
 

Processing organic photovoltaic layers from and on water

Citation for published version (APA):
Colberts, F. J. M. (2018). Processing organic photovoltaic layers from and on water Eindhoven: Technische
Universiteit Eindhoven

Document status and date:
Published: 25/10/2018

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:

www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:

openaccess@tue.nl

providing details and we will investigate your claim.

Download date: 18. Jun. 2019

https://research.tue.nl/en/publications/processing-organic-photovoltaic-layers-from-and-on-water(68ec3b0e-6b9f-4163-ab13-870a43b10312).html


 
 

Processing organic photovoltaic layers 
from and on water 

 
 
 
 
 
 

PROEFSCHRIFT 
 
 
 
 
 
 

ter verkrijging van de graad van doctor aan de Technische Universiteit 
Eindhoven, op gezag van de rector magnificus prof.dr.ir. F.P.T. Baaijens,  
voor een commissie aangewezen door het College voor Promoties, in het 

openbaar te verdedigen op donderdag 25 oktober 2018 om 16:00 uur 
 
 
 
 
 
 
 

door 
 
 
 
 
 
 

Fallon Jacoba Maria Colberts 
 
 
 

geboren te Geleen 



Dit proefschrift is goedgekeurd door de promotoren en de samenstelling 
van de promotiecommissie is als volgt:  
 
voorzitter:   prof.dr. R.P. Sijbesma 
1e promotor:   prof.dr.ir. R.A.J. Janssen 
copromotor:  dr.ir. M.M. Wienk 
leden:   prof.dr. A. Ethirajan (Universiteit Hasselt)  
   prof.dr.ir. R. Tuinier 
   prof.dr. N.A.J.M. Sommerdijk 
   dr. S.C.J. Meskers 
adviseur:   dr. T. Ameri (Universiteit München) 
    
 

 
 
 

 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Het onderzoek of ontwerp dat in dit proefschrift wordt beschreven is uitgevoerd in 
overeenstemming met de TU/e Gedragscode Wetenschapsbeoefening. 



 
 

 
 

PROCESSING ORG ANIC 
PHO TOV OLT AIC LAY ERS  

FROM  AN D ON  WAT ER  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fallon Colberts 





Chapter 1 Introduction to Organic Photovoltaics      

 1.1  Climate Change and Solar Energy      

  1.2  Working Principles of Organic Photovoltaics    

  1.3  Efficiency Limit of Organic Solar Cells     

  1.4  Morphology Optimization       

  1.5  Aim of this Work        

  1.6  References        

 

Chapter 2 Surfactant-Free Nanoparticle Active Layers     

  2.1  Introduction        

  2.2  Precipitation Method       

  2.3  Photovoltaics of P3HT:Fullerene Nanoparticles    

  2.4  Conclusion        

  2.5  Experimental        

  2.6  References        

 

Chapter 3 Stabilized Aqueous Nanoparticle Active Layers     

  3.1  Introduction        

  3.2  Nanoparticle Synthesis and Characterization     

  3.3  Optimizing Device Fabrication      

  3.4  Conductivity and Zeta Potential Measurements    

  3.5  Improving Solar Cell Performance      

  3.6  Morphology Study by Cryo-TEM      

  3.7  Avoiding Core-Shell Morphology      

TAB LE O F  CONTE NTS  

  

  
1 

2 

4 

9 

12 

15 

19 

 

25 

26 

27 

29 

37 

38 

40 

 

43 

44 

46 

48 

52 

54 

58 

60 



  3.8  Conclusion        

  3.9  Experimental        

  3.10  References        

 

Chapter 4 Processing Active Layers on a Water Substrate     

  4.1  Introduction        

  4.2  PCE10 Active Layers       

  4.2.1  Spin-Coated Devices       

  4.2.2  Spontaneous Spreading Devices      

  4.2.3  Conclusion        

4.3  PCDTBT Active Layers       

4.4  Spontaneous Spreading of PDPP2T-TT     

4.5  Conclusion        

  4.6  Spontaneous Spreading Movies      

  4.7  Experimental        

  4.8  References        

 

Chapter 5 Bilayer-Ternary Devices by Spontaneous Spreading     

  5.1  Introduction        

  5.2  Bilayer-Ternary Solar Cell Performance     

  5.3  Quasi-Fermi Energy Level Modelling     

  5.4  Mobility and XPS Measurements      

  5.5  Improving Electron Transport in Bilayer-Ternary Solar Cells   

  5.6  Conclusion        

  5.7  Experimental        

  5.8  References        

  67 

69 

72 

 

77 

78 

81 

81 

83 

90 

91 

97 

102 

104 

106 

108 

 

113 

114 

116 

119 

123 

127 

131 

133 

135 



Chapter 6 Characteristics of Bilayer and Triple Layer Devices     

  6.1  Introduction        

  6.2  Bilayer-Ternary Devices with HOMO Offset     

  6.3  Bilayer-Ternary Devices without HOMO Offset    

6.4  Triple Layer Organic Solar Cells      

6.5  Conclusion        

  6.6  Experimental        

  6.7  References        

 

Summary           

 

Samenvatting          

 

Biography          

 

List of Publications and Contributions       

 

