
 

 

 University of Groningen

Molecular upconversion for photovoltaics
Zou, Wenqiang

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2015

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Zou, W. (2015). Molecular upconversion for photovoltaics. [Thesis fully internal (DIV), University of
Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 23-05-2023

https://research.rug.nl/en/publications/1e616c5c-4d06-436c-8674-7a9f77ae5fb2


 

 

 

 

 

Molecular Upconversion for 

Photovoltaics 

 

 

 

Wenqiang Zou 

 

 

 

 

 

 



 

 

This project was carried out in the research group of Chemistry of (Bio)Molecular 

Materials and Devices part of the Stratingh Institute for Chemistry and Zernike 

Institute for Advanced Materials, University of Groningen, The Netherlands. This 

work is part of the Joint Solar Program (JSP) of Hyet Solar and the Stichting voor 

Fundamentaal Onderzoek der Materie FOM, which is part of the Netherlands 

Organisation for Scientific Research (NWO). 

 

 

Printed by: Gildeprint, Enschede, The Netherlands 

Cover design by: Nynke Kuipers and Wenqiang Zou 

 

 

Zernike Institute PhD thesis series 2015-09 

ISSN: 1570-1530 

ISBN: 978-90-367-7801-5 (printed version) 

ISBN: 978-90-367-7800-8 (electronic version)  

 

 

 

 

 

 

 

 



 

Molecular Upconversion for 

Photovoltaics 

PhD Thesis 

to obtain the degree of PhD at the 

University of Groningen 

on the authority of the  

Rector Magnificus Prof. E. Sterken 

and in accordance with 

the decision by the College of Deans. 

 

This thesis will be defended in public on 

Friday 5 Jun 2015 at 11:00 hours 

by 

Wenqiang Zou  

born on 6 October 1980 

in Guangdong, China 

 

 



 

Supervisor  

Prof. J. C. Hummelen 

Co-supervisor  

Dr. M.S. Pchenitchnikov 

 

Assessment committee 

Prof. C. J. Brabec 

Prof. D. Vanmaekelbergh 

Prof. J. Ye 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

谨以此书献给我最深爱的妻子 

 Dedicated to my beloved wife 

 

 

 

 

 

 

 

 

 

 

 



 

 

Table of Contents 

Chapter 1  Concepts and Materials ....................................................................... 1 

1.1  Solar Energy and Solar cells ........................................................................................................ 2 

1.2  Energy lost in a single band-gap solar cell ................................................................................... 3 

1.3  Beyond the Shockley-Queisser limit............................................................................................ 4 

1.3.1  Multi-junction solar cells ..................................................................................................... 4 

1.3.2  Intermediate-band solar cells  ............................................................................................ 5 

1.3.3  Hot carrier solar cells  ......................................................................................................... 6 

1.3.4  Multiple exciton generation / charge carrier multiplication  ............................................. 7 

1.3.5  Downconversion and upconversion solar cells.................................................................. 12 

1.4  Typical upconversion mechanisms ............................................................................................ 14 

1.5  Power dependence of upconversion luminescence ................................................................. 16 

1.6  Upconversion materials  .......................................................................................................... 17 

1.6.1  Lanthanide based upconversion materials ........................................................................ 21 

1.6.2  Transition metal based upconversion materials. .............................................................. 21 

1.6.3  Organic upconversion materials.. ...................................................................................... 21 

1.7  Summary and outline ................................................................................................................ 23 

1.8  References ................................................................................................................................. 24 

Chapter 2  Synthesis and Application of β-NaYF4:Yb, Er Nanoparticles in 

P3HT/PCBM Solar Cells ...................................................................... 30 

2.1  Introduction .............................................................................................................................. 31 

2.2  Synthesis of β-NaYF4:Yb, Er Nanoparticles ................................................................................ 34 

2.3  Active layer morphology optimization  .................................................................................... 35 

2.4  Optical spectroscopy  ............................................................................................................... 40 

2.5  Device performance   .............................................................................................................. 42 

2.6  Conclusion   ............................................................................................................................. 44 

2.7  Experimental Section   ............................................................................................................ 45 

2.7.1  General .............................................................................................................................. 45 



2.7.2  Synthesis of β-NaYF4:Yb, Er nanoparticles ......................................................................... 46 

2.7.3  Sample preparation for AFM and TEM measurements  ................................................... 46 

2.7.4  Device fabrication  ............................................................................................................ 47 

2.8  References    ........................................................................................................................... 48 

Chapter 3  Synthesis of Near Infrared Dyes as Antennas for Upconversion 

Nanoparticles  ...................................................................................... 51 

3.1  Introduction .............................................................................................................................. 52 

3.2  Functionalization of cyanine dyes  ........................................................................................... 54 

3.3  Synthesis of NIR dye absorbing lower energy photons  ........................................................... 63 

3.4  Experimental section  ............................................................................................................... 65 

3.4.1  General .............................................................................................................................. 65 

3.4.2  Synthetic Procedures ......................................................................................................... 65 

3.5  References  ............................................................................................................................... 67 

Chapter 4  Broadband Dye-Sensitized Upconversion of Near-IR Light  ................. 69 

4.1  Introduction .............................................................................................................................. 70 

4.2  Changes of absorption and emission spectra of IR-806 on nanoparticles  .............................. 72 

4.3  Dye-sensitized upconversion emission  ................................................................................... 81 

4.4  Optimizing the surface coverage  ............................................................................................. 83 

4.5  Power dependence upconversion emission  ........................................................................... 84 

4.6  Upconversion emission efficiency  ........................................................................................... 85 

4.7  Conclusion  ............................................................................................................................... 86 

4.8  Experimental part  .................................................................................................................... 87 

4.8.1  General Chemicals. ............................................................................................................ 87 

4.8.2  Instrumentation. ................................................................................................................ 87 

4.8.3  Sample preparation. .......................................................................................................... 88 

4.8.4  Measurement of the Monochromatic Quantum Yield of IR-806/NPs and NPs.. ............... 88 

4.8.5  Estimations on molar antenna:NPs ratio .......................................................................... 90 

4.9  References  ............................................................................................................................... 91 

Chapter 5  Co-sensitized Upconversion using Near-Infrared Dyes as Antennae on 

Upconversion Nanoparticles  ............................................................... 94 

5.1  Introduction .............................................................................................................................. 95 

5.2  IR-840 as sensitizer .................................................................................................................... 96 



5.2.1  UV-VIS-NIR absorption and emission spectrum of IR-840. ................................................ 96 

5.2.2  Spectral changes of IR-840 after binding to nanoparticles. ............................................... 99 

5.3  Co-sensitized upconversion .................................................................................................... 112 

5.4  Experimental section ............................................................................................................... 120 

5.5  References  ............................................................................................................................. 121 

Summary   ................................................................................................................ 123 

Samenvatting   ......................................................................................................... 126 

Acknowledgements ................................................................................................... 130 

 



     Concepts and Materials 

1 

 

Chapter 1 

Concepts and Materials 
 

 

 

 

 

Solar cells are a promising solution to the energy crisis and environmental pollution. The 

power conversion efficiencies of classical solar cells are approaching the fundamental limit of 

32%. To exceed this limit, new concepts and approaches should been developed.  In this 

chapter, we discuss the energy loss mechanisms in a solar cell and how to avoid these losses 

using the so-called third generation approaches. Then we focus on photon upconversion. The 

typical upconversion mechanisms are discussed and an overview of existing upconversion 

materials is provided. An outline of the thesis is given at the end of the chapter. 

 

 

 

 

 



Chapter 1     

2 

 

1.1 Solar energy and solar cells 

The global demand of energy is growing every year while the most important energy 

resources, the fossil fuels, are decreasing. One of the solutions for this mismatch is to make use 

of solar energy which is green and renewable. The total amount of solar energy received by earth 

each second is about 1.74 x 1017 W, which is about 1.2 x 104 times more than the average world 

energy consumption in 2008 (1.50×1013 W).1 If captured effectively,  even a small fraction of 

this energy can meet the rapidly growing energy demand of the world.   

To make use of solar energy, we normally need to convert it into other form of energy, such 

as heat and electricity. Solar cells are devices that generate electricity from sunlight through the 

photovoltaic effect which was first discovered by Alexandre-Edmond Becquerel in 1839.2 A 

typical single junction solar cell is actually a “p-n” junction diode in which photons with energy 

larger than the band-gap of the active material are absorbed to create electron-hole pairs. These 

electron-hole pairs are separated to free charge carriers by the “p-n” junction and driven towards 

the contacts by the built-in potential. When a load is connected to the external circuit, the cell 

produces both current and voltage. 

Solar cells are usually divided into three generations.3,4 The first generation solar cells is 

based on crystalline silicon wafers. These solar cells are very efficient, approaching their 

theoretical maximum of 32% in the laboratory, but the cost of these solar cells is still relatively 

high. The second generation solar cells are based on thin film technology. They offer lower area 

production cost, however, their efficiency is lower than that of the first generation solar cells. 

The third generation solar cells are still under development. The definition of third generation 

solar cells is that they are high efficiency solar cells made at very low cost. To achieve this goal, 

new concepts and new materials need to be developed. To date, the third generation approaches 

include organic solar cells, quantum dot solar cells, multi-junction solar cells, intermediate band 

solar cells, multiple charge carrier generation solar cells, hot-carrier collection solar cells, and 

photon upconversion and downconversion solar cells.3-6 Although at this point the third 

generation solar cells still face the problem of low stability and very low efficiency, they are 
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scientifically highly interesting to work on and some of them may be expected to have a bright 

future, if one or even several of the concepts can be realized successfully. 

1.2 Energy lost in a single band-gap solar cell 

Figure 1.1 shows the energy loss mechanisms in a single band-gap solar cell.3 The most 

significant loss mechanisms in a standard solar cell are due to the incapability of absorbing 

photons with energy less than the band-gap (process 1 in Figure 1.1) and due to the 

thermalization of hot charge carriers that are created by photons with energy exceeding the band-

gap of the active materials (process 2 in Figure 1.1). These two losses count up to 65% of the 

total loss in such solar cells. The polychromatic nature of the solar spectrum results in a tradeoff 

between the two losses. Semiconductors with higher band-gap can reduce energy loss of high 

energy photons but waste more low energy photons, while low band-gap semiconductors absorb 

more low energy photons but lose more energy of the high energy photons. So these two loss 

mechanisms are the fundamental factors that limit the energy conversion efficiency of a single 

band-gap solar cell. According to a paper published by Shockley and Queisser in 1961, the 

highest efficiency of a single band-gap solar cell (i.e. under standard solar spectrum illumination) 

is about 32%.7  

Other losses in a single band-gap solar cell are the voltage drops across the “p-n” junction 

and at the contacts (process 3 and 4 in Figure 1.1) and recombination losses of electrons and 

holes (process 5 in Figure 1.1). Recombination is also an important loss process, but this can be 

minimized by using materials with high lifetimes of the photogenerated carriers, ensured by 

minimizing structural defects and impurities.8 
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Figure 1.1 Energy loss processes in a single band‐gap solar cell3: (1) transmission loss; (2) lattice 

thermalization loss; (3) and (4) junction and contact voltage losses; (5) recombination loss. 

1.3 Beyond the Shockley-Queisser limit 

As indicated above, the key for a solar cell to overpass the Shockley-Queisser limit is to 

solve the problem of spectral mismatch. To do this, we can either make a solar cell that uses the 

solar spectrum more efficiently or we can adjust the solar spectrum to better match the 

absorption spectrum of the solar cell. To date, there are several widely accepted theoretical ways 

to make a solar cell with a power conversion efficiency beyond the Shockley-Queisser limit. We 

summarize these most popular possible ways in the next few paragraphs. 

1.3.1 Multi-junction solar cells  

In a multi-junction solar cell, several “p-n” junctions with different semiconductors of 

increasing band-gap are placed on top of each other. Each of these junctions absorbs a different 

section of the solar spectrum, which allows the solar cell to absorb as much energy as possible of 

the solar spectrum while avoiding thermalization of hot charge carriers. The maximum 

theoretical limit efficiency of a multi-junction solar cell is up to 86.8%.9 Currently, the highest 
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efficiency of multi-junction solar cell has already reached 44.7% for lab samples.10 Multi-

junction solar cells have been studied since 1960s. They are commercial available now. However, 

the expensive fabrication makes them only suitable for applications where good performance is 

the only consideration, such as in space. 

 

 

Figure 1.2 Schematic of a multi‐junction solar cell. The arrows indicate photons with different 

energies being absorbed in the appropriate junction.  

1.3.2 Intermediate-band solar cells  

An intermediate band solar cell has an active layer that consists of a semiconductor material 

that has an intermediate band that is located within the semiconductor band-gap.11 Since there is 

an intermediate band in this semiconductor, photons with energy lower than the band-gap of the 

active material can be absorbed exciting electrons from the valence band to the intermediate 

band, while other low energy photons can be absorbed exciting electrons further up from the 

intermediate band to the conduction band. Hence, the cell comprises a kind of two-stage 

electrical potential pump parallel to the standard semiconductor bandgap, all in one material. 

Therefore the intermediate band solar cell is able to use more low energy photons without losing 

much of the excess energy of the high energy photons. Comparing to the multi-junction solar 
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cells, the theoretical advantage of the intermediate band cell is that in an intermediate cell all 

charges come out at a single potential, which avoids the difficulties of current matching. 

Theoretical calculations predict that the efficiency limit of the intermediate band solar cell is 

63.2% for a material with ideal band-gap of EL=0.71 eV (band gap between the valence band and 

the intermediate band), EH=1.24 eV (band gap between the intermediate band and the conduction 

band) and EG=1.97 eV (semiconductor band gap) under the 6000K black-body spectrum and 

using maximum sunlight concentration.12 In reality, however, intermediate band semiconductors 

are simply unknown. 

 

 

Figure 1.3 Schematic of an intermediate solar cell. 

1.3.3 Hot carrier solar cells 

As described in section 1.2, photons with energy exceeding the band-gap of the active 

material are absorbed to make hot charge carriers. These hot charge carriers normally lose their 

excess energy very fast (on picosecond time scale) by relaxing to the band edge and emitting 

optical phonons. There are two possibilities to prevent this loss.3,4,13 The first possibility is to 

collect the hot charge carriers by energy-selective contacts before they have a chance to 

thermalize. Models show that an ideal hot carrier solar cell made by this concept can reach a 

power conversion efficiency up to 86% under highly concentrated black body spectrum 

illumination.3 However, in reality there is still a very long way to go. Finding suitable absorber 
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materials which can slow down carrier cooling rates appears highly challenging. To obtain 

contacts with both good selectivity and high conductivity is difficult, at least.  

 

Figure 1.4 Energy band diagram of a hot‐carrier solar cell with bandgap Eg and voltage qV.
18 

1.3.4 Multiple exciton generation / charge carrier multiplication 

Another possibility is to use multiple exciton generation.14 In some quantum dot 

semiconductors, such as PbSe15 and CdSe16, when the excess energy of a hot charge carrier is 

greater than (at least) twice the band-gap, one or more additional excitons can be created. Under 

AM1.5 illumination, the theoretical efficiency of a multiple exciton generation solar cell is up to 

44%, if all of the excess band-gap energy leads to the production of extra excitons.14,17  

1.3.5 Downconversion and upconversion solar cells 

All the approaches mentioned above try to achieve higher solar cell efficiencies by better 

adapting the solar cells to the solar spectrum. The weakness of these approaches is that they 

either need complicated device structures or require very special materials. Another approach to 

raise the efficiency of a solar cell beyond the Shockley-Queisser limit is to convert the solar 

spectrum to a spectrum that is more suitable for the solar cell. This can be done by 

downconversion or upconversion, in principle (Figure 1.2). Since only the incoming solar 



Chapter 1     

8 

 

spectrum is modified, it is possible to electrically isolate the up- or down-converters from the 

active layer and apply them as a separate layer in the solar cells. Hence, adding such a layer to 

the device structure is feasible for many existing solar technologies. 

Downconversion is also known as quantum-cutting.19 In this process, one incident high 

energy photon is split by a material into two or more lower energy photons. When the energy of 

these secondary photons is better matched with the band-gap of the active material, and both are 

absorbed by the active material, an increase of current in the solar cell is obtained, while the 

voltage remains the same. Hence, the efficiency of the solar cell is increased. The luminescence 

downconverter is placed in front of the solar cell, in the standard approach. Trupke et al. have 

calculated the optimum efficiency of a downconversion solar cell as a function of band gap of 

the active layer material.20 According to their calculation, the maximum conversion efficiency of 

39.6% can be achieved under a 6000K blackbody spectrum when the band gap of the active layer 

semiconductor is 1.05 eV. This optimum band gap is very close the band gap of crystalline 

silicon (1.12 eV), which makes downconversion a promising way to increase the efficiency of 

existing (multi)crystalline silicon solar cells. Although a material with downconversion quantum 

efficiency close to 200% has been claimed,21 there is no example of a solar cell with increased 

efficiency by downconversion, yet. 

 

 

Figure 1.5 Downconversion and upconversion solar cells.  
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Another way to modify the solar spectrum is to use upconversion. Normally in a single band 

gap solar cell, photons with energy lower than the band gap of the solar cell are lost. For example 

in a solar cell with a band gap of 2.0 eV, this loss is more than 50% of the total energy from the 

solar spectrum (Figure 1.6). Upconversion is a process in which two or more low energy photons 

(sub band gap photons) can be transferred into one high energy photon (i.e. with energy 

exceeding the band gap). By incorporating upconversion materials into a solar cell, more low 

energy photons can be harvested, which results an increase of current, increasing the efficiency 

of the solar cell. The final result of upconversion in solar cell is similar to that of intermediate 

band solar cell. In both types of cells, a parallel combination of a one-step absorption/charge 

generation process and a two-step absorption/charge generation process is in operation. The 

difference between them is that the intermediate band solar cell all processes are to take place 

inside the photovoltaic active layer, making the realization of an efficient device a formidable 

challenge, while in the upconversion solar cell the upconverter layer can be electronically 

isolated from the active cell and located behind it. Therefore, in the upconversion solar cells the 

active cell and the upconversion layer can be optimized separately to gain optimum efficiency of 

the solar cell. 
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Figure 1.6 The solar spectrum and the non‐absorbed part in a solar cell with a band gap of 2.0 

eV (red). The blue line is the absorption spectrum of a cyanine dye IR‐840. 
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In 2002, Trupke et al. have predicted the potential efficiency enhancement of a solar cell 

due to the application of an upconverter.22 Their calculations were based on a modified Shockley 

and Queisser detailed balance model, adding an upconversion layer on the back of the solar cell. 

As shown in Figure 1.7, they considered an upconverter that has an electronic band structure 

with a band gap of Eg which ideally matches the band gap of the solar cell. Furthermore, it has an 

intermediate level EIL with energy E1 above the valence band and E2 below the conduction band. 

Photons with energy larger than the band gap of the solar cell are completely absorbed by the 

active cell. Photons with energy lower than the band gap are absorbed via two sequential 

transitions: (1) photons with energy between E1 and E2 are completely absorbed via transitions 

from the valance band to the intermediate band; (2) photons with energy between E2 and Eg are 

absorbed to make transitions from the intermediate band to the conduction band of the 

upconverter. So in their system, three energy ranges of photons can be used by the solar cell. An 

optimum efficiency of 47.6% is found under non-concentrated 6000K blackbody radiation for a 

solar cell with Eg = 2 eV, E1= 0.9393eV and E2 = 1.3906 eV. Under the standard AM1.5 

spectrum, the optimum efficiency can be increased to 50.7% for the same solar cell. 

