
Synthesis and optical properties of ZnO–ZnS core-shell nanotube arrays
Hung-Chou Liao, Pai-Chia Kuo, Chin-Ching Lin, and San-Yuan Chen 

 
Citation: Journal of Vacuum Science & Technology B 24, 2198 (2006); doi: 10.1116/1.2232456 
View online: http://dx.doi.org/10.1116/1.2232456 
View Table of Contents: http://scitation.aip.org/content/avs/journal/jvstb/24/5?ver=pdfcov 
Published by the AVS: Science & Technology of Materials, Interfaces, and Processing 
 
Articles you may be interested in 
Synthesis and photovoltaic effect of vertically aligned ZnO/ZnS core/shell nanowire arrays 
Appl. Phys. Lett. 96, 123105 (2010); 10.1063/1.3367706 
 
Growth and spectral analysis of ZnO nanotubes 
J. Appl. Phys. 103, 094303 (2008); 10.1063/1.2908189 
 
Selective growth of catalyst-free ZnO nanowire arrays on Al:ZnO for device application 
Appl. Phys. Lett. 91, 233112 (2007); 10.1063/1.2811717 
 
Growth and characterization of a high-purity ZnO nanoneedles film prepared by microwave plasma deposition 
J. Vac. Sci. Technol. B 24, 1318 (2006); 10.1116/1.2194943 
 
ZnO nanoclusters: Synthesis and photoluminescence 
Appl. Phys. Lett. 87, 241917 (2005); 10.1063/1.2147715 

 
 

 Redistribution subject to AVS license or copyright; see http://scitation.aip.org/termsconditions. Download to IP:  140.113.38.11 On: Thu, 01 May 2014 01:51:01

http://scitation.aip.org/content/avs/journal/jvstb?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/1492969273/x01/AIP/HA_Pub2Web_ReregisterToCalert_AVS_CovPg_1640x440_10_2013/avs_aipToCAlerts.png/7744715775314c5835346b4141412b4b?x
http://scitation.aip.org/search?value1=Hung-Chou+Liao&option1=author
http://scitation.aip.org/search?value1=Pai-Chia+Kuo&option1=author
http://scitation.aip.org/search?value1=Chin-Ching+Lin&option1=author
http://scitation.aip.org/search?value1=San-Yuan+Chen&option1=author
http://scitation.aip.org/content/avs/journal/jvstb?ver=pdfcov
http://dx.doi.org/10.1116/1.2232456
http://scitation.aip.org/content/avs/journal/jvstb/24/5?ver=pdfcov
http://scitation.aip.org/content/avs?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/96/12/10.1063/1.3367706?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/103/9/10.1063/1.2908189?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/91/23/10.1063/1.2811717?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvstb/24/3/10.1116/1.2194943?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/87/24/10.1063/1.2147715?ver=pdfcov


 Redistr
Synthesis and optical properties of ZnO–ZnS core-shell nanotube arrays
Hung-Chou Liao, Pai-Chia Kuo, Chin-Ching Lin, and San-Yuan Chena�

Department of Materials Science and Engineering, National Chiao Tung University, 1001 Ta-hsueh Road,
Hsinchu, Taiwan, 30050 Republic of China
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Heterostructured ZnO–ZnS core-shell nanotube arrays with the diameters of 50–80 nm and lengths
up to 1 �m were synthesized by a two-step chemical reaction. First, the ZnO layer was grown by
atomic-layer deposition. It was found that the preferred growth orientation was strongly dependent
on the substrate temperature. After sulfuration conversion from arrayed ZnO nanorods, the ZnS–
ZnO composite arrays can be successfully prepared, as evidenced from transmission electron
microscopy. This confirms that the ZnO–ZnS core-shell nanotube-arrayed structure has been
fabricated. X-ray photoelectron spectroscopy analysis indicates that the binding energy of S 2p is
the same as that of bulk single-crystal ZnS and that the Zn 2p3/2 peak is shifted about 0.5 eV due
to the formation of Zn–S bonds. Photoluminescence shows the relative-intensity ratio of ultraviolet
emission �IUV� to deep-level emission �IDLE� for ZnO/ZnS core-shell nanotubes can be enhanced to
be nine times that of original ZnO nanotubes. © 2006 American Vacuum Society.