Acknowledgements and Dankwoord        

 

  

139 

140 

141 

144 

147 

150 

152 

154 

 

156 

 

162 

 

169 

 

170 

 

172 



 

TEM of a phase separated polymer (bright): fullerene (dark) blend 

 





2 | C h a p t e r  1  

1.1 CLIMATE CHANGE AND SOLAR ENERGY 

When people talk about the greenhouse effect it is usually in a negative connotation, 

however, without global warming the temperature on Earth would be -18 °C and the earth 

would be covered in ice.1,2 Natural gases in the atmosphere such as carbon dioxide (CO2) 

and ozone (O3) prevent reflection of thermal radiation back to the universe increasing the 

temperature to 15 °C. Increasing release of these gases along with other greenhouse gases 

due to industrialization result in the enhanced greenhouse effect. According to the annual 

CO2 concentration measurements by NASA presented in Figure 1, this greenhouse gas is the 

main cause for the observed temperature increase reaching 1 °C.3 At first, this may not seem 

significant, however, this measured temperature rise is a global average, meaning that at 

some parts of the world the temperature rose by already 2 °C, for example at the North Pole.4 

The temperature rise has led to extremes in weather and permanent decrease in Arctic ice 

coverage resulting in a rise in sea levels and in floods.5 It is calculated that warming will 

exceed 2 °C when no measures are taken to constrain the emission of greenhouse gases and 

can go up to 4 °C when population and energy winning from fossil fuels grows. This will 

cause severe and irreversible impacts.6  

 
Figure 1.1: Change in global surface temperature relative to 1951-1980 average temperatures (green 
line) along with the measured annual CO2 concentration in the atmosphere in time (black line). Data 
from NASA.4  

On top of the climate problem, fossil fuels are not renewable, meaning that at some point 

they will run out. For future prospective it is important that a transition is made from fossil 

fuels to an environmentally friendly and renewable alternative. As solar radiation is an 

abundant energy source on the whole planet it has a great potential. In a solar panel light is 

absorbed and this energy is converted into electricity. This can be realized by many materials 
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accounts for another 0.5 eV energy loss.38,42,58,59 Empirically VOC is found to satisfy the 
relation:  

OC CT g,blend0.5 eV  0.6 eVqV E E� �� �d ��  

Figure 1.6 shows that when the efficiency of non-radiative recombination increases, the 

theoretical maximum PCE drops. This is mainly due to a loss in VOC, which is proportional 

to (kbT/q)ln(EQEEL), where EQEEL is the radiative quantum yield.
60

 A radiative efficiency on 

the order of 10-7 is common for organic solar cells, reducing VOC by ~0.4 V and limiting the 

PCE to 15%. Benduhn and co-workers reported a maximum theoretical PCE of 25-26% for 

a device having an EQE of 100% above the optical band gap, no electron transfer losses and 

an optimal band gap. A more realistic performance for OPV would be limited to 19.5% 

incorporating EQE and electron transfer losses. Furthermore, they show that non-radiative 

recombination is an intrinsic limitation for OPVs due to the wave-function overlap between 

the relaxed CT state and higher order vibrational modes of the ground state. It is suggest that 

non-radiative recombination can be reduced by increasing ECT as a result of decreased wave-

function overlap.42. This is supported by the results obtained by Xie et al. who showed that 

non-radiative recombination is reduced for the material combination PBDB-T:IT-M due to 

its high ECT. In comparison to other acceptor materials, this blend showed the lowest LUMO�'

and highest electron mobility caused by a low energetic disorder and high domain purity.61 

In agreement, Ndjawa et al. report a decreasing ECT upon crystallization of the rubrene phase 

in a rubrene/C60 blend. Because the energetics of the donor and acceptor depend strongly on 

their morphology in the blend, it can be expected that tuning their crystallinity alters ECT and 

therefore VOC. However, it is suggested that the increased crystallinity of rubrene possibly 

enhances the hole delocalization reducing the exciton binding energy (thus favors charge 

separation) and therefore ECT is lowered. It is suggested that a locally disordered D:A 

interface along with pure and crystalline domains will result in the highest ECT and 
consequently VOC while maintaining good charge transport properties.59  
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domains is altered. Spinodal decomposition occurs for many DPP polymers of which 

PDPP5T is a clear example. Kouijzer and co-workers showed that when this polymer with 

PCBM is spin coated from chloroform, the blend undergoes liquid-liquid phase separation 

resulting in PCBM domains exceeding 200 nm. The gross phase separation of this polymer 

fullerene blend is clearly visible in the TEM images presented in Figure 1.7a. Liquid-liquid 

phase separation can be avoided by the addition of 10 vol.% o-DCB.80 The optimized 

morphology depicted in Figure 1.7b results in a dramatic efficiency improvement from 1.3% 

(JSC = 3.2 mA/cm2, VOC = 0.67 V, FF = 0.6) when this blend was spin coated from chloroform 
to 5.2% (JSC = 13.8 mA/cm2, VOC = 0.57 V, FF = 0.67) with the addition of co-solvent.  

  
Figure 1.7: TEM images of PDPP5T:PC71BM active layer spin coated from chloroform (a) and 
chloroform/o-DCB (b). 
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