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Q
uantum dot sensitized solar cells
(QDSCs) are attracting increasing
interest as a promising low-cost

candidate for third-generation solar cells
because of the various advantages of QD
sensitizers and the potential possibility of
multiple exciton generation (MEG).1�6 De-
spite continuous progress in the last years,
the potential power of QDSCs is oversha-
dowed by their moderate performance
with a reported highest power conversion
efficiency (PCE) of 5�7%.7�14 The reasons
for the relatively low PCE of QDSCs are

associated in part with the nature of QD
sensitizers used.15�23 Ideal QD sensitizers
should bear the characteristic of wide ab-
sorption range, high conduction band (CB)
edge, and free of trap-state defects.15,16

Among the exploited QDs, type-II core/shell
QDs, which are composed of core-localizing
holes and shell-localizing electrons, have
shown great promise in serving as sensiti-
zers in QDSCs.8,24�31 The spatial separation
of electron and hole in type-II core/shell
QDs enables an enhanced electron injection
rate and retards the charge recombination
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ABSTRACT Even though previously reported CdTe/CdSe type-II core/shell QD

sensitizers possess intrinsic superior optoelectronic properties (such as wide

absorption range, fast charge separation, and slow charge recombination) in

serving as light absorbers, the efficiency of the resultant solar cell is still limited by

the relatively low photovoltage. To further enhance photovoltage and cell

efficiency accordingly, ZnTe/CdSe type-II core/shell QDs with much larger conduc-

tion band (CB) offset in comparison with that of CdTe/CdSe (1.22 eV vs 0.27 eV) are

adopted as sensitizers in the construction of quantum dot sensitized solar cells

(QDSCs). The augment of band offset produces an increase of the charge

accumulation across the QD/TiO2 interface under illumination and induces stronger dipole effects, therefore bringing forward an upward shift of the

TiO2 CB edge after sensitization and resulting in enhancement of the photovoltage of the resultant cell devices. The variation of relative chemical

capacitance, Cμ, between ZnTe/CdSe and reference CdTe/CdSe cells extracted from impedance spectroscopy (IS) characterization under dark and

illumination conditions clearly demonstrates that, under light irradiation conditions, the sensitization of ZnTe/CdSe QDs upshifts the CB edge of TiO2 by the

level of∼50 mV related to that in the reference cell and results in the enhancement of Voc of the corresponding cell devices. In addition, charge extraction

measurements have also confirmed the photovoltage enhancement in the ZnTe/CdSe cell related to reference CdTe/CdSe cell. Furthermore, transient

grating (TG) measurements have revealed a faster electron injection rate for the ZnTe/CdSe-based QDSCs in comparison with the CdSe cells. The resultant

ZnTe/CdSe QD-based QDSCs exhibit a champion power conversion efficiency of 7.17% and a certified efficiency of 6.82% under AM 1.5G full one sun

illumination, which is, as far as we know, one of the highest efficiencies for liquid-junction QDSCs.

KEYWORDS: quantum dot sensitized solar cells . high photovoltage and efficiency . band gap engineering .
type-II core/shell structure . ZnTe/CdSe quantum dots
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process because the shell can act as a tunneling barrier
for the hole localized in the core.28,29 Furthermore, the
long-lived charge separation in type-II QD under illu-
mination can create a dipole moment via the accumu-
lation of negative charges in TiO2 substrate/electron
conductor and positive ones in the cores of the type-II
QDs. The created dipole moment upshifts the TiO2 CB
edge and brings forward higher open photovoltage
of the resultant cell device.32,33 In addition, due to
the “spatially indirect” energy gap, or exciplex state,
expanded light-absorption is observed in type-II QDs,
producing an increase of photocurrent in the corre-
sponding solar cells.8,24 Despite the efficiency improve-
ment registered with previously reported CdTe/CdSe
type-II core/shell QDs, the resultant efficiency is still
limited mainly due to the relatively low open circuit
potential (Voc).

