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ABSTRACT: Searching suitable panchromatic QD sensitizers
for expanding the light-harvesting range, accelerating charge
separation, and retarding charge recombination is an effective
way to improve power conversion efficiency (PCE) of
quantum-dot-sensitized solar cells (QDSCs). One possible
way to obtain a wide absorption range is to use the exciplex
state of a type-II core/shell-structured QDs. In addition, this
system could also provide a fast charge separation and low
charge-recombination rate. Herein, we report on using a
CdTe/CdSe type-II core/shell QD sensitizer with an
absorption range extending into the infrared region because of its exciplex state, which is covalently linked to TiO2 mesoporous
electrodes by dropping a bifunctional linker molecule mercaptopropionic acid (MPA)-capped QD aqueous solution onto the film
electrode. High loading and a uniform distribution of QD sensitizer throughout the film electrode thickness have been confirmed
by energy dispersive X-ray (EDX) elemental mapping. The accelerated electron injection and retarded charge-recombination
pathway in the built CdTe/CdSe QD cells in comparison with reference CdSe QD-based cells have been confirmed by
impedance spectroscopy, fluorescence decay, and intensity-modulated photocurrent/photovoltage spectroscopy (IMPS/IMVS)
analysis. With the combination of the high QD loading and intrinsically superior optoelectronic properties of type-II core/shell
QD (wide absorption range, fast charge separation, and slow charge recombination), the resulting CdTe/CdSe QD-based
regenerative sandwich solar cells exhibit a record PCE of 6.76% (Jsc = 19.59 mA cm−2, Voc = 0.606 V, and FF = 0.569) with a
mask around the active film under a full 1 sun illumination (simulated AM 1.5), which is the highest reported to date for liquid-
junction QDSCs.

■ INTRODUCTION

The sustained increasing demand for energy and its effects on
the environment greatly urges the efficient exploration of
renewable clean energy, especially solar energy.1 The quantum-
dots-sensitized solar cell (QDSC) constitutes one of the most
promising candidates for third-generation solar cells because of
its various advantages, such as tunability of the band gap and
high absorption coefficient as well as multiexciton generation
(MEG)2,3 and extraction of hot electrons,4 which could boost
the theoretical power conversion efficiency (PCE) beyond the
Shockley−Queisser limit of 32%.5−11 However, the potential of
QDSCs has not been fully demonstrated, and the reported best
PCEs are only on the level of 5−6% for liquid-junction and
10% for solid-state quantum-dot solar cells, respectively.12−21

At least part of the reason for the low PCE is associated with
the nature of the QD sensitizers used and the deposition
method for tethering QD sensitizers onto a mesoporous oxide
substrate, which causes a narrow light-harvesting range,

inefficient charge separation, unwanted recombination, and
low coverage of QDs.5−11,22,23

Searching suitable panchromatic QD sensitizers for expand-
ing the harvest of solar light, enhancing charge separation, and
retarding charge recombination is an effective way to improve
the PCE of a QDSC.22,23 To be an efficient sensitizers used in
QDSCs, two important features should be considered: (i) the
band gap of QD, which determines the light-harvesting range,
and (ii) the conduction band edge, which affects the electron-
extraction efficiency and charge recombination at the QD/
electrolyte interface. Although utilization of QDs with a narrow
band gap and/or large size can broaden the light-harvesting
range, the electron-extraction efficiency is reduced because of
the lower conduction band edge.24,25 One possible way to
simultaneously possess a wide absorption range, a fast electron
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injection, and a low charge-recombination rate is to adopt type-
II core/shell-structured QD sensitizers,26−28 which are
composed of a core-localizing hole and a shell-localizing
electron. This spatial separation of charge carriers enables fast
electron transfer from the QD sensitizer to the oxide matrix
because of the enhanced electron density around the surface of
the QD composite, which simultaneously suppresses the
charge-recombination process because the shell acts as a
tunneling barrier for the hole localized inside the core.28

Another advantage of type-II QDs is the remarkable red shift of
absorption edge because of the nature of “spatially indirect”
energy gap, or exciplex state, offering an additional route to
improve the spectral response by reducing the effective band
gap.26,29 All of these properties render type-II QDs as a
satisfactory light-harvesting material for photovoltaic devices.
Despite the enormous potential of exciplex states in type-II

QDs for the development of efficient photovoltaic devices,
there are very few examples of its utilization. Among the few
attempts to use a type-II core/shell QD (including ZnSe/CdS
and ZnTe/ZnSe) as the light harvester in the context of
photovoltaic devices,30−33 all of the obtained PCE values are
low (<3%), partly because of the narrow light-harvesting range
of the QD sensitizers used32,33 and/or the low QD loading.30

