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The Effect of Phosphor-TiO, Layer
on the Performance of Dye-Sensitized Solar Cells

SEONG GWAN SHIN, 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 of a DSSC. The admixed phosphor content in the TiO, paste is
varied from 1.0 to 10.0 wt%. By a conversion-luminescence process, ZnGa;0:Mn**
phosphor improves light harvesting and increases the photocurrent. The phosphor
elevates both, the energy level of electrons in the oxide film and V,. of the DSSC.
Using a TiO, electrode containing 5.00 wt% of admixed ZnGa,04:Mn**, the light-to-
electricity energy-conversion efficiency of the DSSC reaches 8.02%, which is higher by
a factor of 1.25 than that of a DSSC without ZnGa,04:Mn**.

Keywords TiO,; phosphor; DSSCs; nanoparticles

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 [§-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 DSSCs is to enhance the harvesting of light [17-19]. Many synthetic dyes have been
synthesized and employed to improve the harvest of light and to increase the photocurrent
production of DSSCs; however, even the best dyes (N-719) only absorb in the wavelength
range of 400-800 nm, [20-21], and most of the ultraviolet region is not used. If ultraviolet
radiation could be converted to visible light by a suitable conversion-luminescence process
and reabsorbed by the dye of a DSSC, a larger part of the solar irradiation could be used and
the photocurrent of the DSSC will be effectively enhanced. Furthermore, the open-circuit
voltage (V) of the DSSC depends on the energy level of the electrons in the oxide film
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[20, 22]. If the electronic energy level could be heightened by a phosphor layer, V. of a
DSSC will be increased.

In this work, ZnGa,04:Mn”* phosphor is introduced to the TiO, photoelectrode of
a DSSC to improve light harvesting, photovoltage, photocurrent production, and solar
conversion efficiency by a conversion-luminescence process. Combining excitation and
emission spectra, the ultraviolet region of the solar irradiation can be reabsorbed by dye
N-719 after conversion luminescence by ZnGa,04:Mn>* and, consequently, the solar light
harvest of the DSSCs could be increased. Moreover, by introduction of the phosphor layer,
it is possible to further increase the conversion efficiency of the DSSC.

Experimental

Preparation of ZnGa;04:Mn** Powder

The nanocrystalline ZnGa,O4:Mn>* phosphors were prepared by the precipitation
method.[23] ZnSO4-7H,0 (99.99%, Aldrich), Gay(S04);-6H,0 (99.99%, Aldrich), and
MnSO4-xH,0 (99.99%, Aldrich) were used as starting materials and aqueous NH4sOH
(NH3 content 28-30%, Sigma Aldrich) was used as precipitant. The starting solutions
were prepared by dissolving equimolar amounts of manganese sulfate, zinc sulfate and
gallium sulfate in distilled water. (with a final concentration of 0.1 mol/dm?®) Aqueous
ammonia solution with a concentration of 0.89 mol/dm® was prepared and used in the
experiments.

The starting metal solution was added to the aqueous ammonia solution at 90°C upon
stirring, done at a rate of 1.5 ml/min for 20 h. The metal ions were rapidly hydrolyzed
by ammonia and precipitation occurred spontaneously. The precipitation experiment was
performed using a reflux system to preserve the concentrations over the entire experi-
mental period. The precipitates were separated by filtration through a membrane filter,
washed with distilled water, and then dried for 4 h in an oven at 60°C. The nanocrystalline
ZnGa,04:Mn>* powders thus obtained were sieved to deagglomerate the particles, and
then sintered at 1000°C for 1 h using alumina crucibles in a furnace.

Preparation of the Film Electrodes of the DSSCs

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(1-10.00 wt.%)-mixed TiO, pastes were prepared as per
the Figure 1. A TiO, paste was prepared by coating an FTO plate using a doctor blade
technique, then, the ZnGa,O4:Mn**-TiO, layer was coated on top of the TiO, film by the
same method. The electrodes (TiO,-ZnGa,04:Mn*" were sintered at 500°C for 15 min in
air and, subsequently, immersed in dye N-719 for 24 h at room temperature. For comparison,
a dye-sensitized TiO, electrode without ZnGa, O4:Mn?t was prepared. A counter electrode
was prepared by spin coating an H,PtClg solution onto an FTO glass and heating to 450°C
for 30 min. The dye-adsorbed TiO, electrode and the Pt counter electrode were assembled
to a sandwich-type cell and sealed with a 60-um thick hot-melt sealant. An electrolytic
solution was introduced through a hole drilled in the counter electrode. The hole was then
sealed using a cover glass.



