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Cosensitized solar cells

In this report, CdS quantum dots (QDs) and N719/QDs cosensitized solar cells with ZnO/ZnS hier-
archical structures as photoanodes are constructed. The ZnO/ZnS hierarchical structures consist of
highly oriented ZnO nanorod arrays coated with ZnS nanoparticles (NPs), this construction is effi-
cient on retarding the back transfer of electrons and inhibiting the recombination of electrons at the
anode/sensitizers/electrolyte interfaces. The influence of deposition time for CdS QDs on photovoltaic per-
formance of the ZnO/ZnS/CdS electrodes is explored and optimized photovoltaic performance is obtained
from the device based on Zn0O/ZnS/CdS(12) electrode, with a Voc of 0.66V, a Jsc of 3.66 mA/cm?, an FF
of 0.48, and a 7 of 1.16%. The cosensitized solar cell exhibits a 37% enhancement in energy conversion
efficiency compared with the device sensitized by CdS QDs only, which is attributed to the higher light
absorbance of the cosensitized solar cells than that of CdS sensitized solar cells.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Although the fossil fuels dominate the energy source market
through the last century, the solar energy is considered as the clean-
est and least limited energy source all along. The solar cell is a
device that can convert the energy of sunlight into electric energy.
Among all types of solar cells, a new generation solar cells using
dyes or quantum dots (QDs) as sensitizer have recently attracted a
lot interest due to their low cost and simple fabrication processes
[1-5]. However, both dyes and QDs still face several problems. For
example, Quintana et al. and Ganesh et al. reported that the acidic
ruthenium dye will degrade under full sun irradiation and lead to
the formation of Zn?*/dye complex, i.e. a relatively nonconduc-
tive/insulating layer, which generally blocks the overall electron
injection efficiency of the dye molecules and results in the infe-
rior device conversion efficiency [6,7]. Of course, QDs also have
their disadvantage. The efficient charge separation and fast charge
transport are their major challenges [8,9].

So far, a lot of effort has been made to overcome the above
disadvantages and improve the performance of both QDs and dye

* Corresponding author at: Institute of Condensed State Physics, Jilin Normal Uni-
versity, Siping 136000, China. Tel.: +86 434 3294566; fax: +86 434 3294566.
E-mail address: jhyang1@jlnu.edu.cn (J. Yang).

0013-4686/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.electacta.2013.07.090

sensitized solar cells [10-12]. Among them, the QDs and dye cosen-
sitizing are a burgeoning approach. On one hand, as Buhbut et al.
reported about dye-sensitized solar cells, the incorporation of inor-
ganic semiconductor QDs into the solid titania electrode resulted
in high energy transfer efficiency and significant improvement
of the cell stability. On the other hand, the light absorption will
be enhanced and absorption spectrum will be broadened by the
addition of QDs acting as “antennas”, which effectively increases
the number of photons harvested by the dye sensitized solar cell
and finally leads to the good performance [13]. Férster resonance
energy transfer (FRET) is identified as electronic energy transfer,
which has recently experienced a lot of research interest [11]. FRET
has been used in solar concentrators [ 14] and to improve quantum
yields in organic light-emitting devices [15,16]. Several ideas for
FRET-based photovoltaic device enhancement have been proposed,
for example Etgar et al. demonstrated that an enhancement of the
cell photovoltaic parameters in CdSe QDs/VG1-C10 dye cosensi-
tized solar cell was mainly ascribed to the FRET [17]. In addition,
CdS QDs can hinder the contact of ZnS and N719 to form Zn2*/dye
complex. So, the concept of cosensitization is very significant in
the new generation solar cells. For ZnO based solar cell, dots/N3
dual photosensitization improve the solar-to-electrical conversion
efficiency due to the effective coupling between ZnO NPs/N3 dye
molecules in the presence of CdS QDs [7]. On one hand, there is no
report on QDs and N719 cosensitized solar cells; On the other hand,
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Fig. 1. (a) XRD pattern, (b) SEM (tilted view) image, (c) cross-sectional view and (d) HRTEM image of ZnO NRs.

the enhancement mechanism of cosensitized solar cells is not very
clear and needs further investigation.

