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Abstract

In this study, we prepared a ZnO thin film using the sol-gel spin-coating method
on glass substrates. We repeated the synthesis procedure once, twice and four
times to obtain the samples. We then investigated the FESEM images, XRD
diffractograms, Hall effect and dielectric measurement of the samples. We
observed the phase transition from the wurtzite to the zinc blende phase as a
result of the number of repetitions. The films exhibited direct band gaps ranging
from 3.2 eV to 3.3 eV. This result indicate that the two-times synthesis process
has considerably affected the morphology and also improved the crystallinity of
the layer. The sample of which the surface was covered with nearly uniform
short nanorod grains with an average diameter of ~ 180 nm showed the highest
sensitivity to ultraviolet light.
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Introduction

Ultraviolet detectors based on semiconductors have been widely used in various fields
such as optical telecommunications, ultraviolet detection, biological and chemical
analysis, and space studies [1]. Generally, silicon-based photodetectors are used to
detect light in the ultraviolet range, but since these types of photodiodes are usually
sensitive to infrared and visible radiation, they are limited in their optical response in
the ultraviolet range. Zinc oxide (ZnO) is one of the transparent semiconductors of
group I1-VI with a direct and wide band gap. It has a suitable light response in the range
of ultraviolet light and is widely used in ultraviolet detectors [2]-[4]. Bulk ZnO with
wurtzite crystal structure under ambient conditions is optically uniaxial, meaning that
the dielectric function is uniquely defined for the incident light polarised parallel or
perpendicular to the optical axis [5]. A higher value of dielectric constant for ZnO
nanoparticles can be obtained by doping it with some rare earth metals or transition
metals such as Tm and Mn, respectively.

Because ZnO is a non-toxic material, it is safe for humans and the environment and is
used in electronic products such as thin film transistors, memory cells and high-speed
integrated circuits. Biodegradable polymer nanocomposites based on ZnO can be used
as a dielectric material to develop energy storage devices such as capacitors to increase
energy density [6].

ZnO is one of the most abundant, biocompatible and non-toxic materials in nature.
Because of low-cost and relatively easy manufacturing methods and its good durability
against sunlight, ZnO is considered for making optoelectronic devices. At ambient
temperature and pressure, ZnO has a wurtzite structure. The structure of ZnO wurtzite
has a direct and wide band gap of 3.36 eV at room temperature. When manufacturing
optoelectronic components, it is more desirable to use semiconductors that can control
and change their energy gap. The excitonic binding energy of ZnO at 300 K is 60 meV.
The high binding energy of excitons leads to excitonic recombination and effective
excitonic emission at room temperature with low excitation energy [7]-[11].

Electrical properties depend on the quality of the sample. Owing to the difference in the
quality of the samples, it is difficult to express the electrical properties of ZnO. The
carrier density varies according to the quality of the sample for its type contamination
from 10 to 10% electron/cm?.

Nanoscale ZnO is a very versatile candidate offering diverse applications, for example,
gas sensors, piezoelectric transducers, and solar cell windows [12]. In addition, it shows
good photoconductivity and high transparency in the visible region because of its wide
band gap (3.36 eV) at room temperature and large binding energy (60 meV). The
synthesis of oxide nanoparticles with controlled size and shape is crucial in controlling
their physical and chemical properties for potential applications in nanotechnology. The
effect of the reducing size of oxide nanomaterials can be employed in the commercial
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construction and design of solar cells, sensors, catalysts, optics, nanoelectronics and
piezoelectric devices.

ZnO nanostructures with high crystalline quality and different morphology can be
synthesized through different methods. Various nanostructures such as thin films,
spherical nanoparticles, nanowires, nanorods, nanotubes and nanoribbons have been
successfully created by methods such as chemical vapour deposition [12], [13],
sputtering [14], pulse laser [15], and molecular beam epitaxy [16]. Compared to the
mentioned expensive methods, solution-based chemical methods have many advantages
such as economic efficiency, low working temperature, and the ability to use different
substrates [17], [18]. In this research, we therefore used the spin-coating method, which
is a simple chemical method.

Experimental Details

We employed the sol-gel spin-coating technique to prepare a ZnO thin film on a glass
substrate, using zinc acetate dihydrate [Zn(CHsCO,)2H,Q] as the source of zinc. We
prepared the precursor solution (0.25 M) by dissolving zinc acetate (99.99%, A.R.
Grade, Thomas Baker) in absolute ethanol (99.99%, A.R. Grade, Merck). The mixture
was vigorously stirred at 60 °C for 4 hours until a clear and homogeneous solution was
obtained.

