
CERAMICS
INTERNATIONAL

Available online at www.sciencedirect.com
0272-8842/$ - se

http://dx.doi.or

nCorrespond

E-mail addr
Ceramics International 39 (2013) 7439–7444

www.elsevier.com/locate/ceramint
One-dimensional ZnO nanostructure growth prepared by thermal
evaporation on different substrates: Ultraviolet emission as a function

of size and dimensionality
N.K. Hassana,b,n, M.R. Hashima, M. Bououdinac

aNano-Optoelectronics Research Laboratory, School of Physics, Universiti Sains Malaysia, 11800 Penang, Malaysia
bDepartment of Physics, College of Education, Tikrit University, Tikrit, Iraq
cNanotechnology Centre, University of Bahrain, P.O. Box 32038, Bahrain
Received 8 February 2013; accepted 25 February 2013

Available online 7 March 2013
Abstract

Large-scale uniform one-dimensional ZnO nanostructures were fabricated through thermal evaporation via the vapor solid

mechanism on different substrates. The effects of Si (100), Si (111), SiO2 and sapphire substrates with constant oxygen treatment on

the morphology and diameter of ZnO nanostructures were investigated. It is found that the type of substrate has a great effect on the

shape and diameter of the synthesized nanowires, nanorods, and nanotubes. It is noticed that the size and dimensionality were the most

influential parameters on both structural and optical properties of the grown ZnO nanostructures. X-ray diffraction analysis confirms

the stability of the wurtzite crystal structure for all grown ZnO nanostructures and the preferred orientation is substrate dependent. The

crystallinity as well as the defects within the crystal lattice of the grown ZnO nanostructures was studied through Raman spectroscopy.

The photoluminescence spectra of ZnO nanostructures grown on Si (100), Si (111), SiO2 and sapphire substrates showed two peaks at a

near-band-edge (NBE) emission in the ultraviolet region and a broad deep-level emission (DLE) around the green emission.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Nanoscale one-dimensional (1D) ZnO has received
particular attention owing to its distinguished performance
in sensing [1,2] and optoelectronics [3–6] applications. The
enhancement of the optical properties results from the
increase in radiative recombination, which depends on the
size and dimensionality of the nanostructure [7].

Due to the electron confinement properties of 1D
nanostructure, the polar nature which has been found in
(1D), the direct wide band gap of 3.37 eV at room
temperature and large excitation binding energy of
60 meV, ZnO becomes one of the most important func-
tional components in the fabrication of optoelectronic
devices. Well aligned 1D ZnO nanostructures have been
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applied to ultra-violet (UV) detectors working at room
temperature and to improve their performance and its
sensitivity to UV illumination.
Numerous efforts have been devoted to fabricate 1D

ZnO nanostructures via various methods such as sol–gel
[8], chemical vapor deposition (CVD) [9,10] sputtering
[11,12], pulsed laser deposition (PLD) [13] and vapor-
phase transport process [14–18]. The vapor process is one
of the most important approaches to growing aligned and
uniform ZnO with a variety of nanostructures such as
nanowires, nanorods, and nanotubes, which offer a broad
range of technological applications.
The synthesis of ZnO through this method has several

advantages over the other methods, including mainly high
crystallinity, controlled size and dimensionality of 1D
nanostructures and morphology. Thereby, ZnO has been
introduced as an attractive material in optoelectronic
applications, in which 1D nanomaterial plays an important
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role in achieving the main objective of such devices. In the
vapor process, many researchers have deposited ZnO on
metal-coated substrates such as gold, which is used as a
catalyst, this technique is called vapor liquid solid (VLS)
[13,14] method. Alternatively, numerous studies in the
literature have shown that it is possible to synthesize
various ZnO-based nanostructures without the need of
catalysts; this method is called catalyst-free vapor process
(VS) [16–22].

The aim of this study is to fabricate a large-scale 1D
ZnO using a low-cost technique, as well as to identify the
most suitable substrate for the development of aligned,
uniform 1D ZnO nanostructures grown via VS, which
would be a potential candidate for UV detector. The
experimental results demonstrate that both size and
dimensionality are most probably responsible for the
structural and optical properties of the grown ZnO
nanostructures. The fabricated 1D ZnO UV-detector
showed a significantly different response for the UV
illumination which depends on size and dimensionality.

