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S
emiconductor quantum dot sensitized
solar cells (QDSCs) constitute one of
the most promising cost-effective can-

didates for third-generation photovoltaic
cells due to the versatile advantages of QD
sensitizers in comparison with conventional
molecule dye sensitizers such as multiexci-
ton generation, extraction of hot electrons,
large intrinsic dipole moments, tunability of
bandgap, andhigh absorption coefficient.1�7

However, at present, the recorded power
conversion efficiency (PCE) values for liquid-
junction QDSCs are typically below 6%,8�14

remarkably lower than that of analogous
dye-sensitized solar cells (11�12%),15 par-
tially because of the limitation of the light
harvesting range of QD sensitizers, the low
electron injection efficiency due to the un-
satisfied conduction band edge relative to
the metal oxide electron conductor (mainly
TiO2), and unsatisfactory surface coverage of
QDs onmesoporous oxide film electrodes.1�7

To obtain a high efficiency inQDSCs, ideal QD

sensitizers should possess a narrow band

gap (1.1�1.4 eV), a higher conduction band

edge relative to that of TiO2, and high

stability.1�7 Although utilization of QDswith

large size and/or narrower band gap can

expand the light harvesting range, large-

sized QDs present a distinct disadvantage

for penetrating into mesoporous oxide films,

and the low conduction band edge of QDs

prohibits effective injection of photoexcited

electrons from the QD sensitizer into TiO2.

Therefore searching for suitable panchro-

matic QD sensitizers to expand the light

harvesting range without hindering the sub-

sequent electron extraction and ultimately

obtaining a high PCE in the resulting cells is

a great challenge.1�7

Initially, single binary QD sensitizers such
as CdS, CdSe, PbS, PbSe, InP, and InAs were
investigated in QDSCs, but most of these
QDSCs presented low PCE values due to the
limited light harvesting range and/or inef-
fectively photoexcitedelectron injection.16�23
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ABSTRACT CdSe0.45Te0.55 alloyed quantum dots (QDs) with

excitonic absorption onset at 800 nm and particle size of 5.2 nm

were prepared via a noninjection high-temperature pyrolysis route

and used as a sensitizer in solar cells. A postsynthesis assembly

approach with use of bifunctional linker molecule mercaptopropio-

nic acid (MPA) capped water-soluble QDs, obtained via ex situ ligand

exchange from the initial oil-dispersible QDs, was adopted for

tethering QDs onto mesoporous TiO2 film. With the combination

of high loading of the QD sensitizer and intrinsic superior optoelec-

tronic properties (wide absorption range, high conduction band edge, high chemical stability, etc., relative to their constituents CdSe and CdTe) of the

adopted CdSe0.45Te0.55 QD sensitizer, the resulting CdSexTe1�x alloyed QD-based solar cells exhibit a record conversion efficiency of 6.36% (Jsc = 19.35 mA/

cm2, Voc = 0.571 V, FF = 0.575) under full 1 sun illumination, which is remarkably better than that of the reference CdSe and CdTe QD based ones.

Furthermore, the solar cells with Cu2S counter electrodes based on eletrodeposition of Cu on conductive glass show long-term (more than 500 h) stability.

KEYWORDS: CdSexTe1�x
. alloyed quantum dots . solar cells . high efficiency

A
RTIC

LE



PAN ET AL . VOL. 7 ’ NO. 6 ’ 5215–5222 ’ 2013

www.acsnano.org

5216

In comparison, ternary or quaternary alloyed QDs are a
promising alternative to binary QD sensitizers since
their optoelectronic properties can be tuned by con-
trolling their composition without changing the parti-
cle size,24�26 and their band gap has the possibility to
be narrower than their binary constituents due to an
“optical bowing” effect.27,28 Furthermore, alloyed QDs
also show higher chemical stability than their consti-
tuents due to the hardened lattice structure and de-
creased interdiffusion.29�31 To date, among the few
attempts to explore alloyed QDs as sensitizers in liquid
junction QDSCs,32�36 the majority are focused on
CdSxSe1�x alloyed QDs with a relative wide band gap.35,36

