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ABSTRACT: Charge recombination at an electrode/electrolyte interface
is the main factor to limit the power conversion efficiency (PCE) of
quantum dot sensitized solar cells (QDSCs). Herein, we present a novel
and facile strategy based on successive coating of a sensitized electrode
with a combination of blocking layers in appropriate sequence for
suppressing the charge recombination. In this scenario, modification of
the exposed surface of both TiO2 particles and QDs with an amorphous
TiO2 (am-TiO2) layer via a classical TiCl4 hydrolysis treatment plays a
fundamental role to enhance the effectiveness of a recombination blocking
ZnS/SiO2 barrier layer. This strategy allows construction of CdSe0.65Te0.35
QD based champion QDSCs exhibiting a new PCE record of 9.28% and a certified PCE of 9.01% under full one sun illumination.
The specific nature and sequence of the layering process is critical for the gain of photovoltaic performance. Control experiments
indicate that the am-TiO2 is superior to a crystalline TiO2 layer in serving as the passivation/buffer layer and improving the
photovoltaic performance of the cells. Insight from impedance spectroscopy (IS) and open circuit voltage decay (OCVD)
measurements demonstrates that when the am-TiO2 layer is located at the interface between the QD sensitized photoanode and
the ZnS/SiO2 barrier layer, it inhibits remarkably the charge recombination at the photoanode/electrolyte interface and prolongs
the electron lifetime.

■ INTRODUCTION

Exploiting solar energy is believed to be of great potential to
solve social concerns such as the exhaustion of fossil fuels, as
well as global warming. The most direct way to harvest the
solar energy is to convert sunlight into electricity using
photovoltaic technology.1−3 Being a promising low-cost
candidate for third generation photovoltaic cells, quantum
dot sensitized solar cells (QDSCs) are attracting increasing
academic and industrial interest due to the unique properties of
QD light-absorbers, such as solution processability, band gap
tunability, high absorption coefficient, and multiple exciton
generation possibility.4−8 However, charge recombination at
TiO2/sensitizer/electrolyte interfaces is more severe for
QDSCs than for their analogous dye sensitized solar cells
(DSCs),9−12 limiting the efficiency of the former type of cells.
This fact is due to the existence of surface trap states in QDs
and to the large fraction of uncovered surface of the TiO2
electron conductor, which act as recombination centers for
photoinjected electrons in the TiO2 with holes in sensitizers or
oxidized species in redox electrolyte. Charge recombination
leads to the loss of charge carriers and therefore decreases the
photovoltaic performance of the cell devices, affecting especially

the photovoltage of the device.9−14 This is one of the main
reasons that limits the power conversion efficiency (PCE) of
QDSCs, with the best ones at the level of 6−8%.12,15−22 In
order to attain these results, coating of the sensitized electrode
has to be performed. Very recently, charge recombination
occurring at the photoanode/electrolyte interface in QDSCs
has been significantly and effectively reduced via wide band and
insulator ZnS/SiO2 barrier layer overcoating around the QD
sensitized photoanode. The resulting TiO2/QD/ZnS/SiO2

configuration based CdSeTe QDSCs exhibited the highest
reported certified efficiency for QDSCs of 8.2%.19 In that work,
the external quantum efficiency (EQE) has been improved to a
near theoretical up-limit of about 80%. However, there is a
huge gap between the obtained open-circuit voltage (Voc, 0.64
V) and the optical band gap (∼1.5 eV) of the CdSeTe QD
light-absorber. This demonstrates that, on one hand, there is an
enormous space for the further improvement of PCE in this
kind of QDSC;23 on the other hand, the photovoltage
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enhancement would be imperative for the further improvement
of PCE. For the improvement of photovoltage, one of the most
straightforward strategies is to passivate the photoanode surface
state in order to reduce recombination. Undoubtedly, the big
lattice mismatch between TiO2 substrate and ZnS interface
(7%) as well as CdSeTe and ZnS interface (14%) in the above-
reported QDSC system would induce an incomplete photo-
anode passivation,24,25 and further blocking effect should be
expected with an appropriated strategy.
Overcoating a barrier layer of insulating or wide band gap