The solution was deposited onto a pre-cleaned glass substrate by a single wafer spin
coater (a homemade instrument). After placing the substrate on the substrate holder of
the spin coater, two drops of the coating solution were dispensed and spin coated at
4 000 r/min for 30 seconds in an air atmosphere. The coated substrate was then dried on
a hot plate at 50 °C for 60 minutes. This prepared sample was labelled as S1.

The aforementioned procedure was repeated twice and four times to obtain sample S2
and sample S3, respectively. All the prepared samples were annealed at 500 °C for
1 hour in ambient air.

We studied the surface morphology of the samples using a field emission scanning
electron microscopy (FESEM). For the structural characterisation of the samples, we
used the X-ray diffraction (XRD) D8 Advance Bruker system with Cu-Ka radiation
L = 1.5405 A in the 20 range of 10-80 degrees. To investigate the optical properties, we
recorded the absorbance and transmittance spectra of the samples on a UV-Vis
Shimadzo-1800 spectrophotometer in the wavelength range of 300-1 100 nm.

Results and Discussion

Morphology Study

FESEM images of prepared ZnO films are shown in Fig. 1. Random orientations of
spherical grains with dense structures are observed in sample S1. In sample S2, the
surface is covered with short nanorods, approximately uniformly distributed, with an
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average diameter of ~180 nm. As observed in this sample, there is a regular structure of
grown nanorods that almost completely covers the surface. In sample S3 it is obvious
that by increasing the number of synthesis and layering the grains are connected to each
other on the surface and there is no opportunity for nanorod growth. This leads to a
phase change in the sample and a reduction in crystallite size.

Ly P e
MRS TESCANII SEMMAG: 35.0kx | WD: 6.99 mm
Det: SE SEMHV: 150KV | Tym
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Fig. 1. FESEM images of prepared ZnO films (a) S1, (b) S2, (c) S3.

Structural Properties

Fig. 2 shows the XRD spectra of the studied samples (see also Table I). The data
analysis revealed that samples S1 and S2 have a hexagonal polycrystalline structure in
the wurtzite phase with (100), (002) and (101) as the preferential directions with little
amount of contribution of the zinc blende phase. In sample S3, the wurtzite phase is lost
and only the zinc blende phase remains [19], [20]. We conducted an additional analysis
of the data of the mean crystallite size, related to the preferential directions, using the
Sherrer equation: D = 0.9 B cosO, where A is the full width of half maximum and 0 is
the Bragg angle. We found it reduces from 8.2 to 8.8 and 8.6 nm in these samples,
respectively. The dislocation density (8) was calculated by [5]: 6 = 1 /D2
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Fig. 2. XRD spectra of the studied samples.

TABLE |
RESULT EXTRACT FROM XRD SPECTRA OF THE STUDIED SAMPLES
No. Phase D (nm) D (A°) 3 (nm?)
S1 Waurtzite 8.2 2.5 0.015
S2 Waurtzite 8.8 2.6 0.013
S3 Zinc blende 8.6 2.1 0.014

Optical Properties

Fig. 3 shows the transmittance and reflectance spectra of the studied samples. By
increasing the number of synthesis times the transparency of the layers is decreased.
This could be due to increasing the thickness of the layers, except for sample S2 where
the transmittance has increased in the visible area which can be owing to the type of
morphology of this sample. Owing to the nanorods structure, the amount of light
scattering has decreased. The reflectance of this film shows that in all areas the amount
is approximately the same and in sample S2, in the infrared region, the reflectance
increased. Also, the absorption spectrum in Fig. 2(c) shows that the second sample has
the lowest absorbance in the ultraviolet region. Because of the greater depth of
penetration in the ultraviolet region, sample S2 can therefore be a suitable case for
optical applications in the ultraviolet or infrared region.
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Using transmittance and reflectance spectra and the relation, the direct optical band gap
(EQg) of the layers is calculated as shown in Fig. 3(d). To calculate the direct band gap
of the samples, we used the equation (ahv)? = A(hv — Eg). In this equation, o represents
the absorption coefficient, hv represents the incident radiation energy, and Eg represents
the optical band gap. A is a constant. By plotting (ahv)? against hv and extrapolating the
linear part of the curve at zero energy, it is possible to determine the band gap. The
results show an increasing trend (3.21, 3.28 and 3.30 eV in S1, S2 and S3 samples,
respectively). These variations may be related to the crystallinity and phase structure of

this layer.
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Fig. 3. (a) Transmittance (b) Reflectance (c) Absorption spectra and (d) Energy
band gap of the samples.

Electrical Properties

The effects of a number of synthesis on the electrical properties of the samples were
evaluated by the Hall effect and resistivity measurements at room temperature
(Table I1). Fig. 4 illustrates the crystal size, mobility and resistance of the samples for
all specimens. As expected, with an increase in the average crystal size, the hole
mobility increases, while the electrical resistance of the samples decreases. Meanwhile,
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the carrier density has increased from ~ 1.6 x 10" cmin sample S1to~ 1.9 x 10 cm-
in sample S2 and then to ~ 1.7 x 10 cm™ in sample S3.