Not surprisingly, this system did not exhibit a high PCE
(<3%),35,36 since the relatively short absorption edge
wavelength (<700 nm) significantly limits the light har-
vesting range and thus results in a small photocurrent in
the resulting cells. In comparison, CdSexTe1�x alloyed
QDs with an absorption edge extending to the near-
infrared (NIR) region should be a more attractive sensi-
tizer.37,38 To our best knowledge, there is only one report
on theuseofCdSexTe1�xalloyedQDs in solar cells,wherein
a back contact depleted heterojunction device but not a
liquid-junction-sensitized solar cell was constructed.39

Usually, two general approaches have been devel-
oped for tethering QDs onto TiO2 electrodes: (i) direct
growth of QDs onto a TiO2 film; (ii) postsynthesis
assembly using presynthesized QDs.5,40 The first ap-
proach usually results in a very broad size distribution
of the QD sensitizers, and the surface passivation of
QDs is difficult to control, so that the electron transfer,
charge recombination, and therefore the performance
of the cell devices are detrimentally affected due to
the uncontrolled optoelectronic features of the sensi-
tizers.40,41 These drawbacks can be effectively avoided
by the second approach, using preprepared QDs, since
the size, size distribution, shape, and surface functio-
nalization, and consequently, the band gap alignment,
optoelectronic properties, the density, and energy of
the trap states of colloidal QDs, can be easily tailored
and well controlled via the well-developed organome-
tallic high-temperature synthetic method.42 Further-
more, the shortcoming of low coverage of QDs on TiO2

electrodes in the postsynthesis assembly approach has
been effectively overcome recently by an ex situ ligand
exchange route with use of bifunctional linker mercap-
topropionic acid (MPA) capped water-soluble QDs or
an electrophoretic deposition route.8�10 As demon-
strated in a previous report,9 high surface coverage of
QDs on a TiO2 film (up to 34%) and uniform deposition
along the whole film thickness were obtained via the
postsynthesis assembly ex situ ligand exchange route,
and a conversion efficiency of 5.4% was obtained in
CdSe QD sensitized solar cells.
In this study a NIR absorption CdSexTe1�x alloy

sensitizer was selected in the construction of high-
efficiency QDSCs and compared with reference CdSe,

CdTe QD based cells. High-quality NIR absorption
CdSe0.45Te0.55 alloyed QDs were synthesized via a
noninjectionorganometallic high-temperatureprotocol.38

A postsynthesis assembly approach ex situ ligand
exchange route with use of bifunctional linker MPA
capped water-soluble QDs were adopted for deposit-
ing QD onto mesoporous TiO2 film. With the combina-
tion of high loading of the QD sensitizer and intrinsic
superior optoelectronic properties (wide absorption
range, high conduction band edge, high chemical
stability, etc.) of the adopted CdSe0.45Te0.55 QD sensi-
tizer, the resulting solar cells exhibit a record PCE of
6.36% under full 1 sun illumination. Furthermore, the
cells with Cu2S counter electrodes based on electro-
deposition of Cu on conductive glass show long-term
(more than 500 h) stability.

RESULTS AND DISCUSSION

Superior Optoelectronic Properties. CdSe0.45Te0.55 al-
loyedQDswith a size of 5.2( 0.4 nmand an absorption
edge at 800 nm (noted as CdSeTe800 hereafter) were
synthesized according to a literaturemethod via a one-
pot noninjection approach by heating a reaction mix-
ture composed of cadmium oleate, TOP-Se (TOP,
trioctylphosphine), and TOP-Te in paraffin media at
320 �C (detailed synthetic procedures are described in
Materials and Methods, and characterization data are
available in Figures S1 and S2 of the Supporting
Information, SI).38 It was noted that a vague band edge
absorption feature appeared for the obtained CdSe0.45-
Te0.55 alloyed QDs, and thus an accurate band gap
value was difficult to extract from the absorption
spectrum. The band gap of 1.55 eV (800 nm) for
CdSe0.45Te0.55 QDs is determined by plotting (ahν)2

against the photon energy (hν), where a is the absor-
bance, h is Plank's constant, and ν is photon frequency
(Figure S3). The adopted one-pot noninjection ap-
proach bears advantages of synthetic reproducibility
and large-scale capability. For comparison, identical
sized binary plain CdSe and CdTe QDs were also
prepared according to developed protocols, and their
corresponding absorption onsetswere found to be 614
and680nm, respectively (noted asCdSe614, CdTe680).

