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Abstract

Nanostructured zinc oxide (ZnO) nanorods (NRs) with hexagonal wurtzite structures were synthesized using an easy
and low-cost bottom-up hydrothermal growth technique. ZnO thin films were prepared with the use of four
different solvents, namely, methanol, ethanol, isopropanol, and 2-methoxyethanol, and then used as seed layer
templates for the subsequent growth of the ZnO NRs. The influences of the different solvents on the structural and
optical properties were investigated through scanning electron microscopy, X-ray diffraction, Fourier transform
infrared spectroscopy, ultraviolet-visible spectroscopy, and photoluminescence. The obtained X-ray diffraction
patterns showed that the synthesized ZnO NRs were single crystals and exhibited a preferred orientation along the
(002) plane. In addition, the calculated results from the specific models of the refractive index are consistent with
the experimental data. The ZnO NRs that grew from the 2-methoxyethanol seeded layer exhibited the smallest
grain size (39.18 nm), largest diffracted intensities on the (002) plane, and highest bandgap (3.21 eV).

Keywords: Zinc oxide nanorods; Hydrothermal growth; Solvent; Refractive index; Bandgap

Background

Top-down and bottom-up methods are two types of
approaches used in nanotechnology and nanofabrica-
tion [1]. The bottom-up approach is more advanta-
geous than the top-down approach because the former
has a better chance of producing nanostructures with
less defects, more homogenous chemical composition,
and better short- and long-range ordering [2]. Semicon-
ductor nanorods (NRs) and nanowires possess convenient
and useful physical, electrical, and optoelectronic prop-
erties, and thus, they are highly suitable for diverse
applications [3,4].

Zn0O, one of the II-VI semiconductor materials, has
attracted considerable interest because of its wide bandgap
(approximately 3.37 eV), high exciton binding energy
(approximately 60 meV), and long-term stability [5,6].
ZnO has been applied in various applications, such as in
light-emitting diode [7], gas and chemical sensors [8-10],
ultraviolet (UV) detector [11,12], solar cell [13,14], and
biomolecular sensors [15,16]. To create high-quality
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ZnO NRs, various techniques have been proposed, such
as the aqueous hydrothermal growth [10], metal-organic
chemical vapor deposition [17], vapor phase epitaxy
[18], vapor phase transport [19], and vapor-liquid-solid
method [20].

Among these methods, the aqueous hydrothermal tech-
nique is an easy and convenient method for the cultivation
of ZnO NRs. In addition, this technique had some promis-
ing advantages, like its capability for large-scale produc-
tion at low temperature and the production of epitaxial,
anisotropic ZnO NRs [21,22]. By using this method and
varying the chemical use, reaction temperature, molar-
ity, and pH of the solution, a variety of ZnO nanostruc-
tures can be formed, such as nanowires (NWs) [16,23],
nanoflakes [24], nanorods [25], nanobelts [26], and
nanotubes [27].

In this study, we demonstrated a low-cost hydrothermal
growth method to synthesize ZnO NRs on a Si substrate,
with the use of different types of solvents. Moreover, the
effects of the solvents on the structural and optical proper-
ties were investigated. Studying the solvents is important
because this factor remarkably affects the structural and
optical properties of the ZnO NRs. To the best of our

© 2014 Foo et al, licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly credited.


mailto:klfoo@unimap.edu.my
http://creativecommons.org/licenses/by/2.0

Foo et al. Nanoscale Research Letters 2014, 9:429
http://www.nanoscalereslett.com/content/9/1/429

knowledge, no published literature is available that ana-
lyzed the effects of different seeded layers on the structural
and optical properties of ZnO NRs. Moreover, a compari-
son of such NRs with the specific models of the refractive
index has not been published.

Methods

ZnO seed solution preparation

Homogenous and uniform ZnO nanoparticles were de-
posited using the sol—gel spin coating method [28]. Before
seed layer deposition, the ZnO solution was prepared
using zinc acetate dihydrate [Zn (CH3COO), - 2H,O] as a
precursor and monoethanolamine (MEA) as a stabilizer.
In this study, methanol (MeOH), ethanol (EtOH), isopro-
panol (IPA), and 2-methoxyethanol (2-ME) were used as
solvents. All of the chemicals were used without further
purification. ZnO sol (0.2 M) was obtained by mixing
4.4 g of zinc acetate dihydrate with 100 ml of solvent. To
ensure that the zinc powder was completely dissolved in
the solvent, the mixed solution was stirred on a hot plate
at 60°C for 20 min. Then, 1.2216 g of MEA was gradually
added to the ZnO solution, while stirring constantly at
60°C for 2 h. The milky solution was then changed into
a homogenous and transparent ZnO solution. The so-
lution was stored for 24 h to age at room temperature
(RT) before deposition.

