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a b s t r a c t

A TiO2 film was modified by adding light scattering particles and applied to an anode electrode in solid-
state dye-sensitized solar cells (DSSCs). The TiO2 films with 10 wt% (vs. TiO2 weight) light scattering
particles showed enhanced performance (28%), compared with nanocrystalline TiO2 films, which were
used as the controls. In particular, the photocurrent density (Jsc) reached approximately 12.6 mA/cm2

under a one-sun condition. This was attributed to the light scattering effect and decrease in internal
eywords:
ight scattering particle
olid-state dye-sensitized solar cell
olymer beads

resistance through the macroporous structure with a minor loss of electron transport. However, in the
case of a larger concentration of light scattering particles (>10 wt%), there was a decrease in the efficiency
of DSSCs, which resulted from the decreased surface area and degraded electron transport and charge
recombination properties, as confirmed by the measurement of stepped light-induced photocurrent and
photovoltage transients. Furthermore, the diffusion properties and kinetics of the composite polymer
electrolyte with the nanoporous and macroporous TiO films were compared and evaluated from the
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. Introduction

Recently, there has been considerable attention concentrated on
ye-sensitized solar cells (DSSCs) composed of nanoporous TiO2
articles [1]. As a promising alternative energy device to conven-
ional Si solar cells, the combination of clean and unlimited solar
nergy as well as low production costs can allow commercializa-
ion of DSSCs, even though the conversion efficiency should be
11%. For the production of commercial DSSCs, liquid electrolyte-
ased DSSC should be substituted for solid- or quasi-solid type
lectrolyte-based DSSC due to their many practical limitations, such
s dye desorption, solvent evaporation resulting from imperfect
ealing of the cell, cell degradation by reactions between permeated
ater/oxygen and the electrolyte, and high temperature instabil-

ty [2–4]. In this regard, enormous effort has moved to solid- or
uasi-solid type electrolyte materials.

Recently, the Grätzel group [5] reported quasi-solid-state DSSCs

ith high efficiency (7.5%) employing a composite ionic liquid-

ased electrolyte. The high conversion efficiency was explained by
he increased conductivity of I3− ions in the viscous solvent result-
ng from an increase in the range of the amorphous phases after

∗ Corresponding author. Tel.: +82 2 880 1889; fax: +82 2 888 1604.
E-mail address: ysung@snu.ac.kr (Y.-E. Sung).
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iO2 or TiO2 nanoparticles (in size of 15–20 nm) had been inserted
6]. Accordingly, the simple procedure for preparing a composite
olymer electrolyte is expected to inject new momentum into new
elds, such as electrochromic devices [7], polymer batteries [8,9],
nd fuel cells [10]. Unlike the operation of a liquid electrolyte, the
ass transport of the charge carrier in the viscous polymer elec-

rolyte is controlled by ion diffusion, which relies mainly on the
iffusion coefficient of I3− ions and the viscosity of the solvent, and

s affected slightly by the structure of the porous TiO2 film elec-
rode. This is because a porous and three-dimensional TiO2 network
bstructs the diffusion of electroactive species to the surroundings
f a close substrate [4].

In addition, the effective internal surface area of a nanocrys-
alline TiO2 film is approximately one thousand times higher than
hat of a flat TiO2 film, which has a significant effect on the light har-
esting yield. However, the conversion efficiency begins to degrade
bove limited certain point because the relationship between the
pecific surface area and photocurrent in a nanoporous TiO2 film is
ot proportional. The commercial dye (N719) molecules used show
articularly poor absorption ability of solar light, especially in the

onger wavelength range � = 600–800 nm. Therefore, many differ-

nt dyes have been investigated in an attempt to extend the spectral
esponse toward a longer wavelength range. However, many syn-
hesized dyes have limited utility [12,13]. Hence, modification of the
iO2 working electrode with larger TiO2 nanoparticles (∼200 nm),
hich behave as light scattering particles (LS), was attempted with

