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a  b  s  t  r  a  c  t

Quantum  dot  sensitized  solar  cells  based  on  cascade  structure  of TiO2/ZnO/CdS  electrode  and  polysulfide
electrolyte  were  fabricated.  The  ZnO  layer  was  deposited  on  screen-printed  TiO2 layer  by  ultrasonic
spray  pyrolysis  method.  The  structure,  morphology  and  impedance  of  TiO2/ZnO  film  photoanode  and
the photovoltaic  performance  of  TiO2/ZnO/CdS  cell  were  investigated.  It  is  found  that  the  short  circuit
eywords:
nO film
dS
uantum dot sensitized solar cell
ltrasonic spray pyrolysis

current  density  and  conversion  efficiency  are  significantly  improved  by the  introduction  of  ZnO  layer
into TiO2/CdS  film.  A  power  conversion  efficiency  of  about  1.56%  has  been  obtained  for  TiO2/ZnO/CdS
cell,  which  is about  57% higher  than  that  for  TiO2/CdS  cell  (0.99%).  The  formation  of  an  inherent  energy
barrier  between  TiO2 and  CdS films  and  the  passivation  of  surface  traps  on  the  TiO2 film  caused  by the
introduction  of  ZnO  layer,  which  reduces  the  charge  recombination  and  favors  the  electron  transport,
should  be  mainly  responsible  for  the  performance  enhancement  of TiO2/ZnO/CdS  cell.
. Introduction

Sensitized solar cells (SSCs) have attracted considerable atten-
ion and represent a key class of cell architecture that has emerged
s a promising candidate for the development of next generation
olar cells due to their acceptable power conversion efficiency and
ow production cost [1–16]. SSCs are based on the photosensitiza-
ion of nanocrystalline TiO2 or ZnO semiconductor photoanode by
bsorbed dye or quantum dot (QD) sensitizers. As a key component
f SSCs, the structure, size, characteristics of photoanode have been
tudied to improve SSC efficiency [17–24,8]. Many studies have
lso devoted to explore more sophisticated structures to optimize
he performance of photoanode. For example, TiO2 film is coated
ith wide band gap ZnO layer to form an inherent energy barrier

nd suppress the charge recombination at the interface of the elec-
rode/electrolyte. Wang et al. [25] reported dye SSCs (DSSCs) with

 conversion efficiency of 2.15% based on ZnO-nanowire-covered
iO2 nanoparticle composite film electrodes which were fabricated
y low-temperature hydrothermal growth of ZnO nanowries on
creen-printed TiO2 nanoparticle layer. Roh et al. [26] reported the

se of ZnO recombination barrier layer by successive ionic layer
dsorption and reaction (SILAR) method on TiO2 layer to improve
he efficiency of DSSCs by 36% from 3.31% to 4.51%. Wu et al. [27]
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fabricated ZnO-coated TiO2 electrode by rf magnetron sputtering
to increase the efficiency of DSSCs by 38% from 4.76% to 6.55%. Kao
et al. [28] studied DSSCs based on ZnO-coated TiO2 film fabricated
by sol–gel method and found that the conversion efficiency was
increased to 3.24% as compared with 2.5% for DSSC based on bare
TiO2 film. Kim et al. [29] prepared TiO2/ZnO/Eosin Y films by one-
step cathodic electrodeposition method for photoanode of DSSCs
and found that the efficiency was increased from 2.6% for the cell
without ZnO interlayer to 4.4%. Kim et al. [30] used ZnO-covered
TiO2 obtained by thermal chemical vapor deposition as photoan-
ode of DSSCs and the efficiency was  enhanced by 23% from 3.5%
to 4.3% due to the passivation of surface traps on the TiO2 film by
ZnO coating. Kang et al. [31] fabricated TiO2 nanotubes coated with
an approximately 1 nm ZnO shell by electrochemical method for
solid-state DSSCs and found that the thin ZnO coating enhanced
the conversion efficiency from 0.578% for bare TiO2 electrode to
0.704% by passivating the recombination centers on TiO2 surface
and reducing charge recombination. Wang et al. [32] used ZnO-
covered TiO2 nanoporous electrode for DSSCs and found that the
efficiency was  enhanced by 27.3% due to a positive shift of flat band
potential and an increase in free electron concentration in the con-
duction band with respect to pure TiO2 electrode. Lee et al. [33]
fabricated TiO2 nanotubes coated with a thin ZnO layer by SILAR
method and studied the performance of CdSe QD SSCs (QDSSCs)
based on such electrodes. It was  found that the thin ZnO coating
enhanced the conversion efficiency of the CdSe QDSSCs by 26%

