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a b s t r a c t

ZnS NPs layers were deposited on ZnO NRs by two different ways. One is spin coating; the other is

successive ionic layer adsorption and reaction (SILAR) method. The ZnO NRs/ZnS NPs composites were

verified by X-ray diffraction, X-ray photoelectron spectroscopy, and UV–visible spectrophotometer;

their morphologies and thicknesses were examined by scanning electron microscopic and transmission

electron microscopic images. The CdS quantum dot sensitized solar cells (QDSSCs) were constructed

using ZnO NRs/ZnS NPs composites as photoanode and their photovoltaic characteristic was studied by

J–V curves. The results indicated that the way of SILAR is more beneficial for retarding the back transfer

of electrons to CdS and electrolyte than spin coating method. The open-circuit voltage increased to

0.59 V by introducing a ZnS layer through SILAR method. When ZnS NPs layer was deposited for 10

times on ZnO NRs, the conversion efficiency of QDSSC shows �3.3 folds increments of as-synthesized

ZnO solar cell.

& 2013 Elsevier Inc. All rights reserved.
1. Introduction

Over the past few decades, there has been a variety of methods
used to assemble solar cells [1–5]. In particular, dye-sensitized
solar cells (DSSCs) have attracted much attention. The power
conversion efficiency (Z) of TiO2-based DSSCs has reached as high
as 12% under simulated air mass 1.5 global sunlight [6]. Although
DSSCs have achieved very high Z, they still suffer from the surface
aggregation effect. This effect results in the low molar extinction
coefficient. Many efforts have been made to introduce stronger
light absorber and widen the spectral response of the photosen-
sitizers [7]. Recently, the use of quantum dots (QDs) as light
harvesters has stimulated a lot of interest because of their higher
extinction coefficient compared with conventional dyes for effi-
cient light energy conversion [8–11].

Quantum dots sensitized solar cells (QDSSCs) have several
advantages over DSSCs such as higher extinction coefficients,
tunable band gap, large intrinsic dipole moment, and the possi-
bility of multiple exciton generation [7,12–14]. Up to now, CdS,
CdSe, InP and PbS QDs have drawn significant attention for their
ll rights reserved.
wide band gap. Among all of these QDs, CdS has great potential
applications in solar cells due to its particular band gap (2.4 eV),
which covers the solar spectrum in the visible region. Besides, the
conduction band of CdS was at �3.9 eV which is higher than the
conduction band of semiconductor used for solar cells such as
ZnO and TiO2. So, the suitable conduction band of CdS QD is
beneficial for electronic transfer from CdS QDs to ZnO or TiO2.
According to above advantages, CdS can be used as effective light
harvesting material [15].

Among II–VI semiconductor materials, low-dimensional ZnO
nanostructures have great potential applications in photoelectro-
nic devices due to their large exciton binding energy (60 meV). As
one of the most important metal oxides, ZnO nanowires are
widely used as photoanode materials due to their obvious
advantages of longer carrier lifetime, higher electronic mobility,
easier to synthesize than other metal oxide [16]. The CdS
sensitized ZnO nanorod arrays films were prepared and used as
a photoanode in solar cell application [12]. However, the obtained
photocurrent of QDSSCs is rather low due to the recombination of
the electrons with either the CdS or the redox electrolyte. So, it is
necessary to utilize a nanomaterial as compact layer to retard the
back transfer of electrons to CdS and electrolyte.

Therefore, in this work, we will synthesize ZnS nanoparticles
(NPs) layer using two different methods and try to use them as
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compact layer to enhance the open-circuit voltage and conversion
efficiency of CdS QD sensitized solar cells. The effects of different
ZnS NPs layers on the performance of ZnO/ZnS photoanode will be
discussed in detail.
Fig. 1. XRD pattern of (a) sample SC, (b) and S-10.
2. Experimental methods

In our experiment, all chemicals (analytical grade reagents)
were directly used without further purification. ZnO nanorods
(NRs) were grown on indium tin oxides (ITO) substrates by a two
step CBD method, details of synthesizing ZnO NRs can be found
elsewhere in our previous work [17]. Briefly, ITO substrates were
pretreated by coating the substrate with a 5 mM solution of zinc
acetate dehydrate (Zn(C2H3O2)2 �2H2O) dissolved in pure ethanol.
In the CBD growth, the aqueous solutions of 0.1 M zincnitrate
hexahydrate (Zn(NO3)2 �6H2O) and 0.1 M methenamine (C6H12

