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ABSTRACT:

In this review, we have investigated the effect of TiO2-based blocking layers (t-BLs), deposited on

a transparent conductive oxide (TCO)-coated glass substrate, on the photovoltaic performance of

dye-sensitized solar cells (DSSCs). The t-BL was deposited using spin-coating or sputtering

technique, and its thicknesses were varied to study the influence of the thin TiO2 layer in between

transparent conducting glass and nanocrystalline TiO2 (nc-TiO2). The DSSC with the t-BL showed

the improved adhesion and the suppressed charge recombination at a TCO glass substrate than

those without the t-BL, which led to the higher conversion efficiency. 
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1. Introduction

Dye-sensitized solar cells have been extensively

studied since their discovery in 1991 by Grätzel’s research

group1) because they have been considered as a good

alternative to conventional silicon photovoltaic cells due

to their low production costs and colorful characteristics.

As a consequence of this special attention, DSSCs with

energy conversion efficiencies higher than 11% have been

obtained using nc-TiO2 films having a mesoporous struc-

ture in conjunction with a liquid electrolyte.2-4)

A DSSC is commonly comprised of a dye-bonded

nc-TiO2 film on a transparent conducting oxide glass as

the anode, a liquid electrolyte containing the I3
−/I− redox

couple and a Pt counter electrode as the cathode. The

working principle of the DSSC is based upon the following

primary steps (Fig. 1): the Ru(II)-bipyridine dye anchored

on the TiO2 surface absorbs the incident light through
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Fig. 1. Schematic diagram of electron transfer processes in a

dye-sensitized solar cell: (1) photo-excitation of the Ru(II)-

bipyridine dye; (2) injection of electrons; (3) diffusion and charge-

collection of electrons; (4) reduction of the I3
−

 ions; (5) regeneration

of the oxidized dye (electron loss by recombination, R1 and R2).
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a glass substrate, the photoexcited dye injects the electrons

to the TiO2, and the photo-injected electrons in the

conduction band of TiO2 are transported through the

interconnected nanoparticles of TiO2 to the FTO as a

charge collector. The transported electrons finally reach

the Pt counter electrode through the external circuit, and

the I3
− ions in electrolyte are reduced by the oxidation

of I− ions. The regeneration of oxidized dye is caused

by the oxidation of the I− ions.

Since electron diffusion rate is as low as microsecond

under the 1 sun illumination and TiO2 particles are sur-

rounded by electrolyte, photo-injected electrons may

undergo recombination from the TiO2 conduction

band either to the electrolyte or to the oxidized dye. It

was reported that electron loss by recombination can

take place either at the nanocrystalline TiO2/electrolyte

interface in the bulk film (R1 of the Fig. 1) or at FTO

substrate (R2 of the Fig. 1), where recombination has been

believed to take place in general in the bulk film.5-8) After-

ward, it was argued that recombination occurs predomi-

nantly near the substrate instead of across the entire TiO2

film from the intensity-modulated infrared transmittance

measurements.9) Recently, Cameron and Peter emphasized

that charge recombination at FTO/electrolyte interface

cannot be neglected.10-12)

We have thus motivated to investigate the loss of photo-

injected electrons at the TCO substrate/electrolyte

interface in DSSC by means of blocking layers formed

by spin-coating or sputtering technique.

In this study, we focused on the effect of introducing

thin TiO2 layer on TCO substrate as the blocking layer,

and compared its performance with a cell without

blocking layer in terms of the photovoltaic parameters

and interfacial properties of the DSSCs.

2. Experimental

2.1. Conducting substrates fabrication

Chemically deposited t-BLs were prepared by spin-coat-

ing of the 1-butanol solution contained titanium(IV)

bis(acetylacetonate) diisopropoxide (Ti(acac)2OiPr2

75 wt.% in isopropanal) precursor on a FTO glass

(Pilkington TEC8, ~8 Ω/ □ , 2.3 µm thick), followed

by annealing at 500oC in air for 20 min. The concentra-

tion of the precursor solution was varied from 0.05 M

to 0.2 M.

