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Sensitized-type solar cells based on ZnO photoanode and CdS quantum dots (QDs) as sensitizers have
been fabricated. Both ZnO films and CdS QDs are prepared using ultrasonic spray pyrolysis (USP) depo-
sition technique. This method allows a facile and rapid deposition and integration between CdS QDs and
ZnO films without the need for post thermal treatment. The photovoltaic performances of the cells are
investigated. The results show that the performance of the cell based on all USP deposited CdS sensi-
tized ZnO photoanode achieves maximally a short circuit current density of 6.99 mA cm~2 and a power
conversion efficiency of 1.54%.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Quantum dot-sensitized solar cells (QDSSCs) are considered as
a promising candidate for the development of next generation
solar cells because they can be fabricated by simple and low-cost
techniques [1-15]. QDSSCs are based on the photosensitization
of semiconductor photoanode, typically TiO, or ZnO, by absorbed
quantum dot (QD) sensitizers, typically CdS or CdSe. The perfor-
mance of QDs and photoanode films and the interconnectivity
between them are thus the key for device performance. In general,
the semiconductor films are fabricated on the conductive glass via
different techniques such as screen printing [16] and doctor-blade
[17]. While the QDs are attached onto the semiconductor films
using three common methods such as self-assembled monolayer
(SAM) [18,19], chemical bath deposition (CBD) [20-23] and elec-
trochemical deposition [24,25]. However, after the deposition of
QDs and semiconductor films, additional thermal treatment is nec-
essary for current techniques to remove organic capping ligands
that could hinder the charge injection from QDs to semiconductor
films or to form better crystallinity of QDs and semiconductor films
to facilitate the electron transport [26,27].

As a widely used, inexpensive, versatile, large-scale production
technique, spray pyrolysis method has been used successfully to
fabricate nano-structured CdS/CdSe thin films [28] or TiO,/ZnO
films [29-32]. Okuya et al. [33] synthesized porous TiO thin films
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on fluorine-doped tin oxide (FTO) glass by spray pyrolysis deposi-
tion technique and investigated their application in dye-sensitized
solar cells. Tachibana et al. [34] introduced a dense TiO, layer
between conductive glass and TiO, film via using ultrasonic spray
pyrolysis deposition (USP) technique to modify the connection of
them. Shin et al. [35] reported that TiO, nanotube arrays dec-
orated by CdS or CdSe using spray pyrolysis deposition method
showed highly photoresponsive characteristics for the production
of hydrogen. By employing spray pyrolysis technique, good contact
between semiconductor films and conductive glass [34] or between
semiconductor films and QDs [26,27] can be realized because this
method allows a facile and rapid deposition of QDs and semicon-
ductor films at high temperature which improves their crystallinity.
Unfortunately, the integration between QDs and semiconductor
films is still not so satisfied because not both employ same spray
pyrolysis technique in the above studies.

In this work, we report sensitized-type solar cells based on ZnO
photoanode and CdS QDs as sensitizers, in which both ZnO films
and CdS QDs are prepared using USP technique. The USP technique
can offer an easy control over all experimental parameters with-
out the need for post thermal treatment. The as-synthesized cell
shows a maximum short-circuit current density of 6.99 mA cm~—2
and conversion efficiency of 1.54% under one sun illumination.

2. Experimental
2.1. Materials

FTO glass (resistivity: 14 2/0 Nippon Sheet Glass, Japan) was used as the sub-
strate for ZnO electrodes. Zinc acetate dihydrate [Zn(CH3CO0),-2H,0], Cadmium
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chloride [Cd(Cl); ], thiourea [CH4N,S] (analytical grade purity) were purchased from
Sinopharm Chemical Reagents Co. Ltd. and were used without further purification.

2.2. Preparation of CdS QD sensitized ZnO photoanode

The CdS QD sensitized ZnO photoanode was fabricated by USP technique (Fig. 1).
A precursor solution (0.15 M) was prepared by mixing Zn(CH3C00),-2H,0 and dis-
tilled water. Then, ZnO layer was deposited on the FTO glass from the precursor
solution by USP. The substrate of FTO glass was kept at 430 °C for 2 h. Subsequently,
CdS sensitizer was deposited on the ZnO film at 430°C by USP using a precursor
aqueous solution of 0.1 M Cd(Cl); and 0.1 M CH4N,S. Whole process of USP was
carried out at a frequency of 1.65 MHz. In this work, the CdS sensitized ZnO pho-
toelectrodes with different deposition time of 0, 5, 10 and 15 min are named as
electrodes 1, 2, 3 and 4, respectively.