N4) were first prepared and mixed together. The pretreated ITO
substrates were immersed into the aqueous solution at 93 1C for
6 h to get ZnO NRs. For the preparison of ZnS NPs layer, we use
two different growth processes in our experiment to compare
their effect on the performance of QDSSCs. One way is that the
ZnS NPs layer was synthesized by spin coating method; the
sample is labeled by SC. First, a typical procedure of producing
ZnS NPs are similar to the report of Wang et al. [18]. Appropriate
amounts of zinc acetate were dissolved in 80 ml ethanol, and the
mixture was dispersed to form a homogeneous solution by
stirring the solution for 1 h. Then, thiourea was added to the
above solution at room temperature. After 2 h stirring, the mixed
solution was transferred into a Teflon-lined stainless autoclave
(100 ml). The autoclave was sealed and maintained at 180 1C for
12 h, and then cooled to ambient temperature naturally. ZnS NPs
were dispersed in ethanol solution and stirred on a hotplate at
50 1C for 2 h. Then ZnS NPs were spin coated onto ZnO NRs as
compact layer. The substrates with ZnO NRs/ZnS NPs composite
structures were annealed at 150 1C for 30 min. For the second
way, the ZnS NPs layer was deposited by SILAR method. ZnO NRs
were immersed in a 0.1 M Zn(NO3)2 solution for five minutes.
They were then rinsed with distilled water and immersed in a
0.1 M Na2S solution for another five minutes followed by another
rinsing with distilled water. Samples S-5 and S-10 and S-15 were
synthesized via this method and the process were repeated for 5,
10 and 15 times, respectively. The CdS quantum dots were also
deposited by SILAR method. The corresponding solutions were
0.1 M Cd(NO3)2 and 0.1 M Na2S. This SILAR process was repeated
for 7 times. ZnO/ZnS grown on ITO glass substrates were sand-
wiched and bonded with a platinum-coated indium tin oxide
(ITO) (20 nm thick) counter electrodes to assemble QDSSCs. The
photoanode and the counter electrode were separated by a 60 mm
thick polypropylene spacer; a mixture of 0.5 M LiI and 0.05 M I2

aqueous solution was used as electrolyte.
X-ray diffraction (XRD) patterns were recorded by a MAC

Science MXP-18 X-ray diffractometer using a Cu target radiation
source. X-ray photoelectron spectra (XPS) were recorded on a VG
ESCALAB Mark II XPS using MgKa radiation (hv¼1253.6 eV) with a
resolution of 1.0 eV. Scanning electron microscopy (SEM) pictures
were collected on a Hitachi, S-570 SEM. Transmission electron
micrographs (TEM) and high-resolution transmission electron
microscopy (HRTEM) images were taken on JEM-2100 transmission
electron microscope. The photocurrent dependence on the voltage
(J–V) were measured under AM 1.5 G simulated sunlight illumina-
tion (100 mW/cm2, Model 91160, Oriel). The room temperature
photoluminescence (PL) measurements were carried out on the
Renishaw inVia micro-PL spectrometer. A continuous 325 nm light
of a He–Cd laser was used as the excitation source. UV–vis
absorption spectra were measured on an UV-5800PC spectrometer.
3. Results and discussion

The crystal structure and growth orientation of ZnO NRs were
characterized by XRD technique. Fig. 1a and b presents the XRD
patterns of as-synthesized samples SC and S-10. From the patterns,
we can observe the diffraction peaks of ZnO with wurtzite structure
(JCPDS card, No. 80-0074), which can be assigned to the (1 0 0),
(0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (1 1 2), (2 0 1) and (0 0 4)
planes. Besides the ZnO intrinsic peak, the other two peaks at 301
and 351 are originated from ITO substrate. We can also notice that
the intensity of the (0 0 2) diffraction peak located at 34.651 is the
strongest in comparison with the other diffraction peaks, which
illustrates the highly preferential orientation of ZnO nanorod arrays
along c-axis [19]. In addition, no additional peaks related to ZnS
were observed in XRD patterns, which is consistent with the report
of Wang et al. [20]. Considering that the thickness of two types
of ZnS layer are not negligible compared with ZnO NRs thickness,
no ZnS peaks may be due to the stronger intensity of the ZnO
diffraction peaks.