Here, we explore a CdTe/CdSe type-II core/shell QD as a
sensitizer in a QDSC. The absorption edge of CdTe/CdSe is
readily tuned to the infrared spectral window, and the synthetic
method has been well developed since the first colloidal
synthesis by Bawendi’s group.26 It should be highlighted that
infrared absorption is a promising feature for sensitizers in
photovoltaic applications because half of the integrated power
of the sun’s power is located in the infrared spectral window.
The efficient match of the sensitizer-absorption spectrum to
that of the sun’s power is an indispensible requirement for
highly efficient photovoltaic devices.34 Our recently developed
postsynthesis assembly approach by the self-assembly of
mercaptopropionic acid (MPA)-capped water-soluble QDs
onto an oxide film electrode has been demonstrated to be an
facile deposition route for high QD loading.12−14 Furthermore,
in comparison with the direct growth of QD onto a TiO2
mesoporous film by successive ionic-layer adsorption and
reaction (SILAR) or chemical-bath deposition (CBD)
techniques,16−18,35−41 the postsynthesis assembly approach
(including direct adsorption,42 linker-assisted assem-
bly,12−14,19,24,32,42−47 electrophoretic deposition route,
etc.48−50) has many advantages because the size, surface
functionalization, and consequently the surface trap and
optoelectronic properties of the preprepared QDs can be
conveniently controlled and tailored through the mature
organometallic high-temperature synthetic method; these
features directly determine the electron quenching, trapping,
and recombining with the electrolyte in QDSC.22,23,51

Herein, high-quality infrared-absorption CdTe/CdSe core/
shell QDs were prepared in organic media at high temperature
according to a literature procedure.52 The postsynthesis
assembly approach using bifunctional linker MPA-capped
water-soluble QDs, which were obtained via ligand exchange
from the initial oil-soluble QDs, was adopted for tethering QDs
on a mesoporous TiO2 film through the formation of a covalent
bond between capping ligand MPA and TiO2 by dropping QD
dispersions onto the TiO2 film. With the combination of the
intrinsically superior optoelectronic properties (wide spectral
absorption, fast charge separation, slow charge recombination,
etc.) of the adopted CdTe/CdSe type-II core/shell QD

sensitizer as well as the effective deposition method for high
QD loading, the resulting QDSC exhibits a record PCE of
6.76% with a mask around the active film under a full 1 sun
illumination. Impedance spectroscopy (IS), photoluminescence
(PL) decay, and intensity-modulated photocurrent/photo-
voltage spectroscopy (IMPS/IMVS) analysis have revealed
faster electron injection and lower charge recombination,
resulting in the more efficient charge collection of the CdTe/
CdSe-based solar cells in comparison with the reference CdSe
QD-based solar cells.

■ EXPERIMENTAL SECTION
Chemicals. Selenium powder (200 mesh, 99.99%), cadmium oxide

(CdO, 99.99%), tellurium powder (200 mesh, 99.99%), 1-octadecene
(ODE, 90%), trioctylphosphine (TOP, 90%), and oleyl amine (OAm,
95%) were obtained from Aldrich. Tetradecylphosphonic acid (TDPA,
98%) and oleic acid (90%) were purchased from Alfa Aesar. All
reagents were used as received without any further purification.

Synthesis and Water-Solubilization of CdTe/CdSe Core/Shell
QDs. A literature method with a two-step procedure was used to
synthesize CdTe/CdSe QDs.52 First, the 2.7 nm CdTe core with a first
absorption onset at a wavelength of λ = 540 nm was prepared via the
reaction of the CdO-TDPA complex with TOP-Te in ODE media at
high temperature.53 The SILAR strategy was adopted for the
overgrowth of the CdSe shell on the preformed CdTe QDs. In a
typical process, a chloroform solution of the purified CdTe QDs
containing 0.1 mmol of CdTe, 0.5 mL of TOP, 70 mg of TDPA, and
3.5 mL of ODE was loaded in a round-bottomed flask, and the flask
was evacuated at room temperature for 10 min and at 100 °C for
another 10 min. Then, the reaction system was heated at 170 °C in an
argon atmosphere for the deposition of CdSe. An equimolar amount
of Cd and Se precursor solutions (0.1 M), obtained by dissolving
Cd(OAc)2 or elemental selenium in TOP/ODE (4:6, v/v),
respectively, was added into the reaction system alternately at 30
min intervals. When the absorption spectra showed no further
variation, another cycle of Cd/Se precursor solution was added
repeatedly. After three cycles of Cd/Se overgrowth, 4.9 nm sized
CdTe/CdSe core/shell QDs were obtained. The reaction mixture was
dispersed in toluene and then purified by centrifugation and
decantation with the addition of acetone. The reference CdTe and
CdSe QDs with an identical particle size of 4.9 nm were also
synthesized according to literature methods.53,54 The MPA-capped
water-soluble QDs were obtained via a ligand-exchange procedure by
replacing the initial hydrophobic capping ligands (OAm and/or oleic
acid) around the corresponding oil-soluble QDs with MPA according
to literature methods.12,55

Construction and Characterization of QDSCs. TiO2 meso-
porous film electrodes were prepared by successive screen printing of a
transparent layer (9.5 ± 0.5 μm) with the use of homemade P25 paste
and a light-scattering/opaque layer (6.5 ± 0.5 μm) using 30 wt %
200−400 nm TiO2 mixed with 70 wt % P25 paste over F:SnO2 glass
(FTO, 8 Ω/square) substrates followed by sintered in a muffle-type
furnace at 500 °C for 30 min. A modification of the TiO2 film with an
aqueous solution of TiCl4 (0.04 M) was then performed according to a
typical procedure for dye-sensitized solar cells. The obtained TiO2 film
electrodes were then sensitized with the corresponding QDs
sensitizers.