8 Thus, an increase of Voc is mandatory
for further optimization of QDSCs performance.
In serving as light-absorber, ZnTe/CdSe type-II core/

shell QD is potentially more advantageous over CdTe/
CdSe because the former shows much larger CB offset
compared to that of the latter (1.22 eV vs 0.27 eV) as
illustrated in Figure 1.8,34 The augmentation of band
offset produces an increase of charge accumulation at
the interface of QD/TiO2 under illumination inducing
stronger dipole effects and therefore brings forward a
greater upward shift of the TiO2 CB edge after sensiti-
zation and results in enhancement in photovoltage
of the resultant cell devices.32,33 Herein, high-quality
ZnTe/CdSe core/shell QDs with near-infrared absorp-
tion edge were adopted as sensitizers in the construc-
tion of QDSCs for the first time. The resultant ZnTe/
CdSe QDSCs exhibit a champion PCE of 7.17% and a
certified efficiency of 6.82% under AM 1.5G full one sun
illumination, which is, as far as we know, the highest
efficiency for liquid-junction QDSCs.7�10,35 The in-
crease of PCE is mainly derived from the enhancement
of photovoltage through the band engineering of
type-II core/shell QDs, which produces an upward
shift of the TiO2 CB edge after sensitization under
illumination. This assumption has been confirmed
by the impedance spectroscopy (IS) characterization
under dark and illumination conditions and also by the
charge extraction measurements.

RESULTS AND DISCUSSION

Optoelectronic Properties. ZnTe/CdSe core/shell QDs
(5.3 nm) with an absorption onset wavelength of
∼850 nm developing from a 3.2 nm ZnTe core and
2.1 nm CdSe shell were synthesized according to the
literature method,36 and the detailed synthetic pro-
cedure and optical characterization are available in
the Supporting Information. The photovoltaic perfor-
mance of this sized ZnTe/CdSe QDs was proven to be
the best one in our experimental results; therefore,
only this size of QDs will be considered hereafter.
For comparison, identical sized (5.3 nm) CdSe QDswith
absorption onset wavelength at 650 nm (Figure S2,
Supporting Information)37 and the previously reported
CdTe/CdSe type-II core/shell QDs containing a 2.7 nm
CdTe core and a 2.2 nm thickness CdSe shell with
absorption onset wavelength at ∼850 nm (Figure S3,
Supporting Information) were also synthesized and
used as sensitizers in the construction of reference
solar cells.8 Because of their chemical instability, ZnTe
QD based solar cells were not investigated.

Deposition QDs onto TiO2 Electrodes. Following our pre-
vious reports,7�9,37,38 the initial oil-soluble ZnTe/CdSe,
CdTe/CdSe, and CdSe QDs were transferred into
MPA-capped water-soluble QDs via ligand exchange.
The sensitization of photoanodeswith highQD loading
and uniformdistributionofQD sensitizerswas achieved
through the self-assembly of MPA-capped QDs by
pipetting the MPA-QD aqueous dispersions on TiO2

film and allowing them to remain at ambient atmo-
sphere for 2�4 h.7�9,37,38 Figure 2a shows the absorp-
tion spectra of ZnTe/CdSe, and reference CdTe/CdSe,
CdSe QDs sensitized TiO2 films with only 6.0 μm
transparent layer. It was found that the sensitized
photoanode films show absorption characteristics
similar to those of their corresponding dispersions in
solvents. This indicates that the particle size was not
changed in the process of immobilization. From the
wide-field TEM images of both plain and ZnTe/CdSeQD
sensitized films (Figure 2b,c), we find that the surface
of TiO2 particles (with size of 20�40 nm) is covered
densely by smaller dots (ZnTe/CdSe QDs with size
∼5 nm). This gives qualitative information on the
high coverage of QD on the surface of mesoporous
TiO2 film as confirmed also by the absorption spectra
(Figure 2a).

Photovoltaic Performance. The solar cells were fabri-
cated following standard literature methods. First,
the QD sensitized TiO2 photoanode films were further
passivated by a thin layer of ZnS via dipping into Zn2þ

and S2� aqueous solutions alternatively for four cycles.
Sandwich-type cells were constructed by assembling
the sensitized photoanode and Cu2S/brass foil counter
electrode using binder clips and filled with polysulfide
electrolyte (2.0 M Na2S, 2.0 M S, and 0.2 M KCl aqueous
solution). The current density (J)�photovoltage (V)

Figure 1. Schematic diagram of the band gap and band
offsets (in eV) for the interfaces between bulk ZnTe/CdSe
and CdTe/CdSe.

