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bstract

Nano-crystalline dye sensitized solar cells (nc-DSSC) are promising alternative to expensive conventional solar cells. Relatively low efficiency
n large size cell is also one of the factors that delayed the entry of this type cells in commercial market. Performance of large size DSSCs is always
oor than small size cells because of high resistive losses associated with transparent conductive glass substrate. Here we show a simple method
o reduce resistive loss, also, efficient collection of photogenerated carriers through silver grids which are prepared on both working electrode and
ounter electrode substrates by screen printing method in analogy to conventional silicon solar cells. For long-term stability, to protect corrosion

f silver grids in electrolyte environment and to avoid charge recombination between silver grids and electrolyte, silver grids were overcoated by
lass frit layer. Under simulated light (air mass 1.5, Pin 1000 W/m2), glass frit overcoated silver grid cell shows 4.68% over all light to energy
onversion efficiency.

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

Nano-crystalline dye sensitized solar cells (nc-DSSCs) have
ttracted an increasing number of academic and industrial
esearchers because of its high energy conversion efficiency and
otentially low production cost. Since Grätzel’s breakthrough
eport in Nature [1], high commercial expectations have been
laced on DSSCs. Industrial researchers put their effort to scal-
ng up the DSSC technology from laboratory level to practical
pplications such as stand-alone power generators, functional
indows. In general, scaling up of DSSC technology falls in two

ategories; series monolithic or interconnect modules and paral-
el grid modules. Monolithic modules are formed by connecting
mall stripe cells in serious. Here each unit cell is prepared in

deal condition, so one can expect high performance as same
s small size cell. On the other hand, parallel grid modules
re prepared on single large size conductive glass substrates

∗ Corresponding author. Tel.: +82 55 280 1643; fax: +82 55 280 1590.
E-mail address: wjlee@keri.re.kr (W.J. Lee).
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usually 10 cm × 10 cm) with metal grids to reduce the resistive
osses.

Each module has its own merits related to its application. In
he case of transparent window applications [3], parallel grid

odules have more advantage than monolithic with respect to
ctive area (area used to generate electricity/total area) and low
ost associated with simple production methods [4,5]. If large
ize, parallel grid cells are prepared by using the laboratory
evel technology and materials, overall light to energy conver-
ion efficiency is very low because of high sheet resistance of
arge size transparent conducting glass substrates, leading to
ow fill factor [2]. In order to decrease sheet resistance of the
onductive glass substrate and to collect photo-excited carriers
ore effectively; metal current collectors are prepared on con-

ucting glass surface in analogy with conventional photovoltaic
ells.

Silver is metal of choice because of its low electrical resis-

ance and dark current. However, if we use silver grid lines in
SSCs, it should be protected from highly active redox elec-

rolyte by chemically stable insulating overcoat layer; otherwise
t will be corroded by I−/I3

− redox electrolyte. Also direct con-

mailto:wjlee@keri.re.kr
dx.doi.org/10.1016/j.jphotochem.2006.03.006
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tance between TiO2 layer and silver current collector is fixed
to 2 mm. Fig. 1 shows the photographs of the DSSCs with
glass frit overcoated Ag grids (a) and surlyn sheet laminated Ag
grids (b).
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act between silver grids and electrolyte leads to increase dark
urrent through charge recombination. Some groups were pro-
ected the silver grids from redox electrolyte by surlyn sheet
amination [6,7], glass ceramic overcoat layer [8] while oth-
rs applied anti-corrosion coating on silver grids [9]. Okada
t al. studied feasibility of nickel as a candidate for grid line
pplication because of its high stability against I−/I3

− redox
lectrolyte [2,10]. These methods are still not suitable for roll to
oll manufacturing process because of their complicated mech-
nism. In this respect, here we show a simple industrial method
o protect silver grids by applying glass frit overcoat layers on
ilver grids. Silver current collectors and insulating overcoat
ayers were formed on transparent conducting glass substrate
y screen printing. Using these substrates, devices are prepared
nd their I–V characteristics have studied for range of light inten-
ities and compared with normal devices, which do not have Ag
rids.

. Experiment

.1. Silver metal grids

Silver is a metal of choice for grid line application in solar
ells because of its high conductivity and low dark current.
lso making screen printable silver paste with high conductivity

s easy. Silver grid lines (dimension, length × width × height:
5 mm × 0.5 mm × 20 �m) were printed on conductive glass
ubstrate (Solaronix FTO, 75% transmittance in visible range,
s 10 �/�) using screen printable silver paste (Sung Jee Tech
o., Korea) by semi-automatic screen printing (Automax). After
ried at 180 ◦C for 10 min, insulating glass frit (Sung Jee
ech Co., Korea) layer (dimension, length × width × height:
0 mm × 2 mm × 40 �m) was overcoated on silver grid line sur-
ace by specially designed screen that cover the whole surface
f the metal grids except bus bar and then cured at 180 ◦C for
0 min. Two point measurement shows resistance of the 5 cm
ength, glass frit overcoated silver grid line is around 1 �.