materials around a TiO2 surface has been a widely accepted
concept for the reduction of charge recombination in both
DSCs26−33 and QDSCs.19,34−39 In previously reported DSCs,
limited by the physicochemical stability of molecular dyes, the
target barrier layers are usually overcoated on a plain TiO2 film
electrode prior to its sensitization by dye molecules.26−33 The
classical approach for this barrier layer deposition is the TiCl4
solution treatment, wherein an extra crystalline TiO2 layer,
derived from TiCl4 hydrolysis followed by sintering at high
temperature (typically at 400−500 °C) is overcoated around
the TiO2 nanoparticles constituting the film.30−33 It has been
demonstrated that this treatment can significantly improve the
photocurrent of the resulting DSC cells due to the suppression
of charge recombination owing to the decreased surface traps of
TiO2 electron conductor and the increased loading of dye
molecule sensitizers.30−33 Unfortunately, previous reports show
that this TiCl4 treatment with formation of a crystalline TiO2
layer on a plain TiO2 electrode has a negligible effect on the
improvement of photovoltaic performance in QDSCs,40,41 but a
positive effect was also reported based on CdS QDSCs with
poor performance.42,43

Herein, we report for the first time the application of an
amorphous TiO2 (abbreviated as am-TiO2 henceforth)
passivation/buffer layer between the QD sensitized photoanode
and ZnS/SiO2 barrier layer interfaces to decrease the trap state
defects induced by the large lattice mismatch between the
interfaces and therefore suppress the charge recombination and
enhance photovoltaic performance. This novel am-TiO2
passivation layer is prepared in a facile way by a TiCl4 aqueous
solution hydrolysis process at low temperature after the
deposition of QDs on a TiO2 film electrode and avoiding any
further high temperature sintering treatment. It is demonstrated
that this am-TiO2 passivation layer located between the
sensitized photoanode and ZnS/SiO2 barrier layer interfaces
has a rather large effect on improving the performance,
especially the photovoltage of the resulting QDSCs compared
to this am-TiO2 passivation layer located on different positions
(i.e. between ZnS and SiO2 coating layers, or outside the ZnS/
SiO2 layer). It is noted that coating of sensitized QD
photoanodes with a sole am-TiO2 layer has been previously
developed.35,44,45 However, both our own experimental results
and literature results demonstrate that a sole am-TiO2 layer
overcoating cannot offer dramatic improvement of PCE of the
resulting cell devices, highlighting the synergistic effect between
am-TiO2 and ZnS/SiO2 barrier layers proposed here.
Impedance spectroscopy (IS) and open circuit voltage decay
(OCVD) measurements show that this am-TiO2 passivation
layer significantly reduces the electron recombination at the
photoanode/electrolyte interfaces while other energetic fea-
tures of the photoelectrode such as the position of the
conduction band edge remain unchanged. As a consequence,
the electron lifetime was prolonged by several times. The
constructed CdSeTe QD based QDSCs exhibit an unprece-

dented PCE of 9.28% and a certified efficiency of 9.01% under
AM 1.5G full one sun illumination. The obtained high
efficiency QDSCs via am-TiO2 passivation interface engineer-
ing suggest a promising strategy to further push QDSCs to a
higher efficiency level.

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

99.99%), tellurium powder (200 mesh, 99.8%), 1-octadecene (ODE,
90%), trioctylphosphine (TOP, 90%), oleyl amine (OAm, 95%), and
sulfur (S, 99%) were purchased from Aldrich. Oleic acid (90%) and
thioglycolic acid (TGA, 97%) were obtained from Alfa. Paraffin liquid
(chemical grade), tetraethyl orthosilicate, titanium tetrachloride
(TiCl4, 99%), sodium sulfide (Na2S, 98%), zinc acetate (Zn(OAc)2,
99%), and all solvents (analytical grade) were obtained from Shanghai
Chemical Reagents Company (China).

QD Synthesis and TiO2 Film Electrode Preparation. The
synthesis of CdSeTe or CdSe QDs, ligand exchange for obtaining
thioglycolic acid (TGA)-capped water-soluble QDs, and the
deposition of these water-soluble QDs on TiO2 film electrodes are
all referred to our previous work.19,22 Double layer TiO2 mesoporous
film electrodes were prepared by a screen printing method on a
cleaned F:SnO2-coated conducting glass (FTO, 8 Ω/square)
according to a literature method.41 Normally, a 9.0-μm-thick
transparent layer of 20−40 nm sized TiO2 particles (P25, Degussa)
was first prepared on the FTO glass and then covered with a 6.0-μm-
thick light scattering layer of 400 nm sized TiO2 particles. Finally, the
film was sintered in a muffle at 500 °C for 30 min.