Downloaded by [University Of Gujrat] at 13:50 11 December 2014

The Effect of Phosphor-TiO, [561]/49

( Phosphor mixed TiO, ) Sel-gel methad

( Addaceticacid ) Add1mi..mortar(Smin)

¥
( Add distilled water ) [Adi 1L, % mortar(imin)] % Siime

( Add ethanol

) |Add 1mL X mertar{lmin)] * 15tkne
[Add 2.5mL X nsortar{imiud|x Gtinr

( Stirring )

Add terpineol (20g)
* Add ety eliulore
( Sonicate ) {3g :30g of 10% solution staush)

( E\'apo'rating )

¥
( Three roll milling )

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

Measurements

The phase identification of the fabricated photoelectrode was performed by X-ray diffraction
(XRD) using a Rigaku D/MAX-2200 diffractometer with Cu Ko radiation. Photolumines-
cence (PL) spectra were recorded using a 150 W Xe lamp (spectrofluorometer, FP-6200,
JASCO). The morphology of the prepared phosphor-admixed TiO; layer was investigated
by field-emission scanning electron microscopy (FE-SEM, model S-4700, Hitachi). The
absorption 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 pattern of the ZnGa,O4:Mn?* phosphor. The XRD pattern
shows various peaks including the (311) peak. The XRD patterns of all investigated samples
were in good agreement with JCPDS card no. 38-1240, indicating that ZnGa, O, forms the
expected spinel structure at a sintering temperature of 1000°C. No second phase can be
detected, indicating that the Mn>* ions can be effectively built into the ZnGa, Oy host lattice
by substitution for the Zn>* ions. Figure 2(b) shows the XRD pattern of TiO, nanoparticles
after sintering 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,
as well as pronounced (110) and (101) rutile peaks. The XRD pattern shown in Figure 2(c)
was observed in case of the phosphor-admixed TiO2 surface, revealing crystallinity at the
most prominent peaks originating from the phosphor being indicated by P1-P4.

Figure 3 shows a SEM image of the ZnGa,O4:Mn>* phosphor. It can be seen that the
particle size is about 50 nm after sintering at a temperature of 1000°C. It can be seen that
the phosphor prepared by the precipitation method shows relatively uniform, dispersive,
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Figure 2. XRD patterns of (a) phosphor, (b) TiO, nanoparticles, and (c) phosphor-admixed TiO,.

and nearly spherical morphology. It is well known that the luminescent properties of a
phosphor powder are dependent upon its particle size and size distribution. Finer particles
tend to have more surface luminous states arising from their increased surface/bulk volume
ratio. This may result in nano size crystals are favorable for photoluminescence [24-25].
Phosphor particles with a uniform size are thus beneficial to highly efficient and uniform
luminescence [26].

The excitation and emission spectra of phosphor-admixed TiO, are given in Figure
4(a) and (b), respectively. It can be seen from Figure 4(a) that a broad excitation band
appears at a peak wavelength of 304 nm. The strong excitation band with a maximum at
304 nm is due to a change-transfer transition of Mn>*, one of the d—d transitions within
the Mn?* 3d° configuration [27]. This excitation absorption band implies that ultraviolet

==
15.0kV12.6mm X100k

Figure 3. SEM image of the ZnGa,04:Mn?* phosphor.
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Figure 4. (a) PL excitation spectrum and (b) PL emission spectrum of phosphor-admixed TiO,.

irradiation from the sun can be absorbed by ZnGa,0,:Mn”*. Figure 4(b) shows the emission
spectra of phosphor-admixed TiO5. It can be seen that ZnGa,;O4:Mn?* exhibits an obvious
luminescence function. The emission spectrum with its maximum around 505 nm, excited
by 304 nm, is attributed to the transition “T|-°A; of the 3d electrons of the Mn** ion
[28-29] which occupies the tetrahedrally coordinated Zn position of the host material
[30]. The luminescence around 505 nm is just within the absorption wavelength range
of the sensitizing dye N-719 [20-21]. Combining excitation and emission spectra, the
ultraviolet region of the solar radiation can be reabsorbed by the dye N-719 via conversion
luminescence by ZnGa,O4:Mn** and, therefore, the solar light harvest of corresponding
DSSCs may be increased.

