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ABSTRACT Here, we present a new DSSC design, consisting of sequential QDs
and dye sensitization layers, that opens the path toward high optical density DSSCs
that cover a significant part of the solar spectrum. The new configuration is enabled
by the application of an amorphous TiO2 layer between the two sensitizers,
allowing both electron injection from the outer absorber and fast hole extraction
from the inner sensitizing layer. Utilizing two sensitizing layers, we obtain a 250%
increase in cell efficiency compared to a QD monolayer cell.
SECTION Energy Conversion and Storage

urrent conversion efficiency of dye-sensitized solar
cells (DSSCs) reflects the limits imposed by the low
absorbance of dye monolayers and the low efficiency
of dye multilayers. The use of stronger absorbers such as
quantum dots1-10 (QDs) has not led to an increase in efficiency due to the slow hole removal that enhances the recombination efficiency and instability of the nanocrystals when
iodine-based electrolytes are used.11 In addition, the spectral
properties of the relevant sensitizers require the use of more
than one absorber in order to match the solar spectrum.12
Record conversion efficiencies of DSSCs have reached nearly
12%, following optimization of the various cell components
and fabrication methods.13 Thus, further improvement requires new concepts to overcome the limitations inherent in
the standard cell.
A well-known restriction is associated with the fact that
efficient photoinduced charge separation requires direct contact between the absorber and the metal-oxide surface.14 The
geometry of the nanoporous oxide electrode and the diffusion
length of electrons15 in the electrode limit the surface area
that can be used for dye molecule adsorption. Consequently,
extending the spectral response of the cell by utilizing several
sensitizers comes at the expense of lower optical density.12 In
other words, the effective surface area of the nanoporous
electrodes defines the portion of the solar radiation that is
utilized by the cell. Thus, the injection of electrons from
absorbers that are not attached directly to the nanoporous
oxide should lead to DSSCs of enhanced optical density and
higher overlap with the solar spectrum, without damaging the electron collection efficiency.16,17 In this Letter, we
report a method designed to overcome the dye-monolayer
restriction.

Recently, we showed that it is possible to stabilize CdS QDbased DSSCs by coating the QD-sensitized nanoporous electrode
with a thin amorphous TiO2 layer.18 The coating enables the use
of various QD sensitizers in the presence of iodine-based
electrolytes. On the basis of this knowledge, we developed the
new bisensitizer layer configuration shown in Figure 1. The
resulting cell consists of a nanoporous TiO2 electrode, a layer
of CdS quantum dots as the sensitizer, an amorphous TiO2
coating (aTiO2) that serves as both a stabilizer for the QDs and a
substrate for the second absorber, a N719 dye layer, and finally
the standard iodine-based electrolyte. Current-voltage and
incident photon-to-current efficiency (IPCE) measurements
show that both absorbers contribute to the performance of the
cell. Similar conclusions are drawn from photoinduced transient
absorption spectroscopy (TAS) measurements that directly
probe the interfacial electron injection and recombination dynamics of the device. Furthermore, the results reveal significantly
faster hole extraction from the oxidized QDs by the second
sensitizer layer, which contributes to the overall cell efficiency.
Figure 1 presents a schematic illustration and an energy
band diagram of the bisensitizer nanoporous electrode
(nanocrystalline TiO2/CdS QD/amorphous TiO2/N719 dye).
This bisensitizer structure has been confirmed by high-resolution transmission electron microscopy (HRTEM) images of the
scraped electrode (see Supporting Information, Figure S1),
where the amorphous TiO2 coating of the crystalline TiO2
decorated with the CdS QDs can be easily observed.
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Figure 3. I-V measurement under illumination of 1 sun (100
mW/cm2) of the (a) QD sensitizing solar cell and (b) bisensitizer
electrode.
Figure 1. Interfacial charge recombination processes. (A) Upon
light irradiation, electrons are injected directly (solid lines) from
the QD into the TiO2 films and from the dye to the amorphous
TiO2, which is in contact with the TiO2 film (dotted line). (B) After
the charge separation, the electrons are transported to the contact,
and the QDs are regenerated, leaving the holes in the dye.

