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ZnO nanotubes �ZNTs� have been successfully evolved from ZnO nanorods �ZNRs� by a simple
chemical etching process. Two peaks located at 382 and 384 nm in the UV emission region has been
observed in the room temperature photoluminescence �PL� spectrum of ZNTs since the surface band
bending in ZNTs induces the coexistence of indirect and direct transitions in their emission process.
In addition, a strong enhancement of total luminescence intensity at room temperature in ZNTs has
also be observed in comparison with that of ZNRs. Both temperature-dependent PL and
time-resolved PL results not only further testify the coexistence of indirect and direct transitions due
to the surface band bending but also reveal that less nonradiative contribution to the emission
process in ZNTs finally causes their stronger luminescence intensity. © 2010 American Institute of
Physics. �doi:10.1063/1.3511345�

I. INTRODUCTION

One-dimensional �1D� nanostructures of ZnO has been
widely investigated for a decade since the first report about
ZnO nanowires was published in 2001.1 It is obvious that 1D
nanostructures of ZnO with a wide band gap �Eg

=3.37 eV� and a large exciton binding energy �60 meV�
have become important nanomaterials owing to their special
properties and potential applications in nanoscale electric
and optoelectronic devices.1–7 During the past decade, differ-
ent 1D ZnO nanostructures such as nanotubes,8–15

nanowires,1 nanorods,16 nanobelts,17,18 tetrapods,19 and
nanoribbons20 have been successfully fabricated by different
methods. Among these 1D structures, the tubular structures
of ZnO become particularly important since numerous appli-
cations, such as dye-sensitized photovoltaic cells21 and bio/
gas sensors,22,23 are required their high porosity and large
surface area to fulfill the demand for high efficiency and
activity. Although the synthesis of ZnO nanotubes �ZNTs�
have been successfully realized by a few groups, the system-
atical investigations on their optical properties, especially
temperature-dependent photoluminescence �PL� and time-
resolved PL �TRPL�, are still limited.13–15 It is well known
that both temperature-dependent PL and TRPL are very sen-
sitive tools for characterizing the radiative and nonradiative
recombination process in the materials, which are very help-
ful in understanding the optical performance and mechanism
of the materials. Therefore, the investigation on the
temperature-dependent PL and TRPL properties of ZNTs are
necessary and urgent to be done for prompting their applica-
tions.

To date, ZnO nantubes has been synthesized by electro-
chemical method,10–12 low temperature solution
method,8,9,13,14 vapor phase growth15 and so on. As a com-

mon knowledge, the reproducibility and control of growth in
synthesis of ZnO nanostructures are a major issue. Among
these methods, we prefer the simple chemical etching pro-
cess to convert the ZnO nanorods �ZNRs� into ZNTs. One
reason is that our technique to control the growth of ZNRs is
already mature,24,25 which can provide the precursor with
appropriate size and good crystal quality for the conversion
of ZNTs. The other reason is that previously we have not
only already investigated the optical properties of ZNRs in
detail but also optimized their optical properties by effec-
tively suppressing the surface recombination.26–29 In this
way, it is relative easier for us to reveal the luminescence
mechanism of ZNTs through comparing the optical proper-
ties between ZNRs and ZNTs.

In this paper, we use a simple wet chemical approach to
fabricate the ZNRs and ZNTs. An anomalous stronger lumi-
nescence intensity can be observed from the room tempera-
ture PL spectrum of ZNTs in comparison with that of ZNRs.
In order to reveal the optical mechanism of ZNTs both
temperature-dependent PL and TRPL spectra of ZNTs and
ZNRs have been investigated in detail.

II. EXPERIMENTS

The ZNTs used in this investigation were synthesized by
two-step process, i.e., growth of ZNRs and chemical etching
process for converting ZNRs into ZNTs. First, ZNRs were
grown on Si substrates by the chemical bath deposition
�CBD� method, which also includes a two-steps process, i.e.,
a substrate treatment prior to the CBD growth. The pretreat-
ment of the substrates, by coating the substrate for different
times with a 5 mM solution of zinc acetate dihydrate
�Zn�OOCCH3�2 ·2H2O� dissolved in pure ethanol, was used
to control the diameter of ZNRs. In the CBD growth, the
0.1M aqueous solutions of zinc nitrate hexahydrate
�Zn�NO3�2 ·6H2O, 99.9% purity� and 0.1M aqueous solu-
tions of methenamine �C6H12N4, 99.9% purity� were firsta�Electronic mail: lili.yang@itn.liu.se.
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prepared and mixed together. The pretreated Si substrates
were immersed into the aqueous solution and kept at 93 °C
for 3 h with sealing the beaker. Subsequently, two ZNRs
samples with the diameter of 100 nm and 200 nm were,
respectively converted into ZNTs by chemical etching pro-
cess. The chemical etching process was carried out by sus-
pending the ZNRs sample upside down in 100 ml aqueous
solution of potassium chloride �KCl� with 5M concentration
for 10 h at 95 °C.

