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CdSe Nanotube Arrays on ITO via Aligned ZnO Nanorods Templating
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Using a ZnO nanorod array as the template, vertically aligned CdSe nanotubes have been
demonstrated on indium tin oxide (ITO) glass in large scale. The wall thickness of the nanotube is
tunable and can be increased until the formation of a continuous porous CdSe network. Detailed
morphological and structural characterizations of the samples during the nanotube array formation
reveal a growth mechanism that can be generally applied to a wide range of materials. In particular,
we found that preferable CdSe nucleation and growth on the side surface ({1010} planes) of the ZnO
nanorods in the array is critical to the later formation of a tubular structure with controllable wall
thickness.

Introduction

Since the discovery of carbon nanotubes,1 inorganic
compounds with a tubular structure have attracted great
research interest,2-8 because of the lower density and
higher surface-to-volume ratio associatedwith their specific
morphology, extending the capacity for desired surface
modification and functionalization. Among various nano-
tubes, those composed of semiconducting materials take
advantage of both the tubular morphology and the unique
physical properties of semiconductors, having great poten-
tial to serve as functional building blocks for various nano-
device applications, including gas sensing, solar energy
conversion, and catalysis.9 Nevertheless, many device
applications would require the assembly of nanotubes into
aligned arrays on conducting substrates.10-14 In this

regard, the most reported semiconducting nanotube arrays
have been restricted to two material systems, i.e., TiO2

and ZnO. Although both of them have been utilized as
nanostructured electrodes for solar energy conversion
devices,10-14 the application is limited by their large band
gaps (>3 eV); i.e., none of them can simultaneously serve
as effective light harvesters.15 On the other hand, while the
formation of ordered TiO2 nanotube arrays relies on the
anodic oxidation of titanium foil,16 which is a method that
is similar to the anodic aluminum oxide (AAO) template
fabrication; the tubular array morphology of ZnO is
determined by the faster etching rate of its metastable
{0001} planes over others in a hexagonal ZnO nanorod.17

Unfortunately, neither method can be generally applied to
the synthesis of nanotube arrays composed of other mate-
rials, which could be of interest for different applications.
On the other hand, cadmium selenide (CdSe), with high

absorption coefficient and photosensitivity,18 is one of
the most extensively studied Type II-VI semiconductor
materials. More importantly, when the size falls in the
quantum regime, its band gap can be varied to cover the
entire visible spectrum,19-23 which has great potential for
applications in light-emitting devices, solar cell, photo-
detectors, lasers, and biological labels. Recently, much
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research effort has also been devoted to the fabrication of
various CdSe-based nanostructures,24-31 which may find
applications in future nanodevices. In particular, CdSe
nanotube is of special interest, because of the increased
active surface area, compared to its other one-dimen-
sional morphologies. Indeed, CdSe nanotubes have been
fabricated using a sonoelectrochemical technique32 and
templating methods, when selenium nanowires,33 tin
nanowires,34 cadmium nanowires,35 Cd(OH)2 nano-
wires,36 and AAO37 have been employed as the template
materials. Nevertheless, large-scale synthesis of the na-
notubes into an aligned array configuration and on
conducting substrates remains challenging.
In the present work, we demonstrate a synthetic route

for aligned nanotube arrays formation on conducting
substrates by taking the CdSe nanotube array-on-ITO
structure as an example. We show that the walls of these
CdSe nanotubes can be controlled at different thick-
nesses, and, in the extreme case, a continuous nanoporous
CdSe network is obtained. Detailed characterizations on
the sample morphologies, compositions, and photolumi-
nescence (PL) properties have been performed during the
nanotube formation process, based on its growth me-
chanism, are discussed in detail.

Results and Discussions

Morphology, Structure, and Chemical Composition of

the Samples during the CdSe Nanotube Array Formation.