 

 

Figure 1.7 Device structure and energy  levels of the upconversion system  in the calculation of 

Trupke et al.22  (a) A solar cell with an upconversion  layer  in  the back.  (b) Energy  levels of  the 

upconverter.  The  dashed  line  between  the  valance  band  and  the  conduction  indicates  the 

intermediate band energy level. (c) Equivalent circuit of the up‐conversion system. C1 indicates 

the  active  cell.  C3  and  C4  represent  the  two  intermediate  transitions  of  the  upconverter.  C2 

represents the band‐to‐band transitions of the upconverter. 

(a) (b) (c)
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Although the calculations of Trupke et al. show a very promising future of using 

upconversion in solar cells, at this point no materials are able to do the job according to 

theoretical predictions. However, some proof-of-principle experiments have already been 

reported for some of the existing upconversion materials. In 1996, Gibart et al. first introduced 

upconversion into a GaAs solar cell.23 They placed a 100µm thick upconverter layer, made of 

vitroceramic material, doped with Yb3+ and Er3+, on the back of the solar cell.  When the solar 

cell was illuminated using a laser at 1.391 eV (891 nm) with very high excitation density (256 

Suns), an efficiency of 2.5% was obtained. Note that 891 nm is not the optimum excitation 

wavelength for an Yb3+ and Er3+ co-doped system. When excited at 975 nm wavelength, the 

efficiency of the solar cell could be much higher. The second example of using upconversion in a 

solar cell was reported by Shalav et al. in 2003.24 In this example, NaYF4:Er3+ up-conversion 

phosphors were attached to the rear of a bifacial crystalline silicon solar cell, which led to a 

detectable photoresponse of the solar cell under excitation at 1500 nm. Two years later, Shalav et 

al. published another paper about using NaYF4: 20% Er3+ in a bifacial crystalline silicon solar 

cell.25 They optimized the incident wavelength and light intensity and found that under 2.4 

W/cm2 1523 nm laser excitation the external quantum efficiency (EQE) of the solar cell was 

2.5±0.2%, corresponding to an internal quantum efficiency (IQE) of 3.8%. The same system was 

also studied by Fischer et al. under even lower excitation intensity in 2010.26 Their solar cell 

showed an EQE of 0.34% at an irradiance of 0.03 W/cm2 (1090 W/m2) at 1522 nm. Goldschmidt 

et al. applied NaYF4: 20% Er3+ to silicon solar cells and investigated the EQE under white light 

illumination. In the spectral range from 1460 to 1600 nm, an average upconversion efficiency of 

1.07 ± 0.13% was obtained.  

Efficiency gain by upconversion has also been demonstrated in a-Si:H solar cells27-29, in dye 

sensitized solar cells30-33 and in organic solar cells.34,35 In 2010, de Wild et al. reported the 

application of an upconverter to an a-Si:H thin film solar cell.27 They incorporated a relatively 

very efficient up-converter β-NaYF4:18% Yb3+, 2% Er3+ at the back of the solar cell and 

obtained a photocurrent of 10 μA/cm2 after excitation by a 980 nm 10 mW diode laser. Also in 

2010, Shan and Demopoulos reported on the application of an Yb3+ and Er3+ co-doped LaF3–

TiO2 layer in a dye-sensitized solar cell. Illuminated with a 980 nm fiber laser with extremely 

high power density (2.9×1013 W/m2), an open-circuit voltage of 0.40 V and short-circuit current 
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of 0.036 mA was obtained.30 The first application of an upconverter in an organic solar cell was 

reported by Wang et al. in 2011.34 They put a separated YF3:Yb3+, Er 3+ upconverter layer in 

front of a P3HT/PCBM solar cell. When the upconverters were excited by a 975 nm laser (25 

mW/cm2), the incident light was upconvertered by the upconverters and absorbed by the solar 

cell. A resulting photocurrent density of ca. 16.5 μA/cm2 was reported.  

Although significant progresses have been achieved in the field of upconversion solar cells, 

the efficiency gain by upconversion is still very limited, especially under standard solar 

irradiation intensity. New upconverters need to be developed, showing broadband near-IR 

absorption and a high quantum upconversion efficiency at low excitation density.  

 

 

Figure  1.8  Device  structure  and  EQE  response  of  Fischer’s  solar  cells  with  NaYF4:Er
3+ 

upconverters.26 

1.4 Typical upconversion mechanisms 

The normal fluorescence behavior follows the principle of Stokes’ law by which the 

exciting photons are of higher energy than the emitted photons. Upconversion is an anti-Stokes 

processes that usually concerns photons with energies in excess of the excited energies. In these 

processes, normally two or more low-energy photons are absorbed to emit one high energy 
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photon. Figure 1.4 shows several well-known processes that convert low-energy photons into 

higher-energy photons.36 All these processes are non-linear two photon processes because the 

power of the output filed scales nonlinearly with the input power (quadratically for two-photon 

processes in Fig.1.9). Among these processes, second harmonic generation (SHG), and 

cooperative luminescence processes involve a virtual level, which means that their emission and 

absorption take place without real electronic levels (Figure 1.3 a, b ,c). Normally these processes 

need very high excitation intensities and therefore under Sun illumination conditions their 

efficiencies are very low. The ground state absorption/excited state absorption (GSA/ESA) is the 

simplest upconversion mechanism (Figure 1.3 e). In the GSA/ESA process, two photons are 

sequentially absorbed by a single ion, such as Er3+. The first excitation photon absorption results 

in the population of the intermediate state. If the lifetime of this state is long enough, a second 

excitation photon can be absorbed to push the electron to a higher exited state. The subsequent 

relaxation from this excited state to the ground state can be observed as upconversion 

luminescence. Typical efficiency of this upconversion process is about 10-5 cm2/W.36 The most 

efficient upconversion process is the ground state absorption/energy transfer upconversion 

(GSA/ETU) (Figure 1.3 f). Compared to the GSA/ESA process, GSA/ETU process involves 

energy transfer which makes it more complex. Generally two types of ions are involved in this 

process, a sensitizer and an activator. First, two sensitizer ions are excited by absorption of two 

photons from the ground states. Then they transfer their energies stepwise to the activator ion 

where the upconversion happens. The sensitizer usually has much stronger absorption than the 

activator. The efficiency of GSA/ETU process is much higher than that of GSA/ESA, normally 

on the order of 10-3 cm2/W. Therefore the most useful upconversion materials used for solar cells 

are the GSA/ETU mechanism materials. The Er3+ and Yb3+ co-doped systems are most important 

examples hereof. 
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Figure  1.9  Processes  that  convert  low‐energy  photons  into  higher‐energy  photons.  The  solid 

lines indicate the real energy levels while the dashed lines indicate the virtual energy levels. The 

dashed  black  arrows  indicate  the  energy  transfer  between  ions.  The  numbers  below  the 

sketches indicate the quantum efficiencies of the processes (in cm2/W).36 

1.5 Power dependence of upconversion luminescence 

Upconversion is a non-linear optical process. The intensity of the upconversion emission 

depends on the intensity of the incident light.  In 2000, Pollnau et al. analyzed the theoretical 

dependency of upconversion emission on the excitation power from rate equations for a system 

containing 3 excited state levels.37 In his calculation, the following assumptions were made: (1) 

there is no pump depletion, (2) a constant ground state population, (3) only ESA and ETU 

upconversion processes are in operation, (4) the decay takes place with rate constants Ai = ti
-1, 

where ti is the lifetime of the i excited state. The rate equations for the system with 3 excited state 

levels are shown as following: 
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For ESA:  

      
11 0 0 1 1 1p pdN dt N N NA                                      (1) 

     22 1 1 2pdN dt N NA  
                                                (2) 

For ETU:  
2

11 0 0 1 1 1
2

pdN dt N W N NA   
                                       (3) 

 
2

22 1 1 2dN dt W N NA                                                    (4) 

In the equations, N0, N1, and N2 are the population densities of the ground state, the 

intermediate state, and the upconversion emitting state, respectively. σj is the absorption cross 

section from state j and Wi is the up-conversion parameter. Aj is the spontaneous emission rate 

from state i and ρp is the pump rate. Solutions to the rate equations for small upconversion and 

large upconversion are summarized in Table 1.1. In a system, when upconversion is the 

dominant process, i.e., N i ~ P, the population density of the state where the upconversion 

happens varies linear with the excited power. When linear decay is the dominant process, i.e., N i 

~ P
i, the population density of the state where the upconversion happens varies exponentially 

with the excitation power. 

For most of the existing upconversion materials, the upconversion efficiency is still low and 

their efficiency is dependent on the excited power, which limits their applications in solar cells.  
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Influence of 

upconversion 

Upconversion 

mechanism 

Predominant 

decay route 

Fraction of 

absorbed 

pump power

Power 

dependenc

e 

From 

level 

(1) small ETU or ESA 

next lower state 

or 

ground state 

small or large N i ~ P
 i i = 1, . . . ,n 

(2) large 

(A) ETU 

(i)  next lower 

state 
small or large N i ~ P

 i/n i = 1, . . . ,n 

(ii)  ground state small or large
N i ~ P

 i/2 

N i ~ P
 1 

i = 1, . . . ,n-1

i = n 

(B) ESA 

(i)  next lower 

state 

(a) small 

(b) large 

N i ~ P
 i 

N i ~ P
 i/n 

i = 1, . . . ,n 

i = 1, . . . ,n 

(ii)  ground state small or large
N i ~ P

 0 

N i ~ P
 1 

i = 1, . . . ,n-1

i = n 

Table 1.1 Characteristic slopes of the steady‐state excited‐state population densities Ni of levels i 

=1,…,n and luminescences from these states for n‐photon excitation.37 

1.6 Upconversion materials  

Upconversion materials are materials that can generate one high-energy photon from 

absorption of two or more low-energy photons. The concept of upconversion was first proposed 

by Bloembergen in 1959.38 In 1966, Auzel observed the upconversion process for the first time39. 

Due to their potential applications in solid state laser,40 bio-imaging41 and solar cells,42 
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upconversion materials are becoming a popular research topic. In the past 10 years, the number 

of publications in this field has increased rapidly. Up to now, there are three main types of 

upconversion materials: (1) Lanthanide-based upconversion materials, (2) Transition metal-

based upconversion materials, and (3) molecular upconversion materials. In this thesis, we 

introduce dye-sensitized upconversion materials. We will discuss them in detail later. Below, the 

three existing types of upconversion materials are discussed. 

1.6.1 Lanthanide based upconversion materials 

Most of the existing upconversion materials are based on Lanthanides (Ln), which are the 

group of elements with atomic numbers 57 through 71 (La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, 

Ho, Er, Tm,Yb, Lu). The lanthanides usually exist as trivalent ions, in which case their electronic 

configuration can be written as (Xe) 4fn, where n is the number of electrons in the 4f shell which 

varies from 1 (Ce3+) to 14 (Lu3+). The 4fn electronic configuration of a trivalent lanthanide ion 

gives rise to many energy states, which can be assigned as (2S+1)LJ  terms, where S is the total spin 

angular momentum, L the total orbital angular momentum and J the total angular momentum. 

The interaction of the 4f electrons with a crystal field of a surrounding environment results in 

further splitting of these levels into Stark levels. In 1960’s, Dieke et al. have done impressive 

work in characterization of the (2S+1)LJ energy levels of  trivalent lanthanide ions.43 The energy 

level diagram resulted from their work is called the “Dieke diagram” in which the allowed 

optical transitions are plotted as energies for different ions as shown in Figure 1.10. The rich set 

of energy levels of trivalent lanthanide ions is especially important for the phenomenon of 

upconversion. The electrons in the partially filled 4f shells are shielded from external 

perturbations by the filled 5s and 5p orbitals. As a result, they are less sensitive to the chemical 

environments around the lanthanide ions. And due to this shielding of the f electrons, electron–

phonon coupling to f–f transitions is significantly reduced, which results in slowing down 

multiphonon relaxation processes. The 4f–4f transitions are Laporte-forbidden, resulting in 

long-lived excited states. These increase the possibilities of processes such as cross-relaxation or 

upconversion. In principle, upconversion can happen in most lanthanide doped crystalline 

materials. However, up to now only a few of them (Pr3+, Nd3+, Er3+, Tm3+ and Ho3+) show 

relatively efficient upconversion36. Er3+ is the first ion showing upconversion and it is the best 
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active ion for upconversion39. Its ground state absorption is at around 1523 nm (4I15/2→
4I13/2). 

The long-lived excited states allow energy transfer between two excited ions to yield higher-

lying excited states and subsequently emit photons with higher energy. Typical upconversion 

emission can be observed at around 980 nm (4I11/2→
4I15/2), 810 nm (4I9/2→

4I15/2), 660 nm (4F9/2→

4I15/2) and 550 nm (4I3/2→
4I15/2).

44 Some of Er3+ doped materials that show upconversion 

properties are listed in Table 4 of reference 39. Since the 4f–4f transitions are Laporte-forbidden, 

the absorption of lanthanide doped materials is very weak. This strongly limits the practical use 

of them, especially in solar cells in which strong absorption of light is crucial for obtaining a 

relevant efficiency. One way to enhance the absorption is to dope the material with another 

lanthanide ion, serving as sensitizer. This sensitizer should have stronger absorption and it 

should match the excited states of the activator to ensure efficient energy transfer from the 

sensitizer to the activator. The most widely used sensitizer to date is the Yb3+ ion. The relative 

intense absorption cross-section at around 975 nm (2F7/2→
2F5/2) of Yb3+ ion matches well with 

several of the above mentioned ions and it is possible to transfer the energy to these ions by the 

ETU mechanism. The hexagonal Yb3+ and Er3+ co-doped NaYF4 is the most efficient 

upconversion lanthanide material known to date.45 The upconversion mechanism is shown in 

Figure 1.11. Yb3+ ions are excited from the ground state (2F7/2) to the excited state (2F5/2), by a 

laser at around 975 nm. Subsequently, two excited Yb3+ ions transfer their energy to one Er3+ ion 

step by step and finally the Er3+ ion gives the red and green upconversion emission. Due to its 

relatively high upconversion efficiency, β-NaYF4:Yb,Er has already been used in amorphous 

silicon solar cells.27 Currents were detected both upon 980 nm and 1560 nm laser excitation. 

Another efficient Yb3+-sensitized upconversion material is NaYF4:Yb,Tm which follows a 

similar upconversion mechanism as NaYF4:Yb,Er. However, the main upconversion emission of 

Tm3+ at about 800 nm. This makes it unsuitable for some solar cells made of large band-gap 

materials, such as P3HT. 

 



     Concepts and Materials 

19 

 

 

Figure 1.10 The Dieke diagram of 4fn energy levels of trivalent lanthanide ions.43 
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When putting the upconverters inside the active layer of organic solar cells, small 

upconversion nanoparticles are preferable. However, a problem is that the smaller the 

nanoparticles, the lower the upconversion efficiency.46 For example, the upconversion efficiency 

of 100 nm β- NaYF4:Yb,Er nanoparticles is 10 times lower than that of the corresponding bulk 

material. When the size of the particles is decreased further to 10 nm, the upconversion 

efficiency becomes 600 times lower than that of bulk material. Several methods have been 

introduced to enhance the upconversion efficiency of lanthanide doped nanoparticles, such as 

core-shell structures45,47 and plasmonic modulation.48-50 In our study, we enhance the 

upconversion efficiency of β- NaYF4:Yb,Er nanoparticles by introducing dye-sensitized 

upconversion in which an organic dye is used as antenna to absorbed more NIR photons and 

transfer the energy to the nanoparticles. We will discuss it in detail later on in this thesis. 

 

 

Figure 1.11 Schematic diagram of upconversion processes of NaYF4:Yb,Er. Solid arrows indicate 

absorption  or  emission  processes.  Dotted  arrows  indicate  energy  transfer  or  multiphonon 

relaxation processes. 
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1.6.2 Transition metal based upconversion materials 

The upconversion properties of transition metal ion doped crystalline materials are less 

studied than those of lanthanide doped materials. Most transition metal ions have only one 

metastable excited state and therefore most of them are not suitable for upconversion purposes. 

However, there are a few transition metal ion-doped host materials that show upconversion 

properties. Examples are Re4+, Ti2+, Os4+, Cr3+ and Mo3+ ions.36,51-53 Transition metal ion 

upconversion originates from transitions of d-electrons. These transitions are sensitive to the type 

of host materials. Compared to lanthanide-doped upconversion materials, the advantage of 

transition metal ion-doped upconversion materials is that they have higher absorption oscillator 

strengths and broad band absorption and emission abilities. This makes them much more 

versatile for application in solar cells. However, up to now, there is only one transition metal 

doped material (Cs2ZrCl6 : Re4)
54,55showing upconversion at room temperature. All other 

examples only show upconversion at very low temperatures.  

1.6.3 Organic upconversion materials 

Upconversion can also be obtained from organic molecules. Although the first example has 

been reported by Parker et al. as early as in the 1960s, 56 the research field remained small until 

only a few years ago. Typically, the upconverter consists of a sensitizer (usually an 

organometallic complex) and acceptor (a -conjugated organic molecule).57 The typical 

upconversion mechanism is shown in Figure 1.12. First, upon absorption of a photon, the 

sensitizer is excited from the ground state (S0) to the lowest singlet excited state (S1). Assisted by 

the heavy transition metal ion through spin-orbit coupling, the singlet excited state relaxes 

through intersystem crossing to the triplet excited state (T1). When the lifetime of the triplet 

excited state is long enough, the triplet state energy can be transferred to the acceptor, resulting 

in triplet excited acceptor. Subsequently, two triplet excited acceptor molecules can annihilate, 

resulting in one singlet excited acceptor molecule. Finally, the singlet excited acceptor can emit a 

photon with higher energy than that of the individual originally absorbed photons. To obtain 

efficient upconversion emission, the energy gap between the S1 and T1 states of the acceptor 
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should be as large as possible while the gap between the S1 and T1 excited states of the sensitizer 

should be as small as possible.  

For application in solar cells, the main advantage of organic upconverters is their strong 

broadband absorption and their relatively high efficiency at low excitation intensity. 

Upconversion has been observed with excitation power as low as a few mW/cm2, lower than the 

unfocused solar irradiance (100 mW/cm2). An upconversion efficiency of 18.1% (excited at 445 

nm, emit at 410 nm) has been obtained in a system with Platinum(II) Bis(arylacetylide) 

complexes as sensitizer and 9,10-diphenylanthracene (DPA) as acceptor.60 The present drawback 

of molecular upconverters for application in solar cells is that the absorption range of these 

materials is usually limited to 650–750 nm, at present,56-59 while common solar cells themselves 

absorb light at longer wavelength. Hence, relevant PV upconversion is in the range 800-2000 nm. 

To ensure efficient energy transfer from the sensitizer to the acceptor, the distance between the 

sensitizer and the acceptor should be as small as possible, which may limits the application of 

them. For example, when the donor and acceptor are added to an active layer of a polymer solar 

cell, the can be separated by the polymer to a long distance, resulting low efficient energy 

transfer between the donor and acceptor. 

 

Figure 1.12 Mechanism of TTA upconversion process  illustrated  in a  Jablonski Diagram.  Solid 

arrows  indicate  absorption  or  emission  processes. Dotted  arrows  indicate  energy  transfer  or 

triplet to triplet annihilation processes. Figure modified from reference 57. 
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1.7 Summary and outline 

Due to fundamental constrains, a large part of energy in the solar spectrum is lost in a 

standard single band gap solar cell, which results in the Shockley-Queisser limit of 32% for a 

single-junction solar cell. Upconversion, in which low energy photons are transferred into high 

energy photons, is considered as a promising way for a single band gap solar cell to overpass the 

Shockley-Queisser limit. At the start of this Chapter, we discussed the energy loss mechanisms 

in a solar cell and the so-called third generation approaches to surpass the Shockley-Queisser 

limit. We focus on the potential use of upconversion in solar cells in our study. The typical 

upconversion mechanisms were discussed and an overview of existing upconversion materials 

was given at the end of the Chapter. 

