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Synthesis and optical properties of patterned ZnO nanorods and ZnS-ZnO core-shell
nanotube arrays
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Abstract

Growth behavior of single crystal ZnO

A BHEPF LS

nanorods (ZNs) on patterned ZnO film/Si
substrate annealed at different temperatures
was first studied. HRTEM observation
demonstrates that both ZNs and ZnOf on Si
substrate are coherent. Subsequently, AAO was
used as template to deposit ZnO nanotube by
atomic layer deposition (ALD) process. After
sulfurating, hetrostructured ZnS-ZnO
core-shell nanotube arrays with the diameters
of 50-80 nm and lengths up to 1 um have been
successfully developed. It is found that the
crystal growth orientation of the ZnO layer was
strongly dependent on the substrate
temperature. Furthermore, transmission
electron microscopy (TEM) reveals that ZnO
nanotubes show a good uniformity in thickness
due to the self-limiting feature of atomic layer
deposition (ALD). X-ray photoelectron
spectroscopy (XPS) analysis indicates that the
binding energy of S 2p is the same as that of
bulk single-crystal ZnS, and the Zn 2p3/2 peak
is shifted about 0.5 eV due to the formation of
Zn-S bonds. Photoluminescence (PL) shows
the relative intensity ratio of ultraviolet (UV)
emission to deep level emission for ZnS/ZnO
core-shell can be enhanced as 9 times as that of
original ZnO nanotube.

Keywords: ZnO nanorods Patterned allay
ZnS-ZnO core-shell nanotube ; Optoelectronic
properties Microstructure evolution
well-aligned

l. Introduction

One-dimensional (1D) nanostructures have
great potential for learning the fundamental
concepts of the roles of both dimensionality
and size in physical properties as well as for
application in nanodevices and functional
materials. Other than carbon nanotubes, 1D
nanostructures such as nanowires are ideal
systems for investigating the dependence of
electrical transport, optical and mechanical
properties on size and dimensionality.!"

Growth of 1D ZnO nanostructures
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including nanotubes,[ ] nanovwres,[3 ],

nanorods[4], and nanobelts”®! have been also
developed. Such nanostructures enable the
observation of unique optical optical
confinement and microcavity. So far, many
works have been done to investigate optical
cavity effect within nanostructure such as
nanowires and nanorods). However, many
research groups have found that the
non-passivated surface sites may act as either a
deep level recombination and suppress efficient
luminescence, especially in ZnO nanorods. [
The passivation of materials by wider band-gap
inorganic materials could provide effective
elimination of surface-related defect states and
a confinement of charge carriers into the core
material due to the band offset potential. Song
et al.® reported that ZnSe/ZnS core/shell
nanocrystal showed a 2000% enhancement of
luminescence quantum yield compared to bare
ZnSe nanocrystals. Therefore, in this work, we
developed a process to synthesize ZnS/ZnO
Core-Shell nanotubes with controlled relative
wall thickness of ZnS to ZnO. First, anodic
aluminum oxide (AAO) was used as templates
to deposit thin ZnO nanotubes by atomic layer
deposition (ALD) process[g] and then a
sulfurating method was employed for the
synthesis of ZnS/ZnO core-shell nanotubes. In
addition, optical properties of ordered
ZnS/ZnO core-shell nanotubes arrays are also
characterized.

Il. Experimental

Both precursors of methenamine (C¢H;2Ny)
and zinc nitrate hexahydrate (Zn(NO;), 6H,0)
were used for preparing the solution to grow
ZnO nanorods (ZNs). The ZnO thin films were
deposited on Si substrates by RF magnetron
sputtering. The annealed ZnO¢/Si substrates
were placed inside the aqueous solution at
75°C for 10 hours. After that, the ZnO
nanorods were vertically grown on the
substrates. On the other hand, the ZnO
nanotubes were fabricated by an ALD process
on Si substrate with AAO template.!"”
Diethylzinc (DEZ) and H2O reactant gases
were alternately fed into the growth chamber
with nitrogen as a carrier gas. The inner wall of
Zn0O nanotubes were sulfurated by 50 mL of
0.8 M Na,S solution. The resulting core-shell
nanotubes were cleaned and then dried in an

isothermal oven at 70°C. The morphology of
ZnS-ZnO core-shell nanotubes was examined
by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The
crystal structure was determined using X-ray
diffraction (XRD) with CuKa radiation.
Energy-dispersive X-ray spectroscopy (EDS)
and X-ray photoelectron spectrometer (XPS)
were used for the composition analysis of the
ZnS-ZnO core-shell nanotubes.
Photoluminescence measurement was
performed by the excitation from 325 nm
He-Cd laser at room temperature.

