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a b s t r a c t

We report tetrapod-like indium-doped ZnO nanorods with a layer-structured surface, synthesized by
a thermal vapor transport method. The high crystalline quality of the nanostructure sample obtained
was confirmed by using X-ray diffraction, scanning electron microscopy and transmission electron
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microscopy. We carried out photoluminescence and photoluminescence excitation measurements to
investigate the possible application of this indium-doped ZnO nanostructure in the field of optical devices.
The photoluminescence exhibited an ultra strong visible wavelength emission with a peak intensity
300 times stronger than the band edge ultraviolet emission. In addition, a very slow decay of visible
wavelength emission was revealed by time-resolved photoluminescence spectroscopy.
hemical vapor deposition
hotoluminescence

. Introduction

ZnO nanostructures have attracted much attention as they are
xide semiconductor materials with a wide and direct band-gap
f 3.3 eV and a high exciton binding energy of 60 meV [1–3],
hich properties are required to develop bright emitters and
hosphors in the ultraviolet. A variety of nanostructured ZnO mate-
ials including nanowires, nanobelts, core–shell nanostructures,
hestnut-like nanostructures and nano-composites have been syn-
hesized [4–14]. As we know, doping ZnO with selected elements
ffers an effective way to adjust their electrical, optical, and mag-
etic properties, which is important for practical applications
15–23]. By doping ZnO films with indium (In), the Fermi level,
ork function, and conductivity can be modified [24,25] for the

ealization of light-emitting and field-emitting devices. It has also
een found that the introduction of In can give rise to dramatic
hanges in the morphologies of nanostructures [26–28].

It has been established that visible emission is much weaker
han band edge emission for bulk ZnO and thin ZnO films of high
rystal quality [29–33]. In ZnO nanostructures, however, the inten-
ity of the defect emission can be several orders of magnitude
tronger than that of the band edge emission, due to the nanostruc-

ures’ increased surface-to-volume ratio. This is because surface
efects make a significant contribution to visible emission [34–38].

t has been reported that sulfur doping enhances the visible emis-
ion from ZnO nanowires, giving a large peak intensity ratio of
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400 at room temperature, indicating the potential optoelectronic
applications of the visible emission [39–41].

In previous studies [42,43], we succeeded in obtaining Al-doped
ZnO nanorods and observed their field emission and it was thought
it would be interesting to extend this work to the In-doping system.
While attempting to prepare In-doped ZnO nanowire or nanorods
to improve their electrical properties so as to be suitable for use in
field emission devices, we unexpectedly obtained novel tetrapod-
like indium-doped ZnO nanorods with a layer-structured surface,
which showed ultra strong visible emission. In this letter, we report
the growth and characterization of this In-doped ZnO nanostruc-
ture. Using time-resolved photoluminescence techniques, a very
slow decay of visible wavelength emission was observed, and the
role of In doping in producing the visible emission was assessed.

2. Experimental details

The synthesis of tetrapod-like indium-doped ZnO nanorods with a layer-
structured surface was conducted using a simple directly thermal evaporation
method in a horizontal quartz tube furnace without a catalyst [44]. Pure metal zinc
powder (99.999%) and an indium droplet (99.999%) mixture with a molar ratio of
90:10 were used as the source materials and they were put in a quartz boat covered
with a similar one to maintain the vapor pressure. A clean Si (0 0 1) wafer was placed
downstream as the substrate. The growth process was divided into two steps. First,
the furnace was heated to a set temperature of 600 ◦C and the boat was then inserted
in the furnace under a constant nitrogen flow of 50 sccm and kept there for 10 min.
Second, the set temperature was raised to 800 ◦C and the carrier gas was changed

to oxygen with a constant flow of 60 sccm and kept at that level for 30 min. Finally
the boat was pulled out and cooled in the atmosphere.

X-ray diffraction (XRD) patterns were measured using a Bede D1 diffractometer
using graphite monochromated Cu K� (� = 1.5418 Å) radiation. The morphology of
the nanostructures was examined using a HITACHI S-4700 field emission scanning
electronic microscope (FESEM) equipped with a GENESIS4000 energy dispersive
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Fig. 1. (a) XRD pattern, (b) EDX measurement, (c) SEM image at low magnificatio

-ray spectroscope (EDS) and JEM-2010 high resolution transmission electronic
icro-spectroscope (HRTEM). Photoluminescence (PL) and photoluminescence

xcitation (PLE) measurements were performed on a FluoRoLOG-3-TAU (Jobin Yvon)
uorescence spectrometer at temperatures from 8 to 290 K; the excitation wave-

ength was 500 nm, produced by a xenon (Xe) lamp. A pulsed Xe lamp was used for
L decay. The pulse width was 3 �s and the tail of the pulse could be neglected.