β-NaYF4:Yb,Er is the most efficient upconversion material. The application of its 

nanoparticles in amorphous silicon solar cells has been reported.27 However, up to now, 

application in organic solar cells has not been studied. In Chapter 2, we describe the synthesis of 

β-NaYF4:Yb,Er nanoparticles with an average size of 16 nm. We mix these nanoparticles with 

the P3HT/PCBM blend and we optimize the morphology of the film. We show that a 

considerable concentration of nanoparticles in the film has little impact on the absorption of the 

film while significantly enhancing the emission of the polymer. We also show that there is 

energy transfer from the nanoparticles to the polymer. However, we did not detect any increment 

of photocurrent when the nanoparticles were added to the active layer of the solar cells.  

Up to now, the upconversion solar cell efficiencies obtained experimentally have been 

extremely low and merely serve as proof of principle. The main problem is that the known 

internally efficient upconversion materials absorb extremely weakly and within a very narrow 

spectral window. In our study, we focus on using organic NIR dyes as antenna to increase and 

broaden the absorption of the nanoparticles. In Chapter 3, we show the syntheses and 

characteristics of suitable organic dyes.  

In Chapter 4, we show the concept of dye-sensitized upconversion. We attach an organic 

dye to the β-NaYF4:Yb,Er nanoparticles and we study the upconversion properties of the product.  

We show that the energy absorbed by the organic dyes is transferred to the nanoparticles. Due to 
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the strong and broad absorption of the organic dyes, the overall upconversion of the dye-

sensitized nanoparticles is dramatically enhanced by a factor of 3300. The upconversion intensity 

of the nanoparticles is dependent on the concentration of the organic dyes. The power 

dependence measurement shows that the upconversion is a two photon process. 

It is difficult to cover the whole NIR range of the solar spectrum through absorption by a 

single type of dye molecule. In Chapter 5, we show the concept of co-sensitized upconversion. 

We attach two organic dyes with different absorption range to the same nanoparticle to absorb a 

broader range of NIR light. We show that the optimized overall upconversion efficiency is about 

20% higher as a result of co-sensitization.  
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  Chapter 2 

Synthesis and Application of β-NaYF4:Yb, Er 
Nanoparticles in P3HT/PCBM Solar Cells 

 

 

 

The efficiency of polymer solar cells is limited by the poor utilization of the solar spectrum 

beyond 900 nm. Here we enhance the near-IR (NIR) response of a rr-P3HT/PCBM bulk 

heterojunction solar cell by incorporating β-NaYF4:Yb, Er upconversion nanoparticles (NPs) 

into the active layer by solution processing. After optimization, we obtained a desirable 

morphology of the active layer with homogeneous dispersion of NPs. We show that the NIR 

photons at 975 nm are absorbed by the NPs and upconverted to higher energy photons, which 

subsequently transfer their energy to P3HT, resulting a characteristic P3HT emission. We 

confirm that the energy transfer enhances the device performance under 980 nm laser diode 

illumination.  
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2.1 Introduction 

Polymer solar cells are considered as one of the most promising next generation 

photovoltaic technologies.1-4 With continuous efforts in the design and synthesis of new donor 

and acceptor materials, significant progress has been achieved in power-conversion efficiency (η) 

of polymer solar cells in recent years. Efficiencies close to 10% have been reported recently.5,6 

Further improvement of power conversion efficiency is a must, to make commercialization of 

OPV feasible. One way to do this is by improving the performance of the active layer.  One of 

such ways to enhance the efficiency of solar cells is to absorb more low energy photons in the near-

infrared (NIR) region without loss in VOC. A standard strategy to broaden the absorption of solar 

cells to the (N)IR range without loss in VOC is by using a tandem structure in which two solar 

cells with complementary absorption spectra are stacked on top of each other and electrically 

connected in series to harvest a broader range of the solar spectrum.7-9 Another approach is 

adding a small bandgap polymer to the active layer as NIR sensitizer.10 Both strategies have 

extended the absorption spectra of the OPV cells to around 900 nm. However, further extension 

of the absorption spectra beyond 900 nm is limited by the great difficulties of obtaining a new 

low bandgap polymer with very good performance.  

Another strategy to enhance the NIR response of a solar cell is to manipulate the solar 

spectrum by upconversion, where two or more low energy photons (> 900 nm) can be converted 

to one higher energy photon, and then the resulting high energy photons are absorbed by the 

solar cell and therefore increase its efficiency. Upconversion is considered as one of the 

promising ways to overcome the Shockley-Queisser limit.11-15 In theory, the standard AM1.5 

spectrum power conversion efficiency of a single bandgap solar cell can be increased from 31% 

up to 50.7% by application of an ideal upconverter with the two upconverter bandgaps at 0.94 

and 1.40 eV, in combination with a PV active layer material with a relatively wide bandgap of 2 

eV.16 Rather than other methods that focus on adapting the absorption of the solar cell active 

layer materials to the solar spectrum, upconversion modifies the solar spectrum to make it match 

better with the absorption spectrum of the solar cells, which opens the way to apply the 

upconverters to any kind of solar cells.  
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Although theoretical predictions show a bright future of upconversion to increase the 

efficiency of solar cells, the proof of principle experiments are rare.17-21 Especially in polymer 

solar cells, there are only three examples reported up to now.15,22,23 In these examples, the 

upconverters were either placed outside the solar cells or integrated inside the solar cells as a 

buffer layer. For the constructions in which the upconverters were placed outside the solar cells, 

the upconversion emission needs to travel a relatively long distance to reach the photoactive 

layer, which reduces the number of photons reaching the solar cell. When used as a buffer layer, 

the upconverter layer needs to meet some special requirements, such as providing an ohmic 

contact with the donor or accepter material, selective transportation of charge carriers, and 

having a low series resistance. These requirements strongly limit the choice of available 

upconversion materials.   

Here we incorporate one of the most efficient rare earth metal-based upconversion material, 
24 NaYF4:Yb, Er NPs into the active layer of rr-P3HT/PCBM bulk heterojunction solar cells by 

solution processing (Figure 2.1). The advantages of combining upconversion nanoparticles with 

the photoactive ingredients in the active layer are: (i) the NPs are surrounded by the donor and 

acceptor molecules, which maximizes the efficiency of absorption of the upconverted photons by 

the active layer absorbers, and (ii) since the polymer molecules are close to the NPs, the NPs 

may transfer the energy to the polymer by Förster Resonance Energy Transfer (FRET ), which 

can be much more efficient than the radiative ways of energy transfer. 
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Figure 2.1 Schematic representation of a polymer solar cell with upconverters integrated in the 

active  layer  (top)  and  the  two possible ways of  energy  transfer  from  the upconverter  to  the 

polymer (bottom).  

 



Chapter 2 

34 

 

2.2 Synthesis of β-NaYF4:Yb, Er Nanoparticles 

Normally the thickness of the active layers of polymer solar cells is between 60 and 300 nm. 

A key requirement for the NPs to be added to the active layer is that they should be efficient in 

upconversion and small in size, so that they are compatible with the film ingredients and that 

they do not destroy the bulk-heterojunction morphology.. In our work, Oleylamine-coated β-

NaYF4:Yb, Er NPs were synthesized, according to the method described by Yi et al.25 Rare-earth 

and sodium trifluoroacetate precursors in oleylamine were thermally decomposed to form β-

NaYF4:Yb, Er NPs by heating the mixture up to 340 ºC.  The NPs were formed via a two-step 

sequence. First α- NaYF4:Yb, Er NPs, which have a lower upconversion efficiency, were formed 

from 250 to 310 ºC, and then the α- NaYF4:Yb, Er NPs are transferred to β-NaYF4:Yb, Er NPs 

by further raising the reaction temperature to 340 ºC. In the reaction, oleylamine was used as 

both solvent and as surface binding ligand. 

Figure 2.2a shows the transmission electron microscopy (TEM) image of the β-NaYF4:Yb, 

Er NPs. The average diameter of the NPs, made using our standard procedure, is estimated to be 

around 16 nm, which is favorable for application in the active layer in P3HT/PCBM solar cells. 

The upconversion spectrum of the NPs under 975 nm, 50 mW cw laser excitation is shown in 

Figure 2.2b. There are three characteristic Er3+ emission bands at 510-530 nm, 530-570 nm, and 

630-680 nm, corresponding to 2H11/2→
4I15/2, 

4S3/2→
4I15/2, and 4F9/2→

4I15/2 transitions, 

respectively.25 The perfect overlap of the upconversion emission from 510 to 570 nm of the NPs 

with the absorption of P3HT film offers the opportunity of efficient energy transfer from the NPs 

to the polymer.  
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Figure 2.2 (a) TEM  image of NaYF4:Yb, Er NPs. The  inset shows the size distribution calculated 

from analysis of 85 NPs. The Gaussian fit to the distribution (cyan line) yields the average core 

diameter of 16 nm with a standard deviation of 7 nm. (b) Steady‐state upconversion emission 

spectra of β‐NaYF4:Yb,Er NPs  (blue) and its spectrum overlap with the absorption of P3HT. The 

NPs were dispersed in a polystyrene film in a concentration of 10 wt% and exited by a 5 kW/ cm2, 

975 nm cw laser. The P3HT film was spin‐cast from a P3HT solution in o‐dichlorobenzene (ODCB).   

2.3 Active layer morphology optimization  

The morphology of the active layer plays a major role in determining the performance of 

bulk heterojunction (BHJ) organic solar cells.26-28 In these solar cells, charge separation mainly 

takes place at the interface between the donor and acceptor. Excitons created upon the absorption 

of photons by the organic semiconductors must be dissociated to yield free charge carriers. The 

typical exciton diffusion length in conjugated polymers is less than 10 nm, while the optical 

absorption length of organic materials can be up to 300 nm. To obtain an efficient charge 

separation, the donor and acceptor mixture should have phase-separated domains roughly on the 

scale of the exciton diffusion length, and these domains must form interpenetrating bicontinuous 

networks for optimal charge transport. 
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Figure  2.3 Trapping mode Atomic  Force Microscopy  (AFM)  images of P3HT/PCBM  (1:1)  films 

spun from chloroform (CHCl3). (a) Without NPs, (b) With 10 wt% NPs. The overall P3HT to PCBM 

ratio in the films was maintained at 1:1. 

All the films were spin-cast on glass substrates, covered with 100 nm thick layer of indium 

tin oxide (ITO) and a 30 nm thick spin-cast layer of poly(3,4-

ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT/PSS). Chloroform (CHCl3) was first 

employed as the solvent to fabricate the films because it is an excellent dispersing solvent for the 

oleylamine-coated NPs. Figure 2.3 shows tapping mode AFM images of the blends without and 
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with NPs. The reference P3HT/PCBM film shows a smooth surface with a root-mean-square 

(RMS) roughness of 0.44 nm (Figure 2.3a left). By adding 10 wt% NPs into the P3HT/PCBM 

blend, the RMS roughness increases to 1.2 nm (Figure 2.3b left). This increase of surface 

roughness is mainly caused by aggregation of the NPs, which is clearly visible in the phase 

contrast images of the blends (Figure 2.3a, 2.3b right).  

To obtain a more homogeneous dispersion of NPs in the film, o-dichlorobenzene (ODCB) 

was used instead of CHCl3 to fabricate the films. Two different methods were used to prepare the 

solutions. In the first method, the NPs were first dispersed in a small amount of CHCl3 (100 

mg/mL) and then directly added to the ODCB solution of P3HT/PCBM. As shown in figure 2.4, 

in this case the addition of the NPs dispersion caused a significant change of the surface 

topography of the resulting film. The surface of the film with NPs is significantly rougher than 

that of the reference film, with RMS roughness increasing from 0.84 nm to 4.9 nm (Figure 2.4a, 

2.4b left). In the AFM phase contrast images, the P3HT/PCBM blend shows highly ordered 

crystalline domains of P3HT with an average size of 16 nm.  However, these domains are absent 

in the film with NPs.  

In the second method, the NPs were first dispersed in a mixture of CHCl3 and ODCB (1:1 in 

volume), and then the CHCl3 was removed by heating the solution to 60 ºC. In this way, the NPs 

are well dispersed in the warm ODCB solution. The warm NPs solution was added to a warm 

ODCB solution of P3HT/PCBM and the resulting solution was spin-cast immediately. The 

morphology of the resulting film is shown in figure 2.5. The film has a smooth surface with a 

RMS roughness of 0.86 nm (Figure 2.5 left), which is very close to that of the reference film 

(Figure 2.4a left). Although the average domain size (19 nm) is slightly larger than that of the 

reference film (16 nm),  the overall morphology seems still promising  Transmission Electron 

Microscopy (TEM) images, as shown in figure 2.6, clearly showed the homogeneous dispersion 

of NPs in the film. 
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Figure 2.4 Trapping mode AFM images of P3HT/PCBM (1:1) films spun from ODCB using the first 

method. (a) Without NPs, (b) With 10 wt% NPs.  
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Figure 2.5 Trapping mode AFM  images of P3HT/PCBM (1:1) films with 10 wt% NPs, spun from 

ODCB, using the second method.  

 

Figure 2.6 Transmission Electron Microscopy (TEM)  images of the P3HT/PCBM (1:1) films spun 

from ODCB, using the second method. (a) Without NPs, (b) With 10 wt% NPs.  
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2.4 Optical spectroscopy 

Figure 2.7 shows the UV-Vis absorption and steady-state emission spectra of the films 

without and with NPs. Both films show characteristic absorption peaks of P3HT (400-650 nm) 

and PCBM (~330 nm) (Figure 2.7a). Compared to the reference film, the absorption of the film 

with NPs slightly decreases due to the relatively lower concentration of P3HT and PCBM. There 

is no significant spectral shifting of the absorption, which confirms that there is no significant 

change of morphology due to the presence of the NPs. The similar emission spectra indicate that 

the presence of 10 wt% of NPs does not affect the quenching of the P3HT emission by PCBM.  

(See Figure 2.7b)  

The interaction between the NPs and P3HT was revealed by measurements of the 

upconversion spectra under 975 nm, 2 mW cw laser excitation (Figure 2.8). Compared to the 

upconversion emission of the NPs in the polystyrene (PS) film, no significant change can be 

observed for the red erbium emission at 630-680 nm in the film with 10 wt% NPs in P3HT. This 

is in accord with the fact that the P3HT film does not absorb in that spectral region. However, the 

green erbium emission at 510-570 nm was dramatically attenuated. A new broad peak (610-710 

nm) appears in the emission region of P3HT, while the reference P3HT film shows only a flat 

baseline signal in the same region, indicating energy transfer from the NPs to P3HT. To confirm 

this energy transfer, a P3HT film with oleylamine-coated NaYF4 NPs (that is with no Yb and Er) 

was made and used as reference. Under the same laser excitation, the reference film did not show 

any detectable emission. Furthermore,  upon the same laser excitation of a film made of NPs, 

P3HT and PCBM, the newly appeared emission, seen in the NPs/P3HT film, was absent, which 

is  fully consistent with the newly appearing emission being the fluorescence of P3HT, because 

such luminescence is quenched in the P3HT/PCBM blend as result of efficient photo-induced 

electron transfer. In other words, we conclude that we have observed NP upconversion-mediated 

charge generation in a P3HT:PCBM:NPs film, upon irradiation with monochromatic 975 nm 

light. 
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Figure 2.7  (a) UV‐Vis absorption spectra of P3HT/PCBM  films without NPs  (red  line) and with 

NPs  (blue  line).  (b) Steady‐state emission spectra of  the  films without NPs  (red  line) and with 

NPs  (blue  line).  The  Excitation wavelength  is  500  nm.  The  films were  spun  from ODCB with 

thickness ~ 150 nm. The concentration of NPs in the film is 10 wt%. 
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Figure 2.8 (a) Steady‐state upconversion emission spectra of the films of polystyrene with NPs 

(red line), P3HT (wine line), P3HT with NPs (blue line), P3HT with non‐upconverted reference NPs 

(cyan line) and P3HT/PCBM with NPs (olive line) excited by a 975 nm, 5 kW/ cm2 cw laser. All the 

films were spun from ODCB with thickness ~ 150 nm. The concentration of NPs is 10 wt%.   

2.5 Device performance  

Figure 2.8 shows the current density-voltage (J-V) characteristics of the solar cells without 

(ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al) and with NPs 

(ITO/PEDOT:PSS/P3HT:PCBM:NPs/LiF/Al) under illumination of a 980 nm, 40 mW laser 

diode.  The reference solar cell showed an open-circuit voltage (Voc) of 0.40 V and a short circuit 

current density (Jsc) of 0.047 mA/cm2, most likely resulting from a weak absorption of NIR 

photons by the charge transfer complex (CTC) formed in the interface between donor (P3HT) 

and acceptor (PCBM).29 By adding 10 wt% NPs to the active layer, there is no significant change 

of Voc, while the Jsc increase to 0.092 mA/cm2. The most likely reason for this increase of Jsc is 
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the energy transfer from the NPs to P3HT as was discussed in the previous Section. Figure 2.9 

shows the  log–log plots of Jsc as a function of the incident power. The Jsc data was fitted with a 

power function: y = axn, where a and n are constants, and the value of n defines the slope of the 

plot. Under 980 nm laser illumination, the slope of the reference solar cell was determined to be 

0.86. The deviation from the expected value of unity is most probably due to nongeminate 

recombination of charges as they are making their way towards the electrodes. By incorporating 

NPs into the active layer, the slope is increased to 1.05. As a blank experiment, non-

upconverting oleylamine-coated NaYF4 NPs were added to the active layer. In this case, the 

slope is decreased to 0.82, which may be caused by an increase of charge recombination. Based 

on these three experiments, we conclude that the increase of the slope to 1.05 in the solar cell 

with NPs is due to a contribution of both linear and nonlinear effect. Following a two photon 

process, the low energy photons at 980 nm were upconverted to higher energy photons (visible 

photons) by NPs and subsequent transfer the energy to P3HT. 
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Figure  2.9  Current  density‐voltage  (J‐V)  characteristics  of  solar  cells  without  NPs  (red  solid 

triangle and line) and with 10 wt% NPs (blue solid square and line) under a 980 nm, 4 kW/ cm2 

laser diode illumination. 
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Figure 2.10 Short circuit current density (Jsc) of solar cells without NPs (blue solid square), with 

NPs  (olive  solid  circle) and with non‐upconverting NPs  (yellow  solid  triangle) as a  function of 

excitation power of a 980 nm laser diode. The solid lines represent best fit of the experimental 

data with a power function: y = axn. 

2.6 Conclusion 

β-NaYF4:Yb, Er NPs have been blended into the active layer of  P3HT/PCBM bulk 

heterojunction solar cell by simple solution processing with the photoactive materials. We have 

demonstrated that upconversion and subsequent energy transfer from the NPs to P3HT occurs. A 

PV device with an active layer consisting of such a mixture of P3HT:PCBM, and NPs showed a 
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clearly enhanced current when operated under 980 nm light, as the result of upconversion by the 

NPs in the film.  The recent development of new upconversion materials with higher quantum 

efficiency makes us rather optimistic regarding the potential use of upconversion to increase the 

efficiency of the solar cells under normal solar illumination. 

2.7 Experimental Section 

2.7.1 General 

All chemicals were used as received. Yttrium(III) oxide (Y2O3, 99.99%), ytterbium (III) 

oxide (Yb2O3, 99.9%), erbium (III) oxide (Er2O3, 99.9%), trifluoroacetic acid (CF3COOH, 

99%), sodium trifluoroacetate (CF3COONa, 98%), N,N-dimethylformamide (DMF, anhydrous, 

99.8% ), and chloroform (ACS spectrophotometric grade, ≥99.8%, with amylenes as stabilizer) 

were obtained from Aldrich. Oleylamine (C18-content 80-90%) was purchased from Acros. 

