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In order to enhance the photovoltaic performance of dye-sensitized solar cell (DSSC), a novel design is
demonstrated by introducing rare-earth compound europium ion doped yttrium fluoride (YF3:Eu31) in
TiO2 film in the DSSC. As a conversion luminescence medium, YF3:Eu31 transfers ultraviolet light to visible
light via down-conversion, and increases incident harvest and photocurrent of DSSC. As a p-type dopant,
Eu31 elevates the Fermi level of TiO2 film and thus heightens photovoltage of the DSSC. The conversion
luminescence and p-type doping effect are demonstrated by photoluminescence spectra and Mott-Schottky
plots. When the ratio of YF3:Eu31/TiO2 in the doping layer is optimized as 5 wt.%, the light-to-electric
energy conversion efficiency of the DSSC reaches 7.74%, which is increased by 32% compared to that of the
DSSC without YF3:Eu31 doping. Double functions of doped rare-earth compound provide a new route for
enhancing the photovoltaic performance of solar cells.

S
olar energy has been considered as a green and renewable alternative energy source to traditional fossil
fuels1. Since the prototype of a dye-sensitized solar cell (DSSC) was reported in 1991 by Grätzel2, it has
aroused intensive interest and become one of hotspots in solar energy field because of its ease of fabrication

and cost-effectiveness compared with silicon-based photovoltaic devices3,4. Recently, some important progresses
are achieved5–10. However, the efficiencies of the DSSCs are lower than that of Si solar cells, which restrict DSSC’s
potential application. An effective method for enhancing the efficiency is broadening the absorption range of the
DSSC. Consequently, many metal complexes dyes have been synthesized. But even the best of these (N-719, N-
749, YD2-o-C8) only absorb visible light in the wavelength range of 400–800 nm3,4, and most of the solar
ultraviolet and infrared irradiations are not utilized. Recently, the researches on the energy relay dyes (ERDs)
via Forster resonant to broaden the absorption domain and thus increase the photocurrent have been done11,12.
Another alternative route for widening absorption range is the conversion luminescence by doping rare-earth
compounds. On the other hand, rare-earth ions are 13 value cations, when they are doped into TiO2 semi-
conductor, a p-type doping effect occurs13,14, which results in the elevation of Fermi level of the photoanode, and
turns to the enhancement of the photovoltage of the DSSC. The introduction of doped rare-earth compound not
only increases the photocurrent via conversion luminescence, but also improves the photovoltage by p-type
doping effect, this double functions is very significant for enhancing the photovoltaic performance of the DSSC.
Unfortunately, little significant research on conversion luminescence and/or p-type doping effect by rare-earth
ions in the DSSC has been attempted15–17.

Results
Phase analysis of YF3:Eu31. The YF3:Eu31 was prepared by hydrothermal method18. The X-ray diffraction (XRD)
pattern of prepared YF3:Eu31 is shown in Fig. 1. All diffraction peaks of the prepared sample are readily indexed as
orthorhombic phase of YF3 and are consistent with the standard pattern (JCPDS 74-0911). This indicates the
formation of the orthorhombic phase of YF3. Furthermore, no EuF3 phases are observed, this is because that in the
preparation Y2O3 and Eu2O3 are completely dissolved and mixed (see method section), Eu31 amount in YF3

mixed solution is small (2.0 mol.%) as well as Y31 and Eu31 ions have similar electronic structures (s2p6) and radii
(0.90Å and 0. 95Å), therefore, Eu31 ions occupy the lattice sites of Y31 ions.
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Photoluminescence properties of YF3:Eu31. The excitation spec-
trum of YF3:Eu31 (emission at 592 nm) is shown in Fig. 2a. The
excitation spectrum of YF3:Eu31 consists of a number of line peaks
in the range of 318–475 nm, and a main peak appears at 393 nm.
The typical line peaks located at 318, 361, 383, 393 and 464 nm are
related to the 4f electronic transitions of Eu31 ions: 7F0 R 5H6, 7F0

R 5D4, 7F0 R 5G2, 7F0 R 5L6 and 7F0 R 5D2, respectively, which
are accorded with the literatures18–20. These results indicate that the
Eu31 ions can be excited with ultraviolet light either indirectly
through the YF3 host lattice or directly through absorption by
Eu31 ions themselves.

