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Abstract
Nanostructured zinc oxide (ZnO) materials have been of interest for researchers
because of their elemental abundance, nontoxicity, and wide range of
applications. Furthermore, ZnO characteristics can be tuned via doping (e.g.
using aluminum (Al)) in order to enhance their properties. In this work, Aldoped ZnO (AZO) nanofibers were synthesized by electrospinning using
polyvinyl alcohol (PVA), zinc acetate and aluminum chloride as precursors,
then the effect of aluminum doping would be investigated. The nanofibers were
characterised by X-ray diffraction (XRD), scanning electron microscopy
(SEM), and ultraviolet-visible (UV-Vis) spectroscopy. As a direct band gap
material, the optical band gap energy of AZO can be determined by a Tauc plot.
The results show that Al doping decreases the crystallite size, nanofiber
diameter and band gap energy of ZnO semiconductors. Meanwhile, as the
aluminum doping increased above 1 wt%, the crystallite size increased resulting
in increased particle size and band gap energy.
Keywords: Zinc Oxide (ZnO), Aluminum doping, Nanofibers, Electrospinning,
Band gap energy.

1. Introduction
Zinc oxide (ZnO) is a wurtzite semiconductor with a wide range of applications,
such as transparent conductive oxides [1], dye-sensitized solar cells [2-5],
thermoelectric [6], and piezoelectric [7, 8]. The morphology and properties of
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Nomenclatures
A
c
D
Eg
h
hv
k
v

Constant for Tauc’s relation
Velocity of light, 2.998×108 m/s
Crystal size, nm
Optical band gap energy, eV
Planck’s constant, 6.626×10-34 Js
Incident photon energy, eV
Scherrer constant, 0.9
Frequency (s-1)

Greek Symbols
Absorption coefficient

Full width at half-maximum intensity

λ
Wavelength of the light, nm
Diffraction angle, rad.

Abbreviations
AZO
FWHM
MW
PVA
PVP
SEM
UV-Vis
XRD
ZnO

Aluminum-doped ZnO
Full Width at Half-Maximum
Molecular Weight
Polyvinyl Alcohol
Polyvinyl Pyrrolidone
Scanning Electron Microscopy
Ultraviolet-Visible
X-ray Diffraction
Zinc Oxide

ZnO can be tuned by doping with elements, such as Ga, Al, Sn, In [9, 10].
Aluminum-doped ZnO (AZO) was reported to possess enhanced electrical
properties compared to pure ZnO [2, 10]. Furthermore, Al doping was shown to
not only improve the electrical properties of ZnO semiconductors, but also to
influence the structure and morphology of ZnO nanorods [11].
Recently, several different methods to manufacture ZnO nanomaterials have
been proposed, such as sol-gel synthesis [12], inert gas condensation [13], plasma
synthesis [14], electrodeposition [15], mechanical alloying [16], and
electrospinning [1, 17]. The electrospinning method has been used extensively to
fabricate nanofiber structures due to its simplicity, low-cost and morphology
control capabilities by simply adjusting process parameters [18, 19].
There are two common vehicles for preparing the precursor solution in
electrospinning process, i.e. polyvinyl alcohol (PVA) and polyvinyl pyrrolidone
(PVP). PVA and PVP have similar functional group as shown in Fig. 1. PVP are
hydrophilic and biodegradable. In contrast, PVA has poor hydrophilicity and low
elasticity. Whereas the high elasticity is indispensable to prevent the damage on
green fibers before sintering process.
There are, however, only few published reports available on the effect of dopant
addition into precursor solutions which made of zinc acetate and PVA on the
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morphological, crystallite, optical, and band gap energy properties of ZnO and AZO
nanofibers obtained by electrospinning. This research focuses on synthesizing of
the precursor solution for ZnO and AZO nanofiber with PVA as a vehicle. This
work produced long continuous ZnO and AZO nanofibers up to several hundred
of micrometers which suitable for piezoelectric nanogenerator and light scattering
layer in dye-sensitized solar cells.

(a)

(b)

Fig. 1. Molecular structure of (a) PVA and (b) PVP.