Figure 4. The mechanism processes in the bisensitizer cell.
Electrons injection can occur from the inner layer of CdS QDs to
the nanocrystalline TiO2 (process d) or from the outer dye to the
amorphous TiO2 (process a). Process d occurs together with hole
extraction from the QD to the dye (process c). Electron injection
from the dye to the TiO2 through the QD (process b) is thus
discarded.

Figure 2. Incident photon-to-current efficiency (IPCE) of the (a)
QD-sensitized solar cell, (b) bisensitizer electrode, (c) calculated
contribution of the dye, and (d) N719/aTiO2/TiO2 solar cell.

Figure 2 shows IPCE curves of three DSSCs that are based
on the bisensitizer electrode where, in one case, the N719 dye
was not adsorbed onto the electrode and, in another case,
QDs were not present. In the absence of the outer dye layer,
the IPCE resembles the absorption of the CdS QDs (Figure 2a).
When the dye is adsorbed on the amorphous TiO2 coating
(Figure 2b), we observe an increase of the IPCE values
throughout the measured spectrum. The calculated contribution of the dye, presented in Figure 2c (subtraction of curve 2a
from curve 2b), is similar to the IPCE contribution of the N719
dye, presented in Figure 2d. This similarity reveals that both
sensitizer layers participate in the photovoltaic process. Therefore, despite the sequential position of the two-sensitizer
layers, electrons injected from the outer dye layer arrive at
the front contact, while hole transfer from the inner QD layer
to the electrolyte is possible.
The contribution of the two absorbers to the overall cell
performance is also evident in the I-V curves presented in
Figure 3. Comparing the bisensitizer nanoporous configuration (nanocrystalline TiO2/CdS QD/amorphous TiO2/N719
dye) with a monosensitizer cell (nanocrystalline TiO2/CdS
QD), we obtained a significant increase in all cell parameters.
The short-circuit current, Isc, increased from 1.27 to 3.1 mA/
cm2 (þ240%), the open-circuit voltage, Voc, increased from
715 to 775 mV (þ60 mV), and the fill factor (FF) remain
unchanged (0.65), despite the increase in current. Consequently, under operating conditions (1 sun illumination), the
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bisensitizer configuration improved the conversion efficiency
from 0.57 to 1.51% (þ263%).
In order to learn the mechanism of electron and hole paths
in the bisensitizer solar cell, we describe the cell operation to
the inner and outer sensitizers dynamics (Figure 4 and
extended in Figure S2 (Supporting Information)). The first
scientific question was whether the outer layer can inject
electrons thought the QD (Figure 4, process b) or via the
amorphous TiO2 coating to the mesoporous TiO2 (Figure 4,
process a).
Photoinduced transient absorption spectroscopy (TAS) has
been used to study the charge-transfer dynamics of the
bisensitizer layer configuration since the time-resolved spectral differences enable understanding of the charge-transfer
mechanisms associated with each sensitizer.19 The UVvisible absorption spectra of QD-sensitized solar cells are
shown in Figure 5a. The excitonic peak of the QD appears
as a broad band due to the high absorption rate of the QD into
TiO2 and is centered at 439 nm, while the maximum absorbance of the N719 dye is at 535 nm. The nanocrystalline TiO2/
CdS QD/amorphous TiO2/N719 dye spectrum is the result of
the contribution of both the CdS and the dye. When measuring TAS spectra, we will excite at the maximum wavelength of
the species to obtain the absorbance spectra of the corresponding transient species formed after charge separation.
Figure 5b shows the transient absorbance spectra of the
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Figure 5. (a) UV-visible spectrum of the TiO2/CdS, TiO2/CdS/a-TiO2, TiO2/N719, and TiO2/CdS/a-TiO2/N719 together with TiO2 shown as a
reference; (b) TAS absorption spectra taken 100 μs after excitation at 439 or 535 nm (see legend).