Fig. 2b shows the emission spectrum of YF3:Eu31 under 393 nm
excitation, consisting of line peaks mainly locate at 592, 612, 650 and
701 nm, corresponding to the transitions of Eu31 ions: 5D0 R 7FJ (J 5

1, 2, 3, 4)21–23. These luminescence bands are located in the absorp-
tion range of the N-719 dye. Combining the excitation and emission
spectra, the ultraviolet irradiation can be absorbed by the N-719 dye
in the DSSC via down-conversion luminescence, which widens the
light absorption range of the DSSC.

Electrochemical analysis for YF3:Eu31 doped TiO2 film. The influ-
ence of YF3:Eu31 on the energy level of TiO2 is assessed through
Mott-Schottky electrochemical analysis24,25. Fig. 3a shows Mott-
Schottky plots (1/C2 vs. V) of the TiO2 film with different amount
of YF3:Eu31, from which the flat-band potential (VFB) can be
obtained (Table 1). It can observe a negative shift in the flat-band
potential with the increase of YF3:Eu31 percentage from the 20.44 V
for pure TiO2 film to 20.83 V for the film doped with YF3:Eu31 of
7 wt%. According to the doping principle, pristine TiO2 is a n-type
semiconductor13,14, the introduction of 13 value metal ions into 14
value metal oxide (TiO2) will cause a p-type doping effect (similar to
that 13 value ions doped in Si semiconductor). Eu31 ion is 13 value
rare-earth ion, so Eu31 ion doping is a p-type doping, which leads to
the negative shift in the flat-band potential with the increase of
YF3:Eu31 percentage in the TiO2 film. It is notable that the doping
does not change TiO2 semiconductor type, but it changes the Fermi
level and the flat-band potential of the TiO2.

The potentiodynamic parameters of the YF3:Eu31/TiO2 films
were measured by electrochemical method24,25. Fig. 3b shows the

Figure 2 | Excitation (a) and emission (b) spectra of YF3:Eu31.

Figure 1 | XRD patterns of YF3:Eu31.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 3 : 2058 | DOI: 10.1038/srep02058 2



current-potential curves of YF3:Eu31/TiO2. For all samples, with the
increase of the applied potential, the photocurrent densities firstly
increase, and then gradually tend to a saturation value. On the other
hand, the photocurrent densities for the YF3:Eu31/TiO2 are all larger
than that for TiO2 alone. As shown in Fig. 3b and Table 1, the
saturated current density for TiO2 alone is about 10.12 mA?cm22,
and the saturated photocurrent densities for all YF3:Eu31/TiO2 are
larger than this.

Photovoltaic performance of DSSCs. To study the effect of ultra-
violet irradiation on the DSSC, we used a filter stop (ZWB3) to remove
the light with wavelength larger than 420 nm. Fig. 4a shows the
photovoltaic character curves of the DSSC with and without
YF3:Eu31 doing under an ultraviolet irradiation of 24 mW?cm22.
The DSSC without YF3:Eu31 shows the following photovoltaic
parameters: short circuit current density (JSC) 5 1.192 mA?cm22,
open circuit voltage (VOC) 5 0.584 V, fill factor (FF) 5 0.536 and
light-to-electric energy conversion efficiency (g) 5 0.373%. However,
the DSSC containing YF3:Eu31 displays enhanced photovoltaic
parameters: JSC 5 1.406 mA?cm22, VOC 5 0.691 V, FF 5 0.573 and
g 5 0.557%. This enhancement indicates that ultraviolet light can be
effectively converted to visible light by YF3:Eu31, and the more
incident light are harvested, therefore, the efficiency of the DSSC is
improved.

The photocurrent-voltage curves of the DSSCs with and with-
out YF3:Eu31 doping under a simulated solar light irradiation of
100 mW?cm22 were measured and shown in Fig. 4b, and the pho-
tovoltaic parameters are listed in Table 2. Obviously, with the
increase of YF3:Eu31 amount in the DSSC, VOC values increase, JSC

values first increase and then decrease. When the amount of
YF3:Eu31 is 5 wt.% in the doping layer, the DSSC achieves a max-
imum efficiency of 7.741%. The increase in JSC when the doping
amount is less than 5 wt.% can be attributed to the down-conversion
luminescence of Eu31 from ultraviolet light to visible light. Moreover,
the changes of TiO2 energy level by doping rare-earth ions improve
the carrier transport at the interface of TiO2/Dye, which further
improves the JSC. However, when the amount of YF3:Eu31 is beyond

5 wt.% in the doping layer, more grain, phase and domain interfaces
are produced in the doping layer. These interfaces can capture photo-
generated electrons and holes, hinder the charge carrier transporta-
tion, leading to a decrease in photocurrent26,27. This is why JSC

increases and then decreases with the increment of YF3:Eu31 amount
in the doping layer of the DSSC.