Inspired by these incentives, ZnO/ZnS heterostructure is used as
photoanode since the compact ZnS shell is very efficient on retard-
ing the back transfer of electrons and minimizing electron-hole
recombination, which significantly decreases the dark current and
is beneficial for the final conversion efficiency [18]. The influences
of deposition times for CdS and dipping time of N719 on the photo-
voltaic performance were investigated on the ZnO/ZnS electrodes.
By using the light absorption curve, we have explored the perfor-
mance enhancement mechanism for cosensitized solar cells with
QDs and N719 dye as cosensitizers.

2. Experimental methods

ZnO nanorods (NRs) were grown on ITO substrates by a two-step
chemical bath deposition (CBD) method. The synthesizing details of
ZnO NRs can be found elsewhere in our previous work [19]. The ZnS
layer was deposited by successive ionic layer adsorption and reac-
tion (SILAR). ZnO NRs prepared by above method were immersed
ina 0.1 M Zn(NO3), solution for 5 min. They were then rinsed with
distilled water and immersed in a 0.1 M Na,S solution for another
5min followed by another rinsing with distilled water. The two-
step dipping procedure is termed as one SILAR cycle. The SILAR
cycle was repeated for 10 times. The substrates with ZnO/ZnS com-
posite structures were annealed at 150 °C for 30 min. The CdS QDs
were also deposited by successive ionic layer adsorption and reac-
tion (SILAR). The ZnO/ZnS composite structures prepared by above
method were immersed in a 0.1 M Cd(NOs), solution for 5 min.
They were then rinsed with distilled water and immersed ina 0.1 M

Na,S solution for another 5 min followed by another rinsing with
distilled water. This SILAR cycle was repeated for several times.
Dye adsorption was carried out by immersing the photoanode in a
0.3 mM ethanol solution of N719 at room temperature for differ-
ent times (12h, 17h and 24 h). The electrodes were sandwiched
and bonded with a platinum-coated indium tin oxide (ITO) (20 nm
thick) counter electrodes to construct QDSSCs. The photoanode and
the counter electrode were separated by a 60 um thick polypropyl-
ene spacer; an ethanol solution consisting of 0.5M Lil and 0.05M
I, was used as electrolyte.

X-ray diffraction (XRD) patterns were recorded by a MAC Sci-
ence 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 Mg Ka radiation (hv=1253.6eV)
with a resolution of 1.0eV. Scanning electron microscopy (SEM)
pictures were collected on a Hitachi, S-570 SEM. Transmission elec-
tron 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) was measured under AM 1.5G simulated sunlight illumina-
tion (100 mW/cm?, 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 absorp-
tion spectra were measured on an UV-5800PC spectrometer.

3. Results and discussion

Fig. 1(a) shows the XRD patterns of highly oriented ZnO NRs
grown on ITO substrates. All the observed diffraction peaks can be
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Fig. 2. (a) SEM (tilted view) image, (b) TEM image, (c) HRTEM image and (d) EDX spectra of NRs after ZnS deposition.

indexed to a wurtzite hexagonal-phase of pure ZnO (JCPDS card,
No. 80-0074), which indicates no other impurity phase exists in
the samples [20,21]. We can also notice that the intensity of the
(002)diffraction peak is the strongest, which illustrates the highly
preferential orientation of ZnO NRs arrays along c-axis [22]. The
narrow FWHM (full width at half maximum) of the ZnO NRs indi-
cates good crystallinity of the as-grown NRs [23]. Fig. 1(b) shows
the SEM (tilted view) image of the as-grown ZnO NRs. We can see
that the large-scale and vertically aligned ZnO NRs are uniformly
grown with high density over the entire surface of the ITO sub-
strate. Fig. 1(c) shows the cross-sectional view of ZnO NRs, which
clearly shows that the ZnO NRs with smooth surface and 2.8 pm
in length are grown vertically on the substrate. Fig. 1(d) shows a
high-resolution TEM image of the ZnO NRs, in which the marked
interplanar d spacing of 0.52 nm corresponds to the (000 1) lattice
plane of hexagon wurtzite ZnO [24].