ZnO seed layer preparation

In this experiment, a p-type Si (100) wafer was used as
the substrate. Prior to the ZnO seed layer deposition
process, the substrate underwent standard cleaning pro-
cesses, in which it was ultrasonically cleaned with hydro-
chloric acid, acetone, and isopropanol. The native oxide
on the substrate was removed using a buffered oxide
etch solution, and then, the substrate was rinsed with
deionized water (DIW). Subsequently, a conventional
photoresist spin coater was used to deposit the aged
ZnO solution on the cleaned substrates at 3,000 rpm for
20 s. A drying process was then performed on a hot
plate at 150°C for 10 min. The same coating process was
repeated thrice to obtain thicker and more homogenous
ZnO films. The coated films were annealed at 500°C for
2 h to remove the organic component and solvent from
the films. The annealing process was conducted in the
conventional furnace. The preparation of the ZnO thin
films is shown in Figure 1.

ZnO NRs formation

After the uniform coating of the ZnO nanoparticles on
the substrate, the ZnO NRs were obtained through
hydrothermal growth. The growth solution consisted
of an aqueous solution of zinc nitrate hexahydrate,
which acted as the Zn>* source, and hexamethylenetet-
ramine (HMT). The concentration of the Zn (NO3),
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was maintained at 35 mM, and the molar ratio of the
Zn (NOs3), to HMT was 1:1. For the complete dissol-
ution of the Zn (NO3), and HMT powder in DIW, the
resultant solution was stirred using a magnetic stirrer
for 20 min at RT. The ZnO NRs were grown by im-
mersing the substrate with the seeded layer that was
placed upside down in the prepared aqueous solution.
During the growth process, the aqueous solution was
heated at 93°C for 6 h in a regular laboratory oven.
After the growth process, the samples were thoroughly
rinsed with DIW to eliminate the residual salts from
the surface of the samples and then dried with a
blower. Finally, the ZnO NRs on the Si substrate were
heat-treated at 500°C for 2 h. The growth process of
the ZnO NRs is presented in Figure 2.
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Figure 2 ZnO NR growth process.
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Material characterization

The surface morphology of the ZnO NRs was analyzed
using scanning electron microscopy (SEM, Hitachi
SU-70, Hitachi, Ltd, Minato-ku, Japan). X-ray diffraction
(XRD, Bruker D8, Bruker AXS, Inc., Madison, W1, USA)
with a Cu Ka radiation (A = 1.54 A) was used to study the
crystallization and structural properties of the NRs. The
absorbed chemical compounds that exited on the surface
of the ZnO NRs and SiO,/Si substrate were identified
using the Fourier transform infrared spectroscopy (FTIR,
PerkinElmer Spectrum 400 spectrometer, PerkinElmer,
Waltham, MA, USA). A UV-visible-near-infrared spec-
trophotometer from PerkinElmer was used to study the
optical properties of the ZnO NRs at RT. In addition,
the optical and luminescence properties of the ZnO
NRs were studied through photoluminescence (PL, Horiba
Fluorolog-3 for PL spectroscopy, HORIBA Jobin Yvon
Inc., USA).

Results and discussion

SEM characterization

The top-view SEM images of the ZnO NRs that were
synthesized with the use of different solvents are shown
in Figure 3. All of the synthesized ZnO NRs showed a
hexagonal-faceted morphology. The diameter of the
obtained ZnO NRs was approximately 20 to 50 nm.
The NRs covered the entire surface of the substrate,
and most of these NRs grew into an unchain-like and
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branched structure. On the basis of the SEM images,
the utilization of different solvents evidently resulted
in different diameters of the synthesized ZnO NRs.
The ZnO NRs that were synthesized using 2-ME pro-
vided the smallest diameter, whereas those synthesized
with EtOH displayed the largest diameters. The size of
the ZnO NRs in diameter is strongly dependent on the
grain size of the ZnO seed layer [29]. As the grain size
of the seed layer increases, larger sizes of ZnO NRs in
diameter are produced.

XRD characterization

The crystal structure and microstructure of the as-
synthesized ZnO NRs were studied through XRD.
Figure 4 shows the XRD patterns of the ZnO NRs that
were synthesized on the silicon substrate with the aqueous
solutions and different seeded layers. All of the diffraction
peaks are consistent with the standard card Joint Commit-
tee on Powder Diffraction Standards (JCPDS) 36-1451.
The peak intensities were measured in the range of 30° to
70° at 26. The result showed that the ZnO NRs that were
prepared through the hydrothermal growth method pre-
sented a remarkably strong diffraction peak at the (002)
plane, which is located between 34.5° and 34.6° [30,31].
This finding indicated that all of the ZnO samples pos-
sessed pure hexagonal wurtzite structures with high c-axis
orientations.
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Figure 4 X-ray diffraction patterns of ZnO NRs with hydrothermal growth process: (a) MeOH, (b) EtOH, (c) IPA, and (d) 2-ME.

