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Abstract— One-dimensional nanostructures such as zinc oxide
nanowires are promising in different applications, such as in the
development of gas sensors, varistors, ultraviolet lasers and
solar cell components. Zinc oxide nanowires were grown on an
anodized aluminum oxide substrate. We synthesize samples
with different zinc electrodeposition times (5, 10, 15 and 20
minutes) and cook them in a dry air flow. The characterization
of the synthesized samples was performed by Visible Ultraviolet
Spectroscopy, X-ray Diffraction, Scanning Electron Microscopy
and Raman Spectroscopy. The optical properties of the samples
were slightly influenced by electrodeposition time, where optical
band separation values were found to be in a range greater than
3.3 eV. The X-ray diffraction showed the formation of the
hexagonal wurtzite crystal structure with crystallite size of
about 27 nm and interplanar distance of about 2.46 nm.
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channel diameters varying from less than 10 to 200 nm and
channel lengths from 1 to more than 100 μm [8], through a
process known as two-stage anodizing, which also allows the
pore size to be controlled [9,10]. The manufacturing process
of the membranes used as molds or templates for the growth
of ZnO nanowires are illustrated in Figure 1.

anodized,

I. INTRODUCTION
The unique and interesting properties of nanomaterials have
motivated researchers to adopt and develop simple and
economical techniques for synthesizing nanostructures for
application as advanced technological materials [1].
Nanostructured metal oxide materials and zinc oxide in
particular have multiple applications in areas such as
electronics, optics and photonics [2]. ZnO nanostructures of
very small size exhibit a quantum confinement effect that
makes them useful in applications such as gas detection and
the development of optoelectronic devices [3]. Among onedimensional nanostructures (1D), zinc oxide nanowires are
one of the most important nanomaterials for nanotechnology
in current research [2]. There are several techniques for the
synthesis of zinc oxide nanostructures such as the vaporliquid-solid growth method (VLS), chemical vapor
deposition, template-driven methods, electrochemical and
sonochemical [4-7]. In this paper we describe the
methodology followed to synthesize ZnO nanowires through
electrochemical techniques, as well as the application of
experimental techniques of basic characterization to know the
different properties of nanowires. We take advantage of the
fact that anodic alumina membranes grown in acidic
electrolytes have hexagonally ordered porous structures with
978-1-7281-8987-1/20/$31.00 ©2020 IEEE

Fig 1. Fabrication of alumina membrane. Diagram of the anodizing system
used in the Pierre and Marie Curie Laboratory for the synthesis of
nanoporous alumina membranes [11].

The introduction of metallic zinc into the nanochannels of the
porous alumina membrane has been carried out using the
electrochemical deposition technique, in a precursor solution
of zinc sulfate as one of the most used and promising for
growing nanowires [12]. The main advantages of the method
explained below are its low cost, scalability and high degree
of control [13, 14], compared to the physical or chemical
methods of deposition in high vacuum [15].

II. EXPERIMENTAL
Zinc oxide nanowires, grown on aluminium oxide substrates,
were produced in a three-step process: (a) electrochemical
manufacture of highly ordered hexagonal nanoporous alumina
membranes; (b) zinc electrodeposition on the alumina
membrane; (c) oxidation of zinc nanowires grown in
nanoporous in a dry air flow.

A. Electrochemical manufacture of nanoporous alumina
membranes
We use high purity aluminum (99.95%) with a thickness of
300 µm that we cut it into small circular samples of 12 mm
in diameter. Initially, we performed a chemical polish using
a phosphoric acid solution H3PO4 at a temperature between
70 and 80 ºC for a period of 20 minutes. A two-step anodizing
process was then carried out. The first anodized was
developed within an aqueous solution of sulphuric acid
H2SO4 maintaining a temperature of 0°C and a constant
anodizing voltage of 25 V, for a time of 1 hour. During the
process the solution was constantly stirred with the help of an
engine, in a homemade assembly presented in the Figure 2.

C. Oxidation of zinc nanowires grown in nanopores in a
dry air flow
After zinc electrodeposition was completed, zinc nanowire
arrays within alumina membranes were cooked to 500°C in a
constant flow of dry air.
b)
III. RESULTS AND DISCUSSION
The analysis of the nanowire matrices of ZnO is presented
according to the characterization technique applied.
A. Scanning Electron Microscopy
A Tescan Vega 3 electron microscope was used. Micrographs
reveal nanoporous alumina membranes.

