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1. Introduction

Quantum dot sensitized solar cells (QDSSCs) are gaining renewed attention throughout the world
from both academic and industrial fields, due to their simple fabrication procedure and low cost man-
ufacturing possibilities [1]. Semiconductor quantum dots (QDs) light harvesting elements can replace
organic dyes in a typical dye sensitized solar cell structure as it has a higher absorption coefficient
compared to organic dye molecules [2], long-term photostability [3], tunable size-bandgap property
[4], multiple exciton generation capability through impact ionization [5]. which has potential to boost
QD solar cell power conversion efficiencies higher than the conventional silicon based solar cell com-
mercially available today [5,6]. Among the various semiconductor QDs, such as CdS, CdSe, CdTe and
PbS, used in QDSSCs, cadmium sulfide (CdS) is one of the most widely used material due to its bulk
bandgap of 2.42 eV and direct bandgap absorption characteristics [7]. Several reports on CdS QDSSCs
mostly using titanium dioxide (TiO,) as photoelectrode material have been reported till date [8-10].
And the highest efficiency recorded by TiO, QDSSCs has reached 4.81% due to the electron transport
and electron collection efficiency has been improved by the CdSe/CdS cosensitized solar cell [11].

Zinc oxide (ZnO) is one of the most extensively studied materials as an alternative photoanode to
TiO,, since it has a direct bandgap, higher exciton energy, and higher electron mobility and can be
grown in various shapes with relative ease [1]. In particular, its 1D nanostructure arrays can be grown
easily over a large area on different substrates by a variety of methods. The array configuration of ZnO
nanostructures could enhance light absorption due to scattering and trapping, which may also benefit
their photovoltaic applications [12,13]. In addition, ZnO nanorods could provide a direct current path-
way for electrons to the external circuit with few grain boundaries [14]. Recently, QDSSCs based on
CdS sensitized ZnO nanorod arrays have been variously studied. Han et al. reported 0.54% photovoltaic
performance based on CdS QDs sensitized ZnO nanorod arrays [15]. Wang et al. also fabricated ZnO
nanorod arrays/CdS QDs heterogeneous films and obtained a conversion efficiency of 0.34% [16]. Thus,
the conversion efficiency of CdS QDSSC using ZnO nanorods as photoelectrode material is still rela-
tively low (less than 0.6%) in the above literatures. To improve the assembly techniques of the solar
cells is an effective way to enhance the solar energy conversion efficiency of final devices. The post-
thermal annealing treatment is one of the well-suitable methods. On one hand, the as-deposited films
usually have poor crystallinity, thus, the thermal annealing treatment can effectively improve their
quality [17,18]. On the other hand, it is also possible to enhance the photovoltaic performance by opti-
mizing the photoelectrode through the thermal annealing treatments process, which could reduce the
concentration of defects obviously, and could improve the electric transport property of both quantum
dots and photoanode [19,20]. However, up to now, few investigations have been reported about the
CdS QDs sensitized ZnO nanorod arrays photoanode, especially for the detailed mechanism of photo-
voltaic properties, which is really urgent to be studied due to the promising significant contribution
for development of CdS sensitized ZnO nanorod arrays photovoltaic devices.

In this work, we present a type of QDSSCs with CdS quantum dots adsorbed on ZNRs to convert
light into electrical current flow. The effect of post-annealing temperature and the way of post-anneal-
ing on the photovoltaic performance of ZNRs/CdS photoelectrodes on the structure, optical properties,
and photovoltaic performances of the device have been investigated in detail for the first time to our
best knowledge, which help us to reveal the enhancement mechanism of energy conversion efficiency.
This study not only demonstrates the enhanced photovoltaic performance of ZNRs/CdS due to a
controlled annealing but also gives some insights about the fundamental mechanisms that promote
the improvement.