On the other hand, as shown in Fig. 4b and Table 2, the VOC values
increase with the increase of YF3:Eu31 contents. When the amount of
YF3:Eu31 is 7 wt% in the doping layer, the DSSC obtains a VOC value
of 0.800 V, increasing 10% compared to the DSSC without YF3:Eu31

doping. According to DSSC operation principle3,4, the VOC corre-
sponds to the energy difference between the electronic Fermi level
of TiO2 film and the redox potential of the electrolyte (VOC 5 EF(TiO2)

2 Eredox). When Eu31 or Y31 ions are doped and substituted for the
Ti41 ion lattice sites in TiO2, it will give a p-type doping effect, similar
to that M31 ions doped in Si crystal for Si solar cells, which results in
the elevation of the Fermi level of TiO2 electrode (more negative vs
vacuum) and the increase of VOC values28.

As shown in Table 2, when the ratio of YF3:Eu31/TiO2 is 5 wt.% in
the doping layer, the light-to-electric energy conversion efficiency of
the DSSC reaches 7.741%, increasing by 32% compared to the DSSC
without the rare-earth ions doping. The enhanced degree of pho-
tovoltaic performance of the DSSC by doping rare-earth fluoride is
higher than that by doping rare-earth oxide15–17.

Discussion
Different from other researches, in which spectral converters by
rare-earth compound were installed on the front or the back29, we
introduced doped rare-earth compound (YF3:Eu31) in the TiO2

photoanode (doping layer) of DSSC, which resulted in more effective
conversion luminescence and p-type doping effect. As a conversion
luminescence medium, YF3:Eu31 broadens ultraviolet light harvest
via down-conversion luminescence and increases photocurrent; As a
p-type dopant, Eu31 ions elevate the Fermi level of the TiO2 film and
thus heightens the photovoltage. When the doping amount is 5 wt.%
in the doping layer, the light-to-electric energy conversion efficiency
of the DSSC reaches 7.74%, which is increased by 32% compared to

Figure 3 | Mott-Schottky plots (a) and current-potential curves (b) of YF3:Eu31/TiO2 systems.

Table 1 | Flat-band potential (VFB) and saturated current density (ISAT) for YF3:Eu31/TiO2 systems

RE/TiO2(wt.%) 0 wt% 1 wt% 3 wt% 4 wt% 5 wt% 6 wt% 7 wt%

* VFB(V vs. SCE) 20.44 20.61 20.68 20.74 20.77 20.79 20.83
** ISAT (mA?cm22) 10.12 12.26 12.65 14.65 15.52 11.30 10.76

*obtained from the Fig. 3a.
**obtained from the Fig. 3b.
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that of the DSSC without YF3:Eu31. The present results demonstrate
the feasibility of the conversion luminescence and p-type doping
effect by doped rare-earth compound in the DSSC and provide a
novel route for enhancing the photovoltaic performance of solar cells.

Methods
Materials. Chemical reagents including tetrabutyl titanate, polyethylene glycol
(molecular weight of 20000), 4-tert-butylpyridine (TBP), oxalic acid, nitric acid, OP
emulsifying agent (Triton X-100), iodine, lithium iodide, tetramethyl ammonium
iodine, acetonitrile, isopropanol, yttrium oxide, europium oxide, hydrochloric acid,
hydrofluoric acid, ammonium hydrogen fluoride are analytic purity from Shanghai
Chemical Agent Ltd., Shanghai, China. The sensitized dye N-719 [RuL2(NCS)2, L 5

4,49-dicarboxylate-2,29-bipyridine] was from Solaronix SA, (Aubonne, Switzerland).

Preparation of YF3:Eu31. YF3:Eu31 powder was prepared by hydrothermal method
according to the following procedures18. Firstly, Y2O3 (0.100 mol) and Eu2O3

(0.002 mol) were mixed and homogenized thoroughly. Then, hydrochloric acid was
added into the mixture under heating and stirring. After being completely dissolved,
the mixture was quickly transferred into a Teflon-lined stainless-steel autoclave, then,
NH4HF2 (0.500 mol) was added into the autoclave under stirring. Afterwards,
appropriate de-ionized water was added until the filled degree reached 75–80% of the
total container volume. Then, pH value of the mixed solution was adjusted to 4.5
using hydrofluoric acid. The obtained solution was hydrothermally treated at 200uC
for 4 days. After being naturally cooled to room temperature, the obtained product
was centrifuged, washed until the pH value of the system equalled to 7, and then dried
in air at ambient temperature. Thus, YF3:Eu31 powder was obtained.