The formation process of the CdSe nanotube arrays is
illustrated by scanning electron microscopy (SEM)
images taken at different synthetic steps (see Figure 1).
The ZnO nanorod array-on-ITO structure has been used
as the starting template (Figure 1a). The individual ZnO
nanorod has a hexagonal cross section, low-indexed
termination surfaces ({0002} planes as the top surface,
and {1010} planes as the side surfaces), which appear to
be smooth (see the inset of Figure 1a). The diameter of the
ZnO nanorods is 400( 50 nm in this sample series. After
CdSe deposition, the surface of these ZnO nanorods
becomes rough with its diameter increasing to 800 ( 60
nm, although the aligned array configuration remains
intact (see Figure 1b). The etching of ZnO in the ammonia

solution results in distinct nanotubes arrays, and further
annealing of such a sample (in air) causes little morpho-
logical change (see Figure 1c). The inner and outer
diameters of the nanotubes are estimated to be ∼400 (
50 nm and∼800( 60 nm, which is consistent with that of
the original ZnO nanorod and the ZnO-core/CdSe-shell
nanocables in the arrays, respectively. Figure 1d shows a
side view of the CdSe nanotube arrays, obtained by
clipping the sample off the substrate. The length of the
nanotubes in the array is determined by the length of the
original ZnO nanorods template, and it can be controlled
in a size range from several hundreds of nanometers to
>10 μm.
The crystallinity of the above samples has been stu-

died by X-ray diffraction (XRD), at which point their
structural evolution is revealed (see Figure S1 in the
Supporting Information). Although diffraction peaks of
CdSe appear after the electrochemical deposition of
CdSe on ZnO, they are very broad, which suggests the
poor crystallinity and/or small grain size of the CdSe
shell on ZnO nanorods in the array. As a comparison,
air annealing of the nanotube sample results in much
sharper diffraction peaks, which can be indexed to
hexagonal CdSe. No impurity peak has been detected,
excluding possible sample oxidation during the anneal-
ing process.

Figure 1. Scanning electron microscopy (SEM) images of (a) the ZnO
nanorod, (b) the ZnO/CdSe nanocable, and (c) the annealed CdSe
nanotube. (Insets in the upper right corner of each panel show a high-
magnification image of each.)
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A more-detailed structure/chemical composition
change during the nanotube formation can be clearly
observed in the transmission electronmicroscopy (TEM)-
related study of the corresponding samples (see Figure 2).
ZnO nanorods with a smooth surface are found in the
original ZnO nanorod array template sample (see
Figure 2a). Selected-area diffraction (SAD), taken from
a single nanorod, reveals its signal crystalline nature
(taken from the ZnO [2110] zone axis), while the corre-
sponding energy-dispersive X-ray (EDX) spectrum only
shows signals fromZn andO, with the Zn:O ratio close to

1 (see Figure 2a; the Cu signal in all of the EDX spectra
comes from the TEM supporting grid). The surface of the
ZnO nanorod becomes rough after CdSe deposition (see
Figure 2b). Other than the diffraction spots from ZnO,
diffused ring patterns that can be indexed to the hexago-
nal CdSe also appear in the SAD taken from such a
sample. Consistently, signals from Cd and Se appear
together with Zn and O in the EDX spectrum, with both
the Cd:Se and the Zn:O ratios being close to 1 (see
Figure 2b). Removal of the ZnO nanorod core leads to
a hollow nanotube configuration (see Figure 2c), which is
mainly composed of Cd and Se (Cd:Se ratio ≈ 1). In the
SAD pattern of such a nanotube, only a diffused ring
pattern exists and can be indexed to the hexagonal CdSe,
indicating the polycrystalline nature of the as-synthesized
nanotubes (see Figure 2c). Air annealing of the CdSe
nanotubes does not cause any morphological or chemical
compositional changes to them, as revealed, respectively,
by the low-magnificationTEM image andEDXspectrum
shown in Figure 2d. Nevertheless, the diffraction rings in
the SAD of the annealed nanotube become shaper,
suggesting improved crystallinity and/or increased grain
size of CdSe in the tube. This is consistent with the high-
resolution electron microscopy (HREM) images taken
from the as-synthesized (Figure 2e) and annealed
(Figure 2f) nanotube samples; one can estimate that the
size of the nanocrystals in the polycrystalline CdSe na-
notube increases from 10 ( 5 nm in the as-synthesized
sample to g20 nm in the annealed ones. The small grain
size in the as-synthesized sample makes it difficult to tilt
individual crystals to a proper zone axis, so that analysis
of the lattice fringes would not generate any accurate
information. Figure 2f is a HREM image taken from the
[0001] zone axis, the d-spacing of the lattice fringes are
measured as 0.37 nm, matching those of {1010} planes of
hexagonal CdSe.
Tunable Diameter and Wall Thickness of the CdSe

