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Summary The high molar extinction coefficient heteroleptic ruthenium dye, NaRu(4,4′-bis(5-
(hexylthio)thiophen-2-yl)-2,2′-bipyridine) (4-carboxylic acid-4′-carboxylate-2,2′-bipyridine)
(NCS)2, exhibits certified 5% electric power conversion efficiency at AM 1.5 solar irradiation
(100 mW cm−2) in a solid-state dye-sensitized solar cell using 2,2′,7,7′-tetrakis-(N,N-di-
absorption
spectroscopy;
Photovoltage
transient
spectroscopy;

pmethoxyphenylamine)-9,9′-spirobifluorene (spiro-MeOTAD) as the organic hole-transporting
material. This demonstration elucidates a class of photovoltaic devices with potential for
low-cost power generation.
© 2010 Elsevier Ltd. All rights reserved.
Charge
recombination
The dye-sensitized nanocrystalline solar cell (DSC) offers
special opportunities in the realm of renewable energy
sources primarily stemming from its use of low-cost mate-
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ials and its lack of stringent conditions required for device
anufacturing [1]. In the quest for new sensitizers lead-

ng to an enhancement of the photon-to-electron conversion
fficiency, the creation of new ruthenium dyes still remains
promising option. Indeed, recent improvements in the

esign and synthesis of new dyes have made it possi-
le to obtain greater than 11% light-to-energy conversion

fficiencies. The majority of these newly developed sen-
itizers involve polypyridyl-type complexes of ruthenium
2—4]. Advantages in terms of improved sealing properties
nd long-term cell stability can be realized by replac-
ng the liquid electrolytes utilized in DSC by a solid-state
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Figure 1 Schematic illustration of the electron-transfer processes occurring in the solid-state dye-sensitized heterojunction:
process 1, light-induced excitation of the chromophore; process 2, electron injection into the conduction band of the TiO2 semi-
conductor; processes 3 and 4, trapping and detrapping of electrons in the TiO2; process 5, dye regeneration via hole transfer to
spiro-MeOTAD; processes 6 and 7, the direct recombination of primarily separated charges and the secondary recombination process
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etween the injected electron and the oxidized spiro-MeOTAD;
f different components. The inset shows the molecular structu

ole-transporting material (HTM) to fabricate solid-state
ye-sensitized solar cells (SSDSC). The initial successful
emonstration of the feasibility of making SSDSC devices
eported in 1998 announced a 0.74% power conversion effi-
iency [5]. Recent advances in the photovoltaic performance
f SSDSC have augmented the power conversion efficien-
ies obtained to the range of 4—4.8% [6—11]. There are
wo key issues to address in order to increase the relatively
ow efficiencies found in SSDSC. One basic problem is the
oorer light harvesting found in solid-state devices com-
ared to that found in liquid-based devices, resulting from
he use of a thinner nanocrystalline film (i.e., ∼=2—3 �m)
n the fabrication of the former devices. The other impedi-
ent to producing more efficient SSDSC devices is the rapid

ecombination dynamics found at the dye-sensitized hetero-
unction (see Fig. 1) [12,13]. Some approaches have been
roposed to improve light harvesting and to reduce inter-
acial recombination, including the development of new
ensitizers and coadsorbents [12—18]. It is well documented
hat sensitizers containing hydrophobic spacers work effi-
iently in DSC devices [14—18]. Tuning the length of the
ydrophobic spacers is an important aspect in the design
f new sensitizers. This optimization has been previously
ealized by incorporating a �-conjugation linker molecule
uch as a thiophene or a thienothiophene derivative into
he chromophoric framework [14—18].

A promising molecular engineering approach to over-
ome the dilemma of low light harvesting due to the

hinner titania films used in SSDSC (utilized to ensure
dequate pore filling) is to increase the molar extinction
oefficient of the sensitizer employed. Herein, we report
n high efficiency SSDSC devices based on a ruthenium
omplex sensitizer, NaRu(4,4′-bis(5-(hexylthio)thiophen-2-

o
r
(
T
c

ess 8, holes hopping in the HTM. Also shown are band energies
f C106 dye.

l)-2,2′-bipyridine) (4-carboxylic acid-4′-carboxylate-2,2′-
ipyridine) (NCS)2, coded as C106 [16] (see Fig. 1).
hotovoltaic parameters were measured for C106 deriva-
ized SSDSC and compared to devices fabricated using the
nalogous Z907Na dye. Laser transient and photoinduced
bsorption (PIA) techniques have also been used to ana-
yze the kinetics of SSDSC devices employing C106 sensitizer.
he insertion of thiophene units in-between the alkyl chain
nd the pyridine units augments the molar extinction coef-
cient of the sensitizer by increasing the � conjugation.
he dye’s hydrophobicity likewise augments due to its alkyl
hains, rendering better pore filling by the HTM, resulting in
ore efficient dye regeneration and a lower recombination