A
RTIC

LE



JIAO ET AL. VOL. 9 ’ NO. 1 ’ 908–915 ’ 2015

www.acsnano.org

910

curves of champion ZnTe/CdSe and reference CdTe/
CdSe, CdSe cells with photoactive area of 0.233 cm2

defined by masks under the irradiation of 1 full sun
intensity (AM 1.5 G at 100 mW/cm2) are shown in
Figure 3a, and the average values for key photovoltaic
parameters based on seven cell devices in parallel are
listed in Table 1. The detailed J�V curves (Figure S4)
and corresponding photovoltaic parameters (Table S1)
for each cell are available in Supporting Information. It
is noted that the photovoltaic performance of a repre-
sentative ZnTe/CdSe cell was certified by the National
Institute of Metrology (NIM) of China, and the certified
PCE was 6.82% (Figure 3b, Table 1). The detailed
information for this certification is available in the
Supporting Information.

The obtained average PCEs are 6.89%, 6.46%, and
5.33% for ZnTe/CdSe, reference CdTe/CdSe, and
CdSe cells, respectively. The champion ZnTe/CdSe cell
exhibits the record PCE of 7.17% for liquid-junction
QDSCs. It is noted that other types of quantumdot solar
cells with more sophisticated configurations (such as
depleted heterojunction solar cells) have yielded
PCEs in the range of 7�9%.35,39�41 In comparison, both
the open-circuit voltage (Voc, 0.646 V) and short-
circuit current (Jsc, 19.35 mA/cm2) for ZnTe/CdSe cells
are remarkably greater than those from CdSe (0.595 V
and 15.08 mA/cm2, respectively). The higher Jsc for
ZnTe/CdSe cells should be ascribed to the broader

light-harvesting range of the ZnTe/CdSe sensitizer as
well as to the higher electron injection rate as discussed
below. It is interesting to compare the photovoltaic
performances between the ZnTe/CdSe and CdTe/CdSe
QDSCs, both of which belong to the exciplex QDSCs.
ZnTe/CdSe QDSCs present better performance than
CdTe/CdSe-based ones due to the higher Voc in the
former case. The intrinsic mechanism for the observed
higher Voc in ZnTe/CdSe QDSCs is discussed below.

The photocurrent response to incident light was
evaluated by monochromatic incident photon to
carrier conversion efficiency (IPCE) measurement.
As shown in Figure 3c, the photocurrent response
matches well the absorption profile with photocurrent
onsets at wavelengths of 700 nm for CdSe and 900 nm
for ZnTe/CdSe cells, respectively. IPCEs of∼75% in the

Figure 2. Optical spectral and TEM characterization of sensitized TiO2 films. (a) Absorption spectra of ZnTe/CdSe, CdTe/CdSe,
and CdSe QDs sensitized TiO2 films with 6.0-μm transparent layer. Photographs of corresponding QD-sensitized TiO2 film
electrodes: wide-field TEM image of plain (b) and ZnTe/CdSe QD sensitized (c) TiO2 films.

Figure 3. Photovoltaic performance of ZnTe/CdSe, and reference CdTe/CdSe and CdSe QDs based solar cells. (a) J-V curves of
champion cells; (b) J-V curve of certified ZnTe/CdSe QDSCs; (c) IPCE curves.

TABLE 1. Photovoltaic Parameters Extracted from J�V

Measurements

QDs Jsc (mA 3 cm
�2) Voc (V) FF (%) PCE (%)