2. Experimental details
2.1. Preparation of vertically aligned ZNRs
The ZNRs were grown on indium tin oxide (ITO) substrates by the chemical bath deposition (CBD)

method, which includes a two-step process, i.e., a substrate treatment prior to the CBD growth. The
pretreatment of the substrates, by coating the substrate for different times with a 2.5 mM solution
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of zinc acetate dihydrate (Zn(OOCCH3),-2H,0, 99.9% purity) dissolved in pure ethanol. This solution
was coated three times onto ITO substrates by a spin coater (LaurellWS-400-8TFW-Full) at the rate
of 2000 rpm for 30 s, and then the ITO substrate with a seed layer was annealed at 300 °C for 1 h.
In the CBD growth, the precursor aqueous solution composed of 0.1 M aqueous solutions of zinc
nitrate hexahydrate (Zn(NOs),-6H,0, 99.9% purity) and 0.1 M aqueous solutions of methenamine
(CeH12Ny4, 99.9% purity) in a 1:1 M ratio were first prepared and mixed together. The pretreated ITO
substrates were immersed into the aqueous solution with sealing the beaker, which was placed in a
regular laboratory oven and heated to 95 °C for 5 h. After growth, the samples were washed by
deionized water for several times and dried at room temperature.

2.2. Deposition of CdS QDs

The CdS QDs was deposited on the crystallized ZNRs by a successive ionic layer adsorption and
reaction (SILAR) technique. Typically, the samples of ZNRs were successively dipped in two different
aqueous solutions for 5 min. One is containing Cd?* cations (0.2 M Cd(NOs),) and the other is contain-
ing S~ anions (0.2 M Na,S). Between each immersion step, the samples were rinsed with de-ionized
water for 30 s to remove excess ions that were weakly bound to the samples surfaces. The two-step
dipping procedure is termed as one SILAR cycle. The incorporated amount of CdS can be increased
by repeating the assembly cycle. After several cycles, the color of samples turned into yellow. Subse-
quently, the samples were thoroughly washed with ethanol and deionized water and then dried at
room temperature. It is well known that the performance of QDSSCs depend on the SLIAR cycles for
depositing QDs to sensitize ZnO film. The effect of SLIAR cycles on the device performance has been
carefully studied. We find that the optimum number of SILAR cycles for CdS is about six. Therefore,
in our experiment, we used six cycles to deposit CdS QDs on the ZNRs samples. The post-thermal
annealing processes were performed in an open horizontal tubular furnace at different temperatures
(200,300,400,500 °C) for 1 h. The names corresponding to each cell annealed at different temperature
are shown in Table 1. Besides the above samples, we have synthetized the other one by changing the
annealing process. The fabrication process is as follows: after the three SLIAR cycles of CdS QDs depo-
sition on the surface of ZNRs, the sample is post-annealed at 400 °C for 1 h. Then, another three SLIAR
cycles of CdS QDs deposition is performed on the sample. Thus, the sample was named 3N/3A4.

2.3. QDSSCs assembly

The CdS QDs sensitized ZNRs electrode was incorporated into thin-layer sandwich-type cells. A
20 nm platinum-sputtered ITO substrate as the counter electrode and the working electrode were
positioned face-to-face. The iodide-based electrolyte, consisting of 1 M Lil and 0.05 M I, in alcohol,
was injected into the interelectrode space by capillary action.

2.4. Characterization of samples

The scanning electron microscope (SEM, S-570, Hitachi) with an energy dispersive X-ray analysis
(EDAX) spectroscopy system was used to evaluate the morphology and elemental composition of
the samples. The transmission electron microscope (TEM, JEM-2100, JEOL) with an energy dispersive
X-ray analysis (EDAX) spectroscopy system was used to qualitatively confirm the detailed microscopic

Table 1
The number of SILAR cycles and annealing temperature for each sample.
Samples name SILAR cycles Annealing temperature
N 6 As-deposition
A2 6 200 °C
A3 6 300 °C
A4 6 400 °C
A5 6 500 °C
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structure and different chemical composition of the samples. The photoluminescence (PL) measure-
ments were performed on the Renishaw invia spectroscopy excited by a continuous He-Cd laser with
a wavelength of 325 nm at a power of 2 mW. The Ultraviolet-visible (UV-vis) absorption spectra of
each photoelectrode were recorded on a UV-vis spectrophotometer (UV-5800PC, Shanghai Metash
Instruments Co., Ltd.) at room temperature. The photocurrent dependence on the voltage (I-V) were
measured under AM 1.5G simulated sunlight illumination (100 mW/cm?, Model 91160, Oriel).