ate. The molar extinction coefficient (ε) of C106 at 550 nm
s 18,700 M−1 cm−1. Under identical conditions, the widely
sed analogous Z907Na dye exhibits an absorption band at
21 nm with an extinction coefficient of ε = 12,200 M−1 cm−1.
ensitization of the thin nanocrystalline titania film by C106
ye leads to the expected enhancement of the device’s
erformance in comparison to cells sensitized by Z907Na.
his enhanced performance is attributed in part to the

mprovement of C106’s light harvesting properties relative
o Z907Na. In Fig. 2 the J—V characteristics of a SSDSC device
abricated using the C106 dye and a 1.9 �m thick transpar-
nt titania film (consisting of ∼=20 nm sized TiO2 particles)
nd spiro-MeOTAD as HTM exhibits a Jsc of 8.27 mA cm−2, a
oc of 848 mV and a FF of 0.71, yielding an impressive 5% effi-
ient SSDSC. This is the first time that a certified efficiency

f 5% (measured at the National Renewable Energy Labo-
atory (USA)) under standard global AM1.5 solar conditions
100 mW cm−2) is being reported for a solid-state DSC device.
he increase in open circuit voltage of the C106 SSDSC device
ompared to that of the analogous Z907Na device (749 mV)
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Figure 2 J—V characteristics of a SSDSC sensitized by C106
dye measure by the NREL photovoltaic calibration laboratory
under standard reporting conditions, i.e. illumination with AM

−2

Figure 3 Temporal profiles of the transient absorbance mea-
sured at � = 570 nm (A) and at � = 680 nm (B) upon pulsed laser
excitation (� = 510 nm wavelength, 5 ns full width half-maximum
pulse duration, 30 Hz repetition rate) on samples comprised of
C106 dye adsorbed on nanocrystalline TiO2 films in the presence
(blue traces) and in the absence (red traces) of spiro-MeOTAD
h
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1.5G sunlight (intensity 100 mW cm ) and 298 K temperature.
The inset exhibits its photocurrent action spectrum. Cell active
area tested (with a mask): 0.2505 cm2.

can be attributed to a longer comparative recombination
lifetime (see supporting information, Fig. S1), contributing
to the overall enhanced efficiency of C106 devices [9,10].
The incident photon-to-current conversion efficiency (IPCE)
spectrum exceeds 40% over the spectral range from 420 to
580 nm reaching a maximum of approximately 60% at 500 nm
(see the inset in Fig. 2).

Laser transient absorbance measurements were per-
formed to monitor the dynamics of the recombination of
electrons injected in the conduction band of TiO2 (ecb

−)
with the oxidized dye (S+), of hole injection from S+ into
the HTM, and of the indirect recombination process taking
place between the oxidized HTM and ecb

−. Fig. 3A dis-
plays the temporal evolution of the absorbance measured
at � = 570 nm of a transparent C106 dye-sensitized TiO2 film
upon pulsed laser excitation at 510 nm. In the absence of
HTM, photo-excitation and ultrafast electron injection leads
to the bleaching of the dye’s ground state (negative tran-
sient signal, Fig. 3A, red curve). From the magnitude of the
bleaching signal and the absorbed number of laser photons it
can be inferred that charge injection occurs with a quantum
yield close to 1. When dye stained titania film pores were
filled with the HTM the dye is regenerated by hole injec-
tion in the organic solid resulting in the appearance of the
typical absorption of spiro-MeOTAD cation radicals (Fig. 3A,
blue trace). This hole transfer is completed within a few
nanosceconds and hence occurs within the laser excitation

pulse [19,20]. In this case the laser excitation energy flu-
ence was quite high (200 �J cm−2 per pulse) and resulted
on average in the injection of much more than one elec-
tron per TiO2 particle and in the fast decay of the observed

(
t
d
m

ole transport material. Excitation pulse energy fluence was
00 �J cm−2 (A) and 20 �J cm−2 (B). Smooth solid lines are dou-
le exponential fits of experimental data.

ignals. Fig. 3B shows transient absorbance traces recorded
t �abs = 680 nm. This time, energy fluence was attenuated
own to 20 �J cm−2 per pulse, so as to ensure that at
ost one electron was injected per TiO2 particle during

ach excitation pulse. In such conditions, recombination
inetics is expected to be identical to those characterizing
unctional systems under solar irradiation. In the absence
f HTM (Fig. 3B, red trace), absorbance at 680 nm was
ttributed mainly to the dye oxidized state species S+, a
mall contribution to the signal being due to conduction
and electrons. Decay of the absorbance resulted from
he direct recombination process (S+—ecb