43,44

The alloy structure of CdSe0.45Te0.55 QDs enables us to
extend the absorption onset to the NIR window
(800 nm), an unachievable target with either of the
constituents. This is due to “optical bowing” effects in
the alloyed structure associated with lattice mismatch
between binary subcompounds and differences in
atomic radii and electronegativities of the alloying ele-
ments.28,29 NIR absorption of the obtained CdSe0.45Te0.55
QDs is an appealing property for their use as sensitizers in
solar cells due to the wide light harvesting range and
potentially high photocurrent in the resulting cells.7

Besides a narrower band gap, a suitable conduction
band edge, which should be higher than that of TiO2 in
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order to efficiently extract photogenerated electrons, is
also critical for sensitizers in achieving high efficiency
in the resulting cell devices.1�7 To determine the
effectiveness of CdSeTe800 QDs serving as a sensitizer,
it is vital to know the energy level diagram of the QDs.
Thanks to the pioneering works by Jasieniak and co-
workers,39,45 the energy level diagrams of CdSexTe1�x

alloy with varying composition and different sized
binary QDs have been determined through the use
of photoelectron spectroscopy in air. Therefore, the
energy level diagram of CdSeTe800 QDs together with
references CdSe614 and CdTe680 QDs are schematically
illustrated in Figure 1 based on the literature data.39,45

According to ref 39, the valence band edge energies of
CdSexTe1�x alloy show a nearly linear relationship with
the chemical composition. Therefore the valence band
edge energy (�5.17 eV) of CdSeTe800 in our case can be
calculated on the basis of the data for the same sized
CdSe614 and CdTe680 QDs (�5.38, �4.90 eV, res-
pectively). It is noted that the optical conduction band
edge energies and valence band edge energies for
CdSe614 and CdTe680 QDs are calculated on the basis of
a particle size of 5.2 nm.45 The calculated optical band
gap values (2.01 eV for CdSe614, 1.85 eV for CdTe680) are
close to the experimentally determined first excitonic
absorption onsets in the corresponding absorption
spectra (Figure S1). From Figure 1, it is clear that the
CB edge of CdSeTe800 is nearly at the same level as that
of CdSe614 QDs and 0.47 eV higher than that of TiO2.
Therefore the high CB edge of CdSeTe800 favors elec-
tron injection into TiO2.

Deposition of QDs onto TiO2 Electrodes. In order to effi-
ciently tether QD sensitizers onto mesoporous TiO2

films with high loading, the as-prepared oil-soluble
QDs were first made water-soluble via ligand ex-
change.46 The native oil-soluble long hydrocarbon
chain capping ligands (mainly oleylamine herein)
around the QD surface were replaced by the bifunc-
tional hydrophilic MPA ligand during the ligand ex-
change process, and thus water-soluble MPA-capped
QDswereobtained.Absorption spectraandcorresponding

photographs of an MPA-capped CdSeTe800 aqueous
solution together with reference samples of CdSe614
and CdTe680 aqueous solutions are shown in Figure 2a.
No significant change was observed for all three
samples before and after phase transfer. The obtained
water-soluble MPA-capped QD sensitizers were then
tethered onto TiO2 films according to a literature
method by pipetting QD aqueous solutions (with
absorbance of 2.0 at absorption onset) onto the oxide
matrix and maintained for 2 h.8,9

Figure 2b shows the absorption spectra of identi-
cally sized CdSeTe800, CdTe680, and CdSe614 QD sensi-
tized TiO2 filmswith corresponding photographs of the
modified films together with bare TiO2 film in the inset.
It was found that the spectral profiles of the colloidal
QD aqueous solutions were maintained after deposition
onto TiO2 films, reflecting an unchanged particle size
and no particle aggregation. These features cannot be
achieved by direct growth of QDs onto TiO2 films as
reported in previous reports.10�23 The absorption
spectra of the CdSeTe800, CdTe680, and CdSe614 QD
sensitized films show absorption onsets at nearly the
same positions, around 800, 680, and 614 nm, respec-
tively, as those for corresponding colloidal solutions.
The photographs of the sensitized TiO2 films show the
same colors as their corresponding solutions. The
relatively high absorbance by these electrodes gives
us intuitive information of high QD loading, which can
also be visualized from the deep coloration of the
electrodes in the inset of Figure 2b. Due to no dis-
tinctive absorption peak in the absorption spectra and
no reported extinction coefficient for the CdSexTe1�x

QDs, the exact coverage of CdSeTe800 QDs around the
TiO2 film cannot be calculated based on the absorption
spectra of the sensitized film, but the high loading
(34% coverage) and uniform distribution throughout
the film based on this deposition method have been
demonstrated in a previous report.9 The black color of
the CdSeTe800-sensitized film indicates that the inci-
dent visible light can be absorbed nearly completely.
Meanwhile the light harvesting range can be extended
to wavelengths more than 800 nm. This paves the way
for efficiently harvesting incident solar photons and
high photocurrent in the resulting cell devices.

