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Abstract: This research examines the effect of annealing temperature on the phase, optical, and structural
characteristics of ZnO nanopowder. Characterization of samples was carried out using a combination of
Raman spectroscopy, scanning electron microscopy (SEM), UV-visible spectroscopy, and X-ray diffraction
(XRD) methods. The degrees of amorphousness and crystallinity were determined using the Search Match 3
software. The Raman spectroscopy method revealed significant changes in the shape, orientation, and
distribution of ZnO nanopowder peaks formed with increasing annealing (heating) temperature, as well as
explaining the phonon oscillation mode. The obtained high intensity of Raman scattering confirmed the high-
frequency phonon mode of hexagonal wurtzite ZnO. The structural images of the sample were obtained by
scanning electron microscopy.
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Introduction

Zinc oxide (ZnO) is a compound with remarkable physical and chemical properties that make
it highly suitable for a variety of nanotechnology applications. Its wide band gap of about 3.37 eV
enables efficient light emission useful in optoelectronics, such as ultraviolet light sources and
photodetectors [1-3]. Some of these applications include biomedicine, energy, sensors, and optics.
As research on ZnO nanostructures continues to grow, it has inspired several new innovative
applications [4-5]. In addition to its distinctive chemical properties, zinc oxide (ZnO) benefits from
straightforward crystal growth techniques and significantly reduces production costs compared to
other semiconductors utilized in nanotechnology. Various synthesis methods have been developed
to produce high-quality ZnO nanostructures, particularly nanowires. These processes enable the
efficient fabrication of ZnO with tailored properties, enhancing its application potential in diverse
technological fields. ZnO possesses a strong exciton binding energy of about 60 meV at room
temperature and a thermally stable hexagonal wurtzite crystal structure. These physical
characteristics, coupled with its highly efficient light-absorbing and emitting nature, render ZnO
very promising to fabricate functional materials for next-generation optoelectronic, photonic and
energy harvesting devices. In addition, ZnO is also radiation-resistant and aggressive chemical
environments-resistant, as well as being wet-etching-compatible, which makes it an ideal choice for
microfabrication processes. Its oxidation properties are also highly potent, which further increases
its catalytic attributes. Because of these properties, ZnO is also discovered to have a broad array of
uses in solar cells, transparent conducting coatings, spintronics devices, laser deflectors,
antimicrobial coatings, gas sensors, piezoelectric devices and biosensors. Its low price, ease of
availability, and simplicity of processing are also reasons for its popularity as a crucial element of
research and industrial technology [6—10]. To expand the possibilities of using ZnO in various



devices and components, numerous attempts have been made to modify its optical and/or electrical
properties using doping, ion irradiation, and other methods. This is because, in its unchanged form,
ZnO, as a rule, has low activity in charge carrier transfer and insufficient efficiency in absorbing
solar radiation, which limits its use without additional processing. For example, when using ZnO as
a photocatalyst for accelerated decomposition of organic pollutants, the photocatalytic process can
only be started under the influence of ultraviolet radiation, which makes up less than 5% of the solar
spectrum on the Earth's surface. This is because the boundary of its light absorption is determined
by a wide band gap. One of the promising approaches to extending the light absorption range to the
visible spectrum is the alloying of ZnO with metals, which makes it possible to modify its band gap.
In addition, such metal additives can capture electrons, thereby increasing the lifetime of
photogenerated electron-hole pairs [11-13]. On the other hand, when using ZnO in optoelectronics,
one of the main problems is the difficulty of obtaining high-quality ZnO powder with p-type
conductivity. This is due to the self-compensation effect, which causes an internal defect in the
crystal lattice, as well as low solubility and inactivation of acceptor impurities in the ZnO structure.
In the context of the rapid development of nanoelectronics, the importance of optical research
methods is increasing, especially the importance of using Raman light scattering.

In this work, we investigated the phase states of powdered ZnO subjected to annealing at
temperatures from 200 °C to 700 °C. The results obtained, along with our previous work [14, 15],
confirm that the Raman spectroscopy method provides an opportunity to perform both qualitative
and quantitative analysis of both the surface and volume of samples, allows us to study the structure
of films, register defects and internal stresses, and track the phase identification between the
amorphous and crystalline states of matter.

Experimental part

In the research, ZnO powder samples were heat-treated at three temperatures to investigate
heat treatment-induced structural and phase changes. Raman spectroscopy and X-ray powder
diffractometry (XRD) have been used as the leading analytical methods to identify the changes. The
degrees of amorphousness and crystallinity were determined using the Search Match 3 software.
Using Raman spectroscopy, significant changes were found in the shape, orientation, and peak
distribution of ZnO nanopowders formed with increasing annealing (heating) temperature. The
presence of intense Raman scattering in ZnO powder samples indicates the existence of a
longitudinal optical phonon mode. Small shifts were found in all ZnO modes, which indicate the
presence of stress and strain in the crystal lattice. Changes in particle size were studied using
confocal Raman microscopy during thermal annealing. It is shown that changes in the structure and
particle sizes of the material have improved its characteristics. It is confirmed that nanocomposite
heterostructures obtained by a simple chemical method are applicable for creating optoelectronic
devices. The use of the Raman scattering method makes it possible to obtain a wide range of
physical characteristics of the material under study due to regular changes in the scattering spectra
[16-18]. Raman spectroscopy has proven to be a fast and non-destructive analysis method for using
nanocrystal size identification, phase ratio estimation, crystal lattice composition analysis, and for
detecting deformations and internal stresses based on the analysis of the position and shape of peaks
in the light scattering spectrum [19].

