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Abstract 
The luminescence at the absorption maximum of c-Si solar cells (1002 nm) of Ytterbium (3+) ions (Yb3+) make them a 
suitable candidate for solar spectrum converting material for c-Si solar cell. In this work oleic acid functionalized lanthanum 
fluoride (OA-LaF3) nanoparticles doped with Nd3+, Yb3+ (2-5 nm) were synthesized by coprecipitation method in which Nd3+ 
(Neodymium (3+) ions) acts as the sensitizer for Yb3+. The oleic acid chemisorption on LaF3 nanoparticles was confirmed by 
FTIR and TGA analysis. OA-LaF3: Nd3+ Yb3+ nanoparticles (Nd3+ -10 mol%, Yb3+-0 to 20 mol% ) luminescent at  880 nm, 
1053 nm, 1325 nm (Nd3+ ions) and 1002 nm (Yb3+ ions) was observed for excitation at 575 nm. The excitation spectra for the 
Yb3+ emission from OA-LaF3: Nd3+ Yb3+ showed all the excitation peaks of Nd3+ in the visible region. This confirmed the 
energy transfer from Nd3+ to Yb3+ ions. The increase in the Yb3+ emission intensity at 1002 nm was observed as Yb3+ dopant 
concentration increased from 0 to 5%. Above 5% of Yb3+ doping concentration, Yb3+ luminescence was observed to be 
decreasing, which was attributed to the concentration quenching. Copyright © 2017 VBRI Press. 
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Introduction 
Solar cells are typically composed of special light-
absorbing semiconducting materials. When sunlight falls 
on a solar cell, the photons activate the electrons in the 
cell and promote them into a higher energy conduction 
band. One of the major factors affecting energy 
conversion efficiency of solar cell is the spectrum 
mismatch with solar light. For example crystalline Si 
solar cells (c-Si solar cells) work most efficiently in the 
950–1100 nm spectral region, but show very low spectral 
absorbance to the short-wavelengths in sunlight [1]. This 
means below 950 nm and above 1100 nm the absorbance 
by c-Si solar cells are less efficient, which leads to loss of 
solar energy. This happens because the band gap of c-Si is 
1.1 ev. Photons with the energy smaller than the bandgap 
will not get absorbed and if the photon energy is larger 
than the bandgap then the excess energy will be wasted by 
the process of thermalisation of electrons. A spectrum 
shifting coating which absorbs energy below 950 nm and 
above 1100 nm and converts to 950 nm-1100 nm can be 
used to solve this problem of solar spectrum mismatch 
[2]. In order to achieve that luminescence processes like 
upconversion, quantum-cutting, and down-converting are 
currently explored for developing efficient photovoltaic 
devices [1-8].  

In down-converting and quantum cutting a higher 
energy is absorbed and converted to a lower energy. 
Down-converting is a process in which one higher energy 

photon is absorbed and converted to a lower energy 
photon and quantum cutting is a process in which two low 
energy photons are generated from one high energy 
photon excitation. This process would improve the 
efficiency of solar energy absorption, reduce the 
thermalisation losses and thereby result in more electron-
hole pair generation.  Hence, the potential of using 
quantum-cutting and down-converting lanthanide doped 
nanomaterials in solar cells has been explored in an effort 
to maximize their efficiency. Theoretical calculation done 
by Trupke et al. predicted an enhancement up to 38.6% in 
conversion efficiency for a solar cell modified with a 
down-converting layer [2].  

Lanthanides comprise series of elements in the sixth 
row of the periodic table stretching from lanthanum to 
ytterbium. Lanthanide ions are luminescent by nature. 
They are either fluorescent (Pr3+, Nd3+, Ho3+, Er3+, and 
Yb3+) or phosphorescent (orange Sm3+, red Eu3+, Gd3+, 
which emits in the UV, green Tb3+, yellow Dy3+, and blue 
Tm3+) [4]. Their emission covers the entire spectrum from 
UV to NIR. The near infrared quantum-cutting has been 
demonstrated in various lanthanide codoped (Ln = Tb, 
Tm, Pr, Er, Nd, Ho, and Dy with Yb) systems [9-13] and 
in phosphors with a single luminescent dopants (Ho3+, 
Tm3+, or Er3+) [14-16]. 