Scanning electron microscopy �SEM� pictures were re-
corded by using a JEOL JSM-6301F. ZNTs were scratched
off the substrate to analyze their structural properties by
transmission electron microscopy �TEM� using a high-
resolution microscope of JEM-2100HR from Japan operating
at 200 kV. A drop of an ethanol suspension containing the
nanotubes was deposited on a copper grid with lacey carbon
for TEM observations. Room temperature PL measurements
were carried out. A charge coupled device detector �Spec-
trum One� and monochromator HR460 from Jobin Yvon-
Spex were used to disperse and detect the ZnO emission.
Laser line with a wavelength of 266 nm from a diode laser
�Coherent Verdi� pumped resonant frequency doubling unit
�MBD 266� was used as excitation source. Time resolved PL
was performed by using an excitation laser line from a fre-
quency tripled sapphire:Ti laser emitting at 266 nm, a 0.3 m
monochromator and a streak camera. The spectral resolution
is about 1 meV and the time resolution is 7 ps. The measure-
ments were done under weak excitation conditions
�0.5 W /cm2�.

III. RESULTS AND DISCUSSIONS

SEM and TEM were used to characterize the structures
of ZNRs and ZNTs. SEM images of the as-grown ZNRs with
120 and 280 nm diameters and corresponding converted
ZNTs are shown in Figs. 1�a�–1�d�. The hexagonally shaped

nanorods uniformly cover the entire Si�001� substrate with
high density as shown in Figs. 1�a� and 1�c�. In Fig. 1�d�, we
can observe that all the ZNRs have been converted into
nanotubes and the average wall thickness of the nanotubes is
�40 nm. Whereas, in Fig. 1�b�, only small part of ZNRs just
starts to be etched into nanotube shape. This phenomenon
can be explained by the etching mechanism as discussed in
Ref. 12. Elias et al. pointed out that the selective etching to
form hollow structures should be related with initial crystal
structure of ZNRs due to no assistant reagents existed in the
etching solution. Two main factors will determine the con-
version process from ZNRs to ZNTs. On one hand, the dis-

tinctive ZnO crystal habit exhibits a polar basal �0001̄�/top

�0001� planes and six nonpolar �101̄0� planes parallel to
c-axis. The two polar planes are metastable due to the high

surface energy, while the nonpolar �101̄0� planes are the
most stable ones due to the lower surface energy. So the Cl−

ions might be preferentially adsorbed onto the top polar
�0001� surface of the nanorods, which may result in the for-
mation of a highly water-soluble zinc chloride complex such
as ZnCl+, inducing the gradual dissolution of the nanorods
core from the tip toward the bottom. As a whole effect, the
etching rate is faster along polar plane than nonpolar planes.
On the other hand, the defects in the ZNRs preferentially
located near the crystal center, so that the preferential etching
occurs from the center to form the tubular structures. It is
well known that the smaller diameter of the nanorods, the
more stable of the surface. Therefore, the ZNRs with less
than 100 nm diameter are harder to be etched into tubular
structures. Furthermore, the etching conditions can be opti-
mized by varying the temperature, concentration of KCl so-
lution as well as etching time to realize the transformation
from nanorods to nanotubes. In addition, in our case, we
would like to point out that the two ZNRs samples with
diameter of 120 and 280 nm are obtained in the same chemi-
cal solution with growing for the same time. The details on
controlling the size of ZNRs through manipulating seeding
layer can be found in our earlier report.24,25 So the average
defect concentration in both of them should be similar. Thus
we can conclude that the defect concentration is not the main
factor to influence the etching process, supporting the con-
clusion that the diameter plays an important role when ZNRs
were converted into ZNTs. In the following experiments,
ZNRs with 280 nm diameter and ZNTs with 280 nm diam-
eter and 40 nm wall thickness were characterized to obtain
the detailed information about structural and optical proper-
ties.

