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Introduction

Three dimensional ZnO nanotube arrays and their
optical tuning through formation of type-l|
heterostructures

Lei Wang,?® Xing Huang,** Jing Xia,?® Dandan Zhu,®® Xuanze Li® and Xiangmin Meng*®

In this paper, we report on the first successful attempt of chemical vapor deposition (CVD) synthesis of
well-aligned single-crystalline ZnO nanotube arrays on Mo wire mesh. According to detailed morphology
and composition analyses, a rational growth model is proposed to illustrate the growth process of the hol-
low ZnO nanotubes. Metastable Zn-rich ZnO, nanorods formed in the early stage are believed to play a vi-
tal role towards the formation of nanotube configuration. In addition, we also successfully fabricate ZnO/
ZnS and ZnO/CdS core/shell nanotube arrays by simply depositing ZnS and CdS on the pre-fabricated ZnO
nanotubes. Despite the existence of a large lattice mismatch, the grown ZnS and CdS layers are somewhat
single-crystalline and show an epitaxial orientation relationship with the inner ZnO, that is, [0001lz.s or
cas//[0001]7,0 and (10-10)zns or cas//(10-10)zh0. Further, room temperature cathodoluminescence (CL)
characterization indicates that after surface decoration, the formed ZnO-based heterostructures show dis-
tinguished optical properties. Quenching of 67.2% and 99.7% of ZnO near-band-gap (NBE) emission is ob-
served on ZnO/CdS and ZnO/ZnS, respectively. Efficient charge separation resulting from type-Il band con-
figuration is considered to be responsible for the variation of optical properties. Our method may represent
a powerful synthesis platform for creation of ZnO nanotubes and ZnO-based hollow heterostructures with
tunable properties.

tribute to higher carrier transport and optical absorption ef-
ficiency, are highly desirable.

During the past two decades, one dimensional (1D) semi-
conductor nanomaterials, including nanorods,' nanowires,’
nanobelts,> nanotubes,” and so forth, have aroused consid-
erable research interest due to their unique geometry shape
with a high surface-to-volume ratio and exceptional physico-
chemical properties.”” Among these nanostructures, 1D
ZnO nanomaterials,*'® especially ZnO nanotubes, have
attracted particular attention because of their excellent
photonic and electric properties."*” The high porosity and
large surface area of ZnO nanotubes can largely satisfy the
need for high efficiency and activity in numerous applica-
tions, such as, bio-/gas sensors,'® solar cells'® and photo-
catalysts.>® As a consequence, design and fabrication of
high quality ZnO tubular structures, particularly those
formed in a three dimensional (3D) manner that can con-
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Despite those advantages, ZnO also suffers from some in-
trinsic drawbacks such as its tendency to undergo photo-
corrosion and its large bandgap, which would reduce its
photoefficiency and photostability, as well as its efficiency for
visible light absorption.>* > In order to improve the proper-
ties of ZnO-based devices, plenty of strategies, including dop-
ing,”® surface coating® and surface passivation®® have been
conducted to manipulate the properties of ZnO nano-
materials. Among such, surface engineering to form core/
shell architectures is of particular interest because of its con-
venience for band-alignment design and feasibility for car-
rier separation.””*® ZnS and CdS, being important II-VI
semiconductors, have been widely utilized for the decora-
tion of Zn0.*'*® Since the conduction band and valence
band of ZnS and CdS are both energetically above the re-
spective bands of ZnO, combining them will form so-called
type-II heterostructures.”” Both experimental and theoretical
studies have demonstrated that ZnO-based type-II hetero-
structures can show superior properties due to their largely
decreased recombination rate resulting from type-II band
configuration.’®*' Nevertheless, with previous reports mainly
focusing on the investigation of rod-like ZnO-based core-shell
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heterostructures,>* > tubular core/shell heterostructures, such
as ZnO/ZnS and ZnO/CdS core/shell nanotubes with an epitax-
ial orientation relationship, are rarely studied.

Herein, we demonstrate the first CVD synthesis of 3D
single-crystalline ZnO nanotube arrays grown on Mo wire
mesh. The growth mechanism of the hollow ZnO tubes is
discussed in detail. Moreover, through a two-step thermal de-
position process, ZnO/ZnS and ZnO/CdS nanotube arrays are
also successfully fabricated. Structural analysis indicates that
the grown ZnS and CdS are single-crystalline and have an epi-
taxial orientation relationship with the inner ZnO, ie.,
[0001]25s or cas//[0001]z00 and (10-10)4s or cas//(10-10)zn0. Fur-
ther, optical property measurement reveals that the decoration
of ZnS and CdS can strongly change the optical proper-
ties of ZnO. Greatly reduced ZnO NBE emission is observed
on the heterostructures.

