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ABSTRACT

Dye-sensitized solar cells (DSSCs) were synthesized using a 0.25 cm2 area of a TiO
2
 nanoparticle layer as the electrode and

platinum (Pt) as the counter electrode. The TiO
2
 nanoparticle layers (12 to 22 µm) were screen-printed on fluorine-doped tin oxide

glass. Glancing angle X-ray diffraction results indicated that the TiO
2
 layer is composed of pure anatase with no traces of rutile

TiO
2
. The Pt counter electrode and the ruthenium dye anchored TiO

2 
electrode were then assembled. The best photovoltaic per-

formance of DSSC, which consists of a 18 µm thick TiO
2
 nanoparticle layer, was observed at a short circuit current density (J

sc
)

of 14.68 mA·cm-2, an open circuit voltage (V
oc
) of 0.72V, a fill factor (FF) of 63.0%, and an energy conversion efficiency (η) of

6.65%. It can be concluded that the electrode thickness is attributed to the energy conversion efficiency of DSSCs.
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I. Introduction

ye-sensitized solar cells (DSSCs) have been recognized

as a promising alternative to conventional solar cells

that rely on silicon-based photovoltaics. This is because the

DSSCs have low cost and reasonably high efficiency.1-7) The

DSSC consists of a dye-sensitized porous electrode made of

TiO
2 

nanomaterials, a platinum counter electrode, and an

electrolyte solution between the electrodes. The dye-sensi-

tized TiO
2 
electrode should have a high surface area in order

to enhance the efficient light-to-energy conversion of DSSCs.

A number of methods have been studied to produce porous

TiO
2 
electrodes, such as spin-coating,7) spray coating,2,8) elec-

trospinning1,3,9,10) screen-printing,4) sputtering,5) and chemi-

cal vapor deposition.6)

Our previous studies revealed that DSSCs consisting of a

TiO
2 
nanorod layer as the electrode showed an energy con-

version efficiency of 5.07%.8)  The TiO
2 

nanorod layer pre-

pared by spray coating has good adhesion on fluorine-doped

tin oxide glass (FTO) substrates. No additives or conducting

agents were used for electrode preparation.2,9) Despite these

advantages, the spray coating process can be somewhat

troublesome and time consuming in achieving a uniform

coating thickness. Among various synthesis methods, the

screen-printing method is of much interest due to its simple

process of preparing nanostructured materials directly on a

conductive FTO. The thickness of TiO
2
 nanostructures can

be controlled easily by the number of screen-printings.

Although screen-printing is a suitable process to fabricate

the DSSCs, the influence of TiO
2 
nanoparticle thickness on

the energy conversion efficiency of DSSCs has not been

studied in detail. In this study, a DSSC was constructed

using a 0.25 cm2 area of a TiO
2 

nanoparticle layer as the

electrode and ruthenium dye as the sensitizer. The energy

conversion efficiency of the DSSCs using TiO
2 
paste on FTO

glass is presented. 

2. Experimental Procedure

The TiO
2
 paste was prepared from TiO

2 
nanopowder (P25,

25 nm, 80% anatase (d = 21 nm) and 20% rutile (d = 50 nm),

Degussa, Germany), acetylacetone (99%, Junsei, Japan),

hydroxylpropyl cellulose (HPC, Mw = 100,000, Aldrich, USA),

and DI water. The solution consisting of acetylacetone

(6.8 ml) and DI water (40 ml) was mixed at room tempera-

ture. HPC (4.5 g) was added to the solution and stirred at

80oC. Then, P25 (15 g) was added to the above solution to

obtain a TiO
2
 slurry. The TiO

2 
pastes were finally obtained

by mixing and deaeration using a planetary centrifugal

mixer (ARE-310, Thinky, Japan). 

FTO glass was first surface cleaned by sonicating using

distilled water, alcohol, and KOH (1 M), followed by rinsing

and drying. The FTO glass (15 × 15 mm2) was used as a

substrate. The thickness of the TiO
2  

paste was controlled by
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the number of screen-printings through a 325-mesh screen

onto FTO glass. After screen-printing, the coatings were cal-

cined for 1 h at 600oC.11) The sintered TiO
2
 layer was further

solution treated with TiCl
4
 (40 mM) for 30 min at 75oC to

provide improved connectivity between the nanoparticles,

followed by calcination for 1 h at 500oC.1-3,8) The TiO
2
 elec-

trodes were immersed in a mixture of ethanol and 0.5 mM

of ruthenium dye (cis-diisothiocyanato-bis(2,2’-bipyridyl-

4,4’-dicarboxylato) ruthenium (II) bis (tetrabutylammo-

nium), N719, Solaronix, Switzerland) for 24 h at room tem-

perature.8) The soaked TiO
2 

electrodes were washed with

ethanol to remove non-anchored dye molecules and then

dried in air. The film thickness was measured by a surface

profilometer (SE3500, Kosaka Lab. Ltd., Japan).8,9)

The DSSCs were synthesized using a 0.25 cm2 area of a

TiO
2 
nanoparticle layer as the electrode and ruthenium dye

as the sensitizer. A Pt counter electrode and a dye anchored

electrode were assembled in a sealed sandwich type cell

using a sealing tape (SX1170-60, Solaronix, Switzerland).

