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Heterojunctions of CdS nanowire (CdSNW) and carbon nanotube (CNT) have been achieved in the
nanochannels of anodic aluminum oxide (AAO) templates via sequentially electrodepositing CdSNWs and
chemical vapor depositing CNTs. Transport measurements reveal that Ohmic-like behavior has been
achieved, which may result from a very low energy barrier in the junction of CdSNW/CNT. Furthermore,
three-segment heterostructures of CNT/CdSNW/CNT have also been obtained by adding a procedure of
selectively etching part of the deposited CdSNWs before chemical vapor depositing CNTs. The approach
could be exploited to build nanodevices and functional networks consisting of well-interconnected two- or
three-segment nanoheterostructures.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Segmented heterojunctions consisting of one-dimensional (1D)
nanostructures have attracted much attention due to their potential
applications in electronic and photovoltaic devices, sensors, energy
conversion and interconnection in integrate circuit [1–3]. Among the 1D
segmented nanoheterojunctions, carbon nanotube (CNT)-based nano-
heterojunctions have been extensively investigated for their potentials
in nanoscale electronics and photoelectronics [4–6]. Up to now, CNT-
based nanoheterojunctions of metal nanowire (MNW) and CNT (i.e.,
MNW/CNT) have been produced by a combination of electrodeposition
(ED) and chemical vapor deposition (CVD) inside the nanochannels of
anodic aluminum oxide (AAO) templates [7–9]. However, little is
reported on the junctions consisting of CNT and semiconductor NW via
AAO template-based approach. Although most CNT-based electronics
nowadays are built with metallic contacts, CNT-based semiconductor/
semiconductor heterojunctions could have a wide variety of applica-
tions [6]. Thus, building semiconductor NW and CNT heterojunctions
with novel properties will be a great challenge.

CdS, as a direct wide band gap (2.42 eV) semiconductor in the
visible region, has long been considered as a prime material for solar
cells, electronics and optoelectronics nanodevices [10,11]. Here, we
report the controlled synthesis of 1D segmented nanoheterojunctions
of CdS NW (CdSNW) and CNT (i.e. CdSNW/CNT) and three-segment
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nanoheterostructures of CNT/CdSNW/CNT inside the nanochannels
of AAO templates by a combination of electrodepositing CdSNWs,
selective etching part of the NWs and CVD growth of CNTs [7,12]. The
electrical properties were measured and the Ohmic-like behavior was
confirmed in CdSNW/CNT nanojunctions.
2. Experimental

The experimental procedures for building two-segment CdSNW/
CNT and three-segment CNT/CdSNW/CNT heterostructures are shown
schematically in Fig. 1. The AAO templates were prepared by using a
modified two-step anodization process as reported previously [13]. The
CdSNW/CNT heterojunctions were achieved by first electrodepositing
CdSNWs in the nanochannels of the AAO template with one side coated
with a silver layer as electrode [14,15], and then growing CNTs in the
remaining empty channels via CVD approach [13]. As for the three-
segment CNT/CdSNW/CNT nanoheterostructures, the silver layer was
etched using a concentrated HNO3 solution after the ED of CdSNWs, and
then a small portion of the CdSNWs near the planar surface side of the
template was removed in a dilute HCl solution. Subsequently, CVD was
carried out to deposit CNTs on the two empty sides of the nanochannels.
The resultant products were placed into a plasma cleaner to remove the
surface amorphous carbon. For scan electron microscope (SEM) and
transmission electron microscope (TEM) characterizations, the nano-
heterostructures were released from the AAO templates by dissolving
the templates in a 3 M NaOH solution for 40 min at 50 °C, and then
washed in distilled water for several times.
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Fig. 2. Characterization of the nanoheterostructures. (a) Top view of the nanotube tip arrays. (b)–(d) SEM images of a bundle of CdSNW/CNT (b), CNT/CdSNW/CNT
(c) heterostructures and an individual CdSNW/CNT nanoheterojunction (d), respectively, the interface of heterojunctions marked with red arrows. (e), (f) EDS spectra taken on the
dark and light contrast parts in CdSNW/CNT and CNT/CdSNW/CNT heterostructures, respectively. (g) TEM image of an individual CdSNW/CNT heterojunction, with SAED pattern
taken from CdSNW segment (inset). (h) Lattice-resolved TEM image showing the junction of CdSNW/CNT taken from the red rectangle in (g), the edge of the wall and tip of CNT is
contoured by dashed black lines for clarity. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 1. Schematics for the fabrication procedure of two-segment CdSNW/CNT and three-segment CNT/CdSNW/CNT nanoheterostructures.
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Fig. 4. Energy band diagrams of a CdSNW/CNT contact. (a) Before contact. (b) The
proposed model of CdSNW/CNT after contact at thermal equilibrium.