Fig. 2. Synthesis. Homemade preparation equipment for anodizing.

The alumina layer produced was removed with a chromic
acid solution H" CrO& at a temperature between 80 and 90 ºC
for 1 hour, in a process known as pickling. The second
anodizing was done in the same conditions as the first, this
time, for 4 hours. At the end of the second anodizing, we thin
the barrier layer formed between the alumina and the
aluminium substrate, decreasing two by two volts, for each
voltage change until the current remains a few minutes
without increasing. After this process, a chemical treatment
with phosphoric acid 5 % (m/m) was carried out for 20
minutes to increase the diameter of the pores, in order to
facilitate the electrodeposition of zinc.
B. Zinc electrodeposition on alumina membrane
The electrodeposition was performed at 3 V direct current,
using as electrolyte a solution of (zinc sulfate/ boric acid) and
a platinum electrode, at room temperature. Different periods
of zinc electrodeposition (5, 10, 15 and 20 minutes) were
tested, from which slightly influenced XRD diffraction
spectra were obtained.

Fig. 3. SEM micrographs. a) Porous alumina membrane. b) Membrane
cross-section, channel length. c) Channel width.

The analysis of Figure 3a revealed the physical characteristics
of the alumina membranes used as mold. The statistical
treatment of pore diameter data was adjusted to a normal
distribution, thus obtaining an approximation of:
d( = (38.78 ± 3.59)nm
An approximate distance between pores was also calculated:
d567 = (60.31 ± 7.11)nm
The pore density ρ was calculated using the expression [16]:
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Replacing (1) resulted in:
ρ = 3.2 × 10>? pores/cm"
The cross section of the alumina membrane is shown in
Figures 3b and 3c. The pore length was measured:

L( = (27.25 ± 2.62)µm
The results of the geometric parameters of nanoporous
alumina membranes were consistent with those presented
above [8-11, 16].
Nanoporous alumina membranes were subjected to different
electrodeposition times, micrographs showed greater
deposition of ZnO by increasing the deposition time.

In Figure 4a, zinc deposition (5 minutes) showed the
appearance of ZnO nanowires on the surface of the
nanoporous alumina membrane. Figure 4b, with deposition
(20 minutes) revealed the accumulation of ZnO nanowires on
the sample surface. The diameter of the grown nanowires was
approximately 50 nm with a length outside the alumina
membrane surface close to 1 μm. An atomic density analysis
in the cross section revealed the presence of ZnO in greater
quantity on the surface of the alumina membrane and channels
with material only at the base in Figure 4c. Possibly this was
due to the use of a very high electrodeposition voltage [12].
B. Visible Ultraviolet Spectroscopy
Under normal conditions zinc oxide is a semiconductor
material with a direct bandgap of (3,37eV) and a high exciton
binding energy (60meV) at ambient temperature [17]. There
are several ways to calculate the bandgap of a sample, but ZnO
nanowire arrays manufactured, have product characteristics of
all the materials that compose them. For this reason, we apply
the analysis known as the Kubelka-Munk model that allows
us to study arrangements where the thickness of the solid
sample layer is infinite or a completely opaque solid.
Optical analysis was performed using a model V-670
Spectrophotometer, with SLM-736 accessory. Figure 5 shows
the comparison of the absorption spectra of the samples with
different deposition times.
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Fig. 5. UV-Vis. Matrix absorption spectrum with different electrodeposition
times of ZnO.

Fig. 4. SEM micrographs. a) Sample with zinc deposition for 5 minutes. b)
Accumulation of ZnO nanothreads on the sample surface. c) Analysis of
atomic density in the transverse part.

In the 20 min ZnO deposition matrix, the absorption band
belonging to the ZnO was observed on a nanometric scale at
350 nm. The absorption band of the ZnO in mass state has
been reported to be at 385 nm [18]. However, a hypsochromic
shift in the absorption band was obtained, which may be due
to the decrease in particle size [19].

The reflectance data was used in the samples with the
Kubelka-Munk function (KM) and making the linear
regression of the straightest region of this curve and the
extrapolation to the axis of the abscises, we determined the
value of the band gap as can be seen in Figure 6.

(5, 10, 15 and 20 minutes). However, the peak intensity
corresponding to the ZnO increased with the electrodeposition
time, as shown in the comparison between the diffractograms
of the samples with 5 and 20 minutes of electrodeposition in
Figure 8.
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Fig. 6. UV-Vis. Band gap calculation of the sample with 5 minutes of zinc
electrodeposition.

