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H I G H L I G H T S
 G R A P H I C A L A
� We report the spin-polarized transport
in a system based fully on graphene.

� Our system consists of a zigzag edge
nanoflake connected to two nanorib-
bons as electrodes.

� We consider the effect of impurity in
this system in three different config-
urations.

� We demonstrate that the pure system
shows high spin filtering properties.

� Our results show the presence of
impurity atoms reduces the spin filter-
ing properties.
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B S T R A C T
With the decrease of wall thickness, not only the indirect transition becomes more and more important
during the emission process due to the stronger surface band bending effects and even turns into the
main emission when the wall thickness decreases to 25 nm, but also the PL intensity is enhanced step by
step due to the less defect density and higher carrier concentration caused by the introduction of
chlorine in ZNTs during the etching process.
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The ZnO nanotubes (ZNTs) with different wall thickness were fabricated by a simple wet chemical
approach. Both indirect and direct transitions contribute to the UV emission of ZNTs. With the decrease
of wall thickness, not only the indirect transition becomes more and more important during the emission
process due to the stronger surface band bending effects and even turns into the main emission when the
wall thickness decreases to 25 nm, but also the PL intensity is enhanced step by step due to the less
defect density and higher carrier concentration caused by the introduction of chlorine in ZNTs during the
etching process.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Since the carbon nanotubes had been firstly reported by Iijima
in 1991 [1], great interests have been focused on the controllable
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synthesis and applications of different nanotubes. So far, the
carbon, TiO2, SnO, and ZnO nanotubes have been widely used in
the field of solar cell and sensor applications owing to its special
hollow structure and larger surface area to fulfill the demand for
high efficiency and activity [2–6].

Recently, ZnO nanotubes (ZNTs) as an ionic semiconductor with
a wide and direct band gap (3.4 eV) have attracted lots of academic
attentions, which have been widely studied on their application in
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the fields of dye (quantum dots)-sensitized photovoltaic cells [6,7]
and bio/gas sensors [8,9]. So far, the most direct route to prepare
ZnO nanotubes is the template-assisted electrochemical deposi-
tion method, in which the nanochannels of anodic aluminum
oxide membrane are usually used [10]. However, the ordered
arrays may be destroyed when the template is removed. Another
popular strategy is a solvothermal method, which is performed
under high pressure in an autoclave [11–13]. However, in this
approach, the control of the size and wall thickness of nanotubes
during the growth process remains complex and difficult. Though
extensive efforts have been made to fabricate ZNTs, it is still a
challenge to realize the large-scale growth of ZNTs with control-
lable size and dimension [6–9]. Moreover, it is well known that the
specific surface area has great influence on the optical properties
of nanostructures. Once the wall thickness or tube depth has been
tuned, the corresponding change in the optical properties will
happen due to the variation of specific surface area. However, so
far, the effects of wall thickness/tube depth on the optical proper-
ties of ZNTs are rarely reported.

In this paper, we will present a simple wet chemical approach to
fabricate the ZNTs with different wall thickness. The effects of wall
thickness on the optical properties of ZNTs have been investigated
in detail.
2. Experiments

The ZNTs used in this investigation were synthesized by two-
step process, i.e. growth of ZnO nanorods (ZNRs) and chemical
etching process for converting ZNRs into ZNTs. Firstly, 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 pre-treatment 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 ZnO
nanorods. In the CBD growth, the 0.1 M aqueous solutions of zinc
nitrate hexahydrate [Zn (NO3)2 �6H2O, 99.9% purity] and 0.1 M
aqueous solutions of methenamine (C6H12N4, 99.9% purity) were
first prepared and mixed together. The pre-treated Si substrates
were immersed into the aqueous solution and kept at 93 1C for 3 h
with sealing the beaker. Subsequently, a set of ZNRs samples with
the diameter of 280 nm were respectively converted into ZNTs by
chemical etching process for different time (6 h, 7 h, 9 h, and 10 h).
The chemical etching process was carried out by suspending the
ZNRs sample upside down in 100 ml aqueous solution of potas-
sium chloride (KCl) with 5 M concentration at 95 1C.