For tethering QDs on TiO2 film electrodes, a drop of the MAP-
capped QDs aqueous solution (30 μL, with an absorbance of 2.0 at
600 nm) was pipetted onto the TiO2 film surface and remained there
for 2 h before being rinsed with water and ethanol sequentially. A
circular tape with a central hollow diameter of 6.0 mm was used to
keep the QD solution on the TiO2 film electrode. After finishing the
deposition, the QD-sensitized TiO2 film was treated with four cycles of
ZnS by immersing into Zn(OAc)2 and Na2S aqueous solutions (0.1 M
for both) for 1 min/dip alternately.

The Cu2S counter electrodes were obtained by immersing brass foil
in a HCl solution (1.0 M) at 70 °C for 5 min, which were then
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vulcanized by insertion into a polysulfide electrolyte solution for 10
min. The composition of the polysulfide electrolyte solution was 2.0 M
Na2S and 2.0 M S in distilled water. The solar cells were constructed
by assembling the Cu2S counter electrode and QD-sensitized TiO2
film electrode with a binder clip separated by a Scotch spacer (50 μm
thickness). Then, polysulfide electrolyte was filled inside the cell. For
each QDSC studied, at least three cells were constructed and evaluated
in parallel.
The photovoltaic performance (J−V curves) of the QDSCs were

evaluated using a Keithley 2400 source meter with illumination by a
150 W AM 1.5 G solar simulator (Oriel, model no. 94022A). The
power of the simulated solar light was calibrated to 100 mW cm−2 with
the use of an NREL standard Si solar cell. The photoactive area was
0.237 cm2. In the process of measurement, a circular black metallic
tape with a 6.0 mm diameter aperture, which is slightly larger than the
photoactive region of 5.5 mm in diameter, was used as a shading
mask.56 The incident photon-to-current conversion efficiency (IPCE)
spectrum was measured using a Keithley 2000 multimeter with
illumination by a 300 W tungsten lamp with a Spectral Product DK240
monochromator. Impedance spectroscopy (IS) measurements were
carried out with use of an impedance analyzer (Zahner, Zennium)
under dark conditions at a different forward bias that ranged from 0 V
to higher than Voc, applying a 20 mV ac sinusoidal signal over the
constant applied bias with the frequency ranging from 1 MHz to 0.1
Hz. J−V curves were recorded before and after IS measurement to
verify the validity of the IS data obtained. Intensity-modulated
photocurrent spectroscopy (IMPS) and photovoltage spectroscopy
(IMVS) spectra were recorded on a Zahner electrochemical
workstation with a frequency-response analyzer under an intensity-
modulated blue-light-emitting diode (30−150 W m−2, 457 nm) driven
by a Zahner (PP211) source supply. The modulated light intensity was
10% or lower than the base light intensity. The frequency range was
set between 100 kHz and 0.1 Hz.
Characterization of QDs and Electrodes. Transition electron

microscopy (TEM) measurements were performed on a JEOL JEM-
1400 microscope. Scanning electron microscopy (SEM) was
performed using an FEI Quatan250FEG SEM system equipped with
an energy-dispersive X-ray (EDX) spectrometer. The absorption
spectra of the QD dispersions and sensitized TiO2 films (with
dimensions of 2.0 × 1.0 cm2) were measured using a Shimadzu UV-
3101 PC UV−vis spectrophotometer. The PL emission spectra were
recorded on a fluorescence spectrophotometer (Cary Eclipse Varian).
The fluorescence lifetime study was carried out by an Edinburgh FL
900 single-photon counting system equipped with a picosecond light
pulser (Hamamatsu C8898). The excitation light source was 441 nm
laser light. A nonlinear least-squares fitting program was used to
analyze the data, with the deconvolution of the excitation pulse being
∼200 ps.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of CdTe/CdSe Type-II
Core/Shell QDs. A two-step organometallic high-temperature
synthetic procedure was adopted for the preparation of high-
quality CdTe/CdSe core/shell QDs with nearly uniform
particle size and superior optical properties.52 In the first
step, 2.7 nm CdTe core QDs with a first absorption onset at
540 nm and a band edge PL emission at 558 nm were prepared
according to a literature method.53 In the next step, CdSe shells
were then overgrown around the CdTe core template by
alternately adding Cd/Se precursor to a dispersion of the
purified CdTe core QDs at an intermediate temperature. The
detailed procedure for the preparation of the CdTe core and
CdTe/CdSe core/shell QDs is described in the Experimental
Section. Figure 1a,b shows the wide-field TEM image of the
CdTe core QDs (2.7 ± 0.2 nm) and the derivative CdTe/CdSe
core/shell QDs (4.9 ± 0.3 nm) with three monolayers (ML) of
the CdSe shell. Both the core and core/shell-structured QDs

show a nearly dotted shape with a relative standard deviation σ
= 4−6% without any size sorting. The photovoltaic perform-
ance of this size CdTe/CdSe core/shell QDs proved to be the
best one in our experimental results. The optical spectra
(absorption and PL emission) of the CdTe core and derivative
CdTe/CdSe core/shell QDs are shown in Figure 1c. The CdTe
core QD exhibits typical absorption and emission features, with
a distinctive first excitonic absorption peak at ∼540 nm and the
band edge emission peak at ∼558 nm. The distinctive peak in
the spectra of CdTe cores is replaced by a featureless
absorption tail into the red and infrared spectral window in
the derivative CdTe/CdSe core/shell structures, and the
corresponding PL emission peak red-shifted from 558 to 795
nm. It is noted that the observed huge spectral shift (237 nm)
with the thin shell layer (3 ML) in the CdTe/CdSe system
benefits from the use of a small-sized core. It has been
demonstrated that large-sized cores cannot be effectively
compressed through epitaxy, and as a result the PL emission
spectra are much less tunable by lattice strain.57 Such
absorption and emission spectral features in the CdTe/CdSe
core/shell QD suggest the existence of a type-II band
arrangement. This is because type-II core/shell QDs effectively
act as an indirect semiconductor near the band edges.26,27 The
band gap of a type-II core/shell structure thus depends on the
band offsets of the two materials constituting the core and the
shell, forming an effective band gap from the valence band of
CdTe and the conduction band of CdSe (Figure 1d). This
renders the band gap of type-II core/shell QDs smaller than
that of either material. Correspondingly, the wavelengths of
both the absorption onset and band edge PL emission of the

