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G
reat effort has been focused on
efficiently exploiting solar energy
to meet energy and environmental

demands.1 Quantum dot sensitized solar
cells (QDSCs) constitute one of the most
promising low-cost candidates for third-
generation photovoltaic cells due to the
potential advantages of multiexciton gen-
eration and the extraction of nonthermalized
charge carrier.2�9 Theoretically, the maxi-
mum thermodynamic conversion efficiency
(η) of a QDSC can reach 44%.9 Although
QDSCs have been studied for many years,
at present the reported best η values for
liquid junction QDSCs are typically below
5%,10�16 and for solid-state QDSCs they are
in the range 5�6.18%,17,18 partially because
of unsatisfactory coverage of QDs on the
TiO2 electrodes and the limitation of adsorp-
tion range of QD sensitizers.19�21

Pursuing higher conversion efficiency is
always a core task for solar cells, and one of
the current key issues is to search for suita-
ble panchromatic sensitizers to enhance the
harvest of solar light. Although the utiliza-
tion of QDs with large size or narrow band
gap can expand the light harvest range,
electron-injecting efficiency was sacrificed
due to the lower conduction band edge.
Among the wide variety of QDs used as
sensitizers in QDSCs (such as PbS,22,23

InP,24 Bi2S3,
25 CdTe,26 CdS,27�29 CdSe30�34),

CdS and CdSe are promising materials re-
ported to have better performance. Com-
paring between the two materials, CdS QD-
based cell devices have a higher open-
circuit voltage; however, the high band
gap of CdS (2.25 eV in bulk) limits its absorp-
tion range below ca. 550 nm. In contrast,
although the absorption range of CdSe can
extend to ca.720 nm, the electron injection
efficiency of CdSe QD-based solar cells is
less than that of CdS-based ones. It is mean-
ingful to explore QDs with a wide adsorption
range and high electron-injecting efficiency

simultaneously. To combine both advantages
of the CdS andCdSematerials in light harvest-
ing and electron injection, in recent years,
novel inverted type-I CdS/CdSe core/shell
structure QD-based solar cells have received
considerable interest for their special photo-
electronic features.14�16,35�41 In this so-called
inverted type-I core/shell structure, where a
material with narrower band gap is grown
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ABSTRACT

Presynthesized high-quality CdS/CdSe inverted type-I core/shell structure QDs have been deposited

onto TiO2 electrodes after first coating with bifunctional linker molecules, mercaptopropionic acid

(MPA), and the resulting quantum dot sensitized solar cells (QDSCs) exhibited record conversion

efficiency of 5.32% (Voc = 0.527 V, Jsc = 18.02 mA/cm2, FF = 0.56) under simulated AM 1.5,

100 mW cm�2 illumination. CdS/CdSe QDs with different CdSe shell thicknesses and different

corresponding absorption onsets were prepared via the well-developed organometallic high-

temperature injection method. MPA-capped water-dispersible QDs were then obtained via ligand

exchange from the initial organic ligand capped oil-dispersible QDs. The QD-sensitized TiO2 electrodes

were facilely prepared by pipetting the MPA-capped CdS/CdSe QD aqueous solution onto the TiO2
film, followed by a covering process with a ZnS layer and a postsintering process at 300 �C.
Polysulfide electrolyte and Cu2S counterelectrode were used to provide higher photocurrents and fill

factors of the constructed cell devices. The characteristics of these QDSCs were studied in more detail

by optical measurements, incidental photo-to-current efficiency measurements, and impedance

spectroscopy. With the combination of themodified deposition techniquewith use of linker molecule

MPA-capped water-soluble QDs and well-developed inverted type-I core/shell structure of the

sensitizer together with the sintering treatment of QD-bound TiO2 electrodes, the resulting CdS/CdSe-

sensitized solar cells show a record photovoltaic performance with a conversion efficiency of 5.32%.

