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bstract

Tandem dye-sensitized solar cell (DSSC)-electrochromic (EC) devices were realized using two-faced transparent conducting oxide (TCO). To
upply sufficient voltage to drive the EC devices, two series connected, semitransparent DSSCs were fabricated with 7 nm-thick, dye-adsorbed

iO2 and 4 nm-thick Pt layers. The two series connected, semitransparent DSSCs that were used had an open circuit voltage and short circuit
urrent density of about 1.35 V and 3.96 mA cm−2, respectively, at 1-sun. The tandem DSSC-EC devices showed an optical density difference of
.2 at 750 nm and reasonable response times of about 60 and 45 s during the coloring and bleaching processes, respectively, indicating that the two
eries-connected, semitransparent DSSCs could be used as the power sources in the tandem photovoltaic-powered EC devices.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The interest in the application of photovoltaic (PV) cells to
ow power devices such as small electronic devices and elec-
rochromic (EC) devices has grown considerably, because of the
triking energy savings which they allow [1–6]. PV-EC devices
ave two types of structures, viz. side-by-side and tandem struc-
ures. Benson et al. [2] reported that both designs are attractive
nd can reduce the installation cost of the EC windows by reduc-
ng or eliminating the electrical wiring and electrician labor
osts. The PV cell is located around the perimeter and over
he entire area of the EC window for the side-by-side and tan-
em structures, respectively. The bleached transmittance of the

andem Si-based PV-EC devices was less than that of the side-
y-side devices [3,5,6], because the sunlight passes through both
omponents in the tandem structures. Nevertheless, the tandem
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tructure may have other advantages, such as the fact that the PV
ells may be used as an “energy window”, as well as the power
ources of the EC devices.

Dye-sensitized solar cells (DSSCs) are known as one of the
romising types of PV cells for use as energy windows [7–10],
ecause they are less inexpensive and can be easily scaled up to
arge-area devices. The DSSC consists of a dye-sensitized TiO2
ayer, a Pt catalyst layer, and an electrolyte containing a redox
ouple (I−/I3

−) between them. When a DSSC is illuminated by
unlight, the adsorbed dye molecules on the surface of the meso-
orous TiO2 absorb the light and become excited. The absorption
f light by the dye is followed by the injection of an electron from
he excited state of the dye to the conduction band of the TiO2
nd its subsequent transfer to the transparent conducting oxide
TCO). Finally, the electron flows through the external circuit.
he transparency of the DSSCs may be improved by develop-

ng adequate dye molecules and counter catalysts. On the other
and, Si-based PV cells have an intrinsic problem. Inorganic

emiconductors like Si absorb intrinsically all wavelengths that
orrespond to energies above their energy bandgap. Therefore,
he only solution to improve their transparency is to decrease
he thickness of the Si-based PV cell. Gao et al. [6] reported
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Fig. 1. Schematic diagram of tandem DSSC-EC device.

hat the bleached transmittance of the tandem PV-EC cell was
elow 35%, even when the PV thickness was reduced to about
0 nm. Further more, this extremely thin thickness may result in
erious problems, such as electrical short circuits, which make
t difficult to produce large-area devices. Therefore, the tandem
tructure with the DSSC and EC devices is expected to be more
seful than the tandem Si-based PV-EC devices.

The tandem DSSC-EC device requires a transparent DSSC
hat outputs enough voltage to drive the EC device. The meso-
orous TiO2 layer in the DSSCs is able to make it transparent,
ecause of its wide bandgap of about 3.4 eV. The DSSC’s trans-
arency may be significantly affected by the kind and amount of
ye molecules used to absorb the light. The former is related to
he absorption property of the dye molecule itself and the latter is
elated to the physical treatment of the mesoporous TiO2 layer.
he amount of the attached dye molecules may be reduced by
ecreasing the thickness of the mesoporous TiO2 layer. How-
ver, reducing the amount of dye molecules may decrease the
erformance of the DSSC, due to the generation of a lower num-
er of electron–hole pairs. Therefore, the use of highly efficient
ye molecules would make it possible to obtain more transpar-
nt, highly efficient DSSCs. In addition, a semitransparent Pt
ayer with a thickness of a few nanometer can be used, which
ould provide sufficient room to make several types of DSSC
odule. EC devices typically operate above 1 V [11,12], but the

ingle DSSC can only provide about 0.7 V, because the open
ircuit voltage (Voc) is determined by the potential difference
etween the conduction band level of the TiO2 and the redox
ouple. Therefore, two series-connected DSSCs are required in
rder to provide a high enough operating voltage for the EC
evice.