In order to prove the existence of ZnS NPs layer on ZnO NRs,
we performed the XPS measurement on the sample S-10. Fig. 2
shows the XPS survey spectra from S-10 samples, in which all of
the peaks can only be ascribed to Zn, O, and S elements [21]. We
would like to mention that, for all XPS spectrum in Fig. 2, the
binding energies have been calibrated by taking the carbon C1s

peak (285.0 eV) as reference. The high resolution scans of S2p,
O1s, and Zn2p peaks are shown in Fig. 2b–d. In the S2p XPS
spectrum of Fig. 2(b), the peak located at 161.2 eV is correspond-
ing to the S in ZnS nanoparticles [22]. For the O1s XPS spectrum as
shown in Fig. 2(c), the peak centered at 531.3 eV is associated to
the O2� ion in the wurtzite structure surrounded by Zn atoms
with their full complement of nearest-neighbor O2� ions [23–25].
As shown in Fig. 2(d), the two peak structure in Zn2p arises from
the spin–orbit interaction with the Zn2p3/2 peak position at
1022 eV and the Zn 2p1/2 at 1045 eV, which closely matches
with the doublet binding energies and FWHM (1.8 eV) for the
bulk ZnO [26]. Since XPS technique mainly detects the surface
layer of the samples, the XPS signals from Zn2p at 1022 eV and
the S2p at 161.2 eV apparently indicate that a ZnS compact layer
maybe successfully synthesized on the ZnO NRs using the SILAR
method.

To further prove the formation of ZnO NRs/ZnS nanoparticals
(ZnO NRs/ZnS NPs) core/shell structures, we perform the SEM and



Fig. 2. XPS analysis of sample S-10 (a) survey spectrum of the sample S-10 and (b) to (d) narrow range scans for the S, O, and Zn, respectively.
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TEM measurements to characterize the pure ZnO, SC, S-10 and S-
15 samples. Fig. 3a shows the SEM (tilted view) image of as-
grown ZnO NRs. We can see that the large-scale, vertically-
aligned ZnO NRs with high density are uniformly grown over
the entire surface of ITO substrate. Fig. 3b displays the SEM image
of SC sample, from which we can see that ZnS nanoparticles are
partly penetrated and dispersed between the ZnO NRs. But the
large fraction is remained and coated on the surface of ZnO
nanorod arrays. Fig. 3c and d displays the high-magnification
SEM images of sample S-10 and S-15. Clearly, the nanostructures
are aligned on the ITO substrate with a diameter of about 120 nm.
But the surfaces of ZnO NRs are no longer smooth, we would like
to deduce that ZnO NRs are wrapped with a thin layer of ZnS NPs,
indicating the formation of ZnO NRs/ZnS NPs core/shell struc-
tures. In order to further prove the formation of ZnS layer, TEM
and high resolution (HRTEM) images of ZnO NRs and ZnO NRs/ZnS
NPs were taken as shown in Fig. 3e–h. Fig. 3e and f shows the TEM
images of ZnO NRs before and after ZnS deposition. The TEM
micrographs clearly show that a layer of NPs covers the entire
ZnO NRs after depositing ZnS, which make the surface of NRs
became much rougher. Fig. 3g and h shows the HRTEM images of
ZnO NRs and ZnO NRs/ZnS NPs structure. Fig. 3g reveals a lattice
fringe of 0.26 nm, corresponding to the wurtzite ZnO nanostruc-
ture. In Fig. 3h, two different well-resolved lattice fringe spacing
can be distinguished. The well-resolved lattice fringe spacing of
ZnO nanorod and ZnS nanoparticle can be well distinguished to be
0.26 and 0.31 nm, respectively, which is corresponding to ZnO
and ZnS with wurtzite structure, indicating a thin layer of ZnS NPs
has uniformly attached on the surface of the ZnO NRs, and the
contact between them is intimate. ZnS NPs have been marked by
red circles with average diameter of �5 nm. According to the
above experiment results, we can conclude that ZnS NPs have
been successfully deposited on the whole surface of the ZnO NRs.
Hence, entire length of ZnO NRs forms a ZnO/ZnS cores–shell
structure in our experiment process. Comparing images in Fig. 3c
and d, we can find that the ZnO NRs/ZnS NPs core/shell structures
became coarser with the increased number of SILAR times. That is
to say, ZnS layer grows thicker with the increase of SILAR times,
which will be further demonstrated by TEM images.
Fig. 4 shows TEM images of samples S-5, S-10 and S-15 coated
with CdS QDs. The obvious changes of the ZnO NRs morphology
after the SILAR method can be observed. It can be noticed that
with the increased number of reaction times, the thickness of the
ZnS layer was also increased. The thickness of the ZnS layers can
be estimated to be 5.1, 7.5, 12.5 nm for S-5, S-10, and S-15
sample, respectively.