3. Results and discussion

Fig. 1a and b shows the morphology of ZNRs before and after CdS deposition. Fig. 1a shows the
typical SEM image of the as-grown ZNRs. It can be seen that the vertically-aligned ZNRs with
~150 nm diameter uniformly cover the entire ITO substrate with high density. All of ZNRs show
hexagonal faceted and smooth surfaces. Fig. 1b is the SEM image of N sample, i.e. ZNRs with deposition
of CdS. The morphology of ZNRs retained their constant, but the roughened texture of surface is clearly
visible. We can observe that a number of small nanoparticles attached on the surface of ZNRs and the
diameters of the ZNRs tips increased in comparison with Fig. 1a. The inset of Fig. 1a and b shows the
photo image for ZNRs and N samples. After sensitizing CdS QDs, the color of sample changed from
white to yellow. Hence, we can deduce that CdS QDs have been successfully deposited onto the surface
of the ZNRs, which will be further confirmed by TEM analysis below. In order to verify the CdS QDs
elemental composition, we further performed EDAX measurement on the ZNRs sensitized with CdS
QDs (inset of Fig. 1b). The characteristic peaks in the spectrum can be identified to the Zn, O, Cd
and S elements. Their corresponding quantitative concentration has been estimated to be 47.53%,
45.87%, 3.43%, and 3.17%, respectively. Moreover, quantitative analysis of the EDAX spectrum reveals
that the molar ratio of Cd to S is close to 1:1, further confirming the stoichiometric formation of CdS on
ZNRs. These results indicate that CdS QDs have been successfully assembled onto the surface of the
ZNRs.

After the as-deposited N samples were obtained by SILAR technique, they were post-annealed in air
for 1 h at different temperatures (200,300,400,500 °C). Fig. 1c-f shows the morphology evolution of
the as-deposited N with different post-annealing temperatures. In comparison with the surface of
as-deposited N sample in Fig. 1b, we can find that with increasing the post-annealing temperature,
the surface turned smoother and smoother, as shown in Fig. 1c-e. It is interesting to note that
post-annealing at 400 °C result in a continuous shell morphology of CdS layer for A4 sample instead
of nanoparticles morphology in sample of A2 and A3. As a result of CdS grain growth and migration,
the ZNRs are fully covered by CdS, which inhibit the charge recombination of percolated electrons in
the ZNRs and oxidizing species in the electrolyte. Thus the thermal annealing treatments process
could effectively promote the charge collection and reduce the recombination losses between the bare
ZNRs and electrolyte, which produces better photovoltaic performances than the as-deposited
ZNRs/CdS. The migration observed in Fig. 1e points out that matter transport, which is a hardly ex-
pected phenomenon in completely solid systems, takes place during thermal annealing at 400 °C
for as-deposited N samples. This could be easily promoted by the beginning of a CdS liquid phase
(likely in surface), suggesting a dramatic decrease of the melting point of CdS shell with respect to bulk
material. A similar decrease in melting temperature was previously reported in CdS nanocrystals
[21,22]. With increasing the annealing temperature to 500 °C, the sample shows hexagonal faceted
and smooth surfaces, as shown in Fig. 1f, which is quite similar to the morphology of ZNRs in
Fig. 1a. Meanwhile, the color of ZNRs/CdS film change from yellow to white, which implies the disap-
pearance of CdS on the ZNRs surface. To prove this deduction, we take the EDAX measurement for A5.
As shown in the inset of Fig. 1f, only the characteristic peaks of Zn and O elements were detected in A5
(inset of Fig. 1f). This is because that the S and Cd atoms evaporate from the film at 500 °C, resulting in
a disappearance of CdS films [17].