Figure 5 shows the UV-vis absorbance of phosphor-admixed TiO, for different phos-
phor content. The absorption spectrum of ZnGa,O,4:Mn?* phosphor has a peak at ultraviolet
ray area [31]. And N-719 only absorb visible light in the wavelength range 400-800 nm
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Figure 5. UV-vis absorbance of phosphor-admixed TiO, for different phosphor concentrations.
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Figure 6. EIS Nyquist plots of DSSCs with phosphor-admixed TiO;, electrode for different phosphor
concentrations.

[20]. It can be seen in Figure 5 that in the entire wavelength range of 400—800 nm, the ab-
sorbance spectra for the sample with a phosphor content of 5.00 wt% was highest. Figure 5
shows that in the wavelength range of 400-800 nm, the absorbance spectra of DSSCs with
a phosphor-admixed TiO, layer are higher than without phosphor. Obviously, this is due to
the conversion luminescence of the phosphor and the resulting reabsorption by the dye of
the DSSCs.

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 [32]. As shown in Figure 6, there is a decrease
in the charge-transfer resistance (R.) upon increasing phosphor amount varying from 0%
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Figure 7. I-V characteristic of DSSCs.
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Table 1. J., V., FF, and efficiency

Phosphor content Joe (mA/cmz) Voe (V) FF (%) Efficiency (1)
0 wt% 15.25 0.6437 65.36 6.41
1 wt% 15.64 0.6441 65.50 6.59
3 wt% 15.89 0.6663 66.22 7.01
5 wt% 17.26 0.6810 68.46 8.04
7 wt% 13.77 0.7028 65.88 6.37
10 wt% 9.8 0.7300 64.29 4.60

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 [33-34]. R directly affects the fill factor (FF) of a DSSC. If R decreases, FF
increases and, consequently, the efficiency of the cell also increases [35]. However, R
becomes larger when the phosphor content is more than 10%. The enlargement of R
means an increase of the recombination rate and indicates slow electron-transfer processes
in the DSSCs. The reason is that with the increase of the ZnGa,O4:Mn2" content in TiO,,
crystal defects are produced that cause a higher electron transport resistance [36]. The
inefficient charge-transfer paths increase the recombination rate of electrons with I~ or the
oxidizing dye, resulting in a low photocurrent density and conversion efficiency [37].

Figure 7 shows the current—voltage photovoltaic performance curves of DSSCs with
pure and phosphor-admixed TiO, under AM 1.5 illumination (100 mW/cm?). Table 1
summarizes the efficiency, FF, open-circuit voltage, and short-circuit current of the corre-
sponding solar cells. Ji. changes significantly because of the effect of the admixed phosphor.
As shown in Table 1, J. increases with the amount of phosphor increase until the phosphor
content is 5.00 wt%, beyond of which J. decreases. The increase in Ji. is mainly due to
the conversion luminescence of phosphor, which facilitates the harvest of more incident
light [38]. The decrease in Jsc is due to the fact that introduction of phosphor produces
defects in the oxide film, which causes the recombination of photoinduced holes and elec-
trons and the decrease of Jsc [36]. Furthermore, V. increases on increasing percentage of
ZnGa,04:Mn?*. V. of the DSSCs depends on the energy level of the electrons in the oxide
film and the redox potential of the electrolyte [20,22]. If Mn>* 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,..[39—40] If a phosphor-admixed (5.0 wt%) TiO, electrode is used
in DSSCs, a light-to-electric energy conversion efficiency of 8.04%, a short-circuit current
density of 17.26 mA/cm?, an open-circuit voltage of 0.6810 V, and an FF of 68.46% is
achieved. Higher efficiencies were achieved for DSSCs with phosphor-admixed TiO, than
for cells with pure TiO, nanoparticles.

Conclusions

The photovoltaic performances of DSSCs with phosphor-admixed TiO; (1.0-10.00 wt%)
were compared. The conversion luminescence of phosphor improves both, the light harvest
and J.. As R, decreases, FF increases and, consequently, also the efficiency of the cell. The
addition of phosphor elevates both the energy level of the oxide film and V. of the DSSC.
In case of a TiO, electrode with 5.00 wt% of ZnGa,O4:Mn?t, the light-to-electric energy
conversion efficiency of the DSSC reaches 8.04% under a simulated solar light irradiation
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of 100 mW/cm?, which is higher by a factor of 1.25 than the efficiency of DSSCs without
phosphor. DSSCs based on phosphor-admixed TiO, show better photovoltaic performances
than cells with pure TiO, nanoparticles.
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