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Highly ordered TiO, nanotube arrays modified by CdS, CdSe and ZnS quantum dots (QDs) were fabri-
cated by using chemical bath deposition. The CdS and CdSe QDs modification expands the photoresponse
range of TiO, nanotube arrays from ultraviolet region to visible range. It is demonstrated that sequen-
tially assembled CdS and CdSe QDs significantly improved the light harvesting ability and photocurrent
efficiency, and a high incident photon to current conversion efficiency (IPCE) of 53% was obtained. Further
coating the TiO,/CdS/CdSe nanotube array with a barrier layer of ZnS QD increases the IPCE to 72%. The
improved photo harvest efficiency of the CdS/CdSe/ZnS co-modified TiO, arrays is attributed to the for-

cds mation of an ideal cascade-type energy band structure, which is advantageous for both electron injection

CdSe and hole recovery.
ZnS

Sensitization
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1. Introduction

Dye-sensitized solar cells (DSSCs) has attracted great interest as
a potential low cost and high efficiency alternative to the Si based
solar cell [1]. Most DSSCs have been constructed based on organic
or organometallic dye-sensitized colloidal TiO, films. In addition
to the organic sensitizers, semiconductor quantum dots (QDs) can
also serve as sensitizers to construct quantum dot sensitized solar
cells (QDSSCs). Semiconductor QDs, such as CdS [2,3], CdSe [4,5],
CdTe [6], PbS [7] and PbSe [8], have many potential advantages,
including high stability, absorb light in the visible region, tunable
band gaps [9], high molar extinction coefficients [10], and large
intrinsic dipole moments enhancing charge separation [11]. There-
fore, QDSSCs have attracted great attention in the past decade. Most
of the researches on QDSSCs have been carried out using colloidal
TiO, films as the photoanode, and the focus has been the design
of the QD/TiO, interface for achieving high quantum efficiency. For
example, Grdtzel group had assembled CdSe QDs onto mesoscopic
TiO, films via a molecular linker, and achieved an unprecedented
IPCE of 36% and an overall conversion efficiency of over 1.7% [12].
Li et al. reported that the combination of CdSe QD sensitization
and N-doping of TiO, nanoparticles could increase the photovoltaic
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response due to the synergistic effect [13]. Despite the potential
advantages of QDSSCs, they have not achieved better efficiencies
compared to conventional DSSCs. Therefore, more investigations
are needed to explore the full potential of QDSSCs.

One potential method for improving the performance of QDSSCs
is by constructing desired energy band structures using multi-
ple QDs. Hodes and co-workers have firstly demonstrated that
a desired cascade structure can be formed by sequential depo-
sition of CdS and CdSe layers onto the TiO, nanoparticle films
[14]. Recently, Lee et al. have also reported a self-assembled
TiO,/CdS/CdSe structure that exhibited a significant enhancement
in the photocurrent response [15,16]. Another promising method
that has been proposed recently is based on replacing the conven-
tional TiO, nanoparticle films with highly order TiO, nanotube (NT)
arrays. The structural disorders and vast grain boundaries of TiO,
nanoparticle film bring some obstacles to the electron transport and
affect the charge separation efficiency. Comparing to TiO, nanopar-
ticles, TiO, NT arrays with aligned porosity, high crystallinity, and
oriented nature are advantaged in the efficiency of charge collection
by promoting both more rapid electron transport and slower charge
recombination. Chen et al. have suggested that DSSC based on
TiO, NT arrays outperform conventional nanoparticle-based DSSC,
and the photovoltaic performance of the NT-based DSSC devices
enhanced as increasing the tube length [17]. Kamat et al. confirmed
the improvement in the photoconversion efficiency by facilitating
the charge transport through TiO, NT architecture constructing
an interesting rainbow solar cell to further improve the light
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Fig. 1. FESEM images of TiO, NTs. (a) The top view of perfectly aligned TiO, NTs, (b, c) cross-sectional view of the TiO, NTs, (d) XRD patterns of TiO, NTs after being annealed

at 450°C for 3 h. Reference peaks for anatase are annotated with A.

harvesting capability [18]. In our previous work, we have shown
that CdSe QD assembled onto TiO, NTs can significantly enhance
its photoresponse [19].

