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bstract

Screen-printing technology is used to fabricate large dye-sensitized solar cells (DSSCs). The high series-resistance associated with transparent
onductive oxide glass substrates causes poor performance in large DSSCs especially at an exposure of 1 sun. The DSSC design has an embedded

ilver grid; a fluorine-doped tin oxide (FTO) glass substrate and stripe type titanium dioxide (TiO2) active layers introduced by screen-printing. The
ounter electrode is prepared from a screen printable paste based on hexachloro platinic acid. A DSSC module, which consists of five stripe-type
orking electrodes on a 5 cm × 5 cm, embedded silver grid FTO glass substrate, shows stable performance with an energy conversion efficiency
f 5.45% under standard test conditions.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Dye-sensitized solar cells (DSSCs) are emerging as low-cost
lternatives to conventional, solid-state, silicon solar cells. Fol-
owing the reasonable energy conversion efficiency that was
btained by using nano-size titanium dioxide (TiO2) particles
1], interest increased in the possible large-scale application of
SSCs. Even though the performance of DSSCs is inferior to

hat of conventional solar cells [2], a simple production method
t relatively low temperature makes them viable alternative.

schematic diagram of DSSC is shown in Fig. 1. A porous
etwork of a nanosize semiconductor material with a wide
and-gaps usually TiO2, serves as charge transport medium.

monolayer of dye is chemically adsorbed on this material.
hotoexcitation of dye causes injection of electrons into the

onduction band of TiO2 from where they diffuse towards
transparent conducting oxide (TCO) substrate. The dye is

egenerated through receiving electrons from an iodide/triiodide

∗ Corresponding author. Tel.: +82 55 280 1643; fax: +82 55 280 1590.
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I−/I−3 ) redox couple dissolved in the electrolyte. After passing
hrough a desired load, the electrons enter the cell through a
ounter electrode to reduce the triiodide ions and thus com-
lete the circuit. Even though 11% efficiency has been achieved
ith small size cells, commercialization of this technology need

o address issues such as dye degradation at elevated tempera-
ure, electrolyte leakage, stability, and efficient module design.
n recent years, studies have suggested replacement of the liq-
id electrolyte with a gel or polymer electrolyte [3], a solid-state
ole-conducting material [4], or sensitizers that can withstand
igh temperature [5].

Apart from the conversion of sunlight to electric energy, tan-
em cells based on DSSC technology can be used in applications
uch as functional windows [6], water-splitting [7], and photo-
apacitors [8]. These possibilities have resulted in an increasing
mount of research being devoted to the development of large
SSC modules [9,10]. Two types of module design, namely,

eries interconnect and parallel grid types, appear to be the most

romising for the scaling-up of DSSC technology. Series inter-
onnect modules are prepared by connecting individual small
ells in series. Since each unit cell is prepared under ideal condi-
ions, it is to be expected that the performance will be the same as

mailto:wjlee@keri.re.kr
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Fig. 1. Schematic diagram of dye-sensitized solar cell.

hat of the unit cell. On the other hand, parallel grid modules are
repared on large TCO glass substrates. A device with an active
rea of a few square centimeters prepared on a fluorine-doped
in oxide (FTO) glass substrate showed an energy conversion
fficiency of only 0.3% because of ohmic losses associated with
he large substrate [11]. One way to improve the carrier col-
ection and reduce the ohmic losses is to put metal grids on
he conducting glass substrate, which is the standard technique
mployed in silicon solar cell industry [12]. Unfortunately, most
f the grid materials are corroded by the redox electrolyte and
hus it appears that metal grids need to be protected by means
f a protective layer.

In this study, the feasibility of applying a screen-printing
ethod for the preparation of a parallel-type metal grid-

mbedded DSSC module is examined. For comparison, a
lain-type grid-free module is also fabricated on the same size
ubstrate under ideal conditions.

. Experiment

.1. Substrate

Fluorine-doped tin oxide glass (Hartford FTO, 80% trans-
ittance in visible region) substrates were used to make both

he working and counter electrodes. After successive cleaning
n acetone and ethanol, the substrates were dried in a nitrogen
tmosphere. Silver grid lines (width × height: 500 �m × 5 �m)

ere screen printed on the FTO surface using a 200 mesh screen

nd then dried at 180 ◦C for 10 min. The distance between
he metal grid lines was set to 8 mm. A two-point measure-

ent system showed that the resistance of a 4.5 cm length

g
e
w
s

Fig. 2. Photographs of DSSCs on 5 cm × 5 cm FTO glass substrat
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f silver grid was ∼1 �, while that of a bare FTO substrate
as ∼30 �.

