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Enhancing Photoelectrical Performance
of Dye-Sensitized Solar Cell Using
Phosphor Photoelectrode

SEONG GWAN SHIN, KYUNG HWAN KIM,
CHUNG WUNG BARK, AND HYUNG WOOK CHOI*

Department of Electrical Engineering, Gachon University, Sujeong-Gu,
Seongnam-Si, Gyeonggi-Do, Korea

Dye-sensitized solar cells (DSSCs) are composed of an electrode made of a dye-adsorbed
nanoporous TiO; layer on a fluorine-doped tin oxide (FTO) glass substrate, redox
electrolytes, and a counter electrode. In this study, phosphor is introduced into the
TiO-layer electrode in a DSSC. By a conversion luminescence, YAG:Ce>* phosphor
improves light harvesting and increases the photocurrent production. Using a TiO;
electrode containing 5.00 wt% mixed YAG:Ce’*, the light-to-electric energy conversion
efficiency of the DSSC reaches 6.24%, which is higher by a factor of 1.52 than that of a
DSSC without YAG:Ce’*.

Keywords DSSC; phosphor; luminescence; TiO,; nanoparticle; YAG:Ce**

Introduction

Dye-sensitized solar cells (DSSCs) have been intensively studied since their discovery in
1991 [1-7]. DSSCs have been attracting considerable attention around the world because of
their reasonable conversion efficiency, low production cost, and simple fabrication process
compared to silicon solar cells [8-16]. A DSSC is composed of an electrode made of a dye-
adsorbed nanoporous TiO, layer on a fluorine-doped tin oxide (FTO) glass substrate, redox
electrolytes, and a counter electrode. One of the ways to increase the efficiency of DSSC
is to enhance the harvest of light [17-19]. Many synthetic dyes have been synthesized and
employed to improve the harvest of light and increase photocurrent production by DSSCs;
however, even the best dyes (N-719) only absorbs in the wavelength range 400-800 nm,
[20-21] and most of the ultraviolet wavelength are not used. If ultraviolet and broad region
irradiation can be converted to absorption band of dye by a conversion luminescence and
can be reabsorbed by the dye in the DSSC, more solar irradiation can be used, and the
photocurrent of the DSSC will be effectively enhanced.

In this work, the Y3Al50,:Ce3T(YAG:Ce’™) phosphor is introduced into the DSSC
to improve light harvesting, photocurrent production, and solar conversion efficiency by a
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( Phosphor mixed TiO, ) Sol-gel method

( Add acetic acid ) Add 1 mL , mortar(Smin)

( Add distilled water ) [Add 1mL X mortar(1min)] X Stime

[Add 1mL x mortar(lmin)] x 15time
( Add ethanol ) [Add 2.5mL x mortar(Imin)] X 6time

( Stirring )
‘ Add terpineol (20g)
Z Add ethyl cellulose
( Sonicate ) (3g :30g of 10% solution stanol)

( Evaporating )

( Three roll milling )

Figure 1. Flowchart for the preparation of the phosphor mixed TiO, paste.

conversion luminescence. Excitation and emission spectra show that the solar ultraviolet and
broad region irradiation can be reabsorbed by the dye N-719 via conversion luminescence
by YAG:Ce, and the solar light harvest of DSSCs may consequently be increased. Thus,
the influence of phosphor additives on the conversion efficiency of DSSC was proved.

Experimental

Preparation of YAG:Ce’t Powder

YAG:Ce** phosphors were prepared using the combustion reaction method [22-23]. The
starting materials for the YAG:Ce** phosphors were Y(NO3)3-6H,0 (99.9%, Aldrich),
AI(NO3)3-9H,0 (99.997%, Aldrich), and Ce(NO3)3-6H,O (99.999%, Aldrich). Urea
(NH,CONH,) was used as the reagent. Y(NO3)3, AI(NO3)3, and Ce(NOs3);3 solutions were
dissolved into deionized water. The solution was stirred on a hot plate using a magnetic
bar, in air for 30 min. The resulting solution was then heated to 100°C and stirred until it
became transparent. It was then heated rapidly to 300°C to initiate combustion. The color of
the solution changed to bright yellow, and a few minutes later, combustion process started,
resulting in a brown gas and the precursor. The precursor was dried in air, and then, sintered
at 1000°C for 2 h using an alumina crucible in a furnace.