Fig. 3. (a) Room-temperature I–V characteristics of CdSNWs and CNTs (inset) embedded in AAO templates with both surface sides coated with silver layer as electrodes. (b),
(c) Room-temperature I–V characteristics of CNT/CdSNW/CNT and CdSNW/CNT heterostructures, respectively. The black dashed line in (c) is the mirror image of the reverse
current with regard to the origin. (d) I–V curves of CdSNW/CNT heterojunctions at different temperatures.
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3. Results and discussion

Fig. 2a is the SEM image taken on the planar surface of the tem-
plate embeddedwith the nanoheterojunctions, revealing the top view
of the CNTs. Fig. 2b and c shows the SEM images of a bundle of
CdSNW/CNT and CNT/CdSNW/CNT heterostructures, respectively.
Close-up view (Fig. 2d) of the CdSNW/CNT heterojunctions clearly
shows that the CNT and CdSNW are well connected, and both of the
CNT and CdSNW segments are about 60 nm in diameter. Combined
with energy dispersive X-ray spectroscopy (EDS) taken on the corres-
ponding parts with different contrasts (Fig. 2e and f), it is confirmed
that the light and dark contrast parts in Fig. 2b and c are CdSNWs and
CNTs segments, respectively. The CNT segment appears darker than
that of CdSNW due to its lower energy of the scattered electrons [16].
TEM image (Fig. 2g) of a single CdSNW/CNT junction further confirms
that good connection between CdSNW and CNT has been achieved,
and the selected area electron diffraction (SAED) pattern (inset in
Fig. 2g), taken from the NW segment, shows that the NW is single
crystal CdS with the hexagonal structure, partially resulted from the
high temperature heating during the CNT growth. High-resolution
TEM image of the CdSNW/CNT junction (Fig. 2h) shows that the CNT
is closely ended at the CdSNW tip as CdSNW serves as a closely ended
cap, and good adherence is achieved between the CdSNW and the CNT.

The electronic transport of the nanoheterostructures was exam-
ined. Prior to the measurements, thin silver layers were sputtered
onto both planar surface sides of the AAO templates embedded with
the resultant nanostructures to serve as working electrodes. First, we
examined AAO templates embedded with only CdSNWs and CNTs
respectively, and the electronic transport measurements show the
linear and symmetrical I–V curves (Fig. 3a), revealing that both of the
CdSNWs and CNTs could form Ohmic contacts with silver. Therefore,
using similar measurement method, the resultant I–V curves will
reveal the natural behavior of the heterostructures. Fig. 3b displays
the room-temperature I–V curve of the CNT/CdSNW/CNT hetero-
structures with approximate symmetrical behavior, which is expected
for the symmetrical configuration. Fig. 3c is the room-temperature I–V
curve of the CdSNW/CNT heterojunctions, suggesting that Ohmic-like
contacts are formed in the CdSNW/CNT junctions due to the approx-
imate symmetrical behavior. However, the curve is not strictly sym-
metrical, and the forward current is higher than the reverse current
(dashed) with the forward direction being positively biased CNTs.
This might be attributed to a low energy barrier in the CdSNW/CNT
junctions.

To understand the transport mechanism qualitatively, energy
band diagram is displayed in Fig. 4, determined by the electron affinity
and band gaps of the two materials. The electron affinity of the CNT is
about 4.4 eV derived from the parameter of graphite [17], and the
band gap energy (Eg) of 60-nm-diameter CNT is less than 0.10 eV
derived from the equation Eg~1/D [18,19], where D is the diameter of
the CNT. In this case, we assume that Eg is 0.10 eV and the Fermi level
(Ef) of the CNT is in the middle of the band gap [17]. However, those
parameters we introduced are not constants, which could be changed
slightly with the diameter and the structure of the tips [20]. Also, the
electron affinity of CdS is about 4.5 eV, and Eg of CdS is 2.42 eV [10].
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After contacting, the electrons in CNTs move to CdSNW, then the
conduction band of CdS bends to the downward at the transition
region. Thus from Fig. 4b, one would expect to observe Ohmic-like
behavior in the CdSNW/CNT nanojunctions. Furthermore, there could
be a very low barrier at the interface to prevent the electrons from
CNT moving to CdS.

The electronic transport properties from another sample at the
temperature ranging from 10 K to 300 K are shown in Fig. 3d. At
elevated temperatures the high current flow may be associated with
increased electron excitation, thus generating more free carriers to
participate in the conduction process. It should be emphasized that
although the linear and symmetrical behavior approximately has
been observed at 300 K, it is found that with the decrease of the
temperature the I–V characteristic moves from linear to nonlinear.
This could be attributed to the reduction of the barrier height at
elevated temperatures, and which is a nonlinear function of ambient
temperature [21].

4. Conclusions

In summary, we have fabricated two-segment CdSNW/CNT and
three-segment CNT/CdSNW/CNT nanoheterostructures by a combina-
tion of ED of CdSNWs, selective etching part of the deposited CdS NWs,
and CVD growth of CNTs inside the remaining nanochannels of the AAO
templates. Electronic transport measurements reveal that the CdSNW/
CNT heterojunctions show Ohmic-like behavior. The method reported
here could be extended to build CNT-based two- and three-segment
heterojunctionswith theNWsegment consisting of other semiconduct-
ing materials achievable via electrodeposition and stable at the CNTs
growth temperature. These CNT-based heterojunctions may have
potentials in nanoelectronics.
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