ZnTe/CdSea 19.65 0.642 0.57 7.17
ZnTe/CdSeb 19.29 0.640 0.55 6.82
ZnTe/CdSec 19.35 0.646 0.55 6.89 ( 0.16
CdTe/CdSec 18.53 0.597 0.58 6.46 ( 0.13
CdSec 15.08 0.595 0.59 5.33 ( 0.07

a Performance of champion cell. b Certified performance. c Average values of seven
cells in parallel.
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range of 360�680 nm were observed for CdSe and
ZnTe/CdSe sensitizers, but a much broader response
range (350�900 nm) was found for ZnTe/CdSe sensi-
tizer in comparison with that for CdSe (350�680 nm).
Similar IPCE was obtained for ZnTe/CdSe and CdTe/
CdSe QDSCs, with nearly identical onset indicating
analogous energy for the exciplex state. By integrating
the product of incident photon flux density and cell's
IPCE spectra, the calculated Jsc for ZnTe/CdSe, CdTe/
CdSe, and CdSe based solar cells are 19.29, 18.24, and
14.51 mA 3 cm

�2, respectively, which are close to the
measured values as shown in Table 1.

Impedance Spectroscopy. IS was employed to reveal
the intrinsic mechanism of the Voc enhancement in
ZnTe/CdSe cells related to reference CdTe/CdSe cells
since this technique can provide dynamic information
about charge transport, accumulation, and recombina-
tion in cell devices. It is noted that EIS characterization
was conducted under both dark and illumination con-
ditions in order to verify the effect of TiO2 CB edge
upshift by ZnTe/CdSe sensitization under illumination
related to that of CdTe/CdSe sensitization. Correspond-
ing Nyquist curves for both cells under different bias
are given in Figures S5 andS6 (Supporting Information).
The chemical capacitance (Cμ), which reflects the cap-
ability of a system to accept or release additional
carriers due to a change in the Fermi level and con-
sequently reflect the density of states,42 was extracted
from the corresponding Nyquist curves with use of
Z-view software under standard models.17,42�44 From
IS results (Figure 4a), we can find that under the dark
conditions both ZnTe/CdSe and reference CdTe/CdSe
cells have nearly identical Cμ values. This indicates
that under dark conditions the two studied sensitizers
exhibit similar impacts on the CB edge. This result is
consistent with our previous reports.7�9 Under the
illumination conditions (Figure 4b), the Cμ values ob-
served in ZnTe/CdSe cell are lower than those from
reference CdTe/CdSe cells under the same potential
bias. It is clearly seen that the photovoltage in the ZnTe/
CdSe cell is ∼50 mV higher than that for the reference
cell at the sameCμ values. This indicates that under light

illumination conditions the sensitization of ZnTe/CdSe
QD upshifts the CB edge of TiO2 by the level of∼50mV
related to that in the reference cell and results in the
enhancement of Voc in the corresponding cell devices.
As similar recombination resistance has been observed
for both samples, Figure S7 (Supporting Information);
this shift of the CB is directly transferred to the J�V

curve. The observed value for the upshift of TiO2 CB
edge is in good agreement with the enhancement of
Voc for ZnTe/CdSe cell as observed in the J�Vmeasure-
ment. This is reasonable since the Voc value in a
sensitized solar cell is determined by the TiO2 Fermi
level offset from the redox potential of the redox in
electrolyte.44,45 The observed upward shift of TiO2 CB
edge under the illumination of the type-II core/shell QD
sensitized photoanode can be explained by the photo-
induced dipole effect (PID) developed by Zaban and
co-workers32,33 where a capacitor-like device is created
across the type-II core/shell QD sensitizers and TiO2

matrix through the accumulation of negative charges in
the TiO2 and positive ones in the cores of type-II QDs.
As a result, a relatively strongdipole is created, inducing
an upshift of the TiO2 CB edge and higher Voc in the
resultant cell devices. An appropriated, band engineer-
ing has allowed the enhancement of quantum confine-
ment in the system of ZnTe/CdSe in comparison with
CdTe/CdSe QDs and consequently a stronger dipole
effect with the subsequent upward shift of TiO2 CB
edge. Moreover, the upward displacement of TiO2

CB edge is obtained with no cost in the measured
photocurrent.