2. Experimental Procedures
2.1. ZnO and AZO nanofibers synthesis
A PVA solution was synthesized by dissolving 2 g polyvinyl alcohol (Merck,
MW = 72,000) in 20 mL distilled water (H2O) for 4 h at 70 ºC. The solution was
allowed to left at 30 ºC for 24 h. A detailed description of the synthesis of AZO
nanofibers can be found elsewhere [2, 7]. For the zinc acetate solution, 2 g zinc
acetate dihydrate ((CH3COO)2Zn∙2H2O, Merck) was dissolved in 8 mL H2O and
stirred for 2 h at 70 ºC. To introduce aluminum, 1, 2, 3, and 4 wt% of aluminum
chloride hexahydrate (AlCl3∙6H2O, Merck) was mixed with 4 g of the zinc acetate
solution and stirred at 70 ºC for 2 h. Homogenization of zinc acetate and zinc
acetate/AlCl3 solution was carried out separately with the PVA solution at a
weight ratio of 1:4 at 70 ºC for 8 h. The resulting solution was then allowed to left
at 30 ºC for 24 h to clear up the foam formed. These precursor solutions were
used for the fabrication of undoped (ZnO) and AZO nanofibers.
Drive Mechanism
Syringe

Needle

Dynamo

Collector

Fig. 2. Electrospinning machine to fabricate AZO nanofibers.
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Figure 2 shows a generalized electrospinning set-up to produce nanofiber
materials. In a typical procedure, 1 mL precursor solution was transferred into the
syringe pump. The needle of the syringe pump was connected to the positive
charge of a high-voltage (15 kV) power supply, at a distance of 8 cm horizontally,
from the collector plate that was connected to the negative charge. The syringe
pump was set to a flow rate of 6 μL/min. The resultant “green fibers” were
sintered at 500 ºC for 1 h with heating rate 7 ºC/min, to remove the organic
materials and to generate the final ZnO nanofibers. The ZnO nanofibers were
subsequent cooled to 50 ºC with cooling rate 1.5 ºC/min.

2.2. Characterisation
The crystallite sizes of the as-prepared ZnO and AZO nanofibers were calculated
from XRD measurements. The morphology and nanofiber diameter of the
different samples were analyzed by SEM. The optical properties of the AZO
samples were measured using UV-Vis spectroscopy in absorbance mode.

3. Results and Discussion
3.1. X-ray diffraction (XRD)
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Intensity (a.u)
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Figure 3 shows the XRD patterns of ZnO and AZO nanofibers, which are in good
compatibility with the standard pattern of Zincite (ZnO) (JC-PDF No.36-1451).
The main diffraction peaks correspond to the (100), (002), and (101) crystal
planes. Surprisingly, the Al-doping process did not change the X-ray diffraction
pattern of ZnO semiconductors as no peaks originating from Al or Al2O3
(Aluminum Oxide) were visible in these patterns. It can be assumed that Al 3+
entered the ZnO crystal structure and/or replaced Zn2+ because of its ionic radius
smaller than Zn2+ (0.053 nm and ~0.074 nm respectively) [11].
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Fig. 3. XRD pattern of various AZO nanofibers.
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The highest peak detected in all samples, corresponding to the
crystallographic plane (101), can be used to estimate the crystal size of each
individual sample by the Scherrer equation in Eq. (1) [20, 21].

D

k .
 . cos 

(1)

where D is the crystal size (nm), λ is the wavelength of the X-ray radiation
(Cu/Kα, 0.15406 nm), k is a constant (0.9), θ is the diffraction angle, and β is the
full width at half-maximum intensity (FWHM) on the crystallographic plane
(101) [2]. Accordingly, the estimated crystallite size of various samples can be
seen in Fig. 4.
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Fig. 4. Crystallite size of various Al-doped ZnO nanofibers.
Figure 4 illustrates that Al doping of ZnO results in a decrease in its crystallite
size. This effect was desirable for the preparation of ZnO nanofibers since a
smaller crystal size generally induces a decrease in particle size and diameter of
the final fibrous product [10]. The smallest crystallite size achieved was 7.99 nm,
for the sample containing 1 wt% Al-doped. Further increase of Al doping then
increase the crystallite size of ZnO nanofibers. These results consistent with a
similar type of crystal structure behavior of ZnO nanofibers with PVP as a vehicle
and ZnO nanorods that have been previously reported [10, 11].