The structure of ZNTs is also characterized by TEM and
high-resolution TEM �HRTEM�. The TEM image in Fig.
1�e� shows the hollow structure of two single ZNTs. The
HRTEM image in Fig. 1�f� was taken out at the top area
marked by red dot box in Fig. 1�e�. It clearly reveals a lattice
spacing of 0.52 nm which corresponds to the distance of the
�001� crystal plane of wurtzite ZnO �hexagonal structure
with cell constants of a=3.249 Å and c=5.206 Å�.

The room temperature PL spectra of ZNRs and ZNTs are
illustrated in Fig. 2�a�, both samples show a dominant UV
emission at �382 nm and a weak deep level emission

FIG. 1. �Color online� ��a� and �b�� SEM images of ZNRs and ZNTs with
average diameter of 120 nm; ��c� and �d�� SEM images of ZNRs and ZNTs
with average diameter of 280 nm. �e� TEM image of ZNTs average diameter
of 280 nm. �f� HRTEM images corresponding to the region marked by the
dotted box in �e�.
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�DLE� centered at �520 nm. The UV emission band is re-
lated to a near band edge transition of ZnO, namely, the
recombination of the free excitons �FXs� �376 nm�. The
room temperature PL peak position can be different, for ex-
ample the transition energy from 375 �Ref. 30� to 383 nm,31

and the exact energy position depends on the contribution
between the FX, FX-phonon replica and the transition be-
tween free electrons to acceptor bound holes.32–35 The DLE
band had recently been identified and at least two defect
origins �VO and VZn� with different optical characteristics
were claimed to contribute to this DLE band.36–38 As seen
from Fig. 2�a�, the integrated UV emission intensity of the
ZNTs is about 3.8 factor higher in comparison with the
ZNRs. Room temperature TRPL spectra have been illus-
trated in Fig. 2�b�. It is obvious that the lifetime of ZNTs is
about four times longer than that of ZNRs. The longer life-
time is inconsistent with observed enhancement of total PL
intensity, indicating that the contribution of nonradiative pro-
cess is different between ZNTs and ZNRs materials. In ad-
dition, we also find in Fig. 2�a� that, besides the intensity
enhancement, the UV peak position �384 nm� of ZNTs ex-
hibits a redshift compared with that of ZNRs �382 nm�. In
particular, a small left shoulder at 382 nm presented in the
PL spectrum of ZNTs is obviously corresponding to the peak
position of ZNRs, which can be clearly seen in the insert of
Fig. 2�a�. Through careful analysis, we propose that the sur-
face band bending due to the large surface-to-volume ratio in
ZNTs is responsible for all the abnormal phenomena in the
PL spectrum of ZNTs.

Although as-synthesized ZnO nanostructures are usually
n-type, both donor- and acceptorlike states are present within

the band gap.39 In this case, some donor electrons in the
conduction band will reduce their energy by occupying the
acceptorlike surface states. A negative surface charge is gen-
erated, counterbalanced by a positive space charge that origi-
nates from ionized donors within a depletion width d away
from the surface, such that overall charge neutrality is main-
tained. Consequently, a built-in electric filed and the corre-
sponding electrostatic potential will built up so that the en-
ergy bands bend upwards as they approach the surface and
finally results in a surface depletion layer, which will
strongly influence the PL properties of ZnO
nanostructures.40–45 Since ZnO nanostructures usually have a
very large surface-volume ratio, the band bending due to
near surface on the PL process become more significant. The
smaller a nanostructure is, the larger surface-volume ratio
and stronger band bending effect it will have. In our case, the
ZNTs with 40 nm wall thickness exhibit intrinsic high
surface-to-volume ratio compared with ZNRs with 280 nm
diameters. Hence, the band bending near surface will play an
important role to influence the PL properties in ZNTs.