Among different lanthanides, Yb3+ luminescence is 
well matching with the c-Si solar cell absorption 
maximum around 1000 nm. The problem with Yb3+ ions 
is Yb3+ ions are having an excitation state at 10000 cm-1 
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and no energy levels in the visible region of 
electromagnetic spectrum. Hence Yb3+ ions cannot be 
excited by visible part of the electromagnetic spectrum. 
Therefore a sensitizer for Yb3+ ion, which will absorb in 
the visible region and pass that energy to Yb3+ ion, is 
essential for the use of Yb3+ ions as solar spectrum 
converter [7, 17]. Nd3+ to Yb3+ energy transfer has been 
considered and studied in several materials like of borate, 
metaphosphate, tellurite, and fluoroindogallate glasses 
[18-22]. Low phonon materials like LaF3 are preferred as 
host materials because lower phonon energy minimizes 
multiphonon relaxation processes between the closely 
spaced energy levels of Nd3+, which can reduce the 
radiative down conversion efficiency [23]. In this study 
Nd3+ ions are used as a sensitizing ion for Yb3+ and LaF3 
nanoparticles are used as host material.  

Experimental 
Materials and methods  

All chemicals were used as received without any further 
purification. Ln (NO3)3.6H2O salts and Ammonium 
fluoride having purity of 99.99% were purchased from 
sigma-aldrich. Oleic acid was sourced from Merck.  

Oleic acid functionalized LaF3 nanoparticles doped 
with Nd3+ (10 mol%) and Yb3+ (0-20 mol%) ions were 
synthesized by co-precipitation route. In a typical 
synthesis 20 ml ethanol, in which total 0.02M of 
lanthanum salts (La(NO3)3.6H2O (0.016M, 0.52 g), 
(Yb(NO3)3.6H2O (0.002M, 0.898g), and Nd(NO3)3.6H2O) 
(0.002M, 0.0877g) and oleic acid was dissolved (solution 
A). Ammonium fluoride (0.06M, 0.222 g) was dissolved 
in 80 ml distilled water (solution B). The pH of the 
solution B was adjusted to 10 by adding ammonium 
hydroxide and heated up to 70 oC. Further solution A was 
added to the heated solution B and kept at 70 oC for 10 
minutes under stirring. The nanoparticles precipitated out 
and were washed several times with ethanol and dried 
under ambient conditions. 

Characterization  

The NIR fluorescence spectra were acquired using Jobin 
yvon fluorolog spectrofluorometer. Bruker 3000 Hyperion 
Microscope with Vertex 80 FTIR System was used for 
obtaining FTIR spectra. PERKIN ELMER, USA 
Diamond TG/DTA was used for obtaining the TGA plots 
of the samples.  

Results and discussion 
The morphological investigation of OA-LaF3: Nd3+Yb3+ 
nanoparticles were carried out with HRTEM (Fig. 1(a)). 
The nanoparticles were dispersed in chloroform and drop 
caste on a 400 meshed carbon coated copper grid. The 
nanoparticles were spherical in shape with an average size 
of 5 nm.  The XRD patterns of OA-LaF3: Nd3+Yb3+ 
nanoparticles and standard data are shown in Fig. 1 (b). 
The peak positions and intensities of the XRD patterns of 
nanoparticles were in good agreement with the PDF card 
data. Hence confirmed that the nanoparticles were well 
crystalline and exhibited hexagonal phase. 

 
 
Fig. 1. HRTEM image and XRD spectra of oleic acid functionalized 
LaF3 nanoparticles. 
 