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:ysung@snu.ac.kr
dx.doi.org/10.1016/j.jphotochem.2008.08.010
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he aim of extending the spectral wavelength range for light absorp-
ion by increasing the optical path length. Recently, Wan In Lee and
o-workers reported that a nano-embossed hollow spherical TiO2
article-based photoanode with bifunctional properties improved
he conversion efficiency (21% increase), compared with that of a
00 nm-diameter scattering particle-based photoanode. This was
ttributed to the light scattering effect of large nano-embossed
ollow spheres in the longer wavelength region and the genera-
ion of photo-excited electrons because the walls of the obtained
ollow spheres were composed of nanocrystalline anatase TiO2
articles [14]. In addition, TiO2 electrodes with microtube-network
tructures showed enhanced photovoltaic performance (30%) com-
ared to that of nanocrystalline TiO2 films using an ionic liquid
ype electrolyte [15]. Herein, the main contributing factors were
he extension of the light path length (light scattering effect) and
ecrease in the transport resistance (macroporous structure). Sim-

larly, in the situation where ion diffusion in the viscous polymer
lectrolyte becomes problematic, the random distribution of light
cattering particles might promote the favorable penetration of a
iscous polymer electrolyte into a nanoporous TiO2 film. It should
e noted that too many large particles might significantly reduce
he internal surface area, resulting in lower conversion efficiency.
n addition, photoinjected electrons should experience frequent
rapping/detrapping events that would limit transport through
he nanoporous TiO2 layer due to the reducing electron diffusion
ength.

Therefore, this study investigated the effects of a suitable mix-
ure of small particles, which would have a large effective internal
urface, and larger particles, which would be effective light scat-
ering agents, on a modified TiO2 electrode for applications to
olid-state DSSCs.

. Experimental

An optically transparent conducting glass (FTO (fluorine doped
nO2), Pilkington TEC GlassTM, sheet resistance 8 �/sq, transmit-
ance 77% in the visible range) was used as the substrate. The
ubstrate was cleaned sequentially in acetone, ethanol and deion-
zed (DI) water for 20 min in each step to remove the organic
ollutants. The TiO2 electrode as a control sample was fabricated
s reported in a previous paper [16]. The modified sample showed
ore efficient performance due to the increased porosity and spe-

ific surface area, which are associated with an increase of the
hotocurrent of the cell. Furthermore, a somewhat uniform pore
istribution was obtained. More detailed results and discussion are
eported elsewhere [11].

TiO2 powder (0.6 g), 1 wt% Vulcan spherical carbon nanopowder
ith a 30 nm particle size as a porosity inducing material, and light

cattering particles (ST1, Ishihara Sanyo, Japan) ranging in size from
length of 200 nm and a width of 50 nm were mechanically ground

ogether. Subsequently, acetylacetone, polyethylene oxide, and sol-
ent (water/ethanol) were added. The quantity of light scattering
articles incorporated in TiO2 was controlled. A black colored TiO2
lm was made from the paste using a doctor blade technique, and
ried for 5 min using a hot air dryer. The thermal treatment in the
econd-step (450 ◦C for 30 min → 550 ◦C for 30 min) was performed
o completely remove the incorporated elemental carbon through
chemical reaction with oxygen.

For the formation of large pores and an increase in light scat-

ering [17] in the nanoporous TiO2 film, the polymer beads were
ynthesized using a methyl metacrylate (MMA) monomer by emul-
ion polymerization. The beads were spherical approximately70
o 100 nm in radius [18]. A surface functional group on the poly-

er beads was a substituted hydrophilic chain that was soluble in

i
a
i
a
i
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ater-based solvents. The concentrated polymer bead was diluted
n water to a ratio of 1:20 by volume.

After a high temperature thermal treatment for a short time,
he polymer beads were burnt out leaving a reverse structure or
olymer bead-sized pores in the TiO2 films. The thickness of the
iO2 film was controlled using transparent adhesive tape (Scotch,
ominal thickness: 50 �m) as a spacer and was measured to be
pproximately 4.7 �m (±0.5 �m) using an Alpha-Step 200 appara-
us (Tencor Instruments).