Nanotubes. The diameter of the CdSe nanotube is tunable
and primarily determined by the size of the ZnO nanorod
in the original array template. Figure 3 show the SEM
images of threeCdSe nanotube samples formed using ZnO
nanorods with diameters of ∼50 ( 10, ∼150 ( 25, and
∼400 ( 50 nm as the original template, and one can see
that the resultedCdSe nanotube samples have diameters of
∼50 ( 10, ∼150 ( 25, and ∼400 ( 50 nm, accordingly.

Figure 2. Low-magnification TEM images and the corresponding se-
lected-area diffraction (SAD) patterns and EDX spectra of (a) the ZnO
nanorod, (b) the ZnO/CdSe core/shell nanocable, (c) the as-grown CdSe
nanotube, and (d) the annealed CdSe nanotube. Panels (e) and (f) show
HREM images of as-grown and annealed CdSe nanotubes, respectively.

Figure 3. SEM images of CdSe nanotube arrays with variable inner diameters of (a) ∼50, (b) ∼150, and (c) ∼400 nm.
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The thickness of the CdSe shell can be controlled by
adjusting the electrochemical deposition time. This allows
a tunable wall thickness to be achieved in the CdSe
nanotubes. In fact, we have identified a distinct morphol-
ogy evolution of the CdSe nanotubes at a later stage when
the CdSe shell thickness is controlled at different levels
during the electrochemical deposition. The short deposi-
tion duration (e5 min) leads to a very thin layer of CdSe
(in the form of particle aggregates) on ZnO, and, in the
extreme case, full coverage of the ZnO nanorod surface
may not be achieved (see Figure 4a). The removal of ZnO
in such a sample would completely destroy the aligned
array configuration on ITO, although collapsed CdSe
nanotubes randomly scattered on the substrate can be

observed in some regions of the sample (see Figure 4b). A
longer deposition time definitely results in a thicker CdSe
shell on ZnO (see Figures 4c (10 min deposition) and 4e
(20 min deposition)) and, consequently, a more robust
nanotube array on ITO after ZnO etching (see Figures 4d
and 4f). Figure 5 plots the change in the CdSe wall
thickness as a function of the electrochemical deposition
time. The wall thicknesses of the CdSe nanotube are∼50,
∼70,∼110, and∼180 nm (with a standard deviation of 10
nm) when deposited for 5, 10, 15 and 20min, respectively.
Note that a further increase in CdSe deposition time
would eventually lead to the disappearance of the nanoc-
able array morphology, because of the formation of a
continuous ZnO-nanorod/CdSe-matrix composite film
on the ITO substrate (see Figure 4g, 120 min deposition).
By removing the top surface CdSe layer in such a compo-
site film using mechanical polishing, the morphology of
continuous ZnO-nanorod/CdSe-matrix can be clearly
observed (see Figure 4h). Further ZnO etching in such a
sample results in a continuous network of porous CdSe
(see Figure 4i).
Formation Mechanism of the CdSe Nanotube Arrays on