Transparent conducting substrates based on ITO/FTO/

TiO2 triple-layered structure were prepared on glass

substrate by radio frequency (rf) magnetron sputtering

method. An ITO layer with thickness of 150 nm was

sputtered on a plain glass substrate (Quartz, JNC Ltd,

NC-200) from ITO target (In2O3-SnO2) which contained

10 wt.% SnO2. Then, a FTO layer with thickness of 70 nm

was deposited on the ITO layer by sputtering of SnO2

target (99.99%) in gas mixtures of CF4, O2 and Ar. The

substrate temperature was 300oC. Finally, the deposition

process of sputtered-TiO2 layer was carried out on the

FTO-coated ITO layer by sputtering of TiO2 target

under O2/Ar (3.5/96.5, v/v) flow ratio at a substrate

temperature of 300oC.

2.2. DSSC fabrication

DSSCs were fabricated as follows: Transparent con-

ducting substrates were pre-cleaned ultrasonically in

ethanol. The nanocrystalline TiO2 particles for the

screen-printable paste were synthesized by hydrolyzing

titanium tetraisopropoxide in the presence of acetic

acid, followed by autoclaving at 230oC for 12 h.13) The

prepared nc-TiO2 paste was deposited on the transparent

conducting glasses, dried in air at ambient temperature

for 5 min and sintered at 500oC for 30 min.

The thicknesses of resulting TiO2 films were measured

by an Alpha-step IQ surface profiler (KLA Tencor), and

were determined to be about 10 µm and 5 µm for the

FTO and ITO/FTO substrate, respectively.

For dye adsorption, the sintered nc-TiO2 electrodes

were immersed in absolute ethanol containing 0.5 mM

of N-719 dye (Ru[LL'(NCS)2], where L = 2,2'-bypy-

ridyl-4,4'-dicarboxylic acid, L' = 2,2'-bypyridyl-4,4'-

ditetrabutylammonium carboxylate) for 5 hr at 40oC. A

Pt counter electrode was prepared by thermal reduction

of thin film formed from 7 mM of H2PtCl6·6H2O in 2-

propanol at 400oC for 20 min. The dye-adsorbed nc-TiO2

electrode and Pt counter electrode were assembled

using 60 µm-thick surlyn (Dupont 1702). An electrolyte

solution was introduced through a drilled hole on the

counter electrode, where the electrolyte solution was

composed of 0.7 M 1-propyl-3-methyl imidazoliuim iodide

(PMII), 0.03 M I2, 0.05 M guanidinium thiocyanate

(GuSCN) and 0.5 M 4-tert-butylpyridine in the mixture

of acetonitrile and valeronitrile (v/v 85 : 15). The active

areas of dye-coated TiO2 films were measured by an image

analysis program equipped with a digital microscope

camera (Moticam 1000).

2.3. Measurements

Transmittance spectra for the transparent conducting

glasses were recorded using a Perkin-Elmer Lambda
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35 UV/Vis spectrometer. The cross section and surface

morphologies of the transparent conducting substrates

were measured by a field emission scanning electron

microscope (NOVA-SEM). AFM images were recorded

under room temperature conditions in a commercial AFM

(Asylum Research MFP3D) in non-contact mode (AC

mode) with 10 nm standard cantilevers (AC160TS,

Olympus). The measurement of the atomic concentration

depth profile was also carried out with an Auger electron

spectroscopy (AES, Scanning Auger Nanoprobe PHI-700

& LC-TOFMS LECO). The depth profile of an ITO/FTO/

TiO2 conducting glass was obtained with ion beam sputter-

ing when the etching rate was 15 nm/min (estimated with

SiO2). The electrochemical impedance spectra were

measured with a potentiostat (Solartron 1287) equipped

with a frequency response analyzer (Solartron 1260),

with the frequency ranging from 10−2 to 106 Hz. The

magnitude of the alternative signal was 10 mV. Impedance

parameters were determined by fitting of impedance

spectrum using Z-view software.