For the adsorption of the dye, the baked electrodes were
mmersed in an ethanol solution containing 5 × 10−4 M cis-bis
isothiocyanato)bis(2,2′-bipyridy-4,4′-dicarboxylato)-ruthenium
II) bis-tetrabutylammonium (Ru 535-bisTBA, Solaronix) for
pproximately 12 h at room temperature. The electrode was
hen rinsed with ethanol and dried under an air stream. The
olymer electrolyte was composed of a low molecular weight
oly(ethylene oxide dimethyl ether) (PEODME, Mw = 500 g/mol,
g = 1.4 nm), fumed silica nanoparticles (20 nm, Degussa), 1-
ethyl-3-propyimidazolium iodide, iodine, and acetonitrile as the

olatile solvent [19]. The composite solution was stirred for 12 h
nd the solvent was evaporated in an oven at 60 ◦C. In the case of
he silica nanoparticle inserted polymer electrolyte, the improved
onic conductivity and a high interfacial contact resulted in
mproved conversion efficiency. Pt-coated counter electrodes were
repared by spreading a drop of 10 mM H2PtCl6 in 2-propanol onto
he FTO glass and heating it to 400 ◦C for 20 min under air ambient.
nly one-side of the dye-adsorbed TiO2 electrodes (active area
.16 cm2) was pressed using the thermal adhesive films (Serlyn,
hickness: 60 �m), which controlled the thickness of the polymer
lectrolyte. Finally, the polymer electrolyte solution was cast on
he TiO2 electrode, which was covered by the Pt-coated counter
lectrode.

The absorbance spectra were investigated using a Shimadzu
odel 3100 UV–vis (ultraviolet–visible) spectrophotometer over

he wavelength range, 500–1000 nm, at room temperature. The
hotocurrent–voltage (J–V) measurements were performed using
n XIL model 05A50KS source measurement unit at a power of
00 mW/cm2. A 500-W Xenon lamp was used as the light source
nd its light intensity was calibrated to AM 1.5 radiation (one-sun
ondition) using a NREL fabricated Si reference solar cell. The light
as homogenous up to 5 cm × 5 cm.

The stepped light-induced measurements of the photocurrent
nd voltages transients (SLIM-PCV) were used to measure the elec-
ron diffusion coefficient (D), which was correlated to the electron
ransport in the TiO2 film, and the electron lifetime (�), which was
elated to the extent of charge recombination. The transient pho-
ocurrent and photovoltage were deduced by a stepwise change
n the intensity of a 632 nm laser pulse stepped down by ND
lters to 10 mW/cm2. The D values were obtained by the time
onstant (�c), which was determined by fitting an exponential
unction of the photocurrent transient with exp (−t/�c), accord-
ng to the following equation, D = ω2/(2.35�c) with a TiO2 film
hickness (w). In addition, the � values were derived by fitting
n exponential function of the photovoltage transient to exp(−t/�)
20,21].

The photocurrent action spectra (IPCE) were collected under
hort circuit conditions with a tungsten lamp source and a 20 nm
andwidth monochromator, resulting in an illumination intensity
f approximately 1 mW/cm2.

The electrochemical impedance spectra were obtained by apply-

ng a sinusoidal perturbation of ±5 mV over an open-circuit voltage
t frequencies ranging from 0.01 Hz to 100 kHz in the dark or under
llumination (AM 1.5, one-sun condition) using a Zahner impedance
nalyzer to examine the diffusion properties and ionic conductiv-
ty in the polymer electrolyte. The measurements were also used to
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etermine the origin of the resistive losses in the nanoporous TiO2
lm.

. Results and discussion

Fig. 1 shows the absorbance spectra of the TiO2 films containing
he light scattering particles and polymer beads. The incorporated
olymer beads were well dispersed in the TiO2 colloidal paste
t a 1:20 ratio by weight. However, there was no change in the
bsorbance as the spherical polymer beads were incorporated in
he TiO2 film, which means that there was no light scattering effect
rom the inserted polymer beads due to the small size distribution
rom 70 to 100 nm.

One might expect the incorporated polymer beads to decrease
he internal surface area due to the increase in porosity and the for-
ation of a sparsely interconnected TiO2 particle network, which
ould decrease the photocurrent density. On the other hand, the
ern group [22] reported that the dimensions of backscatterers
enerating effective Mie scattering were approximately 50–100 nm
n radius and the solid particles were 50–700 nm in radius, assum-

Fig. 1. UV–vis spectra of the dye-adsorbed TiO2 film containing light scattering
particles (10 wt% (—), 20 wt% ( ) vs. TiO2 weight and 5 wt% polymer beads (· · ·)
(20 vol% diluted in water)). The control sample was described with the dashed line.