amorphous TiO2), both the steady-state (not shown) and
transient measurements (Figure 6) show no charge transfer
from the dye to the nanocrystalline TiO2. Consequently, there
is no electron injection across the CdS QDs into the nanocrystalline TiO2, that is, we discard process b of Figure 4. Our
results show that the amorphous TiO2 opens a transport path
to the underlying nanocrystalline TiO2 (Figure 4, process a).
Further support to this conclusion is drawn from the rate of
electron return to the dye. Durrant and co-workers have
demonstrated that back-electron-transfer kinetics from the
TiO2 to the oxidized dye follow distance-dependent behavior
for a wide range of dyes, including ruthenium polypyridil
complexes.20 Thus, in the presence of the amorphous TiO2/
N719 outer layer, retardation on the back electron transfer
should be observed. Indeed, Figure 6 shows that the electron
recombination half-lifetime in the presence of the amorphous
TiO2 (360 s coating)/N719 outer layer is on the order of 0.25 s,
which is a hundred times slower than for the standard TiO2/
N719 system (0.001 s).21 In other words, the conformal
amorphous TiO2 layer not only creates the possibility for
sequential cosensitization (bisensitizer layer) but also slows
the back electron transfer to the dye, thus improving the
charge separation associated with the outer sensitizer layer.
The second question regards the inner sensitizer (QD) in
the presence of the outer layer (dye). Due to spectral overlap,
it is not possible to excite the QDs without exciting the dye.
However, the cation dynamics of both the QD and the dye can
still be separately monitored (see Figure 5b). Figure 7 compares the back-electron-transfer kinetics from the TiO2 to the
oxidized CdS in the mono- and bisensitizer configurations.
The monosensitizer system gives a positive decay with a
recombination half-lifetime of 1.2 ms (see also Figure S3
(Supporting Information)). In contrast, while the second
sensitizer is being anchored, a negative signal is observed,
indicating that holes have been extracted and moved from the
inner CdS layer to the outer dye layer (Figure 4, process c), like
previously reported.22,23 The electronic energy levels between CdS and N719 dye are aligned such that the N719

Figure 6. N719 recombination dynamics in the TiO2/CdS/amorphous TiO2(360 s)/N719 (green) and TiO2/CdS/N719 (black) devices. Back-electron-transfer decay after selective excitation at 535
nm and monitoring at 760 nm.

different molecules involved in our devices. The as-obtained
absorbance maxima (560 nm for the CdS and 760 nm for the
N719•þ) indicate where to probe when recording time-resolved decays of the transients. It has to be noted that the CdScontaining samples give two different types of signals. TiO2/
CdS shows a positive maximum after excitation at 439 nm
that corresponds to the transient CdSþ formed after electron
injection into TiO2. On the other hand, TiO2/CdS/a-TiO2/N719
or TiO2/CdS/N719 show a bleaching at the same position that
corresponds to the CdS due to the fast hole regeneration (vide
infra).
Figure 6 shows the dynamics of the outer dye layer, which
reveal electron photoinjection into the nanocrystalline TiO2
via the amorphous TiO2 coating (Figure 4, process a). We note
that the spectral window of the dye and the CdS dots enable
sole excitation of the dye while the inner QDs layer remains in
the ground state (see Figure 5b). In a reference system in
which the dye is directly attached to the QDs (i.e., without the
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water. Finally, the pH was readjusted to pH 11 using again 10%
KOH. After the electrode was immersed in the solution, it was
heated to 80 °C for 2 h,25 resulting in CdS coating of the
mesoporous TiO2 electrode. The final step involved a thin
TiO2 coating of the CdS-sensitized mesoporous TiO2 electrode
by electrophoretic deposition of stabilized a TiO2 precursor
(Ti(OiC3H7)4) for 60 s (current 2 mA) and 360 s (current 0.2 mA).
Mild heat treatment of the coated electrodes at 80 °C for 10 min
was used to stabilize the amorphous TiO2. For the bilayer
structure, the QD-sensitized electrodes were immersed in
10 mM N719 in ethanol for 12 h. An I-/I3- redox electrolyte
was used in the CdS QD-sensitized solar cells consisting of 0.1 M
lithium iodide, 0.05 M iodine, 0.6 M 1-propyl-2,3-dimethylimidazolium iodide, and 0.5 M 4-tertbutylpyridine dissolved in
propylenecarbonate. A Pt-coated FTO glass was used as a
counterelectrode. I-V measurements were performed with an
Eco-Chemie Potentiostat. A 300 W xenon arc lamp (Oriel)
calibrated to 100 mW/cm2 served as a light source.
The transient absorbance experiments were recorded by
excitation of the sensitized films with pulses from a nitrogenpumped dye laser PTI GL-301 (<1 ns pulse duration, 1 Hz,
intensity of 0.05 mJ cm-2 when exciting at 535 nm and
0.09 mJ cm-2 when exciting at 439 nm). The resulting
photoinduced changes in optical density were monitored by
employing a 150 W tungsten lamp, with 1 nm bandwidth
monochromators before and after the sample, a home-built
photodiode-based detection system, and a TDS-200 Tektronix
oscilloscope. The N719 was excited at 535 nm and its decay
monitored at 760 nm, while the CdS was studied by excitation
at 439 nm and recording at 560 nm. It should be noted that at
439 nm, the dye was also excited.