.2. Electrodes

An active layer that consisted of nanosize TiO2 (Degussa,
25) in teriphenol and ethyl cellulose was screen printed on
FTO glass substrate. The paste preparation technique is

escribed elsewhere [13]. A screen with a 200 mesh was used
o obtain a TiO2 layer with a thickness of about 10 �m. In
rder to avoid contamination on fresh film, screen-printing was
erformed in a clean-room environment. After drying at room
emperature for 30 min, the electrodes were sintered at 500 ◦C
or 1 h. After cooling to 80 ◦C, the electrodes were immersed
n a dye solution, namely, cis–bis (isothiocyanato) bis (2,2′-
ipyridyl-4,4′-dicarboxylato) ruthenium(II) in absolute ethanol
or 24 h. Excess dye was removed by rinsing the electrodes in
thanol. The counter electrode was prepared by printing a thin
ayer of platinum on a FTO glass substrate by using a paste
ased on hexachloro platinic acid (Solaronix, Pt-catalyst T/SP)
nd then sintering at 400 ◦C for 30 min.

.3. Device preparation and characterization

A sandwich-type cell was fabricated by assembling a sensi-
ized TiO2 electrode with a counter electrode. The electrodes
ere separated by surlyn-based polymer sheet (thickness:
0 �m) and sealed by heating at 100 ◦C for a few seconds. The
iquid electrolyte contained a I−/I−3 redox couple in acetonitrile
olvent was introduced into the cell via a predrilled hole. The
lectrolyte injecting holes, made on the counter-electrode side,
ere sealed with surlyn and a glass cover. The current–voltage

haracteristic of the DSSCs were measured with a Keithley
igital source meter (Model 2400) in both dark and AM 1.5 sun-
ight illumination. A solar simulator (Oriel) attached with 300 W
enon lamp was used as the light source. The desired sunlight

ntensity was achieved by placing a neutral mesh in the optical
ath. Photographs of a DSSC prepared with a 5 cm × 5 cm FTO

lass substrate are given in Fig. 2. A plain cell with a working
lectrode of dimensions 3.5 cm × 3.5 cm is shown in Fig. 2(a),
hile a stripe-type cell with active area equivalent to 7 cm2 is

een in Fig. 2(b).

e with (a) plain-type and (b) stripe-type working electrode.
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Fig. 4. Power density of stripe-type DSSC module under 1-sun illumination
(squares: power density, stars: I–V curve). Power density curve is produced by
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. Results and discussion

Scaling-up of DSSC technology without loss of performance
t the laboratory scale requires an optimized design of working
lectrode. If the active area of the device exceeds a few square
entimeters, the limited conductivity of the TCO: glass substrate
auses an increase in the series resistance and thus affects the fill
actor [14]. This effect becomes apparent when the intensity of
he incident light approaches the 1-sun level. Given the square
ype active layer dimensions of the plain-type module, photo-
enerated carriers have to travel an average distance of 2.5 cm
n the FTO glass substrate before reaching the metal contact.
his large distance cause an increase in the series resistance and
ence influences the fill factor and energy-conversion efficiency
f the device. The term fill factor (FF) refers to the ratio of the
ctual power of the solar cell to the power if both the current and
he voltage are at their maximum values. The parameter can be
alculated from following relation:

ll factor = VmIm

VocIsc
(1)

here: Voc is the open-circuit voltage; Isc is the short-circuit cur-
ent; Vm and Im are the voltage and the current at the maximum
ower point, respectively.

The efficiency of sunlight to electric energy conversion of the
evice is calculated from:

fficiency =
(

VocJsc

Pin

)
× FF (2)

here Jsc is the short-circuit current density and Pin is the inci-
ent solar radiation, expressed in mW cm−2.

The I–V curve of a plain cell prepared on a 5 cm × 5 cm size
TO glass substrate is shown in Fig. 3(a). Even though device
hows reasonable performance with a FF = 60% and η = 2.6 cor-
esponding to 12 mW cm−2 illumination, ohmic losses limit the
F to 26% and thus the power-conversion efficiency falls to
.02% at 1-sun condition. Since power dissipation due to ohmic
osses increases as the square of the current flowing through the

CO substrate, this effect is less important at low intensities, yet
ecomes significant at 1-sun conditions.