Figure 1. Structure and optical characterization of CdTe core QDs
and derivate CdTe/CdSe core/shell QDs. (a, b) Wide-field TEM
images of the initial 2.7 nm CdTe core QDs (a) and derivate 4.9 nm
CdTe/CdSe core/shell QDs (b). (c) Corresponding normalized
absorption (solid lines) and PL spectra (dashed lines, λex = 360 nm) of
CdTe (black lines) and CdTe/CdSe (red lines) QDs dispersions in
toluene. (d) Cartoon of a core/shell CdTe/CdSe QD indicating the
relative position of the bands. The conduction band (CB) and valence
band (VB) are depicted with a solid black or red line for the CdTe and
CdSe, respectively. The size of the band gap, Eg, for CdTe, CdSe, and
the exciplex state (effective band gap) is indicated with arrows.
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type-II core/shell QDs are longer than those of either the core
or shell QDs with identical sizes. For comparison, identically
sized (4.9 nm) CdSe and CdTe QDs were also synthesized
using literature methods, and their corresponding first excitonic
absorption onsets were 610 and 670 nm, respectively (the
corresponding spectra are shown in Figure S1 of the
Supporting Information).53,54 For simplification, the reference
CdSe QDs specially refers to the 4.9 nm CdSe QDs with an
excitonic onset at 610 nm hereafter. Therefore, the CdTe/
CdSe type-II core/shell QDs enable us to extend the
absorption onset to the infrared region, an unachievable target
with either CdTe or CdSe QDs of an identical size. It should be
highlighted that a small-sized QD with infrared absorption is a
promising feature for sensitizers in photovoltaic devices because
of the easy penetration into the mesoporous film and the high
solar photon flux density in the infrared window.
Immobilization of QD Sensitizers onto TiO2 Film

Electrodes. The ex situ ligand-exchange postsynthesis
assembly approach has been proven to be an effective route
for tethering presynthesized QDs on a mesoporous TiO2 film
with high loading.14 The initial hydrophobic ligands (mainly
oleylamine/oleic acid) around the QD surface were replaced by
a bifunctional hydrophilic ligand (MPA) in the ligand-exchange
process; therefore, MPA-capped water-soluble QDs were
obtained. The UV−vis absorption spectrum of MPA-capped
CdTe/CdSe QDs aqueous solution is shown in Figure S2,
which shows no significant change before and after phase
transfer. The obtained MPA-capped water-soluble QDs were
then tethered on TiO2 electrodes according to a literature
method by dropping a QD dispersion in water on the film and
keeping it there for 2 h.12−14 It is highlighted that the
deposition of QDs onto mesoporous TiO2 films is carried out
at room temperature and under an ambient atmosphere. This
renders the deposition procedure amenable to having a low-
cost and high reproducibility.
Absorption spectra and corresponding photographs of the

CdTe/CdSe and reference CdSe QD-sensitized TiO2 films are
shown in Figure 2. We can see that the spectral profiles of the
QD aqueous dispersions were reserved after deposition on the
TiO2 films. This reflects the reservation of the particle size and
freedom from particle aggregation. These features cannot be
obtained by direct growth of QDs onto TiO2 films in the
reported literature.16−18,35−41 The high absorbance of the

sensitized film electrodes reflects the high loading amount of
the QDs, which is also indicated by the deep color of the film
electrodes, as shown in the inset of Figure 2. Because the
excitonic absorption onset of the CdTe/CdSe QDs is
featureless and there is no report for the corresponding
extinction efficient, the exact value for the coverage of the
CdTe/CdSe QDs around the TiO2 film cannot be obtained on
the basis of the absorption spectra of the sensitized film, but a
loading amount as high as 34% coverage has been
demonstrated in the case of CdSe-sensitized films based on
this deposition method in our previous report.14 The black
color of the CdTe/CdSe-sensitized film indicates a nearly
complete absorption of visible light. Furthermore, the light-
harvesting range is expanded to a wavelength near 900 nm, as
shown in the absorption spectra (Figure 2). The efficient
harvesting of incident solar light paves the way for achieving a
high photocurrent in the resulting cell devices, as described
below.