Charge-Extraction Measurement. A charge-extraction
measurement was employed to further verify the Voc
increase in ZnTe/CdSe cell related to reference CdTe/
CdSe cell. The charge-extraction technique measures
the accumulated charge at the photoanode as a func-
tion of Voc values in the steady state under specific
illumination. Figure 5 shows the dependence of accu-
mulated charge density on steady-state Voc created by
the irradiation of different light intensities. Similar
to the IS results, in this case a ∼50 mV higher photo-
voltage is also observed in the ZnTe/CdSe cell (Figure 5,

Figure 4. Dependence of chemical capacitance (Cμ) on applied voltage (Vapp) extracted from EIS characterization of the
QDSCs under dark (a) or illumination (b) conditions.
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red circles) in comparison with that for the reference
CdTe/CdSe cell (Figure 5, blue triangles) for the same
charge density in the cells. This demonstrates clearly
that there is ∼50 mV upward shift of the CB edge of
TiO2when the sensitizer is changed fromCdTe/CdSe to
ZnTe/CdSe QDs.

Transient Grating Measurement. The transient grating
(TG) method is a pump�probe technique that can be
used to study photoexcited carrier dynamics in semi-
conductor QDs bymonitoring the time dependence of
refractive index changes resulted from photoexcited
carriers in the sample. The TG technique can be used to
characterize carrier recombination, trapping, and elec-
tron transfer in QDSCs.46�48 To study the excited-state
dynamics of QD sensitizers and electron-injection rate
from QDs to TiO2 conductor as well as the effects of
type-II core/shell structure, femtosecond (fs) TG setups
were used to characterize the photoexcited carrier
dynamics of ZnTe/CdSe and CdSe QDs deposited on
insulating SiO2 or TiO2 films, and the corresponding
results are shown in Figure 6. The detailed experimen-
tal set up of TG measurements is available in the
Supporting Information. In the case of QDs on SiO2

matrix, there is no electron transfer from QDs to SiO2

due to the insulating character of SiO2 substrate, while
for QDs on TiO2 matrix, photogenerated electrons in

the QDs can inject into TiO2. Thus, faster decay can be
observed for both CdSe and ZnTe/CdSe QDs deposited
on TiO2 compared to those of QDs on SiO2. Thus, by
comparing the TG decay processes of the QDs on TiO2

to those of QDs on SiO2, the electron injection rate (ket)
from the QDs to TiO2 can be calculated. Bi- or triexpo-
nential kinetic decays are found to be successful in
fitting the TG response for QD deposited on SiO2 or
TiO2 substrates, and the fitting parameters are listed
in Table S2 (Supporting Information). Average decay
times τav were calculated on the basis of these ex-
tracted values using the equation of τav = Σn(anτn

2)/
Σn(anτn). It is noted that τav of ZnTe/CdSeQDs on SiO2 is
about 20 times larger than that of CdSe QDs on SiO2.
This result means that recombination of electrons and
holes in ZnTe/CdSe core/shell QDs was much slower
compared to that in CdSeQDs as expected above. Note
that this recombination process is an internal recom-
bination in the QD, different from the recombination
of electrons in the TiO2 analyzed by IS. Then, to see
whether the electron injection rate (ket) was affected
by the core/shell structure or not, two kinds of electron
injection rates based on average decay times τav and τ1
were calculated using the equation of ket = 1/τTiO2

�
1/τSiO2

. As shown in Table S2 (Supporting Information),
ket values from CdSe QDs to TiO2 are 5.4 � 108 (based
on τav) and 2.5 � 1010 s�1 (based on τ1), while those
from ZnTe/CdSe QDs to TiO2 are 1.9 � 1010 (based on
τav) and 5.2 � 1011 s�1 (based on τ1), respectively. It is
noted that the ket value for CdSe QDs to TiO2 observed
in our case is at same level as obtained previously.49

These results indicate that the ZnTe/CdSe core/shell
QD structure can improve the electron-injection rate
dramatically. This is due to the spatial separation of
charge carriers in the ZnTe/CdSe type-II core/shell
structure as observed in the previous case of the
CdTe/CdSe system.8 This favors electron injection into
the oxide conductor despite the reduction of driving
forces due to the upward shift of TiO2 CB and brings
forward the improved photovoltaic performance of the
resultant solar cell devices.

Figure 5. Accumulated charge density in photoanode
against Voc.