Experimental

The syntheses of ZnO nanotube arrays, ZnO/ZnS nanotube ar-
rays and ZnO/CdS nanotube arrays were carried out in a
high-temperature tube furnace with two heating zones
through a thermal deposition method. The distance between
the zones is about 50 cm. The diameter of the quartz tube is
3 cm.

Synthesis of ZnO nanotube arrays

Zn powder and molybdenum mesh were used as the source
and the substrate, respectively. Firstly, 2.0 g of zinc powder
(analytical grade) was put in a ceramic boat (8 cm in length
and 1 cm in width) which was then placed at the high tem-
perature zone of the tube. Another boat with a piece of ultra-
sonically cleaned molybdenum mesh on the top was placed
next to the zinc powder downstream along the tube. After-
wards, the system was evacuated and a constant air flow of
40 scem (standard cubic centimeters per minute) was intro-
duced into the tube. The pressure in the tube was
maintained at 100 Pa. Then, the Zn source was elevated up to
650 °C at a rate of 20 °C min~" and held for 1 h. After the
tube was naturally cooled down to room temperature, ZnO
nanotube arrays were formed on the molybdenum mesh.

Synthesis of single-crystalline ZnO/ZnS nanotube arrays

Heteroepitaxial growth of a ZnS shell on one-dimensional
ZnO nanostructures was performed with a method similarly
to that described in our previous work.*" Briefly, ZnS powder
and pre-fabricated ZnO nanotube arrays were placed at the
high-temperature zone and the low-temperature zone, respec-
tively. Afterwards, a constant Ar flow of 50 sccm was intro-
duced into the tube and the pressure in the tube was
maintained at about 500 Pa. The two zones of the tube were
heated to 800 °C and 600 °C, respectively, and kept at those
pre-set temperatures for 1 h. After the tube was naturally
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cooled to room temperature, single-crystalline ZnO/ZnS nano-
tube arrays were obtained on molybdenum mesh.

Synthesis of single-crystalline ZnO/CdS nanotube arrays

CdS powder (analytical grade) was placed at the high-
temperature zone of the quartz tube while the molybdenum
mesh with the pre-fabricated ZnO nanotube arrays was lo-
cated downstream with a distance of 30-40 cm away from the
CdS powder. Then, Ar was flowed into the tube at a constant
flow of 50 scem and the pressure in the system was
maintained at about 500 Pa. The high-temperature zone and
the low-temperature zone were heated to 800 °C and 600 °C,
respectively, and kept at those temperatures for 1 h. After the
furnace was naturally cooled down to room temperature,
single-crystalline ZnO/CdS nanotube arrays were obtained on
molybdenum mesh.

Characterization

Scanning electron microscopy (SEM) images were taken on a
Hitachi S-4800 SEM operated at an accelerated voltage of
10 kV. The microstructure of the samples was investigated by
using a JEM-2100F transmission electron microscope (TEM)
operated at 200 kV. Elemental mapping analysis was performed
on an aberration-corrected JEOL JEM-ARM200CF TEM oper-
ated at 200 kV. The microscope is equipped with a high
angle Silicon Drift EDX detector with a solid angle of up
to 0.98 steradians from a detection area of 100 mm’.
Cathodoluminescence measurements were performed on a
FEI Quanta 600F environmental SEM equipped with a
Gatan monoCL3+ spectrometer.

Results and discussion

Fig. 1 shows the experimental setup and the strategy for the
fabrication of the ZnO, ZnO/ZnS and ZnO/CdS nanotube ar-
rays. Specifically, the ZnO nanotube arrays are synthesized on
Mo wire mesh by vaporization of Zn powder in the presence
of air. Subsequent growth of ZnS and CdS on the
prefabricated ZnO nanotubes by thermal vaporization of ZnS
powder and CdS powder results in the formation of ZnO/ZnS
and ZnO/CdS nanotube arrays, respectively. The inset illus-
trates the shape of a single nanotube obtained in different
steps, correspondingly. More details can be found in the Ex-
perimental section.