Among the peaks, the ZnO NRs that were prepared
with EtOH resulted in the narrowest peak of full width
at half maximum (FWHM). By contrast, the ZnO NRs
that were prepared with 2-ME showed the largest peak
of FWHM. Simultaneously, the 2-ME solvent also
showed the highest peak intensities on the (002) plane.
Compared with the standard diffraction peaks of ZnO,
the clear and sharp peaks indicated that the ZnO NRs
possessed an excellent crystal quality, with no other
diffraction peaks and characteristic peaks of impurities
in the ZnO NRs. Therefore, all of the diffraction peaks
were similar to those of the bulk ZnO. Table 1 shows
the ZnO XRD data from the JCPDS card compared with
the measured ZnO XRD results.

Table 1 XRD parameters of ZnO NRs

26 ()
hkl Observed JCPDS
MeOH EtOH IPA 2-ME
100 32.02 31.98 31.98 32.10 31.76
002 34.52 3462 34.64 34.68 3442
101 36.46 36.52 36.5 36.58 36.25
102 47.76 478 47.74 478 47.53
110 56.94 56.78 56.96 56.86 56.60
103 63.08 63.06 63.08 63.06 62.86

The average grain size of the ZnO NRs was estimated
using Scherrer’s formula [32]:

KA
FWHM cos0

D = (1)

where « is the Scherrer constant, which is dependent
on the crystallite shape and can be considered as 0.9
[33,34]; A is the X-ray wavelength of the incident Cu K
radiation, which is 0.154056 nm [35]; FWHM is the full
width at half maximum of the respective peak; and 6
represents the diffraction peak angle. Given that all of the
ZnO NRs that were grown through the hydrothermal
method exhibited the largest diffraction peaks at the (002)
plane, the grain size of the ZnO was calculated along this
plane. The calculated crystallite size is presented in Table 2.
The result showed that the ZnO NRs that were synthe-
sized on the 2-ME seeded layer produced the smallest
crystallite size of 39.18 nm. This result is consistent with
the SEM images. However, the largest crystallite size of
58.75 nm was observed when the ZnO NRs were synthe-
sized on the seeded EtOH layer. This finding may be due
to the higher viscosity of the EtOH solvent than those of
the other solvents.

The lattice constants a and ¢ of the ZnO wurtzite
structure can be calculated using Bragg's law [36]:

1 1
3 sinf

(2)
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Table 2 Measured structural properties of ZnO NRs using XRD for different solvents

Solvent XRD (100) peak position XRD (002) peak position a (i\) (100) c (f\) (002) Grain size (nm)
MeOH 32.02 34.52 3.225 5192 54.84
EtOH 31.98 34.62 3.229 5178 58.75
IPA 31.98 34.64 3.229 5175 45.70
2-ME 32.10 34.68 3217 5.169 39.18

A
sin6

(3)

where ) is the X-ray wavelength of the incident Cu
Ka radiation (0.154056 nm). For the bulk ZnO from
the JCPDS data with card number 36-1451, the pure
lattice constants a and ¢ are 3.2498 and 5.2066 A, re-
spectively. Based on the results shown in Table 2, all of
the ZnO NRs had lower lattice constant values com-
pared with the bulk ZnO. The ZnO NRs prepared with
MeOH (a = 3.23877 A and ¢ =5.20987 A) were closest
to the bulk ZnO. This phenomenon can be attributed
to the high-temperature annealing condition. Similar
results were observed by Lupan et al. [37], in which the
increase in temperature decreases the lattice constant
of ZnO.

FTIR characterization

Figure 5 illustrates the FTIR spectra of the as-deposited
four representative ZnO NRs prepared using four differ-
ent solvents. Given that the wavelength of the finger-
print of the material ranged from 400 to 2,000 cm™*
[38], the absorption region was fixed in this region.
Overall, the spectrum showed two significant peaks and
all of the ZnO NRs that were prepared using different

solvents exhibited the same peaks. The ZnO NR morph-
ologies that are grown via wet chemical synthesis prefer
the c-axis growth [39]. Thus, the ZnO NRs usually had
a reference spectrum at around 406 cm ™' [40]. However,
this absorption spectra is found at 410, 412, 409, and
410 cm™! for the ZnO NRs prepared with the use of
MeOH, EtOH, IPA, and 2-ME solvents, respectively, be-
cause these solvents caused a blueshift in the spectra of
as-prepared ZnO NRs. The band from 540 to 560 cm™*
is also a stretching mode that is correlated with the
ZnO [41,42].