However, there has been few investigation on constructing
cascade-type QD assembly on TiO, NTs [20]. In this work, we stud-
ied the effects of co-modification by CdS, CdSe and ZnS QDs on
the photovoltaic response of TiO, NT-based QDSSC. Highly ordered
TiO, NT arrays were fabricated by electrochemical anodization
[21]. The TiO, NT arrays were treated by sequential chemical bath
deposition (CBD) of CdS, CdSe and ZnS QDs and were used as pho-
toanodes in QDSSC. We demonstrated that the co-modified TiO,
NT arrays possess superior photovoltaic response compared to the
single QD sensitized devices, and the final TiO,/CdS/CdSe/ZnS pho-
toanode leads to high efficiency QDSSCs.

2. Experimental
2.1. Fabrication of TiO, NT arrays

The 0.25mm thick titanium foils (99.95%, Alfa Aesar) were
degreased by successively sonicating for 10 min in acetone, iso-
propanol, and finally methanol, then dried under a flowing N,
stream. For the anodic growth experiments, highly ordered TiO,
NT arrays were prepared by a potentiostatic anodization in a
two-electrode electrochemical cell. A titanium foil with a size of
1 x3cm? was used as a working electrode and a platinum foil
served as a counter electrode. These foils were anodized at a direct
voltage in an electrolyte containing ethylene glycol, 2 vol%, and
0.3 wt% NH4F. The samples were anodized at 60V for 2h, then
rinsed with distilled water and dried in the air. The as-prepared
TiO, NT films were annealed under an air atmosphere at 450 °C for
3 h. The annealed TiO, NT film was immersed in the TiCl4 solution
for half an hour at 50°C, then annealed at 400 °C for 1h in the air.

2.2. Deposition of CdS, CdSe and ZnS QDs

The highly ordered TiO, NTs were sequentially sensitized with
CdS and CdSe QDs by using CBD (chemical bath deposition) method.
First, a TiO, NT film was dipped into 0.5M Cd(CH3COO), ethanol
solution for 5 min, rinsed with ethanol, then dipped for another
5min into a 0.5M Na,S methanol solution and again rinsed with
methanol. The two-step dipping procedure is termed as one CBD
cycle and the incorporated amount of CdS QDs can be increased by
repeating the assembly cycles (a total of three cycles).

In the following CBD process of CdSe QDs, sodium selenosul-
phate (Na,;SeSO3) was used as the Se source. The Na,SeSO3 aqueous
solution was prepared by refluxing Se (0.3 M) in an aqueous solu-
tion of Na;SO3 (0.6 M) at 70°C for 7 h. In the CBD process of CdSe
QDs, the TiO,/CdS (or bared TiO;) samples were first dipped into
0.5M Cd(CH3C0O0), ethanol solution for 5min at room tempera-
ture, rinsed with ethanol, and then dipped into Na,SeSO5 solution
for 5min at 50°C and rinsed again with pure water. The two-step
dipping procedure is termed as one CBD cycle. Repeating the CBD
cycle would increase the amount of CdSe QDs (a total of four cycles).

The CBD method was also used to deposit the ZnS passivation
layer. The TiO,/CdS/CdSe samples were coated with ZnS by twice
dipping alternately into 0.1 M Zn(NOs3), and 0.1 M Na,S solutions
for 1 min/dip, rinsing with pure water between dips (a total of two
cycles). The chemical reactions for the formation of CdS, CdSe and
ZnS QDs are given below:

Cd%t +S2- - cds (1)

Cd?* 4+ SeS032~ +20H™ — CdSe + SO4%2~ +H,0 (2)

Zn?t +S*~ — ZnS (3)
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Fig. 2. FESEM images of various QD modified TiO, NT nanostructures. (a) The side view of the TiO,/CdS, (b) the top view of TiO,/CdS, (c) the side view of the TiO,/CdS/CdSe,
(d) the top view of the TiO,/CdS/CdSe, (e) the side view of the TiO,/CdS/CdSe/ZnS, (f) the top view of the TiO,/CdS/CdSe/ZnS NT arrays.

2.3. Solar cell configuration

A QDSSC was assembled by sandwiching a sensitized TiO; NTs
film photoelectrode and an Au-coated counter electrode using
60 wm thick sealing material (Surlyn). A polysulfide Na,Sx redox
electrolyte prepared using water/methanol (7:3 by volume) was
used in this work. The electrolyte contains 0.5 M Na,S, 0.1 M S and
0.2 M KCL. The active area of the cell is 0.5 cm?.