2. Experimental part

1D ZnO nanostructures were synthesized on Si (100), Si
(111), SiO2 and sapphire substrates, in a horizontal tube
furnace system without using a metal catalyst. The experi-
mental setup consisted of a three-zone tube furnace with a
removable thermocouple, a quartz tube with a diameter of
12 cm and a length of 120 cm with 70 cm reaction zone and
a gas flow-rate controller. A small quartz tube closed from
one end and measuring 25 cm and 2 cm in length and
diameter, respectively, was placed inside the large tube to
confine the high-concentration of Zn vapor. High purity
Zn powder (99.999%; Sigma-Aldrich) was used as the
source material, which was placed in a quartz boat. This
Fig. 1. SEM images of the 1D ZnO nanostructures grown on differen
boat was then inserted inside the small tube near the closed
end. The substrates were placed downstream of the Zn
material. The small tube containing the Zn material and
the substrate were inserted into the center of the furnace.
The source material of Zn and the substrate were gradually
heated up to 900 1C from room temperature at a rate of
10 1C/min. High-purity N2 gas was fed at a rate of about
0.2 l/min. Oxygen gas was not fed into the furnace until
5 min after the temperature reached 900 1C. The oxygen
gas flow rate was kept at 0.05 l/min and was fed into the
reaction for 90 min. White material was formed on the
substrate afterwards.
Morphological observations of 1D ZnO nanostructures

were carried out using a scanning electron microscope
(SEM) JEOL model JSM-6460LV, which was installed
with energy dispersive X-ray spectroscopy. Structure ana-
lysis was studied using an X-ray diffractometer PANaly-
tical X’Pert PRO diffractometer equipped with Cu-Ka
radiation (l=1.5418 Å). The photoluminescence (PL)
spectra of the samples were measured using a He–Cd laser
(325 nm) at room temperature. Raman spectrum was
obtained using a Raman spectrometer (Horiba Jobin Yuon
HR800) operating at a wavelength of 514.55 nm using Arþ

as the excitation source.

3. Results and discussion

3.1. Morphological study

SEM images depicting the evolution of the morphology
of ZnO grown on different substrates, namely Si (100), Si
(111), SiO2 and sapphire, are shown in Fig. 1. The 1D ZnO
nanostructures were successfully fabricated through the
thermal evaporation of metal Zn grains via the VS method.
The effect of substrate with constant oxygen treatment at
t substrates: (a) Si (100), (b) Si (111), (c) SiO2, and (d) sapphire.



Fig. 2. XRD patterns of the 1D ZnO nanostructures grown on different

substrates: (a) Si (100), (b) Si (111), (c) SiO2, and (d) sapphire.
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900 1C on the morphology of the ZnO nanostructures is
clearly observed. The substrate affected the shape and
diameter of the 1D ZnO nanostructures, including ZnO
tetra-legged with ultra-long legs, 25 mm length and 200 mm
diameter which were grown on Si (100), Fig. 1(a). Well-
aligned and highly dense ZnO nanorods were obtained
when changing substrate from Si (100) to Si (111),
Fig. 1(b), where both diameter and length changed; the
mean length and diameter are 2 mm and 200 nm respec-
tively. A considerable change in the 1D ZnO nanostruc-
tures length and diameters occurred when changing
substrate to SiO2; hexagonal-shaped ZnO nanorods were
vertically aligned with a diameter in the range of 200–
500 nm and about 3 mm in length. Finally, replacing SiO2

substrate by sapphire resulted in changing both the shape
and size of the grown 1D ZnO nanostructures; ultra thin
nanowires with a diameter of about 40 nm were observed;
see Fig. 1(d).

Based on the obtained results and under the experi-
mental conditions used in this study, the growth mechan-
ism of 1D ZnO nanostructures occurred via VS, as no
metal was used as a catalyst. Hereafter, a reasonable
growth mechanism for the formation of 1D ZnO nanos-
tructures was proposed. Basically, the formation of the
observed nanostructures can be divided into two stages:
nucleation and growth. As the temperature of the furnace
reached 900 1C under the continuous flow of N2, the rising
zinc vapor coated the substrate. When oxygen started
feeding into the quartz tube, the zinc vapor reacted with
oxygen to form ZnO nuclei, with hexagonal bases originat-
ing from the center of these nuclei. The nanorods were
randomly grown layer by layer on these bases, which
seemed to be the roots of the nanorods. These formed ZnO
vapors condensed and nucleated in the form of ZnO
nanocrystals. As the reactant concentration increased, the
ZnO nuclei individually grew along an upward direction in
the form of nanorods. The different morphologies may be
related most probably to the lattice mismatch between the
bases of randomly grown ZnO first nucleus and the type of
substrate, which leads to the various obtained shapes
(tetra-legged nanorods, nanorods, nanowires, and nano-
tubes), various diameters and lengths of the final 1D ZnO
nanostructures.