Uniform Distribution of CdTe/CdSe throughout the
Film. The cross-sectional SEM image for the CdTe/CdSe QD-
sensitized TiO2 mesoporous film electrode is shown in Figure
3a. It was found that the thickness of the transparent active
TiO2 layer is 9.5 ± 0.5 μm, and the thickness of the following
scattering layer is 6.5 ± 0.5 μm. The uniform coverage of QDs
around the mesoporous TiO2 throughout the film thickness is
verified by performing cross-sectional SEM with elemental
mapping via EDX analysis. The elemental mapping on the
rectangular area shown in Figure 3c−e demonstrates an
excellently uniform distribution of Cd, Te, and Se atoms
throughout the 16 μm thick mesoporous TiO2 film. Atomic
percentages from EDX elemental analysis on a cross section of
the film were found to be 14.53 ± 0.25, 1.56 ± 0.06, 0.58 ±
0.04, and 1.12 ± 0.19% for Ti, Cd, Te, and Se, respectively. The
Cd/Ti ratio from our postsynthesis assembly approach with use
of MPA-capped water-soluble QDs is 0.11, which is in the same
level as those (0.05−0.15) produced by the electrophoretic
deposition method48,49 but is pronouncedly higher than the
value of 0.05 obtained by the linker-assisted assembly with the
use of hydrophobic QDs.58 The uniform distribution of the
QDs as well as the high Cd/Ti ratio in our case gives solid
support to the viewpoint that a nanometer-sized QD sensitizer
can penetrate throughout the mesoporous film electrode depth
with the use of MPA-capped QD aqueous dispersions.

Photovoltaic Performance. After the deposition of QD
sensitizers, a thin ZnS passivation layer was then deposited
onto the sensitized TiO2 films by dipping them into the Zn2+

and S2− aqueous solutions according to the normal literature
procedure. The role of the deposition of a wide band gap ZnS
layer is to reduce the internal recombination at QDs before
charge injection as well as the charge recombination at the
TiO2/electrolyte and QD/electrolyte interfaces before charge
injection and thus to improve the PCE.23,59,60 Sandwich-type
cells were constructed by assembling a QD-sensitized TiO2 film
electrode and Cu2S counter electrode using binder clips, which
was then filled with polysulfide electrolyte. Even though the use
of methanol in electrolyte solutions can provide higher
photocurrent, methanol is a nonregenerative hole scavenger,
which is fatal for the long-term run of cell devices.42 Therefore,
no methanol polysulfide electrolyte was used in all of the tested
cell devices. The J−V curves of the CdTe/CdSe and reference
CdSe cells under the illumination of an AM 1.5 G solar
simulator with an intensity of 100 mW cm−2 (1 full sun) in the
presence of masks are shown in Figure 4a, and the extracted

Figure 2. Diffuse reflectance absorption spectra of identically sized
CdTe/CdSe and CdSe QD-sensitized TiO2 film electrodes. Insets:
photographs of CdTe/CdSe (right) and CdSe (left) QD-sensitized
TiO2 film electrodes.
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photovoltaic parameters are collected in Table 1. It is noted
that for the photovoltaic performance measurement at least

three cells were constructed and evaluated in parallel, and both
the average and recorded cell results are reported for the
CdTe/CdSe-based cells in Table 1. Because CdTe QD proved
to suffer from the problem of chemical stability and the
photovoltaic performance of the corresponding cell device is
quite poor,12,45 CdTe QD-based cells were not selected for use
as the reference.
The obtained PCE value (4.49%) for the reference CdSe

QD-based cells is in the normal level compared to our recently
published results.12,14 In comparison, the FF values show no
significant difference between the CdTe/CdSe- and CdSe-
based cells; however, by taking into account the higher
photocurrent of CdTe/CdSe and consequently the higher
voltage drop at the series resistance, the core/shell QDs
provide a better behavior from the point of view of the FF; the
Voc for the CdTe/CdSe cell (0.606 V) is slightly greater than
those from CdSe (0.548 V), whereas the Jsc for the CdTe/CdSe
cell (19.59 mA cm−2) is significantly greater than that for CdSe
(14.12 mA cm−2). The higher Jsc value of the CdTe/CdSe cells
in comparison with CdSe-based cells is mainly ascribed to the
extension of the light-absorption range, as shown in the
absorption spectra of Figure 2 and higher light-injection

efficiency discussed below. The increased Voc in the CdTe/
CdSe cells can be ascribed to the higher Jsc. This feature follows
from the standard diode eq 1

β
= +

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟V

k T
q

j

j
ln 1oc

B sc

o (1)

where kB is the Boltzmann constant, T is the temperature, q is
the electron charge, β is a parameter related with the nonlinear
recombination, and j0 the diode dark current.61 The higher jsc
value implies higher charge injection. If the recombination rate
is the same in both cells (this point is clarified later by means of
IS analysis), then larger jsc values signify higher electron density
at open circuit, which produces an increase in Voc. The CdTe/
CdSe-based cells exhibit the best performance, with Jsc = 19.59
mA cm−2, Voc = 0.606 V, FF = 0.569, and PCE = 6.76%. The
obtained PCE of 6.76% is believed to be the best performance
in the liquid-junction QDSCs so far. To compare this with
other works in the literature, the record cell was also measured
without a mask, obtaining Jsc = 22.01 mA cm−2, Voc = 0.613 V,
FF = 0.564, and PCE = 7.61%. However, it is important to
highlight that the measured data without applying a mask is not
meaningful because the obtained J−V data are exaggerated and
are not reproducible. Other efforts in solid-state heterojunction
QDSCs based on Sb2S3, PbS, and CH3NH3PbI2 have yielded
PCE values in the range of 6−10%,20,21,62,63 which also used
different configurations in comparison with the sensitized solar
cells. Our results reported here situate these state-of-the-art
QDSCs in the same range as those produced by other
technologies.
The photocurrent response to incident light was evaluated by

IPCE. As shown in Figure 4b, the photocurrent response
matches well the absorption profile, with photocurrent onsets
at a wavelength of 700 nm for the CdSe and 930 nm for CdTe/
CdSe-based solar cells, respectively. It is noted that the

Figure 3. (a) Cross-sectional SEM image of a ∼16.0 μm thick CdTe/CdSe-sensitized TiO2 mesoporous film electrode consisting of a 6.5 μm
scattering layer and a 9.5 μm transparent layer indicated by a dashed line. (b−e) Elemental mapping of titanium (b), cadmium (c), tellurium (d), and
selenium (e) by EDX spectroscopy for the rectangular area indicated by the black box in panel a showing the uniform distribution of the CdTe/
CdSe sensitizer throughout the film thickness.

