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Improved efficiency of dye-sensitized solar cells by doping of
strontium aluminate phosphor in TiO, photoelectrode
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SrAl,O4:Eu?t, Dy3* phosphor was synthesized by chemical solution route to use as a dopant in TiO» layer employed as
a photoelectrode for down conversion of ultraviolet and near-ultraviolet to visible and near-infrared light in a dye-sensitized
solar cell. Nano-crystalline structure of the SrAl,O4:Eu®t, Dy3* powder was confirmed by X-ray diffraction analysis and
field emission scanning electron microscopy. Monitored at 520 nm, SrAl,O4:Eu®*, Dy3* phosphor showed emission peaks
at 460 to 610 nm due to 4f — 4f7 transitions of Eu?* ions. For the study, SrAl,Oy4:Eu?t, Dy3+ phosphor-doped TiO; layer
was deposited on fluorine-doped tin oxide coated glass by electrostatic spray deposition. The short circuit current, open circuit
voltage, fill factor, and conversion efficiency of the cells were measured. Experimental results revealed that the device efficiency
for the SrAl,O4:Eu®*, Dy3* phosphor-doped TiO» layer increased to 7.20 %, whereas that of the pure-TiO, photoelectrode

was 4.13 %.
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1. Introduction

Many works have been published on the dye-
sensitized solar cells (DSSCs) since the first proto-
type reported by O’Regan et al. [1]. DSSCs are pre-
pared from low-cost materials and they can be sig-
nificantly less expensive than conventional solid-
state solar cells. Although conversion efficiency
of the DSSCs (>13 %) is less than that of the
best thin-film cells, its price/performance ratio is
high enough to allow them to compete with tra-
ditional energy sources based on electrical genera-
tion [2]. Generally, the sensitizer of the DSSC con-
tains mainly N3 and N719 dyes, and the DSSC con-
sists of a porous nano-crystalline titania film sensi-
tized by a dye for absorbing incident light [3]. The
sensitizers mainly include heteroleptic ruthenium
(Ru) complexes that have fairly wide absorption
spectra (AA = 350 nm) but low molar extinction
coefficients (5,000 to 20,000 M~ !.cm™1) [4].
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In an ideal case, the sensitizers should ab-
sorb across a broad range of the solar spectrum
to yield the greatest number of photons. How-
ever, the efficiencies of the DSSCs are lower than
those of silicon solar cells. An efficient method
for increasing the efficiency is widening the ab-
sorption range of the DSSC. A lot of metal com-
pounds dyes have been produced. However, even
the best of them (N719, N749, and YD2-0-C8)
only absorb visible light in the wavelength range
of 400 to 800 nm, and most of the solar ultraviolet
and infrared light is not absorbed [3, 4]. A method
to increase light harvesting and the efficiency of the
solar cells can be the usage of an inorganic-organic
composite material having a perovskite structure
(e.g. CH3NH;3PbI3) [5] and down-converting phos-
phor [6, 7]. Such down converter has the ability to
convert higher energy photons, below 450 nm, into
low energy photons, above 500 nm.

In this study, 1 mol % Eu and 2 mol %
Dy-doped strontium aluminate (SrAl,O4:Eu?t,
Dy>T) phosphors were prepared by using metal
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carboxylate solution. SrAl,O4:Eu”**, Dy>* phos-
phors have a wide ultrafiolet (UV) light absorption
band and produce blue to green wavelength, which
matches the absorption band of the most typically
used dyes N719 [7]. SrALLO4:Eu’", Dy** as a lu-
minescence source was introduced into the DSSC
to increase its efficiency.

2. Experimental

The crystalline nano-sized SrAl,O4:Eu’T,
Dy>* phosphors were prepared by chemical
solution process using stoichiometric quantities
of strontium-naphthenate [Sr,(C;;H;0,)], eu-
ropium (III) 2-ethylhexanoate [Eu(CgH;s50,)s],
dysprosium  2-ethylhexanoate = (DyOgCa4Hys)
and hydroxyaluminum bis (2-ethylhexanoate)
(Ci6H31AlO5) and toluene which was used as a
solvent. The homogeneous sol was transformed
into a yellowish powder by pre-firing at 500 °C for
4 h, and then the precursor was finally annealed
at 1100 °C for 240 min in Ar/Hy, 95 %/5 %
atmosphere. For phosphor-doped DSSC study,
a commercially available P25 TiO, powder
was used. The TiO, powder and 5 wt.% of
SrAl,04:Eu’*, Dy** phosphor were ball milled
for 24 h, adding 0.5 wt.% of ethyl cellulose in
100 mL ethanol. The sol was diluted with ethanol
to adjust viscosity.