In the NIR-emitting lanthanide ions (Nd3+, Er3+, Yb3+), 
the energy gap of the radiative (f–f) transition matches 
well with the energy of the first and second vibrational 
overtones of O–H and C–H groups (with vibrational 
quanta ν = 2 and ν = 3). Therefore the efficiency of the 
lanthanide ion luminescence would be severely quenched 
by the resonance energy transfer from the lanthanide ion 
to the molecular stretching vibrations of C–H and O–H 
groups present in the surrounding. Lanthanide-doped 
nanoparticles have a high proportion of dopant ions in the 
surface which would be in proximity to the quenching 
molecules like water. This would form of a non-radiative 
pathway for the excited energy and lead to the quenching 
of luminescence. The ions in the interior of the 
nanoparticles also could transfer the absorbed energy to 
the surface through adjacent dopant ions and result in no 
radiative decay. Hence, to remove OH- ions from the 
proximity of the lanthanide nanoparticle amphiphilic 
molecules like oleic acids are used [24]. Such amphiphilic 
molecules has got hydrophilic and hydrophobic ends. The 
hydrophilic end chemisorbs to the surface of nanoparticle 
and hydrophobic end at the other end replaces OH- ions 
from the proximity of nanoparticle surface. The 
adsorption of oleic acid to the nanoparticle surface was 
studied by FTIR and TGA analysis. 
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Fig. 2. FTIR spectra of oleic acid and oleic acid functionalized 
nanoparticles. 
 

FTIR spectrum of oleic acid and nanoparticles 
functionalized with oleic acids was analyzed and 
confirmed the functionalization of oleic acid on 
nanoparticle surface (Fig. 2) [25-26]. The 1709 cm-1 
absorption of C=O stretching was significantly reduced 
for all nanoparticles functionalized with fatty acids and 
two new bands of stretching vibrations of carboxylate 
anions at 1450 cm-1 (symmetric, νsym) and 1582 cm-1 
(asymmetric, νasym) were observed.  This confirmed the 
chemisorption of fatty acids on LaF3 nanoparticle surface. 
The absorption observed at 2960 cm-1 was attributed to 
the asymmetric stretch vibrations of alkyl chain terminal 
CH3 group and 723 cm-1 to the existence of (CH2)n (n <4) 
alkyl chains. 

The type of interaction between lanthanide ion and 
carboxylate moiety of oleic acid could be understood by 
the wave number separation between symmetric and 
asymmetric stretching of carboxylate anions IR 
absorption bands. The largest Δυ (200-320 cm-1) 
corresponds to a monodentate interaction, the medium 
range Δυ (140-190 cm-1) indicates a symmetric 
coordinative bidentate interaction, and the smallest Δυ 
(<110 cm-1) corresponds to a multidentate interaction. 
From FTIR spectrum of nanoparticles, the Δυ was 
calculated as ~132 cm-1 which indicated more of a 
symmetric coordinative bidentate interaction between 
carboxylate moity and nanoparticle surface [25-28]. 

The adsorption of oleic acid to the nanoparticle 
surface was expected to improve thermal stability of oleic 
acid as more energy is required for degrading these 
molecules. TGA measurements were carried out in 
nitrogen atmosphere from room temperature to 550 oC at 
10 oC/min (Fig. 3 (a)). The free oleic acid thermal 
degradation was observed to be starting (onset 
temperature) at 210 oC which was right shifted to 330 oC 
in the case of oleic acid functionalized nanoparticles. The 
peak maximum temperature in the derivative plot of TGA 
thermograms ((Fig. 3 (b)) of oleic acid and nanoparticles 
functionalized with oleic acids also showed a right shift 
compared to the degradation of oleic acid. This 
improvement in the stability of oleic acid confirmed the 
efficient adsorption of oleic acid molecules on the 
nanoparticle surface.  

 

 
 
Fig. 3. The TGA thermogram (a) & DTGA (b) of OA-LaF3: Nd3+ Yb3+ 
nanoparticles. 

 