KEYWORDS: quantum dot sensitized solar cells . core/shell structure .
CdS/CdSe . high conversion efficiency . sintering treatment
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expitaxially around the core material with a higher band
gap, the charge carriers (electron and hole) are distrib-
uted largely in the shell region.42 This favors the extrac-
tion of photogenerated electrons and enhances the
electron injection rate accordingly.35 Meanwhile, the
redistribution of the electrons in the CdS/CdSe core/shell
structure is supposed to trigger a downward and upward
shift of the band edges. Therefore, the resulting band
edges for CdS/CdSe-sensitized TiO2 photoelectrodes are
inferred to have a cascade structure, as shown in Figure 1.
The conduction band levels of the three materials de-
crease in theorderCdSe>CdS>TiO2. That is, the inverted
type-I CdS/CdSe core/shell structure QDs give a higher
driving force for injection of excited electrons out of the
QD sensitizers in comparison with plain CdSe QDs. This
facilitates the transfer of electrons from QD sensitizer to
TiO2 substrate, resulting in improved electron-injection
efficiency and photovoltaic performance in the corre-
sponding cell devices. It should be noted that almost all
CdS/CdSe-sensitized solar cells reported previously were
prepared with the use of direct growth of QDs onto
TiO2 film electrodes via chemical bath deposition or
by successive ionic layer adsorption and reaction
(SILAR).14�16,36�41 Although this direct growth route
can ensure high coverage of QDs, precise control of
particle size, size distribution, and especially the exact
inverted type-I core/shell structure cannot be achieved
due to the uncontrollability of nucleation and growth of
the QDs on the mesoporous TiO2 surfaces.9,19 Accord-
ingly, the resulting CdS/CdSe-sensitized QDSCs prepared
by this direct growth route could not obtain a satisfied
efficiency.
Use of previously prepared QDs can avoid the draw-

backs of the direct growth method; however, it is still a
great challenge to immobilize the previously prepared
QDs onto TiO2 electrodes with high surface coverage
and achieve good photovoltaic performance of the
resulting cell devices. The main route for immobiliza-
tion of presynthesized QDs to the TiO2 film electrodes
is achieved by functionalization of the TiO2 substrate
with bifunctional linker molecules (typically mercap-
toalkaboic acids), followed by attachment of the initial
oil-soluble QDs to the adsorbed linkers.30�33,35,44�46

This deposition method has been plagued by low and
irreproducible surface coverage of QDs, and the η
values of the resulting QDSCs are typically in the range
1�2%, which are remarkably less than the correspond-
ing cell devices prepared by the direct growthmethod.
Herein, we took advantage of the tremendous devel-
opment in organometallic high-temperature synthesis
methods for the preparation of high-quality inverted
type-I CdS/CdSe core/shell structure QDs and as-
sembled the presynthesized colloidal QDs to the TiO2

electrodes with the use of bifunctional linker molecule,
mercaptopropionic acid (MPA), capped water-soluble
QDs. The water-soluble MPA-capped CdS/CdSe QDs
are obtained via the ligand exchange of the initial
organic capping ligand by MPA. With the combination
of the effective deposition technique and well-devel-
oped inverted type-I core/shell structure of the sensi-
tizer together with the sintering treatment of the
photoanodes, the resulting CdS/CdSe-based solar cells
exhibit a high short-circuit current of 18.02 mA cm�2

and conversion efficiency of 5.32% under full 1 sun
illumination. To our knowledge, this result is one of the
best performances of liquid junction QDSCs.

RESULTS AND DISCUSSION

Inverted Type-I Core/Shell Structure QDs. Relying on the
well-developed organometallic high-temperature syn-
thetic methods, nearly monodispersed 2.9 nm CdS
core QDs with absorption onset of 380 nm were first
prepared in oleylamine media at high temperature;47

then CdSe shells were grown over the CdS core
template with the addition of the Cd/Se precursor to
the crude CdS reactive solution.42 The detailed proce-
dure for the preparation of CdS and CdS/CdSe core/
shell QDs is given in theMaterials andMethods section.
With the addition of the Cd/Se precursor to the crude
CdS reactive solution, the enhancement of particle size
as observed by TEM measurement (Figure 2) give
direct evidence for the overgrowth of CdSe around
the CdS core. Both the as-prepared core and core/shell
structure QDs show a nearly spherical shape with a
narrow size distribution of 4�6% relative standard
deviation without any postpreparation fractionation
or size sorting. With the increase of the CdSe shell
thickness around the CdS cores, both the absorption
onset in the absorption spectra and the band-edge
photoluminescence (PL) emission peaks in the PL
spectra shift systematically to the long-wavelength
side (Figure 3). Both the single PL emission peak in
the PL spectra and no CdSe-correlated absorption peak
in the absorption spectra can confirm the formation of
a core/shell structure and rule out any separate homo-
geneous nucleation of CdSe nanocrystals. Details on
the characterization of the core/shell structure are
described elsewhere.42,48 For the plain CdS QDs, only
a trap emission was observed with a broad peak