�DOI: 10.1116/1.2232456�
I. INTRODUCTION

One-dimension �1D� nanotubes and tubular nanomaterials
have attracted much attention. Growth of 1D ZnO nanostruc-
tures including nanotubes,1 nanowires,2 nanorods,3 and
nanobelts4 has been demonstrated recently. Semiconducting
ZnO is one of the most important functional oxides for op-
toelectronics. Recently, many functional materials with ar-
rayed nanostructures have been successful synthesized by
various methods. Large-scale arrays of ZnO nanorods on Si
and flexible substrates have been developed in our previous
works.5

However, many research groups have found that the non-
passivated surface sites may act for deep-level recombination
and suppress efficient luminescence, especially in ZnO nano-
rods grown by the chemical-solution route.6,7 Song and Lee8

reported that the ZnSe/ZnS core/shell nanocrystal showed a
2000% enhancement of luminescence quantum yield com-
pared to bare ZnSe nanocrystals. As an important II-VI semi-
conductor, zinc sulfide �ZnS� has a wide band gap energy of
3.66 eV at room temperature.9 The ZnO core was passivated
by a wider band gap inorganic ZnS materials that could pro-
vide effective elimination of surface-related defect states and
a confinement of charge carriers into the core material due to
the band offset potential.

In this article, we report the synthesis of ZnO/ZnS core-
shell nanotubes using anodic-aluminum oxide �AAO� tem-
plates to form arrayed ZnO nanotubes by the atomic-layer
deposition �ALD� process and then sulfurated by Na2S solu-
tion. In addition, UV photoluminescence of ordered ZnO–
ZnS core-shell nanotubes arrays is also characterized.

a�Author to whom correspondence should be addressed; electronic mail:

sychen@cc.nctu.edu.tw
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II. EXPERIMENT

For the growth of the ZnO nanotubes by an ALD process
on an AAO template, diethylzinc �DEZ� and H2O reactant
gases were alternately fed into the growth chamber with ni-
trogen as a carrier gas. The pressure in the reactor during
deposition was kept at 0.2–0.6 torr. The ZnO film was de-
posited on the AAO template at 200 °C. The growth rate of
ZnO film was controlled at 0.11 nm/cycle. After growth, the
inner wall of ZnO nanotubes was sulfurated by 50 mL of
0.8M Na2S solution for 12 h. The details of the sulfurating
process can be referred to Ref. 10. The resulting core-shell
nanotubes were then cleaned and dried in an isothermal oven
at 70 °C. The morphology of ZnO–ZnS core-shell nanotubes
was examined by scanning electron microscopy �SEM�
�JEOL-6500F� operating at 15 kV and transmission electron
microscopy �TEM� �Philips Tecnai 20� operating at 200 kV.
The crystal structure was determined using x-ray diffraction
�XRD� �M18XFH� with Cu K� radiation. Energy-dispersive
x-ray spectroscopy �EDS� and x-ray photoelectron spectros-
copy �XPS� equipped with Mg K� at 1253.6 eV at the anode
were used for the composition analysis of the ZnO–ZnS
core-shell nanotubes. The x-ray generator was operated at
15 kV and 300 W �20 mA�. The XPS spectra were taken
with an energy resolution of 0.1 eV/step, a dwell time of
50 ms, a pass energy of 35.75 eV, number of scans of 10
times. The carbon-based contamination in the spectrometer
was used as the reference in the work and the binding ener-
gies were calibrated by referring to the C 1s line. Despite the
apparent limitations and uncertainties associated with adven-
titious carbon referencing, it is the most convenient and com-
monly applied technique that were widely used in the pub-
lished papers.11–13 Photoluminescence measurement was
performed by excitation from a 325 nm He–Cd laser at room
temperature. Both ZnO nanorods and ZnS powder were used

as the standards.