from 0.85% for bare TiO2 electrode to 1.07%. They ascribed the
improvement in the performance of cells to the enhancement of
charge-collection efficiency and the hindrance of charge recombi-
nation by coating a thin ZnO energy barrier layer.

dx.doi.org/10.1016/j.jallcom.2011.05.043
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:lkpan@phy.ecnu.edu.cn
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ig. 1. (a) Schematic diagram of cascade structure of TiO2/ZnO/CdS film; surface mo
ascade  structure by FESEM measurements.

Despite the above progress, further exploration on photoanode
s still necessary to carry out because there is still much scope
o improve for above-mentioned DSSCs or QDSSCs in order to
pply them in practice. It can be noticed that most of the reports
mployed various methods such as rf magnetron sputtering, chem-
cal vapor deposition, sol–gel, electrochemical deposition or SILAR
o deposit ZnO interlayer. But as a widely used, inexpensive, ver-
atile, large-scale production technique, spray pyrolysis method is
eldom studied by now to coat ZnO layer onto TiO2 electrode for
SCs.

In this work, we reported CdS QDSSCs based on TiO2/ZnO
ilayer-structured film photoanode and polysulfide electrolyte. The
nO layer was one-step synthesized and deposited on screen-
rinted TiO2 layer by ultrasonic spray pyrolysis (USP) technology. A

arge improvement in the efficiency up to 1.56% is achieved as com-
ared with 0.99% for the QDSSC based on the bare TiO2 electrode.
he formation of an inherent energy barrier between TiO2 and CdS
lms and the passivation of surface traps on the TiO2 film caused by
he introduction of ZnO layer, which reduces the charge recombina-
ion and favors the electron transport, should be mainly responsible
or the performance enhancement of TiO2/ZnO/CdS cell.

. Experimental

Fluorine-doped tin oxide (FTO) glass (resistivity: 14 �/�, Nippon Sheet Glass,
apan) was  used as the substrate for nanocrystalline TiO2 (P25, Degussa) elec-
rodes. Zinc acetate dihydrate [Zn(CH3COO)2·2H2O], cadmium nitrate [Cd(NO3)2],
odium sulfide [Na2S], methanol [CH3OH], and Ethanol [CH3CH2OH] (analytical
rade purity) were purchased from Shanghai Chemical Reagents Co. Ltd. and were
sed without further purification.

TiO2 film was  prepared by screen printing of TiO2 paste on the FTO glass, fol-
owed by sintering at 500 ◦C for 30 min. The thicknesses of TiO2 layer was  about

 �m.  A precursor solution (0.15 M)  was prepared by mixing Zn(CH3COO)2·2H2O
nd  distilled water. Then, the ZnO layer with the thickness of about 2 �m was
eposited on the TiO2 film from the precursor solution by USP (402AI) at a frequency
f  1.65 MHz. The flow rate of air used as a carrier gas was 2 ml/min. The substrate of
iO2 was kept at 430 ◦C for 1 h and the TiO2/ZnO electrode was  obtained.
CdS deposition on the TiO2/ZnO film was  performed by SILAR technique [34–36].
he film was dipped into an ethanol solution containing 0.5 M Cd(NO3)2 for 30 s,
insed with ethanol, and then dipped for another 30 s into a 0.5 M Na2S methanol
olution and rinsed again with methanol. The two-step dipping procedure was  con-
idered to be 1 cycle. This sequential coating was repeated for 12 cycles [23,24].
logies of (b) TiO2, (c) TiO2/ZnO and (d) TiO2/ZnO/CdS films during the fabrication of

Direct deposition of CdS on screen-printed TiO2 (TiO2/CdS) by SILAR process was
carried out for comparison.