2.3. Characterization

The morphology and structure of electrodes were characterized by using a
Hitachi S-4800 field emission scanning electron microscope (FESEM). The UV-vis
absorption spectra of electrodes were detected using a UV-vis spectrophotometer
(Hitachi U-3900).
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Fig. 1. Schematic diagram of ultrasonic spray pyrolysis deposition process.
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Fig. 2. Surface morphologies of (a) electrode 1 (b) electrode 2, (c) electrode 3 and (d) electrode 4 measured by FESEM; (e) EDS spectrum of the electrode 3; and (f) the cross

section view of electrode 3 measured by FESEM.
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Fig. 3. UV-vis absorption spectra of electrodes 1, 2, 3 and 4.

2.4. Performance measurement of QDSSCs

The CdS QDSSCs were fabricated in a sandwich structure with a 25 um 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 [36].
The electrolyte solution consists of 0.5M Na,S, 2M S, and 0.2 M KCl. It should be
noticed that methanol oxidation can happen at the electrode and act to provide
a sacrificial donor to the system by scavenging photogenerated holes. However,
because of the existence of S2-/S,2~ redox couples to scavenge and transfer most
of holes, the contribution of conversion efficiency from methanol oxidation will be
insignificant. The active area of the cell was 0.25 cm?. Photocurrent-voltage mea-
surement 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, 100mW cm~2). Incident photon to current conversion efficiency (IPCE)
was measured as a function of wavelength from 300 to 800 nm using an Oriel 300W
xenon arc lamp and a lock-in amplifier M 70104 (Oriel) under monochromator illu-
mination. The electrochemical impedance spectroscopy (EIS) measurements [37,38]
were carried out in dark conditions at forward bias: 0-0.8 V, applying a 10mV AC
sinusoidal signal over the constant applied bias with the frequency ranging between
100kHz and 0.1 Hz (Autolab, PGSTAT 302N and FRA2 module).

3. Results and discussion

Fig. 2(a)-(d) shows FESEM images of the electrodes 1-4, respec-
tively. It can be seen that the bare ZnO film prepared by USP
presents a hierarchical structure assembled by micrometer-sized
aggregates consisting of nanosized crystallites. These nanocrys-
tallites interconnect and form mesopores inside the aggregates,
providing the films with a high porosity [39]. Compared with bare
ZnO film (electrode 1), the amount of CdS deposited on ZnO film
gradually increases with the increase of deposition time, which
results in the more compact surface. The composition of electrode
3 is identified by energy dispersive X-ray spectroscopy (EDS) mea-
surement (Fig. 2(e)). Quantitative analysis of the EDS spectrum
gives a Cd/S atomic ratio of about 1, indicating that high-grade CdS
particles are formed. Fig. 2(f) displays cross section view of elec-
trode 3 measured by FESEM. The thickness of porous ZnO layer
is about 4 pm. It is found that the deposition amount CdS QDs
decreases along the thickness of the ZnO layer from the EDS anal-
ysis along the cross section. However, CdS QDs are not observed to
arrive at the substrate due to the shadow effect.

Fig. 3 shows the UV-vis absorption spectra of electrodes 1-4.
Compared with the absorption spectra of bare ZnO film, there is
an obvious absorption peak near 500 nm for CdS sensitized ZnO
films (electrodes 2-4), which is ascribed to the contribution from
CdS QDs. The band gap of CdS QDs corresponding to the absorption
edge is about 2.38 eV. The absorbance gradually increases with the
increase of the deposition time, indicating that more CdS QDs have
been deposited onto the ZnO film. This result is consistent to the
SEM observation.
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Fig. 4. (a) I-V curves of CdS QDSSCs with electrodes 1, 2, 3 and 4; (b) IPCE curves of
CdS QDSSCs with electrodes 1, 2, 3 and 4.

