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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. 

  