2.4. Optical and electrical characterizations

The structural characterizations of the samples were carried
out using field emission scanning electron microscopy (FESEM,
Hitachi S-4800 microscope). The crystal structure of the TiO,
NTs was examined by X-ray diffraction (XRD). The absorption
spectra were recorded by a PE950 UV-vis spectrophotometer.
The QDSSCs were illuminated by an AM 1.5 illumination provided
by a xenon lamp (OSRAM E-O 150 W) with an optical filter (AM
1.5G) under 100 mW/cm? irradiation (calibrated by a standard
silicon solar cell). The incident photon to current efficiency (IPCE)
was measured by solar cell scan 100 (Zolix Instruments). The

electrochemical set-up consisted of a three-electrode system in a
quartz cell, using a saturated calomel electrode (SCE) as reference
electrode, aqueous 0.1 M Na,S solution as a redox couple. The
photocurrent-voltage (I-V) measurement was conducted using an
electrochemistry work station (CHIG60D).

3. Results and discussion

Shown in Fig. 1(a-c) are the FESEM images of TiO, NTs. The
top view image (Fig. 1a) shows highly uniform porous morphology
with the average inner diameter of nanotubes around 120 nm. In
Fig. 1(b and c), with nanotubular structure underneath, the TiO,
NTs have a vertically oriented structure without bundling. Fig. 1(c)
is a cross-sectional image showing that the NTs are well aligned
with an average length of about 12 wm. The crystal structure of the
TiO, NT sample was examined by XRD experiments. As shown in
Fig. 1(d), all diffraction peaks can be well-indexed by the anatase
phase of TiO, and Ti metal phase.

For photovoltaic applications, the structure of the QD adsorbed
NTs should meet at less two criteria. First, the QDs should be uni-
formly deposited onto the NT surface without aggregation, so that
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Fig. 3. UV-vis absorption spectra of bare TiO, NTs film and TiO, NTs films modified
by various QDs.

the area of QD/TiO, contact can be maximized. Second, a moder-
ate amount the QDs should be deposited so that the tubes are not
blocked. Fig. 2 shows the surface morphology of TiO, NT arrays
modified by various QDs via the CBD process. The side view of the
CdS-deposited TiO, NTs in Fig. 2(a) reveals that many CdS QDs are
adsorbed onto the side walls of TiO, NTs. The CdS QDs are well-
distributed on the tube sidewall without aggregation. The CdS QDs
are nearly mono-disperse in size distribution and the mean diame-
ters of CdS QDs were measured to be around 20 nm. Fig. 2(b) shows
that CdS QDs are deposited mainly along the side walls of the TiO,
NTs. The amount of the deposited CdS QDs was controlled by the
reaction time, and the pores remain well open. The structure of
the CdSe/TiO,, is similar to that of the CdS/TiO,. Fig. 2(c) shows the
FESEM images of the CdS/CdSe co-sensitized TiO, NTs. It can be
seen that a large amount of CdSe are deposited onto the sidewalls
of TiO, NTs after the first CdS layer. The diameter of CdSe QDs is
estimated to be 20 nm. Besides, it was found from the experiment
that the deposition of the CdSe layer onto the TiO,/CdS is much
faster than that on the as prepared TiO, NTs, which suggests that
the CdSe QDs are much more favorable to be deposited onto CdS
QDs. The top view of the TiO,/CdS/CdSe in Fig. 2(d) proves that
the nanoparticles were deposited inside the nanotubes, while the
pore was not blocked. At last, a layer of ZnS QDs was assembled to
give the TiO,/CdS/CdSe/ZnS structure. More nanoparticles can be
observed in Fig. 2(e), and the size of the ZnS QDs is slightly larger
than that of the CdS and CdSe QDs. Fig. 2(f) shows that the top of the
NTs remains open after all the deposition steps completed, which
are important for the electrolyte transport.

The sample compositions were studied by energy dispersive X-
ray spectroscopy (EDS) analysis (Fig. 3). The Ti and O peaks are
from the TiO, NTs; and the Cd, Se, and S peaks, clearly visible in
the EDS spectrum, are from the QDs. Quantitative analysis of the
EDS spectrum (the inset of Fig. 3) reveals that the atomic ratio of
Cd plus Zn versus S plus Se is nearly 1, indicating that the deposited
CdS and CdSe QDs are likely to be stoichiometric.