The I-V curves of CdS QDSSCs with different electrodes 1-4 are
shown in Fig. 4(a). The open circuit potential (Vyc), short circuit cur-
rent density (Is¢), fill factor (FF) and conversion efficiency (7) of all
cells are listed in Table 1. The Isc and V, of the cell with electrode
1 are 0.42mAcm~2 and 0.10V, respectively, resulting a very low
value of energy conversion efficiency of 0.01%. When deposition
time is prolonged, Isc, Voc and 1 increase obviously and reach maxi-
mum values of 6.99 mA cm~2, 0.66 V and 1.54% at a deposition time
of 10 min, respectively, and then decrease with a further increase
of deposition time. At the beginning of the deposition, the USP pro-
cess is supposed to increase the coverage ratio of CdS on the ZnO
surface by replenishing the uncovered area and CdS layer thickness
increases with the increase of deposition time. Such increment of
CdS loading leads to more excited electrons under the illumination
of light, which is advantageous to the photocurrent. However, as
the thickness of CdS layer further increases, it will be more difficult
to transport an electron from the CdS outer layer into the ZnO film.
In the meantime, the CdS/electrolyte contacting area will decrease
with the increase of deposition time because more pores are prob-
ably blocked by the additional loading of CdS [40]. The IPCE curves

Table 1
Photovoltaic parameters of CdS QDSSCs with electrodes 1, 2, 3 and 4.

Electrode n (%) FF Vo (V) Isc (MAcm—2)
1 0.01 0.30 0.10 0.42
2 0.92 0.31 0.59 5.03
3 1.54 0.33 0.66 6.99
4 0.67 0.33 0.59 3.45
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Fig. 5. Recombination resistance (Rec), as a function of applied voltage. Inset is the
magnified image in a voltage range of 0.3-0.8 V.

of CdS QDSSCs with electrodes 1-4, as shown in Fig. 4(b), exhibits a
similar trend as I-V curves. A maximum IPCE value of 44% at 440 nm
is obtained for the cell with electrode 3.

Compared with CdS QDDSSCs fabricated by conventional meth-
ods [21,22,40], a high Isc of 6.99 mAcm~2 has been obtained by
using USP technique for both of ZnO and CdS deposition. The higher
Isc is due to a good direct contact between CdS and ZnO. The elec-
trons originating from the CdS, which come into contact with the
ZnO surface, are rapidly and efficiently transferred from the CdS to
the ZnO, because the formation of the CdS QDs and their attachment
to the ZnO surface occur simultaneously under high temperature
conditions, resulting in good contact between them [35,41].

The charge transfer and recombination behavior in the CdS
QDSSCs with electrodes 1-4 were studied by analyzing the
impedance data. The obtained EIS spectra are characterized by the
presence of two semicircles in a Nyquist plot [15,37]. The high fre-
quency semicircle is related to the charge transfer at the interfaces
of the electrolyte/counter electrode and the low-frequency one is
due to the contribution from the chemical capacitance of nanos-
tructured ZnO (Cy, ) and the recombination resistance between ZnO
and the polysulfide electrolyte (Rrec) [15,37]. Fig. 5 shows the Ryec of
the cells with electrodes 1-4 at various applied potentials obtained
from EIS fitting. It can be observed that Rec decreases with increase
of applied potential. At low potentials, the cell with electrode 3
shows a highest recombination resistance (i.e., lowest recombi-
nation) compared to other cells, which explains the highest I
measured for the cell with electrode 3 [15,37]. The more rapid
decrease of Rrec of the cell with electrode 3 at higher potential range
may be due to the electron recombination through a monoenergetic
surface state induced by the accumulated electrons at the ZnO/CdS
interface [15,37,42].

4. Conclusion

Sensitized-type solar cells based on ZnO photoanode and CdS
QDs as sensitizers, in which both ZnO films and CdS QDs are pre-
pared using USP technique, have been successfully fabricated. A
high short-circuit current density of 6.99 mA cm~2 and conversion
efficiency of 1.54% under one sun illumination have been achieved
due to an efficient electron transport from CdS QDs to conductive
glass via ZnO photoanode by using USP technique.
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