. Results and discussion

Fig. 1 shows the results of XRD, SEM and EDS measurements for
he In-doped ZnO nanostructures obtained. All the refraction peaks
n Fig. 1(a) could be indexed to wurtzite ZnO, and the appearance
f a strong (0 0 0 2) peak indicated that it was highly oriented with
he (0 0 0 1) direction. Doping using indium did not introduce other
hases like metallic In or In2O3 in the XRD patterns. EDS data for the
omposition of the samples indicated that indium was doped into
he ZnO tetrapod and the content was ∼1.6 atom percent as shown
n Fig. 1(b). The morphology of the sample showed a tetrapod-like
hape with a layer-structured surface, as shown in Fig. 1(c) and
d). Every arm of the tetrapod-like nanostructure was longer than
�m and uniform along their length, and the component layers
f the tetrapod’s arms showed a hexagonal cross-section with a
hickness of ∼20 nm. Note that the surfaces of the tetrapod were
ot uniform.

The morphology and microstructure of the samples were further
nalyzed by TEM, as shown in Fig. 2(a). Clear parallel fringes with
nter-planar spacing of 0.26 nm corresponding to the (0 0 0 2) plane

ould be observed. This indicated that the tetrapod was single crys-
alline and grew along the (0 0 0 1) direction, which corresponded
ith the XRD patterns, as shown in Fig. 1(a). Note that the uni-

orm surfaces of the tetrapod could be differentiated into A and
areas. The former shows an evident local plane, and the latter
(d) SEM image at high magnification for the indium-doped ZnO nanostructures.

shows a layer-structured shape. We also found that the B areas
were much darker compared to the A sites. Fig. 2(c) shows the
selected area diffraction (SAD) pattern of the indium-doped ZnO
tetrapod. The SAD pattern further confirmed the growth orienta-
tion of the indium-doped ZnO tetrapod and indicated that these
tetrapods were single crystalline. The quantitative EDS analysis of
the B site in Fig. 2(d) revealed an indium concentration of ∼2.0 atom
per cent, a little higher than average.

Based on the above analysis, the distribution of the indium
atoms was obviously important in concluding whether indium
played a significant role in the formation of the nanostructure.
So we carried out element line-by-line scanning measurements,
the results of which are shown in Fig. 2(b). As we can see, the Zn
and O elements were uniformly distributed in the nanorod, but
the In seemed to be gathered together. It is suggested that the
introduction of In3+ ion produced a structural stress because of the
larger radius of the In3+ ion (0.08 nm) compared to that of Zn2+ ion
(0.074 nm), so the aggregation of indium atoms in the ZnO nanorods
minimized the structural stress.

The formation of the tetrapod-like nanostructure can be under-
stood by the mechanism whereby multiply-twinned particles
(MTP) incorporate small angle grain boundaries or stacking faults,
which has been reported by Iijima [45] and Yu and co-workers [46]
to explain the formation of tetrapod Si and tetrapod ZnO, respec-
tively. The layer structure growth mechanism can be illustrated
by the aggregation of the indium atoms. As we can see in Fig. 2(a),
there is no obvious dislocation or stacking-faults but there is lattice

deformation at the edge of the nanorods. The results of EDS and the
element line-by-line scanning measurements indicate the aggrega-
tion of the indium atoms, which also happened in the In-doped ZnO
nanobelts and ZnO ceramics [28,47]. Here we propose a detailed
growth mechanism, as per the schematic diagram in Fig. 3. First,
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Fig. 2. (a) HRTEM image of the tetrapod arm of the indium-doped ZnO nanostructure, (
tetrapod’s arm, and (d) EDS measurement for the “dark area” corresponding to the site B

Fig. 3. Schematic illustration of the ZnO tetrapod-like layer structure growth mech-
anism.
b) element distribution by line-by-line scanning, (c) SAD pattern of the In-doped
in (a).

the distribution of indium atoms was comparatively uniform as the
growth began. Next, the doping with indium atoms induced lattice
distortion because of the difference in the size of the radius, and the
indium atoms tended to gather together to minimize the structural
stress. Finally, the indium-rich area made the (0 1̄ 1 0) of the ZnO
wurtzite structure disappear and collapse happened in the surface
of the nanorods. The irregular array of the layer structures, as per
the two results shown in Fig. 3, brought about non-uniform col-
lapse, which coincided with the layer structure shown in Fig. 1(d).

