Janssen, Macromol. Chem. Phys. 2010, accepted for publication. 

- Controlling the morphology and efficiency of hybrid ZnO:polythiophene solar cells via side chain 
functionalization, S.D. Oosterhout, L.J.A. Koster, S.S. van Bavel, J. Loos, O. Stenzel, 
R. Thiedmann, V. Schmidt, B. Campo, T.J. Cleij, L. Lutzen, D. Vanderzande, M.M. Wienk, and 
R.A.J. Janssen, Adv. Energy Mater. 2010, accepted DOI: 10.1002/aenm.201000022. 

- Stochastic segmentation of 3D images – A multiscale approach, with applications to solar cells, 
R. Thiedmann, H. Hassfeld, O. Stenzel, L.J.A. Koster, S.D. Oosterhout, S.S. van Bavel, 
M.M. Wienk, J. Loos, R.A.J. Janssen and V. Schmidt, Image Analysis and Stereology,  
2010 submitted. 

- Oligomer studies on polymer photovoltaics, B.P. Karsten, September 27, 2010, Thesis, 140p, 
- Synthesis and application of π-conjugated polymers for organic solar cells, J.C. Bijleveld, December 9, 

2010, Thesis, 139p. 
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Project title : Plasmonic structures for high-efficiency solar cells 
Project number : 06JSP26 
FOM workgroup  : AMOLF 
Project leader(s) : Prof.dr. A. Polman  
Materials budget : k€ 38 
 
Name Position Start date End date Position after project 
Dr. K.R. Catchpole postdoc 18-06-2007 17-06-2008 Scientific group leader at ANU, Australia 
 
1. Original aim of the project 
The project involves a study of the use of metal nanostructures to confine light either close to a 
nanoparticle or close to a metallic interface within a solar cell. It forms a basis for ongoing 
collaborative work between the FOM-Institute for Atomic and Molecular Physics, Amsterdam, and 
the University of New South Wales, Australia, to develop practical devices based on the designs 
investigated in this project.  
Metallic nanostructures can act both as an antenna to collect light and focus it into the region close 
to the nanostructure, and also act directly on the nearby semiconductor by changing the 
spontaneous emission rate. It is also possible to use propagating surface plasmons, either on 
continuous metal structures or on an array of metal nanoparticles, to confine light close to the 
interface. The potential efficiency gain due to the increased absorptivity of silicon and the reduced 
charge transport losses will be evaluated, and the kind of cell design that would be needed to 
achieve this gain would be investigated. This would include consideration of the parameters 
needed to achieve these efficiency gains eg. sharp metal nanoparticles may do better than spherical 
nanoparticles because they are able to develop sizeable dipoles. It will also include consideration 
of potentially beneficial photon recycling effects that can occur with a strongly absorbing material. 
 
2. Self evaluation 
This one-year project has been very successful. It has provided fundamental insights in light 
trapping in thin-film solar cells using metallic nanostructures. While several groups worldwide are 
working on this topic, key fundamental insights were lacking. Several design criteria for 
optimization of the light trapping were developed. These include the dependence on metal 
nanoparticle size and shape on light trapping and the effect of a dielectric spacer on the scattering 
cross section. We conclude that efficient light trapping is a balancing act in which the near-field 
coupling, the local driving field, the local optical density of states, Ohmic damping and inter-
particle coupling must be optimized. Research was carried out mostly using finite-difference time 
domain simulations. A numerical calculation scheme was set up, specific for the application in 
light trapping. Also, computer infrastructure was set up to use a cluster of ∼300 processors at 
SARA. This enabled for the first time calculation of light trapping in complex nanostructures. 
The project lead to two publications, in Applied Physics Letters and Optics Express. The APL 
paper was in the top-10 most downloaded paper for Applied Physics Letters in November and 
December 2008. The OE paper was the most downloaded article of all journals published by the 
Optical Society of America for several months in 2008 and 2009. A patent application was filed and 
several invited presentations on the project were given at international conferences. 
After completion of the project at AMOLF, Catchpole left to start her own research group at the 
Australian National University in Canberra. We have continued collaboration with her group 
(with presently 2 PhD students) and hold monthly teleconferences to discuss recent results. Three 
joint articles have been published since then. 
The plasmonic solar cell project, together with two other projects within the JSP program, 
triggered the start of a large activity at AMOLF on photovoltaics, now funded by a new FOM 
program “Nanophotovoltaics” and several other funding sources. 
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3. Highlight 
Silver nanoparticles can be used to 
efficiently couple light into a solar cell. At 
the surface surface plasmon resonance, light 
is preferentially forward scattered into the 
semiconductor layer, leading to an effective 
path length enhancement inside the cell. We 
found that the near-field coupling into the 
semiconductor is strongly dependent on 
silver particle shape: cylindrical and 
hemispherical particles show stronger near-
field coupling than spherical particles. The 
effective path length enhancement for a 
point dipole is even higher than the value 
for a Lambertian random surface. The 
effective scattering rate of the silver particles 
is very sensitive to the thickness of a spacer 
layer at the substrate, which provides 
additional tunability in the design of particle 
arrays for light trapping in solar cells 
  
4. Academic publications  
- Design principles for particle plasmon enhanced solar cells, K.R. Catchpole, A. Polman, Applied 

Physics Letters, 93, 191113 (2008). 
- Plasmonic Solar Cells, K.R. Catchpole, A. Polman, Optics Express, 16, 21793 (2008). 
- Designing periodic arrays of metal nanoparticles for light-trapping applications in solar cells, 

S. Mokkapati , F. J. Beck , A. Polman and K. R. Catchpole, Applied Physics Letters 95, 053115 1-3 
(2009). 

- Tunable light trapping for solar cells using localized plasmons, F. Beck, A. Polman, K. Catchpole, J. 
Appl. Phys. 105, 114310 1-7 (2009). 