Cell Performance. After deposition of MPA-capped
water-soluble QDs for 2 h, a thin passivation layer of
ZnS was further deposited onto the sensitized TiO2

films. Sandwich-type thin layer cells were fabricated by
assembling the QD-sensitized TiO2 film photoanode
and Cu2S on a brass foil counter electrode using binder
clips. A polysulfide electrolyte was then filled (detailed
procedure described in the Materials and Methods
section). Similar to a previous report,16 the CdTe680
QD sensitizer was shown to suffer from chemical
stability problems with a change of color from brown
to pale while in contact with the electrolyte solution,
and the photovoltaic performance of the corresponding

Figure 1. Schematic energy level diagram of TiO2, CdSeTe800,
CdSe614, and CdTe680 QDs.
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cell device is quite poor (with a PCE of only 0.81%). The
poor stability of the CdTe QD based solar cell is mainly
because the sulfide/polysulfide electrolyte cannot sca-
venge holes from CdTe, thus resulting in degradation/
oxidization of CdTe.16 Therefore, no further character-
ization and discussions were performed on the CdTe-
based cells. The J�V curves of CdSeTe800 and CdSe614
cells under the illumination of AM 1.5 G at 1 full sun
intensity (100mW/cm2) are shown in Figure 3a, and the
main photovoltaic parameters are listed in Table 1.
Both the fill factor (FF) and open voltage (Voc) have no
significant difference between the two cells, while the
short-circuit current density (Jsc) for CdSeTe800 (19.35
mA/cm2) is remarkably greater than that of CdSe614
(14.68mA/cm2). The higher photocurrent of CdSeTe800
cells ismainly attributed to the extended light absorption

range and the increase in absorptivity, as indicated
by the corresponding absorption spectra shown in
Figure 2. The similar fill factor implies analogous charge
transfer resistance at the counter electrode/electrolyte
interface since the electrocatalytic activity of the coun-
ter electrode with the electrolyte mainly affects the fill
factor.47,48 The photovoltage from a QDSC is not set by
the QD band gap but rather set by the TiO2 Fermi level
offset from the redox potential of the electrolyte
(polysulfide in our case). This can explain the Voc values
of the two cells being at the same level. The QDSCs
based on CdSe0.45Te0.55 alloyed QD sensitizer exhibit
the best performance, with Jsc = 19.35 mA/cm2, Voc =
0.571 V, FF = 0.575, and conversion efficiency (η) =
6.36%. The obtained 6.36% conversion efficiency is
believed to be one of the highest values in the liquid-
junction QDSCs so far.8�23 It should be noted that the
cell conversion efficiencies have a reduction of 4�5%
when themethanol�water is replaced by regenerative
water in the electrolytes. Other efforts to design all-
solid-state bulk heterojunction quantum dot solar cells
with Sb2S3, PbS, and PbI2 have yielded PCEs in the
range of 6�9%.49�51

The monochromatic incident-photon-to-carrier con-
version efficiency (IPCE) spectra shown in Figure 3b

Figure 2. Absorption spectra of MPA-capped CdSeTe800, CdTe680, and CdSe614 QD aqueous dispersions (a) and sensitized
TiO2 films (b). Insets: Photographs of CdSeTe800, CdTe680, and CdSe614 QDs in turn from right to left.

Figure 3. J�V (a) and IPCE (b) curves of QDSCs based on different QD sensitizers.