In order to prove the existence of ZnS and CdS on ZnO/ZnS
photoanode, we perform the EDS measurement on the sample S-
10 deposited with CdS QD. As shown in Fig. 5, it exhibits the
presence of the Zn, O, S, and Cd elements, which further confirms
that the nanostructure is composed of ZnO, ZnS, and CdS QDs.

The J–V curves and detailed photovoltaic performance of cells
are characterized under simulated AM 1.5 G solar illumination of
100 mW/cm2. The results have been shown in Fig. 6 and Table 1.
For the bare ZnO nanorod QDSSCs, the short-circuit current (Jsc),
open circuit voltage (Voc), fill factor (FF) and Z value is 1.23 mA/
cm�2, 0.52 V, 0.30 and 0.19%, respectively. The solar cell with
sample SC as photoanode yields a Z of 0.25% and open-circuit
voltage (Voc) of 0.55 V. From the result, we can see that the Voc of
solar cell was increased after coating ZnS layer but without a large
extent. After spin coating ZnS nanoparticles, the surface of the
ZnO NRs become rougher due to the existence of ZnS nanoparti-
cles. Although the rougher surface of the photoanode can absorb
more QDs, it can also increase series resistance and decrease
current density. In addition, it can be noticed that a part of ZnS
nanoparticles aggregated on ZnO nanorod arrays, which will block
the electron transfer from CdS to ZnO nanostructure. As shown in
Fig. 6 and Table 1, the Voc increased to 0.59 V after the formation
of a ZnS NPs layer on ZnO NRs by SILAR method. The maximum
Voc of photovoltaic cells is considered to be related to the offset
between the valence band (VB) of the electron donor and the
conduction band (CB) of the electron acceptor [27]. So, the
enhancement of Voc can be attributed to the larger energy offset
between VB of CdS and CB of ZnS than that between the VB of CdS
and the CB of ZnO. The increased JSC may result from the increased
UV absorption of the photoanode semiconductor and small series
resistance (RS), which results in the enhancing cell performance.
The above results also suggested that the ZnS NPs layer effectively



Fig. 3. SEM image of (a) ZnO NRs (b)sample SC and high resolution image of (c) sample S-5 (d) sample S-10. TEM image of ZnO NRs (e) and ZnO NRs/ZnS NPs (f) and high

resolution (HRTEM) images of ZnO NRs (g) and ZnO NRs/ZnS NPs (h).
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passivated the defect sites on ZnO NRs so as to inhibit the
recombination of electrons at the anode/QDs/electrolyte inter-
faces [28]. Moreover, we can find that the Z value of QDSSC made
of S-10 sample reaches a maximum of 0.62%, corresponding to
�3.3 folds increments of as-synthesized ZnO solar cell. However,
the solar cells using S-5 sample did not achieve good performance.
We infer that the ZnS layer is rather thin in sample S-5 that ZnO NRs
cannot be wrapped uniformly. Thus, the ZnS layer is not efficient on
retarding the back transfer of electrons and inhibiting the recombi-
nation of electrons at the anode/QDs/electrolyte interfaces. Plus, the



Fig. 4. HR-TEM images of ZnO/ZnS/CdS composite: (a) sample S-5 coated with CdS, (b) sample S-10 coated with CdS, (c) sample S-15 coated with CdS.

Fig. 5. The EDS pattern of the sample S-10.

Fig. 6. I–V characteristic of different photoanode.

Table 1
Photovoltaic parameters of QDSSCs based on different photoanode.

