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a  b  s  t  r  a  c  t

Core–shell  heterogeneous  CdTe/TiO2 nanorod  arrays  have  been  prepared  by  a  two-step  synthesis  route
through combined  hydrothermal  growth  and  magnetron  sputtering.  The  composition  and  microstruc-
ture  of  the  arrays  were  investigated  by  powder  X-ray  diffraction  (XRD),  scanning  electron  microscopy
(SEM)  and  high-resolution  transmission  electron  microscopy  (HRTEM),  which  show  that  CdTe  nanograins
coated  on  the  surface  of  the  single-crystalline  TiO2 nanorod  arrays  to  form  a  type-II  heterostructure.  Com-
pared with  TiO2 nanorod  arrays,  the  spectrum  absorption  region  of  CdTe/TiO2 core–shell  nanostructure  is
broadened  from  ultraviolet  light  to  visible  light.  The  photoelectrodes  of  CdTe/TiO2 nanorod  arrays  show
better  photoelectric  properties  than  those  of  bare  TiO2 nanorod  arrays.  The  output  power  of  CdTe/TiO2

nanorod  arrays  is  25  times  higher  than  that  of a bare  TiO2 nanorod  array.  These  results  indicate  that  the
photoelectrode  of  CdTe/TiO2 nanorod  array  has  a  promising  application  in  solar  cell.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

TiO2 is an important wide gap semiconductor with many
applications such as photocatalysis, pollutant degradation and
photovoltaic cells [1–4]. Recently, the one-dimensional TiO2 nanos-
tructures aimed at solar cells applications have attracted vast
attention for their stable properties, efficient charge separation and
transport properties [5–7]. However, these wide bandgap mate-
rials alone cannot absorb the sun light efficiently restricted by
their narrow light absorption range [8].  Core–shell structure is
always used to tune the basic optical properties of the core mate-
rial such as Lin et al. synthesized ZnSe/ZnS of type-I core/shell
structure, which remarkably improves the photoluminescence [9].
Meanwhile, type-II core–shell structure has both the valence and
conduction bands in the core lower (or higher) than in the shell. As
a result, one carrier is mostly confined to the core, while the other
is mostly confined to the shell. Type-II structures can allow access
to wavelengths that would otherwise not be available with a sin-
gle material. In addition, the separation of charges in the lowest
excited states of type-II nanocrystals should make these materi-
als more suitable in photovoltaic or photoconduction applications
[8,10].

Type-II core–shell structures with different band alignments,
such as TiO2/ZnO, ZnO/Er2O3, ZnO/ZnS, V2O5/ZnO, ZnSe/CdS or
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ZnO/CdTe, have been reported [11–16].  Those core–shell struc-
tures show adding light emission or enhanced efficiency of solar
cells. Kang et al. fabricated an all-inorganic ZnO/ZnSe nanowires
type-II p–n junction array which exhibits a threshold of 1.6 eV,
corresponding to an efficiency of 29% under one-sun [17]. A cad-
mium telluride solar cell uses a cadmium telluride (CdTe) thin
film, a semiconductor layer to absorb and convert sunlight into
electricity. CdTe is a near perfect material for PV application with
a direct band gap of 1.5 eV that is closely matched to the ter-
restrial solar spectrum and a high optical absorption coefficient
where less than 1 �m thickness is adequate to absorb the inci-
dent light [18,19].  Thus, it is interesting that incorporating CdTe
onto one-dimensional TiO2 nanorods to form type-II band align-
ment, which may  enhance the photoelectric current of the TiO2.
Here, we  report a flammulina velutipes-like CdTe/TiO2 core–shell
heterogeneous nanostructure synthesized by a two-step route
combined hydrothermal growth and magnetron sputtering. The
coating of CdTe grains on the surface of TiO2 nanorod arrays broad-
ens the spectra absorption range and increases the photo induced
current significantly, which suggests it a promising material to
absorb and convert sunlight into electricity for solar cell applica-
tion.