TABLE 1. Photovoltaic Parameters Obtained from the J�V

Curves for Cells Based on Different QD Sensitizers with

Identical Particle Size

QD Jsc (mA/cm
2) Voc (mV) FF (%) η (%)

CdTe 2.92 487 0.573 0.81
CdSe 14.68 566 0.572 4.75
CdSeTe 19.35 571 0.575 6.36
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further verified the generation of a higher photocur-
rent in the CdSeTe800-based cell devices. The overall
photocurrent response matches the absorption fea-
tures with photocurrent onsets around 650 nm for
CdSe and 850 nm for CdSeTe cells. It should be noted
that the photoresponse in IPCE spectra is wider in
comparison with the absorption range in the absorp-
tion spectra. We think this is mainly due to the light-
scattering effect by the large-sized TiO2 particles
(200�400 nm) in the scattering layer for IPCEmeasure-
ment. This has been confirmed by the fact that the IPCE
spectrum from the cells with scattering layers in the
TiO2photoanodesdisplaysawiderphotoresponse range in
comparison with that without scattering layers (Figure S4).
IPCEs of ∼80% between 350 and 650 nm were
achieved with both CdSe614 and CdSeTe800 sensitizers,
but amuch broader responsewavelength region (from
350 to 850 nm) was found for the CdSeTe800 sensitizer
compared with only 350�650 nm for CdSe614. This is
consistent with the trend of Jsc values observed in the
J�V characterization. This IPCE feature may be derived
from the intrinsic electronic characteristics of a CdSexTe1�x

alloyed structure sensitizer, as reflected in the absorp-
tion spectra. By integrating the product of the incident
photon flux density and the cell's IPCE spectra,52 the
calculated Jsc's for CdSeTe800 and CdSe614 cells are
18.02 and 13.39 mA/cm2, respectively, which are quite
close to the measured values shown in Table 1.

Cell Stability. Cell device stability is often overlooked
but is critical to any real application. Prior research
shows that QDSC devices with use of a Cu2S counter

electrode based on brass foil exhibit better perfor-
mance.8�26 The problem is that the brass foil substrate
suffers from continual corrosion by the polysulfide
electrolyte and thus leads to leakage of electrolyte
solution. Our experimental results show that the elec-
trolyte solution would dry up in such a cell device
within 0.5 h, and the cell loses effectiveness ultimately.
To overcome this shortcoming, the counter electrode
was fabricated by electrodeposition of a ∼3 μm thick
Cu film onto a FTO glass substrate that was subse-
quently immersed in polysulfide electrolyte solution
for 15 min to form a Cu2S/FTO counter electrode. Cells
were constructed by sealing the counter electrode and
the QD-sensitized FTO/TiO2 photoanode using a ther-
moplastic spacer (noted as sealed cells hereafter). The
stability of the sealed cells is remarkably improved, as
can be seen in Figure 4, which shows temporal evolu-
tion of J�V curves and the extracted photovoltaic
parameters (Voc, Jsc, FF, and η included) values from
ex situ long-term stability tests for more than 500 h,
where the devices are stored in air at room light
illuminationwithout further encapsulation. The η value
shows a steady increase of about 20% in the first 4 days,
attaining a plateau thereafter. The improvement in η
value is mainly contributed by the increase of Voc and
Jsc values. In contrast, the FF values remained nearly
stable throughout. This is because the FF value is
mainly determined by the counter electrode material.
The fixation of FF value further demonstrates the long-
term chemical and mechanical stability of the used
counter electrode materials. The improvement in cell

Figure 4. Temporal evolution of J�V curves (a) and photovoltaic parameter values, η (b), Jsc, Voc (c), and FF (d), for the
CdSeTe800 cells based on Cu2S counter electrodes via electrodeposition of Cu on FTO glass.
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performance over time can be partially attributed to a
capillary effect of slow electrolyte solution permeation
into the TiO2 pores.

The cell stability improvement is mainly benefited
from the counter electrode materials prepared by
electrodepositon of Cu on FTO glass, which prevents
the diffusion of electrolyte solution out of the frame
defined by the thermoplastic film. Furthermore, the
chemical stability of the CdSexTe1�x alloyed QDs also
favors the stability improvement of the cell device. We
have qualitatively compared the stability of CdSeTe800-
and CdTe680-sensitized TiO2 films by means of absorp-
tion spectroscopy (Figure 5) when immersed into an
electrolyte solution containing 2.0 MNa2S, 2.0 M S, and
0.2 M KCl in methanol�water (3:7, v/v). In the case
of the CdSeTe800-TiO2 film, the spectral changes are
unobservable in the course of 1 h. In contrast, the
CdTe614-TiO2 film shows a marked change, with an
absorption feature finally resembling that of the TiO2

film substrate. The spectral features indicate that there
are no transformations for CdSeTe800 QDs when im-
mersed in a polysulfide electrolyte solution, while the

CdTe QDs undergo complete decomposition. This
highlights another possible benefit of using CdSeTe
alloy over pure CdTe QDs.