We can simply estimate band bending effect and its im-
pact on PL of ZNRs and ZNTs in a detail. The width of the
surface depletion region can be described as45,46

d = �2�ZnO�0�S

e2ND
+ �T� �1/2

, �1�

where �ZnO is the relative dielectric constant of ZnO, �0 is
the permittivity of vacuum, �S is the height of potential bar-
rier, e is the electronic charge, and ND

+ �T� is the temperature-
dependent activated donor concentration, which can be de-
scribed as follows:

ND
+ �T� =

ND

1 + 2 exp	EF − ED

kBT

 . �2�

Using ND
+ �T��1017 cm−3 at room temperature, �ZnO�8.7,

and �S is of the order of 0.5 eV,44 the calculated width of
depletion region is �69 nm. In our case, the ZNTs have
been converted from ZNRs. Therefore, to make it easy, we
assume that the donor concentration, permittivity and poten-
tial berrier height for ZNTs are the same as that in the origi-
nal ZNRs. That is to say, ZNRs and ZNTs have the same
width of depletion region. If D�2d, both the depletion re-
gion and nondepletion region can exist in the nanostructure,
as shown in Fig. 3�a�. It is obvious that the ZNRs with
�280 nm diameter fit this situation well. If the nanostruc-
ture diameter D�2d, however, the nanostructure will be
thoroughly depleted, as shown in Fig. 3�b�. Since the wall
thickness of ZNTs is only �40 nm, it should belong to this
case.

Under laser excitation, the photogenerated electrons and
holes will be created. But they will be separated and swept in
opposite directions by the built-in electric field. For ZNRs, as
shown in Fig. 3�a�, the photogenerated electron-hole pairs
created deeply within the bulk of ZNRs have to diffuse
through the bulk before reaching the surface depletion re-
gion. Since the photogenerated minority holes have a shorter
diffusion length than the much more numerous majority elec-

FIG. 2. �Color online� �a� Room temperature PL spectra of ZNRs and ZNTs.
�b� Room temperature TRPL spectra of ZNRs and ZNTs.
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trons in ZNRs, all of them will radiatively recombine with
electrons before they can reach the surface depletion region.
Therefore, although the depletion region exists in ZNRs, as
shown in Fig. 3�a�, the chance of indirect recombination
�EID� is quite smaller. So the direct radiative recombination
�ED� in the bulk materials is the dominating recombination
channel. On the contrary, in the case of ZNTs as shown in
Fig. 3�b�, since the nanostructure will be thoroughly de-
pleted, the photogenerated electrons and holes already in the
surface depletion layer can be effectively separated and ac-
cumulated at the edge of conduction band and valence band
without radiative recombination in the diffusion process. Be-
sides, if the energy difference between EID and ED is smaller
�in our case only �17 meV� than the thermal excitation en-
ergy of carriers �KT�25 meV� at room temperature, both
indirect EID and direct ED recombination will contribute to
the UV emission, which finally result in two emission peaks
in the PL spectrum of ZNTs �384 and 382 nm� and the peak
located at 382 nm is corresponding to the peak position of
ZNRs, as seen in Fig. 2. Usually, the existence of indirect
radiative recombination will strongly suppress the emission
intensity due to reduced electon-hole wave function overlap-
ping. However, in our case, the PL intensity of ZNTs is much
higher than that of ZNRs. As mentioned above, the ZNTs are
evoluted from ZNRs so that the average defect concentration
inside the ZNTs and ZNRs should be same. Besides, the
surface recombination of ZNRs has been effectively sup-
pressed as reported in our previous paper.29 Even for the
TRPL spectra obtained from ZNTs in Fig. 2�b�, the decay
exhibit a single exponential curve, which apparently indi-
cates no surface recombination exist in the ZNRs.26–29

Hence, we can reach the conclusion that, under the identical
excitation conditions, the nonradiative recombination contri-
bution to the emission process in ZNTs is much less than that
in ZNRs, which will be further proved in the following ex-
perimental results.

To support the effect of surface band bending theory on
the PL properties of ZNRs and ZNTs, we further studied the
temperature evolution of UV emission. The temperature-
dependent PL measurements were performed between 80 and
300 K, which has been illustrated in Fig. 4. The spectrum for
each temperature is displaced vertically for clarity. As ob-
served in Fig. 4�a�, the dominant peak at 3.362 eV is known
as the donor bound exciton �D°X� emission.47,48 The emis-