3.2. Scanning electron microscopy (SEM)
The structure and morphology of the as-prepared nanofibers is characterised by
SEM as shown in Fig. 5. The images clearly indicate that all nanofibers exhibit a
cylindrical, branched structure. Table 1 shows the diameter values of the various
AZO nanofibers, revealing that the diameter of the ZnO nanofibers also changes
with the addition of aluminum. These results showed that the smallest diameter
obtained was 85.65 nm for the 1 wt% Al-ZnO sample.
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(a) 0 wt% Al-doped

(b) 1 wt% Al-doped

(c) 2 wt% Al-doped

(d) 3 wt% Al-doped

(e) 4 wt% Al-doped
Fig. 5. SEM images of AZO nanofibers doped with the various Al doped.
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Table 1. Diameter of various AZO nanofibers.
Al-doped
0 wt%
1 wt%
2 wt%
3 wt%
4 wt%

Minimum
(nm)
67.59
62.17
49.45
52.05
79.22

Maximum
(nm)
141.49
114.57
126.20
146.54
161.54

Mean
(nm)
107.39
85.65
92.70
99.23
104.84

Standard Deviation
(nm)
17.52
14.33
16.12
21.31
19.26

Overall, the diameter of the as-prepared ZnO nanofibers decreased with the
introduction of Al. This was caused by the presence of Al3+ in the precursor solution,
which increased electrical conductivity and simultaneously decreased the solution
viscosity [10]. The increased solution conductivity resulted in stronger forces of
attraction within the electric field of the high-voltage power supply, thereby reducing
the obtained fiber diameter due to elongation during the electrospinning process. The
result adapted from Ref. [10] shows that the maximum electrical conductivity was
obtained at 1.7 at% Al doped ZnO with PVP as a vehicle. PVP is lower in electrical
conductivity than PVA. So, the minimum diameter size of ZnO nanofibers for this
work was achieved for 1 wt% Al-ZnO sample. The size decreasing of nanofibers will
increase the surface area of semiconductors. For electrode application in dyesensitized solar cell, increasing of surface area will enhance the capability of
semiconductor to absorb the dye molecules and increase the output voltage and power
of nanogenerator for piezoelectric application.

3.3. Ultraviolet-visible (UV-Vis) spectroscopy
A Rayleigh UV-180 spectrophotometer was used to plot the optical absorption
coefficients of the as-prepared AZO nanofibers as a function of the photon energy for
wavelengths between 200 and 800 nm as shown in Fig. 6. The band gap energy of
AZO nanofibers can be determined by employing the Tauc relation in Eq. (2) [22, 23].

 .hv2

 Ahv  E g 

(2)

where α is the absorption coefficient, hv is the incident photon energy, A is a
constant and Eg is the electronic energy of the optical band gap [24]. The photon
energy is determined by h, the Planck’s constant (6.626×10-34 Js) and v, the
frequency = c/λ, where c is the velocity of light (2.998×108 m/s) and λ is the
wavelength of light.
The optical band gap energy (Eg) of AZO samples was determined from the
intercepts with the energy axis (x-axis) by extrapolation of linear fit to the (α∙hv)2
vs. hv curve as shown in Fig. 6 [24]. Based on the Tauc plot, the band gap energy of
undoped ZnO nanofibers was calculated as 3.52 eV. Furthermore, the band gap
energies for 1, 2, 3, and 4 wt% Al-doped ZnO nanofibers were determined to be
3.42, 3.44, 3.48, and 3.50 eV, respectively. This indicates that the incorporation of
aluminum into the ZnO structure decreased the band gap energy, which is
consistent with a similar type of Eg behavior that has been previously reported for
thin film nanostructures synthesized by spray pyrolysis method [23, 25]. The band
gap energy of ZnO decrease at the low doping concentration due to the
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disturbance of carrier concentration in the conduction band and activation energy
level in the nanofiber matrix [10, 23]. After 1 wt% Al doping into ZnO
nanofibers, the band gap energy slightly increase with increasing Al
concentration. This phenomena is mostly believed to be Burstein-Moss effect.
The Burstein-Moss effect is seen as a shift of band gap because of Fermi energy
lies in the conduction band for ZnO which is naturally n-type semiconductor.
Because of the state below Fermy level in the conduction band is filled, the
interband absorption should shift to the higher energy (i.e. a blue shift) [24, 25].
The decreasing of band gap energy in ZnO structure plays an importance role for
electrode application such as in dye-sensitized solar cells and piezoelectric
nanogenerator. The band gap energy influence the excitation energy of electron
from valence band to conduction band [22-26].
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Fig. 6. The (α∙hv)2 vs. hv curve of ZnO and AZO nanofibers.

4. Conclusions
The fabrication of aluminum-doped ZnO nanofibers by employing an
electrospinning method has been successfully demonstrated. Furthermore, it has
been shown that the addition of aluminum dopant decreased the crystallite size, the
fiber diameter, and the optical band gap energy of zinc oxide. It was found that the 1
wt% Al-doped ZnO sample exhibited the smallest crystallite size, which
consequently resulted in a decrease in diameter of the nanofiber and optical band
gap energy of the ZnO semiconductor.
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