The precursor was coated on a fluorine doped
tin oxide coated glass (FTO) using an electrostatic
spray deposition (ESD). The ESD has been com-
monly used to synthesize homogeneous oxide coat-
ings. The working principles of the ESD have been
described by Kim et al. [8]. Briefly, to obtain a sta-
ble cone-jet mode of electrostatic atomization, high
voltage (20 kV) was applied between the needle
tip and the electrode by using high DC power sup-
ply. FTO substrates on the ground electrode were
heated at 80 °C for 60 min to vaporize the organic
compound. The flow rate of precursor solution con-
taining SrAl,O4:Eu’*, Dy3*-doped TiO, was kept
at 0.3 mL/60 min. The as-deposited film was heat-
treated at 550 °C for 30 min in air. The annealed
film was immersed in ethanol solution containing
0.0005 M N719 dye at 40 °C for 360 min. The
counter electrode was prepared by dip-coating a

FTO glass with HPtClg solution (2 mg Pt/1 mL
ethanol), followed by heating at 400 °C for 30 min.

The crystallinity and morphology of the sam-
ples were examined by X-ray diffraction (XRD,
D-Max 1200, Rigaku, Japan) 0 to 20 scan us-
ing a CuKa (A = 1.54056 A) radiation and field
emission scanning electron microscope (FE-SEM,
S-4700, Hitachi, Japan). Photoluminescence (PL)
spectra at room temperature were obtained using
a fluorescent spectrophotometer (F4500, Hitachi,
Japan) equipped with a Xenon lamp source. The
UV-Vis absorption spectra of the samples were ob-
tained by using a UV-Vis spectrophotometer (Cary
100, Varian Inc., Australia) attached to an internal
diffuse reflectance accessory.

The electrolyte solution consisted of
1-butyl-3-methylimidazolium iodide, iodine,
4-tert-butylpyridine, and guanidinium thiocyanate
in acetonitrile/valeronitrile at 85:15 volume ratio.
The electrolyte was injected into the sealed cells
via predrilled holes on the counter electrode,
and the injection holes were hot sealed by a
piece of thin cover glass with a hot-melt film
underneath as the adhesive. The I-V characteristics
of DSSCs were measured under 1 sun conditions
(100 mW/cm?) using a solar simulator (Oriel
Instruments, U.S.A.) equipped with a 300 W
Xenon lamp and a Keithley (Model 2400) source
meter, after calibrating with a silicon reference
cell. The cell was covered with an aperture mask,
while measuring photocurrent and voltage to avoid
overestimation of the I-V characteristics.

3. Results and discussion

Fig. la shows a typical XRD pattern of
SrAl,O4:Eu**, Dy?* phosphor annealed at
1100 °C for 240 min in Ar/Hy 95 %/5 % atmo-
sphere. It can be seen that the monoclinic SrAl,O4
phase pattern is characterized by three peaks
around 20 = 28 to 29° (JCPDS No. 34-0379),
and weak peaks at 23.6, 27.8, 30.4 and 34.1°
related to SrgAl;40,5 (JCPDS No. 52-1876) as
a secondary phase. Sr’t ions are positioned in
the cavities of the framework of corner-sharing
AIOZ’ tetrahedra. Oxygen is shared with two



Improved efficiency of dye-sensitized solar cells. ..