Poly(3-hexylthiophene) (P3HT, Sepiolid P200, RR > 98%) was purchased from Rieke Metals. 

[6,6]-phenyl-C61-butyric acid methyl ester (PCBM, 99%) was obtained from Solenne BV. 

PEDOT:PSS. (Baytron P VP AI 4083) was purchased from H. C. Stark. Dichloromethane (DCM, 

AR grade) and diethyl ether (AR grade) were obtained from LAB-SCAN. Ethanol (absolute), 

acetone (analytical grade), and isopropanol (analytical grade) were purchased from Merck. 

Lanthanide trifluoroacetate trihydrates (RE(CF3COO)3•3H2O) were prepared by a method 

described in the literature.30 

Transmission electron microscopy (TEM) was performed on a Philips CM10 transmission 

electron microscope operating at an accelerating voltage of 100 kV. Images were recorded on a 

Gatan slow-scan CCD camera. UV-Vis absorption spectra were measured on a Perkin/Elmer 

Lambda 900 UV-Vis-NIR Spectrometer. Standard CW fluorescence measurements were 

performed on a Fluorolog 3 (Jobin Yvon Horiba). For the up-conversion luminescence 

measurements, a Ti:Sapphire laser system (MIRA-900-F) was used as the excitation source. 

Luminescence spectra were performed in the cw mode. The excitation light was focused into a 1 

mm thick sample cell by a 75 mm focal length lens. This resulted in a focal spot of 120±10 μm 

full-width at half-maximum level. The excitation power was controlled by a gradient neutral 

density filter. The emission was collected at the right-angle geometry via an f/2 collimating lens 
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and subsequently focused by an f/4 lens onto the slit of the spectrograph. The emission detection 

was performed by a streak camera system equipped with a spectrograph (Hamamatsu C5680) 

running with the vertical time axis sweep off while recording cw emission spectra. The I-V 

curves were measured in a N2 atmosphere (<1 ppm O2 and <1 ppm H2O) at room temperature 

with a computer-controlled Keithley 2400 Source Meter. To measure the photocurrent, the 

devices were illuminated at the transparent ITO electrode by a white light tungsten-halogen lamp 

calibrated against a calibrated Si diode to an intensity of 1000 W/m2 or a 980 nm layer diode. 

Atomic force microscope (AFM) images were recorded on a DI NanoScope IV AFM operating 

under ambient conditions in tapping mode. Film thicknesses were determined with a Dektak 6M 

Stylus profiler (Veeco). 

2.7.2 Synthesis of β-NaYF4:Yb, Er nanoparticles 

β-NaYF4:Yb, Er nanoparticles were synthesized according to the method described in the 

literature.25 The reaction was performed using standard Schlenk-line techniques in dry glassware 

under a dry N2 atmosphere. CF3COONa (544 mg, 4 mmol), Y(CF3COO)3·3H2O (752 mg, 1.56 

mmol), Yb(CF3COO)3·3H2O (226 mg, 0.40 mmol), Er(CF3COO)3·3H2O (23 mg, 0.04 mmol), 

and oleylamine (20 mL) were added to a 100 mL three-neck round bottom flask. With vigorous 

stirring, the mixture was heated to 100 ºC at reduced pressure for 0.5 h to remove water and 

oxygen, and then heating was continued up to 340 ºC in the presence of N2. After 1 h at 340 ºC, 

heating was stopped. When the reaction temperature reached 80 ºC, ethanol (150 mL) was added. 

The nanoparticles were isolated by centrifugation. The as-precipitated nanoparticles were 

washed 3 times with ethanol and then dispersed in 5 mL of CHCl3.  

2.7.3 Sample preparation for AFM and TEM measurements 

For the solution in CHCl3, P3HT (10 mg), and PCBM (10 mg) were dissolved in 1 mL of 

CHCl3. The solution was stirred in 60 ºC for overnight. Then 2.2 mg NPs (in 22 μL CHCl3) was 

added to the solution following by 1 more hour stirring. The films were obtained by spin-cast at 

1000 rpm on top of a 30 nm thick layer of PEDOT:PSS. The reference film was prepared by the 

same method, however without the NPs. 
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For the solution in ODCB, two methods were used to prepare the solutions. In the first 

method, P3HT (20 mg) and PCBM (20 mg) were dissolved in 1 mL of ODCB and the solution 

was stirred at 60 ºC overnight. Then a dispersion of 4.4 mg NPs in 44 μL CHCl3 was added to 

the solution, and the mixture was stirred during 1 hour. The films were obtained by spin-casting 

at 1000 rpm on top of a 30 nm thick layer of PEDOT:PSS. In the second method, 100 mg NPs in 

1 mL of CHCl3 was added to 1 mL of ODCB. The resulting solution was heated at 60 ºC to 

remove all the CHCl3. The volume of the solution was maintained at 1 mL by adding additional 

warm ODCB. Then 44μ mL of the NPs solution was added to a solution of P3HT (20 mg) and 

PCBM (10 mg) in 1 mL ODCB. The resulting solution was spin-casted at 850 rpm on top of a 30 

nm thick layer of PEDOT:PSS.  

The films for UV-Vis and upconversion emission measurements were prepared according to 

the second method.  

2.7.4 Device fabrication 

The solutions for the active layer were prepared according to the second method described 

above. The pre-patterned ITO glass substrates were cleaned using subsequently soapy water, 

acetone, demineralized water, isopropyl alcohol, and plasma treatment.  Then, a layer of 

PEDOT:PSS was spin-cast under ambient conditions onto the cleaned substrates and the 

resulting film was dried by annealing at 120 ºC for 10 minutes. Then a blend of P3HT: PCBM or 

P3HT:PCBM:NPs was spin-coated (850 rpm/min) on top of the PEDOT:PSS layer under 

ambient conditions.  The active layer was dried in a closed Petri dish for 48 hours. All devices 

were completed by thermal evaporation of a 1 nm LiF/100 nm Al top-contact under vacuum (5 x 

10-7 mbar, <1 ppm O2, and <1 ppm H2O). 
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Chapter 3 

Synthesis of Near Infrared Dyes as Antennas 
for Upconversion Nanoparticles  

 

 

 

This chapter describes the design and syntheses of carboxylic acid-functionalized organic dyes 

as antenna molecules for upconversion nanoparticles. Two NIR dyes, IR-806 and IR-840 were 

successfully synthesized. Both dyes show strong and broadband absorption in the NIR range. 

The emission spectra of both dyes partially overlap with the absorption spectrum of the 

nanoparticles, which may allow Föster-type energy transfer from the excited dye to the Yb3+ 

absorption centers in the β-NaYF4:Yb, Er nanoparticles. Moreover, the partially 

complementary absorption ranges of IR-806 and IR-840 make them feasible as a tandem 

antenna system for co-sensitized upconversion. 
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3.1 Introduction 

The application of traditional upconversion materials (e.g. rare-earth base materials) is 

strongly limited by their weak and narrowband absorptions, which is especially crucial for 

biological imaging and solar cells. In biological imaging applications, normally relatively high 

excitation power intensities (500 mW/ cm2) at the absorption band of 980 nm are necessary to 

achieve good quality images, which due to strong water absorption may cause sample 

overheating.1 Although theoretical calculations have shown a bright future of upconversion solar 

cells (50.7% in an ideal system),2 the efficiencies obtained experimentally have been extremely 

low, even when the solar cell was illuminated with monochromic light at the maximum 

absorption of the upconversion materials.3-7  One of the reasons for this low efficiency is that the 

lanthanide based upconversion materials suffer from very weak and narrow-band absorption. 

To overcome this limitation, we have designed and used organic near infrared（NIR）dyes 

as sensitizers for β-NaYF4:Yb, Er nanoparticles. The dye must fulfill a double function of 

absorbing as much light as possible and transferring the absorbed energy to the Yb3+ 

upconversion centers within the nanoparticle. Therefore, the dye should meet several basic 

requirements: (i) strong and broad absorption in the NIR region, (ii) a high fluorescence quantum 

yield, (iii) the emission spectrum of the organic dye should overlap with the absorption spectrum 

of the inorganic upconvertor in order to allow for efficient Förster radiationless energy transfer. 

The Förster mechanism is a dipole–dipole resonance type of interaction between the donor and 

acceptor, which requires spectral overlap between absorption of the acceptor and emission of the 

donor. Finally, (iv) the dye should have a functional group to bind to the nanoparticles. This is 

important for efficiency reasons, since the efficiency of Förster energy transfer is strongly 

dependent on the distance between the donor and acceptor. When this dye-sensitized 

upconversion principle would be applied in solar cells, the dye should also have very weak or no 

absorption in the region where the PV active layer absorbs. The photons in this range should be 

absorbed exclusively by the active layer of the solar cell. 

After a literature search on NIR-absorbing molecular dyes, we concluded that some 

commercially available cyanine dyes are excellent candidates as starting material in this 
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investigation. Cyanine dyes normally have two identical heterocyclic moieties (but taking the 

form of electron donor and acceptor moieties in resonance structures), linked by an odd number 

of methine groups.  The absorption wavelength of cyanine dyes can be adjusted by selecting 

different heterocyclic moieties or by varying the length of the methine chain, or by changing side 

groups in the methine chain. Some of cyanine dyes show a very broad absorption band in the 

NIR range, combined with very high extinction coefficients, which makes them very promising 

for application in biomedical imaging and dye-sensitized solar cells8-11.  

To prove the concept of dye-sensitized upconversion, we took the commercially available 

cyanine dye IR-780 (2-[2-[2-chloro-3-[(1,3-dihydro-3,3-dimethyl-1-propyl-2H-indol-2-ylidene) 

ethylidene]-1-cyclohexen-1-yl]ethenyl]-3,3-dimethyl-1-propylindolium iodide) as our first 

starting point. Figure 3.1 shows the molecular structure and the absorption spectrum of IR-780 in 

CHCl3. The dye absorbs light mainly between 650-830 nm, with a maximum at 780 nm. Under 

750 nm excitation, the emission spectrum of the dye extends to about 980 nm, which indicates 

that it is feasible that it may transfer its absorbed energy to NaYF4:Yb, Er nanoparticles, 

although the overlap is rather minimal. First, however, in order to attach the dye to the 

nanoparticles, the dye has to be provided with a suitable functional group, preferably at a 

position that will lead to a favorable binding orientation of the antenna molecule on the 

nanoparticle surface, such that efficient energy transfer into the nanoparticle is obtained. This 

functionalization is described in the next paragraph. 

 

Figure 3.1 (a) The chemical structure of IR‐780; (b) the absorption (red line) and emission (blue 

line) spectra of IR‐780 in CHCl3 (3.0 × 10
‐6 M). The excitation wave length is 750 nm. 
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3.2 Functionalization of cyanine dyes 

As shown in Figure 3.1a, there is a chloro-substituent in the central cyclohexenyl group of 

IR-780, which offers a reactive site for functionalization. We have chosen the carboxylic group 

as the anchoring moiety for the antenna molecules on the NaYF4:Er3+,Yb3+ nanoparticle surface, 

because carboxylic acids are known to have strong affinity for such surfaces.12 Based on 

molecular models, we reasoned that in order to obtain an antenna molecule with sufficient space 

and freedom of the functional group to bind to the nanoparticle surface, a spacer moiety of at 

least a few atoms is needed. Thus, the p-carboxyphenylene moiety was designed.  The most 

direct route to replace the chlorine atom in the cyclohexenyl group with a carboxy-functionalized 

aryl moiety is to use the Suzuki-Miyaura method. According to Lee et al.,11 the a chlorine atom  

of a similar cyanine dye IR-820 (2-[2-[2-chloro-3-[[1,3-dihydro-1,1-dimethyl-3-(4-sulfobutyl)-

2H-benzo[e]indol-2-ylidene]-ethylidene]-1-cyclohexen-1-yl]-ethenyl]-1,1-dimethyl-3-(4-

sulfobutyl)-1H-benzo[e]indolium hydroxide inner salt, sodium salt) can be efficiently replaced 

with a carboxy-functionalized aryl moiety via the Suzuki-Miyaura method in high yield. This 

literature reaction was performed by using water as solvent. However, IR-780 cannot be 

dissolved in water, therefore we used dimethylformamide (DMF) as solvent.  The reaction is 

shown in Scheme 3.1a. After a reaction period of 48 hours, only starting material (IR-780) was 

isolated.  The possible reason for lack of reactivity in comparison with IR-820 may be that in the 

reaction of Lee et al. the dye IR-820 is a weak base while IR-780 is neutral.  The base plays an 

important role in the Suzuki-Miyaura reaction. Therefore we ran the reaction again in the 

presence of K2CO3 (Scheme 3.1b). By heating up to 100 °C, the color of the solution changed 

from dark green to red, which indicates that a new product was formed.  Figure 3.2 shows the 
1H-NMR spectrum of the isolated product (dye 2). Compared to the 1H-NMR spectrum of IR-

780, we observed a significant shift of peaks in the 2.5-8.5 ppm region. However, no additional 

peaks were observed and the number of hydrogen atoms remained the same, suggesting that the 

chlorine atom in the cyclohexenyl group was replaced by another moiety instead of the carboxy-

functionalized aryl group. A mass spectrum showed that dye 2 has a molecular weight of 521.33, 

corresponding to the hydrolyzed product of IR-780, i.e., the enolate (dye 2). A control 

experiment with IR-780 and K2CO3 in DMF -without the aryl nucleophile- yielded the same 

product (Scheme 3.1c).  
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Figure 3.3 shows the absorption spectrum of dye 2. Compared to IR-780, a significant blue 

shift of 270 nm was observed for dye 2, which make it useless as a sensitizer for NaYF4:Yb, Er 

nanoparticles. Interestingly, when dye 2 was treated with a small amount of HCl, the color of the 

dye changed back to dark green.  

 

 

Scheme 3.1 (a) Synthesis of a carboxy‐functionalized cyanine dye by the Suzuki‐Miyaura method 

without base;  (b) enolate product of  the Suzuki‐Miyaura  reaction  in  the presence of base;  (c) 

enolate product, formed in a control experiment with base only. 
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Figure  3.2  (a)  1H‐NMR  spectra  of  IR‐780  (blue),  isolated  product  from  reaction  b  (red)  and 

isolated product from reaction c (green). All spectra are of solutions in CDCl3. 
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Figure 3.3 Absorption spectrum of dye 2 in CHCl3. 

Another route to replace the chlorine atom in the cyclohexenyl group is to use a 

nucleophilic substitution reaction. Due to the electron deficient π-system, the chlorine atom can 

be easily replaced by various nucleophiles, such as hydroxide, alkoxides, and alkylamines.  

There are two different mechanisms for this type of nucleophilic substitution reactions. 13 

As shown in Scheme 3.2, in the first mechanism follows an addition/elimination pathway. 

In this process the nucleophile adds to the cationic π-system, yielding a tetrahedral intermediate, 

followed by elimination of the chlorine ion. The process is reversible and thermodynamically 

controlled. Increasing the reaction temperature or prolonging the reaction time may result in a 

higher yield.  
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Scheme 3.2 The addition/elimination mechanism for a nucleophilic substitution reaction on IR‐

780. 

The second mechanism involves the SRN1 pathway. As shown in Scheme 3.3, the main 

steps of the mechanism are sketched in equation (1)-(4). The mechanism is initiated by single 

electron transfer from the nucleophile Y- to the cationic π-system of the cyanine dye (R-Cl)+ to 

produce two radical species, then the radical (R-Cl)˙ fragments into the radical cation 

intermediate R˙+ and the anion leaving group Y- (Scheme 3.3, equation (2)). The reaction of 

radical cation intermediate R˙+ with an incoming nucleophile Y- yields the neutral radical adduct 

(R-Y)˙(Scheme 3.3, equation (3)) which is followed by transfer of an electron to the initial 

substrate  (R-Cl)+ to continue the chain reaction (Scheme 3.3, equation (4)). Polar aprotic 

solvents such as DMF or DMSO, which support the single electron transfer, are essential for this 

reaction.  
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Scheme 3.3 The SRN1 mechanism for a nucleophilic substitution reaction of IR-780.13 

Since our attempts to make a carboxy-functionalized dye by Suzuki-Miyaura reaction failed, 

we moved to functionalization of IR-780 by nucleophilic substitution reaction. The reaction is 

shown in Scheme 3.4. The reaction was performed under dry nitrogen with dry DMF as solvent, 

NaH as base, and 4-hydroxybenzoic acid as the nucleophile. After running the reaction overnight, 

and after separation of the dye fraction from the reagents using column chromatography 

(dichloromethane : methanol 4 : 1), we obtained a red solid. LC-MS analysis showed that the 

solid contained both our target dye (dye 3) and the hydrolyzed product (dye 2). The reason for 

obtaining a mixture of dye 2 and dye 3 may be that both hydroxide and alkoxides are hard and 

competing nucleophiles. The reaction follows an addition/elimination pathway, which is 

reversible and thermodynamically controlled.13 We tried various methods to isolate dye 3 from 

this mixture. Unfortunately none of the method was successful. Dye 3 appeared to be unstable in 

air. After one month being exposed in air, all the dye 3 in the mixture was transformed into dye 2. 

Figure 3.4 shows the absorption spectrum of the mixture. We clearly see two absorption bands 

which can be attributed to the absorption of dye 2 (300-600 nm) and the absorption of dye 3 (650 

-850 nm).  
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Scheme  3.4  Synthesis  of  a  carboxy‐functionalized  dye  by  a  nucleophilic  substitution  reaction 

(SN2). 
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Figure 3.4 Absorption spectrum of the product mixture (in CHCl3) from the reaction shown in 

Scheme 3.4.  
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In an effort to improve the substitution reaction, the stronger nucleophile 4-

mercaptobenzoic acid was used. As shown in Scheme 3.5, the reaction was performed in dry 

DMF without base. The thiol is a soft nucleophile. When the reaction is performed in polar 

aprotic solvents, such as DMF and DMSO (dimethyl sulfoxide), the SRN1 pathway will be 

favored.13 After overnight reaction, pure crystals of dye 4 were isolated in high yield (86%) by 

slowly dropping diethyl ether to the solution and subsequent filtration of the precipitated product. 

Figure 3.5 shows the absorption spectra of IR-780 and dye 4. After functionalization, dye 4 still 

has a very strong absorption in the NIR region and very weak absorption in the visible region. In 

addition, dye 4 is more stable than dye 3. After one month in air, no degradation was detected. 

Dye 4 absorbs light mainly between 650-850 nm, with a maximum at 806 nm. We therefore 

named it IR-806. Figure 3.6 shows the emission spectrum of IR-806 at 750 nm excitation in 

CHCl3.  The overlap between the emission of the dye and the absorption of the nanoparticles 

may allow Förster type energy transfer. Based on these properties, we considered IR-806 as a 

suitable first candidate for using it as a sensitizing antenna molecule for NaYF4:Yb, Er 

nanoparticles. 

 

 

Scheme 3.5 Synthetic scheme for the preparation of  of carboxy-functionalized IR-806.  
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Figure 3.5 Absorption spectra of IR-780 (3.0 × 10-6 M, red line) and IR-806 (3.18 × 10-6 M, blue 

line) in CHCl3. 
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Figure 3.6  Emission spectrum of IR‐806 in CHCl3 (3.18×10
‐6 M; redline) and absorption spectrum 

of oleylamine‐coated NaYF4:Yb,Er NPs in CHCl3 (green line). The excitation wavelength is 750 nm. 
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3.3 Synthesis of NIR dye absorbing lower energy photons 

The absorption of IR-806 (dye 4) only extended to 850 nm. For using in solar cells, there is 

still a large part of energy in the NIR region is lost. Therefore another NIR dye 5 was designed 

and synthesized. The synthetic method for making dye 5 was similar to that used to synthesize 

IR-806. The reaction is shown in Figure Scheme 3.6. The starting material for dye 5 was the 

commercially available cyanine dye IR-813. We provided it with the same spacer and functional 

group as IR806. As shown in figure 3.7, Dye 5 absorbs light mainly between 650-900 nm, with a 

maximum at 840 nm, a red-shift of 34 nm compared to that of IR-806. So we named it IR-840. 