.2. TiO2 working electrode

TiO2 colloidal paste is prepared by mixing of 1 g hydroxyl
enzoic acid (Aldrich) with 80 g anhydrous ethanol (Aldrich)
nd 60 g of TiO2 powder (Deagussa, P25) followed by sonic mix-
ng. This mixture is kept in high energy ball milling (150 rpm)
or 30 min. Removing the ethanol from this mixture by the
elp of decicator attached with rotary pump leads to white
ompact powder. Forty grams of this powder is slowly mixed
ith mixture of 35 g of 95% terpinol and 5% ethyl cellulose.
fter getting the homogeneous, high viscous paste; 50 g of

erpinol was added and mixed thoroughly by kneader. This
aste kept in three roll ball milling for 10 min for homoge-
eous mixing. A screen with 20 �m thick, 200 mesh/in. is used
o obtain approximately 10 �m thick TiO2 layer. This layer

s kept in room temperature for 15 min for drying and then
intered at 450 ◦C for 30 min. After cooling down to 80 ◦C, sin-
ered TiO2 layers were immersed in 0.15 mM dye solution (cis-
is(isothiocyanato)bis(2,2′-bipyridyl-4,4′-dicarboxylato) ruthe-
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ium(II) in ethanol, generally known as N3) for 24 h. Excess
yes are removed by rinsing the electrodes in anhydrous ethanol.

.3. Counter electrode and device preparation

Thin layer of platinum was deposited on FTO glass sub-
trates by means of electro deposition method (H2PtCl4 in DI
ater, Td ∼ 60 s, J ∼ 5 mA/cm2). In order to prepare sandwich

ype cell, counter electrode is directly placed on top of the
ensitized TiO2 layer, in between them surlyn polymer sheet
thickness ∼ 40 �m) was kept as a spacer for avoid direct con-
act between TiO2 surface and counter electrode. Using hot
ress cell is sealed. The electrolyte contains I−/I3

− redox cou-
le in acetonitrile solvent was introduced into the cell through
redrilled holes in counter electrode side, then, holes are sealed
sing Amosil.

.4. Device characterization

I–V characteristics of the DSSCs were measured using Keith-
ey digital source meter (Model 2400) in both dark and illumi-
ated condition. Solar simulator (Oriel) attached with 300 W
enon lamp was used as light source. The desired light intensity
as achieved by adjusting the lamp voltage. Optical micro-

cope (Nikon) was used to record the vertical view for the glass
rit overcoated Ag metal grids. Scanning electron microscope
Hitachi S4800) was employed to record cross-section view of
etal grids. Alpha tencor step profiler meter was used to mea-

ure the thickness of the metal grids and overcoat layers. In
rder to study the effect of silver lines over DSSC performance,
evices are prepared with same parameters without silver grids.
lso to compare the performance of glass frit overcoated Ag
rid DSSCs, surlyn sheet laminated Ag grid DSSC prepared by
s mentioned in reference [6].

In this study, all cells have same dimension (length: 35 mm;
idth: 4 mm) and an active area equivalent to 1.4 cm2. The dis-
ig. 1. DSSCs with silver grid lines. (a) Glass frit overcoated Ag grids and (b)
urlyn sheet laminated Ag grids.
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ig. 2. SEM images of glass frit overcoated silver lines on FTO glass substrate
ayer: Ag grid line and top layer: glass frit. (a) Top view, (b) cross-section view

. Results and discussion

.1. Microstructural characterization
Microstructural characterization of glass frit overcoated Ag
rids revealed the formation of pinhole and crack free overcoat
ayer on silver grid lines. Fig. 2a shows top view of crack free
lass frit overcoated silver line. From the cross-section view

c
c
f
b

Fig. 3. I–V curve of stripe type DSSCs. Light inte
r sintering at 450 ◦C for 30 min), in (b and c) bottom layer: FTO glass, middle
c) high resolution cross-section view.

Fig. 2b) one can see few vertical cracks that were originated
rom sintering at 450 ◦C for 30 min. These vertical cracks in
g grid lines did not affect the conductivity because silver lines

re ∼500 �m wide. Even sintering at 450 ◦C not leads to any

racks in glass frit layer because of its lower thermal expansion
oefficient. FTO/Ag and Ag/glass frit interfaces are clearly seen
rom magnified cross-section view (Fig. 2c). Good adherence
etween Ag lines and FTO surface leads to ohmic contact nature

nsity: (a) 60 mW/cm2 and (b) 100 mW/cm2.



1 d Photobiology A: Chemistry 183 (2006) 133–137

a
m
t

3

d
s
F
F
R

D
p
s
h
(
a
t
l
s
m
t
l
D
d
I
c
a
o
t

c
t
r
e
l
f
i

3

d
o

Fig. 4. Jsc and fill factor as a function of light intensity: (A) cells without Ag
grids, (B) cells with glass frit overcoated Ag grids (spacer thickness 80 �m)
and (C) cells with surlyn sheet laminated Ag grids. Closed circle: short circuit
current density; open circle: fill factor.
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nd efficient photogenerated carrier collection. An alpha step
easurement shows that each layer (silver/glass frit) has 20 �m

hick. SEM measurement also confirms this value.