CONCLUSIONS

In summary, being a sensitizer in QDSCs, CdSexTe1�x

alloyedQDs are superior to their constituents CdSe and
CdTe QDs and possess the advantage of a wider light
harvesting range with absorption onset extending to
the NIR region, higher chemical stability, and higher
conduction band edge. With the combination of in-
trinsic superior optoelectronic properties of prepre-
pared NIR absorping CdSexTe1�x alloyed QD sensi-
tizers and effective deposition technique to ensure a
high surface coverage of sensitizers, a conversion
efficiency as high as 6.36% under simulated AM 1.5,
full 1 sun illuminationwas obtained for the CdSe0.45Te0.55
QD based solar cells, which is one of the best results for
liquid-junction QDSCs. The Cu2S counter electrode
based on electrodeposition of Cu on FTO glass can
greatly improve the stability of the resulting cell
devices.

MATERIALS AND METHODS
Materials. Cadmium oxide (CdO, 99.99%), selenium powder

(99.99%), tellurium powder (200 mesh, 99.8%), oleyl amine
(OAm), 1-octadecene (ODE, 90%), and trioctylphosphine (TOP,
90%) were purchased from Aldrich. Oleic acid (90%) and
1-tetradecylphosphonic acid (98%) were obtained from Alfa.
Paraffin liquid (chemical grade) was purchased from Shanghai
Chemical Reagents Company. All chemicals were used as
received.

Synthesis of CdSexTe1�x Alloyed QDs. A literature method was
adopted withminormodification.38 Typically, 0.5mL of 0.1 M Se
and Te precursor solutions, prepared by dissolving Se or Te in
TOP and paraffin (v/v, 1:3) at 60 or 250 �C under N2, respectively,
were mixed with 5.0 mL of 0.1 M Cd stock solution, obtained by
dissolving CdO in oleic acid and paraffin (v/v, 1:3) at 200 �C
under N2. at room temperature in a three-neck flask clamped in
a heating mantle with a Cd:Te:Se molar ratio of 10:1:1. After-
ward, the resulting reaction mixture with a total volume of
6.0 mL was degassed at 110 �C for 10 min under vacuum to
remove the moisture and oxygen. The reaction system was
further heated to 320 �C at a rate of 10 �C/min under a N2

atmospherewithvigorous stirring.After stayingat 320 �C for 10min,

the reaction temperature was lowered to 260 �C, and 2.0 mL of
OAm was added. The reaction system stayed at 260 �C for
another 6 min before removing the heater and cooling to 60 �C.
Then 10.0 mL of hexane�methanol (v/v, 1:1) was used as the
extraction solvent to separate the nanocrystals frombyproducts
and unreacted precursors if present. The as-prepared CdSexTe1�x

solution was further purified by centrifugation and decantation
with the addition of acetone. CdSexTe1�x QDs with a particle
size of 5.2 nm, absorption onset of 800 nm, and emission
wavelength of 815 nm were obtained (noted as CdSeTe800
hereafter). The optical spectra and corresponding TEM images
of the obtained CdSeTe800 QDs are shown in Figures S1 and S2
of the SI, respectively. The chemical composition of the ob-
tained alloyed QDs is CdSe0.45Te0.55 based on inductively
coupled plasma atomic emission spectroscopy (ICP-AES) mea-
surement. Furthermore, 5.2 nm sized CdSe and CdTe QDs were
synthesized using developed literature methods.43,44

Preparation of MPA-Capped Water-Soluble QDs. The water solubi-
lization of the as-prepared oil-soluble QDs was obtained by
replacing the initial hydrophobic surfactants (OAm and/or oleic
acid) with mercaptopropionic acid according to a literature
method.46 Typically, MPA (0.212 g, 0.2 mmol) was dissolved in

Figure 5. Temporal evolution of CdSeTe800-TiO2 (a) and CdTe680-TiO2 (b) films immersed in polysulfide electrolyte solution.
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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
CdSexTe1�x QDs chloroform solution (containing 0.2 mmol of
QDs) and stirred for 30min to precipitate the QDs. Then 10.0mL
of water was added into the mixture, and the stirring was
continued for another 20 min. The solution was finally sepa-
rated into two phases, the CdSexTe1�x QDs were transferred
into the superincumbent water from the underlying chloro-
form, 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 by the addition of acetone. The supernatant was
discarded, and the pellet was then redissolved in water for
use in the next step. The procedure for phase transfer of CdSe
and CdTe is the same as that for CdSeTe QDs.