ig. 2. FE-SEM images; (a) TiO2 film (control sample), (b) synthesized polymer beads, (c) modified samples containing 5 wt% polymer beads, (d) the magnified view of (c)
mage, (e) modified sample containing 10 wt% light scattering particles, and (f) modified sample containing 20 wt% light scattering particles.
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Fig. 3. (a) J–V characteristics under AM 1.5 illumination of 100 mW/cm2. The sam-
ples with 5 wt% polymer beads (· · ·), 10 wt% light scattering particles (—), 20 wt%
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coordination number of the thin film consisting of nano-sized TiO2
particles linked to the increased charge recombination. Further-
more, there might be a minor effect from the intimate connection
between the TCO substrate and polymer electrolyte. The enhanced

Table 1
The summary of the J–V characteristics for solid-state dye-sensitized solar cells
(solar illumination intensity: 100 mW/cm2)

Voc (V) Jsc (mA/cm2) F.F (%) � (%)

Control sample −0.616 10.87 55.5 3.72
S.H. Kang et al. / Journal of Photochemistry an

ng that Mie theory applies to an isotropic and homogenous sphere
23]. Although the reported void dimensions are similar to those in
his experiment, there was no light scattering effect in the longer
avelength range. The latter effect might be due to the high spe-

ific surface area and porosity that already exist in the TiO2 samples
sed.

The incorporation of solid light scatterers was found to influence
he absorbance of dye-adsorbed TiO2 film in the longer wavelength
egion. The maximum wavelength of the absorbance was shifted
o a longer wavelength (560–590 nm) with increasing amount of
ncorporated solid light scattering particles. Moreover, the inten-
ity of the absorbance was increased. This can be explained from the
ight scattering effect of the 200 nm-sized TiO2 particles. In addi-
ion, it should be noted that light scattering relies on a change in the
efractive index at the interface between the materials. The effec-
ive medium between the active layer of TiO2 (effective refractive
ndex (�) = 2.5) and the electrolyte (� = 1.6), is sufficient to show a
ight scattering effect at the interface [24]. However, a large fraction
f light scattering particles is needed for effective light scattering,
hich will lead to a simultaneous decrease in effective surface area.

his effect will be discussed in the next section.
Fig. 2 shows FE-SEM images of the surface of the TiO2 film con-

aining the solid light scattering particles and polymer beads. The
iO2 film (control sample) in Fig. 2(a) shows a nanoporous structure
ith a uniform pore distribution (∼30 nm) [11]. The sample con-

aining 5 wt% polymer beads diluted 10% by volume (abbreviated
s 5 wt% PB sample) showed random bulky-sized pores and a crater-
haped dented morphology at the surface, which is highlighted by
he white circles in Fig. 2(c) and (d).

From Fig. 2(b), the synthesized polymer beads were found to
ave a uniform size ranging from 70 to 100 nm with a spherical
hape. The TiO2 sample containing 10 wt% solid light scattering
articles (abbreviated as 10 wt% LS sample) shows a rough and
neven surface morphology, compared with the control sample,
s shown in Fig. 2(e). Increasing the content of light scattering
articles (20 wt%) caused a rough surface morphology, which was
imilar to the 10 wt% LS sample (Fig. 2(f)). The extreme rugged sur-
ace morphology might cause the loss of electron transport in the
anoporous TiO2 film [25], which should degrade the conversion
fficiency of DSSC as a result of charge recombination. Furthermore,
he back scattering from the light scattering thin film also decreases
he efficiency as a result of the loss of incident solar light. The incor-
orated solid light scattering particles exhibit a laminar structure
ith a long round shape along the c-axis. It was evident that these

arge nanoparticles might affect not only the permeation of the
olymer electrolyte but also light scattering in the near-IR region.

The photovoltaic performance of the control sample and modi-
ed sample was tested, as shown in Fig. 3(a). The 10 wt% LS sample
howed the best efficiency of 4.75%, while the 5 wt% PB sample
howed lower conversion efficiency than the control. It appears
hat the decrease in internal surface area makes a more important
ontribution to the efficiency than the light scattering effect. There-
ore, the conversion efficiency decreased with increasing content of
ight scattering particles incorporated. These results suggest that
0 wt% LS particle inserted film is most suitable for enhancing the
olar absorption. Fig. 3(b) shows the incident photon on the elec-
ron efficiency (IPCE) of the 10 wt% LS sample and control sample.
he IPCE value corresponds to the number of electrons generated by
onochromatic light in the external circuit divided by the number

f incident photons. In the case of the 10 wt% LS sample, the IPCE

orresponds to the absorption wavelength of the dye used, and was
s high as 60% at 530 nm with slightly higher conversion efficiency
t the longer wavelengths of 600–800 nm. This confirms the results
f the UV–vis spectra, which was attributed to the scattering effect
f the larger particles.