The optical properties of the five electrodes are studied by their
UV-vis absorption spectra. The absorption edge, obtained from the
intersection of the sharply decreasing region of a spectrum with
its baseline, of the as prepared TiO, NT films extended to around
380nm (Fig. 4), corresponding to a band gap of 3.2 eV of anatase
TiO,. The absorption edges locate at 518 nm for the TiO,/CdS,
and 683 nm for the TiO,/CdSe electrodes, corresponding to band
gaps of 2.39 and 1.80eV, respectively [22]. These band gaps are
wider than the values reported for bulk CdS and CdSe (2.25 and
1.7 eV, respectively), which could be attributed to the quantum
confinement effect of the QDs. The absorbance of the co-sensitized
TiO,/CdS/CdSe film is higher than that of either the TiO,/CdS or
the TiO,/CdSe film, which result is reproducible under carefully
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Fig. 4. IPCE curves of various QDs modified electrodes.

controlled experimental conditions. The enhanced absorption is
likely indicating that the TiO,/CdS/CdSe have complementary and
enhancement effects due to the wider absorption of CdSe and the
good charge transport mobility of CdS [16]. After coating a layer
of ZnS shell, the absorption is sharply increased and a red shift of
the absorption edge is observed, which is similar to the previous
observation on the CdSe/ZnS core-shell structure [23].

To study the photocurrent performance of these QD modified
TiO, NT electrodes under different wavelengths, experiments were
conducted to obtain the IPCE. IPCE is also referred to as external
quantum efficiency (EQE), which is the ratio of electrons collected
per incident photon (with no correction for reflection losses). IPCE
can be used as a measure of the efficiency of charge transport [24].
The equation for calculating IPCE is given by [5]:

. 1240 x Js¢
IPCE (%) = (Tm) « 100 (4)
where Js. is the photocurrent density, Py, is the intensity of the light,
and A is the wavelength of the incident light.

Fig. 5 illustrates that the sensitization by both the CdS and CdSe
QDs significantly expands the photoresponse region of the TiO,
NT electrode. The photoresponse wavelengths of the TiO,/CdS
and TiO,/CdSe electrodes extend to about 550 nm and 700 nm,
respectively, which correspond well with their above absorption
spectra. The maximum IPCEs are 20% for the TiO,/CdS at 416 nm,
and 39% for the TiO, /CdSe electrode at 607 nm. Co-sensitization by
both the CdS and CdSe QDs gives much higher photoresponse com-
pared to the single QD sensitized TiO, NTs, and the TiO,/CdS/CdSe
electrode exhibits a maximum IPCE of 53% around 491 nm. The
IPCE spectrum of the TiO,/CdS/CdSe electrode is consistent with

0.8+
— Ti0/CdS
0.7 —_TiO9/CdSe
0.6 —Ti0z/CdS/CdSe
— Ti02/CdS/CdSe/ZnS
0.5

0.4

IPCE

400 500 600 700 800 900
Wavelength / nm

Fig. 5. Linear sweep voltammagrams of photoanodes fabricated from various QDs
modified electrodes at a scan rate of 50 mV/s.
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Fig. 6. (a) Relative energy levels of TiO,, CdS, CdSe, and ZnS in bulk phase, (b) the
proposed energy band structure of the TiO,/CdS/CdSe/ZnS nanostructure interface.
All the energy levels are referenced to NHE scale. CB and VB are conduction band
and valence band.

its UV-vis absorption spectrum. Though the light harvest region
of TiO,/CdS/CdSe is similar to that of TiO,/CdSe, but a dramatic
increase in IPCE is obtained compared to both the TiO,/CdS and
TiO,/CdSe electrodes. The high performance of the TiO,/CdS/CdSe
electrode is mainly attributed to a synergistic effect of the high
electron injection efficiency of the CdS QDs and the wide light
harvesting range of the CdSe QDs. The highest photocurrent
response was obtained on the TiO,/CdS/CdSe/ZnS photoelectrode,
which gave a maximum IPCE of 72% at around 590 nm. This
maximum IPCE value is higher than that of most QD modified
TiO, photoanodes reported previously [4,5,12,16,18,25]. The only
higher IPCE value was reported by Niitsoo et al. on a CdS and CdSe
modified TiO, colloid electrode, which reached 80% [14].