Photocurrent-voltage measurements were performed

using a Keithly model 2400 source measure unit. A class-

A solar simulator (Yamashita Denso, model YSS-200A)

equipped with a 1600 W Xenon lamp was used as a light

source, where light intensity was adjusted using a Fraun-

hofer ISE-calibrated mono Si solar cell with KG-3 filter

for approximating AM 1.5 G one sun light intensity.

For the transient photocurrent and photovoltage studies,

the cells were probed with a weak laser pulse at 532 nm

superimposed on a relatively large and background

(bias) illumination at 680 nm.14,15) The bias light was

illuminated by a 0.5 W diode laser (B&W TEK Inc.,

Model : BWF1-670-300E/55370). A 30 mW frequency-

doubled Nd : YAG laser (Laser-Export Co. Ltd. Model :

LCS-DTL-314QT) (λ = 532 nm, pulse duration 10 ns)

was used as probe light. The light intensity of the probe

light was adjusted so that the collected charge due to

the transient photocurrent and photovoltage were less

than 1% of the steady-state charge as estimated from

the product of the steady-state short-circuit photocurrent/

voltage, the time constant for electron collection (τC), and

the time of electron life time (τR). Charge collection effi-

ciency was estimated by the relation ηCC = 1 − (τC/τR).16)

3. Results and Discussion

3.1. FTO/t-BLs conducting substrates

Fig. 2 shows surface and cross-section SEM micro-

graphs of bare FTO and blocking layer-deposited FTO

glasses. From the surface SEM micrographs, the FTO

surface structure becomes less clear as increasing the

Ti precursor concentration, indicating that the increase

in the precursor concentration leads to the increase in the

TiO2 blocking layer thickness. Based on this observation,

it is thought that the compact blocking layer film could

be obtained until the precursor solution concentration

lower than 0.1 M, and the porous film structures were

obtained on the compact thin layer above the precursor

concentration of 0.1 M.

Fig. 2 also shows the dependency of short-circuit

photocurrent density (JSC), open-circuit voltage (VOC),

fill factor (FF) and efficiency (η) on the Ti precursor

concentration. Photocurrent density increased with the

precursor concentration, reached maximum at around

0.15 M. It decreased with increasing further Ti precursor

concentration. The open-circuit voltages are also slightly

improved by introduction of blocking layer. The VOC

of 0.788 V is enhanced to approximately 0.794 V after

formation of blocking layers. Compared with the cell

without blocking layer, fill factor is improved a bit

after deposition of blocking layers. As a result, the overall

conversion efficiency increases from 7.2% without

blocking layer to 7.71% with 0.15 M-based blocking

layer, corresponding to 7.1% increment. It was reported

that the sputter-deposited blocking layers on FTO improved

transmittance of visible light, which was responsible for

the increased photocurrent.17) Hence, optical effect

may not be ruled out.

Fig. 3(a) compares the dark current characteristics

of nanocrystalline TiO2 electrodes with and without

blocking layer. The onsets of the dark currents shift to

higher forward bias voltage after formation of the blocking

layers. There are two major contributions for dark current :

one is contribution from the FTO/electrolyte interface

and the other from the TiO2/electrolyte one.18,19) Since

we used the same TiO2 layer, there will be little change

in the TiO2/electrolyte interface in our experiment.

Therefore, the interfaces between the exposed FTO

and electrolyte are responsible for the dark current.

The dark currents are decreased similarly after formation

of blocking layers, which implies that the FTO surfaces

exposed to electrolyte are well covered, regardless of the

precursor concentration. The decreased dark current,

irrespective of blocking layer thickness in this work, is

consistent with the previous result,17) where dark currents

were reduced to same extent regardless of thickness of

titania blocking layer formed by sputtering method. This

indicates that blocking layer has unidirectional effect.
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Fig. 2. Surface (A-D) and cross-section (a-d) SEM micrographs for the bare FTO, blocking layer-deposited FTO substrates

from the Ti precursor solutions with various concentration. Effect of the Ti precursor concentration for the blocking layers

on JSC, VOC, FF and η.