Fig. 2a and b respectively show the low- and high-
magnification SEM images of the obtained ZnO product. It
presents a brush-like morphology with individual nanostruc-
tures grown radially along the surface of the Mo wire. Fig. 2c
shows the SEM image of a single ZnO nanostructure. It is
interesting to find that the object shows a tubular structure.
The length of those nanotubes is about 5-10 pm with their
outer diameter in the range of 150-200 nm, typically. It is
also noteworthy that some of the nanotubes show a penta-
gonal cross section (Fig. 2c). Fig. 2d is the energy-dispersive
X-ray spectrometry (EDX) spectrum of the sample. It only

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Experimental setup for the synthesis of (a) ZnO, (b) ZnO/ZnS and (c) ZnO/CdS nanotube arrays in a horizontal tube furnace; (d) schematic

growth process of ZnO, ZnO/ZnS and ZnO/CdS nanotube arrays.

shows signals of Zn and O with an atomic ratio of about 1:1,
indicating the composition of ZnO. The atomic structure of
the ZnO nanotube is further examined by transmission
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Fig. 2 (a) Low- and (b) high-magnification SEM images of ZnO nano-
tube arrays grown on Mo mesh; (c) SEM image of a single ZnO nano-
tube; (d) EDX spectrum of ZnO nanotubes. The inset shows the atomic
ratio of the sample; (e) TEM image of a single ZnO nanotube; (f)
HRTEM image and the corresponding SAED pattern of the ZnO
nanotube.

This journal is © The Royal Society of Chemistry 2016

electron microscopy (TEM). Fig. 2e shows the TEM image of
the nanotube. Due to its tubular structure, the side wall of
the nanotube shows a relatively dark contrast in TEM imag-
ing. Fig. 2f shows the HRTEM image of a nanotube. The lat-
tice fringes with a measured interplanar distance of about
0.52 nm match well with the (0001) planes of wurtzite (WZ)
ZnO. The inset of Fig. 2d shows the corresponding selected-
area electron diffraction (SAED) pattern. The presence of
well-aligned diffraction spots signifies the single-crystalline
nature of the tube. The spots appear sharp and intense,
which is an indication that the tube grows with good
crystallinity.

As far as we know, growth of ZnO nanotube arrays
through a CVD process is rarely reported. Considering their
potential uses as building blocks in assembling novel opto-
electronic devices, it is thus of crucial importance to clarify
the growth mechanism of the ZnO nanotube arrays. We no-
tice in the product that some nanotubes show a solid nano-
rod base, as shown in Fig. 3a. Such kinds are supposed to be
in a transition stage towards the formation of ZnO nano-
tubes.*> EDX analysis reveals that the solid base is composed
of nonstoichiometric metastable zinc-rich ZnO, (x < 1). It is
well known that metastable ZnO, has a much lower melting
point (419 °C) compared to stoichiometric ZnO.*> Therefore,
we assume that the upper tubular part probably forms as a
result of evaporation of the inner low-melting-point ZnO,
during an increase in temperature. According to the above
analysis, the growth mechanism of the ZnO nanotube arrays
is proposed as follows. At the beginning, due to the relatively
low temperature and insufficient supply of air, the vaporized
Zn gas cannot be fully oxidized, resulting in the formation of
metastable Zn rich ZnO, nanoparticles on the surface of Mo
wire mesh. Due to the low chemical potential, those metasta-
ble ZnO, particles will keep adsorbing the incoming vapor
and serve as the nucleus for subsequent growth of ZnO,

CrystEngComm, 2016, 18, 2517-2523 | 2519
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Fig. 3 (a) EDX analysis at different sites of a nanotube. A depicts the
nanotube part and B depicts the nanorod part; (b) schematic
illustration of the growth process of ZnO nanotubes.

nanorods. With an elevated temperature, two spontaneous
processes are likely to occur which are the following: surface
oxidation of the grown ZnO, nanorods to form a stable ZnO
shell and decomposition of the inner metastable ZnO, to
form a hollow structure. After those processes, an intermedi-
ate structure composed of segments of nanorods (at the base)
and nanotubes (at the top) is formed. Once the tubular struc-
tures are formed, they will serve as the substrate for the
homoepitaxial growth of the nanotubes along the longitudi-
nal axis. The schematic formation process of the ZnO nano-
tube is illustrated in Fig. 3b. As we mentioned above that
with most of the nanorods showing cylindrical shape, some
tend to form pentagons. The reason for this is not clear yet.
We consider that it is probably a joint result of kinetic and
thermodynamic factors. It is also worth mentioning that utili-
zation of Mo wire mesh with a high surface area and rela-
tively rough surface gives rise to successful nucleation events
compared to utilization of the commonly used Si wafer with
a smooth surface,"” leading to the growth of nanostructures
with a high density and good uniformity.