The LaF3 nanoparticles doped with Nd3+ ions were 
excited with 575 nm and observed luminescence at 880 
nm, 1053 nm and 1325 nm. These emissions were 
assigned to the energy transitions from 4F3/2 to 4F9/2, 4F7/2 
and 4F13/2 correspondingly. Further, the luminescence 
from LaF3: Nd3+Yb3+ nanoparticles were studied. Yb3+ 
ions do not have any energy states in the visible region of 
the electromagnetic spectrum. Hence Yb3+ ions cannot be 
excited at 575 nm at which Nd3+ ions could be excited. 
For understanding the energy transfer from Nd3+ to Yb3+, 
Nd3+ ions were excited at 575 nm. The LaF3: Nd3+Yb3+ 
nanoparticles showed Yb3+ emission at (1002 nm, 2F5/2 to 
4F7/2) along with the three emissions of Nd3+ ion at 880 
nm, 1053 nm and 1325 nm. The luminescence emission 
intensity from Nd3+ ions started to decrease as Yb3+ 
concentration increased. This was attributed to the energy 
transfer from Nd3+ to Yb3+ ions and concentration 
quenching effect.  The increase in the Yb3+ emission 
intensity was observed as Yb3+ dopant percentage 
increased up to 5% (Fig. 4 (a)).  
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Fig. 4. (a) Fluorescence emission spectra of LaF3: Nd3+ Yb3+ 
nanoparticles and (b) excitation spectra of Yb3+ (for emission 1002 nm) 
and Nd3+ (for emission 1053 nm) when individually doped (i & ii) and 
Yb3+ codoped with Nd3+ (iii & iv) in LaF3 nanoparticles. 
 

Above 5% of Yb3+ co-doped with Nd3+ (10 mol%), 
both Nd3+ and Yb3+ luminescence observed to be 
decreasing. This decrease of luminescence intensity could 
be attributed to the concentration quenching effect. As the 
Yb3+ doping percentage increased, the probability of 
transferring excited energy through the dopant ions to a 
defect or quenching ion increased. So as dopant 
percentage increased, the probability for the non-radiative 
decay of excited energy increased. It should be noted that 
for zero Nd3+ concentration both Nd3+ and Yb3+ emissions 
were absent in the emission spectrum when excited with 
575 nm.  Fig. 4 (b) shows excitation spectra of Yb3+ (for 
emission 1002 nm) and Nd3+ (for emission 1053 nm)  
when individually doped  and Yb3+ codoped with Nd3+ in 
LaF3 nanoparticles. Since Yb3+ ions do not have any 
energy states above 10000 cm-1, excitation spectra of 
LaF3: Yb3+ did not show any peaks between wavelengths 
400 nm and 800 nm. In the case of Yb3+ codoped with 
Nd3+, the excitation spectra for Yb3+ emission showed all 
the excitation peaks of Nd3+ ion in the visible region. This 
confirmed the energy transfer from Nd3+ to Yb3+ ions in 
OA-LaF3: Nd3+Yb3+ nanoparticles. 
 

 
 
Fig. 5. Possible energy transfer mechanism of Nd3+ and Yb3+ codoped 
LaF3 nanoparticles. 
 

The energy level diagram is plotted for the Nd3+ and 
Yb3+ ions in Fig. 5.  The Nd3+ ion is particularly rich in 
energy levels above 12000 cm-l which are suitable for 
optical pumping. Fluorescence is frequently observed 
from the 4F3/2 crystal levels of Nd3+. The 4F3/2 state is 
located only several hundred cm-1 above the 2F5/2 state of 
Yb3+ so that energy could be transferred from Nd3+ to 
Yb+3 efficiently. This energy transfer was also observed in 
several other host lattices [23, 30-35]. 
 
Conclusion  
OA-LaF3 nanoparticles doped with Nd3+ and Yb3+ ions 
were synthesized. OA functionalization confirmed by 
FTIR & TGA studies. The OA-LaF3: Nd3+Yb3+ 
nanoparticles ions were excited with 575 nm (at which 
Yb3+ cannot be excited) for understanding the energy 
transfer from Nd3+ to Yb3+. The luminescence emission 
intensity from Nd3+ ions started to decrease as Yb3+ 
concentration increased. This could be attributed to the 
concentration quenching effect.  The increase in the Yb3+ 
emission intensity was observed as Yb3+ dopant 
percentage increased up to 5%. Above 5% of Yb3+ co-
doping with 10% Nd3+ both Nd3+ and Yb3+ luminescence 
observed to be decreasing which was attributed to the 
concentration quenching. LaF3 singly doped with Yb3+ 
ions showed no excitation peaks between 400 nm to 800 
nm for Yb3+ emission at 1002 nm. In the case of Yb3+ 
codoped with Nd3+ the excitation spectra for Yb3+ 
emission at 1002 nm, showed all the excitation peaks of 
Nd3+ ion in the visible region. This confirmed the 
sensitization of Yb3+ emission by Nd3+ ions.  
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