Photoelectrodes Jsc (mA/cm2) Voc (V) FF g (%) RS (kX/cm2)

ZnO 1.23 0.52 0.29 0.19 5.09

SC 1.28 0.55 0.35 0.25 0.24

S-5 2.33 0.59 0.27 0.37 0.08

S-10 3.59 0.59 0.37 0.62 0.12

S-15 2.39 0.59 0.29 0.40 0.14

Fig. 7. Room temperature PL spectra of different photoanode.
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CdS QDs cannot be formed uniformly on the ZnO/ZnS composite
nanostructure, which can affect the photoabsorption of the whole
device.
The normalized room-temperature PL spectra of the ZnO, S-5,
S-10, S-15 and S-10/CdS samples are shown in Fig. 7. All the
samples exhibited efficient UV emission and broad green emis-
sion band. The peak at �379 nm can be ascribed to the near band
edge (NBE) emission of ZnO [29–33]. The green emission band
centered at �540 nm is related to ionized oxygen vacancies,
which usually results from the recombination of a photo-
generated hole with the singly ionized charge state of these
defects [34–40]. As shown in Fig. 7, the UV emission does not
show any shift with loading ZnS NPs shell or ZnS/CdS layers,
which is consistent with the results in the previous report [28].
The peak intensity of green emission for ZnO NRs/ZnS NPs core/
shell structure was much less than that of the pure ZnO NRs.
Therefore, it was suggested that the formation of a ZnS NPs layer
on the ZnO NRs can reduce surface defects [41,42]. This is an
advantage of depositing a thin ZnS NPs layer on ZnO NRs [43]. The
second advantage of ZnS compact layer will be demonstrated in
the energy level diagram in the following part. Moreover, Fig. 7
shows that ZnO/ZnS(10)/CdS composite materials exhibit the
lowest visible emission intensity in all the materials, indicating
the effective charge transfer from CdS to ZnO/ZnS photoanode as a
result of the exciton dissociation at the CdS/photoanode interface.

In order to explore the mechanism of the improved perfor-
mance of QDSSCs after depositing a compact layer of ZnS NPs, we
display the energy level diagram and the optical absorbance of
the samples. The energy band structure of ZnO, ZnS, and CdS has
been schematically illustrated in Fig. 8(a), where the conduction
band edge of ZnS is higher than that of ZnO. Thus, the compact
ZnS shell is very efficient on retarding the back transfer of
electrons and minimizing electron–hole recombination, which



Fig. 8. (a) Energy level diagram for the ZnO/ZnS nanocomposite solar cells coated

with CdS QDs; (b) UV–vis absorption spectra of ZnO, sample S-5, S-10, S-15.
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significantly decreases the dark current and is beneficial for the
final conversion efficiency [44]. This is the second advantage of
ZnS layer. The UV–vis absorption spectra of ZnO, S-5, S-10 and S-
15 samples are shown in Fig. 8(b). Two absorption peaks appear
in the spectra, which mainly correspond to the intrinsic absorp-
tion peak of ZnO at 378 nm and intrinsic absorption peak of ZnS at
325 nm. In order to observe the absorption of different thickness
of ZnS layer, the spectra were normalized by the intrinsic
absorption peak of ZnO. From the result, it can be seen that the
photoabsorption of the samples increased with more SILAR times
due to the increased thickness of ZnS layer. This is the third
reason for the improved QDSSCs conversion efficiency. However,
when the ZnS layer reached the max thickness, we did not achieve
the best conversion efficiency due to the poor electrical conduc-
tivity of ZnS compared with ZnO [45–49], since it is very hard for
photoinduced electrons to pass through ZnS layer when the ZnS
layer reaches a certain thickness. Besides, the surface of ZnS layer
will be too rough if the ZnS layer is too thick, which can influence
the absorption of CdS QDs. So we get the best performance when
the thickness of ZnS layer was 7.5 nm.
4. Conclusions

Different ZnS NPs layers were deposited on ZnO NRs and the
effects of ZnS on the properties of QDSSCs were discussed. When
ZnS NPs layer was spin coated on ZnO NRs, the performance of
QDSSC did not change a lot due to the aggregation of ZnS NPs.
However, when ZnS NPs layer was formed by SILAR method, the
QDSSCs show better performance. Photoluminescence spectra of
samples suggested that the surface defects were reduced after
formation of a ZnS NPs layer on ZnO NRs, which is an advantage of
depositing a thin ZnS NPs layer on ZnO NRs. The second advantage
can be seen in the energy level diagram, ZnS shell is very efficient
on retarding the back transfer of electrons and minimizing
electron–hole recombination. The last advantage is the increased
photoabsorption after deposition ZnS NPs layer as displayed in UV–
vis absorption spectra. Due to the above advantages, the JSC and Z
values of QDSSCs enhanced much after the formation of ZnS NPs
layer by SILAR method.
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