Previous reports have shown the potential use of 1D ZnO
nanostructures as functional components in optoelectronic
and photovoltaic devices.**'"'> However, the performance of
such devices is largely limited by the short life time of photo-
excited electrons and holes in ZnO nanostructures. Recently,
both experimental and theoretical studies have demon-
strated that by surface decoration of an additional semicon-
ductor on ZnO to form type-II heterostructures, the performance
of devices from those heterostructures can be significantly
improved.””?*%! The formation of a type-Il band alignment
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can efficiently decrease the recombination rate of electrons
and holes; correspondingly, their life time can be largely ex-
panded.**** Motivated by this, ZnS and CdS, with proper
band positions in reference to ZnO, were chosen as the depo-
sition materials, aiming to form type-II heterostructures with
pre-prepared ZnO nanotubes. Fig. 4a and b show the SEM
and TEM images of a single ZnO nanotube after the deposi-
tion of ZnS. In comparison with the pristine ZnO nanotube
showing a relatively smooth surface (Fig. 2c and e), the sur-
face of the tube afterwards becomes slightly rougher. In ad-
dition, the wall thickness of the tube also shows a notable
increase from 5-10 nm to 20-50 nm. These observations sig-
nify the possible growth of ZnS on the ZnO tubes. To con-
firm the composition of the product, we carried out EDX
analysis coupled with SEM. As exhibited in Fig. 4c, the EDX
spectrum reveals the presence of Zn, O and S elements in
the sample with an atomic ratio of 1.1:1:0.1. The element
mapping image vividly shows (Fig. 4d) that the O signal is
mainly confined in the core region of the nanotube while
the Zn and S signals are distributed throughout the entire
nanotube. Structural analysis of the grown layer is also
performed by TEM. The HRTEM image in Fig. 4e clearly

Atomic Ratio
(c) - o
Zn 49.81
Zn o 45.45
S 4.74
Zn:0:S
Ratio 1.10:1:0.10
O S Zn
] - A
0

2 4 68
Energy (KeV)

Fig. 4 (a) SEM image and (b) TEM image of a single ZnO nanotube
after coating of ZnS; (c) EDX spectrum of the nanotubes. The inset
depicts the atomic ratio of the nanotubes; (d) Annular dark-field (ADF)
image and the corresponding element mapping images; (e) HRTEM im-
age of the nanotubes after deposition of ZnS; (f) The corresponding
SAED pattern.

This journal is © The Royal Society of Chemistry 2016
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resolves lattice fringes with a d-spacing of 0.62 nm, coincid-
ing well with the (0001) planes of WZ ZnS. Of note, some lat-
tice fringes in the ZnS layer are strongly distorted. This is be-
cause of the large lattice mismatch between ZnO and ZnS
(20%) that causes strong stress during ZnS growth. Gradual
release of the stress results in distortion of the crystal lattice
in the grown ZnS layer. By introducing crystal imperfection,
the single-crystalline nature of the epitaxial ZnS layer is pre-
served somehow. Fig. 4f shows the corresponding SAED pat-
tern. Two sets of diffraction spots are revealed, which can be
indexed to WZ ZnO and WZ ZnS, respectively, with a com-
mon zone axis of [2-1-10]. Interestingly, the two components
within the heterostructure show an epitaxial relationship de-
spite the large lattice mismatch, that is, [0001],,s//[0001]zn0
and (01-10)2,s//(01-10) 0.

Similarly, the epitaxial method was also used to deposit
CdS on the ZnO nanotube arrays. The SEM image of the
product after CdS coating is shown in Fig. 5a. Clearly, the
nanotube presents a relatively rougher surface and thicker
wall compared with the ZnO nanotube, suggesting the possi-
ble growth of CdS on ZnO. The following composition analy-
sis (Fig. 5b) as well as the elemental maps (Fig. 5c) solidly
demonstrates the presence of CdS on ZnO. In order to study
the atomic structure of the heterojunction, HRTEM and the

Atomic Ratio
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Z n Oll 35.50

Cd 10.59
13.39

(e)
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(0Q01)4
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,(000-1) "~ CdS