UV-vis characterization

The transmittance spectra and optical properties of the
ZnO NRs in the wavelength range of 300 to 800 nm
were investigated through UV-visible spectroscopy at
RT. The UV-visible transmittance spectra of the ZnO
NRs are shown in Figure 6. The inset of Figure 6 shows
the magnified view of transmittance spectrum in the
wavelength range of 350 to 450 nm. The results showed
that all of the ZnO NRs that were prepared using differ-
ent solvents exhibited strong excitonic absorption peaks
at 378 nm. These peaks indicated that the grown ZnO
NRs possessed good optical quality and large exciton
binding energy.

80

—a— MeOH

70

60 -]

50

40

30

Transmittance (%)

20 s

10

540-560cm™ 1
409-412em’

2000 1800 1600 1400 1200

Wavelength (cm™)

Figure 5 FTIR absorption spectrum of ZnO NRs using various solvents.
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Figure 6 Optical transmittance spectra of hydrothermal derived ZnO NRs.

The absorption coefficient («) for the direct transition
of the ZnO NRs was studied using Equation 4 [43]:

In(1/T)
. @)

where T is the transmittance of the ZnO films, and d
is the film thickness. The optical bandgap (ahv) de-
pendence on the absorption coefficient (@) over the
energy range of 3 to 3.5 eV at RT was calculated using
the following relation [44]:

ahv = B(hv - E)" (5)

where hv is the photon energy, B is the constant, E, is
the bandgap energy, and # is the allowed direct band
with the value of %. The direct bandgap energies for the
different solvents used were determined by plotting the
corresponding Tauc graphs, that is, (ahv)® versus hv
curves. This method was used to measure the energy
difference between the valence and conduction bands.
The direct bandgap of the ZnO films was the intercep-
tion between the tangent to the linear portion of the
curve and the hv-axis (Figure 7). The optical bandgaps
determined from the curves are summarized in Table 3.
The results indicated that the ZnO NRs that were

grown with 2-ME for the seed layer preparation showed
the highest bandgap (3.21 eV), whereas those grown
with the IPA exhibited the lowest bandgap (3.18 eV),
which is believed to possess a better conductivity. Ac-
cording to the corresponding bandgap energy (E,;) and
absorption band edge (A) of the bulk ZnO, that is,
367 nm and 3.36 eV, respectively [45], the as-grown
ZnO NRs possessed a significantly lower bandgap or ex-
hibited a redshift of E, from 0.15 to 0.18 eV. This shift
can be attributed to the optical confinement effect of
the formation of ZnO NRs [46] and the size of the ZnO
NRs [47].

Many attempts have been made to relate the refractive
index (1) and E, through simple relationships [48-51].
However, these relationships of n are independent of the
temperature and incident photon energy. Herein, the
various relationships between 7 and E, were reviewed.
Ravindra et al. [51] presented a linear form of n as a
function of Ej:

n —=

a + BE, (6)

where a=4.048 eV™' and f=-0.62 eV'. Moreover,
light refraction and dispersion were inspired. Herve
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Figure 7 Plot of (ahv) 2 versus the photon energy for different solvent derived ZnO thin films.

and Vandamme [52] proposed an empirical relation as

follows:
A 2
b (Eg T B)

where A =13.6 eV and B = 3.4 eV. For group IV semicon-
ductors, Ghosh et al. [53] published an empirical relation-
ship based on the band structure and quantum dielectric
considerations of Penn [54] and Van Vechten [55]:

(7)

n

A

E + B (8)

where A =25 E, +212, B=0.21 E; +4.25, and (E; + B)
refer to an appropriate average E, of the material. The

calculated refractive indices of the end-point com-
pounds and E, are listed in Table 3. In addition, the re-
lation €. =n> [56] was used to calculate the optical
dielectric constant €. Our calculated refractive index
values are consistent with the experimental values
[23,57-63], as shown in Table 3. Therefore, Herve and
Vandamme model is an appropriate model for solar
cell applications.

PL characterization

The effects of solvents on the luminescence properties
of ZnO NRs were studied via PL spectroscopy, with
excitation of a xenon lamp at 325 nm. Figure 8 shows
the typical spectra for the photoluminescence of ZnO
NRs that were grown on different seeded substrates.
All the samples demonstrated two dominant peaks,

Table 3 Direct bandgap, calculated refractive indices of ZnO NRs corresponding to optical dielectric constant

Solvent Bandgap (eV) Refractive index (n) Optical constant (€..)
MeOH 320 3.28° 325° 2064’ 2290 2329 4260 5246 5.426¢
EtOH 319 331° 3.10° 2070 2293 2331% 4286 5259 5436¢
IPA 318 329° 327 2076 2296 2334% 4317 5272 5.445%
2-ME 321 3.28° 339" 2058’ 2288 2327% 4235 5233 5417%
2Yi et al. [64].