Fabrication and Photovoltaic Characterization of Solar Cells. TiO2

nanoparticulate electrodes were prepared by successively
screen printing an 11.0 μm thick transparent layer (P25 paste)
and a 4.0μmthick light-scattering layer (200�400 nmTiO2) over
F:SnO2-coated (FTO, 14Ω/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 MAP-capped QDs
aqueous solution (with an absorbance of 2.0 at the first excitonic
absorption peak) was pipetted directly on the electrode surface,
where it stayed for 2 h before rinsing sequentially with water
and ethanol and then dryingwith 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 0.1 MNa2S
aqueous solutions for 1 min/dip. The role of the deposited ZnS
shell is to suppress the charge recombination at the QD
sensitizer/electrolyte interface and thus to improve the PCE.48

The Cu2S counter electrodes were prepared by immersing
brass foil in a HCl solution at 70 �C for 5 min, and then the brass
foil was vulcanized by injecting a polysulfide solution after solar
cell fabrication. The polysulfide electrolyte solution consists of
2.0MNa2S, 2.0M S, and 0.2M KCl in amethanol�water (3:7, v/v)
solution. The cells were prepared by assembling the counter
electrode and a QD-sensitized photoanode using a 50 μm thick
Scotch spacer with a binder clip. A droplet (10 μL) of polysulfide
electrolyte was then added. 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.

In the process of the stability test for sealed cells, the Cu2S
counter electrodes were prepared based on electrodeposition
of Cu on FTO glass. Cu films with an area of 0.7 � 0.7 cm2 were
deposited on FTO glass by the multipotential steps technique
using a Luggin capillary for a saturated calomel reference
electrode (SCE) and a phosphorus copper as the counter
electrode. The electrolytes for Cu electrodeposition consist of
an aqueous solution of 9 mM Cu2SO4 and 5 mM H2SO4. The
potential was normally scanned at�5 V for 0.2 s and then at 0 V
for 0.4 s with 10 000 cycles. After deposition, the FTO electrode
was immersed in polysulfide electrolyte solution for 15 min to
generate Cu2S.

The sealed cells used in the stability test were prepared by
sealing the Cu2S counter electrode based on electrodeposition
of Cu on FTO and the QD-sensitized FTO/TiO2 electrode using a
thermoplastic spacer (DuPont Surlyn 1702, thickness 50 μm).
The electrolyte (identical to that described above) was intro-
duced into the sealed cell through a hole predrilled in the
counter electrode, which was sealed after filling. This cell device
is called a sealed cell.

Photovoltaic performances (J�V curves) of cell devices were
recorded on a Keithley 2400 sourcemeter under illumination by
a AM 1.5 G solar simulator (Oriel, model no. 91160, equipped
with a 150W xenon lamp). The power of the simulated light was
calibrated to 100 mW/cm2 by an NREL standard Si solar cell. The
photoactive areawas 0.237 cm2. The IPCE signalwas recordedona
Keithley 2000 multimeter under the illumination of a 300 W
tungsten lamp with a Spectral Products DK240 monochromator.

TEM Images and Optical Spectroscopy Characterization. Transition
electron microscopy (TEM) images were obtained using a JEOL
JEM-1400 instrument. The TEM samples were prepared by
depositing a drop of QD dilute toluene solution onto copper
grids with a carbon support and evaporating the solvent in air at
room temperature. The absorption spectra of QD-sensitized
electrodes composed of 11.0 μm thick TiO2 films with dimen-
sions of 2.0 � 1.0 cm (without scattering layers) were recorded
on a UV�visible spectrophotometer (Shimadzu UV-2450). The
steady-state photoluminescence (PL) emission spectra were
recorded on a Cary Eclipse (Varian) fluorescence spectrophot-
ometer. The composition for the CdSexTe1�xQDswasmeasured
by means of ICP-AES (Thermo Elemental IRIS 1000) using
HCl�HNO3 digestion.
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