The further detailed microscopic structure of N and A4 samples were characterized by TEM. Fig. 2a
and b presents the TEM images of N and A4, respectively, which clearly shows that the average diam-
eter of two samples is ~150 nm. Fig. 2a is the TEM image of a single ZNR with loading CdS QDs for six
cycles. We can observe that a layer of ultrafine nanoparticles as the circular dark spots uniformly
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Fig. 1. SEM images of large-scale dense arrays of well-aligned (a) ZNRs and (b) N grown on ITO glass substrate (inset: EDAX).
SEM images of N after different annealing temperatures: (¢) A2 (annealing temperature: 200 °C), (d) A3 (annealing temperature:
300 °C), (e) A4 (annealing temperature: 400 °C) and (f) A5 (annealing temperature: 500 °C) (inset: EDAX). The inset shows the
photo image for ZNRs, N and A5 samples and EDAX image of N and A5.

attaches on the surface of ZNR. With the annealing temperature to 400 °C, it can be observed from
Fig. 2b that the surface became much smoother. The above results are basically in agreement with that
shown in SEM images. The HRTEM observation (Fig. 2c) reveals that the ultrafine nanoparticles with a
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Fig. 2. (a and d) TEM images of N and A4, respectively and (¢ and d) HRTEM image of N and A4, respectively.

size of 3 nm are deposited on the surfaces of the ZNR for N sample. The well-resolved lattice fringe
spacing of ZNR and CdS can be well distinguished to be 0.26 and 0.33 nm, respectively. After the
annealing treatment at 400 °C, it can be clearly seen from the HRTEM image (Fig. 2d) of A4 sample that
the ZNR is uniformly covered with the larger nanoparticles. The result is basically in agreement with
that shown in SEM images. As observed from the HRTEM image in Fig. 2d, nanoparticles grow much
bigger (about 5.5 nm) than those before the annealing. And lattice fringe spacing of ZNR and CdS can
be distinguished to be 0.26 and 0.33 nm, respectively.

It is well known that surface defect states play important roles in the luminescence properties of
nanostructure [23]. Fig. 3a shows the room temperature PL spectrum of the N, A2, A3 and A4 samples,
which consists of a dominant UV peak at 379 nm in wavelength and a weak deep level emission (DLE)
band in the range of 450-650 nm. Comparing the spectra of N with this recorded on A4, we observe a
small red shift (2 nm) in the peak position of the band-edge emission. This result can are attributed to
the decrease in the bandgap of CdS QDs. The gradual increase in the overall grain size of CdS QDs with
increasing the annealing temperatures represents the decrease in the bandgap of CdS QDs. In order to
address this in detail, we propose a possible charge-transfer mechanism, which is schematically illus-
trated in the inset of Fig. 3. In this modified energy-band diagram it can be seen that the conduction
band of CdS with increasing the annealing temperatures would become lower, which is very beneficial
to efficiently separate the photo-generated electron-hole pairs and effectively reduce their recombi-
nation in each material. So post-annealing treatment can improve the electron transfer in the devices.
Thus, post-annealing ZnO photoelectrodes could offer better photovoltaic properties than single N
photoelectrode. After the samples were annealed under 200, 300 and 400 °C, the UV emission
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Fig. 3. (a) Room temperature PL spectra of N (pink line), A2 (blue line), A3 (green line) and A4 (red line); (b) Iyv/IpLe curve via
annealing temperature. The inset shows the arrangement of energy levels and proposed charge-transfer mechanism in post-
annealing ZnO photoelectrode. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

intensity increased and the deep level emission intensity apparently decreased step by step in
comparison with the PL spectrum of the as-deposited sample. The deep level emission band has pre-
viously been attributed to several defects in the crystal structure such as O-vacancy [24], Zn-vacancy
[25], O-interstitial [26], Zn-interstitial [27], S-vacancy [28], Cd-vacancy [17] and Cd-interstitial [29].
The relative integrated PL intensity ratio between the UV emission (Iyy) and deep level emission (Ip;g)
can be used to characterize the crystallization of all samples [26]. The larger intensity ratio indicates
that the samples are in better crystallization, i.e., less deep level defects. The relative integrated PL
intensity ratio (Iyy/Ipig) as a function of various annealing temperatures were summarized in
Fig. 3b. It can be seen that Iyy/Ipe value showed a maximum at the annealing temperature of
400 °C. This temperature dependence can be explained from the aspects of the wet chemical growth
mechanism and annealing process, respectively. On the one hand, the surfaces of N sample grown
with wet chemical method were prone to absorb various kinds of functional groups. According to
the chemical reaction in the solution, these functional groups should be related to the elements such
as carbon, nitrogen, and hydrogen [30]. These functional groups had a negative influence on the opti-
cal properties of N. However after 200 °C annealing, those functional group elements were partially
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released from the surfaces of N. During the thermal treatment process at high annealing temperatures
of 300 and 400 °C, the absorbed functional group elements were all released from the surfaces of N, as
aresult, the UV emission intensity is strongly enhanced. On the other hand, as mentioned previously,
the DLE band has been attributed to the presence of large amounts of defects, particularly O-vacancy
and Zn-vacancy involved complex defects. The less contribution from DLE reflects the less defects
existing in the samples, indicating that the thermal treatment make the crystallization of samples turn
better with the increase of the annealing temperature. Thus, Fig. 3 proves that A4 sample has the best
optical property and crystallization.