Preparation of film electrodes and fabrication of DSSC. The TiO2 colloid was
prepared as reported previously17,30,31. Then, the YF3:Eu31 powder was dispersed into
the TiO2 colloid by ultrasonically vibrating for 90 min and hydrothermally treating at
200uC for 24 h to form a (TiO2 1 YF3:Eu31) colloid. A TiO2 film with a thickness of
about 12 mm was prepared by coating the TiO2 colloid on the FTO plate. Then,
sintered at 450uC for 30 min. Afterwards, the doping layer of (TiO2 1 YF3:Eu31) with
a thickness of about 4 mm was coated on the TiO2 film in the same way. Then, the film
was soaked in dye N-719 for 24 h to form a dye-sensitized film electrode. For
comparison, a dye-sensitized TiO2 film electrode without YF3:Eu31 was made, the
film thicknesses was about 16 mm, which was the same as the film with YF3:Eu31

doping.
The DSSC was assembled by injecting the electrolyte (0.6 M tetra butyl ammonium

iodide, 0.1 M iodine, 0.1 M lithium iodide, 0.5 M 4-tert-butyl-pyridine (TBP) in

acetonitrile) into the aperture between the dye-sensitized TiO2 film electrode and a
platinum counter electrode. The two electrodes were clipped together and a cya-
noacrylate adhesive was used as sealant to prevent the electrolyte solution from
leaking17,30,31.

Measurement and characterization. The phase purity and crystal structure of
YF3:Eu31 powders were analyzed with the powder X-ray diffraction (XRD)
measurements. The XRD patterns were recorded by an X-ray diffractometer
(BRUKERD8, Karlsruhr, Germany) using Cu-Ka radiation (l 5 1.5405 Å). The 2h
angle of the XRD spectra was recorded at a scanning rate of 3u min21.

The excitation and emission spectra were measured using a spectrophotometer
(FLS920, Edinburgh, UK), in which a xenon lamp and a photomultiplier tube (R955,
Hamamatsu) were equipped as excitation source and the detector of fluorescence,
respectively.

Electrochemical experiments were conducted on an electrochemical cell filled with
an electrolyte solution contained 0.01 M LiClO4, 10 mM LiI and 1 mM I2 in acet-
onitrile solvent, where a Pt counter electrode, a saturated calomel reference electrode
(SCE) and a working electrode were immersed. The capacitance-voltage (C-V)
curves24,25 and potentiodynamic current-applied potential (I-V) curves32,33 were
measured by using an Electrochemical Workstation (CHI660C, Shanghai Chenhua
Device Company, China). The data of C-V were used for evaluating the flat band
potential according to Mott-Schottky equation (Eq. 1)24,25, which relates the capacity
to the potential difference between the surface and the bulk of a semiconductor DV:

C{2~
2

ee0eNi
(ZiDV{

kT
e

) ð1Þ

In the above equation, e is the dielectric constant of the material, e0 is the permittivity
of the vacuum, e is the element charge, Ni is the concentration of donors in n-type and
acceptors in p-type semiconductor, Zi is 11 for donors and 21 for acceptors.

The photovoltaic parameters of the DSSC were characterized by measuring the J–V
character curves under a simulated solar light irradiation of 100 mW?cm22 from a
100 W Xe lamp (XQ-500 W, Shanghai Photoelectricity Device Company, Shanghai
City, China). The fill factor (FF) and light-to-electric energy conversion efficiency (g)
of the cell were calculated according to the following equations3:

FF~
Vmax|Jmax

VOC|JSC
ð2Þ

g~
Vmax|Jmax

Pin
|100%~

VOC|JSC|FF
Pin

|100% ð3Þ

where JSC is the short-circuit current density (mA?cm22), VOC is the open-circuit
voltage (V), Pin is the incident light power, and Jmax (mA?cm22) and Vmax (V) are the
current density and voltage in the J–V curves at the point of maximum power output,
respectively.

1. Cook, T. R. et al. Solar energy supply and storage for the legacy and non legacy
worlds. Chem. Rev. 110, 6474–6502 (2010).

2. O’Regan, B. & Grätzel, M. A low-cost, high efficiency solar cell based on dye-
sensitized colloidal TiO2 films. Nature 353, 737–740 (1991).