Figure 4. Photovoltaic performance of CdSe and CdTe/CdSe QD-based QDSCs. (a) J−V, (b) IPCE, and (c) APCE curves.

Table 1. Photovoltaic Parameters for QDSCs Based on
Different QD Sensitizers with Identical Particle Sizes

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

CdTe/CdSea 19.59 0.606 0.569 6.76
CdTe/CdSeb 18.56 0.603 0.582 6.51
CdSeb 14.12 0.548 0.580 4.49

aRecorded efficiency device values. bAverage values of the different
devices.
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photoresponse range in the IPCE spectra is a little bit wider
than the corresponding absorption range in the absorption
spectra. This may be ascribed to the light-scattering effect by
large-sized TiO2 particles in the light-scattering layer for IPCE
measurement.12 IPCEs of ∼80% in the range of 350−600 nm
were observed for CdSe and CdTe/CdSe sensitizers, but a
much broader response range (350−930 nm) was found for the
CdTe/CdSe sensitizer in comparison with that for CdSe (350−
650 nm). By integrating the product of the incident photon flux
density and the cell’s IPCE spectra, the calculated Jsc value for
CdTe/CdSe- and CdSe-based solar cells are 18.42 and 13.69
mA cm−2, respectively, which are close to the measured values
shown in Table 1. Note that from 600 to 930 nm the IPCE for
CdTe/CdSe is lower than 80%, the limit imposed by the
reflection in the glass substrate. In this sense, there is room for
further improvement of cell performance, at least from the
point of view of the photocurrent.
We can see that the IPCE value for the CdSe-based cell in

the short-wavelength range (400−600 nm) is a little higher
than that of CdTe/CdSe. However, we cannot conclude that
the electron collection and/or injection efficiency of CdSe is
higher than that of CdTe/CdSe in this region because the
IPCE value depends on a series of device parameters: IPCE =
LHE × ϕinj × ηcc, where LHE is the light-harvesting efficiency,
ϕinj is the electron-injection efficiency, and ηcc is the charge-
collection efficiency. To examine more accurately the electron
collection and/or injection efficiency for different sensitizers,
the APCE (absorbed photon-to-electron conversion efficiency)
was calculated according to the following equation: APCE(λ) =
IPCE(λ)/[1 − 10−Abs(λ)], where Abs(λ) is the absorbance of
photoanode at wavelength λ. The results are shown in Figure
4c.64 This takes out the effect of the varying optical densities of
the different electrodes. We can see that the APCE values
corresponding to CdTe/CdSe-based cells are higher than that
of CdSe-based cells in the range of 350−600 nm. This clearly
demonstrates that the electron collection and/or injection

efficiency of the CdTe/CdSe solar cells are higher than that of
CdSe solar cells.

PL Emission Decay. It has been demonstrated that the
excited-state features of QDs are dependent on the substrate to
which they are attached.65 When the highly luminescent CdTe/
CdSe QDs are anchored onto TiO2 mesoporous films, a
significant quenching of the PL emission is observed (results
not shown), thus confirming the excited-state interaction
between the TiO2 substrate and CdTe/CdSe particles. The
quenching phenomenon demonstrates the deactivation of the
excited QD via electron transfer to the TiO2 substrate.

66 We
further analyzed the excited CdTe/CdSe together with
reference CdSe QDs deactivation by monitoring the PL
decay (i.e., the exciton lifetimes). Transparent SiO2 and TiO2
oxide layers were prepared by screen printing corresponding
colloidal pastes on FTO glass substrates followed by annealing
at 500 °C. These obtained oxide films were then immersed in
an MPA-capped QD aqueous dispersion to allow the self-
assembly of QDs on the oxide substrates, as described for the
preparation of sensitized TiO2 film electrodes in the
Experimental Section. This method allows for the direct
bonding between the QDs and oxide substrate and also
achieves monolayer coverage of QDs without aggregation.66

Figure 5 shows the PL decay of CdTe/CdSe type-II core/shell
QDs and reference CdSe QD deposition on an insular SiO2 or
TiO2 film substrate, respectively. Mono-, bi-, or triexponential
decay kinetics was found to be successful in fitting the lifetime
traces, and the fit parameters are listed in Table 2. Average
lifetimes of QD PL decay were calculated on the basis of these
extracted values using eq 2

τ
τ
τ

⟨ ⟩ =
∑
∑

(a )

(a )
n n n

n n n

2

(2)

where n corresponds to the nth component of a given
multiexponential decay process.67 It was found that when QDs
were deposited on an insular SiO2 substrate, the exciton

Figure 5. PL emission decay of CdTe/CdSe and reference CdSe QDs deposited on different substrates: (a) SiO2 and (b) TiO2 nanoparticulate films.
The solid lines represent the kinetic fit using mono-, bi-, or triexponential decay analysis.