−), with a half-
eaction time of t1/2 = 200 �s, significantly larger than what
as observed upon excitation by higher fluence laser pulses
Fig. 3A). In the presence of spiro-MeOTAD (Fig. 3B, blue
race), the signal is dominated by the absorbance of oxi-
ized spiro-MeOTAD. The decay time constant t1/2 = 1 ms
easured in this case thus reflects the kinetics of the recom-
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Figure 4 (a) The visible absorption spectra of the thin TiO2 film filled with spiro-MeOTAD (black line) and in presence of C106
dye (blue line). (b) The photo-induced absorption (PIA) spectra of nano-structured TiO2 films (1.9 �m thick): red line, spectra for a
C ed T
b

b
e
t
p
t
o
t
t
�

b
t

t
P
a
c
I
c
t
t
a
[
t
a
M
c
c
w
o
c
h
fi
s
s
d

s
c
h
a
a
a
d
o
v
t
e
s
e
o

E

I
t
r
t
[
o
f
w
a
r
i

106 dye-sensitized TiO2 film in air; blue line, for a dye-sensitiz
are TiO2 (no dye) infiltrated with solid hole conductor.

ination between holes in the HTM and conduction band
lectrons. The indirect recombination observed here with
he spiro-MeOTAD solid-state hole conductor suggests this
rocess is responsible for the performance loss compared
o electrolyte-based DSC where electron lifetime is on the
rder of three to hundreds of ms range [17]. Since the elec-
ron injection in the SSDSC device with C106 dye is fast,
he IPCE value is limited by the light harvesting efficiency
LH (process 1) which inferred from Fig. 4a (�LH = 1 − 10A, A
eing the absorbance) to be 65% for a single passage of light
hrough the film.

Unraveling of the details of spectral and kinetic informa-
ion of the devices was likewise undertaken by employing
IA techniques. Fig. 4b shows the PIA spectra using the dye
dsorbed titania film, deposited on FTO glass covered with a
ompact TiO2 layer, in the presence or absence of the HTM.
n the absence of the HTM, the PIA spectrum (red line) shows
learly the differential spectrum of C106 upon formation of
he dye oxidized state, with a bleaching of the main absorp-
ion band at 538 nm (the ground state MLCT absorption) and
n absorption peak at 807 nm (the oxidized state dye, C106+)
21—23]. Upon addition of the solid-state hole conductor,
he PIA spectrum changes significantly. The absorption peak
t 712 nm arises from the formation of the oxidized spiro-
eOTAD (spiro-MeOTAD+, Fig. S2) in addition to a small
ontribution from C106+. From the known extinction coeffi-
ients of the three species (spiro-MeOTAD+, C106 and C106+),
hich are responsible for the optical changes [24—26],
ne derives the spiro-MeOTAD+/C106+ ratio, from the two
urves, to be close to 0.85 ± 0.05 indicating a very efficient
ole-transfer process. The dye-sensitized nanocrystalline

lm without spiro-MeOTAD exhibits a shorter estimated PIA
ignal lifetime than that found in presence of HTM over the
pectra range from 500 to 1500 nm (Fig. S3), due to a fast
ye regeneration.

[
s
o
t
p

iO2 film in the presence of spiro-MeOTAD, and black line, for a

In conclusion, we have presented a highly efficient solid-
tate DSC sensitized by a heteroleptic polypyridyl ruthenium
omplex coded as C106 in which (hexylthio)-thiophene units
ave been inserted between the pyridine moieties and the
lkyl chains leading to higher molar extinction coefficient
nd an increase in the charge recombination lifetime rel-
tive to SSDSC devices employing the analogous Z907Na
ye. Through judicious molecular design in the development
f the C106 dye, an encouraging certified 5% power con-
ersion efficiency was achieved. It has been demonstrated
hat increasing the molar extinction coefficient of sensitiz-
rs and reducing the indirect recombination of the oxidized
piro-MeOTAD species with the photo-injected electron is an
legant strategy to improve the photovoltaic performance
f solid-state dye-sensitized solar cells.

xperimental

n the present work, C106 was used as an efficient sensi-
izer for solid-state DSCs, following synthetic procedures
eported earlier [16]. Solar cell fabrication and charac-
erizations were performed according to prior literature
10]. The PIA spectra of the various cells were recorded
ver a wavelength range of approximately 500—1500 nm
ollowing a (on/off) photo-modulation using a 9 Hz square
ave emanating from a blue LED. White probe light from
halogen lamp was used as an illumination source. The

ecombination rate constants were determined by employ-
ng transient photovoltage decay measurement techniques

10,12]. TiO2|C106|HTM samples used in the laser tran-
ient absorbance measurements were obtained by peeling
ff the gold cathode layer of solar cells identical to
hose used in photo-electrochemical measurements. Sam-
les were excited by nanosecond laser pulses produced by a
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broad-band optical parametric oscillator (OPO GWU-355),
pumped by a frequency-tripled Q-switched Nd:YAG laser
(Continuum Powerlite 7030). Excitation pulses (� = 510 nm
wavelength, 30 Hz repetition rate, pulse width at half-height
of 5 ns) were attenuated by neutral density filters to reduce
pulse fluence on the sample. The probe light from a Xe
arc lamp was passed through an interference filter, various
optical elements, the sample, and a grating monochromator
before being detected by a fast photomultiplier tube, only
3 dynodes of which were used.
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