Fig. 3. (a) Dependence of dark current density on the Ti precursor concentration for the blocking layers. (b) Effect of the

sputtered TiO2 layer in FTO structure on (a) photocurrent and voltage and (b) dark current and voltage.
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Fig. 3(b) compares the J-V curves of the three DSSCs

fabricated with the FTO, FTO/t-BL (spin-coating

method), FTO/t-BL (sputtering method) substrates,

respectively. The photovoltaic parameters are summarized

in Table 1. It is noted that the DSSCs with the FTO/t-BL

substrates exhibited higher Voc, Jsc, and fill factors (FFs)

than those with the FTO substrate. The onsets of the

dark currents decreased similarly after formation of the

t-BL, indicating that such a thin TiO2 film protected

back electron transfer.

3.2. ITO/FTO/TiO2 conducting substrates

From the SEM micrograph in Fig. 4(a), ITO shows

the thickness of about 150 nm with a large grain structure,

while FTO exhibits a columnar structure and its thickness

is about 70 nm. A clear distinction of the very thin TiO2

Fig. 4. (a) Cross-sectional view of SEM micrograph and (b) Auger electron spectroscopy (AES) depth profile of Ti, Sn, In

and O atoms for the ITO/FTO/TiO2 (15 nm) film. (c) Atomic force microscopy (AFM) images of FTO surface and 15 nm-

thick-TiO2-coated FTO surface in the ITO/FTO substrates. (d) Photocurrent-voltage curves of dye-sensitized solar cells

based on the ITO/FTO/TiO2 (x nm) conducting glasses.20)

Table 1. Photocurrent-Voltage characteristics of dye-sensitized solar cellsa based on the FTO/t-BLs conducting glasses,

along with the conventional FTO glass for comparison

Transparent conducting glasses JSC (mA/cm2) VOC (V) FF η (%) Area (cm2)

Pilkington FTO 11.23 0.785 0.774 6.83 0.306

P-FTO/t-BL (Spin-coating)  11.83 0.803 0.772 7.33 0.317

P-FTO/t-BL (Sputtering)  12.00 0.795 0.771 7.35 0.298

aPhotocurrent and voltage were measured with an aperture mask under AM 1.5 G one sun light intensity (100 mW/cm2).
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layer is not easy from the SEM micrograph. However, we

confirm the existence of TiO2 layer and its thickness

from the AES depth profile, as can be seen in Fig. 4(b).

Considering the ion beam etching rate of about 20 nm/min,

the TiO2 layer is estimated to be about 16 nm. The FTO

layer thickness is estimated to be about 74 nm from AES

measurement, which is in good agreement with the SEM

result. Fig. 4(c) shows the AFM images for the FTO

surface in an ITO/FTO substrate and the 15 nm-thick

TiO2-coated FTO surface in an ITO/FTO/TiO2 one. The

root-mean-square roughness of the ITO/FTO sample

and the ITO/FTO/TiO2 one is about 1.41 nm and 1.82 nm,

respectively, which indicates that the thin TiO2 layer

deposition does not significantly alter the roughness of

FTO layer. Although there is little change in roughness,

the surface with sparsely formed projections is changed

to be densely formed ones by TiO2 deposition.

Fig. 4(d) compares the photovoltaic performance of

the ITO/FTO conducting glasses with and without the

thin TiO2 layer. Photocurrent density is substantially

improved after deposition of thin TiO2 layer on the top of

FTO, while photovoltage remains almost unchanged. For

the thin TiO2 underlayer thickness, photocurrent density

increases with increasing thickness, reached maximum at

15 nm and slightly decreases after further increase in

thickness. Moreover, fill factor is improved after thin TiO2

underlayer deposition, which is indicative of decrease

in series resistance. As a consequence of the introduction

of thin TiO2 layer, overall conversion efficiency is

improved from 5.28% to 6.37% upon 15 nm-thick TiO2

deposition, corresponding to 20.6% increment.