239

aluminum ions so that each tetrahedron has one net
negative charge. The charge balance is disturbed
by Sr’* ions which occupy interstitial locations
within the tetrahedral framework. It is commonly
considered that Eu>* and Dy’T ions enter into
the Sr ion sites in the SrAl,O4:Eu’t, Dy3* host.
Since the radii of Eu?* (0.130 nm) and Dy**
(0.117 nm) ions, are approximately equal to that
of the Sr>* ion (0.127 nm), their replacement does
not cause a noteworthy distortion of the lattice
parameters [9]. Fig. 1b shows the XRD pattern
for a pure-TiO, sample. The diffraction peaks
at 25.3°, 37.9°, 48.1°, and 53.9° are from the
(101), (004), (200), and (105) reflection planes of
anatase phase, and the peaks at 27.5° and 36.2°
are from the (110) and (101) reflection planes of
rutile phase, respectively. This suggests that the
P25 is composed of a mixed phase of anatase
and rutile. The microstructural morphology of the
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Fig. 1. XRD patterns of SrAl,04:Eu’", Dy** phosphor

after annealing at 1100 °C for 240 min in Ar
-5 % H, gas (a), and pure TO, (b) FE-SEM
image of the phosphor (c).

SrAl,04:Eu**, Dyt phosphor after annealing at
1100 °C for 240 min is shown in Fig. 1c. Normally,
the particle size of SrAl,04:Eut, Dy3* phosphor
prepared by the solid-state reaction is about several
micrometers, much larger than those of chemical
solution-derived powders. The micrograph shows
sharp distributions of particles with an average
particle size below 100 nm. The morphology is
apparently different from the micrometer-scale

particle and/or agglomerations of SrAl,O4 result-
ing from solid-state reaction method, indicating
that organic components in starting materials
can efficiently prevent the formation of larger
agglomerations [10].
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Fig. 2. Excitation (a), emission (b), absorption (c) spec-
tra, and the plot of the transformed Kubelka-
Munk function vs. photon energy (d) for
SrAl,O4:Eut, Dyt phosphor after annealing
at 1100 °C for 240 min in Ar -5 % H; gas.

Fig. 2a shows an excitation spectrum of
SrAl,O4:Eu*t, Dy** phosphor annealed at
1100 °C, monitored from 300 nm and 500 nm.
A wide-ranging band with a maximum at around
360 nm is observed. The excitation spectrum was
obtained by monitoring the emission of the Eu?*
4f — 5d transitions, and the peak at about 520 nm
resulting in a green emission [11]. Fig. 2b shows
the emission spectrum of the SrAl,O4:Eu”*, Dy3*
phosphor monitored for 360 nm excitation. A
broad emission peak is observed at around 515 nm,
revealing the characteristic emission of Eu’*
activators (4f°5d' — 4f7). The slight blue shift in
the emission band from 520 nm to 515 nm, similar
to that of the phosphors obtained from solid-state
reaction, may be attributed to the changes in the
crystal field around Eu?* arising from the nano-
sized particles. Zhang et al. [12] reported that the
particles with nanometer size make the surface en-
ergy increase, which causes variation of the crystal
field around the local environment of Eu?*. Since
the excited 4f%5d! configuration of Eu>t ion is
greatly sensitive to the lattice environment and 5d
electrons can be strongly coupled with the lattice,
the mixed states of 4f and 5d are split by the crystal
field, which may lead to the shift of the emission
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peak toward shorter wavelength. Fig. 2c shows the
absorption spectra of the pure-TiO; photoelectrode
and the TiO, photoelectrode doped with 5 wt.%
of SrAl,O4:Eu>", Dyt phosphor. A comparison
of the spectra indicates that phosphor-doped TiO;
can improve light absorption. The absorption
spectra display that the pure-TiO, coating has a
lower absorption ability than SrAl,O4:Eu”*, Dy3*
phosphor-doped TiO, coating, specifically for the
wavelength range between 350 to 800 nm. These
spectra cover a UV-Vis-IR region. Therefore,
the doping of SrAl,O4:Eu’*, Dy3* phosphor was
found to decrease the light loss and increase photon
energy. The energy band gap (Eg) of the samples
was calculated from the plots of Kubelka-Munk
function vs. the energy of exciting light [13]. From
Fig. 2d, the E; of pure-TiO, and phosphor-doped
TiO, was obtained to be 3.2 eV and 3.02 eV,
respectively. Thus, the phosphor doping of TiO;
induced a shift of the absorption edge slightly
towards the visible spectral range.
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Fig. 3. Cross-sectional FE-SEM image of SrAl,Og:
Eu’*, Dy** phosphor-doped TiO; layer (a), and
I-V curves of DSSCs with and without nano-
phosphor in TiO, photoelectrode (b).