Preparation of Electrodes of DSSC

Titanium(I'V) isopropoxide (TTIP, Sigma Aldrich), ethyl alcohol, nitric acid, and de-ionized
(DI) water were used as the precursors. As-prepared TiO, particles were calcined in air
at 450°C for 1 h, using a programmable furnace, to obtain the desired stoichiometry
and crystallinity. The phosphor(0.5-15.00 wt.%)-mixed TiO, pastes were prepared using
procedures as shown in Fig. 1 [24-25]). The phosphor-mixed TiO, paste was coated
prepared by coating it on the FTO plate by employing a doctor blade technique. The
phosphor-mixed TiO, electrode was sintered at 500°C for 15 min in air. The phosphor-
mixed TiO, electrodes were immersed in the dye N-719 for 24 h at room temperature. For
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Figure 2. XRD patterns of (a) phosphor, (b) TiO, nanoparticle, and (c) phosphor mixed TiO,.

comparison, a dye-sensitized TiO, electrode without YAG:Ce** was prepared. A counter-
electrode was prepared by spin-coating H,PtClg solution onto the FTO glass and heating
at 450°C for 30 min. The dye-adsorbed TiO, electrode and the Pt counter-electrode were
assembled into a sandwich-type cell and sealed with a 60-pm-thick hot-melt sealant. An
electrolyte solution was introduced through a drilled hole in the counter electrode. The hole
was then sealed using a cover glass.

Measurements

The phase identification of the photoelectrode obtained was performed by X-ray diffraction
(XRD) using a Rigaku D/MAX-2200 diffractometer with Cu Ko radiation. The photolumi-
nescence (PL) spectra were recorded using a 150 W Xe lamp (spectrofluorometer, FP-6200,
JASCO). The morphology of the prepared phosphor-mixed TiO, was investigated using
field-emission scanning electron microscopy (FE-SEM, model S-4700, Hitachi). The ab-
sorption spectra of the TiO, electrode films were measured using a UV-vis spectrometer
(UV-vis 8453, Agilent). The conversion efficiency of the fabricated DSSCs was measured
using an I-V solar simulator (Solar Simulator, McScience). The active area of the resulting
cell exposed to light was approximately 0.25 cm? (0.5 cm x 0.5 cm).

Results and Discussion

Figure 2(a) shows the XRD patterns of the YAG:Ce3*+ phosphor. The XRD patterns show
various YAG peaks and the main (420) peak. The YAG phase crystallized at a sintering
temperature of 1000°C, which are in good agreement with JCPDS Card (no. 33-0040).
Figure 2(b) shows the XRD pattern of the TiO, nanoparticles at 500°C, which indicates
a mixture of the anatase and rutile phases. The XRD pattern of TiO, nanoparticles shows
prominent (101), (004), and (200) anatase peaks, and prominent (110) and (101) rutile
peaks. In the phosphor phase, the XRD patterns shown in Fig. 2(c) were observed, showing
that the phosphor-mixed TiO, surface can efficiently crystallize the form (P1-P2).
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Figure 3. SEM images of the YAG:Ce** phosphor.

Figure 3 shows the SEM images of the YAG:Ce>* phosphor. Uniform and spherical
YAG:Ce?** phosphor nanoparticles with a homogeneous structure were obtained using the
combustion method at 1000°C. It can be seen that the particle size is about 50 nm. The
nanometer-size crystals are suitable for inducing photoluminescence [26-27].

Figure 4 shows the excitation spectrum and emission spectra of phosphor-mixed TiO,.
It can be seen from the Fig. 4(a) that two excitation bands appear with peak wavelengths
of 340 and 470 nm. There is one electron in the 4f state of Ce*, and the ground state of
Ce’* is split into 2F7;; and ?Fsj, [28-29]. The excitation absorption band implies that solar
ultraviolet irradiation can be absorbed by YAG:Ce**. Figure 4(b) shows the emission spectra
of phosphor-mixed TiO,. It can be seen that YAG:Ce>* exhibits an obvious luminescence
function. The emission spectrum of YAG:Ce** shows a single intense broad emission band
ranging from 500 to 700 nm with a peak at 520 nm. This emission corresponds to the
transition from the 5d excited state to the 4f ground state of the Ce** ion in the YAG
crystal [28-29]. The luminescence at 520 nm is just within the absorption wavelength
range of sensitizing dye N-719 [20-21]. Excitation and emission spectra show that the
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Figure 4. (a) PL excitation spectrum and (b) PL emission spectra of phosphor mixed TiO,.
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Figure 5. UV-vis absorbance of DSSCs with phosphor mixed TiO, for different phosphor content.

solar ultraviolet and broad region irradiation can be reabsorbed by the dye N-719 via the
conversion luminescence of YAG:Ce*, and the solar light harvest of DSSC may thus be
increased.