As shown in figure 3.8, the emission intensity of IR-840 is about 3 times lower than that of IR-

806, which is bad news because the lower luminescence efficiency may lower the efficiency of 

energy transfer to the upconversion centers, in case of a Förster mechanism. At the other hand, 

the overlap between the emission of IR-840 and the absorption of the nanoparticles is better than 

that of IR-806, which may relatively enhance the efficiency of the Förster energy transfer from 

the dye to the nanoparticle upconversion centers. 

Although long wavelength absorption edge of IR-840 is only 30 nm red-shifted compared to 

that of IR-806, we considered the shift large enough for it to be used to prove our concept of co-

sensitized upconversion, in which two different dyes are attached onto the same nanoparticles to 

absorb photons of a broader spectral range.  

 

 

Scheme 3.6 Synthetic scheme for the preparation of carboxy‐functionalized IR‐840.  



Chapter 3 

64 

 

300 400 500 600 700 800 900 1000
0.0

0.4

0.8

1.2

 IR-806
 IR-840

 

 

N
or

m
al

iz
ed

 O
D

Wavelength (nm)
 

Figure 3.7 Absorption spectra of IR‐806 (olive line) and IR‐40840 (blue line) in CHCl3. 
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Figure 3.8  Emission spectrum of IR‐806 (3.18×10‐6 M; redline), IR‐840 (3.18×10‐6 M; blue line) 

and absorption spectrum of oleylamine‐coated NaYF4:Yb,Er NPs (green line). All samples were 

measured in CHCl3. The excitation wavelength was 750 nm. 
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3.4 Experimental section 

3.4.1 General 

General Chemicals. IR-780 iodide (99%), IR-813 perchlorate (80%), 4-hydroxybenzoic acid 

(≥ 99%), 4-mercaptobenzoic acid (99%), sodium hydride (95%), N,N-dimethylformamide 

(DMF, anhydrous, 99.8% ), and chloroform (ACS spectrophotometric grade, ≥99.8%, with 

amylenes as stabilizer) were obtained from Aldrich. Dichloromethane (AR grade) and diethyl 

ether (AR grade) were obtained from LAB-SCAN. All chemicals were used as received.  

1H and 13C NMR spectra were recorded on a Varian AMX400 (400 and 100.59 MHz, 

respectively) using CDCl3 as solvent at room temperature. Spectra were referenced to the solvent 

line (CHCl3: 7.26 ppm for 1H, 77.0 ppm for 13C) relative to tetramethylsilane. Data are reported 

as follows: chemical shifts, multiplicity (s = singlet, d = doublet, dd = doublet of doublets, t = 

triplet), coupling constants (Hz), and integration. FT-IR spectra were recorded on a Nicolet 

Nexus FT-IR spectrometer, using the SMART iTR for ATR measurements (diamond). Mass 

spectra were recorded on a LTQ Orbitrap XL (ESI+). UV-Vis absorption spectra were measured 

on a Perkin/Elmer Lambda 900 UV-Vis-NIR Spectrometer in CHCl3 in a quartz cuvette with a 

path length of 1 cm. Standard CW fluorescence measurements of solutions in CHCl3 were 

performed on a Fluorolog 3 (Jobin Yvon Horiba). 

3.4.2 Synthetic Procedures 

Synthesis of dye 4. The functionalization reaction was performed using standard Schlenk-

line techniques in dry glassware and under a dry N2 atmosphere. A mixture of IR-780 iodide 

(500 mg, 0.75 mmol) and 4-mercaptobenzoic acid (231 mg, 1.50 mmol) in DMF (20 mL) was 

stirred at room temperature for 17 hours. DMF was removed under vacuum at 40 ºC, and the 

residue was dissolved in CH2Cl2 (5 mL). The solution was filtered through a 0.45 μm PTFE 

syringe filter and then diethyl ether (150 mL) was added slowly to precipitate the product. The 

precipitate was collected by centrifugation, washed with diethyl ether, and dried under vacuum 
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to afford 506 mg (0.65 mmol, 86%) of gold-colored crystals. 1H NMR (400 MHz, CDCl3): δ 

8.56 (d, J = 14.1, 2H), 7.94 (d, J = 8.4, 2H), 7.33 (t, J = 7.7, 2H), 7.25 (t, J = 7.6, 4H), 7.17 (t, J = 

7.4, 2H), 7.12 (d, J = 8.0, 2H), 6.22 (d, J = 14.1, 2H), 4.11 (t, J = 7.2, 4H), 2.78 (t, J = 5.8, 4H), 

2.05 (s, 2H), 1.87 (dd, J = 14.6, 7.3, 4H), 1.41 (s, 12H), 1.02 (t, J = 7.4, 6H). 13C NMR (101 

MHz, CDCl3): δ 172.49, 170.63, 148.89, 145.53, 144.47, 142.18, 141.04, 133.94, 131.07, 128.72, 

126.70, 125.45, 125.31, 122.18, 111.00, 101.89, 49.20, 46.38, 27.84, 26.77, 20.93, 20.71, 11.68. 

IR (cm-1): 2961, 2928, 2871, 1716, 1680, 1592, 1539, 1526, 1427, 1395, 1364, 1245, 1229, 1164, 

1152, 1084, 1040, 1016, 999, 928, 908, 857, 836, 795, 764, 742, 713, 678. HRMS: calcd for 

C43H49N2O2S [M]+: 657.3509; found: 657.3477. Elemental analysis: calcd for C43H49N2O2S: C, 

65.81; H, 6.29; N, 3.57. Found: C, 65.09; H, 6.23; N, 3.57.  

Synthesis of dye 5. The functionalization reaction was performed using standard Schlenk-

line techniques in dry glassware and under a dry N2 atmosphere. A mixture of IR-813 perchlorate 

iodide (500 mg, 0.73 mmol) and 4-mercaptobenzoic acid (231 mg, 1.50 mmol) in DMF (20 mL) 

was stirred at room temperature for 17 hours. DMF was removed under vacuum at 40 ºC, and the 

residue was dissolved in CH2Cl2 (5 mL). The solution was filtered through a 0.45 μm PTFE 

syringe filter and then diethyl ether (150 mL) was added slowly to precipitate the product. The 

precipitate was collected by centrifugation, washed with diethyl ether, and dried under vacuum 

to afford 480 mg (0.60 mmol, 82%) of dark green solid. 1H NMR (400 MHz, CDCl3): δ 8.56 (d, 

J = 14.1, 2H), 7.94 (d, J = 8.4, 2H), 7.33 (t, J = 7.7, 2H), 7.25 (t, J = 7.6, 4H), 7.17 (t, J = 7.4, 2H), 

7.12 (d, J = 8.0, 2H), 6.22 (d, J = 14.1, 2H), 4.11 (t, J = 7.2, 4H), 2.78 (t, J = 5.8, 4H), 2.05 (s, 

2H), 1.87 (dd, J = 14.6, 7.3, 4H), 1.41 (s, 12H), 1.02 (t, J = 7.4, 6H). 13C NMR (101 MHz, 

CDCl3): δ 172.49, 170.63, 148.89, 145.53, 144.47, 142.18, 141.04, 133.94, 131.07, 128.72, 

126.70, 125.45, 125.31, 122.18, 111.00, 101.89, 49.20, 46.38, 27.84, 26.77, 20.93, 20.71, 11.68. 

IR (cm-1): 2961, 2928, 2871, 1716, 1680, 1592, 1539, 1526, 1427, 1395, 1364, 1245, 1229, 1164, 

1152, 1084, 1040, 1016, 999, 928, 908, 857, 836, 795, 764, 742, 713, 678. HRMS: calcd for 

C43H49N2O2S [M]+: 657.3509; found: 657.3477. Elemental analysis: calcd for C43H49N2O2S: C, 

65.81; H, 6.29; N, 3.57. Found: C, 65.09; H, 6.23; N, 3.57.  
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Chapter 4 

Broadband Dye-Sensitized Upconversion of 

Near-IR Light 

 

 

Photon upconversion of near-infrared (NIR) photons is a promising way to overcome the 

Shockley-Queisser efficiency limit of 32% of a single-junction solar cell. However, the 

practical applicability of the most efficient known upconversion materials at moderate light 

intensities is limited by their extremely weak and narrowband NIR absorption. Here we 

introduce the concept of an upconversion material where an organic NIR dye is used as an 

antenna for β-NaYF4:Yb,Er nanoparticles (NPs) in which the upconversion occurs. The 

overall upconversion by the dye-sensitized NPs is dramatically enhanced (by a factor of 

~3300) as a result of increased absorptivity and overall broadening of the absorption 

spectrum of the upconverter. The proposed concept can be extended to cover any desired part 

of the solar spectrum by applying a set of dye molecules with overlapping absorption spectra 

acting as an extremely broadband antenna system, connected to suitable upconverters. 
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4.1 Introduction 

One of the fundamental factors limiting the energy conversion efficiency of a single junction 

solar cell to the Shockley-Queisser limit of ~ 32% is the inability to absorb photons with energy 

less than the band-gap of the active materials.1 Upconversion materials, which can sum the 

energies of NIR quanta to emit a quantum of higher energy, are considered as one of the 

promising routes to overcoming this limit.2-6 Other methods focus on adapting the absorption of 

the solar cell active-layer materials to the solar spectrum, but upconversion modifies the solar 

spectrum to make it match better with the absorption spectrum of the solar cells. This strategy 

also makes it possible to electrically isolate the upconverters from the active layer and apply 

them as a separate layer in solar cells. 

In theory, the standard AM1.5 spectrum power conversion efficiency of a single-bandgap 

solar cell can be increased up to 50.7% by the application of an ideal upconverter (with the two 

upconverter bandgaps at 0.94 and 1.40 eV), in combination with a PV active layer material with 

a relatively wide bandgap of 2 eV.7 However, to date, experimentally obtained upconversion 

solar cell efficiencies have been extremely low, merely serving as proof of principle.3,8-12 The 

main problem is that the known internally efficient upconversion materials absorb extremely 

weakly and within a very narrow spectral window.  Moreover, upconversion is a process that is 

of higher order in light intensity (that is, quadratic in intensity for two-photon upconversion in 

the low-intensity limit), making very high illumination intensities often necessary. The best 

upconversion materials are currently based on mixed lanthanide compounds.11,13  Promising 

upconversion efficiencies have also been reported using (supra)molecular triplet–triplet 

annihilation systems,14–16 but the spectral range of 650–700 nm to be upconverted is of limited 

relevance for solar cell applications. Of these materials, bulk NaYF4: Er3+, Yb3+ and NaYF4:Er3+ 

have shown the highest upconversion quantum yields under monochromatic irradiation at 975 

nm and 1522 nm NIR light (5% and 3%, respectively11, 17). The corresponding NaYF4: Er3+(2%), 

Yb3+ (20%) nanoparticles typically show lower, size-dependent quantum yields, For example, 
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0.1% has been reported for 30 nm diameter particles 17.  The inherently weak and narrowband 

absorption of Ln3+ ions of such materials is due to the parity-forbidden nature of the 4f 

transitions. Hence, most of the efforts to enhance the Ln3+ upconversion luminescence have been 

focused on materials providing a locally enhanced electromagnetic field or on doping with other 

lanthanide ions, serving as sensitizers.18-20 For instance, plasmonic coupling was introduced to 

enhance the upconversion efficiency of lanthanide nanoparticles (NPs)21-27 resulting in 

enhancement factors of 2-8. 21-23 More recently, the upconversion luminescence of gold-

decorated β-NaYF4:Yb,Tm NPs at 345 nm was reported to be increased by a factor of 109.27  

Here we propose and demonstrate the viability of a new strategy to enhance upconversion 

luminescence of lanthanide NPs based on increased and spectrally broadened absorption, using 

organic IR dyes as sensitizers. The main idea was inspired by the natural light-harvesting 

systems in which various absorber molecules surround and transfer the solar energy to the central 

reaction center,28 albeit for upconversion instead of charge transfer. In our approach, dye 

molecules function as antennas, absorbing incident light and transferring their excitation energy 

to the upconverting metal ions encapsulated in a NP (Figure 4.1). In a solar cell, the upconverted 

photon energy is then transferred radiatively or non-radiatively to the active layer. The 

advantages of combining organic antennas with inorganic upconversion centers are: (i) the strong 

NIR absorption, (ii) the broad absorption spectrum, (iii) the ability to tune the absorption band by 

molecular bandgap engineering, and (iv) the possibility of using a set of complementary antenna 

molecules to further optimize the absorption range (for example, in an energy cascade manner).  
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Figure  4.1 Principal  concept  of  the  dye‐sensitized  nanoparticle  (NP): antenna dyes  (in  green) 

absorb  the NIR  solar  energy  (red wiggled  arrows)  and  transfer  it  to  the NP  core  (in  yellow) 

where upconversion  is realized. Upconversion denotes here a process  in which energies of two 

NIR quanta are summed up  to emit a quantum of a higher energy  in  the green‐yellow  region 

(green wiggled arrow). 

4.2 Changes of absorption and emission spectra of IR-806 on 

nanoparticles 

We chose to show the first proof of principle of dye sensitization using the nanoparticle 

upconverters for 975 nm light, for chemical and instrumental reasons. Oleylamine-coated β-

NaYF4:Yb,Er NPs with an averaged 16 nm core diameter were prepared using a known method 

from a mixture of trifluoroacetates in oleylamine.29 Solutions of these NPs in CHCl3 showed the 

characteristic bright green-yellow upconversion emission upon excitation with ~975 nm laser 

light.  A commercially available cyanine dye IR-780 was selected as the starting material for the 
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preparation of functionalized antenna molecules to be attached to the surface of the NPs. 

Nucleophilic substitution of the central chlorine atom in IR-780 was used as the method to 

prepare a carboxylic acid-functionalized derivative (see chapter 3). The resulted carboxylated 

dye absorbs light mainly between 650 and 850 nm, with a maximum at 806 nm in CHCl3 (Figure 

4.2); We therefore named it IR-806. The extinction coefficient of IR-806 at 806 nm is 390 

L/g·cm, which is ~5·106 times higher than that of β-NaYF4:Yb,Er NPs at 975 nm (7·10-5 L/g·cm). 

Weak absorption of IR-806 below 600 nm is also essential, because the antenna dye should be 

transparent for the upconverted photons that exit the NP. 
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Figure 4.2 Absorption spectra of IR‐780 (3.0×10‐6 M; blue line) and carboxylic acid derivative   IR‐

806 (3.18×10‐6 M; red line) in CHCl3. 
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Figure 4.3 emission spectra of IR-780 (3.0×10-6 M; blue line) and carboxylic acid derivative   

IR-806 (3.18×10-6 M; red line) in CHCl3. 

At 750 nm excitation, the emission spectrum of IR-806 in CHCl3 extends well beyond 900 

nm (Figure 4.3). The overlap between the emission spectrum of IR-806 and the absorption 

spectrum of the NPs at 900–1000 nm – albeit not being optimal – still allows for Förster type 

energy transfer from excited IR-806 to the Yb3+ absorption centers in the NPs. The exchange 

reaction with the oleylamine ligands and binding of IR-806 to the surface of the NP were 

determined by clearly observable changes of absorption in the NIR and IR regions as well as the 

emission properties (Figure 4.4–4.6). First, following the addition of oleylamine-coated NPs to a 

solution of IR-806 in CHCl3, the absorption of IR-806 at 806 nm decreased and the absorption 

maximum wavelength was gradually blue-shifted from 806 nm to a saturation value of 800 nm 

(Figure 4.5). Second, the IR-806 luminescence decreased to 35% of the original intensity (Figure 

4.6). In a blank experiment in which IR-806 was bound to oleylamine-coated NaYF4 NPs with 

no Yb and Er photon energy acceptors, an identical blue shift in IR-806 absorption was observed 

(Figure 4.7), but the luminescence decrease was only to 90% of the original intensity (Figure 4.8). 
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Third, the lifetime of IR-806 luminescence shortened from 1.14 ns (pure IR-806) to 0.64 ns (IR-

806:NP) upon binding to the NaYF4:Yb,Er NPs  (Figure 4.9). This set of experiments 

demonstrates that about 50% of the photon energy initially absorbed by bound IR-806 is 

transferred to the Yb and Er energy-accepting ions in the NaYF4:Yb,Er  NP core. 
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Figure 4.4 FT‐IR (ATR) spectra of IR‐806 (red line), oleylamine‐coated NPs (blue line), and IR‐806‐

coated NPs (olive line). The IR absorption of the IR‐806‐coated NPs resembles ‐for a large part‐ a 

superposition of the spectra of the constituents. The changes in the carbonyl region (υ = 1650‐

1750 cm‐1) are taken as indicative of bond formation between the IR‐806 carboxylic acid group 

and the  inorganic NP core. The  inset  in the Figure shows the color change of the sample from 

colorless (left image, NPs only) to deep green after coating of the NPs with IR‐806 (right image), 

which clearly shows the binding of IR‐806 to the nanoparticles. 
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Figure 4.5 Change of absorption spectrum of  IR‐806  (0.0025 mg/mL  in CHCl3) upon  increasing 

concentration of NPs. The  legend shows the weight  ratio of  IR‐806 and NPs. The  inset depicts 

the maximum absorption as a function of the weight content of the NPs, normalized to [NP]=0.  
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Figure  4.6  Change  of  emission  spectrum  of  IR‐806  (0.0025 mg/mL  in  CHCl3)  upon  increasing 

concentration  of  NPs.  The  excitation wavelength was  set  at  750  nm where,  unlike  in  peak 

absorption  around  800  nm,  the  absorption  increases  (by  ~30%)  with  increase  of  NPs 

concentration  (consult Figure 4.5). The  legend shows  the weight  ratio of  IR‐806 and NPs. The 

inset depicts the emission  intensity (integrated from 765 to 980 nm) of IR‐806 as a function of 

concentration of NPs, normalized to [NP]=0.  
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Figure 4.7 Change of absorption spectrum of IR‐806 (0.0025 mg/mL in CHCl3) upon addition of 

undoped NaYF4 NPs (the ‘blank’ NPs). The legend shows the weight ratio of IR‐806 and NPs.  
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Figure 4.8 Change of emission  spectrum of  IR‐806  (0.0025 mg/mL  in CHCl3) upon 50:1  (w/w) 

addition of undoped NaYF4 NPs (the ‘blank’ NPs). The excitation wavelength was set at 750 nm, 

as in the experiment depicted in Figure 4.6.  
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Figure  4.9  Time‐resolved  fluorescence  of  IR‐806  (0.0008 mg/mL,  blue  dots)  and  IR‐806/NPs 

(0.0008/12 mg/mL, blue circle) in CHCl3 exited by a 800 nm, 100 fs pulsed laser (repetition rate 

of 76 MHz, repetition rate of 3 mW). The red lines are best fits for a monoexponential function. 

The fluorescence was integrated in the regions of 802‐852 nm for IR‐806 and 792‐842 nm for IR‐

806/NPs to account for the emission shift due to binding.  