- Plasmonics for improved photovoltaic devices, H.A. Atwater and A. Polman, Nature Materials 9, 205 
(2010) and Editorial 

- Asymmetry in photocurrent enhancement by plasmonic nanoparticle arrays located on the front or on the 
rear of solar cells, F. J. Beck , S. Mokkapati , A. Polman and K. R. Catchpole , Applied Physics 
Letters 96, 033113 1-3 (2010). 

- 'Optical Properties of Nanostructures', chapter in 'Nanostructures in Photovoltaics' ed. 
L. Tsakalakos K.R. Catchpole ISBN: 9781420076745, 25 March 2010. 

  
Patent 
- Photovoltaic cell with surface plasmon resonance generating nano-structures, K.R. Catchpole, 

A. Polman, European Patent Application, number 08103442.3, 8 April 2008. 

Light scattering from an array of metal 
nanoparticles (Nature Mater. 9, 205 (2010)). 

 



 
 
 
6. Discussion and conclusions  
 
6.1  By programme committee 
The first phase of the Joint Solar Programme has (almost) been completed. It has yielded a wealth 
of results, information and experiences. Some projects were highly successful and can safely be 
categorised as “world class”. Their visibility was excellent and they have strengthened the position 
of The Netherlands as one of the leading countries in PV knowledge and technology. These 
projects alone already show the great added value of the JSP. 
Other projects have been less successful in terms of overall progress and output, for several 
reasons: it was difficult to find talented young candidates for the vacancies or the research 
questions turned out to be too challenging or not thought-through well enough in the proposal 
phase. To a certain extent this is “all in the game” when doing exploratory research: it is inherently 
high-risk. Nevertheless there are a few important lessons to be learned. Since the JSP is aimed at 
improving photovoltaic conversion (simply said: solar cells) on the one hand, and at gaining basic 
understanding of partial aspects of the conversion processes, materials and structures concerned 
on the other hand, there is a danger for proposers to oversell and for reviewers to over-ask. In 
other words: it may seem very attractive to test new ideas on a device level, for instance by 
showing a higher efficiency, but in practice this is often impossible. Because of process complexity, 
because a proper reference is lacking or because devices cannot be built at all. Researchers may 
even waste time by moving towards devices too early, especially when just one PhD-student is 
working on the topic. On the other hand, in some cases the theoretical basis under new ideas may 
be strengthened. Ideas may be brilliant as such, but it may be unclear how they can be 
implemented on a device level or which improvement they could yield on a device level. 
Generally, experts on partial aspects of photovoltaic conversion should team up with device 
experts in an early phase of the projects. This is expected to give important synergies and essential 
mutual feedback. 
 
 
6.2 From Shell perspective 
The industrial partnership programme on third generation photovoltaics was the first IPP in which 
Shell participated. The topic was chosen for a number of reasons. First of all, Shell, as an energy 
company, has a keen interest in technological developments in the energy field. Secondly, 
photovoltaics was at that time regarded as a potential area for growth of Shell’s renewable energy 
portfolio. Finally, the realization of third generation photovoltaic systems is considered a longer 
term research objective and as such it is a suitable topic for an industrial partner program. On the 
other hand, research themes that are envisaged to materialise in a shorter time span (< 2-5 years) 
are better covered exclusively in house.  
 
Shell has a number of objectives that generally are taken into account prior to the decision to enter 
extra mural research contacts. Maybe the most important goal is to build a network of researchers 
and experts in a specific field. This allows for consultancy on a regular base or on an ad hoc base. 
Other argument s are to strengthen the bonds with universities and knowledge institutes. 
Moreover, extra mural research and industrial partner programs promote the identification of 
talented researchers in an early stage. Thus, from the perspective or recruitment participation can 
be advantageous. Another argument that certainly is as important as the recruitment argument is 
that entering extra mural research activities adds a fundamental component to Shell’s own R&D 
programmes. In this respect, the Joint Solar Programme has proven its value on most of these 
arguments 
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7. Recommendations 
Photovoltaic solar energy (PV) is mature and in its infancy at the same time. Reliable systems are 
commercially available at multi-gigawatt-scale and at rapidly decreasing prices, while most 
technologies used are still quite simple. In scientific and technological terms there are therefore 
still many opportunities for improvements and innovations, for decades to come. In view of the 
latter it is recommended to strive for continuity of the JSP, although constant (partial) renewal of 
its contents is also important and obviously inherent to innovation. Concerning selection of 
research projects it is recommended to critically assess the balance between research on specific 
aspects of photovoltaic conversion and research on device level, as well as the relation between 
these two. Bringing together basic scientists and device experts in an early phase may be 
worthwhile to achieve the most effective scope and focus. Finally, it is recommended to clearly 
position the JSP in the total PV R&D landscape (including the new FOM institute and FOM focus 
groups for fundamental energy research), so that each programme and institute can address the 
overall challenge in an optimal way. 

 29 