Photoanode Treatment. The TiCl4 treatment was employed on
both a plain TiO2 film electrode and QD sensitized TiO2 film
electrodes. For the treatment on the plain electrode, the as-prepared
TiO2 film electrodes were immersed in the TiCl4 aqueous solution
(containing 0.01 M TiCl4 and 0.01 M TGA) for 30 min at 40 °C
followed by rinsing with water and ethanol sequentially. After that, the
films were immersed in QDs solution for QD deposition. As for the
treatment on the sensitized electrode, the QDs sensitizer was first
deposited onto the TiO2 films, and then the sensitized electrodes were
immersed in the TiCl4 solution as mentioned above. Eventually, all the
electrodes that had undergone different TiCl4 treatment processes
were coated with four cycles of ZnS by immersion into 0.1 M
Zn(OAc)2 and 0.1 M Na2S solutions in aqueous solutions for 1 min/
dip alternately and then coating with a SiO2 layer by soaking the
electrodes in 0.01 M tetraethyl orthosilicate ethanol solution for 2 h
followed by rinsing with ethanol and drying in air.

Assembling Solar Cells. The sandwich-type cells were con-
structed by assembling the photoanode and the Cu2‑xS/FTO counter
electrode using a 50-μm-thick Scotch spacer, and they were filled with
a 10-μL polysulfide electrolyte. The Cu2‑xS/FTO counter electrode
were prepared according to the literature method.46 The polysulfide
electrolyte aqueous solution consists of 2.0 M Na2S, 2.0 M S. For
QDSCs studied under each condition, five cells were prepared in
parallel, and the average values were used to evaluate their
performance.

Characterization. Photovoltaic performances (J−V curves) of cell
devices were recorded on a Keithley 2400 source meter under
illumination by an 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 area was 0.1276 cm2, defined by a metallic black mask.
The EQE was recorded on a Keithley 2000 multimeter under the
illumination of a 300 W tungsten lamp with a Spectral Products
DK240 monochromator. Impedance spectroscopy measurements (IS)
were carried out on an impedance analyzer (Zahner, Zennium) under
dark conditions at forward bias ranging from 0 V to higher than Voc,
applying a 20 mV AC sinusoidal signal over the constant applied bias
with the frequency range of 1 MHz to 0.1 Hz. Open circuit voltage
decay (OCVD) was also performed on the same Zahner electro-
chemical workstation, and the cells were illuminated by a white LED
with intensity of 100 mW/cm2; the transient voltage was recorded

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.5b03864
Chem. Mater. XXXX, XXX, XXX−XXX

B

http://dx.doi.org/10.1021/acs.chemmater.5b03864


after switching off the light. Transition electron microscopy (TEM)
images were obtained using a JEOL JEM-2100 instrument. X-ray
diffraction (XRD) patterns were obtained from a Siemens D5005 X-
ray powder diffractometer. The absorption spectra of TiO2 film
electrodes (with only 9-μm transparent layer) were recorded on a
Shimadzu UV-3101 PC spectrophotometer.

■ RESULTS AND DISCUSSION

Amorphous TiO2 Layer Deposition. Two kinds of
QDSCs based on CdSe and CdSe0.65Te0.35 (simplified as
CdSeTe henceforth) QD sensitizers have been prepared. We
have chosen CdSe QDs because they are probably the most
common QD sensitizer reported, while CdSeTe alloy QDs
produced the highest previously reported performance. Results
in the main text of the paper focus on the later ones, while the
results for the former can be found in the Supporting
Information (SI). The 5.2 nm sized CdSeTe QDs with an
absorption edge at ∼800 nm were chosen as the model QDs,
from which the QDSC device with over 8% efficiency has been
obtained with a ZnS/SiO2 barrier layer overcoating.19,22 The
sensitized photoanodes were obtained by the immobilization of
a thioglycolic acid (TGA)-capped CdSeTe QD on a TiO2
mesoporous film electrode through the well-developed capping
ligand-induced self-assembly approach,46,47 which produced a
high QD loading, and the corresponding transmission electron
microscopy (TEM) images of the CdSeTe QD sensitized TiO2
film are shown in Figure S1 of the SI. The am-TiO2 layer was
deposited around the sensitized photoanode by immersing the
QD sensitized film electrode into a 10.0 mM TiCl4 aqueous
solution and storing in an oven at 40 °C for 30 min. The
coverage and thickness of the am-TiO2 layer have been
optimized via adjusting TiCl4 solution concentration and
soaking temperature and duration. The control experimental
results indicate that the performance of the resultant cell
devices is insensitive to the treatment temperature (20−70 °C)
and time (30−90 min), but dependent on the precursor
concentration (0−50 mM), which is similar to the observation
of the growth of the metal oxides overlayer in the DSC

system.27 The detailed PCE results of the resulting cell devices
dependent on the TiCl4 treatment conditions are available in
Table S1. After rinsing with water and ethanol, the am-TiO2
coated photoanodes were further overcoated sequentially with a
ZnS/SiO2 thin layer according to the literature method.19