sion observed at 3.378 eV on the higher energy shoulder of
the D°X peak is assigned to the FX emission.47,48 The varia-
tions in D°X and FX peak position with the increase in
measurement temperature are illustrated by the dot curves in
Fig. 4�a�. It is obvious that the exciton emission shifts to
lower energy and the FX become gradually stronger in inten-
sity relative to the D°X peak with increasing temperature. In
addition, as temperature raises, the D°X emission decrease
rapidly than the FX emission due to thermal dissociation of
the donor bound excitons. Thus, the FX emission finally be-
comes prominent when the temperature is above 200 K. In
the contrast, although the variation in peak shape and inten-
sity for ZNTs in Fig. 4�b� is quite similar to that of ZNRs in
Fig. 4�a�, the peak is obvious much broader for the former
one since both indirect FX �FXID� and direct FX �FXD� tran-
sitions coexist in the emission process as discussed above in
Fig. 3. However, it is hard to investigate the variation in FX
and D°X in indirect and direct transition separately when the
temperature is lower than 150 K, since the D°X play the
domaint role in the emission process. But it can be observed
that at least two peaks contribute to the PL spectrum mea-
sured above 150 K in Fig. 4�b�. In particular, when tempera-
ture reaches up to 200 K, the separation of two peaks become
obvious. Hence, we assume that they independently come
from indirect FXID and direct FXD transitions. Then, we use
Gauss function to deconvolute all the experimental curves

FIG. 3. �Color online� Sketch of the energy band of the ZNRs and ZNTs with different type of surface depletion region. �a� ZNRs is partially depleted �b�
ZNTs is thoroughly depleted.

FIG. 4. �Color online� Temperature-dependent PL spectra for �a� ZNRs and
�b� ZNTs.
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into FXID and FXD peaks. As shown in Fig. 4�b�, the varia-
tion in FXD peak position located at higher energy is illus-
trated by the black dot curve. While, the red dot curve re-
veals the variation in FXID peak position. The photon energy
of FXID and FXD as the function of the temperature is sum-
marized in Fig. 5. The energy difference between FXD and
FXID is also illustrated in the insert of Fig. 5. It can be seen
from both Fig. 4�b� and insert in Fig. 5 that the energy dif-
ference between FXD and FXID become bigger with increas-
ing the temperature. As we know that FXID transition is re-
lated to the surface band bending, with increasing the
temperature, more and more electron bound to donors are
thermally dissociated into free carriers. So the Fermi level
will move upward to the conductive band. As a result, the
band bending increases and photon energy of FXID transition
decreases, which finally results in the bigger energy differ-
ence between FXD and FXID at higher temperature.

In addition, we can also observe from Fig. 4 that the
intensity quenching behavior of ZNRs and ZNTs are quite
different. Grabowska et al. pointed out that the quenching
behavior of band edge emission is very important in evalu-
ating the effect of nonradiative centers in ZnO nanostructure
materials.49,50 Under optical excitation, two competitive car-
rier quenching processes exist in the materials, one is radia-
tive and the other is nonradiative. Nonradiative recombina-
tion rates are generally thermally activated. If there is only
one nonradiative recombination channel, one can obtain49,50

I = I0/�1 + a exp�− Ea/kT�� , �3�

where I is the PL intensities, a is the process rate parameter,
k is the Boltzmann constant, and Ea is the activation energy.

Figure 6 shows the integrated PL intensity of ZNRs and
ZNTs as a function of reciprocal temperature. All the experi-
mental results have been fitted with Eq. �3� to extract the
activation energy. The fitting curves and the corresponding
fitting formulas have been illustrated in the Fig. 6. The acti-
vation energy of the temperature quenching is evaluated to
be about �58 meV for ZNRs. The average activation energy
of the temperature quenching is evaluated to be about
�74 meV for ZNTs. Lin et al. points out that the lower
activation energy is mainly due to the existence of more
nonradiative contributions in the materials, which also can be
deduced from Eq. �3�.50 Therefore, we can conclude that
more nonradiative recombination contribute to the emission
process in ZNRs than that in ZNTs. This is also consistent

with the results shown earlier, i.e., longer lifetime and stron-
ger PL intensity in ZNTs in comparison with ZNRs.

PL intensity is sensitive to radiative and nonradiative
recombination lifetimes, �R and �NR, respectively. To further
prove that more nonradiative contribution in ZNRs than
ZNTs, we utilized TRPL technique to get the lifetime infor-
mation. The temperature evolution of decay curves from
ZNRs and ZNTs are shown in Fig. 7. All the results obtained
can be satisfactorily fitted by a single exponential decay
function: I�t�=I0 exp�−t /��, where � is the decay time con-
stant. The fitting values of � for ZNRs and ZNTs as the
function of temperature are summarized in Fig. 8.