This conclusion was also verified by similar measurements on the original IR-780 (whict 

cannot bind to the NPs) instead of IR-806, no changes in IR-780 absorption and emission were 

observed (Figure 4.10, 4.11). Finally, the FTIR spectrum of a sample of dried and washed dye-

coated NPs resembles a superposition of the two spectra of oleylamine-coated NPs and the dye 

(Figure 4.4). This strongly suggests that close proximity of the dye (secured by chemisorption in 

the case of IR-806) and NP is necessary for efficient energy transfer. 
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Figure 4.10 “Blank experiment”: UV-VIS-NIR absorption spectra of the reference dye IR-780 

(red line, 0.0025 mg/mL) and IR-780/NPs (blue line, 0.0025/0.125 mg/mL) in CHCl3.  
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Figure  4.11  “Blank  experiment”:  Fluorescence  spectra  of  the  reference  dye  IR‐780  (0.0025 

mg/mL) and IR‐780/NPs (0.0025/0.125 mg/mL) in CHCl3. The excitation wavelength is 750 nm.  
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4.3 Dye-sensitized upconversion emission 

The upconversion spectrum of the solution containing IR-806-functionalized NPs under a 

800 nm, 2 mW cw continuous-wave (c.w.) laser excitation is shown in Figure 4.12. There are 

three characteristic Er3+ emission bands at 510-530 nm, 530-570 nm, and 630-680 nm, 

corresponding to 2H11/2→
4I15/2, 

4S3/2→
4I15/2, and 4F9/2→

4I15/2 transitions, respectively.27 The 500-

700 nm spectral distribution of upconverted light from the IR-806/NPs samples irradiated at 800 

nm (2 mW) was determined to be similar to that of samples of pure NPs irradiated at 975 nm (50 

mW)  (Figure 4.13). This clearly indicates that the 800 nm photon energy is absorbed by IR-806, 

transferred to the NP core, upconverted to higher photon energy, and subsequently re-emitted. In 

the cases of solutions of pure oleylamine-capped NPs, pure IR-806 in CHCl3 (800 nm excitation) 

and mixtures of nonfunctionalized IR-780 and NPs (780 nm excitation), no detectable 

upconversion emission was observed, in full agreement with the absorption and fluorescent 

quenching experiments. Therefore, we conclude that functionalized IR-806 (secured by 

chemisorption) acts as an antenna for the β-NaYF4:Yb,Er NPs for the upconversion process.   
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Figure 4.12 Steady‐state emission spectra of β‐NaYF4:Yb,Er NPs (cyan line), IR‐806 (green  line), 

β‐NaYF4:Yb,Er  NPs/IR‐780  =  0.80/0.006  mg/mL  (red  line),  and  β‐NaYF4:Yb,Er  NPs/IR‐806  = 

0.80/0.006 mg/mL (blue line) in CHCl3 exited by a 2 mW, 800 nm cw laser. 
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Figure 4.13 Steady‐state emission spectra of IR‐806/NPs (blue line, 0.80/0.006 mg/mL, exited by 

a 2 mW, 800 nm cw laser) and NPs (red line, 4.0 mg/mL, exited by a 50 mW, 975 nm cw laser) in 

CHCl3. Note that the emission  intensity from the NPs sample  is multiplied by a factor of 6, the 

NPs  sample  is  excited  by a  factor of 25  stronger  light  (which  transfers  to  a  factor  of  625  in 

emission considering the two‐photon nature of the excitation process), and the concentration of 

the NPs  sample was a  factor of 5 higher  than  in  the  IR‐806/NPs  sample  to obtain detectable 

emission.  
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4.4 Optimizing the surface coverage 

We next determined the optimal surface coverage of the NPs with antenna molecules for the 

most efficient dye-sensitized upconversion (Figure 4.14). On adding IR-806 to a solution of the 

NPs, the upconversion emission intensity first increases, which is consistent with an increasing 

overall absorption of the excitation energy at 800 nm by an increasing number of surface-bound 

antenna molecules. However, beyond a certain concentration, further increase of the IR-806/NP 

ratio results in decreasing upconversion emission intensity. The observed decline can be 

explained by two factors, namely increased mutual interactions between antenna molecules on 

the NP surface (self-quenching), and an increasing concentration of unbound (excess) antenna 

molecules which absorb the excitation energy but do not transfer it to the NPs. The optimum IR-

806:NP weight ratio was determined as 1:133. We estimate a mean number of 70±20 antenna 

molecules per average size NP to be bound at this ratio, with a center-to-center intermolecular 

distance of ~ 3.4 nm. This optimal concentration will be used in all following experiments.  
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Figure 4.14 Emission intensity integrated in the range of 500–570 nm of β-NaYF4:Yb,Er NPs 

(0.80 mg/mL) as a function of IR-806 content (in CHCl3) exited by a 2 mW, 800 nm cw laser. 
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4.5 Power dependence upconversion emission 

Figure 4.15 shows the upconversion emission intensity integrated in the range 500-685 nm as 

a function of the incident power. The best fit with a power function results in a perfect quadratic 

dependence on the incident light intensity. This confirms that the mechanism of the antenna-

mediated process involves a two-photon upconversion step. Based on this set of observations we 

propose the following mechanism for the overall process in the IR-806/NPs solution, and call it 

‘dye-sensitized upconversion’ (DUC).  In this mechanism, the bound IR-806 antenna molecules 

absorb the NIR photons and transfer their excitation energy to the Yb3+ 2F5/2 level by resonance 

energy transfer. The typical energy transfer processes from Yb3+ to Er3+ follow13, eventually 

leading to the Er3+ emission of upconverted light.  
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Figure  4.15  Integrated  in  the  range  of  500–685  nm  upconversion  intensity  of  β‐NaYF4:Yb,Er 

NPs/IR‐806 (concentration of 0.80/0.006 mg/mL) in CHCl3 as a function of excitation power of a 

800 nm cw laser. Best fit with a power function yields the exponent factor of n=1.92 indicating a 

purely two‐photon process. 
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4.6 Upconversion emission efficiency 

The monochromatic quantum yield (mQY) of the IR-806/NPs was determined at 800 nm 

excitation wavelength as  0.12 .
. %	 at the intensity saturation point (Figure 4.15) for 

monochromatic illumination (for detail see experimental part). The mQY of our non-sensitized 

oleylamine-coated NPs was measured to be 0.3±0.1% at the maximum absorption wavelength of 

975 nm. This value is in good agreement with the reported mQY value15 of 0.1% for slightly 

larger (30 nm diameter) but otherwise similar oleylamine-coated NPs given higher intensities 

used herein. The two mQYs are, within experimental error, in reasonable agreement with the 

observed luminescence quenching and excited state lifetime shortening of the nanoparticle-

bound dye described above. 
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Figure  4.16  Experimental  upconversion  excitation  spectra  of  β‐NaYF4:Yb,Er  NPs/IR‐806  at 

concentration of 0.80/0.006 mg/mL (blue dots) and β‐NaYF4:Yb,Er NPs at concentration of 0.80 

mg/mL  (green  triangles),  both  dissolved  in  CHCl3.  The  emission  intensity  is  integrated  in  the 
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500–685 nm  range while excitation  is performed by a 2 mW cw  laser. The  red  line shows  the 

squared absorption spectrum.  

The upconversion action spectrum (that is, upconverted power as a function of the excitation 

wavelength) was recorded using a 2 mW-calibrated wavelength-tunable cw laser. It was first 

confirmed that the emission spectrum of the sample is independent on the excitation wavelength 

in the 720-1000 nm spectral range. The integrated power over the 500-685 nm range of the 

emission was then plotted versus excitation wavelength (Figure 4.16). The upconversion action 

peak in the range 740-850 nm corresponds to the squared absorption of IR-806 while the tiny 

action peak in the 900-990 nm range follows the squared absorption of β-NaYF4:Yb,Er (Figure 

4.16; inset). This is fully consistent with the proposed DUC mechanism comprising a two-photon 

process in which the antenna molecules are involved as initial absorbers. 

The dramatic effect of dye-sensitized process is immediately eminent from the main panel: 

where the contribution from the upconversion by the non-sensitized process around 975 nm is 

simply invisible on this scale. However, as the inset shows, the non-sensitized upconversion does 

take place in this range. Importantly, this process has similar efficiency and spectral response for 

non-coated and dye-coated NPs, which proves that the upconversion properties of the NPs were 

not compromised upon dye attachment.  Although the peak-to-peak (at 975 nm versus at 800 nm) 

ratio of non-sensitized and sensitized upconversion is ~1:1100, the integrated spectral response 

in the 720-1000 nm range from the dye-coated NPs, as shown in Figure 4.16, is ~3300 times 

stronger than that of the non-sensitized NPs. This result lends further support for the DUC 

mechanism operating in excitation range where IR-806 absorbs, and the ‘direct’ upconversion by 

the NPs in the range where the NPs absorb.  

4.7 Conclusion 

In conclusion, we have demonstrated that dye sensitized-upconversion of NPs yields a 

dramatically increased upconversion efficiency. Further improvement can be obtained by 

optimization of the dye emission and NP absorption spectral overlap. Moreover, we propose that 

by using suitable co-sensitizing sets of antenna-molecules and upconverting NPs, together 
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absorbing the full desired spectral range of light to be upconverted, it will be possible to obtain 

even more broadband upconversion. Such broadband sensitization, in combination with higher 

quantum yield upconverters, would change upconversion from an academic and exotic 

phenomenon into realistic and viable tool for increasing the efficiency of photovoltaic devices. 

Furthermore, as the absorption spectrum of the dye-sensitized upconverter can be tuned, analyses 

and imaging techniques in medicine and diagnostics13 based on upconverting NPs will also 

benefit greatly from the proposed approach. 

4.8 Experimental part 

4.8.1 General Chemicals  

IR-780 iodide (99%), chloroform (ACS spectrophotometric grade, ≥99.8%, with amylenes as 

stabilizer) were obtained from Aldrich. All chemicals were used as received. Oleylamine-coated 

β-NaYF4:Yb,Er  and β-NaYF4 nanoparticles were synthesized using the method described in 

chapter 2. The synthesis of IR-806 was described in chapter 3. 

4.8.2 Instrumentation 

FT-IR spectra were recorded on a Nicolet Nexus FT-IR spectrometer, using the SMART 

iTR for ATR measurements (diamond). Mass spectra were recorded on a LTQ Orbitrap XL 

(ESI+). Transmission electron microscopy (TEM) was performed on a Philips CM10 

transmission electron microscope operating at an accelerating voltage of 100 kV. Images were 

recorded on a Gatan slow-scan CCD camera. UV-Vis absorption spectra were measured on a 

Perkin/Elmer Lambda 900 UV-Vis-NIR Spectrometer in chloroform in a quartz cuvette with a 

path length of 1 cm. Standard CW fluorescence measurements of solutions in chloroform were 

performed on a Fluorolog 3 (Jobin Yvon Horiba). For the up-conversion luminescence 

measurements, a Ti:Sapphire laser system (MIRA-900-F) was used as the excitation source. 

Luminescence spectra and lifetime measurements were performed in the cw and pulsed mode, 

respectively. In the latter case, the repetition rate was 76 MHz. The excitation light was focused 

into a 1 mm thick sample cell by a 75 mm focal length lens. This resulted in a focal spot of 
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120±10 μm full-width at half-maximum level. The excitation power was controlled by a gradient 

neutral density filter and set at 2 mW for all experiments with the exception of the power-

dependence measurements. The emission was collected at the right-angle geometry via an f/2 

collimating lens and subsequently focused by an f/4 lens onto the slit of the spectrograph. The 

(time-resolved) emission detection was performed by a streak camera system equipped with a 

spectrograph (Hamamatsu C5680) running with the vertical time axis sweep off while recording 

cw emission spectra. 

4.8.3 Sample preparation  

Sample preparation for IR measurement. A mixture of oleylamine-coated NaYF4:Yb, Er 

nanoparticles (50 mg) and IR-806 (1 mg) in CHCl3 (1 mL) was stirred for 2 h at room 

temperature under N2, and then ethanol (20 mL) was added. The IR-806-functionalized 

NaYF4:Yb,Er nanoparticles were isolated by centrifugation. The as-precipitated nanoparticles 

were washed 3 times with ethanol and then dried in a vacuum oven at 40 ºC overnight. 

Sample preparation for UV-Vis-NIR absorption and fluorescence measurements. All 

samples were prepared and measured under an atmosphere of N2.  The samples for UV-Vis-NIR 

absorption and standard fluorescence measurements were prepared by adding different amounts 

of NaYF4:Yb,Er  nanoparticles to 0.01 mg of IR-806 in CHCl3 (4 mL). The solutions were stirred 

for 2 h at room temperature. The samples for upconversion fluorescence measurements were 

prepared by adding different amounts of IR-806 to 40 mg of NaYF4:Yb,Er nanoparticles in 

CHCl3 (1 mL). The solutions were stirred for 2 h at room temperature and then diluted 50 times 

for measurement. 

4.8.4 Measurement of the Monochromatic Quantum Yield of IR-806/NPs and NPs  

To determine the monochromatic quantum yield (mQY) of the IR-806/NPs we chose as a 

reference sample a DMSO solution of ATTO Rho14 fluorophore with a well-established QY of 

80%.30 Excitation of the dye solution was performed at a wavelength of 595 nm selected from a 

home built white-light continuum generator based on a hollow fiber.31 The Mira pump laser was 

run in mode-locked femtosecond mode and the vertical time axis sweep of the streak-camera was 
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switched off (“focus mode”) to record the time integrated emission spectrum. A 20 nm portion of 

the continuum centered around 595 nm was selected by an interference filter. The sample optical 

density at 595 nm over 1 mm was measured to be OD=0.035.  

We measured the emission intensity of the up-conversion sample, β-NaYF4:Yb,Er NPs/IR-

806 in CHCl3 at the optimal concentration of 0.80/0.006 mg/mL. Excitation of the IR-806/NPs 

was performed with the Mira laser in cw mode at a wavelength of 800 nm (OD=0.19 over 1 mm). 

The green-yellow emission was collected in exactly the same way as the emission from the 

reference dye sample.  

To determine the QY of up-conversion of bare β-NaYF4:Yb,Er NPs, their solution in CHCl3 

was used at a concentration of 650 mg/mL. Excitation of NPs was performed again in cw laser 

mode but at a wavelength of 974 nm (OD=0.04 over 1 mm). Emissions of the reference, IR-

806/NPs, and NPs samples were corrected for streak-camera sensitivity and integrated over the 

500-700 nm detection range. The sample mQY was calculated according to Eq.1 by Baluschev et 

al.32 Note that within this definition, the mQY ranges from 0 to 1 for one-photon and from 0 to 

0.5 for two-photon (as the upconversion) processes. The calculated values of the mQY are given 

in Table 1 below. The maximum mQY of IR-806/NPs is attained near the saturation regime (see 

Figure 4.15 of the main text) and amounts to 0.12 .
. %. This is in a good agreement with the 

mQY of the NPs sample of 0.3±0.1% (obtained at slightly higher excitation intensity) and the 

dye-NP energy transfer efficiency of ~50%. 

Table 1. Results of measurements of monochromatic quantum yields 

 

  
RHO14 IR-806/NPs NPs 

 
Excitation power, W 

 
0.003 2 4 8 4 

 

Excitation intensity, W·cm-2 

 
1 200 450 900 650 

 
mQY, % 

 
80 0.08±0.05 

 
0.12 .

. 0.1±0.05 

 
0.3±0.1 
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4.8.5 Estimations on NPs molecular weight, molar antenna:NPs ratio, and average 

intermolecular distances between antenna molecules on the surface of the NPs 

Molecular weight: We begin from the known density of pure NaYF4 that amounts to 4.21 

g/cm3  = 4.21·10-21 g/nm3,33 which we will also use as the density of our lanthanide doped NPs 

core. From the averaged NPs core diameter of 16 nm (see Figure 2.2a in chapter 2), the NP 

volume is calculated (in a spherical approximation) as 2145 nm3. From here we arrive at the 

averaged NP core weight of 2145 x 4.21·10-21 = 9.0·10-18 g, which can be recalculated as 

molecular  weight  of 6.1023 x 9.0·10-18 = 5.4·106 g/mol. Then we add the weight of ~ 5 per nm2 

(for example, as if densely packed, like in a SAM)34 oleylamine molecules (MW 267.5) equally 

distributed over a 804 nm2 NP surface area, i.e. ~ 1·106 g/mole for the organic shell. This results 

in a total value of inorganic core + organic shell average MWtotal = 6.4·106 g/mol for the 

oleylamine coated NPs. 

Molar antenna:NP ratio: Optimum efficiency for the dye-sensitized upconversion was 

observed at the NPs:IR-806 ratio of 0.8 mg : 0.006 mg, i.e. the weight ratio of 133:1. The 

molecular weight of IR-806 depends on the counterion: MWIR-806 = 657 without counter anion 

(656 as internal salt) or 784 as the iodide. We expect that the IR-806 molecules on the NPs may 

not all have iodide counterions. Therefore, we used the two extreme values for the IR-806 

molecular weight in the following estimations. At a weight ratio of 1:133 the IR-806:NP ratio 

ranges then between 73:1 and 61:1 antennas per particle.  

Distances between antenna molecules on the surface of the inorganic core of the NPs: 

At the optimal ~ 70:1 ratio, the core surface coverage is 804 (NP surface area) over 70 (number 

of antennas at a single NP) = 11 nm2 per IR-806 molecule, which results in the average center-to-

center distance of 3.4 nm. At the “saturation” ratio of 0.0025:0.1 = 1:40, the IR-806:NP ratio 

becomes between ~ 200:1 and 240:1 antennas per average size NP, with the averaged center-to-

center inter-antenna distance on the surface of the inorganic core the NP of 1.9 nm. Such a short 

separation most probably results in self-quenching amongst the antenna molecules.  
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Chapter 5 

Co-sensitized Upconversion using Near-
Infrared Dyes as Antennae on Upconversion 

Nanoparticles  

 

Solar cell is a promising solution to the energy crisis and environmental pollution. The power 

Upconversion of sub-bandgap photons provides a pathway to exceed the power conversion 

efficiency limit (32%) of a single-junction solar cell under standard conditions. However, the 

most commonly used upconversion materials suffer from extremely weak and narrow band 

near-infrared (NIR) absorption, limiting their practical applications in photovoltaic devices. 

Here we introduce the concept of a co-sensitized upconversion hybrid material in which two 

different organic dyes with a (partially) complementary absorption range are used as co-

sensitizers for β-NaYF4:Yb,Er upconverting nanoparticles (NPs). The combination of two 

organic dyes results in a strong and broadband absorption spectrum, leading to a dramatic 

enhancement (by a factor of ~4000) of overall upconversion emission of the co-sensitized NPs, 

as compared to the non-sensitized system, and also superior to the enhancement obtained from 

the nanoparticles with either one of the dye as sensitizer. This proof of concept offers the 

potential basis for upconversion of the whole NIR (or even IR) part of the solar spectrum and 

it raises the possibility of realistic use of photon upconversion to increase the efficiency of 

solar cells. 
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5.1 Introduction 

The inability to absorb sub-bandgap photons fundamentally limits the power conversion 

efficiency of a single-bandgap solar cell.1 Upconversion materials, which have the ability to 

transfer two or more low energy photons into a single higher energy photon, have been proven, 

at least in theory, to be one of the promising routes to overcome this problem.2 The key 

requirements for the upconversion materials to be practically used in solar cells are strong and 

broadband absorption in the NIR (or even IR range). However, the known internally efficient 

upconversion materials still suffer from extremely weak and narrowband absorption.3-6 Recently 

developed molecular upconversion materials, based on (supra)molecular triplet-triplet 

annihilation, are also promising due to their broadband absorption and low excitation power 

density, but the spectral range of upconversion is generally limited  to 650–750 nm, at present.6-

10  Recently, an upconversion material based on colloidal double quantum dots providing tunable 

absorption edge has been reported.11 However, the CdSe quantum dots used in this system 

normally have strong absorption in the violet to visible range, which limits their application in 

solar cells.  