Fig. 4(a) shows the PL spectra at room temperature for the
In-doped ZnO nanostructures together with the undoped ZnO
nanorods for comparison. Fig. 4(b) shows the PL spectra at dif-
ferent temperatures for the In-doped ZnO nanostructures. It can
be seen that the two kinds of spectra in Fig. 4(a) are very dif-
ferent: the UV band-edge emission almost disappears, while the
visible emission is very strong for the In-doped ZnO nanostruc-
tures. Note that the peak intensity ratio of the defect emission
to the band edge emission is as large as 550 at room tempera-
ture, which is larger than the previously reported largest value of
400 for sulfur-doped ZnO nanowires [36]. The unprecedented ratio

of defect to band edge emission reported here can be explained
by the following three aspects. First, of course the nanostructure
with a large surface-to-volume ratio in ZnO played an important
role in the increase in the ratio of defect to band edge emission
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Fig. 4. (a) Photoluminescence spectrum at room temperature and (b) photoluminescence spectra in the temperature range of 8–290 K for the indium-doped ZnO nanostruc-
ture.
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ig. 5. Photoluminescence excitation spectroscopy at 8 K and 290 K for the indium-
oped ZnO nanostructure.

37]. Second, the energy of the free exciton transfer to the defect
tate resulted in the weak intensity of band edge emission and the
trong intensity of defect emission. This hypothesis can be con-
rmed by the results of the PLE spectroscopy, as shown in Fig. 5. An
xcitonic resonance was clearly observed at 3.275 eV and 3.376 eV
n the absorption profiles measured at room temperature and 8 K
espectively, which was attributed to free exciton states [48], indi-
ating that the large intensity of defect emission benefited from the
ecrease in band edge emission. Third, the nonradiative recombina-
ion caused by indium doping dominated the band edge relaxation
nd enhanced the energy transfer from the band edge to the defect
tates responsible for visible emission, resulting in a reduced band
dge emission and a much brighter visible emission. We also mea-
ured the time-resolved photoluminescence decay of the defect
mission at 8 K, 100 K and 290 K, as shown in Fig. 6. It can be clearly
bserved that the experiment results are in good accordance with
he fitted ones from the biexponential decay lifetimes formula of
∼ A exp(−t/�1) + B exp(−t/�2), where I is the luminescence inten-
ity, �1, �2 the lifetime, and A, B the constant. The average lifetime �

ould be calculated [49] as 9.3 ms, 11.7 ms and 63.3 �s at 8 K, 100 K
nd 290 K, respectively. This green band (GB) lifetime had a maxi-
um value of 11.7 ms at 100 K, but decreased quickly to 66.3 �s at

90 K, which was much longer than that of the band edge emission
round 3.3 eV in ZnO (in orders of ∼ps or ns) [50,51]. Such a long
Delay Time (ms)

Fig. 6. Time-resolved photoluminescence decay of the defect emission at 8 K, 100 K
and 290 K for the indium-doped ZnO nanostructure.

decay time of defect emission in order of ∼ms has been reported
[49,52,53], however, the mechanism is still not very clear.

4. Conclusions

In summary, tetrapod-like indium-doped ZnO nanorods with
a layer-structured surface were synthesized by a thermal vapor
transport method. The average content of indium reached 1.6 at.%
and the indium in the nanostructures had an important effect
on their structure and photoluminescent behavior. The irregular
surfaces of the tetrapod’s arms were caused by the asymmetri-
cal distribution of indium atoms. The tetrapod-like indium-doped
ZnO nanorods with a layer-structured surface showed ultra strong
visible emission and ultra long life time, which may offer an oppor-
tunity for their application in engineering bright emitters and
phosphors in the visible spectrum.
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