2. Experimental procedures

The two-step process to prepare CdTe/TiO2 core–shell structure is described as
follows: first, TiO2 nanorod arrays were prepared on FTO substrate (F:SnO2, 14 �/sq,
Nippon Sheet Glass Group, Japan) using titanium butoxide as starting materials
by  a hydrothermal process at 150 ◦C for 20 h [5,20].  Then, the FTO substrate was
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Fig. 1. XRD patterns of (a) TiO2/FTO and (b) CdTe/TiO2/FTO.

taken out, rinsed extensively with deionized water, and was  dried in ambient air.
Next, CdTe was  deposited onto the surfaces of TiO2 nanorods using radio-frequency
(RF)  magnetron sputtering at room temperature. Commercial hot-pressed CdTe
target (99.9% in purity) with 60 mm diameter was  used and the working pres-
sure was  controlled at 1.2 Pa using Ar carrier gas, and the sputtering power was
50  W.

The phase was identified with X-ray diffraction in the 2� range from 10◦ to 100◦

with Cu K� radiation (Rigaku D/MAX-2200 diffractometer, Japan). The microstruc-
ture of the composites was  observed with a scanning electron microscopy (SEM,
Hitachi S-6300) and high resolution transmission electron microscope (HRTEM, JEOL
JEM-2100F). The composition was analyzed by using X-ray energy dispersive anal-
ysis  (EDX). Diffuse reflectance absorption spectra were recorded by a Cintra.10e
spectroscopy with BaSO4 as a reference. The photocurrent intensity versus mea-
sured potential (I–V curves) of the samples was measured using an electrochemical
analyzer (CHI 600D Instruments, China). The as-prepared sample was used as the
working electrode, a platinum wire is used as the counter electrode, and a satu-
rated Ag/AgCl electrode was used as the reference electrode. 1 M Na2S aqueous
solution was used as the electrolyte. The working electrode was  illuminated from
the back side within an area about 0.2 cm2 with a solar-simulated light source (AM
1.5  G filtered, 100 mW/cm2, 69911, Oriel). Photoluminescence (PL) spectra were
collected at room temperature by a LabRAM HR800 (HORIBA Jobin Yvon) con-
focal Raman Spectrometer, with an excited wavelength at 325 nm using He–Cd
laser.

3. Results and discussion

Fig. 1 shows the XRD patterns of the TiO2/FTO and
CdTe/TiO2/FTO. SnO2 glass substrate is rutile structure (JCPDS no.
41-1445), and the TiO2 nanorod array grown on FTO shows a tetrag-
onal rutile structure (Fig. 1a). The enhanced (0 0 2) peak intensity
indicates the TiO2 nanorods grew preferentially along [0 0 1] direc-
tion. CdTe/TiO2/FTO was formed by the controllable deposition of
CdTe onto the surfaces of TiO2 nanorods. The optimized condi-
tions are that the working pressure is at 1.2 Pa using Ar carrier gas
and the sputtering power is 50 W.  Compared with XRD patterns of
TiO2/FTO, the additional peaks appearing in those of CdTe/TiO2/FTO
can be attributed to CdTe phase with a zinc blende structure (JCPDS
no. 15-0770).

The morphologies and microstructures of TiO2/FTO and
CdTe/TiO2/FTO are shown in Fig. 2. Highly ordered TiO2 nanorods
are hydrothermal grown perpendicularly on the FTO substrate to
give nanorod arrays. The shape of the TiO2 nanorods is spear-like
with the length of about 2.5 �m.  The diameters of TiO2 nanorods

are 200–250 nm at bottom and about 100 nm at top (shown in
Fig. 2a and b). The SEM images of the CdTe/TiO2/FTO are shown in
Fig. 2c–e, indicating the formed CdTe/TiO2/FTO nanorods are flam-
mulina velutipes-like. The surface of TiO2 nanorod arrays is covered
by spherical CdTe grains at the top of TiO2 nanorod (shown in Fig. 2c
and d). Seen from Fig. 2e, the diameters of the CdTe/TiO2 nanorods
become uniform from bottom to top and increase to 250–300 nm.
An EDX results of a single CdTe/TiO2 nanorod indicate the presence
of elements Cd, Te, Ti, and O, with Cd/Te atomic ratio about 1:1
(shown in Fig. 2f).