As well as we know, the UV-vis absorption spectra of the ZnO/CdS electrodes are strongly depen-
dent on the CdS size and load amount [10,31]. Fig. 4a shows the UV-vis absorption spectra of pure
ZNRs, N, A2, A3 and A4. In comparison with the spectrum of ZNRs, we can find that the absorption
intensity is obviously enhanced with depositing CdS QDs, especially at the wavelength region of
400-500 nm, which is well corresponding to the emission wavelength region of the CdS QDs. There-
fore, we can deduce that the optical absorption properties of the CdS are well preserved after attaching
on the ZnO, which result in enhanced light harvesting of the solar energy. To further prove it, the
optical band-gap energies (Eg) for the samples have been calculated by the following equation:
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Fig. 4. (a) UV-vis absorption spectra and (b) Tauc plots of bare ZNRs, N, A2, A3 and A4.
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a(hv) = A(hy — E)" (1)

where « is the absorption coefficient, hv is the energy of the incident photon, where A is a constant
related to the refractive index and the electron/hole masses, n is 0.5 and 2.0 for a direct and indirect
transition semiconductor, respectively [15]. The CdS and ZnO are direct semiconductors so that the n
value is 0.5. By employing a Tauc analysis of (o h v)? versus hv plotted in Fig. 4b, we extract the E, to be
3.20, 2.72, 2.64, 2.53 and 2.50eV for ZNRs, N, A2, A3 and A4, respectively. We observe that the
bandgap of the QDs decreases from 2.72 to 2.50 eV with increase the annealing temperature, known
as blue shift. The blue shift of the bandgap with increase in dot size is described by the following
equation:
hm?
E, = E0" + R )

where E;"* is the band gap of bulk CdS, h = h/27 (h being Planck’s constant), R is the dot size and y is
the effective reduced mass:

1/1 1
i (o ) ®

where m,, m; (0.2), and m;, (0.8) are the mass of the electron, effective mass of electron, and effective
mass of hole, respectively [32]. The second term in Eq. (3) represents the kinetic energy [32]. Accord-
ing to Egs. (2) and (3), the size of CdS QDs can also be calculated, we extract the sizes to be 3.0, 3.5, 4.5
and 5.5 nm for N, A2, A3 and A4, respectively. The sizes of the CdS QDs have a good agreement with
the results of TEM. The bandgap of the CdS QDs is found to be varying from 2.72 to 2.50 eV with
increase in dot size from 3.0 to 5.5 nm, which agrees with the confinement regime.

Moreover, as shown in Fig. 4, we can also observe the enhancement of absorption intensity and
extention of the absorption range for the spectrum of A4 in comparison with the N sample. Herein,
we would like to point out that the numbers of SILAR cycles for preparing CdS QDs are same for sam-
ples. Plus, we already know that the ZNRs in our case are also completely same, which means they
have the almost same length, diameter and even distribution density. Therefore, it is reasonable to
propose that the absorption enhancement mainly depends on the increase in grain size of CdS QDs
onto ZNRs after the thermal annealing treatments process.