Regenerative sandwich-type cell devices were constructed by
combining the obtained photoanode and Cu2‑xS/FTO counter
electrode,48 followed by filling with Sn

2−/S2− electrolyte
aqueous solution. For simplicity, the resulting cell is denoted
as TiO2/QD/TiCl4. Note that the ZnS/SiO2 layer is omitted in
the abbreviation of the samples hereafter, but it is important to
highlight that this blocking layer is present in all the samples
unless something different is specified.
For comparison, reference samples with regular TiCl4

treatment on a plain TiO2 film electrode followed by sintering
at 500 °C for 30 min, a typical procedure used in DSC
systems,30−33 prior to QD sensitization were prepared. These
resulting cells are denoted as TiO2/TiCl4/QD. The cells
without TiCl4 treatment on the TiO2 film electrode were also
prepared and denoted as TiO2/QD. Except for the TiCl4
treatment process, all the other procedures in the construction
of the studied cell devices are identical, and the detailed
procedures were presented in the Experimental Section. It is
noted that, in the case of TiCl4 treatment on a plain TiO2
electrode, without the subsequent sintering process, the QD
loading is low. This leads to relatively low photocurrent and
poor PCE of the resultant QDSCs (corresponding absorption
spectra and J−V curves are available in Figure S2). The low QD
loading in this case may be ascribed to the formation of a loose
am-TiO2 layer around the walls of the mesopore of the film and
hindering the penetration of QD particles into the film
accordingly (the corresponding structure characterization is
discussed below). Therefore, no further discussion is given for
this case.

Photovoltaic Performance. The current density−voltage
(J−V) curves under 1 full sun illumination of the champion
cells in each group are shown in Figure 1a, and the photovoltaic
parameters of the average values (based on five cells) and

Figure 1. (a and b) J−V curves (a) and EQE (b) of CdSeTe based QDSCs corresponding to photoanodes after different TiCl4 treatment processes.
(c) Certified J−V curve of CdSeTe based QDSC with TiCl4 treatment on a sensitized photoanode. Note that the ZnS/SiO2 layer is omitted in the
abbreviation of the samples.

Table 1. Photovoltaic Parameters of Average Values and Standard Deviations for the 5 Devices in Parallel under 1 Full Sun
Irradiation for CdSeTe based QDSCs with Different TiCl4 Treatment Processesa

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

TiO2/QD 20.60 ± 0.17 (20.70) 0.640 ± 0.004 (0.638) 0.624 ± 0.9 (0.635) 8.23 ± 0.10 (8.39)
TiO2/TiCl4/QD 20.65 ± 0.12 (20.73) 0.642 ± 0.004 (0.639) 0.626 ± 1.0 (0.637) 8.29 ± 0.09 (8.44)
TiO2/QD/TiCl4 20.68 ± 0.13 (20.78) 0.702 ± 0.005(0.702) 0.629 ± 1.0 (0.636) 9.13 ± 0.11 (9.28)
TiO2/QD/TiCl4

b 20.69 0.700 0.622 9.01
aThe numbers in parentheses represent the values obtained for the champion cells. bCertified cell.
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champion cells are listed in Table 1. The detailed J−V curves
and photovoltaic parameters for each cell are available in Figure
S3 and Table S2. Interestingly, the short-circuit current (Jsc,
20.68 vs 20.65 and 20.60 mA/cm2) and fill factor (FF, 0.629 vs
0.626 and 0.624) remain nearly constant in all these three
groups of cells. The observed similar Jsc values for all cells that
had undergone different TiCl4 treatment processes are in
agreement with external quantum yield (EQE) measurement
results (Figure 1b), from which similar integrated Jsc values for
each sample are obtained (20.12, 19.86, and 19.67 mA·cm−2 for
TiO2/QD/TiCl4, TiO2/TiCl4/QD, and TiO2/QD cells,
respectively). However, the Voc of TiO2/QD/TiCl4 cells is
significantly improved to 0.702 V from 0.642 and 0.640 V,
corresponding to TiO2/TiCl4/QD and TiO2/QD cells,
respectively. The average PCE (9.13%) of the TiO2/QD/
TiCl4 cells is superior to those of the reference TiO2/TiCl4/
QD (8.29%) and TiO2/QD (PCE of 8.23%) cells due to the
about 10% photovoltage enhancement. The observed similar
photovoltaic performance between TiO2/TiCl4/QD and TiO2/
QD cells is in accordance with previously reported results.40,41