PCao et al. [58].

“Karami et al. [59].
dGowthaman et al. [60].
€Shakti et al. [61].
*Mejia-Garcia et al. [62].
9Kashif et al. [23].
PAbdullah et al. [63].
iRavindra et al. [51].

JHerve and Vandamme [52].
“Ghosh et al. [53].
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which had UV emissions of 300 to 400 nm and visible
emissions at 400 to 800 nm. The first emission band that
was located in that UV range was caused by the recombin-
ation of free excitons through an exciton-exciton collision
process [24,64,65]. In addition, the second emission band,
which was a broad intense of green emission, originated
from the deep-level emission. This band revealed the
radiative recombination of the photogenerated hole
with the electrons that belonged to the singly ionized
oxygen vacancies [66-68].

UV luminescence can be used to evaluate the crystal
quality of a material, whereas visible luminescence can
be used to determine structural defects [69]. A study by
Abdulgafour [70]. indicates that a higher ratio of UV/
visible is an indicative index of a better crystal quality.
In the current study, the UV/visible ratios for the ZnO
NRs prepared with the use of IPA, MeOH, 2-ME, and
EtOH were 13.34, 12.15, 8.32, and 5.14, respectively.
Therefore, the UV/visible ratio trend confirms the im-
provements in crystal quality of the ZnO NRs that were
prepared using different solvents.

Conclusions

In this study, ZnO NRs with a highly crystalline struc-
ture were synthesized via a low-cost and convenient
hydrothermal technique. The SEM images of the samples
demonstrated that the diameters of the hydrothermally
synthesized ZnO NRs range from 20 to 50 nm. The XRD
patterns exhibited that all of the ZnO NRs had remarkably
excellent crystal qualities and high c-axis orientations.
The calculated bandgap values of the synthesized ZnO
NRs were lower than that of the bulk ZnO. The crystal
qualities, grain size, diameter, and optical bandgap of

the ZnO NRs were affected by the type of solvent used
in the ZnO seed layer preparation. The ZnO NRs that
were synthesized with the use of 2-ME, a solvent, exhib-
ited the most improved results, in terms of structural
and optical properties; these ZnO NRs showed the
smallest grain size, smallest crystallite size, and highest
bandgap values. The method developed in this study
provides a simple and low-cost approach to fabricate
ZnO NRs with the desired properties.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

KLF conducted the sample fabrication and took part in the ZnO NR
preparation and characterization and manuscript preparation. UH initialized
the research work and coordinated and supervised this team’s work. MK
carried out the ZnO NR preparation and characterization. CHV conducted the
ZnO NR characterization and manuscript preparation. All authors read and
approved the final manuscript.

Acknowledgements

The authors wish to acknowledge the financial support of the Malaysian
Ministry of Higher Education (MOHE) through the FRGS grant no. 9003—
00276 to Prof. Dr. Uda Hashim. The author would also like to thank the
technical staff of the Institute of Nano Electronic Engineering and School of
Bioprocess Engineering, University Malaysia Perlis for their kind support to
smoothly perform the research.

Received: 29 January 2014 Accepted: 14 August 2014
Published: 25 August 2014

References

1. Wang ZM: One-Dimensional Nanostructures. Springer Science + Business
Media, LLC, 233 Spring Street, New York, NY 10013, USA: Springer; 2008.

2. Cao GZ, Wang Y: Nanostructures and Nanomaterials: Synthesis, Properties, and
Applications. 2nd edition. Singapore 596224: World Scientific Publishing Co.
Pte. Ltd; 2010.

3. Ghosh R, Fujihara S, Basak D: Studies of the optoelectronic properties of
ZnO thin films. J Electron Mater 2006, 35:1728-1733.



Foo et al. Nanoscale Research Letters 2014, 9:429
http://www.nanoscalereslett.com/content/9/1/429

20.

21.

22.

23.

24.

25.

26.

27.

Fan J, Freer R: The electrical properties and d.c. degradation characteristics
of silver doped ZnO varistors. J Mater Sci 1993, 28:1391-1395.

Jie J, Wang G, Wang Q, Chen Y, Han X, Wang X, Hou JG: Synthesis and
characterization of aligned ZnO nanorods on porous aluminum oxide
template. J Phys Chem B 2004, 108:11976-11980.

Johnson JC, Knutsen KP, Yan H, Law M, Zhang Y, Yang P, Saykally RJ:
Ultrafast carrier dynamics in single ZnO nanowire and nanoribbon
lasers. Nano Lett 2003, 4:197-204.

Kim K, Moon T, Lee M, Kang J, Jeon Y, Kim S: Light-emitting diodes
composed of n-ZnO and p-Si nanowires constructed on plastic
substrates by dielectrophoresis. Solid State Sci 2011, 13:1735-1739.