The I-V characteristics of solar cells of N, A2, A3 and A4 under 1.5 AM light illumination have been
displayed in Fig. 5. The corresponding performance parameters for each cell are calculated and listed
in Table 2, including the short-circuit current density (Isc), the open-circuit voltage (Voc), the fill factor
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Fig. 5. [-V characteristics of different QDSSCs: N, A2, A3 and A4 photoelectrodes.
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Table 2

Photovoltaic parameters obtained from the I-V curves of QDSSCs using various photoelectrodes.
Photoelectrodes Isc (mA/cm?) Voc (V) FF n (%)
N 2.58 0.54 0.335 0.47
A2 3.41 0.51 0.381 0.66
A3 3.74 0.52 0.399 0.78
A4 5.27 0.51 0.421 1.14

3N/3A4
A4

Current Density (mA/cmz)

-5

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Voltage (V)

Fig. 6. |-V characteristics of different QDSSCs: 3N/3A4 and A4 photoelectrodes. The inset shows the SEM image of 3N/3A4
photoelectrodes.

(FF), and the photovoltaic conversion efficiency (#). According to the results in Table 2, the best
photovoltaic performance is exhibited by the A4 solar cell, which owns a higher # of 1.14%, Isc of
5.27 mA/cm?, Voc of 0.51V and FF of 0.421. Compared with the N solar cell, the # of A4 solar cell
significantly increases from 0.47% to 1.14%. This up to 143% enhancement of # should be attributed
to the increase of both Isc from 2.58 to 5.27 mA/cm? and FF from 0.335 to 0.421. Normally, the Isc value
is mainly dependent on the photocurrent intensity when the cell works. That is to say, in the case of
QDSSC, the Isc value should be determined by the absorbance of CdS QDs on the ZnO nanostructures.
In comparison with N, the grain size of CdS QDs of A4 is increased, which causes a huge enhancement
of absorption range. As a result, more light can be effective absorbed by CdS QDs, which will highly
improve the separation efficiency of photo-generated electron-hole pairs in each material and greatly
reduce the electron-hole recombination. Therefore, the Isc in A4 cells exhibit a huge increase from
2.58 to 4.76 mA/cm?. In addition, the slight increase in FF is probably due to suppressing charge
recombination in the devices since the number of defects is reduced. The I-V results further demon-
strate that the A4 have advantages over N in light harvesting efficiency, which is consistent with the
conclusion obtained from the UV-vis absorption spectra analysis.

In order to investigate the effect of annealing method on the photovoltaic performance of CdS
quantum dots sensitized ZNRs solar cells, we have assemble the 3 N/3A4 photoelectrode. The
morphology of 3 N/3A4 is nearly as same as the as-deposited sample (N), and the corresponding
SEM image can be found in the inset of Fig. 6. Furthermore, I-V characteristics for A4 and 3 N/3A4 elec-
trodes were measured. The photovoltaic performance of 3 N/3A electrode is exhibited in Fig. 6, which
owns a 1] of 0.519%, Isc of 3.01 mA/cm?, V¢ of 0.54 V and FF of 0.319. Compared with the A4 electrode,
the photovoltaic property of the 3 N/3A4 becomes poor. The poor photovoltaic property could be
attributed to the poor compact between post-annealed and as-grown CdS QDs layers, which will cause
voids in the interface. And it will block the electron transfer, leading to the decline of Isc and FF.
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4. Conclusions

High density and vertical ZNRs/CdS photoelectrodes have been prepared directly on ITO substrates
via a two-step wet chemical method. The annealing temperature and method were crucial to improve
the photovoltaic performance of ZNRs/CdS electrodes. The power conversion efficiency (1) of 1.14%
was achieved for A4 solar cell. An up to 143% enhancement in # was achieved for A4 solar cell in com-
pare with N solar cell, which can be well explained by two factors. On one hand, the QDs sensitized
electrodes with fewer defects can significantly suppressed recombination losses, leading to higher
photovoltaic performances. On the other hand, the increase in grain size of CdS QDs onto ZNRs result
the absorption intensity and range enhancement after the thermal annealing treatments process. We
believe our results can enlighten more researchers to explore effective ways to maximize the power
conversion efficiency of photovoltaic device, which will prompt the practical application in the near
future, and the results can also further stimulate more theoretical and experimental investigations
of the CdS QDs sensitized ZNRs solar cell.
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