It is noted that the small deviation from the average result of
five samples as shown in Table 1 indicates the high
reproducibility for enhancing the performance of the resulting
QDSCs by this facile TiCl4 treatment process. Histograms of
photovoltaic performance for a batch of 200 cell samples shown
in Figure S4 further highlight the high reproducibility of this
approach.
The champion TiO2/QD/TiCl4 cells exhibit a record PCE of

9.28% (with Jsc = 20.78 mA/cm2; Voc = 0.702 V; FF = 0.636). It
is highlighted that the photovoltaic performance of a
representative TiO2/QD/TiCl4 cell was certified by an
accredited photovoltaic calibration laboratory (the National
Institute of Metrology (NIM) of China) and the certified PCE
was 9.01% (Figure 1c, the detailed information for this
certification is available in the SI). This result represents a
10% enhancement related to the previous certified record
efficiency of 8.2% for QDSCs.19 Furthermore, our result
obtained here pushes the facile QD sensitization technology
with a remarkably larger active area (12.76 mm2) to the same
efficiency level of depleted heterojunction solar cells with
record efficiency of 8.5% at only 1.37 mm2 active area.49,50

Note that our reported photovoltaic improvement via the
am-TiO2 passivation interface engineering coupled with the
ZnS/SiO2 blocking layer on a sensitized photoanode can also
be applied to other QD sensitizers based QDSCs, such as the
most commonly studied CdSe based QDSCs. Experimental
results indicate that a PCE enhancement of about 10% (7.14%
vs 6.50% and 6.43%) can be obtained with the TiCl4 treatment
on the sensitized photoanode with the formation of an am-
TiO2 layer between the QD sensitized photoanode and the
ZnS/SiO2 barrier layer in comparison with the TiCl4 treatment
on the plain electrode, or no TiCl4 treatment. Detailed
photovoltaic parameters for individual cell and average values
in each group of CdSe cells together with the J−V curves for
the champion cells are available in Table S3 and Figure S5.
More interestingly, this 10% enhancement is also ascribed to
the ∼10% photovoltage enhancement. These results indicate
that our developed am-TiO2 passivation interface engineering
with use of TiCl4 treatment on a sensitized photoanode is a
generic approach for improving the photovoltage and photo-
voltaic performance of QDSCs.
Structural Characterization. In order to unveil the

intrinsic mechanism of the QDSC performance improvement

via the TiCl4 treatment on a sensitized photoanode, structural
characterization of the treated electrode was performed with
use of high-resolution transition electronic microscopy
(HRTEM). As shown in Figure 2a, the lattice planes go

straight through the whole TiO2 particle for TEM imaging of
the plain TiO2 film without TiCl4 treatment, while a ∼1.0 nm
amorphous layer around the crystalline TiO2 can be observed
from the plain TiO2 film undergoing a TiCl4 treatment at low
temperature (40 °C) but without a subsequent sintering
treatment (Figure 2b). This observation indicates that am-TiO2
is formed in the TiCl4 treatment process due to the hydrolysis
and condensation of TiCl4. When the TiCl4 treated plain TiO2
film undergoes a subsequent high temperature (500 °C)
sintering process, the formed am-TiO2 layer is crystallized and
merged into the host substrate (Figure 2c). As for the case of
TiCl4 treatment on a sensitized electrode, due to no sintering
process in this case, the TEM images (Figure 2d) also show
clearly a thin am-TiO2 layer around the exposed surface of both
the TiO2 particle and QD. To further identify the amorphous
or crystalline nature of the formed TiO2 layer deriving from
TiCl4 hydrolysis at 40 °C with or without a subsequent high
temperature sintering process, XRD characterization was
carried out on the corresponding products. As displayed in
the XRD patterns in Figure S6, the obtained product via TiCl4
hydrolysis at 40 °C without a subsequent high temperature
sintering process shows no observable diffraction signals,
indicating the amorphous nature of the formed product;
while for product followed by a sintering process, strong
diffraction signals corresponding to crystalline anatase TiO2
appear. This indicates the initially amorphous product is
transferred into crystalline anatase TiO2 during the sintering
process. In order to further confirm the effect of am-TiO2 layer