2198/24„5…/2198/4/$23.00 ©2006 American Vacuum Society
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III. RESULTS AND DISCUSSION

The scanning electron microscopy �SEM� images of the
bare AAO and ZnO nanotube arrays in the AAO template are
presented in Fig. 1. The thickness of the fabricated AAO is
about 1 �m and the channel diameter is less than 100 nm.
After the ZnO thin film was deposited into the channels of
AAO by ALD �Fig. 1�b��, the diameter of the channel was
estimated to be about 50–80 nm. EDS analysis taken from
the side view ZnO nanotubes in AAO template found that the
nanotubes are mainly composed of Zn and O, as shown in
Fig. 1�c�.

Figure 2 shows the XRD patterns obtained from ZnO
nanotube arrays annealed at various substrate temperatures.

FIG. 1. SEM image of �a� AAO template and �b� ZnO nanotubes in AAO. �c�
EDS spectra acquired from the side view region in �b�.
It was found that the �100� orientation was first observed at
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low substrate temperatures. However, it was found that the
�002� orientation would become dominant when the substrate
temperature was increased above 225 °C, indicating the
strong preferred orientation along the c axis of wurtzite ZnO.
This observation suggests that the preferred growth orienta-
tion of ZnO nanotubes strongly depends on the substrate
temperature and that the crystal structure of the ZnO nano-
tubes can be controlled.

Subsequently, the inner walls of ZnO nanotubes were sul-
furated in the Na2S solution for 12 h and it was found that
the ZnO–ZnS nanotubes were formed in the AAO. Further-
more, after removing the AAO in aqueous NaOH, Fig. 3
shows the SEM image of ZnO–ZnS nanotube arrays. The
nanotubes were estimated to have the average diameters of
50–80 nm and lengths of about 1 �m.

The chemical state of atoms on the surface of ZnO nano-
tubes was analyzed by XPS analysis. A comparison of the
XPS spectra recorded from the as-synthesized ZnO nano-
tubes and the ZnO–ZnS core-shell nanotubes is shown in
Fig. 4. The XPS analysis shows that the nanotubes are
mainly composed of Zn, O, and S. The signal of S 2p in the
ZnO nanotubes was only detected in the ZnO nanotubes with
sulfurating, as illustrated in Fig. 4�a�. The binding energy of
S 2p appears at about 162.3 eV after sulfuration. This bind-
ing energy is smaller than that of sulfur-related compounds,
such as elemental sulfur �164.0 eV� and chemisorbed SO2

�163–165.5 eV�.14 This implies that the peak can be as-
signed to the binding energy of ZnS.15

Figure 4�b� shows the XPS data of Zn 2p3/2 taken from
ZnO nanotubes and ZnO–ZnS core-shell nanotubes. The full

FIG. 2. XRD of ZnO nanotube arrays deposited from 180 to 270 °C.

FIG. 3. SEM image of side view ZnO–ZnS core-shell nanotube arrays. Top

view was shown in the inset.
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width at half maximum �FWHM� of the Zn peak obtained
from the ZnO nanotubes and ZnO–ZnS core-shell nanotubes
are 1.578 and 1.655 eV, respectively. The Zn 2p3/2 peak ob-
tained from the ZnO nanotubes appears to be symmetric with
its peak at 1022.8 eV, which is larger than the value of Zn in
bulk ZnO.16 The measured Zn 2p3/2 spectrum of ZnO–ZnS
core-shell nanotubes could be accurately fitted with two dif-
ferent Gaussian peak components. The XPS bonding energy
spectra was fitted using computer program of XPS-PEAK4.1.
The background was subtracted using Shirley’s method and
processed by least-square fitting with Gaussian peaks. The
peaks located at 1022.8 and 1022.3 eV could be due to Zn–O
bond and Zn–S bond, respectively. Figure 4�c� shows the
XPS data of O 1s in ZnO nanotubes and ZnO–ZnS core-shell
nanotubes. The asymmetric peak is possibly from some sur-
face contamination or differential charging of the surface
layer. It was found that the O 1s peak obtained from the
ZnO–ZnS core-shell nanotubes is lower than the value of
ZnO nanotubes and the difference in bonding energy be-