Scanning electron microscopy (SEM) pictures were recorded by
using a JEOL JSM-6301F. ZnO nanotubes 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 lacy carbon for TEM observations. Room temperature
photoluminescence (PL) measurements were carried out. A CCD
detector (Spectrum 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 (TRPL)
was performed by using an excitation laser line from a frequency
tripled sapphire: Ti laser emitting at 266 nm, a 0.3 m monochro-
mator and a streak camera. The spectral resolution is about 1 meV
and the time resolution is 7 ps. The measurements were
done under weak excitation conditions (0.5 W/cm2). XPS measure-
ments were performed using a Scientas ESCA200 spectrometer in
ultra-high vacuum (UHV) with a base pressure of 10−10 mbar.
The measurement chamber is equipped with a monochromatic
Al (Kα) X-ray source providing photon with hυ¼1486.6 eV. The
XPS experimental condition was set so that the full width at half
maximum (FWHM) of the clean Au 4f7/2 line was 0.65 eV. All
spectra were measured at a photoelectron take-off angle of 01
(normal emission) and room temperature. The binding energies in
the XPS spectra were obtained by reference to the Fermi level with
an error of 70.1 eV.
3. Results and discussions

3.1. Structural characterization of ZNTs

The SEM and TEM techniques were used to characterize the
morphologies and structures of ZNRs and ZNTs. The SEM images of
the as-grown ZNRs with 280 nm diameters and corresponding
converted ZNTs with different wall thickness are shown in Fig. 1a–
e. The hexagonally shaped nanorods uniformly cover the entire Si
(0 0 1) substrate with high density as shown in Fig. 1a. From
Fig. 1b–e, we can observe that the wall thickness of ZNTs decreased
step by step with prolonging the etching time. The wall thickness
can be determined to be 80 nm, 70 nm, 40 nm and 25 nm
corresponding to the etching time of 6 h, 7 h, 9 h and 10 h,
respectively. The etching mechanism can be described as follows:
Elias et al. pointed out that the selective etching to form hollow
structures should be related with the initial crystal structure of
ZNRs since no assistant reagents existed in the etching solution
[14]. Two main factors will determine the conversion process from
ZNRs to ZNTs. On one hand, the distinctive ZnO crystal habit
exhibits a polar basal (0 0 0 1)/top (0 0 0 1) planes and six non-
polar (1 0 1 0) planes parallel to c-axis. The two polar planes are
metastable due to the high surface energy, while the nonpolar
(1 0 1 0) planes are the most stable ones due to the lower surface
energy. So the Cl-ions might be preferentially adsorbed onto the
top polar (0 0 0 1) surface of the nanorods, which may result in the
formation 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.

The structure of ZNTs is also characterized by TEM, high-
resolution TEM (HRTEM) and selected area electron diffraction
(SAED) images, as shown in Fig. 1f–h. The TEM image in Fig. 1e
shows the hollow structure of one single tube. The HRTEM image
in Fig. 1f was taken out at the tube top area in Fig. 1e. It clearly
reveals a lattice spacing of 0.52 nm which corresponds to the
distance of the (0 0 1) crystal plane of wurtzite ZnO (hexagonal
structure with cell constants of a¼3.249 Å and c¼5.206 Å).
The SAED pattern in Fig. 1g indicates that the ZnO nanotube is
single crystal with wurtzite structure.

3.2. Optical properties of ZNTs

The room temperature PL spectra of ZNRs and ZNTs with different
wall thickness are illustrated in Fig. 2(a). All the samples show a
dominant UV emission and a weak deep level emission (DLE)
centered at ∼520 nm. The UV emission band is related to a near
band-edge transition of ZnO, namely, the recombination of the free
excitons. The DLE band had recently been identified and at least two
intrinsic defect origins (VO and VZn) with different optical character-
istics were claimed to contribute to this DLE band [15–17]. It is
interesting to notice that the UV emission of ZNTs exhibit an
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asymmetric spectrumwith an obvious left shoulder, as clearly shown
in the inset of Fig. 2(a). In our previous report, we pointed out that
both direct (D) and indirect (ID) transitions contribute to the UV
emission due to the surface band bending effects in the ZNTs [18].
Fig. 1. SEM images of ZNRs (a) and ZNTs for etching different time (b) 6 h, (c) 7 h, (d)

Fig. 2. (a) Room temperature PL spectra of ZNRs and ZNTs with different wall thickness,
emission. A good fitting could be obtained when deconvolutions of two Gaussian peaks c
ZNRs, while three Gaussian peaks of D, indirect transition (ID) and T are needed to ge
transition to direct transition (IID/ID) via wall thickness of ZNTs.
While, for ZNRs sample, the UV emission is mainly originated from
the D transition. To reveal the dependence of D and ID transition on
the wall thickness of ZNTs, all the UV emission spectra have been
fitted by the Gaussian functions, as shown in Fig. 2(b). We can see
9 h and (e)10 h; TEM (f), HRTEM (g) and SAED (h) images of ZNTs for etching 9 h.