Figure 2. HRTEM images of TiO2 film electrode after different TiCl4
treatment processes: (a) no treatment, (b) plain film with TiCl4
treatment but no sintering, (c) plain film with TiCl4 treatment
followed by sintering process, and (d) QD sensitized film with TiCl4
treatment but no sintering. For clarity, the am-TiO2 layers are
indicated by arrows, and a dashed circle was artificially added around
QD.
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in suppressing recombination and improving performance,
impedance spectroscopy (IS) and photovoltage decay measure-
ments have been carried out.
Impedance Spectroscopy. Impedance Spectroscopy (IS)

was widely used in QDSCs to reveal the intrinsic mechanism of
photovoltaic performance such as charge transport and
recombination, property of counter electrode, and the electro-
lyte diffusion.51 Herein, standard fitting models were used to
analyze the obtained IS data.10,52 The detailed complex plane
impedance plots measured at different forward biases under
dark conditions for all three group of cells are available in
Figure S7. The extracted chemical capacitance Cμ, and
recombination resistance Rrec from the corresponding IS
measurements are shown in Figure 3a,b, respectively. The

similar Cμ values obtained from the cells with different TiCl4
treatment processes (Figure 3a) reveals that TiCl4 treatment
with the formation of am-TiO2 thin layer does not change the
conduction band edge of TiO2. However, the disparity in the
recombination resistance Rrec is remarkable for cells with
different TiCl4 treatment processes (Figure 3b). It is found that
there was no distinct difference in Rrec values between the
TiO2/QD and TiO2/TiCl4/QD cells, whereas the Rrec values of
TiO2/QD/TiCl4 cells were several times higher than those of
the former two cells under the identical forward bias. Since Rrec
is inversely proportional to the recombination rate,51,52 the
greater Rrec value means the reduced charge recombination rate
in TiO2/QD/TiCl4 cells. Furthermore, the dark current results
as shown in Figure 3c also support the conclusion drawn from
the Rrec. We can find that dark currents of TiO2/QD/TiCl4
cells were lower than those of TiO2/QD and TiO2/TiCl4/QD
cells at the same potential. For clarity, direct comparison of
Nyquist plots of TiO2/QD, TiO2/TiCl4/QD, and TiO2/QD/
TiCl4 cells at a forward bias of −0.60 V is provided in Figure
3d, and the extracted parameters are listed in Table S4. It is
found that the Rrec value and the calculated electron lifetime (τn
= Rrec × Cμ) of the TiO2/QD/TiCl4 cell are more than three

times higher than those of TiO2/QD and TiO2/TiCl4/QD
cells. Overall, the IS results show that the am-TiO2 thin layer
coated around the sensitized photoanode plays a dramatic role
in inhibiting electron recombination at the TiO2/QD/electro-
lyte interfaces, enhancing even higher the significant effect
already reported for the ZnS/SiO2 blocking layer.

Open-Circuit Voltage-Decay Measurement. In addition
to IS, the reduced charge recombination kinetics in TiO2/QD/
TiCl4 cells relative to TiO2/TiCl4/QD and TiO2/QD cells was
independently analyzed using an alternative characterization by
open-circuit voltage-decay (OCVD) measurement. Figure 4a

depicts the continued monitoring of Voc, starting from steady
state under illumination followed by the Voc decay after
switching off the illumination.53−56 The voltage decay rate for
the TiO2/QD/TiCl4 cell was remarkably slower than the other
two cells, which are almost at the same level. The voltage decay
rate can provide information about the recombination of the
photogenerated electrons with oxidized species in the electro-
lyte, and the electron lifetime (τn) can be calculated according
to the equation τn = −(kBT/e)(dVoc/dt)

−1, where kB is the
Boltzmann constant, T is the absolute temperature (298 K),
and e is the electronic charge.57 As shown in Figure 4b, the
electron lifetime of all the cells increases with decreasing Voc
due to the reduction of trapped carrier density, and the electron
lifetime of TiO2/QD/TiCl4 cell was 3−4 times longer than the
others for the same voltage condition. Since the densities of
states of both films are similar, as indicated by the chemical
capacitance results, the longer lifetime of the TiO2/QD/TiCl4
cell confirms the suppressed recombination of photogenerated
electrons. This result is in good agreement and confirms the IS
studies pointing to a reduction of recombination when am-
TiO2 is used between the QD sensitized electrode and the
ZnS/SiO2 blocking layer.