Figure 6. TG characterization on picosecond scale. Kinetic traces of the excitonic decay of ZnTe/CdSe QDs (a) and CdSe
QDs (b) deposited on SiO2 (red circles) and TiO2 substrates (blue circles). The bold lines represent the corresponding
multiexponential fit.
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CONCLUSIONS

In summary, ZnTe/CdSe QDSCs with a record PCE
of 7.17% and a certified PCE of 6.82% have been
obtained. This result places the facile sensitized tech-
nology at the same level of conversion efficiency as
with other sophisticated configuration quantum dot
solar cells with more complicated manufacturing pro-
cedures. Accelerated electron injection and upshift of
TiO2 CB edge in the case of ZnTe/CdSe QDSCs with
respect to reference CdSe and CdTe/CdSe cells have
been confirmed by TG, IS, and charge-extraction char-
acterizations, respectively. As sensitizers in QDSCs,
type-II ZnTe/CdSe core/shell QDs are superior to plain

CdSe QDs and possess the advantages of light harvest-
ing range extending to the infrared spectral window
and accelerated electron injection rate. Moreover, the
increase of confinement with respect to CdTe/CdSe
type-II QDs by appropriated band engineering allows
the TiO2 CB position to be adjusted for pushing up
the Voc. Therefore, constructing type-II core/shell struc-
tured QDs is a promising way to develop panchromatic
QD sensitizers for high-performance QDSCs. This
work paves the way for further improving QDSCs
performance based on advanced QD design, not just
focusing on the light harvesting but on the effective
interaction with the surrounding media.

MATERIALS AND METHODS
Chemicals. Cadmiumoxide (CdO, 99.999%), seleniumpowder

(99.99%, 100 mesh), octadecylamine (ODA, 97%), oleylamine
(OAm, 95%), 1-octadecene (ODE, 90%), trioctylphosphine (TOP,
90%), and diethylzinc (ZnEt2) were purchased from Aldrich
Sigma. Tellurium powder (99.99%, 100 mesh) was purchased
from Aladdin, China. Oleic acid (90%), and tetradecylphosphonic
acid (TDPA, 98%) were obtained from Alfa Aesar. All chemicals
were used as received without further treatment.

Synthesis and Water Solubilization of Initial Oil-Soluble ZnTe/CdSe Core/
Shell QDs. ODA-capped oil-soluble ZnTe/CdSe core/shell QDs
were prepared via a two-step procedure following a standard
literature method.36 First, 3.2 nm ZnTe core QDs were synthe-
sized by the injection of Te and Zn precursor mixture solutions
(TOP-Te and ZnEt2, respectively) inODA andODEmixturemedia
at 280 �C and growth for 3 min at 270 �C. The CdSe shell was
then grown using the successive ion layer adsorption and
reaction (SILAR) procedure. After the reaction mixture was
cooled to 240 �C, equimolar amounts of Se and Cd precursor
solutions (both 0.1 M) were injected alternately into the crude
ZnTe QD reaction system at 10 min intervals, and 5.3 nm ZnTe/
CdSe core/shell QDs were obtained after three cycles of SILAR
procedure. The reaction mixture was dissolved in hexanes and
then isolated and purified by centrifugation and decantation
with the addition of acetone. CdSeQDs serving as referencewith
identical particle sizes of 5.3 nm were synthesized according
to literature methods.50 Absorption and photoluminescence
(PL) emission spectra of QD dispersions were measured on a
ShimadzuUV-3101 spectrophotometer and a fluorescence spec-
trophotometer (Cary Eclipse Varian), respectively. Transmission
electron microscopy (TEM) measurements were performed on a
JEOL JEM-2100 microscope.

The water solubilization of the as-prepared oil-soluble
QDs and the access of MPA-capped water-soluble QDs were
achieved by replacing the initial hydrophobic surfactants (ODA
and/or TOP) with hydrophilic MPA at ambient atmosphere at
room temperature according to literature methods.37,51 The
free MPA ligand in the QD aqueous solution was isolated by
precipitating theQDswith addition of acetone. The supernatant
was discarded, and the pellet was then redissolved in water for
use in the next step.