The electrolyte solution (Iodolyte AN-50, Solaronix, Switzer-

land) was then injected into the cell through holes drilled on

the counter electrode.8) Photovoltaic measurement was con-

ducted to evaluate the performance of the DSSCs. This was

done by using a solar simulator (PEC-L11, Peccel Technolo-

gies, Japan) with a light intensity of 1000 W/m2. The photo-

current-voltage curves were examined by a solar simulator

with a 500 W Xenon lamp, where the sunlight intensity of

AM 1.5 G was estimated. The microstructure of the coatings

was evaluated using SEM (Hitachi S-3000H, Japan) and

TEM (JEM-2000EX, Jeol, Japan). The crystalline phase of

the films was analyzed by using a glancing angle X-ray dif-

fraction (GAXRD, PW3040-60, PANalytical, Holland). 

3 Results and Discussion

Commercially-available TiO
2
 powder (P25, 80% anatase

(d = 21 nm) and 20% rutile (d = 50 nm), Degussa, Germany)

was used. The average particle size of P25 powder having a

plate-like morphology was determined to be 25 nm, as

depicted in Fig. 1. Screen-printing of the FTO glass with the

TiO
2 

paste was conducted at a maximum of six times

because further screen-printing resulted in the peeling of

the TiO
2
 coating layer. SEM images of the surfaces of the

TiO
2 
coating layer with a thickness of 18 µm are shown in

Fig. 2. The sintered TiO
2
 nanoparticles at 600oC were solu-

tion treated with TiCl
4
 to provide improved connectivity

between the nanoparticles and calcined for 1 h at 500oC

(Fig. 2(b)). This was followed by anchoring with a Ru dye

molecule (Fig. 2(c)). The porous structure of the TiO
2

nanoparticle layer (Fig. 2(a)) became smooth and dense

after surface treatments, as displayed in Fig. 2(d).

The GAXRD result of the TiO
2
 coating layer is shown in

Fig. 3. The GAXRD pattern indicates that the layer consists

of anatase (JCPDS-21-1272) with no traces of rutile TiO
2

(JCPDS-21-1276). The anatase TiO
2
 peaks located at 25o,

38o, 48o, 54o, and 55o, which correspond to the (101), (004),

(200), (105), and (211) planes, are clearly observed.7-10) The

crystallite size of anatase TiO
2
 determined by the Scherrer

formula is 17.3 nm.

The photovoltaic properties such as short circuit current

density (J
sc
), open circuit voltage (V

oc
), fill factor (FF), and

Fig. 1. TEM images of (a) P25 TiO
2 

powders and (b) nano-
rods.

Fig. 2. SEM images of the surfaces of (a) the TiO
2 

paste
layer, (b) the TiO

2 
paste layer with TiCl

4
 solution

treatment, and (c) the TiO
2 
paste layer surface treated

with TiCl
4
 and Ru dye, respectively. Note that (d) is

the cross-section of the TiO
2
 electrode surface treated

with TiCl
4
 and Ru dye.

Fig. 3. GAXRD pattern of TiO
2 

nanoparticle/TiCl
4
/Ru coat-

ings.
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efficiency (η) are summarized in Table 1. The J-V character-

istics were measured under a simulated sunlight illumina-

tion provided by a 150 W Xenon lamp power supply (PEC-

L11, Peccell Technologies, Inc.). The experimental parame-

ters were obtained using the standard equation.1) The TiO
2

nanoparticle layer with a thickness of about 20 µm was

found to have shown the best photovoltaic characteris-

tics.2,8,12) When the TiO
2
 layer thickness was increased from

12 to 18 µm, the efficiency was dramatically improved due

to the minimization of electron back transfer and the

increased amount of adsorbed dyes.2,3,8,13) The mechanisms

limiting the efficiency are known to be resistive losses and

the recombination of the electron-hole pair.14) A thicker TiO
2

layer certainly reduces the direct electrolyte penetration

through the TiO
2 

nanoparticle network, thereby suppress-

ing the electron back-transport reaction.2,14,15) However, it

has been reported that there is a critical thickness of the

TiO
2
 layer.8) Above the critical thickness, the efficiency was

deteriorated. It is well known that the electron back trans-

fer (FTO(2e-) + I
3

−→ FTO + 3I-) between the FTO and elec-

trolyte reduces the efficiency, as verified by the V
oc 

reduc-

tion.2,15) The efficiency decreased when the coating thickness

was above 20 µm. This was probably due to the recombina-

tion of electron-hole pairs and resistive losses.14) As the coat-

ing thickness rose from 18 to 20 µm (Table 1), a slight

reduction in V
oc 

from 0.72 to 0.69 V was likely to be

attributed to the recombination of electron-hole pairs, as

well as the high series resistance arising from the weak

interconnection of TiO
2 

nanoparticles.14,16) The optimized

thickness of the TiO
2 
nanorod electrode (20 µm) was higher

than that of the TiO
2
 paste layer (18 µm). This was probably

due to the higher porosity.8) TiO
2 
nanorods with a diameter

of 130 nm and various lengths were agglomerated to reduce

the surface energy. However, the TiO
2 

nanorod layer usu-

ally contains many pores due to geometric effects, as shown

in Fig. 1(b). A thicker nanorod layer (20 µm) may be neces-

sary to suppress the direct electrolyte penetration through

the TiO
2 
nanorod network. 