The morphology and structure of TiO2, TiO2/ZnO and CdS QDs incor-
porated TiO2/ZnO (TiO2/ZnO/CdS) electrodes were characterized by using a
M21XVHF2Z (Mac Science Co. Ltd.) X-ray diffractometer with Cu K� radiation
(V  = 35 kV, I = 20 mA), a Hatachi S-4800 field emission scanning electron microscope
(FESEM), a JEOL-2010 high-resolution transmission electron microscope (HRTEM),
respectively. The UV–vis absorption and transmittance spectra of TiO2/CdS and
TiO2/ZnO/CdS films were detected using a UV–vis spectrophotometer (Hitachi U-
3900).

The  CdS QDSSCs were sealed in a sandwich structure with a 25 �m spacer
(Surlyn) by using thin Au-sputtered FTO glass as counter electrode. Water/methanol
(3:7 by volume) solution was used as a co-solvent of the polysulfide electrolyte [37].
The electrolyte solution consists of 0.5 M Na2S, 2 M S and 0.2 M KCl. The active area
of  the cell was 0.25 cm2. Photocurrent–voltage measurement was performed with a
Keithley model 2440 Source Meter and a Newport solar simulator system (equipped
with a 1 kW xenon arc lamp, Oriel) at one sun (AM 1.5 G, 100 mW cm−2), which was
calibrated with a reference Si reference solar cell (P/N 91150V, Oriel). Incident pho-
ton  to current conversion efficiency (IPCE) was measured as a function of wavelength
from 300 to 800 nm using an Oriel 300 W xenon arc lamp and a lock-in amplifier M
70104 (Oriel) under monochromator illumination. The electrochemical impedance
spectroscopy (EIS) measurements were performed using an electrochemical work-
station (AUTOLAB PGSTAT302N) under 100 mW cm−2 illumination in the frequency
range of 0.1 Hz–100 kHz, and the applied bias voltage and ac amplitude were set at
open-circuit voltage of the cells and 10 mV between the counter electrode and the
working electrode, respectively.

3. Results and discussion

Fig. 1a depicts the schematic diagram of cascade structure
of TiO2/ZnO/CdS film in our experiment. The bilayer-structured
TiO2/ZnO film is formed on the FTO substrate and employed as
the photoanode. The cascade structure of TiO2/ZnO/CdS film is
obtained when CdS QDs cover the ZnO layer by SILAR process
with 12 cycles. Fig. 1b–d shows FESEM images (top views) of TiO2,
TiO2/ZnO and TiO2/ZnO/CdS films during the fabrication of cascade
structure, respectively. The TiO2 under layer film is constructed by
the random agglomeration of tiny sized TiO2 nanocrystalline par-
ticles. The deposition of micrometer-sized aggregates consisting

of nanosized crystalline ZnO film forms more porous structures in
TiO2/ZnO bilayer, which favors the easy penetration of electrolyte,
CdS adsorption and light scattering. When CdS is deposited onto
TiO2/ZnO film, an apparent difference in the surface morphology is
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n HRTEM images of TiO2/ZnO/CdS film. Inset is SAED pattern.
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[41]. The small red-shift in the band gap of CdS in TiO2/ZnO/CdS cell
as compared with the one in TiO2/CdS cell is possibly due to small
size increase of deposited CdS QDs when ZnO layer is introduced
Fig. 2. (a) Low-magnification and (b) high-magnificatio

bserved. This result indicates that a great amount of CdS QDs is
ssembled on the surface of TiO2/ZnO film.