5
1
2

T
s

ight scattering particles ( ), and control (—-) are shown. The active area was
pproximately 0.16 cm2. (b) IPCE spectra of the DSSCs as a function of the wave-
ength. The control sample (�) and 10 wt% LS sample (©) are shown. The fabricated
ctive area was approximately 0.36 cm2.

It should be noted that the significant increase in light
bsorbance at the longer wavelengths shown in Fig. 1 does not
ntirely control the increase in photocurrent density. Related anal-
sis should be performed to determine the cause in the next
aragraph. Table 1 summarizes the J–V characteristics. The 10 wt%
S sample shows a Voc, Jsc, fill factor and efficiency of 0.651 V,
2.6 mA/cm2, 57.8%, and 4.75%, respectively. Compared with the
ontrol sample, the higher Voc was attributed to the favorable
ermeation of the solid polymer electrolyte, causing less charge
ecombination. The increased photocurrent might be induced by
he increase in light absorption from the UV–vis spectra.

The IPCE value shows a minor light scattering effect, which sup-
orts the favorable permeation of the polymer electrolyte into the
anostructured TiO2 film [16]. Moreover, the low fill factor was
xplained by a variety of factors, the main factor being the series
esistance of the TCO (transparent conducting oxide) substrate due
o long-term annealing and the diffusion of the solid-state polymer
lectrolyte into the nanoporous TiO2 film.

In the case of the 5 wt% PB sample, the increased fill factor
esulted from favorable permeation of the polymer electrolyte into
he internal interface between the substrate and nanoporous TiO2
ayer. Nevertheless, the conversion efficiency was low due to the
ecrease in internal surface area as a result of the formation of
ulky-pores, rather than by the light scattering effect, which would

nduce photocurrent degradation. The decrease in photovoltage
riginates from the significant loss of electron transport in the low
wt% PB −0.604 10.31 59.2 3.68
0 wt% LS −0.651 12.6 57.8 4.75
0 wt% LS −0.676 10.9 57.7 4.27

he significance of italic characters mean the maximum conversion efficiency of
olid-state dye sensitized solar cell
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Fig. 4. Impedance spectra of the control sample and 10 wt% LS sample measured
at the open-circuit voltage (−0.65 V) under solar illumination with the intensity
of one-sun; (a) the Nyquist plots of control sample (�) and 10 wt% LS sample (©).
The inset of (a) shows the equivalent circuit describing the interface in the solid-
state DSSCs composed of FTO(substrate)/TiO2-dye/polymer electrolyte/Pt-coated
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ubstrate. Rs: solution resistance, R1 and R2: charge transfer resistance at the counter
lectrode/electrolyte and the TiO2/electrolyte, CPE1 and CPE2: constant phase ele-
ent of capacitance corresponding to R1 and R2, respectively, Ws: finite Warburg

mpedance. (b) The Bode plots of the control sample (· · ·) and 10 wt% LS sample (—-).

ll factor is linked to the rapid diffusion of the polymer electrolyte
n the film assisted by the bulky-pores. Overall, the incorporation of
olymer beads in the carbon-incorporated TiO2 film is unsuitable
or applications to solid-state DSSCs.

In order to determine the factors that influence the efficiency of
he solid-state DSSC, the electrochemical impedance spectra with
llumination (mentioned at Table 1) and in the dark (Voc corre-
ponded to 0.23 ± 0.1 V) were measured under the open-circuit
ondition, using a perturbation of ±5 mV/s, shown in Fig. 4. The
yquist diagrams of the control and 10 wt% LS sample show sim-

lar curves depending on the frequency, with the exception of the
ndistinct appearance of a semicircle at high frequency. Referring to
revious reported results [26,27], the charge transfer resistance at
he electrolyte/Pt-coated counter electrode was associated with the
igh frequency range. The electron transport and electron captur-

ng behavior of I3− at the TiO2/electrolyte interface can be analyzed

n the medium frequency range. In the low frequency range, the
mpedance properties should be related to the diffusion of I3− in
he polymer electrolyte.