Foo KL, Kashif M, Hashim U, Ali M: Fabrication and characterization of ZnO
thin films by sol-gel spin coating method for the determination of
phosphate buffer saline concentration. Curr Nanosci 2013, 9:288-292.

Foo KL, Hashim U, Kashif M: Study of zinc oxide films on SiO2/Si substrate
by sol-gel spin coating method for pH measurement. Appl Mech Mater
2013, 284:347-351.

Kashif M, Ali M, Ali SMU, Foo KL, Hashim U, Willander M: Sol-gel synthesis
of ZnO nanorods for ultrasensitive detection of acetone. Adv Sci Lett
2013, 19:3560-3563.

Chai G, Lupan O, Chow L, Heinrich H: Crossed zinc oxide nanorods for
ultraviolet radiation detection. Sensor Actuat A Phys 2009, 150:184-187.
Foo KL, Kashif M, Hashim U, Ali M: Sol-gel derived ZnO nanoparticulate
films for ultraviolet photodetector (UV) applications. Optik-int J Light
Electron Optics 2013, 124:5373-5376.

Guillen E, Azaceta E, Peter LM, Zukal A, Tena-Zaera R, Anta JA: ZnO solar
cells with an indoline sensitizer: a comparison between nanoparticulate
films and electrodeposited nanowire arrays. £nergy Environ Sci 2011,
4:3400-3407.

Matsubara K, Fons P, Iwata K, Yamada A, Sakurai K, Tampo H, Niki S: ZnO
transparent conducting films deposited by pulsed laser deposition for
solar cell applications. Thin Solid Films 2003, 431-432:369-372.

Fulati A, Ali SMU, Asif MH, Alvi NH, Willander M, Brannmark C, Strélfors P,
Borjesson SI, Elinder F, Danielsson B: An intracellular glucose biosensor
based on nanoflake ZnO. Sensor Actuat B Chem 2010, 150:673-680.

Ali SMU, Nur O, Willander M, Danielsson B: A fast and sensitive
potentiometric glucose microsensor based on glucose oxidase coated
Zn0O nanowires grown on a thin silver wire. Sensor Actuat B Chem 2010,
145:869-874.

Lee W, Sohn H, Myoung JM: Prediction of the structural performances of
ZnO nanowires grown on GaAs (001) substrates by metalorganic
chemical vapour deposition (MOCVD). Mater Sci Forum 2004,
449-452:1245-1248.

Park WI, Kim DH, Jung S-W, Yi G-C: Metalorganic vapor-phase epitaxial
growth of vertically well-aligned ZnO nanorods. Appl Phys Lett 2002,
80:4232-4234.

Bakin A, Che Mofor A, El-Shaer A, Waag A: Vapour phase transport growth
of ZnO layers and nanostructures. Superlattice Microst 2007, 42:33-39.

Suh D, Byeon CC, Lee C-L: Synthesis and optical characterization of
vertically grown ZnO nanowires in high crystallinity through vapor-
liquid-solid growth mechanism. Appl Surf Sci 2010, 257:1454-1456.

Xia'Y, Yang P, Sun Y, Wu Y, Mayers B, Gates B, Yin Y, Kim F, Yan H: One-
dimensional nanostructures: synthesis, characterization, and applications.
Adv Mater 2003, 15:353-389.

Hossain M, Ghosh S, Boontongkong Y, Thanachayanont C, Dutta J: Growth
of zinc oxide nanowires and nanobelts for gas sensing applications.

J Metastable Nanocrystalline Mater 2005, 23:27-30.

Kashif M, Hashim U, Ali ME, Foo KL, Ali SMU: Morphological, structural, and
electrical characterization of sol-gel-synthesized ZnO nanorods. J Nano
Mat 2013, 2013:7.

Kashif M, Ali SMU, Ali ME, Abdulgafour HI, Hashim U, Willander M, Hassan Z:
Morphological, optical, and Raman characteristics of ZnO nanoflakes
prepared via a sol-gel method. Phys Status Solid A 2012, 209:143-147.
Kashif M, Hashim U, Ali SMU, Ala'eddin AS, Willander M, Ali ME: Structural
and impedance spectroscopy study of Al-doped ZnO nanorods grown
by sol-gel method. Microelectron Int 2012, 29:1-1.

Li YB, Bando Y, Sato T, Kurashima K: ZnO nanobelts grown on Si substrate.
Appl Phys Lett 2002, 81:144-146.

Ali SMU, Kashif M, Ibupoto ZH, Fakhar-e-Alam M, Hashim U, Willander M:
Functionalised zinc oxide nanotube arrays as electrochemical sensors for
the selective determination of glucose. Micro & Nano Lett 2011, 6:609-613.