3. Hagfeldt, A., Boschloo, G., Sun, L., Kloo, L. & Pettersson, H. Dye-sensitized solar
cells. Chem. Rev. 110, 6595–6663 (2010).

4. Gratzel, M. Photoelectrochemical cells. Nature 414, 338–344 (2001).
5. Crossland, E. et al. Mesoporous TiO2 single crystals delivering enhancedmobility

and optoelectronic device performance. Nature 495, 215–219 (2013).

Figure 4 | J–V curves of DSSC with and without YF3:Eu31 doping (5 wt.%) under an ultraviolet light irradiation of 24 mW?cm22 (a) and J–V curves of
the DSSC with different amount of YF3:Eu31 doping under a simulated solar light irradiation of 100 mW cm22 (b).

Table 2 | Effect of YF3:Eu31 on photovoltaic properties of the DSSCs

RE/TiO2 (in doping
layer, wt.%) JSC (mAcm22) VOC (V) FF g (%)

0 13.329 0.727 0.603 5.841
1 13.433 0.734 0.652 6.428
3 13.899 0.743 0.659 6.806
4 14.508 0.760 0.671 7.393
5 14.894 0.787 0.661 7.741
6 10.657 0.791 0.674 5.685
7 9.579 0.800 0.690 5.291

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 3 : 2058 | DOI: 10.1038/srep02058 4



6. Yella, A. et al. Porphyrin-sensitized solar cells with cobalt (II/III)–based redox
electrolyte exceed 12 percent efficiency. Science 334, 629–634 (2011).

7. Chen, T., Qiu, L., Yang, Z. & Peng, H. Novel solar cells in a wire format. Chem. Soc.
Rev. 42, 5031–5041 (2013).

8. Chen, T., Qiu, L., Kia, H. G., Yang, Z. & Peng, H. Designing aligned inorganic
nanotubes at the electrode interface: Towards highly efficient photovoltaic wires.
Adv. Mater. 24, 4623–4628 (2012).

9. Yang, Z. et al. Aligned carbon nanotube sheets for the electrodes of organic solar
cells. Adv. Mater. 23, 5436–5439 (2011).

10. Wu, J. et al. A large-area light-weight dye-sensitized solar cell based on all titanium
substrates with an efficiency of 6.69% outdoors. Adv. Mater. 24, 1884–1888 (2012).

11. Hardin, B. E. et al. Increased light harvesting in dye-sensitized solar cells with
energy relay dyes. Nat. Photonics 3, 406–411 (2009).

12. Yum, J. H. et al. Panchromatic response in solid-state dye-sensitized solar cells
containing phosphorescent energy relay dyes. Angew. Chem. Int. Ed. 48,
9277–9280 (2009).

13. Liau, L. C. K. & Lin, C. C. Semiconductor characterization of Cr31-doped titania
electrodes with p–n homojunction devices. Thin Solid Films 516, 1998–2002
(2008).

14. Liau, L. C. K. & Lin, C. C. Fabrication and characterization of Fe31-doped titania
semiconductor electrodes with p–n homojunction devices. Appl. Surf. Sci. 253,
8798–8801 (2007).

15. Wu, J. H. et al. Enhancing photoelectrical performance of dye-sensitized solar cell
by doping with europium-doped yttria rare-earth oxide. J. Power Sources 195,
6937–6940 (2010).

16. Hafez, H. et al. Enhancing the photoelectrical performance of dye-sensitized solar
cells using TiO2:Eu31 nanorods. Nanotechnology 21, 415201–415206 (2010).

17. Wu, J. H. et al. Enhancement of photovoltaic performance of dye-sensitized solar
cells by doping Y0.78Yb0.20Er0.02F3. Adv. Energy Mater. 2, 78–81 (2012).

18. Zhu, G. X., Li, Y. D., Lian, H. Z., Chen, Y. Z. & Liu, S. G. Hydrothermal synthesis
and fluorescence of YF3:Eu31. Chin. Chem. Lett. 21, 624–627 (2010).

19. Nag, A. & Kutty, T. The light induced valence change of europium in Sr2SiO4:Eu
involving transient crystal structure. J. Mater. Chem. 14, 1598–1604 (2004).

20. Qiao, Y. M., Zhang, X. B., Ye, X. & Guo, H. Photoluminescent properties of
Sr2SiO4:Eu31 and Sr2SiO4:Eu21 phosphors prepared by solid-state reaction
method. J. Rare. Earth. 27, 323–326 (2009).