Figure 1. Schematic illustration of band edge alignment of
the inverted type-I CdS/CdSe core/shell structure QD-sensi-
tized solar cells.
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centered around 520 nm, and no band edge emission
was observed. The obtained CdS/CdSe core/shell QDs
gave a symmetric and narrow PL peak. The small
Stökes shift (∼15�25 nm) between the emission peaks
and the corresponding first excitonic absorption on-
sets indicates the dominant band edge luminescence
from the core/shell nanocrystals without the appear-
ance of deep trap emission at the long-wavelength
side. It is noted that the absence of trap emission is
favorable for high photocurrent in the final cell devices
due to the decrease of electron recombination.2�4,49

All the core/shell QD samples exhibit a low PL emission
efficiency at the level of 1�5%. In the absorption
spectra, all samples show a sharp first excitonic absorp-
tion onset. Such a distinct absorption feature cannot be
achieved in the former cases prepared via the direct
growth route.14�16,36�41 With the increase of CdSe
shell thickness, on one hand, the absorption onset is

extended to wavelengths of λ = 566, 590, 615, 626 nm
(for simplicity, hereafter denoted as QD566, QD590,
QD615, and QD626, respectively); on the other hand,
the absorptivity at the short-wavelength side (i.e.,
wavelengths shorter than the absorption onset) is
enhanced steadily. These absorption features demon-
strate that with the formation of CdS/CdSe core/shell
structure, the narrow absorption range of CdS QDs is
expanded remarkably to the long wavelength and the
light harvest efficiency is enhanced remarkably. Un-
doubtedly, this observed wide absorption range is
favorable for harvesting solar light in the cell devices.3,4

Deposition of CdS/CdSe QDs onto TiO2 Electrodes. Even
though the organometallic synthetic method can sup-
port high-quality CdS/CdSe core/shell QDs, it is still
a great challenge to assemble previously prepared
QDs onto TiO2 electrodes with high surface coverage
and achieve good photovoltaic performance of the

Figure 3. Absorption (a) and PL spectra (b, λex = 350 nm) of CdS and derivate CdS/CdSe core/shell QDs with different
absorption onsets.

Figure 2. TEM images of 2.9 nm CdS cores (a) and derivate CdS/CdSe core/shell structure QDs with sizes of 4.6, 5.7, 6.1, and
6.7 nm (b�e). Their corresponding absorption and PL emission spectra are shown in Figure 3.
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resulting cell device.19�21,50 To improve the loading
amount of the prepreparedQDs onto TiO2 electrodes, a
modified deposition method with the use of bifunc-
tional linker molecule MPA-capped water-soluble QDs
was adopted. Four representative CdS/CdSe core/shell
structure QDs (QD566, QD590, QD615, and QD626) were
selected as sensitizer for the fabrication of solar cells.
The initial oil-soluble QDs were transferred into water-
soluble ones via ligand exchange with use of bifunc-
tional MPA molecules. There was no distinguishable
variation in the absorption spectra of the QDs before
and after ligand exchange, as shown in Figures 3a and
4a, respectively, while the PL was quenched almost
completely in the process of ligand exchange. The
phenomena of PL quenching is commonly observed
in plain CdSe QDs since the MPA molecules are known
to act as a hole scavenger when attached to the CdSe
QD surface.51 Then the MPA-capped water-soluble
QDs were deposited on mesoporous TiO2 film by
pipetting the MPA-capped QD aqueous solution
(with absorbance of 2.0 at first absorption onset) onto
the oxide matrix as described in the Materials and
Methods section. The terminal carboxylate groups of
MPA can bind QDs directly to TiO2 surfaces. This is
analogous to the case of carboxylate-terminated or-
ganic dye molecule binding to TiO2, as adopted com-
monly in DSCs.52

The deposition of MPA-capped water-soluble QDs
onto a TiO2 electrode was very fast, and the first
excitonic peak can approach the saturation absor-
bance value of ∼0.6 in a period of 2 h. The successive
deposition of presynthesized water-soluble colloidal
CdSe QDs over mesoporous TiO2 was accompanied by
deepening of the color visible to the naked eye, as
shown in the inset of Figure 4b. It should be noted that
overextending the deposition time (more than 3 h)
does not further increase QD loading, but brings
forward a slight red-shift of the excitonic peak by about
2�3 nm, indicating the aggregation or interaction of
the bond QDs. This would deteriorate the photovoltaic
performance.20 Figure 4b shows the absorption spec-
tra of four representative CdS/CdSe QD-sensitized TiO2

electrodes, and the corresponding MPA-capped QD
aqueous solutions are also shown in Figure 4a for
reference. Note that these spectra were recorded in
the transmission mode using blank FTO/TiO2 film as a
reference. It was found that the spectral profiles and
the sharp excitonic features of the colloidal QDs aqu-
eous solutions were preserved after deposition onto
the TiO2 film, reflecting an unchanged particle size and
nearly monodispersed size distribution. These features
cannot be achieved by the direct growth of QDs
onto TiO2 film as reported in the literature.14�16,36�41