Figure 5 shows the UV-vis absorbance of the mixing phosphor ratio for the phosphor-
mixed TiO,. It can be seen in Fig. 5 that in the 400-800 nm wavelength range, the
absorbance spectra for the sample with a phosphor content of 5.0 wt% was the highest.
Figure 5 shows that in the range 400—800 nm, the absorbance spectra for the DSSC with
phosphor-mixed TiO, is higher than that without phosphor-mixed TiO,. Obviously, this is
due to the conversion luminescence of phosphor and the consequent reabsorption by the
dye in the DSSC.

—&— bare
e 0.5 wt%
—A— 1 wt%
v— 3wt
<4— 5 wt%
> 10 wit%
—4— 15 wit%

Figure 6. EIS Nyquist plots of DSSCs with phosphor mixed TiO, for different phosphor content.
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Figure 7. Photovoltaic parameters of DSSC.

Figure 6 shows electrochemical impedance spectroscopy (EIS) Nyquist plots of DSSCs
with phosphor-admixed TiO, electrode. EIS is a useful method for the analysis of charge-
transport processes and internal resistances [30]. As shown in Fig. 6, there is a decrease
in the charge-transfer resistance (R.) upon increasing phosphor amount varying from 0%
to 5%. This increases the number of injected electrons into the TiO, layer, improves the
electrical conductivity, and reduces the charge recombination at the TiO,/dye/electrolyte
interface [31-32]. R directly affects the fill factor (FF) of a DSSC. If R decreases, FF
increases and, consequently, the efficiency of the cell also increases [33].

Figure 7 shows the current—voltage photovoltaic performance curves of the DSSC
with the pure TiO, and that with the phosphor-mixed TiO, under AM 1.5 illumination (100
mW/cm?). Table 1 summarizes the efficiency, fill factor(FF), open-circuit voltage(V..), and
short-circuit current (Js.) for the corresponding solar cells. V,. of the DSSCs depends on
the energy level of the electrons in the oxide film and the redox potential of the electrolyte.
If Ce* ions substitute Ti** ions at the Ti-lattice sites in TiO,, the electronic energy level of
the oxide film is elevated, which leads to an increase of V. . Jsc [34] increased significantly
based on the effects of the mixed phosphor. As shown in Table 1, J. increases with the
amount of phosphor until the phosphor content is 5.0 wt%, beyond which J. decreases. The
increase in Jg is mainly due to the conversion luminescence of phosphor, which facilitates

Table 1. J., V., FF, and efficiency

Jse (mA/cmz) Voe (V) FF (%) Efficiency (1)
Bare 10.42 0.63 61.90 4.08
Wt.% 0.50 10.63 0.64 63.53 4.37
Wt.% 1.00 12.06 0.66 66.17 5.30
Wt.% 3.00 12.48 0.68 66.29 5.68
Wt.% 5.00 13.03 0.68 69.75 6.24
Wt.% 10.0 9.83 0.70 65.08 4.53

Wt.% 15.0 5.20 0.72 57.69 2.17
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the harvest of more incident light [35]. The decrease in J is due to the fact that introduction
of rare-earth oxides produces defects in the oxide film, which causes the recombination of
photo-induced holes and electrons [36]. Thus, we used phosphor-mixed (5.0 wt%) TiO; in
the DSSC and realized a light-to-electric energy conversion efficiency of 6.24%, a short-
circuit current density of 13.03 mA/cm?, an open-circuit voltage of 0.68 V, and a fill factor
of 69.75%. Higher efficiencies were achieved for DSSCs with phosphor-mixed TiO, than
for the cells with pure TiO, nanoparticles.

Conclusions

The photovoltaic performances of DSSCs with phosphor-mixed TiO; (0.5-15.00 wt%) were
compared. Excitation and emission spectra show that the solar ultraviolet and broad region
irradiation from the sun can be reabsorbed by the dye via the conversion luminescence of
YAG:Ce**, and the solar light harvest of DSSCs may thus be increased. The higher J. is
related to increased harvest of incident light. Thus, conversion luminescence of phosphor
improves both the light harvest and the photocurrent production. Ry directly affects the
FF of a DSSC. If R, decreases, FF increases and, consequently, the efficiency of the cell
also increases. With 5.00 wt% of YAG:Ce**-mixed TiO, electrode, the light-to-electric
energy conversion efficiency of the DSSC reaches 6.24% under a simulated solar light
irradiation at 100 mW/cm~2, which is higher by a factor of 1.52 than that of the DSSCs
without YAG:Ce**-mixed TiO,. The DSSCs based on phosphor-mixed TiO, show better
photovoltaic performance than the cells with pure TiO, nanoparticles.
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