29.

30.

31

32.

33

34,

35.

36.

37.

38.

39.

40.

42.

43.

45.

46.

47.

48.

49.

50.

51

52.

53.

Page 9 of 10

Foo KL, Kashif M, Hashim U, Liu W-W: Effect of different solvents on the
structural and optical properties of zinc oxide thin films for
optoelectronic applications. Ceram Int 2014, 40:753-761.

Kenanakis G, Vernardou D, Koudoumas E, Katsarakis N: Growth of c-axis
oriented ZnO nanowires from aqueous solution: the decisive role of a seed
layer for controlling the wires’ diameter. J Cryst Growth 2009, 311:4799-4804.
Jing-Shun H, Ching-Fuh L: Controlled growth of zinc oxide nanorod array
in aqueous solution by zinc oxide sol-gel thin film in relation to growth
rate and optical property. In Nanotechnology, 2008 NANO ‘08 8th IEEE
Conference on; 18-21 Aug. 2008; Arlington, Texas USA. The Institute of
Electrical and Electronics Engineer; 2008:135-138.

Li Z, Huang X, Liu J, Li Y, Li G: Morphology control and transition of ZnO
nanorod arrays by a simple hydrothermal method. Mater Lett 2008,
62:1503-1506.

Jenkins R, Snyder R: Introduction to X-Ray Powder Diffractometry. Canada:
John Wiley & Sons, Inc; 2012.

Metin H, Esen R: Annealing effects on optical and crystallographic
properties of CBD grown CdS films. Semicond Sci Technol 2003, 18:647.
Pearton SJ, Norton DP, Ip K, Heo YW, Steiner T: Recent advances in
processing of ZnO. J Vac Sci Technol B 2004, 22:932-948.

Kaneva N, Dushkin C: Preparation of nanocrystalline thin films of ZnO by
sol-gel dip coating. Bulg Chem Commun 2011, 43:259-263.

Suryanarayana C, Norton G: X-Ray Diffraction: A Practical Approach. Springer
Science + Business Media, LLC, 233 Spring Street, New York, NY 10013, USA:
Plenum Press; 1998.

Lupan O, Pauporté T, Chow L, Viana B, Pellé F, Ono L, Roldan Cuenya B,
Heinrich H: Effects of annealing on properties of ZnO thin films prepared
by electrochemical deposition in chloride medium. Appl Surf Sci 2010,
256:1895-1907.

Feng L, Liu A, Ma Y, Liu M, Man B: Fabrication, structural characterization
and optical properties of the flower-like ZnO nanowires. Acta Physiol Pol
2010, 117:512-517.

Verges MA, Mifsud A, Serna CJ: Formation of rod-like zinc oxide
microcrystals in homogeneous solutions. J Chem Soc 1990, 86:959-963.
Kleinwechter H, Janzen C, Knipping J, Wiggers H, Roth P: Formation and
properties of ZnO nano-particles from gas phase synthesis processes.

J Mater Sci 2002, 37:4349-4360.

Khun K, Ibupoto ZH, Nur O, Willander M: Development of galactose
biosensor based on functionalized ZnO nanorods with galactose
oxidase. J Sensors 2012, 2012:7.

Wang J, He S, Zhang S, Li Z, Yang P, Jing X, Zhang M, Jiang Z: Controllable
synthesis of ZnO nanostructures by a simple solution route. Mater Sci
Poland 2009, 27:477-484.

W-n M, X-f L, Zhang Q, Huang L, Zhang Z-J, Zhang L, Yan X-J: Transparent
conductive In,03: Mo thin films prepared by reactive direct current magnetron
sputtering at room temperature. Thin Solid Films 2006, 500:70-73.

Singh S, Kaur H, Pathak D, Bedi R: Zinc oxide nanostructures as
transparent window layer for photovoltaic application. Dig J Nanomater
Bios 2011, 6:689-698.

Klingshirn C: The luminescence of ZnO under high one- and two-
quantum excitation. Phys Status Solidi B 1975, 71:547-556.

Lee GJ, Lee Y, Lim HH, Cha M, Kim SS, Cheong H, Min SK, Han SH:
Photoluminescence and lasing properties of ZnO nanorods. J Korean Phys
Soc 2010, 57:1624-1629.

Samanta P, Patra S, Chaudhuri P: Visible emission from ZnO nanorods
synthesized by a simple wet chemical method. Int J Nanosci Nanotech
2009, 1:81-90.

Moss T: A relationship between the refractive index and the infra-red
threshold of sensitivity for photoconductors. Proc Phys Soc Sect B 2002,
63:167.

Gupta VP, Ravindra NM: Comments on the moss formula. Phys Status Solid
B 1980, 100:715-719.