The relatively high absorption of the visible light
(absorbance >0.6) by these electrodes gives us intui-
tive information on high QD loading, which can also be
visualized from the deep coloration of the electrodes in
the inset of Figure 4b. The high absorbance ensures
more than 85% of the incident light at wavelengths
below the onset can be absorbed by the electrodes.
The photograph of the electrodes shows the color that
reflects their corresponding absorption spectra. Since
the absorption spectrum of QD626 covers almost the
whole visible spectrum, the QD626-bound electrode
shows a blackish color. Our success in achieving a
relatively high loading amount of CdS/CdSe QDs in
these TiO2 films highlights the possibility of small-sized
CdS/CdSeQDs penetrating the porous network of each
TiO2 film and thus providing a uniform coverage
throughout the film. The uniformity of deposit of QDs
along the TiO2 thickness is verified by the observation
that the absorbance of the QD-sensitized film is in
linear relationship with the thickness of film (Figure S1
in the Supporting Information).

Transmission electronic microscopy (TEM) images
give direct evidence to estimate the coverage of QDs
over the TiO2 film electrodes. With the aim of imaging
the QD sensitizer on the TiO2 surface directly, we
deposited the QDs on the TiO2 film electrodes without
a scattering layer. After deposition, the films were
scratched off the FTO glass and then dispersed in
ethanol and dropped onto the TEM grid for TEM
observation. In the control experiment, plain TiO2 film
without the deposition of QDs was also prepared and

Figure 4. Adsorption spectra of MPA-capped water-soluble CdS/CdSe QDs with different absorption onsets (a) and the
corresponding QDs anchored on 4 μm thick TiO2 films (b). Inset: Photographs of these films presented in turn.

A
RTIC

LE



PAN ET AL . VOL. 6 ’ NO. 5 ’ 3982–3991 ’ 2012

www.acsnano.org

3986

shown for comparison. The image of plain TiO2 film
(Figure 5a) shows well-connected TiO2 nanoparticles
and their clean bare surfaces with an average particle
size of around 20�30 nm as reported by a commercial
source. Figure 5b shows the image of a QD626-bound
TiO2 film. From the image, the TiO2 nanoparticle
appears to be covered densely by smaller dots (CdS/
CdSe QDs), which are more clearly seen at the edge
side of the TiO2 nanoparticles. The dense coverage of
QDs over the TiO2 film is in accordance with the high
absorbance as observed in the absorption spectra.

It should be noted that this modified deposition
method with use of linker-capped water-soluble QDs
has been adopted in previous reports,53�55 but the
photovoltaic performance of the resulting cell devices
is not improved in comparison with those through the
commonly adopted postsynthesis assembly method
with use of initial oil-soluble QDs, not tomention those
by a direct growthmethod. The high QD loading in our
case can be ascribed to the access of the highly stable
linker MPA-capped QD aqueous solution. It was re-
ported that stable water or methanol stock solutions of
suspended MPA-QDs were unsuccessful due to the
presence of residual organic ligands on the QD
surface.21 The nature of the initial hydrophobic ligand
determines the degree of replacement by hydrophilic
MPA in the ligand exchange process. In our work, the

initial oil-soluble CdS/CdSe QDs were capped by oley-
lamine, which is a weaker capping reagent in compar-
ison with the commonly used alkylphosphine oxide,
alkylcarboxylic acid, or alkylphosphonic acid ligands.
The weaker capping capacity of amines ensures the
replacement by linker MPA molecules more comple-
tely. This favors the stability of MPA-QD aqueous
dispersion and promotes the anchoring of QDs to
TiO2 electrodes. These features ensure the success of
our adopted MPA-capped QDs deposited onto TiO2

film. Furthermore, in comparison with the literature-
adopted alcoholmedia,54,55 our alkaline aqueousmed-
ia favors the stabilization ofMPA-QDdispersions due to
the electrostatic repulsion effect.