Fig. 6 shows a set of linear sweep voltammagrams recorded
from these photoanodes. Pristine TiO, NTs show relatively low
steady photocurrent, ~0.144mA/cm? at 0V, due to the limited
absorption of visible light. The shape of these voltammagrams of
QD modified TiO, nanotubes is similar to those obtained previ-
ously on CdSe modified TiO, nanostructures [13]. Both the CdS
QD and CdSe QD sensitized TiO, NTs samples exhibit substan-
tially enhanced photocurrent compared to the pristine TiO, NTs,
~0.652 mA/cm? and ~0.841 mA/cm? at 0V, respectively. This can
be attributed to the improved visible light absorption by the
QDs, as shown in the UV-vis absorption spectra. Significantly, the
co-sensitized TiO,/CdS/CdSe photoanode shows a much higher
photocurrent density of ~2.074 mA/cm?2 at 0V, which is three times
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larger than that of the TiO,/CdS, and beyond two times larger
than that of the TiO,/CdSe. The voltammagram data indicates effi-
cient interfacial charge transfer between the CdS, CdSe QDs and
the TiO, NTs [20]. More importantly, the synergistic effect of the
co-sensitized sample leads to a strong photocurrent enhancement.
TiO,/CdS/CdSe/ZnS photoanode exhibits the largest photocurrent
density of ~2.869 mA/cm?2 at 0V. This result corresponds well to
the IPCE in Fig. 5, that the coating of the ZnS QDs clearly improves
the photocurrent.

To understand the above observed results, arelative energy level
of different components is shown in Fig. 7(a). According to the data
reported in the literatures [26,27], the band gap of TiO, (3.2eV)
limits its absorption range below the wavelength of about 400 nm.
CdS has a higher conduction band edge than TiO,, which is favor-
able for electron injection. However, with a band gap of 2.25 eV, the
absorption of bulk CdS is also limited below approximately 550 nm.
Bulk CdSe has a band gap of 1.7 eV, which can extend the absorp-
tion to the whole visible region. The conduction band of CdSe is
slightly lower than that of CdS. Lee and Lo have reported that when
CdS and CdSe were brought in contact as a cascade structure, the
electrons would flow from CdS to CdSe [15]. The re-distribution
of the electrons leads a stepwise band structure. The insertion of
a CdS layer between TiO, and CdSe elevates the conduction band
of CdSe, leading a higher driving force for the electron transporta-
tion. In addition, quantum confinement effect makes the energy
level of the conduction band more negative with the decreasing
particle size [18]. As a result, an ideal model for the co-sensitized
TiO; electrode is shown in Fig. 7(b). After the CdS and CdSe QDs are
sequentially deposited onto a TiO, NT film, a cascade-type energy
band structure is constructed for the co-sensitized photoanode. The
best electron transport path is from the conduction band of CdSe
to that of CdS, and finally reaching the conduction band of TiO,.
Meanwhile, this stepwise structure is also favorable for the hole
transport. As a result, a higher IPCE and photocurrent density are
obtained on the TiO,/CdS/CdSe electrode.

Besides, a higher and broader absorption is also obtained on the
TiO,/CdS/CdSe electrode. After coating a layer ZnS QDs, the pho-
toresponse is significantly improved, which could be attributed to
several reasons. First, as the absorption edge of ZnS is at about
345 nm, a higher absorption can be obtained due to the comple-
ment of the absorption spectrum of the ZnS with that of the CdSe
and CdS QDs. Second, ZnS acts as a passivation layer to protect the
CdS and CdSe QDs from photocorrosion. Thus, the photoexcited
electrons can efficiently transfer into the conduction band of TiO,.
Third, the outer ZnS layer can also be considered to be a potential
barrier between the interface of QDs materials and the electrolyte.
ZnS has a very wide band gap of 3.6 eV, it is much wider than that
of the CdS and CdSe QDs. As a result, the leakage of electrons from
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Fig. 7. (a) Relative energy levels of TiO,, CdS, CdSe, and ZnS in bulk phase, (b) the proposed energy band structure of the TiO,/CdS/CdSe/ZnS nanostructure interface. All the
energy levels are referenced to NHE scale. CB and VB are conduction band and valence band.
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the CdS and CdSe QDs into the electrolyte can be inhibited. Con-
sequently, a much higher IPCE and photocurrent density can be
obtained.

4. Conclusion

We have successfully fabricated a new type of TiO, NTs
array photoanode, which is sequentially modified by CdS, CdSe
and ZnS QDs. The co-sensitized electrode exhibited significantly
improved photoresponse compared to the single type QD sensi-
tized electrodes, including both expanded spectral response range
and enhanced IPCE performance. Such improvement is mainly
attributed to the overlap of the absorption spectra of the dif-
ferent materials and the formation of an ideal stepwise band
structure which is advantageous to the transport of excited elec-
trons and holes across the composite electrode. The resulted
TiO,/CdS/CdSe/ZnS photoanode exhibits a photoresponse range up
to 730 nm and a maximum IPCE value of 72%. It is believed that such
highly ordered array of TiO,/CdS/CdSe/ZnS NTs could find applica-
tion in high efficiency photovoltaic and photocatalysis applications.
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