In our previous research we have shown that dye-sensitization is an effective approach to 

enhance the upconversion emission of β-NaYF4:Er3+,Yb3+ nanoparticles. By using an organic dye 

IR-806 as sensitizer, photons with energies across a much broader wavelength range (740–850 

nm) are absorbed by the dye, and then the energy transfer from the dye to the nanoparticles 

results a dramatic enhancement (by a factor of ∼3300) of the overall upconversion emission of 

β-NaYF4:Er3+,Yb3+ nanoparticles.12 For application in solar cells, a broader absorption range can 

further increase the upconversion efficiency. However, to design and synthesize a single organic 

dye with strong absorption covering the whole spectral area of NIR is difficult if not impossible. 

In the field of dye-sensitized solar cells, co-sensitization with two or more dyes with 

complementary spectral coverage (cocktail-type) has been proven a promising strategy to 

enhance the efficiency of the devices by broadening the spectral response.13-16 We envisioned 

that this strategy might also work for dye-sensitized upconversion. The desired working principle 

is that two or more types of organic dye sensitizers, bound to the same nanoparticle and 

absorbing a different NIR part of the solar spectrum, transfer the absorbed photon energy to the 
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upconversion center to give the upconversion emission. For many organic molecules, their 

absorption band can be tuned by structural modification. Therefore, this strategy may provide a 

realistic way to obtain a broader band upconversion of NIR (or even IR) photons. Here, we will 

show our proof of principle of co-sensitized upconversion using both IR-806 and IR-840 as 

sensitizer.  

5.2 IR-840 as sensitizer 

5.2.1 UV-VIS-NIR absorption and emission spectrum of IR-840 

The method for preparation of IR-840 was identical to that for IR-806, now using 

commercially available molecule IR-813 as starting material instead of IR-780. The nucleophilic 

substitution reaction with 4-carboxybenzenethiol went smooth to yield IR-840 in 82% yield.   

Scheme 5.1 shows the reaction scheme and the chemical structures of IR-806 and IR-840. 

Compared to IR-806, two more benzoid rings at each side of the terminal heterocyclic moieties 

in IR-840 further delocalize the positive charge, resulting in a larger chromophore and a redshift 

of the maximum absorption of about 34 nm (figure 5.1) to 840 nm, in solution in CHCl3. IR-840 

absorbs photons mainly between 650 and 884 nm. The extinction coefficient of IR-840 at 840 

nm is 300 L. g-1.cm-1 (we use units of L.g-1.cm-1 instead of L.mol-1.cm-1 here to allow better 

comparison with the nanoparticles!). Although this extinction coefficient is 1.3 times lower than 

that of IR-806 at 806 nm (390 L.g-1 .cm-1), it is still ~3.8×106 times higher than that of β-

NaYF4:Yb,Er nanoparticles at their absorption peak at 975 nm (7·10-5 L/g·cm). Similar to IR-806, 

IR-840 also has very weak absorption below 600 nm, which is essential because (a) the photons 

in this range should be absorbed directly by the active materials in the solar cells to produce 

photocurrent; (b) the upconverted photons, emitted by the nanoparticle, should not be absorbed 

by the antenna dyes before they can reach the active layer of the solar cell. 
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Scheme 5.1 Reaction scheme for the preparation of IR‐840 and the chemical structures of IR‐806 

and IR‐840. 
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Figure 5.1 Absorption spectra of IR‐840 (3.18× 10‐6 M; blue line) and IR‐806 (3.18× 10‐6 M; red 

line) in CHCl3. 

At 780 nm excitation, the emission spectrum of IR-840 in CHCl3 extends well beyond 920 

nm. Although the emission intensity of IR-840 is about 3 times weaker than that of IR-806, the 

better overlap between the emission spectrum of IR-840 and the absorption spectrum of the 

nanoparticles at 900-1000 nm makes it promising for more efficient Förster-type energy transfer 

from the dye to the Yb3+ absorption centers in the nanoparticles.  
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Figure 5.2 Emission spectrum of IR‐840 in CHCl3 (3.18× 10
‐6 M; blue line), IR‐806 in CHCl3 (3.18× 

10‐6 M;  red  line)  and  absorption  spectrum  of  oleylamine‐coated  b‐NaYF4:Yb,Er  (650 mg/mL; 

olive  line)  in CHCl3. The excitation wavelength  for both dyes was set at 780 nm. The emission 

spectrum of  IR‐840 was corrected  for  the difference  in  the absorption of  IR‐806 at 780 nm  in 

order to compare the emission intensity. OD, optical density. 

5.2.2 Spectral changes of IR-840 after binding to nanoparticles 

IR-840 was bound to the surface of the nanoparticles by an exchange reaction similar to the 

one that was used for IR-806.12 First, we investigated the product by FTIR spectroscopy. Figure 

5.3 shows FTIR spectra of dried and washed dye-coated nanoparticles, of oleylamine-coated 

nanoparticles, and of IR-840. In the spectrum of the sample of dried and washed dye-coated 

nanoparticles the peaks of IR-840 are clearly observed, indicating the binding of the dye to the 

nanoparticles.  



Chapter 5 

100 

 

This binding is also confirmed by the change of absorption in the NIR and infrared regions 

following the addition of oleylamine-coated nanoparticles to a solution of the dye in CHCl3. As 

shown in Figure 5.4, with increasing amount of oleylamine-coated nanoparticles added, the 

absorption of IR-840 at 840 nm decreased and the absorption maximum wavelength gradually 

blueshifted from 840 nm to a saturation value of 836 nm. In the meantime, the luminescence of 

IR-840 decreased to 17% of the original intensity (Figure 5.5), which suggests an efficient 

energy transfer from the bound and excited dye to the nanoparticles. To verify this, a blank 

experiment in which IR-840 was bound to oleylamine-coated NaYF4 nanoparticles with no Yb 

and Er photon energy acceptors was performed. In the absorption spectrum, an identical blueshift 

in IR-840 absorption was observed (Figure 5.6), however, to a much lower extent as compared to 

Figure 5.4. The luminescence decrease was not as strong, either: only to 80% of the original 

intensity (Figure 5.7). These blank experiments indicate that despite some small absorption and 

fluorescence decrease of the NaYF4 nanoparticles without Yb and Er, most probably, due to the 

interactions between the bound dyes (i.e., self-quenching by neighboring bound dyes), and these 

changes are much smaller than the analogous changes for the nanoparticles with Yb and Er. 

The changes in luminescence life time were also measured. After binding to the β-

NaYF4:Er3+,Yb3+ nanoparticles in CHCl3, the fluorescence lifetime of IR-840 was shortened 

from 0.67 ns to 0.38 ns (Figure 5.8). Both experiments indicate that about half of the photon 

energy initially absorbed by the bound IR-840 is transferred to the Yb and Er energy-accepting 

ions in the β-NaYF4:Er3+,Yb3+ nanoparticle core. 
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Figure 5.3 FT‐IR (ATR) spectra of  IR‐840 (red  line), oleylamine‐coated nanoparticles (blue  line), 

and IR‐806‐coated nanoparticles (green line).  
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Figure 5.4 Change of absorption spectrum of  IR‐840  (0.0035 mg/mL  in CHCl3) upon  increasing 

concentration of NaYF4;Yb,Er nanoparticles. The  legend  shows  the weight  ratio of  IR‐840 and 

the  nanoparticles.  The  inset  depicts  the  maximum  absorption  as  a  function  of  the  weight 

content  of  the  nanoparticles,  normalized  to  [NP]=0.  The  red  triangle  in  the  inset  depicts  the 

maximum absorption of IR‐840 (0.0035 mg/mL in CHCl3) with undoped NaYF4 (0.165 mg/mL).  
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Figure 5.5 Change of emission spectrum of IR‐840 (0.0035 mg/mL in CHCl3) upon increasing 

concentration of NaYF4:Yb,Er nanoparticles. The excitation wavelength was set at 780 nm. 

The  inset  depicts  the  emission  intensity  (integrated  from  795  to  980  nm)  of  IR‐840  as  a 

function  of  concentration  of  nanoparticles,  normalized  to  [NP]=0  and  corrected  for  the 

increased absorption of  IR‐840 at 780 nm (Figure 5.4). The red triangle  in the  inset depicts 

the emission intensity of IR‐840 (0.0035 mg/mL in CHCl3) with undoped NaYF4 (0.165 mg/mL). 
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Figure 5.6 Change of absorption spectrum of IR‐840 (0.0035 mg/mL in CHCl3) upon addition of 

undoped NaYF4 (1:50 weight ratio) nanoparticles (the ‘blank’ nanoparticles). 
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Figure 5.7 Change of emission  spectrum of  IR‐840  (0.0035 mg/mL  in CHCl3) upon 50:1  (w/w) 

addition of undoped NaYF4 nanoparticles (the ‘blank’ nanoparticles). The excitation wavelength 

was set at 780 nm. 
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Figure  5.8  Time‐resolved  fluorescence  of  IR‐840  (0.0008  mg/mL,  blue  dots)  and  IR‐840/ 

NaYF4:Yb,Er nanoparticles  (0.0008/12 mg/mL, blue circle)  in CHCl3 exited by a 836 nm, 100  fs 

pulsed laser (3 mW, repetition rate 76 MHz,). The red lines are best fits for a monoexponential 

decay  function. The  fluorescence was  integrated  in  the  regions of 840‐890 nm  for  IR‐840 and 

832‐880 nm for IR‐840/nanoparticles to account for the emission shift due to binding. 

In our previous research, we have shown that in case of IR-806 the binding of the dye on 

the nanoparticle is necessary for efficient energy transfer.12 Here, similar measurements were 

performed. The non-functionalized dye IR-813 (which cannot bind to the nanoparticle), instead 

of IR-840, was added to a solution containing oleylamine-coated NaYF4:Yb,Er nanoparticles  in 

CHCl3. No blueshift was observed on the absorption spectrum (Figure 5.9), suggesting no 

binding between the dye and the nanoparticles. However, the luminescence of IR-813 was 

decreased to 72% of the original intensity (figure 5.10), which indicates the possibility of some 

energy transfer from IR-813 to the nanoparticles. This decrease is far less significant than the 
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decrease in case of IR-840, which further confirms that the dye and the nanoparticles should be 

close enough to allow efficient energy transfer. 
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Figure 5.9 Change of absorption spectrum of IR‐840 (0.0035 mg/mL in CHCl3) upon addition 

of undoped NaYF4 Nanoparticles  (the  ‘blank’ nanoparticles). The  legend  shows  the weight 

ratio of IR‐840 and nanoparticles. 
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Figure 5.10 Change of emission spectrum of IR‐840 (0.0035 mg/mL in CHCl3) upon addition 

of undoped NaYF4 nanoparticles  (the  ‘blank’ nanoparticles). The  legend  shows  the weight 

ratio of IR‐840 and nanoparticles. 

 

The upconversion spectrum of a solution containing IR-840-functionalized 

nanoparticles under 836 nm, 2mW continuous wave (cw) laser excitation is similar to that of 

a solution containing IR-806-functionalized nanoparticles (Figure 5.11). There are three 

characteristic Er3+ emission bands at 510-530 nm, 530-570 nm, and 630-680 nm, 

corresponding to energy transitions from the 2H11/2, 
4S3/2, and 4F9/2 levels to the ground state 

of 4I15/2 respectively.5 This emission bands are similar to that of pure nanoparticles in CHCl3 

irradiated at 975 nm with much higher energy (50 mW). But in the cases of solutions of pure 

oleylamine-capped nanoparticles and pure IR-840 in CHCl3 (836 nm, 2mW excitation), no 

detectable upconversion emission was observed, which strongly indicates that the 

upconversion emission of the IR-806-functionalized nanoparticles originates from the energy 

transfer from IR-840 (absorbs photons at 836 nm) to the NP core (where the upconversion 

take place). In the case of the sample of mixtures of non-functionalized IR-813 and 
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nanoparticles (813 nm excitation), the characteristic Er3+ emission band was also observed. 

However, the intensity of the upconversion emission is much weaker than that of the sample 

containing IR-806-functionalized nanoparticles, in agreement with the absorption and 

fluorescence quenching experiments (Figure 5.4 & 5.5). This further confirms that the short 

distance between the dye and the nanoparticle upconverter centers is essential for efficient 

energy transfer.   
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Figure  5.11  Steady‐state  emission  spectra  of  β‐NaYF4:Yb,Er  nanoparticles  (olive  line,  no 

spectrum produced), IR‐840 (black line, no spectrum produced), β‐NaYF4:Yb,Er nanoparticles/IR‐

840 (0.80/0.0075 mg ml‐1; blue  line) and β ‐NaYF4:Yb,Er nanoparticles/IR‐813 (0.80/0.0075 mg 

ml‐1; red line) in CHCl3, excited by a 2 mW, 836 nm cw laser. 

The optimal surface coverage of the nanoparticles with IR-840 for efficient dye-sensitized 

upconversion was determined by measuring the upconversion emission intensity as a function of 

dye concentration. As shown in Figure 5.12, following the addition of IR-840 to a solution of 

oleylamine-capped β-NaYF4:Yb,Er nanoparticles, the upconversion emission intensity increases 
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rapidly at the beginning, which is attributed to the increasing number of IR-840 molecules bound 

to the surface of the nanoparticles, thereby increasing the overall absorption of the excitation 

energy at 836 nm. The increase of the upconversion emission intensity slowed down when more 

IR-840 was added. This can be caused by the self-quenching by neighboring bound antenna 

molecules. After a certain concentration, the upconversion emission intensity starts to decrease, 

indicating an increasing concentration of unbound (excess) antenna molecules which absorb the 

excitation energy but do not transfer it to the nanoparticles. The optimum IR-840:NP weight 

ratio was determined as 1:107. We estimate a mean number of 80±20 antenna molecules per 

average size NP to be bound at this ratio, with a center-to-center intermolecular distance of ~ 3.1 

nm (the method of calculation was shown in chapter 4).  This optimal concentration was used in 

all following experiments.  
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Figure  5.12  Emission  intensity,  integrated  in  the  range  500–685  nm,  of  β‐NaYF4:Yb,Er 

nanoparticles (0.80 mg ml‐1), as a function of  IR‐840 content (in CHCl3). Excitation by a 2 mW, 

836 nm cw laser. 
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The power dependence of the upconversion emission intensity is shown in Figure 5.13. The 

upconversion emission intensity, integrated over the range 500-685 nm, fits well to a power 

function y = a × xn with an n value of 1.93, indicating a two-photon upconversion process. From 

this power dependence, we conclude that the IR-840-functionalized nanoparticles follow the 

same upconversion mechanism as the IR-806-functionalized nanoparticles. First, the bound IR-

840 antenna molecules absorb the NIR photons and transfer their excitation energy to the Yb3+ 
2F5/2 level by resonance energy transfer. Second, the typical energy transfer processes from Yb3+ 

to Er3+ follow13, eventually leading to the Er3+ emission of upconverted light.  
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Figure  5.13  Upconversion  photoluminescence  intensity  as  a  function  of  excitation  power. 

Integrated in the range 500–685 nm, upconversion intensity of β‐NaYF4:Yb,Er nanoparticles/IR‐

840 (0.80/0.0075 mg ml‐1) in CHCl3 as a function of excitation power from an 836 nm cw laser.  

The upconversion action spectrum (i.e., upconverted power as a function of the excitation 

wavelength) was recorded and plotted using the same method as was used for the IR-806 

sensitized nanoparticles. The correspondence between the upconversion action peak in the range 
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740-880 nm and the squared absorption of IR-840 confirms the two-photon process in the 

upconversion mechanism in IR-840 sensitized nanoparticles (Figure 5.14). The tiny action peak 

in the 900-990 nm range is the contribution from direct upconversion by the non-sensitized 

process (Figure 5.14 inset). The similar efficiency and spectral response in the 900-990 nm 

region to that of oleylamine-capped nanoparticles suggests that the attachment of the dye to the 

nanoparticles does not compromise the upconversion properties. The integrated spectral response 

in the 720-1000 nm range from IR-840 sensitized nanoparticles is about two times less than that 

from IR-806 sensitized nanoparticles, which is not surprising because of the weaker fluorescence 

intensity of IR-840. However, this spectral response is still 1600 times stronger than that of the 

non-sensitized nanoparticles. What is more, the action spectrum of IR-840 sensitized 

nanoparticles extends the spectral response to 880 nm, which is 30 nm longer than that of IR-840 

sensitized nanoparticles. This makes it possible to use IR-806 and IR-840 to prove our concept of 

co-sensitized upconversion. 
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Figure 5.14 Upconversion action spectra. Experimental upconversion excitation spectra of β-

NaYF4:Yb,Er nanoparticles/IR-840 (0.80/0.0075 mg ml-1; dark yellow triangles), β-

NaYF4:Yb,Er nanoparticles/IR-806 (0.80/0.006mg ml-1; blue circles) and β-NaYF4:Yb,Er 

nanoparticles (0.80 mg ml-1, green triangles), all dissolved in CHCl3. The emission intensity is 

integrated in the 500–685 nm range with excitation from a 2 mW cw laser. The black line 
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(nanoparticles/IR-840) and red line (nanoparticles/IR-806) show the squared absorption 

spectrum. Inset: wavelength range from 940 to 1,000 nm, magnified by a factor of 1,000. 

5.3 Co-sensitized upconversion 

Co-sensitization is a strategy that employs different dyes with complementary spectral 

coverage as sensitizers to broaden the photoresponse region.  As mentioned above, both IR-806 

and IR-840 are efficient sensitizers for β-NaYF4:Yb,Er nanoparticles. Although the absorption 

spectra of the two dyes are overlapping, there is sufficient spectral difference to make them 

perfect candidates to demonstrate the feasibility of co-sensitized upconversion concept.  

Figure 5.15 shows the absorption spectrum of a solution containing a mixture of IR-806 and 

IR-840 in 1:1 weight ratio in CHCl3. The combination of the two dyes makes it possible to 

realise a broad and strong absorption in the 650-884 nm region, with a maximum absorption at 

810 nm. However, the mixing of IR-806 and IR-840 results in a decrease of fluorescence (Figure 

5.16). This decrease of fluorescence can be caused by two reasons: (1) the competitive 

absorption of light between the two dyes while they emit in different region; (2) energy transfer 

from IR-806 to IR-840.  

Following the addition of oleylamine-coated nanoparticles to this 1:1 solution of the two 

dyes, changes of absorption and emission were observed, similar to those observed before for IR-

806 and IR-840 individually (Figure 5.17 & Figure 5.18). The decrease and blueshift of the 

absorption maximum indicates binding of both dyes to the nanoparticles. When the ratio of dyes 

and nanoparticle was increased to 1:50 (by weight), the luminescence was totally quenched, 

indicating a highly efficient energy transfer from the dyes to the nanoparticle core. This result 

was verified by the blank experiment in which the dyes mixture was bound to NaYF4 

nanoparticles with no Yb and Er photon energy acceptors: an identical blueshift in the dye 

absorption was observed (Figure 5.19), but the luminescence decrease was limited to 86% of the 

original intensity (Figure 5.20).  
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Figure 5.15 Absorption spectra of  IR‐806 (0.00125 mg ml‐1; red  line),  IR‐806 (0.00125 mg ml‐1; 

blue line) and IR‐806 plus IR‐840 (0.00125 plus 0.00125 mg ml‐1; olive line) in CHCl3.  
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Figure 5.16 Emission spectrum of IR‐806 plus IR‐840 (0.00125 plus 0.00125 mg ml‐1; olive line), 

IR‐806  (0.00125  mg  ml‐1;  red  line)  and  IR‐840  (0.00125  mg  ml‐1;  blue  line)  in  CHCl3.  The 

excitation wavelength was 780 nm. The emission spectra of the samples are corrected for the 

difference in absorption of the samples at 780 nm (Figure 5.15).  