In order to evaluate the effect of SrAl,O4:Eu?t,
Dy>* phosphor in TiO, electrode on the effi-
ciency of DSSC, the working electrode was pre-
pared by ESD using a precursor solution contain-
ing 5 wt.% of SrAl,04:Eu’*, Dy* phosphor in
TiO, powder. Fig. 3a displays a cross-sectional
image of the SrAl,O4:Eu’*, Dyt doped-TiO,
layer on a FTO substrate. The thickness of the
film is uniform at ~8 pum, as determined by the

cross-sectional image. The film does not contain
any aggregations of TiO, particles, which are dis-
persed homogeneously.

Fig. 3b shows the photovoltaic I-V char-
acteristics of the pure-TiO-based DSSC and
SrAl,O4:Eu**, Dy** phosphor-doped TiO,-based
DSSC. The light-to-electric-energy conversion ef-
ficiency (1) of the DSSC systems with the pure-
TiO, photoelectrode as well as SrAlLO4:Eu?™,
Dy3* phosphor-doped TiO, photoelectrode were
calculated using equation 1, with the values of
short-circuit photocurrent density (Jg., mA/cm?),
the open circuit voltage (V,., V), the fill factor (FF)
taken from the I-V characteristics:

FF

n(%) :JSCXVOCX T (1)

where I is the intensity of the incident light. The FF
is defined by equation 2:

Jmax(vmax)
Jsc(voc)
where J,,.r and V., are the photocurrent den-
sity and the photovoltage, respectively, in the
I-V curve at the point of maximum power
output. Fig. 3b and Table 1 show that the
DSSC with undoped TiO, have the following
photovolatic parameters: J,. = 12.3 mA/cm?,
Voe = 0.65 V, Jjax = 8.6 mA/cm?, V0 = 0.48 V,
FF = 51.6 % and n = 4.13 %. The DSSC
containing the SrAlL,O4:Eu’*, Dy3** phosphor
as a dopant has the improved photovoltaic pa-
rameters: Jo = 14.1 mA/em?, V,. = 0.78 V,
Jnar = 12 mA/em?, Ve = 0.6 V, FF = 65.7 %
and n = 7.20 %. The pure-TiO, device effi-
ciency of 4.13 %, is improved to 7.20 % for the
SrAl,04:Eu**, Dy** phosphor-doped-TiO, layer.
When the phosphor powder was inserted, the num-
ber of photons increased, hence, the possibility of
photon and dye molecule interactions increased,
whereas the DSSC with the pure-TiO; layer had
lower J;. and V,. because of lower number of ex-
citations [6]. The improvement of the photovoltaic
performances shows that the SrAl,O4:Eu?T, Dy3Jr
phosphor transforms UV to Vis and near-IR light
which the N-719 dye can absorb effectively,
increasing the harvested sunlight and improving

the efficiency of the DSSC.

FF = 2)
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Table 1. Performance of DSSCs based on different photoelectrodes.

Photoelectrode Jse Voe Jnax ™ Vmax FF 7
(mA/cm?) (V) (mA/em?) (V) (%) (%)

Undoped TiO, 123 0.65 8.6 0.48 51.6 4.13
Phosphor-doped TiO,  14.1  0.78 12 0.6 65.7 7.20

4. Conclusions

Down-conversion SrAl,O4 phosphor was fab-
ricated by using chemical solution method to
improve the power transformation efficiency of
DSSCs by means of solar spectral transformation.
5 wt.% of SrAl,04:Eu’t, Dyt phosphor-doped-
TiO, photoelectrode on FTO substrate was pre-
pared by the ESD process. The pure-TiO, device
efficiency of 4.13 %, was increased to 7.20 %
for the SrAl,04:Eu®*, Dy** phosphor-doped-TiO,
layer. The photovoltaic performances show that the
SrAl,04:Eu®*, Dy>* phosphor converts UV to Vis
and near-IR light which the N719 dye can absorb
effectively, increasing the harvested sunlight and
improving the efficiency of the DSSC.
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