I11. Results and discussion
A: Synthesis and Optical

Patterned ZnO nanorods

Figure 1 shows the atomic force microscopy
(AFM) images of the ZnO film coated on Si
substrate (ZnO¢/Si1) with different annealing
temperatures. The grain size of the ZnO film
increases with increasing annealing
temperature. Furthermore, it can be observed in
Fig. 1(b) that many abnormally large ZnO
grains were grown on the ZnOg/Si substrate
annealed at 800°C in Fig. 1(b). Figure 2 shows
the SEM images of the ZNs grown on the
patterned ZnO¢/Si annealed at different
temperatures. A patterned ZnO film on Si
substrate was fabricated by photolithography
and etching process. As the patterned ZnOy/Si
substrate was placed into the aqueous solution
to grow ZNs, well-aligned ZNs are grown on
the designed substrate as shown in Fig. 2(a)
and this demonstrates the selected growth
behavior of the ZNs. Figure 2(b) shows the
surface images of large-scale arrayed ZnO
nanorods grown on the patterned ZnOy¢/Si at
room temperature. It was found that the ZnO
nanorods have a well-defined hexagonal plane
with a homogeneous diameter. As the patterned
substrate was first annealed at 600°C and
800°C, and then grown in the solution at 75°C,
it was found that the morphology of the ZNs
was remarkably changed as shown in Fig. 2(c)
and (d), especially for the ZnOy¢/Si annealed at
800°C. Furthermore, the dimension of ZNs
increases with increasing annealing
temperature. The average dimension of the
ZNs is 20 nm and 300 nm in diameter for the
ZnOy¢/Si at room temperature and annealed at

Properties of



800°C, respectively. As compared with the

AFM images of ZnO film on Si substrate in Fig.

1, it seems to imply that the growth behavior of
the ZNs is correlated with the grain size of the
ZnO film coated on Si substrate as illustrated in
Fig. 3. Furthermore, the ZNs present different
growth behavior for ZnO¢/Si at RT - 800°C.

Figure 4(a) shows the TEM bright-field (BF)
image of the aligned ZNs grown on ZnO¢/Si
substrate annealed at 600°C. It was observed
that most of the ZNs were grown in a direction
perpendicular to the ZnO¢/Si substrate. The
TEM dark-field image in Fig. 4(b) reveals
TEM dark-field image marked with arrows in
the fig. 4(a) that there was a close relationship
between ZNs and ZnO film. Both ZNs and
ZnOf on Si substrate were grown along the
same direction of [0002] and are coherent as
demonstrated in the selected-area electron
diffraction pattern(SAED) (inset of Fig. 4(b)).
In addition, as one pays attention to the
interface between ZNs and ZnO¢Si shown in
Fig. 4(c), the HR-TEM image in Fig. 4(c)
(magnified from the marked area in Fig. 4(a))
reveals that both well-aligned ZNs and ZnO
film have identical parallel lattice fringes. The
ZNs seem to nucleate from the concave tip near
the grain boundary (marked as lines) between
two ZnO grains in ZnO film.

As the ZnO¢/Si substrate was annealed at
800°C, a low-magnification TEM image of the
ZNs was shown in Fig. 5(a). The HR-TEM
image of the ZNs in Fig. 5(b) (marked with
frame in Fig. 5(a)) indicates that some
nanorods are merged together to form a larger
ZN along similar growth direction [0002].!""
The SADP (shown in the inset in Fig. 5(b))
reveals the split of diffraction spots with
several degree differences. This suggests that
the larger ZNs are not perfect single crystalline
and consisted of three ZNs as illustrated in Fig.
5(c),(d),and (e) with a slight misalignment
between nanorods. The growth behavior of the
larger ZnO nanorods can be considered from
direct combination of a small number of
individual nanorods which was similar to
oriented attachment.