Hervé P, Vandamme LKJ: General relation between refractive index and
energy gap in semiconductors. Infrared Phys Technol 1994, 35:609-615.
Ravindra NM, Auluck S, Srivastava VK: On the Penn Gap in semiconductors.
Phys Status Solid B 1979, 93:K155-K160.

Herve PJL, Vandamme LKJ: Empirical temperature dependence of the
refractive index of semiconductors. J Appl Phys 1995, 77:5476-5477.
Ghosh D, Samanta L, Bhar G: A simple model for evaluation of refractive
indices of some binary and ternary mixed crystals. Infrared Physics 1984,
24:43-47.



Foo et al. Nanoscale Research Letters 2014, 9:429
http://www.nanoscalereslett.com/content/9/1/429

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Penn DR: Wave-number-dependent dielectric function of
semiconductors. Phys Rev 1962, 128:2093-2097.

Van Vechten JA: Quantum dielectric theory of electronegativity in
covalent systems. | Electron Dielectric Constant Phys Rev 1969, 182:891.
Samara GA: Temperature and pressure dependences of the dielectric
constants of semiconductors. Phys Rev B 1983, 27:3494-3505.

Yang Z, Liu QH: The structural and optical properties of ZnO nanorods
via citric acid-assisted annealing route. J Mater Sci 2008, 43:6527-6530.
Cao HL, Qian XF, Gong Q, Du WM, Ma XD, Zhu ZK: Shape- and size-
controlled synthesis of nanometre ZnO from a simple solution route at
room temperature. Nanotechnology 2006, 17:3632.

Karami H, Fakoori E: Synthesis and characterization of ZnO nanorods
based on a new gel pyrolysis method. J Nanomater 2011, 2011:11.
Gowthaman P, Saroja M, Venkatachalam M, Deenathayalan J, Senthil TS:
Structural and optical properties of ZnO nanorods prepared by chemical
bath deposition method. Aust J Basic Appl Sci 2011, 5:1379-1382.

Shakti N, Kumari S, Gupta PS: Structural, optical and electrical properties
of ZnO nanorod array prepared by hydrothermal process. J Ovonic Res
2011, 7:51-59.

Mejia-Garcia C, Diaz-Valdés E, Ortega-Cervantes G, Basurto-Cazares E:
Synthesis of hydrothermally grown zinc oxide nanowires. J Chem Chem
Eng 2012, 6:63-66.

Abdullah H, Selmani S, Norazia MN, Menon PS, Shaari S, Dee CF: ZnO:Sn
deposition by sol-gel method: effect of annealing on the structural,
morphology and optical properties. Sains Malays 2011, 40:245-250.

Yi S-H, Choi S-K, Jang J-M, Kim J-A, Jung W-G: Low-temperature growth of
ZnO nanorods by chemical bath deposition. J Colloid Interface Sci 2007,
313:705-710.

Kashif M, Hashim U, Ali ME, Ali SMU, Rusop M, Ibupoto ZH, Willander M:
Effect of different seed solutions on the morphology and electrooptical
properties of ZnO nanorods. J/ Nanomater 2012, 2012:6.

Heo YW, Norton DP, Pearton SJ: Origin of green luminescence in ZnO thin
film grown by molecular-beam epitaxy. J Appl Phys 2005, 98:073502.

Lin B, Fu Z Jia Y: Green luminescent center in undoped zinc oxide films
deposited on silicon substrates. Appl Phys Lett 2001, 79:943-945.

Zeng H, Duan G, Li Y, Yang S, Xu X, Cai W: Blue luminescence of ZnO
nanoparticles based on non-equilibrium processes: defect origins and
emission controls. Adv Funct Mater 2010, 20:561-572.

Mridha S, Basak D: Effect of concentration of hexamethylene tetramine
on the structural morphology and optical properties of ZnO microrods
grown by low-temperature solution approach. Phys Status Solid A 2009,
206:1515-1519.

Abdulgafour HI, Hassan Z, Al-Hardan N, Yam FK: Growth of zinc oxide
nanoflowers by thermal evaporation method. Phys B - Condensed Matter
2010, 405:2570-2572.

doi:10.1186/1556-276X-9-429

Cite this article as: Foo et al: Sol-gel synthesized zinc oxide nanorods
and their structural and optical investigation for optoelectronic
application. Nanoscale Research Letters 2014 9:429.

Page 10 of 10

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Immediate publication on acceptance

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Abstract
	Background
	Methods
	ZnO seed solution preparation
	ZnO seed layer preparation
	ZnO NRs formation
	Material characterization

	Results and discussion
	SEM characterization
	XRD characterization
	FTIR characterization
	UV–vis characterization
	PL characterization

	Conclusions
	Competing interests
	Authors’ contributions
	Acknowledgements
	References