Table 2. Fit Parameters of PL Decay Curves of CdTe/CdSe and CdSe QDs Deposited on Different Substratesa

QDs substrate a1 τ1 (ns) a2 τ2 (ns) a3 τ3 (ns) χ2 ⟨τ⟩ (ns) ket (10
9 s−1)

CdTe/CdSe SiO2 4515.00 73.26 0.997 73.26 1.91
TiO2 3434.9 0.52 0.978 0.52

CdSe SiO2 81.64 0.78 24.73 4.07 3.22 18.80 1.16 7.11 0.52
TiO2 159.80 0.67 4.46 5.37 1.17 1.53

aDetermined using the fitting function a1 exp(−t/τ1) + a2 exp(−t/τ2) + a3 exp(−t/τ3).
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lifetimes are quite longer (73.26 and 7.10 ns for the CdTe/
CdSe and CdSe QDs, respectively) because the charge
recombination dominates in this case. The longer exciton
lifetime (73.26 ns) observed for CdTe/CdSe is due to the
spatial separation of the charge carries (electron hole pair) in
the type-II structure, and this long exciton lifetime gives a solid
support for the assignment of a type-II structure to the
obtained CdTe/CdSe QDs. Meanwhile, the monoexponential
decay feature observed in CdTe/CdSe QDs reveals the high-
quality optical properties as well as the decreased possibility of
nonradiative recombination in the QDs. When QDs were
deposited on the TiO2 substrate, an additional deactivation
route is created because electrons can easily inject into the TiO2
substrate with a lower conduction band edge. Therefore, the
corresponding exciton lifetimes decrease significantly to only
0.52 and 1.5 ns for CdTe/CdSe and CdSe QDs, respectively.
Because the insular SiO2 substrate does not accept electrons
from the excited QDs, the shortening of the lifetime for QDs
on TiO2 is ascribed to electron injection to the TiO2 substrate,
the corresponding rate constant (ket) of which can be obtained
by eq 3

τ τ
= −k

1
(QD/TiO )

1
(OD/SiO )et

2 2 (3)

where τ(QD/TiO2) is the exciton lifetime of QDs on the TiO2

substrate and τ(QD/SiO2) corresponds to the exciton lifetime of
QDs on SiO2. On the basis of the lifetimes listed in Table 2, the
calculated electron-injection constants (ket) are 1.91 × 109 and
0.52 × 109 s−1 for CdTe/CdSe and CdSe QDs assembled on
TiO2 substrates, respectively. It is noted that the observed ket
value for CdSe QDs in our case is in the same range as those

observed previously.43,46 The electron-injection constant of
CdTe/CdSe QDs is significantly larger than that of CdSe QDs.
This is due to the spatial separation of charge carriers (electron
and hole, e−h pair) in the CdTe/CdSe type-II core/shell
structure. This favors the electron injection into the substrate
and minimizes the unwanted charge recombination. However,
the localization of the hole inside the core region in a type-II
structure does not favor the transfer of the hole and
regeneration of neutral QDs from the oxidized form. Luckily,
as described above, the thickness of the CdSe shell in our case
is only 1.1 nm, which is thin enough for hole tunneling on the
basis of a previous report.59

Impedance Spectroscopy (IS). To unveil the superior
photovoltaic performance of the CdTe/CdSe-based solar cell in
comparison with reference CdSe cells, we characterized the cell
devices by IS and analyzed the data with the standard models
for QDSCs.17,23,36 IS measurements were carried out under
dark conditions at a different forward bias ranging from 0 V to
an applied voltage higher than Voc, applying a 20 mV ac
sinusoidal signal over the constant applied bias with the
frequency ranging between 1 MHz and 0.1 Hz. It should be
noted that J−V curves (Figure S3) were performed both before
and after IS measurements (a period of about 60 min) to verify
the validity of the IS data obtained. The experimental results
indicate that no significant variation in the photovoltaic
parameters for both CdTe/CdSe- and CdSe-based QDSC
was observed. This indicates that the stability of the CdTe/
CdSe-based cell is comparable to that of the CdSe-based cell
over this period of time. Nyquist curves for the CdTe/CdSe
and CdSe QD-sensitized cells under different bias are given in
Figure S4. The extracted values obtained for the chemical
capacitance, Cμ, and recombination resistance, Rrec, are

Figure 6. Impedance spectroscopy characterization of the CdTe/CdSe- and CdSe-based solar cells. (a) Chemical capacitance, Cμ, (b) recombination
resistance, Rrec, and (c) dark currents as a function of applied voltage, Vappl. (d) Nyquist plots of the solar cells at −0.6 V forward bias.
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presented in Figure 6a,b. Rrec shunted with Cμ reflects the
recombination resistance, related to the recombination of
electrons at TiO2 with acceptor species in the QDs and
electrolyte.17,23,36 The similar Cμ values obtained from both
cells (Figure 6a) indicate that the nature of the different
sensitizers (CdSe or CdTe/CdSe QDs) does not affect the
level of the conduction band or the density of states of TiO2.