the inset is the large magnification image in the UV region; (b) Fitting results of UV
orresponding to the direct transition (D) and PL tail (T) are used for the spectrum of
t a good fitting for all the spectra of ZNTs; (c) Relative intensity ratio of indirect
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that all the PL spectra contain a low-energy tail (T) emission, which is
associated to the phonon replica of free exciton or localized excitons
[19,20]. A good fitting could be obtained when deconvolutions of two
Gaussian peaks corresponding to the D and T are used for the
spectrum of ZNRs, while three Gaussian peaks of D, ID and T are
needed to get a good fitting for all the spectra of ZNTs. The
dependence of relative intensity ratio of indirect transition to direct
transition (IID/ID) on the wall thickness of ZNTs has been summarized
in the Fig. 2(c). Clearly, with the decrease of wall thickness in ZNTs,
the contribution of ID transition in UV emission process becomes
more and more important due to the increasing specific surface area.

Moreover, usually, the existence of indirect radiative recombi-
nation will strongly suppress the emission intensity due to
reduced electron-hole wave function overlapping. However, in
our case, the PL intensity of ZNTs is much higher than that of ZNRs
as a whole. Furthermore, the PL intensity of ZNTs enhances step by
step with the decrease of their wall thickness, which disobeys
the normal opinion about the variation tendency, since not only
the contribution of ID transition becomes more and more impor-
tant, but the mass of ZnO decreases step by step as well. We
further performed the measurement of low temperature PL and
TRPL spectra. As shown in the Fig. 3(a), clearly, the integral PL
intensity follows the same variation tendency with decreasing the
wall thickness of ZNTs. For the TRPL spectrum obtained from ZNTs
Fig. 3. (a) Low temperature PL spectra of ZNRs and ZNTs with different wall
thickness (13 K); (b) Time-resolved PL (TPRL) spectra of ZNTs with 80 nm, 40 nm
and 25 nm wall thickness obtained at 13 K. The color empty circle and solid lines
presents the experimental data and fitting results, respectively. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)
in Fig. 3(b), the decay exhibits a single exponential curve, which
apparently indicates that no surface recombination exists in the
ZNTs [21–24]. According to the fitting results, the decay time (τ) is
10 ps, 24 ps, and 34 ps corresponding to the ZNTs with 80 nm,
40 nm and 25 nm wall thickness, respectively. This variation
tendency has a good agreement with the results of room and
low temperature PL, which further proves the facticity of room
temperature PL results.

The UV emission process consists of radiative and non-radiative
recombinations. Generally, the PL decay rate of a semiconductor
includes two components, i.e. radiative and non-radiative decay
rates with a relationship of τ−1 ¼ τ−1NR þ τ−1R , where τ, τNR and τR is the
time constant of PL, non-radiative and radiative decay, respectively
[25]. The measured effective PL decay τ will strongly depend on the
relative value of non-radiative τNR and radiative time τR. Apparently,
the value of τ in our case is so much shorter compared to other
reports on the ZnO nanorods (70 ps for the one grown with the
same method [26]). Therefore, we can incipiently conclude that the
non-radiative recombination process dominates the life time in our
case. Usually, the effective non-radiative recombination mainly
originates from the capture of excitons and carriers by deep centers
at defects and/or impurities. Therefore, it is necessary to analyze the
defects in the ZNRs and ZNTs. The micro-Raman and resonant
Raman scattering (RRS) measurement has been used to monitor the
change of defects in the chemically grown ZNRs [22]. Fig. 4
Fig. 4. (a) Micro-Raman spectra of ZNRs and ZNTs with 488 nm excitation;
(b) Room temperature emission spectra of ZNRs and ZNTs with 351.1 nm excitation.