Interface Passivation/Buffering Effect for am-TiO2
Layer. The above-mentioned results demonstrate the
importance of the am-TiO2 layer in improving the photovoltaic
performance of QDSCs with the presence of a ZnS/SiO2
barrier layer. Meanwhile, previous theoretical results revealed
that the wide band gap and insulator ZnS/SiO2 coating on a
TiO2 substrate reduced the density of surface states (DOS) by
3 orders of magnitude.19 This fact indicates that the adopted
ZnS/SiO2 barrier layer should be strong enough to block the
photogenerated electron leakage from photoanode to electro-
lyte. The question of what is the exact role that am-TiO2 layer
takes in improving the performance of QDSC comes out
naturally. To elucidate the mechanism of the am-TiO2 layer in
enhancing the performance of QDSCs, a series of controlled
experiments were carried out.

Figure 3. Impedance spectroscopy characterization of the CdSeTe
based TiO2/QD, TiO2/TiCl4/QD, and TiO2/QD/TiCl4 cells: (a)
chemical capacitance Cμ, (b) recombination resistance Rrec, (c) dark
current on applied voltage (Vapp), and (d) Nyquist plots of cells at the
forward bias of −0.60 V.

Figure 4. (a) Open circuit decay curves of CdSeTe based TiO2/QD,
TiO2/TiCl4/QD, and TiO2/QD/TiCl4 cells; (b) calculated electron
lifetime derived from the Voc decay measurements.
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First, the photovoltaic performance of the CdSeTe solar cells
corresponding to the sole am-TiO2 layer (noted as TiO2/QD/
am-TiO2) was measured. Meanwhile, to highlight the effect of
the ZnS/SiO2 double layer, the performances of cells with a
single ZnS or SiO2 layer (TiO2/QD/am-TiO2/ZnS, TiO2/QD/
am-TiO2/SiO2) were also instigated and the results are shown
in Table 2. From these results we can find that, in serving as an
energy barrier layer to reduce recombination and enhance the
performance, the effect of am-TiO2 or the recombination of
am-TiO2 with single ZnS or SiO2 is remarkably weaker than
that of ZnS/SiO2, and of am-TiO2/ZnS/SiO2. To further
confirm the buffer layer effect of the am-TiO2 layer, the am-
TiO2 layer was intentionally placed into different interfaces in
the TiO2/QD/ZnS/SiO2 photoanode system, and the photo-
voltaic performance from the corresponding cell devices was
evaluated and listed in Table 2. When the am-TiO2 layer was
placed between ZnS and SiO2 coating layers (i.e., TiO2/QD/
ZnS/am-TiO2/SiO2) or outside the ZnS/SiO2 layer (i.e., TiO2/
QD/ZnS/SiO2/am-TiO2), the PCE/Jsc of resultant cells
decreased to 7.39%/17.53 mA cm−2 and 6.83%/15.99 mA
cm−2, respectively, while the Voc remained at the same level as
that of the regular TiO2/QD/ZnS/SiO2 based cells. These data
indicate clearly that the am-TiO2 layer can have a favorable
effect on enhancing the photovoltages of the cell devices only
when the am-TiO2 layer is located on the interface between the
QD sensitized photoanode and the ZnS/SiO2 barrier layer.
Otherwise, it will have detrimental effects.
The most significant effect of the ZnS/SiO2 blocking layer

(without am-TiO2) is the reduction of the recombination of
photoinjected electrons into the TiO2 with the accepting
species in the sensitizer/electrolyte.19 This recombination is
especially significant in QDSCs in comparison with DSCs, as
there is a large portion of TiO2 surface uncovered. Concerning
the role of am-TiO2 and based on the data here reported, there
are two important aspects of the TiO2 coating in order to attain
a significant enhancement of the final PCE. First, the layer has
to be amorphous. am-TiO2 is superior to crystalline TiO2 in
acting as the passivation/buffer layer between the QD
sensitized photoanode and the ZnS/SiO2 interface. In our
experiments, with results shown in Table S5, we find that, in
the case of no am-TiO2 layer (i.e., no TiCl4 aqueous solution
treatment on the photoanode), the PCEs of CdSe based
QDSCs can be enhanced from 6.41% to 6.57% when the
sensitized photoanode (i.e., TiO2/QD/ZnS/SiO2) is subjected
to a sintering treatment at 300 °C for 2 min in air atmosphere.
This finding is in accordance with previous reports.47,58,59