Solar Cell Performance. After deposition of CdS/CdSe
QDs, a thin passivation layer of ZnSwas deposited onto
the sensitized electrode by two SILAR deposition cy-
cles, as done inmost cell devices, followed by sintering
in a muffle-type oven with a temperature of 300 �C for
2.5 min under an air atmosphere (the optimization
processes for sintering temperature and sintering time
are described in the following section). Sandwich-type
thin layer cells were fabricated using the sintered FTO/
TiO2/QDs as the photoanode, Cu2S on brass as the
cathode, and a polysulfide electrolyte as the hole
transporter. The J�V curves corresponding to solar
cells sensitized by CdS/CdSe QDs with different

Figure 5. TEM images of plain TiO2 film (a) and the CdS/CdSe QD-bound TiO2 film (b).

Figure 6. J�V curves (a) and IPCE spectra (b) of QDSCs based on CdS/CdSe QD sensitizers.
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absorption onsets under an illumination of a solar
simulator (AM 1.5 G) at 100 mW cm�2 are shown in
Figure 6a, and the main photovoltaic parameters are
listed in Table 1. For the tested cell devices, with the
red-shift of absorption onset of QDs sensitizers from
566 to 626 nm, the open-circuit voltage (Voc) decreased
systematically from 568 to 527 mV, while the short-
circuit current density (Jsc) increased substantially from
12.51 to 18.02 mA/cm2. The systematical increase of Jsc
is attributed to extending the light absorption range
and the increase in absorptivity with red-shift of the
absorption onset of QD sensitizers, as shown in
Figure 4b. The QDSCs using QD626 as sensitizer exhibit
the best performance, with Jsc = 18.02 mA/cm2, Voc =
0.527 V, fill factor (FF) = 0.56, and η = 5.32% under
simulated AM 1.5 G, 100 mW cm�2 illumination. The
obtained 5.32% conversion efficiency is believed to be
one of the highest values in the liquid junction QDSCs
so far. It is meaningful to note that higher photocurrent
and conversion efficiency can be possibly achieved
when CdS/CdSe QD sensitizers of longer wavelength

absorption onsets are prepared with modification of
the QD synthesis method.

The incidental photo-to-current efficiency (IPCE)
spectra in Figure 6b further verified the generation of
high photocurrent in the assembled cell devices. The
IPCE spectra exhibit a strong photoresponse over the
entire visible light range, with photon wavelengths
covering 350�700 nm for the QD626. It should be
highlighted that the high IPCE value covered thewhole
photoresponse range and thus displays a nearly rec-
tangle shape. This IPCE feature may derive from the
intrinsic electronic characteristics of the inverted type-I
core/shell structure sensitizer. It has been shown that,
for the CdS/CdSe-sensitized electrode, the higher IPCE
response in the short-wavelength region is due to the
strong absorptivity of CdS in this spectral window,
whereas CdSe harvests light efficiently in the long-
wavelength region; together a better overall IPCE
response was thus observed.14,35�37 From the spectra
we can find that a greater IPCE value and a wider
response wavelength range are observedwith the red-
shift of the absorption onset of the QD sensitizers,
which is consistent with the variation trend of Jsc values
as observed in the J�V measurement. IPCEs of ∼85%
between 400 and 650 nm were achieved with the
QD626 sensitizer. Since the IPCE is found to be within
a few percent of the transmission of the FTO substrate
in this wavelength range, it could be concluded
that light harvesting, charge separation, and charge
collection are all close to unity when the CdS/CdSe

TABLE 1. Photovoltaic Characteristics of QDSCs Based on

Different QD sensitizers

QD Jsc/mA 3 cm
�2 Voc/mV FF η/%

QD566 12.51 568 0.54 3.83
QD590 14.84 555 0.57 4.68
QD615 16.66 545 0.57 5.17
QD626 18.02 527 0.56 5.32

Figure 7. (a) Temporal evolution of conversion efficiencies of electrodes sintered at different temperatures. J�V curves (b)
and IPCE spectra (c) of QD626-sensitized solar cells with and without sintering treatment, respectively. (d) Adsorption spectra
of QD626-sensitized TiO2 electrodes with and without sintering treatment.
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core/shell-sensitized electrodes are used. By integrat-
ing the product of the incident photon flux density
and the cell's IPCE spectra, Jsc can then be calculated.56

The calculated Jsc for the case of QD626 is 15.74
mA 3 cm

�2, which is quite close to the measured
value (18.02 mA 3 cm

�2).