Figure 7. Dye-mediated recombination decay dynamics. After
selective excitation of the CdS QDs at 439 nm, in the absence of
N719, the photoinjected electrons recombine with oxidized CdS
(squares). In the presence of amorphous TiO2/N719, we observe the
regeneration of the CdS ground state independently of the time used to
similarly coat the TiO2/CdS film. The signals were recorded at 560 nm.

HOMO is above the CdS valence band, facilitating hole
extraction from the CdS quantum dot to the dye (Figure 4,
process c). The negative signal feature has been previously
reported for dye-cosensitized TiO2 films as a feature of hole
transfer between the dyes.23 Consequently, adsorption of
N719 on the amorphous TiO2, forming a bisensitizer electrode, significantly improves the CdS regeneration rate, which
is a key factor in achieving an efficient QD-based solar cell.
We have demonstrated the ability to utilize two sequential
sensitizer layers in dye-sensitized solar cells. The new bisensitizer layer cell consists of a nanocrystalline TiO2/CdS QD/
amorphous TiO2/N719 dye. Consequently, it is possible to
widen the spectral response of the cell while maintaining high
optical density, with a theoretical limit equal to twice a given
electrode area. While improving the cell's ability to harvest the
solar radiation, the new configuration offers a method of
slowing the interfacial charge recombination processes and
thus increasing the charge-separation efficiency. Further experiments are underway to extend the bisensitizer layer
concept to the solid-state analogue in which back-electrontransfer kinetics is a major limit.

SUPPORTING INFORMATION AVAILABLE Supporting fig-

ures and illustration of electron and hole paths in the bisensitized
solar cell. This material is available free of charge via the Internet at
http://pubs.acs.org.
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Mesoporous TiO2 films were prepared by electrophoretic
deposition (EPD)24 of Degussa P25 particles with an average
diameter of 25 nm onto a fluorine-doped tin oxide (FTO)covered glass substrates (Pilkington TEC 15) with a 15 Ω/
square sheet resistance. Films were deposited in two consecutive cycles for 30 s at a constant current density of
0.4 mA/cm2 (which corresponds to ∼70 V at an electrode
distance of 50 mm) and dried at 120 °C for ∼5 min in
between the cycles. Following the EPD process, all of the
electrodes were dried in air at 150 °C for 30 min and sintered
at 550 °C for 1 h. For CdS QD deposition, the electrodes were
immersed in a mixture of 2.35 mL of 0.5 M CdSO4 and
2.65 mL of 0.7 M potassium nitrilotriacetate (K3NTA) at pH 8.5
adjusted by 10% KOH. This solution was mixed with 4.25 mL
of 0.4 M thiourea and then diluted with 7.55 mL of distilled
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