B: Synthesis and Optical Properties of
Patterned ZnS-ZnO Core-Shell Nanotube
Arrays

The SEM images of bare AAO and ZnO

nanotubes array in AAO template are presented
in Fig. 6. The thickness of the fabricated AAO
is about 1 um, and the channel diameter is less
than 100 nm. After the ZnO thin-film was
deposited into the channels of AAO by ALD
(Fig. 6(b)), the diameter of the channel is about
50-80 nm. EDS (inset of Fig. 6(b)) analysis of
the nanotubes in AAO template shows that the
nanotubes are mainly composed of Zn and O.

XRD spectra were obtained from nanotube
arrays with various substrate temperatures, as
shown in Fig. 7. The [002] orientation was
observed at low substrate temperatures. It was
found that [002] orientation would become
dominant with increasing the substrate
temperature, indicating that the c-axis is
parallel to the prefer orientation of wurtzite
ZnO. It was believed that the orientation of
ZnO nanotubes strongly depends on the
substrate temperature. Since [002] is the
preferred orientation of wurtzite ZnO, ZnO thin
film will grow along the c-axis at higher
temperature, suggesting that the crystal
structure of the ZnO nanotubes can be
controlled.

The optical properties can be enhanced by
reducing  defect concentration  through
post-annealing processes. As shown in Fig. 8§,
the intensity of UV emission at 380 nm can be
doubly enhanced. In addition, resonance
effects are also observed from highly arrays of
ZnO nanotubes as compared to ZnO film.
Several weak peaks periodically appear at 400~
600 nm. It was believed that this resonant
phenomenon is strongly related to the wall
thickness of ZnO nanotubes. Because in our
experiment, it was found that this resonant
phenomenon only appear at a specific wall
thickness as because as increasing deposition
of ZnO film on the AAO template, the wall
thckness of ZnO nanotubes will be increased,
thus causing a decreased size in hollow tube.
With the decrease in inner size of ZnO
nanotube up to a specific size, microcavity was
probably formed, which leads to an enhanced
UV emission intensity and resonant peaks.

The chemical state of atoms on the surface
was analyzed by XPS analysis. A comparison
of the XPS spectra recorded from the



as-synthesized ZnO nanotubes and the
Zn0O-ZnS core-shell nanotubes is shown in Fig.
9. The XPS analysis shows the nanotubes are
mainly composed of Zn, O, and S. Figure 9(a)
reveals the signal of S 2p in the ZnO nanotubes
with and without sulfurating. The binding
energy of S 2p appears at about 162 eV after
sulfuration, which is close to the value of bulk
ZnS.M Figure 9(b) shows the XPS data of Zn
2p3/2 in ZnO nanotubes and ZnO-ZnS
core-shell nanotubes. For ZnO nanotubes, the
binding energy of Zn 2p3/2 remains at 1022.8
eV, which is larger than the value of Zn in bulk
ZnO. The status of Zn 2p3/2 peak in ZnO film
was confirmed by Chen et al. ") The binding
energy of Zn 2p3/2 in ZnS is about 1021.9 eV,
which is smaller than the value of Zn 2p3/2 in
Zn0. The Zn 2p3/2 peak in the sulfurated ZnO
nanotubes is shifted toward a lower binding
energy around 0.5eV, implying that some of
Zn-O bonds were transferred into Zn-S bonds.

Figure 10(a) shows the TEM image of
ZnS-ZnO core-shell nanotubes, with ZnO as
the shell and ZnS as the core in the
nanostructured AAO template. However, the
ZnS surface is not smooth because the lattice
constants of zinc-blend ZnS (a = 0.54109 nm)
and wutzite ZnO (a = 0.3249 nm and Cc =
0.52065 nm) are incompatible. Thus, the
substitution reaction was unlikely to produce
well-structured ZnS, especially the reaction at
room temperature. The wall thickness of ZnO
nanotube is about 35-50 nm, and that of ZnS
layer is smaller than 10 nm (Fig. 10(a)).
Selected-area electron diffraction (Fig. 10(b))
recorded from the core-shell nanotube reveals
two sets of ring diffraction patterns which fit
very well to zinc-blend structure ZnS and
wurtzite structure ZnQO. Therefore, it indicates
that both crystal structures of core and shell
were poly-crystalline ZnS and ZnO.