Fig. 5(b) shows IPCE spectra before and after thin

TiO2 underlayer deposition. IPCE values are improved

in the entire wavelength range. The increased IPCE

may be due to an improved transmittance by insertion

of thin TiO2 underlayer. Fig. 5(a) shows UV-Vis spectra

of the ITO/FTO/TiO2 conducting glasses as a function

of wavelength, along with the ITO/FTO one. Since the

real system contains redox electrolyte, which is wet

condition, we have compared the transmittance measured

under the same wet condition. The samples for transmittance

measurement were prepared as follows. The ITO/FTO

and ITO/FTO/TiO2 substrates were sealed with bare glasses

using a 25 µm-thick surlyn and the same electrolyte used

for dye-sensitized solar cell in this study was filled in

between the TCO and the bare glass. The ITO/FTO con-

ducting layers coated with thin TiO2 layers with thickness

ranging from 10-20 nm show higher transmittance at

300-600 nm range, whereas almost no difference was

observed at 600-800 nm. Therefore, it cannot be ruled out

that the increased photocurrent density is partly due to the

increased transmittance. However, when comparing

the optical transmittance with IPCE in Fig. 5(b), the

increased IPCE at 600-800 nm cannot be explained by

only transmittance change because there is no gain of

optical transmittance at this wavelength range.

In Fig. 5(c) and (d), we plot transmittance and IPCE

at 520 nm and at 650 nm. The increase in IPCE at 520 nm

is closely related to the increased transmittance, while

the change in IPCE at 650 nm is hardly related to the

transmittance change. It can be said that the increased

IPCE, associated with photocurrent density, is due to

the increased transmittance at short wavelength range

between 300-600 nm. However, at wavelength ranging

Fig. 5. (a) Optical transmittance and (b) IPCE spectra as a function of wavelength for the dye-sensitized solar cells based

on the ITO/ATO/TiO2 and the FTO substrates. Plot of transmittance (open circle) and IPCE (filled circle) at (c) 520 nm and

(d) 650 nm.20)
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from 600-800 nm, the increased IPCE is not related to the

transmittance change, which implies that except for

the optical gain other reason is involved for the increased

photocurrent upon thin TiO2 underlayer deposition.

Fig. 6 shows time constant for electron transport

(τC), time constant for charge recombination (τR) and

charge collection efficiency (ηCC) as a function of light

intensity, represented by photocurrent density for the

ITO/FTO and the ITO/FTO/TiO2 substrate-based DSSCs.

Charge collection efficiency is estimated using the

relation of ηCC = 1 − (τC/τR). Thin TiO2 deposition on

FTO improves electron transport rate, while it does not

affect significantly charge recombination rate. As a result,

charge collection efficiency is improved from ~90% to

~97% after formation of thin 15 nm-thick TiO2 layer.

Considering that the major alteration is observed from

τC rather than τR by thin TiO2 deposition, the improved

charge collection efficiency is mainly due to the

improved electron transport. Based on the observations

from optical and transient photocurrent measurements,

the thin insulating layer on the ITO/FTO conductive

substrate is found to improve transmittance of the sub-

strate, electrical contact at FTO and electron transport in

TiO2 film, leading to increase in photocurrent density.

4. Conclusions

We have studied the influence of the thin TiO2 layer,

deposited on a TCO conductive substrate, on photovoltaic

property of dye-sensitized solar cell (DSSC) and prepared

novel conducting substrates based on ITO/FTO for

high efficiency dye-sensitized solar cell.

The DSSC with the TiO2-based blocking layer prepared

by sputtering or spin-coating deposition exhibited an

enhanced photovoltaic parameters compared to the DSSC

without the blocking layer on TCO glass substrate.

Among these enhancements, photocurrent and fill factor

were significantly influenced, whereas photovoltage was

increased slightly after formation of blocking layer.

The improved photocurrent partly came from the increased

transmittance. Besides, from the transient photocurrent

and photovoltage study, we found that electron transport

rate was accelerated and thereby charge collection effi-

ciency was substantially improved by the thin layer

formed on TCO substrate.

The FF and VOC enhancements were attributed to the

improved adhesion between TCO/TiO2 film and the

suppression of charge recombination at the TCO/

electrolyte interface, respectively.
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