21. Zhang, M. et al. Synthesis, characterization, and luminescence properties of
uniform Ln31-doped YF3 nanospindles. J. Phys. Chem. C 111, 6652–6657 (2007).

22. Tao, F., Wang, Z., Yao, L., Cai, W. & Li, X. Synthesis and photoluminescence
properties of truncated octahedral Eu-doped YF3 submicrocrystals or
nanocrystals. J. Phys. Chem. C 111, 3241–3245 (2007).

23. Wang, G. et al. Synthesis and spectral properties of Eu31-doped YF3 nanobundles.
J. Fluorine Chem. 129, 621–624 (2008).

24. Arriaga, L. & Fernandez, A. Determination of flat band potential and
photocurrent response in (Cd,Zn)S used in photoelectrolysis process. Int. J.
Hydrogen Energy 27, 27–31 (2002).

25. Hwang, D., Kim, J., Park, T. & Lee, J. Mg-doped WO3 as a novel photocatalyst for
visible light-induced water splitting. Catal. Lett. 80, 53–57 (2002).

26. Ko, K., Lee, Y. & Jung, Y. Enhanced efficiency of dye-sensitized TiO2 solar cells
(DSSC) by doping of metal ions. J. Colloid Interf. Sci. 283, 482–487 (2005).

27. Murakoshi, K. et al. Importance of binding states between photosensitizing
molecules and the TiO2 surface for efficiency in a dye-sensitized solar cell.
J. Electroanal. Chem. 396, 27–34 (1995).

28. Schlichthorl, G., Huang, S. Y., Sprague, J. & Frank, A. J. Band edge movement and
recombination kinetics in dye-sensitized nanocrystalline TiO2 solar cells: A study
by intensity. J. Phys. Chem. B 101, 8141–8155 (1997).

29. Huang, X., Han, S., Huang, W. & Liu, X. Enhancing solar cell efficiency: the search
for luminescent materials as spectral converters. Chem. Soc. Rev. 42, 173–201
(2013).

30. Wu, J. H. et al. An all-solid-state dye-sensitized solar cell-based poly(N-alkyl-4-
vinyl-pyridine iodide) electrolyte with efficiency of 5.64%. J. Am. Chem. Soc. 130,
11568–11569 (2008).

31. Wu, J. H. et al. A novel thermosetting gel electrolyte for stable quasi-solid-state
dye-sensitized solar cells. Adv. Mater. 19, 4006–4011 (2007).

32. Licht, S. & Peramunage, D. Flat band variation of n-cadmium chalcogenides in
aqueous cyanide. J. Phys. Chem. 100, 9082–9087 (1996).

33. John, S., Mohapatra, S. & Misra, M. Double-wall anodic titania nanotube arrays
for water photooxidation. Langmuir 25, 8240–8247 (2009).

Acknowledgments
The authors acknowledge the financial joint support by the National Natural Science
Foundation of China (Nos. 90922028, U1205112, 50842027) and the specialized research
fund for the doctoral program of Higher University, Ministry of Education, China (No.
20123501110001).

Author contributions
J.Wu designed the device and experiments, J.Wang, Y.X. and G.Y. carried out most
experiments. J.Wu wrote the manuscript, and all authors J.Wu, J.Wang, J.L., Y.X., G.Y.,
M.H., Z.L., Y.H., L.F., S.Y. & T.S. discussed the results and contributed to revisions.

Additional information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Wu, J. et al. Dual functions of YF3:Eu31 for improving photovoltaic
performance of dye-sensitized solar cells. Sci. Rep. 3, 2058; DOI:10.1038/srep02058 (2013).

This work is licensed under a Creative Commons Attribution-
NonCommercial-NoDerivs 3.0 Unported license. To view a copy of this license,

visit http://creativecommons.org/licenses/by-nc-nd/3.0

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 3 : 2058 | DOI: 10.1038/srep02058 5

http://creativecommons.org/licenses/by-nc-nd/3.0

	Dual functions of YF3:Eu3+ for improving photovoltaic performance of dye-sensitized solar cells
	Introduction
	Results
	Phase analysis of YF3:Eu3+
	Photoluminescence properties of YF3:Eu3+
	Electrochemical analysis for YF3:Eu3+ doped TiO2 film
	Photovoltaic performance of DSSCs

	Discussion
	Methods
	Materials
	Preparation of YF3:Eu3+
	Preparation of film electrodes and fabrication of DSSC
	Measurement and characterization

	Acknowledgements
	References