3.2. Crystal structure analysis

The 1D ZnO nanostructures obtained via the VS
mechanism crystallize within the hexagonal wurtzite crys-
tal structure. The growth rate of the ZnO nanocrystals was
affected by the change of the type of substrate, which
allowed the development of various shapes and lengths.
Thus, the alignment of the 1D ZnO grown tended to be
different according to the type of substrate, which means
that the intensity of the diffraction peak will vary con-
siderably. Fig. 2 shows typical XRD patterns of ZnO
nanostructures grown on Si (100), Si (111), SiO2 and
sapphire substrates via the VS method. All samples showed
sharp, highly intense peaks which matched very well with
the standard bulk ZnO having a hexagonal crystal struc-
ture (JCPDS card no. 800075). The diffraction patterns of
the three samples grown on Si (100), Si (111) and SiO2

were similar. Three pronounced ZnO diffraction peaks
with different intensities namely (100), (002), and (101)
were observed as well as weak peaks corresponding to the
(102), (110), and (103) reflection planes, respectively.
Except in the case of ZnO grown on sapphire which
showed only one very intense peak (002) all the remaining
peaks were not detected, indicating a strong preferred
orientation along the (002) direction. Among all the
prepared samples, the relatively higher diffraction intensity
obtained at (002) plane indicated that the preferred growth
orientation was toward the direction of the c-axis [23].
Notably, the crystallinity of the fabricated nanostructures
was clearly dependent on the type of substrate, which was
enhanced by changing the substrate to the sapphire. The
full width at half maximum (FWHM) values of the (002)
peak for 1D ZnO grown on sapphire and Si (111) were at
0.1601 and 0.1651, respectively, which is smaller than that
of ZnO grown on Si (100) and SiO2, indicating that the
best crystalline structure was obtained. This configuration
was confirmed by the PL measurements of the 1D ZnO
nanostructures, which will be discussed in the following
section.

3.3. Photoluminescence study

The PL spectra of the ZnO nanostructures grown on Si
(100), Si (111), SiO2 and sapphire are shown in Fig. 3. All



Fig. 3. Room temperature PL spectra of the 1D ZnO nanostructures

grown on different substrates: (a) Si (100), (b) Si (111), (c) SiO2, and

(d) sapphire.
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samples grown through VS showed two peaks in the PL
spectra, a high near-band-edge (NBE) emission at the
ultraviolet (UV) region with different intensities, and a
broad deep-level emission (DLE) around the green emis-
sion. The ZnO nanorods grown on Si (111) substrate
showed the highest UV intensity with narrower FWHM
and lowest green emission, whereas the remaining ZnO
nanostructures showed a high UV intensities and different
green emission intensity in the PL spectra. The peak
position for the NBE UV emission was the same for the
ZnO nanostructures grown on Si (100) and sapphire at
380 nm but with different intensities while it was 376 nm
for ZnO nanorods grown on Si (111) and a blue shifted
peak at 360 for that grown on SiO2. This peak was
generated by the recombination of the excitons through
an exciton–exciton collision process [24].

A broad green emission from ZnO nanostructure was
related to sub-band transition, and the nature of the DLE
seemed to be intrinsic. Based on available literature,
different types of defects related to the PL spectra have
been reported [3,8,16,24–28]. The reason for the presence
of this peak may be related to the exciton that was bound
to structural defects, strain-induced structural defects,
incorporation of impurity-induced disorder, or surface
defects during the growth process.

The narrow peak with a high-intensity NBE emission, as
well as the decrease in the green emission peak (DLE)
observed in Fig. 3, resulted from high crystallization. The
improvement of crystal quality could cause a high-intensity
NBE with very low or no green emission [16]. Thus, the
ZnO grown on Si (111) and sapphire showed the best
crystallization. As for the green emission, the peak
wavelength was around 533 nm for these samples. The
difference in the intensity of the peak indicated that the
level of defects in the samples was responsible for the
recombination of the green luminescence. This finding
could be related to the high quantity of surface oxygen
vacancies and defects of ZnO, such as Zn vacancy (VZn).
An oxygen vacancy has three possible charge states:
neutral oxygen vacancy (VOo), singly ionized oxygen
vacancy (VOþ ), and doubly ionized oxygen vacancy
(VOþþ). The singly ionized oxygen state is known to be
unstable, and the transition involving it can be seen as a
red emission in PL spectrum. Therefore, oxygen vacancies
are either in the neutral or doubly charged states. DLE has
been suggested to be related to the defects existing within
the samples, including O2 and Zn vacancies, as well as
interstitials and Zn anti-sites [29–35], and results from the
recombination of a photo-generated hole with these
defects.
Therefore, the difference in the peak intensity can be an