The photoluminescence (PL) property of
the ZnO-ZnS nanostructures was measured as
shown in Fig. 11. A small shift of ~1.5nm for
the ZnO-ZnS nanostructure was observed that
is possibly1 ldue to the reduced size of the ZnO

nanotubes,  especially in the thickness
direction of the nanotubes. Moreover, it was
found that the intensity of the UV emission
increases but green light emission decreases
after sulfurating reaction. The weakness in
green emission presumably resulted from

suppression of nonradiative recombination due
to reduced concentrations of surface states. In
contrast, the UV emission is strong due to the
fact that most of the excited electron-hole pairs
relax radiatively at the passivated surface
states.!'*! Therefore, the relative ratio of the
intensity of UV emission (IUV) to that of deep
level emission (IDLE) for ZnS-ZnO core-shell
nanotubes could be enhanced by 9 times
compared to that of original ZnO nanotubes.

IV. Conclusion

It is demonstrated that the growth of patterned
ZnO nanorods is controlled by annealing
ZnO¢/Si1 substrate at different temperature.
When the ZnOy/Si substrate was annealed to
crystallize ZnO phase, both ZNs and ZnO¢ on
Si substrate were found to be coherent. The
ZNs seem to nucleate from the cup tip near the
grain boundary between two ZnO grains in the
ZnO film. However, a higher annealing
temperature may lead to the formation of a
larger ZnO crystal due to coplanar coalescence
behavior of several individual ZnO nanorods.
On the other hand, using AAO as a template,
ZnS-ZnO core-shell nanotubes have been
synthesized for the first time by atomic layer
chemical vapor deposition technique into AAO
template along with the sulfurating the ZnO
nanotube array using Na2S solution. The inner
and wall thickness of ZnS-ZnO core-shell
nanotubes are smaller than 10 nm and about
35-50 nm, respectively. A small blue shift was
observed in the PL spectrum from the
ZnO-ZnS  core-shell nanotubes, possibly
caused by a small quantum-confinement effect.
Moreover, surface passivation of ZnO
nanotubes by a wider band gap material, ZnS,
lesds to suppressed nonradiative recombination
and significantly enhanced luminescence
intensity.
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Fig. 1. SEM micrographs of ZnO nanorods
grown on different substrates: (a) Si
substrate and (b) ZnOf/Si substrate.
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Fig. 2. X-ray diffraction patterns of ZnO
nanorods grown on (a) Si and (b) ZnO¢/Si
substrates.
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Fig. 4 TEM bright-field and /h) dark field
images of the aligned ZNs grown on ZnOy/Si
substrate annealed at 600°C. A HRTEM
interface image between ZNs and ZnOr is
shown in (c)

Fig. 5. (a) low-magnification TEM images of
Zn0O nanorods grown on the ZnOy/Si annealed
at 800°C. (b) HRTEM images of ZnO nanorods
in the marked frame of Fig. 5(a) with split
diffraction pattern in the inset. HRTEM image
of (c¢) left, (d) middle and (e) right side of the

larger nanorod showing it seems to be
composed of three ZNs.
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Fig. 6. SEM image of (a) AAO template and (b)
ZnO nanotubes in AAO with EDS shown in the
inset.
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Fig. 8. Comparison of PL spectra in ZnO film
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Fig. 11. PL spectra of ZnO nanotubes and

7ZnS-7ZnO core-shell nanotubes.

Intensity

Intensity

(a)

« 162 eV

" ZnS(Zn0O core-shell

Fpoave #5050 N
" ‘u}.nﬂj‘v"‘"!

wmm

160 165 170 175
Binding Energy (eV)

Zn2p,
10223 eV % 10228 eV

ZnO nanotube

o e A omm e

Zn0iZnS corefshell structure

1020 1025 1030 1035
Binding Energy (eV)

Fig. 9. XPS spectra of (a) S 2p of ZnO
nanotube and (b) Zn 2p3/2 of ZnS/ZnO
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Fig. 10. (a) TEM image of ZnO-ZnS core-shell
nanotubes.(b) Selected-area electron-diffraction
pattern of ZnS/ZnO core-shell nanotubes,
showing the presence of zinc-blend ZnS and
wurtzite structure ZnQO.