While, in the case of the presence of an am-TiO2 layer (i.e.,
TiCl4 treatment on a CdSe QD sensitized photoanode
performed, TiO2/QD/am-TiO2/ZnS/SiO2), the identical
sintering treatment of the photoanode cannot cause an
increase, but a reduction of PCE of the resultant QDSCs

from 7.11 to 6.45%. Undoubtedly, this PCE reduction should
be ascribed to the transfer of initially formed am-TiO2 into
crystalline TiO2 during the high-temperature sintering process.
This finding clearly demonstrates the advantage of am-TiO2 in
comparison with crystalline TiO2 in serving as the passivation/
buffer layer between the QD sensitized photoanode and the
ZnS/SiO2 interface.
Second, the am-TiO2 has to be in contact with the uncovered

mesoporous TiO2 surface. A plausible mechanism for am-TiO2
in the performance improvement should be that the am-TiO2
layer acts as a passivation/buffer layer at the interface between
the QD sensitized photoanode and ZnS/SiO2 barrier layer.
Amorphous layer passivates the crystalline mesoporous TiO2
surface, as recrystallization of this layer just change the size of
the particles but not the basic nature of the surface including
surface states. In addition, am-TiO2 also provides an excellent
buffer for the ZnS/SiO2 blocking layer. Consequently, charge
recombination is reduced, and the performance of cells is
improved. Lattice mismatch between the TiO2 and ZnS (7%)
as well as CdSeTe and SiO2 (14%),

24 is fairly accommodated by
the amorphous buffer. The use of extra passivation/buffer layer
has been extensively performed in developing highly
luminescent core/shell structured QD systems.60

■ CONCLUSIONS

In summary, controlling the surface properties to modify the
complicated interface plays a critical role in designing high
efficiency QDSCs. Herein, we provide an interface engineering
modification method for QDSCs using am-TiO2 via a facile
hydrolysis of TiCl4 on QD sensitized photoanodes before the
ZnS/SiO2 coating. It is demonstrated that the presence of an
am-TiO2 layer at the interface between the surface of a
mesoporous TiO2 substrate and a QD light-absorber and the
ZnS/SiO2 blocking layer is capable of reducing substantially the
device recombination and therefore boosting PCEs beyond 9%.
The PCE enhancement is due to the improvement of Voc while
Jsc and FF remain unchanged after the addition of an am-TiO2
coating. Results reported here imply a significant 10% increase
of the certified record efficiencies for QDSCs. The am-TiO2
layer shows greater advantage in serving as passivation/buffer
layer for suppressing interface recombination and improving
the performance of QDSCs in comparison with crystalline
TiO2. Due to the facility and generality of this treatment in
drastically improving the performance of QDSCs, this
technique could be used in exploiting the potential of
QDSCs and in opening up new opportunities to further
improve the performance of QDSCs up to an efficiency level of
more than 10%: the threshold for commercial application.
Control of recombination and further optimization of electro-
lyte and counter electrode will contribute to further increasing
the reported efficiencies for QDSCs in the near future.

Table 2. Average Photovoltaic Parameters of 5 Cells in Parallel under 1 Full Sun Irradiation for CdSeTe Based QDSCs with
Different Overcoating Layers around a Sensitized Photoanode

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

TiO2/QD/am-TiO2 12.35 0.576 0.644 4.58 ± 0.08
TiO2/QD/am-TiO2/ZnS 20.16 0.636 0.619 7.94 ± 0.10
TiO2/QD/am-TiO2/SiO2 14.17 0.641 0.621 5.65 ± 0.09
TiO2/QD/ZnS/SiO2 20.60 0.640 0.624 8.23 ± 0.10
TiO2/QD/am-TiO2/ZnS/SiO2 20.68 0.702 0.629 9.13 ± 0.11
TiO2/QD/ZnS/am-TiO2/SiO2 17.63 0.647 0.648 7.39 ± 0.12
TiO2/QD/ZnS/SiO2/am-TiO2 15.99 0.646 0.661 6.83 ± 0.09
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