ITO. Now, we discuss the formation mechanism of the
CdSe nanotube arrays on an ITO substrate. The growth
pattern of the CdSe on ZnO during the electrochemical
deposition is critical to the tubularmorphology formed at
a later stage. The large surface area of the ZnO nanorods
serves as preferable nucleation sites for the incoming Cd
and Se species in the solution. Comparing the two types of
termination surface of the ZnO nanorods, i.e., side sur-
face consisted of {1010} planes and top surface of {0002}
planes (inset of Figure 1a), preferable nucleation and
growth of CdSe first occurs at the side surface, resulting
in a faster wrapup of the ZnO nanorod on the side walls
(see Figures 4a, 4c, and 4e) and leaving the top openings
as channels for later ZnO etching. Such a growth pattern
also allows faster CdSe shell expansion along the nanoc-
able radial direction while maintaining the aligned array
configuration until the empty space among the ZnO
nanorods is fully filled; a continuously CdSe matrix
formation, then followed by complete top surface cover-
age by CdSe, also occurs (see Figure 4g).
Two synthesis parameters are found to be crucial in

achieving the nanotube morphology of CdSe. The

Figure 4. SEM images of ZnO/CdSe composite nanostructures and the
resultingCdSe hollownanostructures,with (a, b) 5min, (c, d) 10min, (e, f)
20 min, and (g, h, i) 120 min of CdSe deposition. Panel (h) shows the
sample given in panel (g) after mechanical polishing.

Figure 5. Change in CdSe wall thickness, as a function of the electro-
chemical deposition time.
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first one is the choice of the etching solutions for
ZnO. In principle, ZnO can be etched under both acidic
and alkaline solutions, i.e., ZnOþ 2Hþ ¼ Zn2þ þH2O
andZnOþ 2OH- ¼ ZnO2

2- þH2ONevertheless, the re-
action between ZnO and most acids is intense and difficult
to control. In addition, the deposited CdSe would also
dissolve in an acidic environment. On the other hand,
etching of ZnO in an alkaline solution is observed to be
slow; little morphology change is observed after the sample
is soaked into an alkaline solution (e.g., NaOH) at pH∼13
for 10 h. Although ammonia is a weak alkali, it reacts with
ZnO via the formation of a zinc tetraamine complex:
ZnOþ 4NH3 3H2O ¼ ZnðNH3Þ42- þ 2OH- þ 3H2O
Such a reaction can effectively “dissolve” the ZnOwhile, at
the same time, beingmild enough tomaintain the nanotube
array morphology of CdSe. The second parameter is the
structural quality of the CdSe in the ZnO/CdSe core/shell
nanocables. Although the top surface (either uncovered or
partially covered ZnO {0002} planes) serves as the primary
route for the etchant solution to flow in, solution permea-
tion through the CdSe side walls also makes a important
contribution. In this regard, the defective and loose struc-
ture of CdSe with poor crystallinity that resulted from the
electrochemical deposition is determined to be beneficial,
because it provides easy permeation channels for the etch-
ing chemicals. Indeed, when the nanocable sample is
annealed (in air) before etching, one would find improved
crystallinity of CdSe but, at the same time, ineffective
removal of the ZnO core (see Figure S2 in the Supporting
Information).
Absorption and Photoluminescence (PL) Properties.

The evolution in the photoluminescence (PL) of the
samples is consistent with the nanotube array formation
process. The strong near-band-edge emission (NBE) of
ZnO in the nanorod array template is found to be
significantly depressed (see Figure 6a) when CdSe is
deposited on its surface. A similar trend (Figure 6b) is
observed for CdSe, i.e., while the NBE of CdSe in the
nanocables is extremely low, removal of the ZnOnanorod
cores leads to a huge surge of such emissions. Annealing
of the CdSe nanotubes further enhances its NBE, mainly
because of the removal of various defects centers. The
drastic decrease in the NBE intensities of both ZnO and
CdSe (in the nanocables) originates from theType II band
alignment between ZnO and CdSe, which reduces resi-
dual electron-hole overlapping and, thus, their recombi-
nation probability in the individual materials.38-40