23

However, there is an apparent difference in the Rrec values
between the two cells. As shown in Figure 6b, when the
forward bias is larger than 0.4 V at the region of maximum
power provided by the cell, the Rrec values of the CdTe/CdSe
cells are several times higher than those of the CdSe cells. For
clarity, Figure 6d gives a direct comparison of the CdTe/CdSe
and CdSe cells at a forward bias near the open-circuit voltage,
0.6 V, of the cells, and the extracted IS parameters are collected
in Table 3. This comparison is correct because we have shown
in Figure 6a that for the same applied bias the Fermi level is at
the same position (same electron density for both cells). It was
found that the Rrec value of the CdTe/CdSe solar cell (88.42 Ω
cm2) is more than 4 times higher than that of CdSe cells (20.52
Ω cm2). The calculated electron lifetime (τn = Rrec × Cμ) of the
CdSe/CdS QDSC at this voltage is over 700 ms longer than
that of the CdSe QDSC, supporting a lower recombination rate
for the former, which is conducive to the increase of the ηcc and
Jsc values in the CdTe/CdSe cell in comparison with the CdSe
cell. Meanwhile, the dependence of the dark currents on the
forward bias in the IS measurement are illustrated in Figure 6c.
We found that the IS dark current−applied voltage curve of the
CdSe cell is higher than that for the CdTe/CdSe solar cell at
voltages higher than 0.4 V, as was observed for Rrec. This result
points in the same direction as the impedance characterization,
suggesting better blockage of charge recombination in the
CdTe/CdSe cells.15

IMPS and IMVS have also been employed to estimate the
electron transport and recombination dynamics in our
constructed cell devices. In IMPS (or IMVS) measurements,
the photocurrent and photovoltage response are used to
evaluate electron transit time (τd) and electron lifetime (τn) in
sensitized solar cells by the expression τd = (1/2)πf IMPS, and τn
= (1/2)πf IMVS, where f IMPS is the frequency of the minimum

IMPS (IMVS) imaginary component.68−70 As shown in Figure
7a,b, both τd and τn decrease with the increase in the light
intensity. The IMPS results (Figure 7a) indicate clearly that the
τd for the CdTe/CdSe cells (about 1.1−5.9 ms) is remarkably
shorter than those for the reference CdSe solar cells (2.3−13.2
ms) at varied light intensities. This observation is related to the
larger charge generation in the CdTe/CdSe cells, which brings
forward an enhanced electron concentration in the TiO2
substrate of the CdTe/CdSe cells compared to that of the
CdSe cells.
The electron lifetime (τn) derived from the IMVS measure-

ment (Figure 7b) reflects the recombination processes in the
QDSCs. Direct measurements of the electron lifetime by IMVS
are compared with the lifetime calculated from IS (Table 2). A
good agreement between the lifetimes calculated by both
techniques is obtained. The CdTe/CdSe QDSC shows a longer
electron lifetime in comparison with CdSe. Similarly, the spatial
separation of e−h pairs in the CdTe/CdSe type-II core/shell
structure retards the charge-recombination rate and enhances
the electron lifetime.

■ CONCLUSIONS
Highly efficient CdTe/CdSe QD-sensitized solar cells have
been built by the direct covalent bonding of an MPA-capped
QD sensitizer around TiO2 mesoporous film electrodes. The
type-II core/shell CdTe/CdSe QD extends its light-absorption
range to the infrared because of the existence of an effective
narrow band gap or an exciplex state formed between the
valence band of CdTe and the conduction band of CdSe. The
high surface coverage and uniform distribution of QD
sensitizers throughout the film electrode thickness have been
confirmed by EDX elemental mapping. An accelerated electron
injection and a retarded charge recombination pathway in the
built cell devices have been confirmed by APCE, IS, PL decay,
IMPS, and IMVS characterizations. As a sensitizer in QDSCs,
type-II CdTe/CdSe core/shell QDs are superior to plain CdSe
QDs and possess the advantages of a broader light-harvesting
range with an absorption onset extending to the infrared
spectral window, an accelerated electron injection rate, and a
retarded recombination rate because of the spatial separation of

Table 3. Simulated Values of Resistance (R) and Capacitance (C) under the Forward Bias of −0.6 V for Cell Devices Based on
CdTe/CdSe and CdSe QD Sensitizers

cells Rs (Ω cm2) RCE (Ω cm2) CCE (μF cm−2) Rrec (Ω cm2) Cμ (mF cm−2) τn (ms)

CdSe 4.82 0.22 43.7 20.52 9.04 185.5
CdTe/CdSe 4.12 0.37 35.6 88.42 10.3 910.7

Figure 7. Dependenc of the electron transit time, τd (a), and electron lifetime, τn (b), of CdTe/CdSe- and CdSe-based solar cells on light densities in
IMPS or IMVS measurement.
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the electron−hole pair in the characteristic type-II structure.
Therefore, constructing type-II core/shell-structured QDs is a
promising way to develop panchromatic QD sensitizers for
high-performance QDSCs. With the combination of the high-
quality of the QD sensitizers and the effective deposition
technique to ensure high surface coverage, a record PCE of
6.76% with a mask around the active film under illumination of
full 1 sun was obtained, which is the highest reported value to
date for a liquid-junction QDSC. This result situates the
sensitized technology in the same range of efficiencies reported
with other QD solar-cell configurations. Because of the low
photovoltage resulting from the common polysulfide electrolyte
used, the exploration of a suitable electrolyte to replace the
polysulfide redox couple is one of the shortcuts to significantly
enhance the PCE of QDSCs.
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