FIG. 4. XPS spectra of �a� S 2p, �b� Zn 2p3/2, and �c� O 1s of ZnO and
ZnO/ZnS core-shell nanotubes.
tween them is very small ��0.1 eV�.
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Figure 5�a� shows the TEM image of ZnO–ZnS core-shell
nanotubes in the nanostructured AAO template. The wall
thickness of the ZnS–ZnO nanotubes is roughly estimated to
be about 35–50 nm. However, it was found that the ZnS
surface is not smooth because the lattice constant of zinc-
blende ZnS �a=0.541 09 nm� and wurtzite ZnO �a
=0.3249 nm and c=0.520 65 nm� are incompatible. Further-
more, since the reaction is essentially a substitution reaction,
the grown ZnS layer is also possibly a mixed ZnO–ZnS sur-
face. Therefore, it is very difficult to measure the size of the
ZnS layer on the nanosize scale by TEM images.

The selected-area electron diffraction in Fig. 5�b� re-
corded from the core-shell nanotube reveals two sets of ring
diffraction patterns which fit very well to zinc-blende struc-
ture ZnS and wurtzite structure ZnO, indicating that poly-
crystalline ZnS has been grown on the ZnO nanotubes. Fur-
thermore, this demonstrates that ZnO–ZnS core-shell
nanotubes have been developed.

The photoluminescence �PL� property of the ZnO–ZnS

FIG. 5. �a� TEM image of ZnO–ZnS core-shell nanotubes. �b� Selected-area
electron-diffraction pattern of ZnO/ZnS core-shell nanotubes, showing the
presence of zinc-blende ZnS and wurtzite-structure ZnO.
nanostructures was measured and is shown in Fig. 6. A small
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shift of �1.5 nm was observed for the ZnO–ZnS nanostruc-
ture. This shift is possibly due to the reduced size of the ZnO
nanotubes, especially in the wall-thickness direction of the
nanotubes.17 Moreover, it was found that the UV emission
intensity of ZnO–ZnS core-shell nanotubes is stronger than
that of ZnO nanotubes. The weakness in deep-level emission
presumably results from the suppression of nonradiative re-
combination due to reduced concentrations of surface
states.18 Therefore, the relative ratio of the peak intensity of
UV emission �IUV� to that of deep-level emission �IDLE� for
ZnO–ZnS core-shell nanotubes could be enhanced nine times
that of original ZnO nanotubes. A higher PL ratio implies
that the ZnO–ZnS core-shell nanotubes exhibit higher optical
quality and can be applied in advanced nanostructured
photoelectronics.

IV. CONCLUSION

In summary, using AAO as a template, ZnO nanotubes
array can be fabricated by the atomic-layer chemical-vapor-
deposition technique. After the sulfurating reaction, the
ZnO–ZnS core-shell nanotube arrays were synthesized. The
wall thickness of ZnO–ZnS core-shell nanotubes is about
35–50 nm. A small blueshift was observed from the PL spec-
tra of the ZnO–ZnS core-shell nanotubes, possibly caused by
a small quantum-confinement effect. Moreover, this relative-

FIG. 6. PL spectra of ZnO and ZnO–ZnS core-shell nanotubes.
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intensity ratio of UV emission �IUV� to deep-level emission
�IDLE� is much stronger for ZnO/ZnS core-shell nanotubes as
compared with original ZnO nanotubes that can be attributed
to the surface passivation of ZnO nanotubes by a wider band
gap material, ZnS. This ratio could be enhanced by the factor
of 9. The ZnO–ZnS core/shell nanostructures may have po-
tential and useful applications in advanced nanoscale elec-
tronics, optics, and other devices.
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