Generally, the PL decay rate of a semiconductor includes
two components, i.e., radiative and nonradiative decay rates
with a relationship of �PL

−1 =�NR
−1 +�R

−1, where �PL, �NR, and �R

are the time constants of PL, nonradiative and radiative de-
cay, respectively.51,52 The measured effective PL decay �PL

FIG. 5. Temperature-dependent photon energy of FXID and FXD. Inset is the
energy difference between FXID and FXD. FIG. 6. �Color online� Reciprocal temperature-dependent entire intensities

of the ZNRs and ZNTs. The formulas and the solid lines in the figure are the
result of simulation.

FIG. 7. �Color online� Temperature-dependent TRPL spectra of ZNRs �a�
and ZNTs �b�. All the logarithmic decay behaviors have been fitted by a
single exponential function of I�t�=I0 exp�−t /��. The solid lines in the figure
are the fitting curves.
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will strongly depend on relative value of nonradiative �NR

and radiative time �R. As summarized in Fig. 8, we can see
that the life time is only around 8–16 ps in the whole tem-
perature range for both ZNTs and ZNRs. Zhang et al. re-
ported an exciton radiative lifetime of about 340 ps measured
at 4.3 K in ZNRs fabricated by a vapor transport method.53

Recently, Mohanta et al. revealed an exciton radiative life-
time of about 432 ps in ZNRs prepared by metal organic
chemical vapor deposition.54 Our results are even shorter
than that �70 ps� from the samples prepared by the other low
temperature �90 °C� aqueous chemical growth technique.55

Apparently, the value of � in our case is so much shorter
compared to other reports on the ZNRs. Therefore, we can
incipiently conclude that nonradiative recombination process
dominates the life time in our case. The further evidence can
be obtained from temperature-dependent exciton lifetimes. If
the recombination process was dominated by nonradiative
channels, the lifetime would decrease with increasing tem-
perature, since the nonradiative channels would play a more
important role with temperature. As shown in Fig. 8, decay
time constant � of ZNRs and ZNTs first decreases with tem-
perature until 100–150 K and then slightly increases when
the temperature further increases up to 300 K. This behavior
is similar to the results obtained by Robin et al.,56 which can
be explained by a thermal quenching of the nonradiative re-
combination due to a limited number of nonradiative defects.
As increasing the temperature below 150 K, the donor bound
excitons are thermalized into free carriers or FXs gradually,
which enlarge the carrier quantity trapped by the nonradia-
tive centers. That is also to say, more nonradiatvie recombi-
nations contribute to the emission process as the temperature
increasing from 80 to 150 K. However, the number of non-
radiative centers is limited after all. When all the nonradia-
tive centers have been occupied by the carriers, the decay
time reaches the minimum. When the temperature further
increases from 150 to 300 K, the limited number of nonra-
diative centers and the exciton band will be thermally redis-
tributed, which reduces the occupation probability of the
nonradiative states and slightly increases the decay time. On
the basis of the discussion above, we can conclude that non-
radiative recombination does play the dominated role in the
emission process in our ZNTs and ZNRs samples.

In addition, it is also worth to note that the value of �
from ZNTs is apparently longer than that from ZNRs as

shown in Figs. 7 and 8. In principle, the decay time of indi-
rect transition should be longer than that of direct transitions
due to reducing overlapping of electron-hole wave
function.57 Without taking into account of nonradiative re-
combination process, we should expect a longer decay time
for ZNTs. However, as we discussed above, in our case the
nonradiative recombination process become a dominating
factor to determine the measured decay time �PL, the ob-
served slight longer decay time in ZNTs means less nonradi-
ative contribution to its emission process.

IV. CONCLUSIONS

ZNTs have been successfully evolved from ZNRs by a
simple chemical etching process. The results of room tem-
perature PL reveal that indirect and direct transitions coexist
in the emission process of ZNTs due to the surface band
bending. Moreover, the integrated UV emission intensity of
the ZNTs is about 3.8 times higher than that of the ZNRs at
room temperature. Both temperature-dependent PL and
TRPL results not only further testify the coexistence of indi-
rect and direct transitions due to the surface band bending,
but also reveal that less nonradiative contribution in ZNTs
which induces the stronger luminescence intensity in the PL
spectra of ZNTs. These results will stimulate more investiga-
tion on ZNTs and finally pave a way for ZNTs in the appli-
cation of photoelectronic devices.
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