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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).  
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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. 

 

 

 



Chapter 2 

38 

 

 

 

 

 

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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