The PL emission of the CdSe nanotubes should origi-
nate from thematerial’s band-edge emissions. A blue shift
in the emission energy has been observed in the as-
synthesized CdSe nanotube, compared to the annealed
ones, suggesting possible grain size enlargement in the
annealed samples. This is consistent with the TEM ob-
servation of the sample-grain growth is obvious in the
corresponding HREM images. Estimation of the band
gaps of the as-synthesized and annealed CdSe nanotube

samples has beenmade from the absorption spectra taken
from the two samples (see Figure 7). The optical absorption
near the band edge can be described byR ¼ Aðhv-EgÞn

hv

where R is the absorption coefficient, A a constant, hν
the incident photon energy, Eg and the optical band gap
energy; the value of n is dependent on whether the
transition is direct (n = 1/2) or indirect (n = 2).41 By
plotting (Rhv)1/n as a function of hν (n=1/2 in the present
case), one can extrapolate the value ofEg.While the band
gap of the anneal nanotube is ∼1.74 eV, being consistent
with the literature value of bulk CdSe, that of the

Figure 6. Room-temperature photoluminescence (PL) spectra: (a) ZnO
near-band-edge emission (NBE) in ZnO nanorods andZnO/CdSe nanoc-
ables; and (b) CdSeNBE in ZnO/CdSe nanocables, as-prepared (denoted
by the prefix As-), and annealed (denoted by the prefix An-) CdSe
nanotubes.

Figure 7. Absorption spectra of as-grown (blue trace) and annealed (red
trace) CdSe nanotube arrays on an ITO substrate.
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as-synthesized ones is slightly higher (i.e.,∼1.77 eV). The
blue shift of the band gap in the as-synthesized samples is
likely induced by the quantum confinement effect, be-
cause small-sized CdSe crystals exist in such a sample
(e10 nm in diameter, as observed in the HREM images),
the value of which is close to the Bohr radius of CdSe (∼5
nm).

Conclusions

In conclusion, large-scale CdSe nanotube arrays on
ITO have been demonstrated using a simple ZnO nano-
rod templating-etchingmethod. The preferred nucleation
and growth of CdSe on the side surface of ZnO nanorods
in the array determines the later formation of tubular
array morphology with controllable tube wall thickness
that can be increased until continuous CdSe porous net-
work formation. The present methodology can be gen-
erally applied to a wide range of materials. Using ZnO
nanostructures with different morphologies (such as na-
nobelt, tetrapod, etc.), versatile hollow structures of
different materials are expected, via such a synthetic
route, providing diversified building blocks that may be
required for various nanodevice applications.

Methods

The ZnO nanorod array-on-ITO42 format has been used as

the template for the CdSe nanotube formation. The CdSe was

first deposited on the surface of the ZnO nanorods in the array

using electrochemical deposition.43 In a typical procedure, an

aqueous solution of 0.05 M cadmium acetate, 0.1 M nitrilotria-

cetic acid trisodium salt, and 0.05 M selenosulfate (with excess

sulfite) were used. The CdSe was deposited galvanostatically (at

a current density of ∼2.7 mA/cm2) at room temperature in a

two-electrode electrochemical cell, with the ZnOnanorod array-

on-ITO structure as the cathode and platinum metal as the

counterelectrode. The CdSe deposition time is 20 min, unless

specified. After CdSe deposition, the entire sample (on ITO)was

dipped into a 25% ammonia solution for 1 h to remove the ZnO

nanorods, which is a process that leads to the formation of CdSe

nanotube arrays on ITO. Finally, the nanotube sample was

annealed at 350 �C in air for 1 h.

The general morphology and crystallinity of the samples were

examined by scanning electron microscopy (SEM; Quantum

Model F400), and X-ray diffraction (XRD; Rigaku Model

RU300), respectively. Their microstructure and chemical com-

position were investigated by transmission electron microscopy

(TEM; TecnaiModel 20 FEG), with an energy-dispersive X-ray

(EDX) spectrometer attached to the same microscope. The

TEM samples were prepared by removing the nanotubes from

the substrate, dispersing them into alcohol, and then depositing

them onto a lacey-carbon-film TEMgrid. The absorption of the

samples were examined using a Hitachi Model U3501 UV-vis

absorption spectrometer. Near-band-edge emission (NBE) of

both ZnO and CdSe are studied by room-temperature photo-

luminescence (PL) measurements, using the 325-nm line of a

HeCd laser for ZnO, and the 514-nm line of an argon laser for

CdSe.
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