Influence of Sintering Treatment on QDSC Performance. Ko
and co-workers have found that sintering treatment of
photoanodes can somehow enhance the performance
of QDSCs, especially the Jsc value.10,11,57 In their
report,11 the sintering treatment was carried out by
heating photoanodes using a hot-wind gun. We mod-
ified this process and carried it out in a more control-
lable and reproducible way with use of a muffle
furnace. In the sintering experiment, the QD626-sensi-
tized TiO2 electrodes were put into a 10 L muffle-type
furnace at a prestabilized temperature for a certain
period of time and then took them out of the furnace
and cooled them naturally to room temperature. The
effects of sintering time and temperature were system-
atically investigated, and the results are illustrated in
Figure 7a. Obviously, there is a profound influence
of both the sintering temperature and sintering time
on the conversion efficiencies of the final solar cell.
Under all four sintering temperatures (250, 300, 350,
and 400 �C), we can find that the η value increased
systematically in the beginning stage of the sintering
process; after approaching the maximum point the η
decreased gradually with extended sintering time. The
maximum value of η came sooner with the increase
of sintering temperature (i.e., 250 �C corresponding to
3.5min, both 300 and 350 �C corresponding to 2.5min,
and 400 �C corresponding to 2 min). In addition, the

rate of decrease of the η value is sharper at higher
sintering temperatures in the oversintering stage. The
highest η value of 5.32% can be obtained under a
sintering temperature of 300 �C for 2.5 min. From the
J�V curves in Figure 7b and the photovoltaic charac-
teristics in Table 2, we can find that after sintering at
300 �C for 2.5min, the Jsc value increased from 13.97 to
18.02 mA/cm�2, the corresponding η values increased
from 4.15% to 5.32%, while the Voc values stayed
almost constant. The IPCE spectra (Figure 7c) also show
significant improvement of IPCE value after sintering
treatment. In comparison with the ∼60% IPCE value
before sintering treatment, the maximal IPCE value
can be improved to as high as 85% after sintering
under optimized conditions. Considering the process
of photocurrent generation, IPCE is the combined
effect of light-harvesting efficiency, electron-injecting
efficiency, and electron-collecting efficiency. The ab-
sorption spectra (Figure 7d) of the electrodes before
and after sintering treatment almost coincide, which
indicates that this sintering treatment has no particu-
larly significant impact on the electronic properties of
the QD sensitizer. So the IPCE results mainly rely on the
electron-injecting efficiency in the case where other
parameters remain constant. The remarkable improve-
ment of the IPCE value after sintering once again
proves that this treatment is extremely beneficial for
attaining a better connection between QDs and TiO2,
thereby leading to higher electron-injecting efficiency.
On the other hand, the presence of a linker molecule
between the QDs and TiO2 interface does not affect
the band gap alignment. This can explain why the Voc
values remain constant before and after the sintering
treatment. Two opposing effects exist in the sintering
treatment. Simultaneously, sintering treatment would
deteriorate the QD sensitizer via oxidization and ag-
gregation effects. This could reduce the performance
of the cell devices. Therefore, the performance of cell
devices is dependent on the sintering treatment tem-
perature and time. This can explain the observation
that overextending the sintering time causes a de-
crease of conversion efficiency.

The deposition of previously preparedMPA-capped
CdS/CdSe QDs onto a TiO2 electrode was achieved via

the bridge-linking effect of capping ligand MPA mol-
ecules around theQD's surface. Since the organic linker
molecule MPA is an electric insulator, the presence
of the linker molecule between the QD and the
TiO2 would produce an insulating barrier and thus
diminish the electron-injection rate from QDs to TiO2

substrate.30 We can expect longer electron injection
times for the linkermolecule cappedQDs connected to
TiO2 particulate film than for bare semiconductors
directly connected to the oxide matrix.30 So getting
rid of the linker molecule between the QDs and TiO2 by
sintering treatment would enhance the contact be-
tween QDs and TiO2 and then improve the electron

TABLE 2. Photovoltaic Characteristics of QDSCs before

and after Sintering Treatment

Jsc/mA 3 cm
�2 Voc/mV FF η/%

after sintering 18.02 527 0.56 5.32
without sintering 13.97 531 0.56 4.15

Figure 8. Experimental EIS spectra of QDSCs before and
after sintering treatment of TiO2 photoelectrodes. The
corresponding fits (continuous lines) are also shown.
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transfer rate and electron-injecting efficiency, accord-
ingly increasing the Jsc and η values of the final cell
devices. FTIR spectra of QD-bound TiO2 electrodes
before sintering treatment show the characteristic
C�H stretching vibrations at 2800�3000 cm�1, de-
rived from the hydrocarbon chain portion of the MPA
molecules, while the spectra of electrodes after sinter-
ing treatment show almost no signals in the C�H
stretching vibration region (the corresponding IR spec-
tra are shown in Figure S2). This clearly indicates the
partial removal of the MPA linker molecule between
the QDs and TiO2 substrate by the sintering treatment
procedure.