indication of the level of defects existing in the samples
[32,33,36]. One of the important factors used to compare
the optical properties is the UV/DLE ratio [25]. The
highest NBE/DLE ratio of ZnO nanostructure grown on
Si (111) and sapphire, in addition to the narrow NBE and
the decrease in the peak intensity of the green emission,
could result from the high crystallinity of the fabricated
nanoarchitectures. This is in agreement with the hypothesis
that the improvement of the crystal quality can cause a
high-intensity NBE with a very low or no green emission.
Therefore, the ZnO nanostructures grown on Si (111) and
sapphire had the best crystallinity.

3.4. Raman spectroscopy analysis

Raman-scattering spectroscopy (Fig. 4) is an effective
technique for estimating the crystallinity of materials. The
Raman signals are very sensitive to the crystal structure
and to the defects in the crystal structure [16,17,25,37]. The
Raman spectrum showed a sharp, strong, and dominant
peak at 437 cm�1, known as E2 (high), the Raman active
optical phonon mode (Fig. 4). The E2 (high) peaks in the
as-prepared ZnO nanostructures showed that a blueshift
could be attributed to defects and internal strains resulting
from different growth directions [16]. This blueshift in the
E2 (high) mode of the wurtzite ZnO crystal structure
indicated that the grown ZnO nanostructures were under
compressive stress within the c-axis-oriented ZnO epilayers
[25], to estimate the magnitude of the stress between the
1D ZnO nanostructures and the substrates from the
Raman spectra, the blueshift of the wurtzite ZnO crystal
lattice under the biaxial compressive stress within c-axis
can be written according to the following equation [25]:

Do ðcm�1Þ ¼ 4:4s ðGPaÞ: ð1Þ

where s (in the direction of c-axis) and Do are the stress of
1D ZnO nanostructures in (GPa) and shift of E2 (high)
mode in cm�1, respectively. The frequency of E2 (high)



Fig. 4. Typical Raman scattering spectrum of the 1D ZnO nanostructures

grown on different substrates: (a) Si (100), (b) Si (111), (c) SiO2, and

(d) sapphire.

Table 1

Variation of shift of E2 (high) mode (Do) and stress (s) with the type of

substrate.

Substrate type E2 (high) shift (cm�1) Stress (GPa)

Si (100) 1.794 0.41

Si (111) 1.18 0.27

SiO2 2.33 0.53

Sapphire 1.25 0.28
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mode was higher than that in the bulk ZnO for all as-
prepared ZnO nanostructures. The E2 high shift and the
stress calculated from Eq. (1) are listed in Table 1.

The E2 (high) mode blueshift from all as-prepared ZnO
nanostructures was very small compared with that of the
ZnO bulk [38], i.e. 437 cm�1, owing to the stress relaxation
effect from ZnO nanostructures as well as to the fact that
all samples were under compressive stress. The values of
the blueshift for the ZnO grown listed in Table 1 indicated
that the sample grown on Si (111) exhibited fewer internal
defects (lower stress).

4. Conclusion

One-dimensional growth of ZnO nanostructures has
been observed on four different substrates via thermal
evaporation method without using catalysts or additives.
Out of the four substrates, we have shown UV emission
enhancement for 1D ZnO nanostructure synthesized on Si
(111) substrate. Morphological observations showed the
formation of 1D ZnO nanostructures with various shapes
including nanotetrapods, nanorods, and nanowires having
different lengths. Growth mechanisms were proposed for
the formation of different morphologies. Detailed struc-
tural characterizations confirmed that the formed products
were of wurtzite hexagonal phases and were grown along
the c-axis direction with good crystallinity, depending on
the type of substrate. Enhancement in the peaks of the UV
emission by changing the substrate could reduce the
defects and led to a sharp and strong UV emission at
376 nm at room temperature for the sample that was
grown on Si (111). PL spectra showed that the obtained
1D ZnO nanostructures had good crystal quality with
excellent optical properties. Moreover, the Raman spec-
trum showed that the nanorods grown on Si (111)
substrate were under less stress, revealing that these
nanorods had the best crystal structure with the lowest
number of defects.
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