Fig. 2(a) and (b) shows the SEM and TEM images of ZnO NRs
after ZnS deposition. The micrographs clearly show that the sur-
face of the NRs became rough after coating ZnS NPs. Fig. 2(c) shows
the HRTEM image of ZnO/ZnS hierarchical structure. In Fig. 2(c),
two different well-resolved lattice fringe spacing can be distin-
guished. A lattice fringe of 0.52 nm corresponds to the wurtzite ZnO
nanostructure [25]. Inset of Fig. 2(c) shows the enlarged HRTEM
pattern of ZnS NPs with average diameter of ~5 nm, which is cor-
responding to the particle marked by the red circles in Fig. 2(c).
The well-resolved lattice fringe spacing can be well distinguished
to be 0.31 nm, which is corresponding to wurtzite ZnS [26]. Clearly,
a thin layer of ZnS NPs has been uniformly attached on the sur-
face of the ZnO NRs, and the contact between them is intimate. The
detailed composition of the product was also characterized using
energy-dispersive X-ray spectrometry (EDX). Fig. 2(d) shows the
in situ EDX elemental analysis spectra of the product, which indi-
cates that the product contains Zn, O and S (the Cu, C and Si signals

come from the TEM grid). The EDX results further confirm that the
product is composed of ZnO and ZnS. According to the above exper-
iment results, we can conclude that ZnS NPs have been successfully
deposited on the whole surface of the ZnO NRs. Hence, the entire
ZnO NRs are converted into the ZnO/ZnS core-shell hierarchical
structure in our experiment process.

We further perform the XPS measurement on the ZnO/ZnS/CdS
structure to prove the existence of ZnS layer and CdS layer on ZnO
NRs. Fig. 3 shows the XPS survey spectra from the sample, in which
all of the peaks can be ascribed to Zn, O, S and Cd elements [27]. We
would like to mention that, for all XPS spectrum in Fig. 3, the bind-
ing energies have been calibrated by taking the carbon C1s peak
(285.0eV) as reference. The high resolution scans of Zn2p, O1s, S2p
and Cd3d peaks are shown in Fig. 3(b)-(e). The two peak structure
in Zn2p spectrum arises from the spin-orbit interaction with the
Zn2p3/2 peak position at 1022 eV and the Zn 2p1/2 at 1045eV as
shown in Fig. 2(b), which closely matches with the doublet binding
energies and FWHM (1.8 eV) for the bulk ZnO [28]. Fig. 2(c) presents
the O1s XPS spectrum of the sample. The peak centered at 531.3 eV
is associated to the 02~ ion in the wurtzite structure surrounded by
Zn atoms with their full complement of nearest-neighbor 0%~ ions
[29-31]. Fig. 2(d) presents the S2p XPS spectrum. The XPS bind-
ing energies of Zn2p at 1022 eV and the S2p at 161.2 eV apparently
indicate that a ZnS compact layer was successfully synthesized on
the ZnO NRs using the SILAR method [32]. Fig. 3(e) shows a narrow-
range XPS scans for the Cd element. The two peak structure in Cd3d
core level arises from the spin-orbit interaction with the Cd 3d5/2
peak position at 404.82 eV and the Cd 3d3/2 at 411.57 eV [27]. The
XPS binding energies of Cd3d at 404.82 eV and the S2p at 161.2 eV
are indicative of the CdS compounds.

Normalized photoluminescence (PL) spectra of ZnO NRs and
ZnO/ZnS hierarchical structure are displayed in Fig. 4, which shows
aweak UV emission around 378 nm and a deep level emission band
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Fig. 3. (a) XPS analysis of ZnO/ZnS/CdS structure and (b-e) narrow range scans for the Zn, O, S and Cd, respectively.
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Fig. 4. Room temperature PL spectra of ZnO and ZnO/ZnS structure.

around 550 nm. The UV emission band is ascribed to a near band
edge transition of ZnO, which originated from the recombination of
the free excitons through an exciton-exciton collision process [21].
The intense emission in the visible region is related to deep-level
defects in the ZnO crystal, such as vacancies and interstitials of zinc
and oxygen [33,34]. Compared with ZnO NRs, the peak intensity of
the deep level emission of the ZnO/ZnS composite nanostructure
was much less, which suggested that surface defects were reduced
through the formation of a ZnS layer on the ZnO NRs [35,36]. There-
fore the charge can transfer from ZnS to ZnO effectively. This is
an advantage of depositing a thin ZnS layer on the ZnO NRs for
fabricating QDSSCs.