Construction and Characterization of QDSCs. TiO2mesoporous film
electrodes were prepared by successive screen printing of the
transparent layer (9.0 ( 0.5 μm) with use of homemade P25
paste and a light-scattering/opaque layer (6.0 ( 0.5 μm) using
30 wt % 200�400 nm TiO2 mixed with 70 wt % P25 paste over
clean F:SnO2 glass (FTO, 8 Ω/square) substrates.38 Before the
coating of TiO2 paste, the FTO glass was first cleaned according
to the standard procedure and then soaked into a 40 mM TiCl4
aqueous solution and kept at 70 �C for 30 min followed by
washing with water and ethanol. For immobilization of QDs on
TiO2 film electrodes, a drop of MPA-capped QDs aqueous
solution (30 μL, with absorbance of 2.0 at 600 nm) was pipetted

onto the TiO2 film surface and kept for 2�4 h before being
rinsed with water and ethanol sequentially. After completion of
the deposition, the QD-sensitized TiO2 photoanodes were
coated with a thin layer of ZnS by immersion into Zn(OAc)2
and Na2S aqueous solutions (0.1 M for both) alternately for four
cycles.

The Cu2S/brass counter electrodes were obtained by im-
mersing brass foil in HCl solution (1.0 M) at 70 �C for 10 min and
then vulcanized by insertion into the polysulfide electrolyte
solution for 10 min. The composition of the redox electrolyte
solution is 2.0 M Na2S, 2.0 M S, and 0.2 M KCl in distilled water.
The solar cells were constructed by assembling the Cu2S/brass
counter electrode and QD-sensitized TiO2 film electrode with
a binder clip separated by a 50 μm thickness Scotch spacer.
Polysulfide electrolyte solution was then filled inside the cell.
For each QDSC studied, at least seven cells in parallel were
constructed, and the average performance was evaluated.

Photovoltaic performances (J�V curves) of QDSCs were
measured using a Keithley 2400 source meter, and the illumina-
tion source was a 150 W AM 1.5G solar simulator (Oriel,
Model No. 94022A). The intensity of the simulated solar light
was calibrated to 100 mW cm�2 by standard silicon solar cell
supported by NREL. The photoactive area of 0.233 cm2 was
defined by a black plastic circular mask. An incident photon-to-
current conversion efficiency (IPCE) spectrum was obtained by
a Keithley 2000 multimeter under illumination with a 300 W
tungsten lamp with a Spectral Product DK240 monochromator.
Electrochemical impedance spectroscopy (EIS) measurements
were performed on an impedance analyzer (Zahner, Zennium)
in the dark or under irradiation conditions supported by a white
LED with intensity of 50 mW/cm2 at different forward bias,
applying a 20mV AC sinusoidal signal over the constant applied
bias with the frequency ranging from 1 MHz to 0.1 Hz. To verify
the validity of EIS data, J�V curves were recorded before and
after each EIS measurement. Experimental results demonstrate
that no significant variation in the photovoltaic parameters for
ZnTe/CdSe based QDSCs was observed. Charge-extraction
measurement were conducted on the same electrochemical
workstation under the Charge Extraction module with 10 ms
time-resolution. In the measurement, the studied cells are
subject to the irradiation by an intensity-modulated (200�
1200 W/m2) white LED driven by a Zahner source supply under
open circuit conditions. When a steady Voc is reached at a
specific illumination intensity, the light is switched off and the
accumulated charge in the photoanode is collected by short
circuiting the testing cell via a known resistor. The correspond-
ing electron density can then be obtained by integration of the
current trace.

TG Measurement. The TGmeasurement was carried out with a
pumppulsewavelength of 450 nmandprobe pulsewavelength
of 775 nm under nitrogen atmosphere. The laser source is
a titanium/sapphire laser (CPA-2010, Clark-MXR, Inc.) with a
wavelength of 775 nm, repetition rate of 1000 Hz, and pulse
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width of 150 fs. The light was divided into two parts. One part
was used as the probe pulse; the other as the pump light to
pump an optical parametric amplifier (TOAPS from Quantronix)
to generate light pulses with wavelengths tunable from 290 nm
to 3 μm. Typical laser pulse intensity used in this TG meaure-
ment was 2.0 mW. The area of the laser beam was∼0.2 cm2. All
testing samples showed no apparent photodamage during the
TG measurements. The principle of the improved TG method
has been explained in detail in our previous reports.47,48,52
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