Chapter 5 

114 

 

 

 

300 400 500 600 700 800 900 1000
0.0

0.2

0.4

0.6

0.8
 IR-806 + IR-840
 IR-806 + IR-840 : NPs 1 : 10
 IR-806 + IR-840 : NPs 1 : 20
 IR-806 + IR-840 : NPs 1 : 30
 IR-806 + IR-840 : NPs 1 : 40
 IR-806 + IR-840 : NPs 1 : 50

 

 

O
D

Wavelength (nm)

0.00 0.04 0.08 0.12
0.3

0.4

0.5

0.6

O
.D

. 
at

 
m

a
x (

ar
b.

 u
ni

ts
)

[NPs] mg/mL

 

Figure 5.17 Change of absorption spectrum of IR‐806 plus IR‐840 (0.00125 plus 0.00125 mg ml‐1; 

in  CHCl3)  upon  increasing  concentration  of NaYF4;Yb,Er  nanoparticles.  The  legend  shows  the 

weight ratio of IR‐806 plus IR‐840 and nanoparticles. The inset depicts the maximum absorption 

as a function of the weight content of the nanoparticles, normalized to [NP]=0.  
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Figure 5.18 Change of emission spectrum of IR‐806 plus IR‐840 (0.00125 plus 0.00125 mg ml‐1; 

in  CHCl3)  upon  increasing  concentration  of NaYF4:Yb,Er  nanoparticles.  The  legend  shows  the 

weight ratio of IR‐806 plus IR‐840 and nanoparticles. The inset depicts the maximum absorption 

as a function of the weight content of the nanoparticles, normalized to [NP]=0 and corrected for 

the increased absorption of IR‐806 plus IR840 at 780 nm (Figure 5.17). 
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Figure 5.19 Change of absorption spectrum of IR‐806 plus IR‐840 (0.00125 plus 0.00125 mg ml‐1; 

in CHCl3) upon addition of undoped NaYF4 nanoparticles (the ‘blank’ nanoparticles). 
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Figure 5.20 Change of emission spectrum of IR‐806 plus IR‐840 (0.00125 plus 0.00125 mg ml‐1; 
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in CHCl3) upon addition of undoped NaYF4 nanoparticles (the ‘blank’ nanoparticles). 

Next, the ratio of the two dyes in the mixture was gradually adjusted in order to obtain the 

most efficient upconversion efficiency of the co-sensitized upconversion. To avoid excess 

(unbound) dye molecules, the highest concentration of each dye was set to the concentration for 

optimal surface coverage. As shown in Figure 5.21, at 800 nm excitation, increasing the IR-806 

ratio in the dye mixture resulted in an increase of overall upconversion emission intensity, which 

is consistent with the better absorption of IR-806 at this wavelength. On the other hand, the 

upconversion emission intensity decreases under 836 nm irradiation, because most of the 

photons with energy at this wavelength are absorbed by IR-840, which is a less efficient 

sensitizer for β-NaYF4:Yb,Er nanoparticles. Based on this measurement, IR-806:IR-840 2:3 was 

determined to be the optimal ratio to obtain the most efficient upconversion emission, under 

these circumstances. Therefore this ratio was used in the determination of the upconversion 

action spectrum. 
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Figure 5.21 Emission intensity integrated in the range 500–685 nm of β-NaYF4:Yb,Er 
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nanoparticles (0.80 mg ml-1) for samples containing different ratio of IR-806 and IR-840 (in 

CHCl3) excited at  800 nm (blue line) and 836 nm (red line) with a 2 mW, cw laser. 

The upconversion action spectrum of such a co-sensitization sample containing IR-806, IR-

840, and β-NaYF4:Yb,Er is shown in Figure 5.22. The upconversion action peak in the range 

730–880 nm coincides with the squared absorption spectrum of the dye mixture, indicating that 

the co-sensitized process also involves a two photon process. The tiny action peak in the 960–

990 nm range, which stems from the upconversion by the non-sensitized process, is similar to 

that in the IR-806 sensitized sample (Figure 5.22 inset), suggesting the same quantity of 

nanoparticles in both samples. The co-sensitization effect is clearly observed upon comparison 

with the upconversion action spectrum of the sample containing only IR-806 sensitized 

nanoparticles. The peak value in the 780–810 nm range of the co-sensitized sample is lower than 

that of IR-806-only sensitized nanoparticles, which due to less IR-806 bound on the surface of 

the nanoparticles. However, the peak width of the co-sensitized sample is broader. More photons 

in the 810–880 nm range are absorbed and upconverted in the co-sensitized sample. The 

integrated spectral response in the 780–810 nm range from the co-sensitized nanoparticle is 

~4000 times stronger than that of the non-sensitized nanoparticles and 1.22 times stronger than 

that of the IR-806-only sensitized nanoparticles.  
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Figure  5.22 Upconversion  action  spectra.  Experimental  upconversion  excitation  spectra  of  β‐

NaYF4:Yb,Er  nanoparticles/IR‐806  (0.80/0.0006  mg  ml‐1;  blue  circles),  β‐NaYF4:Yb,Er 

nanoparticles/(IR‐806 plus IR‐840) (0.80/(0.0036 plus 0.0030) mg ml‐1; dark yellow triangles), all 

dissolved in CHCl3. The emission intensity is integrated in the 500–685 nm range with excitation 

from  a  2  mW  cw  laser.  The  black  line  (nanoparticles/(IR‐806  plus  IR‐840))  and  red  line 

(nanoparticles/IR‐806)  show  the  squared  absorption  spectrum.  Inset: wavelength  range  from 

940 to 1,000 nm, magnified by a factor of 1,000. 

In summary, we have proposed and demonstrated a novel strategy to significantly broaden 

the absorption band and to dramatically enhance the upconversion luminescence of nanoparticles, 

by using two NIR dyes as co-sensitizers. Further improvement can be obtained by optimization 

of the absorption region of the dyes. This co-sensitization approach can be used for any type of 

nanoparticle containing lanthanide ions. Especially, nanoparticles with more than one absorption 

region (for example, NaYF4:Yb,Er absorbs around 975 and 1500 nm)3, sensitized by two or more 

dyes with suitable absorption ranges, may result in more efficient broadband upconversion, even 
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extended to cover a large fraction of the low energy part of the solar spectrum, raising the 

possibility of practical application of photon upconversion to increase the efficiency of 

photovoltaic devices. Other fields such as analytical and imaging techniques in medicine and 

diagnostics18 may also benefit a lot from this approach.  

5.4 Experimental section 

All the chemicals and instruments used in this chapter are identical to those described and 

used in Chapter 4. The synthetic procedure of IR-806 and IR-840 is shown in the experimental 

part of Chapter 3 and the synthetic procedure of the nanoparticles is shown in the experimental 

part in Chapter 2. The preparation methods for the samples for all measurements of IR-840 and 

IR-840/nanoparticles mixtures were the same as those for the preparation of IR-806 and IR-

806/nanoparticles, which can be found in the experimental part in Chapter 4.  The sample 

preparation for co-sensitization measurements was similar. The only difference is that the two 

dyes are mixed in solution before adding the nanoparticles. 
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Summary 

 

The goal of this thesis is to explore the possibilities of using photon 

upconversion to improve the power conversion efficiency of photovoltaic devices. 

The efficiency of standard solar cells is fundamentally limited by their inability to 

harvest photons with energy below the bandgap of the active material. Upconversion 

of these low energy photons into higher energy photons that can be absorbed by the 

active material is considered as a way for a single bandgap solar cells to overpass the 

Shockley-Queisser limit.  

In this thesis, we start our research with the investigation of the upconversion 

effect on organic solar cells with β-NaYF4:Yb,Er (the most efficient inorganic 

upconversion material to date) nanoparticles incorporated into the active layer. In 

Chapter 2, we describe how these nanoparticles with an average size of 16 nm were 

synthesized and then how they were mixed with the P3HT/PCBM blend by solution 

processing. The morphology of the film was optimized by carefully selecting solvents 

and preparation methods. A considerable concentration of nanoparticles in the film 

has little impact on the absorption of the film, but it enhances the emission of the 

polymer significantly. After careful examination of the emission spectrum of the film 

and of two blank films (a pure P3HT film and a P3HT mixed with non-upconverting 

NaYF4 nanoparticles film) irradiated by a 975 nm laser, we conclude that there is 

energy transfer from the nanoparticles to the polymer. This energy transfer results in 

an increase of photocurrent of the device under 975 nm laser excitation. However, 

under normal solar irradiation, no increment of photocurrent was detected, most likely 

due to the extremely low upconversion efficiency of the nanoparticles. 

Although theoretical calculations have shown a bright future of using 

upconversion to increase the efficiency of solar cells (up to 50.7% in an ideal case), 

the application of upconversion in realistic cases is still limited by the fact that the 
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known internally efficient upconversion materials absorb extremely weakly and only 

within a very narrow spectral window. To solve this problem, we introduce a new 

concept of an upconversion material in which a near-infrared (NIR) absorbing organic 

dye is used as a light harvesting antenna for β-NaYF4:Yb,Er upconversion 

nanoparticles.  

In Chapter 3, we show the design and syntheses of two suitable and carboxylic 

acid-functionalized organic dyes, IR-806 and IR-840. Both dyes show strong and 

broadband absorption in the NIR range. The overlap between the emission spectra of 

IR-806 or IR-840 and the absorption spectrum of the nanoparticles allows for 

Föster-type energy transfer from the excited dye to the Yb3+ absorption centers in the 

nanoparticles. Moreover, the partially complementary absorption ranges of IR-806 

and IR-840 make them feasible as a tandem antenna system for co-sensitized 

upconversion. 

In Chapter 4, we show our first proof of principle of dye-sensitized upconversion. 

IR-806 was bound to the surface of β-NaYF4:Yb,Er nanoparticles. Several 

experiments including fluorescence quenching experiments, fluorescence life-time 

measurements of the dye before and after binding to the nanoparticles, blank 

experiments using non-upconverting NaYF4 nanoparticles, and upconversion 

emission measurements demonstrated that about ~50% of the photon energy in the 

range of 730–850 nm, initially absorbed by the bound IR-806, is transferred to the 

nanoparticle core and finally upconverted to higher photon energy. Due to the strong 

and broadband absorption of IR-806, the overall upconversion emission of the 

dye-sensitized nanoparticles is dramatically enhanced by a factor of ~3300, compared 

to the non-sensitized upconversion particles, excited around 975 nm.   

To cover a larger part of the solar spectrum by upconversion, further broadening 

of the absorption range of the dye-sensitized upconversion nanoparticles is necessary. 

However, to obtain organic dyes with strong absorption from NIR to IR is extremely 

difficult. Therefore in Chapter 5, we introduce the concept of co-sensitized 
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upconversion. As proof of principle, we show a system in which IR-806 and IR-840 

are bound to the same nanoparticle as sensitizers to absorb a broader range of NIR 

photons. The partially complementary absorption range of IR-806 and IR-840 results 

in a broader absorption range from 650–884 nm by the co-sensitized nanoparticles. 

The overall upconversion emission of the co-sensitized nanoparticles is ~4000 times 

higher than that of the non-sensitized upconversion nanoparticles. This enhancement 

is superior to the enhancement that we obtained from the nanoparticles with either 

IR-806 or IR-806 as sensitizer.  

Further enhancement of co-sensitized upconversion emission can be obtained by 

optimization of the absorption region of the two dyes or even using more dyes with 

(partially) complementary absorption ranges as sensitizer. Such broadband 

sensitization, in combination with higher quantum yield upconverters, would change 

upconversion from an academic and exotic phenomenon into a realistic and viable 

tool for increasing the efficiency of photovoltaic devices. 

  



Samenvatting 

126 
 

Samenvatting 

 

Het doel van dit proefschrift is te onderzoeken of het mogelijk is om middels 

‘photon upconversion’ –het ‘bij elkaar optellen’ van twee of meerdere fotonen, wat we 

‘opconverteren’ zullen noemen– het rendement van fotovoltaïsche zonnecellen te 

verbeteren. Het rendement van omzetting van elektromagnetische energie in 

elektrische energie door standaard zonnecellen wordt fundamenteel begrensd door het 

feit dat de cellen fotonen met een energie lager dan die van de optische bandkloof niet 

kunnen absorberen. Het in energie omhoog omzetten (opconverteren) van fotonen met 

een lage energie door twee of meerdere fotonen ‘bij elkaar op te tellen’ tot fotonen 

met een energie die wel door het actieve material geabsorbeerd kunnen worden, wordt 

beschouwd als een manier om de fundamentele Shockley-Queisser limiet te 

overschrijden.  

We beginnen in dit proefschrift met de beschrijving van het onderzoek naar het 

opconverterende effect in organische zonnecellen waarin β-NaYF4:Yb,Er nanodeeltjes 

zijn toegevoegd aan de actieve laag. β-NaYF4:Yb,Er is natrium tetrafluoro-yttriaat, 

gedoteerd met ytterbium- en erbiumionen. Het is het anorganische materiaal met de 

op dit moment hoogst bekende interne efficiëntie van opconversie. In Hoofdstuk 2 

beschrijven we de chemische bereiding van deze nanodeeltjes met een gemiddelde 

afmeting van 16 nanometer en hoe deze deeltjes gemengd kunnen worden met het 

standaard geconjugeerd polymeer/fullereen mengsel P3HT/PCBM in oplossing en hoe 

vanuit de oplossing een dunne laag van dit mengsel van ingrediënten gemaakt kan 

worden. De morfologie van de dunne laag werd geoptimaliseerd door nauwkeurige 

keuze van geschikte oplosmiddelen en aanpassingen in de methode van 

dunne-laagvorming. Een vrij hoge concentratie van nanodeeltjes in de dunne laag 

blijkt weinig invloed te hebben op de lichtabsorptie van de dunne laag, maar het leidt 

wel tot verhoging van luminescentie, afkomstig van het polymeer. Aan de hand van 

het  nauwkeurig bestuderen van het emmissiespectrum van de dunne laag en van die 
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van twee referentielagen (de ene gemaakt van zuiver P3HT en de andere gemaakt van 

een mengsel van P3HT met niet-opconverterende  NaYF4 nanodeeltjes) onder 

belichting middels een laser die licht met een golflengte van 975 nm uitzendt, 

concluderen wij dat energie-overdracht van de nanodeeltjes naar het polymeer 

plaatsvindt. Deze energie-overdracht leidt tot een toename van de fotostroom in de cel 

onder belichting met licht van deze golflengte. Maar wanneer deze fotovoltaïsche cel 

met licht met het spectrum van de zon bestraald werd konden wij geen toename van 

de fotostroom door de aanwezigheid van de nanodeeltjes detecteren. Dit komt 

waarschijnlijk door de bijzonder lage efficiëntie van het opconversieproces middels 

de nanodeeltjes. 

Theoretische berekeningen hebben aangetoond dat het gebruik van opconversie 

om de efficiëntie van zonnecellen te verhogen een schitterende toekomst tegemoet 

zou kunnen gaan (in het ideale geval zou het rendement kunnen oplopen tot 50,7%). 

Maar in werkelijkheid wordt de toepassing van opconversie in zonnecellen zwaar 

gehinderd door het feit dat de nu bekende opconversiematerialen die redelijk goede 

interne efficiëntie vertonen slechts zeer weinig licht absorberen en dat ook nog eens 

slechts binnen een zeer beperkt spectraal gebiedje. Om dit probleem op te lossen 

introduceren wij hier een nieuw concept: een opconversiemateriaal waarin organische 

kleurstofmoleculen die nabij-infrarood licht absorberen worden gebruikt als 

licht-oogstende antennes voor de β-NaYF4:Yb,Er nanodeeltjes.  

In Hoofdstuk 3 behandelen we het ontwerp en de synthese van twee zeer 

geschikte organische kleurstoffen, IR-806 en IR-840, die we hebben voorzien van 

carbonzuurgroepen om ze te kunnen binden aan het oppervlak van de nanodeeltjes. 

Beide gefunctionaliseerde kleurstoffen vertonen sterke lichtabsorptie in het 

nabij-infrarode (NIR) gebied van het zonnespectrum. De overlap tussen de 

emissiespectra van IR-806 en IR-840 en het absorptiespectrum van de nanodeeltjes 

maakt Förster-type  energie-overdracht van de elektronisch aangeslagen 

kleurstofmoleculen naar de Yb3+ absorptiecentra in de nanodeeltjes mogelijk. Doordat 
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de absorptiespectra van de twee kleurstoffen IR-806 en IR-840 deels complementair 

zijn is het bovendien mogelijk om beide soorten moleculen tegelijk te gebruiken als 

antennes om zo een nog bredere lichtgevoeligheid van het opconversiesysteem te 

bewerkstelligen. Dit principe wordt co-sensitering genoemd. 

In Hoofdstuk 4 beschrijven we onze eerste experimentele resultaten met 

betrekking tot het principe van kleurstof-gesensiteerde opconversie,  middels het 

voorbeeld van IR-806, gebonden aan het oppervlak van β-NaYF4:Yb,Er nanodeeltjes. 

Middels een combinatie van experimenten, waaronder fluorescentie quenching 

experimenten, fluorescentie levensduurmetingen van de kleurstof, voor en na het 

binden aan de nanodeeltjes,  referentie-experimenten waarin we 

niet-opconverterende nanodeeltjes (niet-gedoteerde NaYF4 nanodeltjes) gebruiken, en 

metingen van opconversie-emissie, tonen we aan dat ongeveer 50% van de 

fotonenergie in het spectrale gebied tussen 730 en 850 nm, dat in eerste instantie door 

de IR-806 kleurstofmoleculen wordt geabsorbeerd, wordt overgedragen naar binnen 

in de nanodeeltjes en vervolgens geconverteerd tot hogere fotonenergie. Dankzij de 

sterke en brede lichtabsorptie door IR-806 wordt de emissie van geconverteerd licht 

van de kleurstof-gesensiteerde nanodeeltjes dramatisch verhoogd: met een factor 

~3300 vergeleken met de werking van niet-gesensiteerde nanodeeltjes die met licht 

van een golflengte van 975 nm bestaald worden. 

Om een nog groter deel van het zonnespectrum te converteren naar fotonen met 

hogere energie moet het absorptiegebied van de kleurstof-gesensiteerde nanodeeltjes 

nog verder verbreed worden. Het verkrijgen van organische kleurstoffen met een 

sterke en brede absorptie in het NIR/IR gebied is echter zeer lastig. Daarom 

introduceren wij in Hoofdstuk 5 het concept van co-sensitering als mogelijke 

oplossing voor dit probleem. Als experimenteel bewijs voor dit principe laten we een 

systeem zien waarin IR-806 en IR-840 moleculen samen aan de zelfde nanodeeltjes 

zijn gebonden. De deels complementaire absorptiegebieden van IR-806 en IR-840 

leiden er toe dat de nanodeeltjes middels deze antennes over een nog breder gebied, 
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nu van 650 tot 884 nm, absorberen. De gemeten emissie van opgeconverteerd licht 

door deze tweevoudig kleurstof-gesensiteerde nanodeeltjes is ~ 4000 keer die van 

vergelijkbare niet-gesensiteerde nanodeeltjes. Daarmee is deze toename hoger dan die 

welke we verkregen met nanodeeltjes die slechts met een van beide soorten 

antennemoleculen bekleed waren. 

Verdere verhoging van emissie van opgeconverteerd licht middels co-sensitering 

van β-NaYF4:Yb,Er kan verkregen worden middels het optimaliseren van de 

absorptiegebieden van de twee kleurstoffen, of zelfs middels gebruik van meerdere 

kleurstoffen met deels complementaire absorptiegebieden als antenne-moleculen. 

Zo’n brede spectrale gevoeligheid, in combinatie met opconverterende materialen met 

hogere quantumefficiëntie dan de huidige, zou opconversie kunnen laten promoveren 

van een academisch en tamelijk exotisch fenomeen tot een werkelijk bruikbare manier 

om het rendement van zonnecellen te verhogen 
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