Fig. 5(a) shows the optical absorbance of ZnO/ZnS hierarchical
structure and Zn0O/ZnS/CdS hierarchical structure with different
deposition times of CdS QDs. It can be seen that the ZnO/ZnS
nanorod array absorbs in the UV region with a band edge of
~379 nm. After depositing CdS QDs onto ZnO/ZnS nanostructure,
the Zn0O/ZnS/CdS architecture extends their optical absorptions to
the visible region. With increasing the deposition time of CdS QDs,
the optical absorption in the visible region is gradually enhanced
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Fig. 5. (a) UV-vis absorption spectra of different electrode and (b) dark current
of Zn0/ZnS/CdS(12) and J-V characteristic of ZnO/ZnS/CdS electrode with different
deposition times of CdS QDs.

due to the increased amounts of deposited CdS QDs. This phe-
nomenon was previously encountered in ZnO nanotube-based
solar cells by Sun et al. [37]. Thus, we can deduce that photovoltaic
properties with our designed CdS-sensitized solar cell based on the
ZnO/ZnS core/shell photoanode could be improved by enhancing
the optical absorption.

In order to investigate the influence of deposition time for CdS
on photovoltaic performance of the ZnO/ZnS/CdS electrodes, cur-
rent density (J)-voltage (V) characteristics for CdS-sensitized solar
cells based on Zn0O/ZnS/CdS(4), ZnO/ZnS/CdS(8), ZnO/ZnS/CdS(12)
and Zn0O/ZnS/CdS(16) electrodes were measured (4, 8, 12, 16 cor-
respond to SILAR cycle). The results are displayed in Fig. 5(b) and
Table 1. With increasing the deposition time of CdS, the energy
conversion efficiency (1) of the QDSSCs first increases and then
decreases again. The optimized photovoltaic performance with a
Voc of 0.66V, a Jsc of 3.66 mA/cm?2, an FF of 0.48, and a 7 of 1.16%
is obtained from the device based on Zn0O/ZnS/CdS(12) electrode.
For the device based on ZnO/ZnS/CdS(4) and ZnO/ZnS/CdS(8) elec-
trode, the poor photovoltaic property could be attributed to the
thinner CdS NP-layer and the consequent less optical absorption

Table 1
Photovoltaic parameters of QDSSCs based on Zn0O/ZnS/CdS electrode with different
deposition times of CdS QDs.
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Fig. 6. (a) UV-vis absorption spectra of Zn0O/ZnS/CdS electrode with and without
N719 (12 h) and (b) dark current of ZnO/ZnS/CdS/N719(17 h) and J-V curve of the
cosensitized solar cells with different N719 adsorption times.

of visible light (as shown in Fig. 5(a)). For the device based on the
Zn0/ZnS/CdS(16) electrode, the thicker CdS nanoparticle layer can
result in an enhanced optical absorption of visible light (Fig. 5(a)),
but it also can increase the recombination chance of photogenera-
ted carriers and then lead to the poor photovoltaic property [9].
To further improve the photovoltaic performance of the
QDSSCs with ZnO/ZnS/CdS(12) electrode, a thin layer of N719
dye was deposited onto the ZnO/ZnS/CdS(12) structure. In order
to investigate the impact on the photoabsorption of surround-
ing dye molecules, the optical absorption spectra are tested for
Zn0/ZnS/CdS(12) and ZnO/ZnS/CdS(12)/N719 electrodes as shown
in Fig. 6(a). After being modified by N719 for 12 h, an enhancement
of adsorption spectra in the visible region can be observed, which
evidently originates from the adsorption of the dye molecules.
However, it does not exactly correspond to the adsorption band
of pure N719, which maybe due to the interaction between the dye
molecule and the semiconductor surface [37,38]. The J-V curve of
the cosensitized solar cells with different N719 adsorption time is
shown in Fig. 6(b) and the related parameters are listed in Table 2.
It is found that the photovoltaic performance of the device can