.2. Photocurrent–voltage measurements

The slope of the I–V curve after maximum power point
irectly related to the series resistance of the cell. In DSSC,
eries resistance is composed of RTCO (sheet resistance of
TO glass substrate) and charge transfer resistance (RCT) of
TO/TiO2 interface. Here decrease in slope means decrease in
TCO because RCT is fixed in all cases.

Fig. 3 shows the photocurrent–voltage curve of the stripe type
SSCs measured under two different light intensities. The cells
repared from glass frit overcoated silver grid FTO glass sub-
trates have higher fill factor than normal devices which do not
ave silver grids. Particularly in standard conditions (air mass
AM) 1.5, Pin 1000 W/m2), the losses associated with RTCO are
pparent. Even though current density maintains the linear rela-
ionship with incident light intensity, drop in fill factor leads to
ow overall light to energy conversion efficiency. DSSCs having
ilver grids on both sides (TiO2 side and counter electrode side)
aintain its fill factor almost constant for range of light intensi-

ies. For comparison, same size cells with surlyn polymer sheet
aminated Ag grid are also prepared by following reference [6].
ue to thick, overcoated Ag grids on both sides; inter-electrode
istance (gap between two electrodes) is 80 �m. In this case,
−/I3

− redox couples will migrate more distance than in the
ase cells with laminated Ag grids. So glass frit overcoated cells
re expected to have less short circuit current than laminated
ne. Increase in shunt resistance in the former one suppressing
he dark current and leads higher open circuit voltage.

Fig. 4 shows current density and fill factor of three different
ells as s function of light intensity. At low intensity illumina-
ion, all cells have same short circuit current density. Exponential
elation between current and resistance leads lower fill factor,
specially under one sun condition in cells without current col-
ector while cells with Ag grids showing small decline in fill
actor. The performance of the glass frit overcoated Ag grid cell
s comparable with surlyn laminated Ag grid cell.

.3. Dark current
Fig. 5 shows the current–voltage curve of the DSSCs under
ark conditions. Recombination of charge carriers by reduction
f I3

− at dye free TiO2 surface or bare FTO surface exposed to

T

c
d

able 1
–V parameters of the stripe type DSSCs with and without Ag grids

ell Open circuit voltage, Voc [V] Shor

ithout grid 0.696 10.0
lass frit overcoat Ag (TiO2 side only) 0.684 12.71
lass frit overcoat Aga (both sides) 0.716 10.79
aminated Ag grid (both side) 0.676 11.3

a Spacer thickness 80 �m, others 40 �m, Pin 100 mW/cm2.
Fig. 5. Dark current of stripe type DSSCs.

lectrolyte through porous electrode leads dark current [11,12].
n order to keep the dark current as low as possible direct contact
etween FTO surface and electrolyte should be minimized. A
ell made up of glass frit overcoated Ag grids on both side have
ow dark current, leading to higher open circuit voltage (Voc).

his result shows the full coverage of glass frit layer on Ag grids.

Table 1 shows the photocurrent–voltage parameters of the
ells with and without silver current collectors for standard con-
ition (AM 1.5, Pin 1000 W/m2). Jsc is almost same for cells

t circuit current density, Jsc [mA/cm2] Fill factor [%] Efficiency [%]

37.0 2.57
43.7 3.76
60.1 4.64
63.5 4.85
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[10] H. Matsui, K. Okada, T. Kawashima, T. Ezure, N. Tanabe, R. Kawano,
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ith and without current collectors. In one sun condition, fill
actor of cell without current collector is very low. This leads to
oor efficiency. Overall light to energy conversion efficiency of
he glass frit overcoated Ag grid cell is 4.64%. Cells which have
urlyn sheet laminated Ag grid also shows similar performance
η = 4.85%) in full sun condition.

. Conclusion

Silver grid lines were prepared on conducting glass substrate
y screen printing method. To protect Ag grids from I−/I3

−
edox electrolyte, crack free 40 �m thick glass frit insulating
ayer was overcoated on Ag grids by screen printing method.

icrostructural images confirm the formation of crack/pinhole
ree overcoat layer on silver grids. Using these substrates, dye
ensitized solar cells were prepared and their I–V character-
stics studied as a function of light intensity. Overall light to
nergy conversion efficiency (η) 4.68% was achieved in glass

rit overcoated Ag grid cell, which is comparable to surlyn
aminated Ag grid cell, its light to energy conversion effi-
iency was 4.85% under standard condition (air mass 1.5, Pin
000 W/m2). Now optimizing the dimension of silver grid line

[
[
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nd thickness of glass frit overcoat layer for high efficiency are in
rogress.
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