The photovoltaic-characteristics relationship with the

TiO
2
 nanoparticle layer thickness is shown in Fig. 4. V

oc

decreased gradually with an increase in the thickness

(Fig. 4(a)). J
sc
 and η had a peak value at the 18 µm thick-

ness of the TiO
2 

nanoparticle layer (Fig. 4(b) and (d)). A

small reduction in FF was observed compared to that of

V
oc 

(Fig. 4(c)). The harvesting efficiency of the DSSCs was

increased with an increase in the amount of adsorbed

dyes.3) The best photovoltaic characteristics were a V
oc
 of

0.72 V, a J
sc
 of 14.68 mA·cm-2, a FF of 63.0%, and a η of

6.65%, as demonstrated in Table 1 and Fig. 5. The higher

Table 1. Photovoltaic Properties of DSSCs Having Different
Thickness of TiO

2 
Electrode

Thickness of TiO
2
 

electrode(µm)
V

oc
(V) J

sc
(mA·cm-2) FF(%) η(%)

12
14
16
18
20
22

0.75
0.73
0.72
0.71
0.69
0.68

11.23
12.26
12.88
14.68
14.64
11.61

60.9
57.3
59.3
63.0
62.8
61.3

4.54
4.89
5.88
6.65
6.49
5.06

Fig. 4. Photovoltaic-characteristics relationship with the TiO
2
 nanoparticle layer thickness. (a) V

oc
, (b) J

sc
, (c) FF, and (d) η,

respectively.
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values of η and FF as compared to the Fujihara’s DSSCs

(η = 4.75%, FF = 37.5%, thickness = 13 ~ 16 µm) were observed

due to the difficulty in electron back transfer as a result of a

thicker TiO
2 
nanoparticle network. In order to obtain a high

conversion yield in solar cells, it is necessary to collect the

ion carriers produced by photons as electrical current before

their recombination. The collection of ion carriers must be

carried out significantly faster than the recombination. A

promising solution is to increase the electron emission

length in a photo-anode electrode made of titanium dioxide

nanoparticles and its one-dimensional nanostructures. The

difference in cell performance may be due to the thickness of

the TiO
2 
nanoparticle layer. A further increase in the thick-

ness of the TiO
2
 layer reduces η from 6.65% to 6.49% due to

the electron back-transport reaction, as verified by the

reduction in V
oc
.3,8,13-16) A porous and thicker nanoparticle

layer was determined to be detrimental to the DSSC effi-

ciency.

The Ru dye in the photovoltaic device acted as a photosen-

sitizer, an electron transfer mediator, and an inhibitor of

the electron-hole recombination. This was verified by the

observation of an increase in J
sc
 and V

oc
.16) Due to the porous

structure of the TiO
2
 nanoparticle layer, the Ru dye and the

electrolyte loading increased gradually with an increase in

the electrode thickness. However, the Ru dye had minimal

contribution to J
sc
 and V

oc
 when the TiO

2
 coating thickness

was 20 µm. This suggests that η was deteriorated due to the

synergic effects of the electron back-transport reaction and

the resistive losses. Some of the I
3

−

 ions in the electrolyte

may have penetrated the porous TiO
2
 network and came

into direct contact with the FTO surface, thereby collecting

the electrons from the FTO surface through a back-transport

reaction.15,16) However, this warrants further studies.

4. Conclusions

The DSSCs consisting of a 0.25 cm2 area of a TiO
2
 nano-

particle layer as the electrode and Pt as the counter elec-

trode were synthesized. The TiO
2 
coating layer with a thick-

ness range of 12 to 22 µm was prepared by screen-printing

the TiO
2
 pastes on a FTO glass, followed by calcination for 1

h at 600oC. The sintered TiO
2 
nanoparticle layer was solu-

tion-treated with TiCl
4
 to provide improved connectivity

between the nanoparticles. Then, the layer was calcined for

1 h at 500oC, followed by subsequent anchoring with a Ru

dye molecule. The best performance of DSSC consisting of a

18 mm thick TiO
2
 nanoparticle layer was observed at a J

sc
 of

11.54 mA·cm-2, a V
oc 

of 0.72V, a FF of 61.2%, and a η of

5.07%. Thus, the coating thickness is likely to have a signif-

icant influence on the efficiency of DSSC. 
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