To further reveal the interfacial reactions of photo-
excited electrons in the QDSCs with and without
sintering treatment, electrochemistry impedance
spectroscopy (EIS) analysis was performed. Figure 8
shows the electrochemical impedance spectra for the
QD626-sensitized solar cells with and without sintering
treatment in the dark under a forward bias of �0.50 V
with a frequency range of 0.1 Hz to 100 kHz. One
semicircle was observed in the Nyquist plots for each
cell (Figure 8). The semicircles in the Nyquist plots
corresponding to a middle-frequency area (in the
10�100 Hz range) are attributed to the electron trans-
fer at the TiO2/QDs/electrolyte interface.

58,59 The radius
of the semicircle corresponding to a sintered cell is
larger than that without sintering treatment, indicating
that the electron recombination resistance increases
after sintering treatment. This further supports the

hypothesis that sintering treatment can elicit a better
connection between the QDs and TiO2, leading to
smoother electron transmission in the TiO2 film, inhi-
biting the surface recombination of electrons at the
electrode/electrolyte interface, and obtaining greater
photocurrent in the cell devices.

CONCLUSIONS

Inverted type-I CdS/CdSe core/shell structure QD-
sensitized solar cells exhibiting record η value of 5.32%
(Voc = 0.527 V, Jsc = 18.02 mA/cm2, FF = 0.56) under full
1 sun illumination have been fabricated. Consistent
with the high η and Jsc values, an IPCE value of up to
85% over almost the entire visible spectral region is
observed. The organometallic high-temperature syn-
thetic method ensures the access of well-defined,
high-quality inverted type-I CdS/CdSe core/shell struc-
ture QD sensitizers, while the adoption of linker mole-
cule MPA-capped water-soluble QDs renders a high
loading amount of QD sensitizers onto TiO2 film elec-
trodes. The optimized sintering treatments (optimal
sintering temperature and time) of QDs-sensitized TiO2

photoanodes can partially remove linker molecules
and enhance the contact between QD sensitizers and
TiO2 and thus improve the photovoltaic performance,
especially the Jsc value, of the cell devices. The conver-
sion efficiency of the CdS/CdSe-based QDSCsmight be
further improved with the use of CdS/CdSe QD sensi-
tizers with longer absorption onsets via the modifica-
tion of the synthetic method.

MATERIALS AND METHODS
Preparation of Oil-Soluble CdS/CdSe QDs. CdS core nanocrystals

were first prepared via a modified literature method developed
by our group.47 Typically, 19.2 mg of CdO was dissolved in a
solventmixture containing 0.15mL of oleic acid (OA) and 3.0mL
of octadecene (ODE) at 250 �C under N2 flow. At this tempera-
ture, 1.0 mL of ODE-S (0.1 M) was injected into the reaction
system, and the reaction mixture was stirred at 250 �C for 1 min.
Subsequently, the system temperature was reduced to 200 �C
for overgrowth of the CdSe shell. A 0.22 mL amount of the Se
stock solution (0.4 M, prepared by dissolving selenium in
trioctylphosphine) and 1.0 mL of OAm was added into the
reaction vessel in sequence followed by addition of an equi-
molar amount of Cd precursor stock solution (prepared by
dissolving CdO in OA and ODE (v/v, 1:1) at 250 �C) at a 20 min
interval. When the optical spectra showed no further changes,
another cycle of Se/Cd precursor solution was added repeat-
edly. The volume of the precursor stock solution added in each
cycle should not exceed the amount needed for a whole
monolayer (ML) of the CdSe shell. The amount was calculated
from the respective volumes of concentric spherical shells with
0.35 nm thickness for 1 ML of CdSe. In the process of over-
coating the CdSe shell around the CdS core, when the absorp-
tion onset wavelength of the resulting CdS/CdSe approached
the desired value, the addition of the Cd/Se precursors was
stopped and the reaction was terminated by lowering the
reaction temperature to room temperature.