One way to overcome ohmic losses is to employ metal grids
s in conventional silicon cells and place stripe-type active lay-
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ig. 3. Current–voltage curves of DSSCs with different types of working electrode o
b) stripe cell with active area of 7 cm2. Squares represent I–V curve in dark. Circles
roduct of voltage and photocurrent density. Pmpp is power density at maximum
ower point. Vmpp and Jmpp are voltage and current at maximum power point,
espectively.

rs between them. In the case of a DSSC, these metal grid
ines should be protected from the corrosive electrolyte by
n insulating layer [15]. In this study, serves both functions,
urlyn sheet i.e., a spacer and a coating layer for the silver
onductive fingers. In this design, the distance between the
onductive fingers is set to 8 mm and the stripe-type work-
ng electrode (dimensions: 4 mm × 35 mm) is placed between
wo adjacent conductive fingers. The I–V performance of such

stripe-type device with an active area of 5(3.5 × 0.4) cm2 is
resented in Fig. 3(b). Due to efficient carrier collection, stripe-
ype devices deliver almost constant performance over the range
f illumination conditions. Under low-level illumination, I–V
arameters are Voc = 0.66 V, Jsc = 0.98 mA cm−2, FF = 68% and
fficiency = 3.7%, while similar values are obtained at a 1-sun
ondition.

The power output of the silver grid embedded module is
hown in Fig. 4. The maximum peak power is 38 mW. This
s three times that of the plain-type module and suggests that the

odule can be readily used in transparent window applications.

t should be noted, however, that the present module is not opti-
ized for high performance, and there is scope for improvement

hrough adjusting the distance between the silver grids and the
imensions of the active layer [16]. Also a non-active area can

n 5 cm × 5 cm FTO glass substrate. (a) Plain cell with active area of 12.25 cm2,
12 mW cm−2, triangle-53 mW cm−2 and star-100 mW cm−2 sunlight intensity.
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Fig. 5. Variation of I–V parameters of silver grid embedded, stripe-type DSSC modul
current density Jsc; (b) fill factor (FF) and energy conversion efficiency (η).

Table 1
I–V parameters of portable DSSC modules under standard test conditionsa

Parameter Plain-type Stripe-type

Active area (cm2) 12.25 7
Open-circuit voltage (Voc) 0.731 V 0.760 V
Short-circuit current density

(Jsc)
5.31 mA cm−2 11.23 mA cm−2

Voltage at maximum power
point (Vmpp)

0.380 V 0.549 V

Current density at maximum
power point (Jmpp)

2.68 mA cm−2 9.91 mA cm−2

Maximum power point (Pmpp) 1.02 mW cm−2 5.44 mW cm−2
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ill factor (FF) 26.2% 63.8%
fficiency (η) 1.02% 5.45%

a Values are with respect to active area.

e used as a scattering centre for incident photons. Table 1 shows
he I–V parameters of the plain- and stripe-type DSSC modules.
he typical I–V parameters of a high-performance, commercial
ilicon solar cell have been reported elsewhere [17].

The performance of the silver grid embedded, stripe-type
odule during an ageing test are given in Fig. 5. The devices

re kept in an ambient atmosphere and the I–V parameters are
easured at 24 h intervals. During the first week, the efficiency

f the device is slightly enhanced because of an increase in both
oc and FF. It seems that the silver grid lines are perfectly cov-
red and protected against the highly corrosive liquid electrolyte.
hort-term stability measurements show that the performance of

he silver grid embedded module is in agreement that found in
imilar studies [18,19]. Also, visual inspection of cells over an
xtended period confirms that there is no electrolyte leakage
rom the device.

. Conclusions

A large dye-sensitized solar cell with moderate efficiency has
een fabricated on a silver grid embedded FTO glass substrate

y a screen-printing method. Under standard test conditions, an
nergy conversion efficiency of 5.45% is achieved in a device
ith an active area equivalent to 7 cm2. Short-term tests show

hat the device gives a stable performance. These results illus-

[

e during short-term stability test. (a) Open-circuit voltage Voc and short-circuit

rate that screen-printing technology can be successfully used
n a production line for large DSSCs. The aperture ratio of the
resent module is 0.27 and is still an order of magnitude lower
han that of commercial solar cell modules. It is expected that
ptimization of the active layer dimensions and the inter-grid
istances will enhance the aperture ratio.
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