Fig. 5. (a) XPS survey spectra of ZNRs and ZNTs with 80 nm and 25 nm wall thickness, where the labels indicate the origins of the corresponding peaks; (b) Zn 2p (c) O 1 s
and (d) Cl 2p XPS spectra of ZNTs with 80 nm and 25 nm wall thickness.
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(a) illustrates the room temperature micro-Raman spectra of ZNRs
and ZNTs with 488 nm excitation. The peaks at 333.8 cm−1,
379.8 cm−1, 412.5 cm−1, 439.2 cm−1, 586.2 cm−1, and 665.5 cm−1

can be ascribed to the 2E2, A1(TO), E1(TO), E2, E1(LO) and A1 mode,
respectively, which indicates both ZNRs and ZNTs own the typical
wurtzite structures [27]. Moreover, with decreasing the wall thick-
ness, the Raman scattering intensity enhances step by step, imply-
ing that the crystal quality of ZNTs turns better and better, i.e. less
defects in ZNTs. Moreover, Fig. 4(b) illustrates the emission spectra
of ZNRs and ZNTs with 351.1 nm excitation. The spectrum from
ZNRs consists of an RRS progression based on a fundamental 1LO
band at 3.459 eV and its multiple-LO scatterings. Since the Raman
scattering is performed with backscattering geometry, the main
contribution to the RRS signal comes from the A1-LO mode [22].
The A1-LO mode reflects the defect density in the ZNRs, that is, the
RRS lines intensity will be stronger if there are more defects in the
sample. We can see in Fig. 4(b) that no RRS lines appear in the
spectrum of ZNTs. To see it clearly, the region marked by the black
dot box has been enlarged and shown in the inset. In contrast, the
strong Raman peaks of 1LO and 2LO (A1-LO mode) appear in the
spectrum of ZNRs, further indicating more defects in them.

To thoroughly reveal the origination of PL intensity enhancement
of ZNTs, we performed the XPS measurement on the ZNRs and ZNTs
with 80 nm and 25 nm wall thickness to identify their chemical
compositions, by which maybe we can find the reason of defect
reduction in ZNTs. The survey XPS spectra of ZNRs and ZNTs are
presented in Fig. 5(a), in which all of the peaks can be only ascribed to
Zn, O, and C elements as labeled in the image. Here we would like to
point out that, for all the XPS spectra, the binding energies have been
calibrated by taking the carbon C1s peak (285.0 eV) as reference.
The Zn 2p and O 1s XPS spectra in Fig. 5(b) and (c) have not shown big
difference for ZNTs with 80 nm and 25 nm wall thickness. But it is
worth to note that the relative intensity of C1s signal is extremely
strong for ZNRs in comparison with that of ZNTs. Since the vacuum
level of equipment kept same during the measurement for all the
samples, such big difference in intensity only can be attributed to the
native chemical composition of the samples. For ZNRs, the surface will
be attached by lots of chemical group of –CO3 due to the large amount
of them in the growth solution of Zn(NO3)2 and C6H12N4. While,
during the etching process of ZNTs, we can imagine that the –CO3

groupwill be released and further substituted by the chlorine (Cl) ions.
In order to verify this, XPS technique was used to detect the Cl signal
from the ZNTs. As shown in Fig. 5(d), we can obviously obverse the
signal of Cl element in both ZNTs samples with different wall
thickness. Moreover, the intensity of Cl 2p signal is enhanced with
decreasing the wall thickness of ZNTs. It is mainly caused by the
enlarged specific surface area, which provides more available sites for
the chlorine ions. Cui et al. reported in their work that the introduction
of Cl can reduce the density of oxygen vacancies in ZnO nanowires
since Cl is apt to substitute oxygen in ZnO [28]. Thus, the existence of
large amount of Cl element in the ZNTs is the main reason for their
better crystal quality in comparison with ZNRs. In addition, Chikoidze
et al. suggested that the use of non-metallic dopants in substitution to
oxygen was a better way to achieve higher carrier concentration and
mobility while keeping good transparency of ZnO [29]. Lee et al.
confirmed experimentally that the carrier concentration would
increase with Cl doping in ZnO film [30]. Plus, the carriers originated
from Cl can be transported to the ZnO very fast due to their close
contact, so that the PL intensity will be further enhanced. Thus, with
the decrease of wall thickness in ZNTs, the enhanced PL intensity step
by step can be attributed to the less defect density and higher carrier
concentration caused by the introduction of Cl in ZNTs during the
etching process.
4. Conclusions

In this work, we successfully reveal the effects of wall thickness
of ZNTs on their optical properties. The results show that not only
the wavelength but also the intensity of UV emission can be
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modulated by the wall thickness of ZNTs. In comparison with
ZNRs, the ZNTs with 25 nmwall thickness exhibits an excellent UV
emission, which can be prospected to be a promising candidate for
UV sensor and detector. In addition, the reveal of Cl contribution to
the UV emission of ZNTs will stimulate more theoretical and
experimental investigations about Cl-doped ZnO nanostructures
in the future.
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