In this paper, tandem DSSC-EC devices were fabricated using

wo-faced transparent conducting oxide (TCO), as shown in
ig. 1, in which two series-connected DSSCs were used and
WO3 layer and prussian blue (PB) were used as the elec-

rochromic (EC) and ion storage (IS) layers, respectively, for the

P
m
a
c

Sources 168 (2007) 533–536

omplementary EC devices. The generally accepted EC switch-
ng principles are as follows: [13]

xWO3 ↔ WO3 + xM+ + xe−

e4
III[FeII(CN)6]3

colored
+ 4M+ + 4e- ↔ M4Fe4

II[FeII(CN)6]3,
bleached

here M+ can be Li+, K+, or H+. The two series-connected
SSCs provided a driving voltage of about 1.35 V which is suffi-

ient for the EC device of the WO3-PB system. The self-powered
C devices also had an optical density difference (�OD) of
bout 1.2 at 750 nm and reasonable response times of about 60
nd 45 s during the coloring and bleaching processes, respec-
ively, indicating that the tandem DSSC-powered EC devices
ould be useful for PV-powered smart windows.

. Experimental

The tandem DSSC-EC devices were fabricated as shown in
ig. 1. Two DSSCs were connected in series in order to provide
high enough driving voltage for the EC devices. One-faced

nd two-faced SnO2 on glass (Asahi glass Co., 10 ��−1) were
sed as the transparent conducting oxide (TCO). The one-faced
nO2 layer was etched using a laser etching system for the
abrication of the two series-connected DSSCs. The transpar-
nt, mesoporous TiO2 films (film thickness: 7 �m, active area:
4 cm2) were prepared by sintering TiO2 paste (ST21, Ishihara
anyo Co.)-coated layers on the TCOs at 450 ◦C for 30 min,
or which the detailed process is described elsewhere[14]. The
esoporous TiO2 films were then cooled to 80 ◦C and immersed

n an ethanol solution of a ruthenium-complex (N719, Solaronix
o.) over-night to allow for the adsorption of the dye, followed
y rinsing in ethanol and drying in a 50 ◦C oven. The semitrans-
arent, 4 nm-thick Pt layers were deposited using a sputtering
ystem. The edges of the cell and the etched part on the TCO
ere sealed and separated with a 60 �m-thick Surlyn (Dupont
o.). The electrolyte (referred to as electrolyte 2 in Fig. 1) was

hen introduced into the cell, which was composed of 0.6 M 1-
ropyl-3-methyl imidazolium iodide, 0.05 M iodine, 0.05 M LiI,
nd 0.5 M 4-tert butylpyridine in acetonitrile.

The EC devices (active area: 25 cm2) were fabricated on
he opposite TCO side of the two series-connected DSSC.

O3 films were deposited using a sputtering system with a
metal target. WO3 sputtering was performed under pure

2 at a working pressure of 2 × 10−2 Torr. The WO3 films
ere sputterdeposited at an RF power of 100 W for 60 min

t room temperature (RT), for which the detailed process was
escribed elsewhere [11,12]. The PB layers were electrochem-
cally deposited in an aqueous solution containing 0.1 M KCl,
.1 M HCl, 5 mM FeCl3·6H2O, and 5 mM K3Fe(CN)6. The TCO
as cathodically polarized at a current density of 30 �A cm−2

o form the PB layers, the detailed description of which was
entioned elsewhere [13]. The thicknesses of the WO3 and

B layers were about 400 and 300 nm, respectively, as deter-
ined by a laser profilometer (NanoFocus Co., �-scan). Before

ssembling the EC and IS layers, one electrode should be pre-
harged with protons for the complementary EC device [11–13].
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e previously reported that the EC devices initially prepared
rom fully bleached EC and IS layers for the charge-unbalanced
C devices could provide good bleached-state transmittances
ver a wide range of charge capacity ratios (R = QIS/QEC, where
IS and QEC are the charge capacities of the IS and EC layers,

espectively) and were less sensitive to the R value [12]. There-
ore, the electrodeposited PB layers were fully bleached before
ssembling the EC and IS layers. The pre-charging of the PB
ayers was performed at a current density of 0.1 mA cm−2 in

5 mM H2SO4 aqueous electrolyte and the R value was 1.2.
inally, the complementary EC devices were fabricated by lam-

nating with the sulfonated styrene-(ethylene-butylene)-styrene
riblock copolymer that was used as the electrolyte (referred to
s the electrolyte 1 in Fig. 1), following a procedure described
lsewhere [11,12,15].

Photocurrent–voltage (I–V) measurements of the two series-
onnected DSSCs were performed using an AM 1.5 solar
imulator (Eko Co., MP-160) and a Xenon lamp (100 mW cm−2)
s a white light source. The transmittance spectra of the tan-
em DSSC-EC devices were measured after the coloring and
leaching processes under 1-sun illumination, and their in situ
ransmittance (633 nm) was also measured to evaluate the EC
esponse time, which was described in detail elsewhere [16,17].