Preparation of MPA-Capped Water-Soluble CdS/CdSe QDs. The water
solubilization of the as-prepared oil-soluble CdS/CdSe QDs was

obtained by replacing the initial hydrophobic surfactants (OAm
and/or OA) with mercaptopropionic acid according to a litera-
turemethod.60 Typically, MPA (0.212 g, 0.2mmol) was dissolved
in 0.3 mL of deionized water together with 1.0 mL of methanol,
and the solution was then adjusted to pH 12 with 40% NaOH.
The MPA�methanol solution was then added into 5.0 mL of
CdS/CdSe QD chloroform solution (containing 0.2mmol of CdS/
CdSe) and stirred for 30 min to precipitate the QDs. Then
10.0 mL of water was added into the mixture, and stirring was
continued for another 20 min. The solution was separated in
two phases finally, the CdS/CdSe QDs were transferred into the
superincumbent water from the underlying chloroform, the
underlying organic phase was discarded, and the aqueous
phase containing the QDs was collected. The free MPA ligand
in the QD aqueous solution was isolated by precipitating the
QDs with addition of acetone. The supernatant was discarded,
and the pellet was then redissolved in water for use in the next
step.

Fabrication of QD-Sensitized Photoelectrodes and Solar Cells. TiO2

nanoparticulate electrodes were prepared by successively
screen printing a 8 μm thick transparent layer (P25 paste) and
a 4 μm thick light-scattering layer (200�400 nm TiO2) over F:
SnO2-coated (FTO, 14 Ω/square) glass substrates, followed by
sintering at 450 �C for 30 min in a muffle-type furnace. A post-
treatment of the dried TiO2 film with an aqueous solution of
TiCl4 (0.04 M) was then carried out according to typical proce-
dures for dye cells. The obtained TiO2 mesoporous films were
then coated with QDs sensitizers.

For immobilization of QDs, 30 μL of a MAP-capped QDs
aqueous solution (with absorbance of 2.0 at the first excitonic

A
RTIC

LE



PAN ET AL . VOL. 6 ’ NO. 5 ’ 3982–3991 ’ 2012

www.acsnano.org

3990

absorption peak) was pipetted directly on the electrode surface
and allowed to stay for 2 h before rinsing sequentially with
water and ethanol and then drying with nitrogen. After the
deposition was complete, the QD-absorbed TiO2 film was
coated with ZnS by twice dipping alternately into 0.1 M Zn-
(OAc)2 and 0.1MNa2S solutions for 1min/dip. After coatingwith
the ZnS layer, the TiO2 electrodewas then subjected to sintering
treatment in a muffle-type furnace in a temperature range of
200�400 �C for periods of time ranging from 0.5 to 5 min.

The cells were prepared by assembling the counter elec-
trode and a QD-sensitized photoanode using a 50 μm thick
scotch spacer and with a droplet (10 μL) of polysulfide electro-
lyte. The Cu2S counter electrodes were prepared by immersing
brass in a HCl solution at 70 �C for 5 min, and then the brass was
vulcanized by injecting a polysulfide solution after the solar cell
fabrication. The polysulfide electrolyte solution consists of 2.0 M
Na2S, 2.0 M S, and 0.2 M KCl in methanol�water (3:7, v/v)
solution. For QDSCs prepared under each condition, three cells
were prepared and tested in parallel, and the one with the
medium value was chosen as the final data.

TEM Images and Optical Spectra. Transition electron microscopy
images were obtained using a JEOL JEM-1400 instrument. The
TiO2 films with CdS/CdSe QD sensitizers (∼4.0 μm thick without
scattering layers) were scratched off the FTO glass and dis-
persed in ethanol with the help of ultrasonication, fromwhich a
few drops were taken over a TEM grid and dried for TEM images.
The absorption spectra of CdS/CdSe QD-sensitized electrodes
composed of∼4.0 μm thick TiO2 films with dimensions of 2.0�
1.0 cm (without scattering layers) were recorded on a UV�
visible spectrophotometer (Shimadzu UV-2450).

Electrochemical and Photovoltaic Measurements. Electrochemical
impedance spectroscopy measurements were conducted with
an impedance analyzer (Zahner, Germany) at �0.5 V bias
potential and 10 mV of amplitude over the frequency range
of 0.1 Hz to 100 kHz under dark conditions. Photovoltaic
measurements employed an AM 1.5 G solar simulator equipped
with a 300 W xenon lamp (model no. 91160, Oriel). I�V curves
were obtained by applying an external bias to the cell and
measuring the generated photocurrent with a Keithley model
2400 digital source meter. The photoactive area was 0.237 cm2.
The IPCE was recorded on a Keithley 2000multimeter under the
illumination of a 150 W tungsten lamp with a monochromator
(Spectral Product DK240).
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