The control sample shows prominent diffusion related resis-
ance of the polymer electrolyte and electron transport along with

T
e
t
9
t

able 2
arameters determined by fitting the electrochemical impedance spectra under the open

RS (�) RDif (�) R1 (�) R2 (�) CPE1

T P

ontrol sample 19.2 66 14 67 0.00182 0.755
0 wt% LS 18.5 49.3 10 55 0.0011 0.78
tobiology A: Chemistry 200 (2008) 294–300

ransfer related resistance in the nanoporous TiO2 film/electrolyte,
ompared with the 10 wt% LS sample. In addition, the magnitude of
he curve (Z′′) increased. In the kinetic region, the 10 wt% LS sample
howed a blue shift in the peak related to the electrolyte diffusion
uggesting more rapid charge transfer than the control sample. This
ndicates that the films with solid light scattering particles facilitate
iffusion into the nanostructured TiO2 film.

The inset in Fig. 4(a) shows the equivalent circuit model of
he impedance of a solid-state DSSC. Rs denotes the resistance of
he polymer electrolyte and the TCO substrate. R1 and R2 are the
harge transfer resistance of the interfaces of the counter elec-
rode/electrolyte and porous electrode/electrolyte, respectively.
he finite Warburg impedance related elements, which are asso-
iated with diffusion processes, are influenced by the nature of
he nanoparticle electrode/electrolyte interface. The symbol, CPE,
escribes the constant phase element of the capacitance, meaning
non-ideal frequency dependent capacitance due to a non-uniform
istribution of current by the material heterogeneity [28]. The ele-
ents with subscripts 1 and 2 are related to the capacitance of the

nterfaces of the electrolyte/Pt-coated counter electrode and pho-
oelectrode/electrolyte, respectively. The CPE was defined by two
alues, CPE-T and CPE-P.

= 1

[T ∗ (jω)P]

and P were abbreviated as CPE-T and CPE-P, respectively. CPE-
is a constant ranging from 0 ≤ p ≤ 1. A rough or porous surface

an cause a double-layer capacitance to appear as a constant phase
lement with a CPE-P value between 0.9 and 1. The finite Warburg
mpedance (Ws), which depends on the parameters, Ws–R, Ws–T
nd Ws–P, accounts for the finite-length Warburg diffusion (ZDif) in
ne dimension. In the diffusion interpretation, Ws–P = l2/D, where l
s the effective diffusion thickness (approximately 60 �m) and D is
he effective diffusion coefficient of the species [29]. ZDif is defined
s follows:

Dif = RDif ∗ tanh (jTω)P

(jTω)P

, T, and P were abbreviated from Ws–R, Ws–T, and Ws–T, respec-
ively. The DSSCs are complex systems that may involve a variety of
eactions at several interfaces. The measured EIS spectrum is simi-
ar to the previously reported EIS spectrum, which showed three
emicircles in the Nyquist plot. Therefore, the spectra shown in
ig. 4 were fitted to the corresponding equivalent circuits by the
View software.

Table 2 summarizes the quantitatively fitted results using the
quivalent circuit. Rs and RDif describe the electrolyte resistance
nd diffusion related resistance of the electrolyte. The control sam-
le showed a Rs, RDif, R1 and R2 of 19.2, 66, 14 and 67 �, respectively.
n the other hand, 10 wt% LS sample shows less resistance for all the
lements (Rs = 18.5 � of, RDif = 49.25 �, R1 = 10 � of, and R2 = 55 �).

he diffusion coefficient (D) of I3− ions was calculated using the
quation, Ws–T = l2/D. The diffusion coefficients (D) of the con-
rol and 10 wt% LS samples were approximately 3.67 × 10−7 and
.35 × 10−7 cm2/s, respectively. This means that the permeation of
he polymer electrolyte was supported by the widely distributed

-circuit condition (illumination intensity: 100 mW/cm2)

CPE2 Diffusion coefficient (cm2/s) Film thickness (�m)