Fig. 2a shows a low-magnification HRTEM image of
iO2/ZnO/CdS film. The larger size of the nanoparticles (about
0 nm)  as compared with pure P25 TiO2 particles (about 25 nm)

ndicating the surface of TiO2 is coated with ZnO and CdS by USP
nd SILAR processes. The corresponding selected area electron
iffraction (SAED) pattern in an upper right inset in Fig. 2a indi-
ates that the TiO2/ZnO/CdS film is a polycrystalline structure.
ig. 2b shows a high-magnification HRTEM image of the interface
egion in TiO2/ZnO/CdS film. The larger crystallite is identified
o be TiO2 nanoparticle. The lattice spacing measured for this
rystalline plane is 0.352 nm,  corresponding to the (1 0 1) plane
f anatase TiO2. Around the TiO2 crystallite, fine crystallites with
arious orientations and lattice spacing are observed. By carefully
easuring and comparing the lattice parameters with the data in

CPD, the crystallites connecting to the TiO2 have lattice fringes
f 0.281 nm which is ascribed to (1 0 0) plane of ZnO. CdS with
attice spacing of 0.335 nm and 0.205 nm corresponding to (1 1 1)
nd (2 2 0) planes locates next to ZnO layer. Therefore, the cascade
tructure of TiO2/ZnO/CdS film is confirmed by the HRTEM image.

Fig. 3 shows the X-ray diffraction (XRD) patterns of TiO2,
iO2/ZnO and TiO2/ZnO/CdS films. The several peaks in curve for
iO2 film correspond to (1 0 1), (1 03), (2 0 0), (1 0 5), (2 1 1) and
1 1 6) planes of nanocrystalline TiO2 (JCPDS 21-1272). After ZnO
s deposited on TiO2 film, new peaks corresponding to (1 0 0),
0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3) and (1 1 2) planes of wurtzite
exagonal-shaped ZnO (JCPDS 36-1451) appear. The TiO2/ZnO/CdS
lm exhibits a new weak peak corresponding to (1 1 1) plane of CdS
38], indicating the presence of CdS (JCPDS 80-0019).

The UV–vis absorption spectra of TiO2/CdS and TiO2/ZnO/CdS
lms are displayed in Fig. 4. The much higher absorbance of

iO2/ZnO/CdS film at long wavelength range should be ascribed to
nhanced light scattering due to the rougher surface after insertion
f ZnO interlayer. Such an enhanced light scattering will be bene-

Fig. 3. XRD patterns of TiO2, TiO2/ZnO and TiO2/ZnO/CdS films.
Fig. 4. UV–vis absorption spectra of TiO2/CdS and TiO2/ZnO/CdS films, and the inset
is  UV–vis transmission spectra of TiO2/CdS and TiO2/ZnO/CdS films.

ficial to efficiency improvement [39] and can be confirmed by the
transmission spectra of the TiO2/CdS and TiO2/ZnO/CdS films in the
inset of Fig. 4 because the long wavelength loss of transmission is
mainly due to light scattering. The absorption edges, derived from
the intersection of the sharply decreasing region of a spectrum [40],
are ca. 520 nm for TiO2/CdS and 540 nm for TiO2/ZnO/CdS films,
respectively. The band gaps of CdS obtained from the absorption
edge are about 2.38 eV and 2.30 eV for TiO2/CdS and TiO2/ZnO/CdS
films, respectively, which are larger than that of bulk CdS (2.25 eV)
on the surface of the TiO2 film.

Fig. 5. I–V curves of TiO2/CdS and TiO2/ZnO/CdS cells. The inset is IPCE curves of
TiO2/CdS and TiO2/ZnO/CdS cells.
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Table 1
Photovoltaic parameters of TiO2/CdS and TiO2/ZnO/CdS cells.