Table 2
Photovoltaic parameters of the cosensitized solar cells with different N719 adsorp-
tion time.

cds Jsc (mA/cm?) Voc (V) FF n (%) Time (h) Jsc (mA/cm?2) Voc (V) FF n (%)
4 2.29 0.64 0.37 0.53 0 3.66 0.66 0.48 1.16
8 3.38 0.65 0.36 0.78 12 4.69 0.70 0.40 1.32
12 3.66 0.66 0.48 1.16 17 5.48 0.75 0.42 1.59
16 3.37 0.67 0.41 0.82 24 5.16 0.75 0.39 1.52
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Fig. 7. (a) Schematic configuration for the cosensitized solar cell and (b) charge-
transfer process in the solar cell.

be improved by coating the electrode with N719. Sensitized with
N719 for 17 h, the device shows a 37% enhancement in energy
conversion efficiency compared with the device sensitized only
by CdS QDs, displaying a Voc of 0.75V, a Jsc of 5.48 mA/cm?, an
FF of 0.42, and a n of 1.59%. Although the light absorbance of
Zn0/ZnS/CdS/N719(24) is higher in comparison with two other
electrodes (Zn0O/ZnS/CdS/N719(12) and ZnO/ZnS/CdS/N719(17)), it
does not exhibit the best photovoltaic characteristic. This is prob-
ably attributed to the dye agglomerates which have been known
to be inactive for electron injection and shield the dye molecules
in direct contact with CdS from absorbing light [39,40]. It is thus
expected that the 24 h-adsorption exhibits lower photocurrent in
spite of higher dye loading.

To better understand the mechanism of the improved solar
cell efficiency, in Fig. 7, we depicted the main configuration and
energy level diagram of the cell after being excited by light. In
such a configuration, it can be noticed that 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 significantly
decreases the dark current and is beneficial for the final conver-
sion efficiency. In Fig. 7(b), the visible light is absorbed by CdS and
N719, and the excited electron-hole pairs are generated. Then, the
photogenerated charges in CdS and N719 are effectively separated
at the interfaces. Subsequently, driven by the favorable energetic
arrangement shown in Fig. 7(b), the separated electrons are effi-
ciently transferred from the CdS shell to the ZnO and then quickly
transferred to the ITO substrate along the direct path of the ZnO
nanorods. In addition, CdS QDs can nonradiatively transfer energy
to N719 through FRET, which is based on long-range dipole-dipole
couplings between different chromophores. FRET between two
chromophores in photoactive films can improve the photocurrent
and overall conversion efficiencies for the designed cosensitized

solar cells. Such photocurrent amplifications resulted from funnel-
ing excitons toward the heterojunction interfaces, where they split
rather than recombine [3,41].

4. Conclusions

In conclusion, ZnO/ZnS core-shell hierarchical structure for use
in QDs sensitized solar cells and N719/QDs cosensitized solar cells
have been achieved by coating ZnS layer on ZnO NRs using SILAR
method. It has been demonstrated that ZnS shell is very efficient
on reducing surface defects, retarding the back transfer of electrons
and minimizing electron-hole recombination. Through analysis of
J-Vcurve, it can be found that the QDSSC based on Zn0O/ZnS/CdS(12)
architecture showed a maximum power conversion efficiency of
1.16%, which is due to the better light harvesting. By depositing a
thin layer of N719 dye onto the ZnO/ZnS/CdS(12) structure can fur-
ther improve the photovoltaic performance of the solar cells. When
Zn0/ZnS/CdS(12) electrode is sensitized with N719 for 17 h, the
device shows a 37% enhancement in energy conversion efficiency
compared with the device sensitized only CdS QDs, displaying a Voc
0f 0.75V, aJsc of 5.48 mA/cm?, an FF of 0.42, and a 1 of 1.59%. In the
authors’ opinion, the concept of the cosensitization is anticipated
to be applicable to other inorganic semiconductor solar cells for
future potential applications.
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