Fig. 5 (a) SEM image of a single ZnO nanotube after CdS coating; (b)
EDX spectrum of the products; (c) ADF-STEM image and the corre-
sponding elemental mapping images; (d) HRTEM image of the nano-
tube after deposition of CdS; (e) the corresponding SAED pattern.
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corresponding SAED techniques were employed. Fig. 5d dis-
plays the HRTEM image of a nanotube, in which the lattice
fringes with a measured distance of about 0.66 nm corre-
sponds to the (0001) planes of WZ CdS. Similar to the previ-
ous case, lattice distortion was also observed in the CdS layer.
Although the lattice mismatch between ZnO and CdS (27%)
is even larger in this case, the grown CdS somewhat remains
single-crystalline. The corresponding SAED pattern (Fig. 5e)
shows superposition of two sets of diffraction spots from
ZnO and CdS, which reveals an epitaxial relationship, ie.,
[0001]cqs//[0001]700 and (01-10 )gqs//(01-10)zn0. This is exactly
the same as that indicated in the case of the ZnO/ZnS nano-
tubes. The identical epitaxial growth relationship is probably
because of a common feature among ZnO, ZnS and CdS that
they all exist in the WZ structure.

We have demonstrated above the successful surface modi-
fication of ZnO nanotubes with single-crystalline ZnS and
CdS to form type-II heterostructures. In order to study the ef-
fect of surface engineering on the optical properties of the
ZnO nanotubes, cathodoluminescence (CL) measurement
was carried out on the samples at room temperature (Fig. 6).
From the ZnO CL spectrum, two emission peaks are ob-
served. The sharp and intense peak at ~390 nm can be as-
cribed to the near band edge (NBE) emission of ZnO while
the broad visible emission centered at ~511 nm is commonly
believed to relate to the defects of ZnO, such as oxygen va-
cancy and interstitial zinc.”> In comparison to the pure ZnO
nanotube, however, the hybrids present strongly quenched
CL emissions. Particularly for the NBE emission of ZnO,
quenching of 67.2% and 99.7% is observed on ZnO/CdS and
ZnO/ZnS, respectively.

As charge transfer acts as an additional decay channel for
charge carriers besides radiative recombination, we believe
that pronounced reduction in CL emission is an indication of
efficient charge separation ascribed from the type-II band
alignment of the ZnO/ZnS and ZnO/CdS heterojunctions.***
Fig. 7 illustrates the energy level diagrams of the ZnO/ZnS
and ZnO/CdS heterostructures. As shown, the valence band

ZnO nanotube

ZnO/ZnS nanotube

ZnO/CdS nanotube

CL Intensity (a.u.)

AN R AN R S R S R N BN R AR B
300 350 400 450 500 550 600 650 700
Wavelength (nm)

Fig. 6 Cathodoluminescence spectra obtained from a single ZnO
nanotube, ZnO/ZnS nanotube and ZnO/CdS nanotube.
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Fig. 7 Energy level diagrams of ZnO/ZnS and ZnO/CdS heterostructures
as well as the charge transfer process under cathodoexcitation.

and conduction band of ZnS and CdS are both energetically
above the respective bands of ZnO, which is characteristic of
type-II band alignment. Consequently, after the cathode-ray
excitation and the charge transfer process, the electrons are
mainly concentrated in the ZnO cores while the holes find
their lowest energetic states in the ZnS and CdS shells.’”
Thus, the overlap between the electron and hole wave function
is small and the radiative recombination rate becomes signifi-
cantly low, resulting in a great decrease in CL emission.

Conclusions

In summary, we put forward a CVD method for fabricating
single-crystalline ZnO nanotube arrays on the surface of Mo
mesh. Based on detailed composition and morphology charac-
terization, a rational mechanism for the growth of ZnO nano-
tube arrays is proposed. Subsequent growth of ZnS and CdS on
the pre-fabricated ZnO nanotubes leads to the formation of
ZnO/ZnS and ZnO/CdS heterostructures with a type-II band
alignment. TEM analysis revealed that the ZnS and CdS are sin-
gle-crystalline, which follow an epitaxial growth manner despite
the large lattice mismatch between the grown components and
ZnO. The epitaxial orientation relationship is identified as
[0001]2ns or cas//[0001]zn0 and (10-10)zns or cas//(10-10)zu0. Room
temperature CL spectra of the ZnO/ZnS nanotubes and ZnO/
CdS nanotubes show dramatically reduced ZnO NBE emission
and deep level emission compared with the bare ZnO nano-
tubes. Charge separation induced by type-II band alignment is
believed to be responsible for the changes in optical properties.
It is expected that the as-prepared nanotube arrays are highly
promising candidates for optoelectronic and photocatalysis ap-
plications due to their single-crystalline nature, ordered align-
ment and efficient charge separation. This simple CVD tech-
nique may also be used to synthesize other semiconductor
nanotube arrays and epitaxial heterostructures.
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