A comparison was made using the KM function in samples
with different deposition times, as shown in Figure 7.
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The diffraction peaks at angles 2θ of 31.58º, 34.30º, 36.29º
and 56.53º, 77.00º correspond to the reflection of the
crystalline planes (100), (002), (101), (110), (202), of the
hexagonal structure of wurtzite zinc oxide (JCPDS 361451).
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Fig. 8. XRD. Comparison between diffractograms corresponding to samples
of 5 and 20 minutes of electrodeposition.
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Fig. 7. UV-Vis. Comparison between different deposition times using the
KM function.

A reduction of the band gap was observed as we increased the
deposition time of the ZnO, presenting values ranging from
5.2 to 3.3 eV. This may be due to the accumulation of material
(ZnO) on the sample surface.
A. X-Ray Diffraction
Bruker D2 Phaser revealed crystalline phases corresponding
to aluminium, alumina and zinc oxide in all samples studied

Fig. 9. XRD. a) Diffractogram of samples with different electrodeposition
times. b) Comparison of the ZnO plane (101).

In Figure 9a the XRD of samples was compared with different
deposition times, in the figure 9b the plane (101) is observed

better defined at greater deposition. We calculate the grid
parameter a for the plane (100), using equation [20]
[
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(2)

While the network parameter c was obtained by the expression
[20]
[

𝑐 = M56 \

(3)

For equations (2) and (3) was considered:
𝜃 = position of peaks
λ = wavelength of the incident X-ray
In the equipment used the material of the anode was copper
(Cu) with wavelength K-Alpha = 1.54060 Å.

TABLE I.

LATTICE PARAMETERS A AND C FOR 5 AND 20 MINUTE
DEPOSITION SAMPLES

Sample

a (Å)

c (Å)

5 min
20 min

3.265
3.268

5.212
5.224

c/a

𝜃 = position of the peak.
The plane with greater intensity (101) was selected to
calculate crystallite size.
TABLE II.

INTERPLANAR DISTANCE, CRYSTAL SIZE AND
DISLOCATION DENSITY

Sample
5 min
10 min
15 min
20 min

d (nm)
2.4711
2.4665
2.4612
2.4665

𝜹 (𝒏𝒎)m𝟐
12.98 × 10m&
15.99 × 10m&
22.22 × 10m&
12.88 × 10m&

D (nm)
27.7604
25.0106
21.2114
27.8658

The interplanar distance shows no variation with deposition
time. The values obtained for the interplanar distance are
similar to those reported [1]. The crystallite size found is close
to what was published [18]. Table 2 shows the dislocation
density (δ) or crystalline defect, indicating that the amount of
defects is defined as the length of the dislocation line per unit
volume of the crystal, calculated through the ratio [22]

1.596
1.598

>

𝛿 = pH

(6)

D = crystallite size
In table I, the calculated network parameters are presented for
the samples with the lowest and longest deposition time
studied, which coincide with those previously reported [1, 21].
No significant change was observed in the results as the
deposition time increased.
Table II, contains the interplanar distance measurements
calculated using Bragg’s law [1]
`[

𝑑 = " M56 \

B. Raman spectroscopy
Raman spectroscopy was performed with a Raman-AFM
spectrometer model NT-MDT Ntegra Spectra.
The vibration modes of the crystalline structures present in the
samples were studied.

(4)

Where:
λ= 1.5406 Å incident X-ray wavelength,
θ= peak position in radians,

554

d= interplanar distance.
The crystallite size of the nanostructure of ZnO were obtained
by the Scherer equation [1]
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D = the thickness of the crystalline plane (hkl)
k = Scherer constant equal to 0.9
λ = wavelength of the incident X-ray (0.15406 nm)
𝐵hbi = the width of the peak at half the maximum intensity

Fig. 10. Raman spectrum. Comparison between Raman spectra of samples
with different deposition times.

In Figure 10, we observe Raman mode frequencies at 350, 437
and 554 cm-1. The symmetry of the wurtzite ZnO falls in the
&
group of 𝐶rs
. In the case of the perfect ZnO crystal, only the
optical phonons at point Γ of the Brillouin area are involved
in the first order Raman process. It is assigned to 350 cm-1 to
the mode E2 (high) - E2 (low) which may be related to the
second order Raman process and associated with multiphonic
processes and the symmetric mode of oxygen as found in the
literature [23].
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