Electrode �/% FF Voc/V Isc/mA  cm−2
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TiO2/CdS 0.99 0.36 0.49 5.52
TiO2/ZnO/CdS 1.56 0.35 0.58 7.66

Fig. 5shows the I–V curves of TiO2/CdS and TiO2/ZnO/CdS cells.
he open circuit potential (Voc), short circuit current (Isc), fill factor
FF) and conversion efficiency (�) of TiO2/CdS and TiO2/ZnO/CdS
ells are listed in Table 1. It can be observed that the Isc, Voc and �
ave remarkably enhanced from 5.52 mA  cm−2, 0.49 V and 0.99% for
iO2/CdS cell to 7.66 mA  cm−2, 0.58 V and 1.56% for TiO2/ZnO/CdS
ell. The improvement of Isc and Voc are caused by the formation
f an inherent barrier layer at the TiO2/CdS interface [28–31] and
he passivation of the surface traps on the TiO2 film by ZnO coating
30–32],  which reduces the charge recombination and favors the
lectron transport.

If we assume that the conduction band of ZnO lies slightly above
hat of TiO2, another possible mechanism responsible for the per-
ormance enhancement is the stepwise structure of band-edge
evels constructed in the TiO2/ZnO/CdS electrode. Similar struc-
ures of TiO2/CdS/CdSe and TiO2/ZnO/CdSe have been described
y Refs. [6,33].  According to the data reported on the conduction
nd valence bands of TiO2 (−4.2 eV and −7.4 eV), ZnO (−4.0 eV and
6.8 eV) [26] and CdS (−3.98 eV and −6.23 eV) [6,41], both the con-
uction and valence band edges of the three materials follow the
rder: TiO2 < ZnO < CdS. Such a stepwise band-edge structure built
n the TiO2/ZnO/CdS electrode is also advantageous to the electron
njection and hole recovery of the system [26,29,33].

From IPCE curves of TiO2/CdS and TiO2/ZnO/CdS cells in the
nset of Fig. 5, TiO2/ZnO/CdS cell achieve an IPCE value of maxi-

um  43% at 475 nm while the one for TiO2/CdS cell is only about
5% at 450 nm.  The red-shift in the IPCE spectrum of TiO2/ZnO/CdS
ell as compared with the one of TiO2/CdS cell should be due to the
trong light scattering [42] and lower band gap of CdS after ZnO
oating. The result indicates that ZnO coating really facilitate the
xcited electron transport from CdS to TiO2 film [28,32].

The impedance spectra of TiO2/CdS and TiO2/ZnO/CdS cells are
llustrated in Fig. 6. Two  semicircles, including a small one at high
requency and a large one at low frequency, are observed in the
yquist plots of EIS spectra and their corresponding equivalent
ircuit is shown in the inset of Fig. 6 [43,44]. Rs is the ohmic
eries resistance of FTO layer, Au layer and electrolyte. The small

emicircle at high frequency is associated with the heterogeneous
lectron transfer at counter electrode/electrolyte interface and con-
ists of charge transfer resistance (Rct) and double layer capacitance

ig. 6. EIS of TiO2/CdS and TiO2/ZnO/CdS cells. Inset is corresponding equivalent
ircuit.
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(CPE1). The larger arc appearing at low frequency is due to the
contribution from electron transport resistance (Rw) and interfacial
capacitance (CPE2) at metal oxide semiconductor/CdS/electrolyte
interface. The fitted Rw of the cell with TiO2/ZnO/CdS electrode
is about 32 �,  much lower than that of the cell with TiO2/CdS
electrode (about 50 �),  reflecting acceleration of electron trans-
fer process in film photoanode. This result further confirms that
the introduction of ZnO layer into TiO2/CdS film favors the electron
transfer from CdS to TiO2.

4. Conclusion

The cascade structure of TiO2/ZnO/CdS film was  fabricated by
combining screen printing, USP and SILAR processes to improve the
photovoltaic performance of QDSSCs. The structure, morphology
and impedance of TiO2/ZnO electrode and the photovoltaic perfor-
mance of TiO2/ZnO/CdS cell were investigated. The results show
that the � of TiO2/ZnO/CdS cell reaches up to 1.56% under one sun
illumination, which is 57% higher than that of TiO2/CdS cell. Such
an enhancement in photovoltaic performance should be mainly
the ascribed to the formation of an inherent barrier layer at the
TiO2/CdS interface and the passivation of the surface traps on the
TiO2 film by ZnO coating, which reduces the charge recombination
and favors the electron transport.
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