T P

0.00334 0.9385 3.69 × 10−7 4.7
0.0021 0.965 9.35 × 10−7 5.2
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into the nanostructured TiO film and together increase Jsc due to
ig. 5. Impedance spectra measured in the dark at the open-circuit voltage (−0.24 V)
hown in the Nyquist diagrams. The control sample and 10 wt% LS sample were
escribed with the filled circle and open circle, respectively.

ulky-pores, which affected the electron transport/transfer phe-
omenon in the interface region. Moreover, 10 wt% LS sample
howed a lower surface area, which influenced the double-layer
apacitance. It was assumed that CPE2 is associated with the
ouble-layer capacitance of the TiO2 film with a CPE-P value rang-

ng from 0.9 to 1. From this, the capacitance of the interface between
he nanoporous TiO2 film and electrolyte could be calculated. Com-
ared with the control sample (182 �F/cm2), the 10 wt% LS sample
hows a lower double-layer capacitance (110 �F/cm2) due to the
ncorporation of solid light scattering particles.

Fig. 5 shows the electrochemical impedance spectra measured
n the dark state. The control sample showed high impedance over
he entire frequency range, while the 10 wt% LS sample showed
ess resistive properties. The high impedance of both samples was
aused by the large resistance of the porous TiO2 electrode. From
n analysis of the impedance spectra, the incorporation of a small
mount of large-sized scattering particles in the TiO2 slurry influ-
nces both the diffusion of the viscous polymer electrolyte and the
lectron transfer of photoinjected electrons in the interconnected
iO2 network.

An understanding of the electron transport and charge recom-
ination characteristics is needed to investigate the significantly
egraded efficiency of the 20 wt% LS sample even though there was
n increase in light absorbance. SLIM-PCV under front side illumi-
ation was used to measure the electron diffusion coefficients (D)
nd lifetimes (�) of many samples.

Fig. 6(a) shows the D values as a function of Jsc. Generally, it
as expected that higher D values may be produced in the LS

nserted TiO2 films because of the fewer grain boundaries. This
hould result in a lower resistance to the photoinjected electrons
ransferring through the nanoporous TiO2 electrode if the electrons
re transported by a hopping mechanism [30]. However, the 10 wt%
S incorporated TiO2 films showed lower diffusion coefficients,
ompared with the TiO2 film without the LS particles.

In particular, the electron transport characteristics of the 20 wt%
S samples were much lower. The addition of materials synthesized
n the different circumstances to the nanoporous TiO2 film resulted
n increased resistance due to unfavorable matching at the interface
etween the nanoparticles [31]. This effect was revealed when the

raction of LS particles in the samples was increased. The trend of
lectron lifetime as a function of Jsc was also similar to that of the D
alues measured for each sample, as shown in Fig. 6(b). The electron
ifetimes were reduced with increasing content of LS particles in the
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ig. 6. The values of the electron diffusion coefficients (a) and electron recombi-
ation lifetimes (b) as a function of the Jsc value controlled by ND filters using a
35 laser beam. The control sample (�) with 5.67 �m, 10 wt% LS sample (©) with
.7 �m, and 20 wt% LS sample (�) with 6.81 �m are shown.

iO2 powder, presumably by the contribution of electrons remain-
ng in the grain boundaries [32]. This shows that there was a minor
ncrease in conversion efficiency in the 10 wt% sample despite the
egraded electron transport and charge recombination properties,
articularly where there was high light absorbance at the longer
avelengths corresponding to an increase in Jsc. In particular, the

onsiderably lower efficiency in the 20 wt% LS samples was associ-
ted with inferior electron transport and recombination properties,
espite the enormous light absorbance.

In summary, the optimum condition for high conversion effi-
iency was a TiO2 film containing 10 wt% light scattering particles.
he 10 wt% LS sample had a suitable combination of minor losses in
lectron transport and charge recombination as well as increased
ight absorbance, which would lead to higher efficiency.

. Conclusions

This paper reports the first attempt to fabricate a solid-state
SSC using modified TiO2 films containing porous inducing mate-

ials, i.e., large-sized light scattering particle and polymer beads,
hich improve the diffusion of a solid-state polymer electrolyte
2
light scattering effect in the longer wavelength range. The maxi-
um absorption wavelength of the dye was shifted toward a longer
avelength as more solid light scattering particles were incorpo-

ated while there was no enhancement in the absorbance in the
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lways observed in the case of the incorporated polymer beads.
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he diffusion properties of the solid polymer electrolyte examined
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