The microscopic structures of the core/shell CdTe/TiO2 nanorods
are further characterized by TEM. Fig. 2g shows a low-magnification
TEM image of a core–shell CdTe/TiO2 nanorod, which clearly
shows CdTe grains coating on the surface of TiO2 nanorod form
a core–shell structure. Meanwhile, it can be seen that the CdTe
shell with totally around 200 nm is mainly deposited on the top
of TiO2 nanorods, and then the whole surface of TiO2 nanorod with
different thickness CdTe can be functionalized in the process of
charge separation. A high-resolution TEM image of the interface
region between TiO2 core and CdTe shell (marked by the rectangle
in the inset of Fig. 2h) is shown in Fig. 2h, the crystal boundary is
observed between two phases. The lattice spacing in the right part
of the image is measured to be 0.32 nm,  corresponding to the (1 1 0)
plane of tetragonal rutile TiO2. The measured lattice spacing in the
left part is 0.23 nm,  corresponding to the (2 2 0) plane of the cubic
phase of CdTe. Due to large mismatch between the crystal lattices
of CdTe and TiO2, the strain is released by forming several unit cells
disordered area at the interface.

Diffuse reflectance absorption spectrum of CdTe/TiO2/FTO is
shown in Fig. 3, and the spectra of TiO2/FTO nanorod array and
CdTe/FTO were measured for comparison. All the thickness of the
samples was about 2 �m.  The absorption intensity of TiO2/FTO
nanorod arrays is much higher than the other two in the ultraviolet
light range, and quickly drops to the lowest in the visible light range.
The absorption intensity of CdTe/FTO maintains stable from 300 nm
to 350 nm in the ultraviolet light range, and quickly increases to
the similar value maintaining from 360 nm to 800 nm.  While the
absorbance of the heterogeneous core–shell CdTe/TiO2 nanostruc-
ture is increased to double the absorbance of CdTe, and spectrum
absorption region extends to visible light region compared with
TiO2 nanorod arrays. Therefore, a great increase in absorbance and
broadening of light spectrum absorption region is achieved in the
CdTe/TiO2 core–shell nanorod array, making a step towards the
application in solar cells.

Fig. 4 shows the I–V curves of CdTe/FTO, TiO2/FTO and
CdTe/TiO2/FTO. For the TiO2/FTO, the short circuit photocur-
rent intensity and open circuit photovoltage versus Ag/AgCl are
0.387 mA/cm2 and 0.727 V, respectively; while the values of
CdTe/TiO2/FTO are 13.485 mA/cm2 and 0.519 V, respectively. The
output power of CdTe/TiO2/FTO is about 25 times larger than that
of TiO2/FTO. In addition, the short circuit photocurrent intensity
and open circuit photovoltage versus Ag/AgCl of CdTe/FTO are quite
small, about 0.0241 mA/cm2 and 0.094 V. It is probably attributed
to the low conductivity of CdTe/FTO that the photo induced current
cannot be exported.

Fig. 5 depicts the PL spectra of CdTe/FTO, TiO2/FTO and
CdTe/TiO2/FTO over a large energy range. For CdTe/FTO, the PL spec-
tra exhibits two  main types of emissions located at 542 nm (2.29 eV)
and 724 nm (1.71 eV), which correspond to the defect and energy
band, respectively; While the main type emission in PL spectra of
TiO2/FTO caused by the energy band is situated at 539 nm (2.30 eV).
The emission peak in PL spectra of CdTe/TiO2/FTO is much lower
than other two  thin films from 400 nm to 1000 nm.  The strong sup-
pression of the PL emission spectra of the CdTe/TiO2/FTO thin film
implies that charge separation occurred before the recombination
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