. Results and discussion

Fig. 2 shows the photocurrent–voltage (I–V) curve of the two
eries-connected DSSCs under 1-sun illumination. The open cir-
uit voltage (Voc), short circuit current (Isc), fill factor (FF), and
fficiency of the two series-connected DSSCs used here were
.35 V, 3.96 mA cm−2, 0.54, and 2.9%, respectively. Therefore,
he Voc (1.35 V) of the two series-connected DSSCs can pro-
ide a high enough voltage to drive the EC devices. The low
ell efficiency of 2.9% may be caused by the low Isc value. It
s known that the Isc value can be increased by increasing the
mount of adsorbed dye and the Pt thickness [7–10,18]. How-
ver, semitransparent DSSC is required for tandem DSSC-EC
evices and the amount of adsorbed dye and the thickness of the

t layer were therefore minimized by reducing the thicknesses
f the mesoporous TiO2 layer (7 �m) and Pt layer (4 nm), thus
eading to the low Isc value and cell efficiency. Nevertheless,
his Isc value could provide enough current density to oper-

ig. 2. Photocurrent–voltage curve of two series connected DSSCs under 1-sun
llumination.

c
c
r
b

F
t

ig. 3. Transmittance spectra of tandem DSSC-EC device after the coloring and
leaching processes under 1-sun illumination.

te the EC devices at a reasonable speed, as will be discussed
ater.

Fig. 3 shows the transmittance spectra of the tandem DSSC-
C device obtained after the coloring and bleaching processes
nder 1-sun illumination, in which the 100% transmittance was
alculated relative to that of air. The bleached-state transmit-
ance below 650 nm was remarkably decreased due to the light
bsorption of the dye molecules in the DSSC, indicating that
he transmittance could be increased by using a smaller amount
f dye or a dye which absorbs in the UV range. The tandem
SSC-EC device had a good transmittance change (�T) and
OD of 36.7% and 1.2 at 750 nm, respectively, indicating that

he two series-connected, semitransparent DSSCs can be used
s the power sources in the tandem PV-powered EC devices.

The in situ transmittance (633 nm) was also measured to
valuate the response time during the coloring and bleaching
rocesses of the tandem DSSC-EC device. Fig. 4 shows the in
itu transmittance curve of the tandem DSSC-EC device during
he coloring and bleaching processes under 1-sun illumination,
here (−) switching means that it is switched in the solid cir-

le and (+) switching means that it is switched in the open

ircle in Fig. 1. The tandem DSSC-EC device had reasonable
esponse times of about 60 and 45 s during the coloring and
leaching processes, respectively. The Isc value of the two series-

ig. 4. In situ transmittance (633 nm) curve of tandem DSSC-EC device during
he coloring and bleaching processes under 1-sun illumination.
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onnected DSSCs may affect the EC response speed [19]. For
he EC device employed, a charge capacity of 23 mC cm−2 was
equired to finish the coloring or bleaching process. Therefore,
o have a response time of about 45 s, a current density of only
bout 0.5 mA cm−2 from the two series-connected DSSC was
equired, indicating that the Isc value of the two series-connected
SSCs in Fig. 2 could provide enough current to operate the EC
evice. It also indicates that other, as yet unknown, rate-limiting
actors exist. Bechinger et al. reported that the response speed
f an EC device is proportional to the coloration current, I [3].
he coloration current in an EC device can be expressed as the

ollowing equation[3]:

= Ve

Rt
= [Va − (φIS − φEC) − Vb]

Rt

here Ve is the effective coloring voltage, Va the applied volt-
ge, Vb the sum of all of the interface barriers, and Rt is the sum
f the resistances in the various layers. φIS and φEC are the inter-
al chemical potential differences of the IS and EC layers in the
C device, respectively, and the fundamental factor. Therefore,

he response time is strongly dependent on the Vb and Rt val-
es. In this experiment, the SnO2 TCO substrate initially had a
heet resistance of 10 ��−1, as measured by a four-point probe.
owever, it was significantly increased to 24 ��−1 after the sin-

ering of the mesoporous TiO2 layers at 450 ◦C, leading to an
ncrease of the Rt value. Therefore, the significantly increased
heet resistance of the substrate may act as the rate-limiting fac-
or and increase the response time of the EC device. Detailed
tudies of this issue are currently underway.

. Conclusions

Tandem DSSC-EC devices were fabricated, in which two
eries-connected, semitransparent DSSCs were used in order
o provide a high enough driving voltage for the EC devices.
lthough the two series-connected, semitransparent DSSCs had

ow cell efficiency and Isc values due to the decreased amount
f absorbed dye and 4 nm-thick Pt layer, the tandem DSSC-EC
evice showed a �OD of 1.2 at 750 nm and reasonable response

imes of about 60 and 45 s during the coloring and bleaching
rocesses of the EC device, respectively, indicating that the two
eries-connected, semitransparent DSSCs can be used as the
ower sources in the tandem PV-powered EC devices. Although

[

[
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ore detailed studies and optimization of the tandem DSSC-
C devices are required, we expect that they will be useful as

andem PV-powered EC windows with a reasonable �OD and
esponse time.
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