Also, we investigated the resistance of the samples in both dark and bright conditions,
ie under ultraviolet light. As can be seen, sample S2 shows a higher sensitivity to
ultraviolet light. This issue can be related to the nanorod morphology of sample S2.
Also, according to the UV spectrum, sample S2 has a lower absorption in the ultraviolet
region, which indicates a higher penetration rate of the ultraviolet spectrum in this
sample. As a result, ultraviolet light has a greater effect on the properties of sample S2.

TABLE Il
DETAIL ANALYSIS ATTRIBUTE HALL EFFECT MEASUREMENT
Sample Resistivity Carr_ier Mobility Resistance (kQ)
(ohm.cm) dens_lgy (cm?V.s) dark light
(cm~)
S1 66.8 16 x 10 5.84 359.462 359.336
S2 37.5 1.9 x 108 8.57 331.429 223.786
S3 43 1.7 x 10Y 8.08 373.400 332.137
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Fig. 4: The variation of resistivity (p), hole mobility (up) , and crystal size (D) in
the prepared samples.

As can be seen, the mobility is proportional to the changes in the size of the crystals.
The increase in the crystal size reduces the scattering of electrons and consequently
increases the mobility of the carrier and as a result reduces electrical resistance. As can
be seen from Fig. 4, the resistivity has decreased with the increase in crystal size and
mobility.
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Dielectric Properties

Fig. 5 shows a consistent decrease in dielectric constant (g) in frequency from 1 kHz to
50 kHz due to the ceasing of polarisations at respective frequency. Owing to the
interfacial polarisation available in the nanostructures, the dielectric constant
approaches a constant value at a higher frequency region, which is probably due to the
rapid polarisation phenomenon in the ZnO material [21].

Fig. 6 shows the dielectric coefficient of the layers which has been measured under dark
conditions and under ultraviolet light at different frequencies. As can be seen, the
dielectric of all samples decreased at high frequencies and increased at low frequencies.
At low frequency, it is known that molecular dipole orientation and ionic conductivity
have the greatest effect on dielectric constant. Dipoles created by polarisation
mechanisms therefore have enough time to oscillate with frequency. The dielectric
constant saturates at high frequency(> 1 MHz) because dipoles are not able to oscillate
with frequency. In the prepared samples, the saturation state occurs at a frequency above
40 Hz.

Sample S1 has the highest dielectric value. Surface polarisation with nanograin
boundaries improves the dielectric properties, so it is more suitable for capacitor
applications. This can be owing to the high resistance of the boundary grains of sample
S1, as mentioned in Table Il. The Maxwell-Wagner model claims that dielectric
materials are materials that consist of grains with high conductivity and low-
conductivity grain boundaries are formed [22].

In contrast, sample S2 sample shows the highest sensitivity to ultraviolet light.
According to the optical properties of this layer, the high sensitivity can be justified
because of to the lower absorption in the ultraviolet region and the higher penetration
depth of this sample. The nanorod structure and better crystalline properties of this
sample and its higher conductivity can cause higher sensitivity.
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Conclusion

In this research, we investigated the dielectric photosensitivity of ZnO nanostructures
under ultraviolet light. The results indicated a phase transition from wurtzite to the zinc
blende phase as the number of repetitions increased. The films exhibited direct band
gaps ranging from 3.2 eV to 3.3 eV, with the two-times synthesis process significantly
affecting the morphology and crystallinity of the layer. The morphological analysis
revealed that the surface of the optimally synthesised sample (S2) was covered with
short nanorods, leading to a regular structure and high sensitivity to ultraviolet light.
X-ray diffraction analysis confirmed the hexagonal polycrystalline structure of the
samples. The optical properties of the samples indicated a decrease in transparency with
an increase in the number of synthesis times, except for sample S2, which showed
increased transmittance in the visible area owing to its unique nanorod morphology.

The reflectance spectra demonstrated consistent reflectance levels in all areas, except
for sample S2, which exhibited increased reflectance in the infrared region.
Furthermore, sample S2 exhibited the lowest absorbance in the ultraviolet region.

Overall, this study provides valuable insights into the dielectric photosensitivity and
optical properties of ZnO nanostructures. The findings contribute to the understanding
of the potential applications of ZnO in fields such as ultraviolet detection, optoelectronic
devices, and nanotechnology. Further research can explore the practical implementation
of ZnO nanostructures in various devices, taking advantage of their unique properties
and controllable synthesis methods.
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