In the framework of this study, spectral measurements were performed using an inVia Raman
microspectrometer (Renishaw, UK) equipped with an RL785 class 3B laser with a wavelength of
785 nm. A diffraction grating with a frequency of 1200 lines/mm was used as a dispersing element,
and the signal was recorded by a standard Renishaw CCD camera [20-22].

To study the morphological features of the ZnO samples, scanning electron microscopy
(SEM) was used on a JSM-IT210 instrument, and the elemental composition was analyzed by
energy dispersive X-ray spectroscopy (EDX). The concentrations of chemical elements in the
composites were measured using electron probe X-ray spectral microanalyzers for energy-
dispersive X-ray analysis (EDXA) as part of the SEM.



Sample production method. Zinc oxide nanoparticles were synthesized by precipitation
from solution. The process of obtaining ZnO is based on the reaction between zinc acetate
dehydrate and sodium carbonate, which results in the formation of zinc oxide in the form of a
precipitate. The chemical reaction proceeds according to the following scheme:

Zn(CH3C0OO0)2°2H20+Na2CO3—Zn0O | +2CH3COONa+CO21+2H20

To carry out the synthesis, a 0.1 M solution of zinc acetate was gradually added to a 5% solution of
polyvinyl alcohol while stirring on a magnetic stirrer for 30 minutes. After that, 0.1 M sodium
carbonate solution was introduced into the system, and stirring continued for another 15 minutes at
room temperature. The formed ZnO precipitate was separated by centrifugation at 3500 rpm,
washed with deionized water, and dried at room temperature.

Results and discussion

In this work, the morphological, optical, electrical, and structural properties as a function of
the annealing temperature from 200 °C to 700 °C were investigated using Raman spectroscopy, UV-
Vis spectroscopy, and X-ray powder diffraction (XRD), respectively. UV-visible spectroscopy
similarly showed that ZnO samples irradiated at different temperatures had band gaps ranging from
3.46 to 3.35 eV. The values of the film resistivity obtained from the I-V characteristics showed an
exponential increase in resistivity with increasing annealing temperature of the ZnO sample.

Raman spectra. Fig.s 1 and 2 show the Raman spectra of the nanostructures, as well as an
image of a section of the surface of the studied ZnO sample. As can be seen from the data provided
for the initial sample, the intensity of the peak at -438 cm! is 42000; subsequent annealing at a
temperature of 200°C leads to a decrease in the intensity of this peak to 24000, and at a temperature
of 500°C 20000. This indicates that with an increase in temperature to 500°C the intensity
decreases. At an annealing temperature of 700 °C, the intensity of this peak increases sharply to
56000. This nature of the growth of this peak indicates that annealing will first lead to the
decomposition of nanolayers, and further annealing will again lead to the ordering of the sample
structure. A similar picture is observed when analyzing other characteristics of this ZnO material.
To simplify the interpretation of the results, the spectra were conditionally divided into two regions:
from 200 to 510 cm™ and from 530 to 1300 cm™, as shown in Fig. 1 and 2. In the low-frequency
region, characteristic ZnO peaks were recorded at 331, 383, and 436 cm™'. In the high-wavenumber
region, peaks were also noted at 584, 660, 1101, and 1154 cm™.
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Fig. 1. Raman spectra and corresponding microscopic images of ZnO samples: (a) as-synthesized
ZnO (unannealed); (b) ZnO annealed at 200 °C.
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Fig. 2. Raman spectra and corresponding microscopic images of ZnO samples: (a) ZnO annealed at
500 °C; (b) ZnO annealed at 700 °C.

The peaks at 352 cm™ and 654 cm™ can be attributed to the A: symmetry modes. The peak at
438 cm™! corresponds to non-polar optical phonons of ZnO, related to the high E> mode. The peak at
381 cm™ is interpreted as a mode of A:i symmetry associated with the transverse optical (TO)
phonon regime. Peaks at 585 and 1154 cm™ — Ei symmetry corresponds to the longitudinal optical
modes LO and 2LO, respectively. In addition, the intensities of all observed vibrational modes
decrease with increasing annealing temperature to 500°C and then increase again at an annealing
temperature of 700°C. As a result, the size of the nanostructures decreases. In addition, their line
shapes become asymmetrical.

Electron-phonon relationship. It is well known that as particle sizes decrease to the
nanoscale or as crystal lattice distortions increase, the effect of the k=0 selection rule for first-order
Raman scattering weakens. This leads to the fact that phonon scattering is no longer limited to the
center of the Brillouin zone. In this regard, it becomes important to take into account the phonon
dispersion near the zone center. Such a deviation from the ideal case is accompanied not only by a
shift and broadening of the scattering bands corresponding to first-order optical phonons, but can
also lead to the manifestation of modes with forbidden symmetry.

In this study, we present results concerning the electron-phonon interaction obtained from
Raman scattering (RS) data, which have previously been practically not considered for ZnO
nanopowders. The ratio between the second- and first-order scattering cross sections turned out to
be very sensitive to the degree of electron-phonon interaction [22, 23]. For bulk ZnO, this ratio
between the intensities of the Ei(2LO) and E:(LO) modes was calculated as 2.85 [21], which is
confirmed by the observed peaks corresponding to these combination modes. Thus, as can be seen
from the presented data, phonon scattering is still limited to the region of the center of the Brillouin
zone, but the intensity ratio between the second- and first-order scattering increases significantly.
The broad peak in the region of 560-610 cm™ with a maximum of about 574 cm™ corresponds to
lattice vibrations in the Ei(LO) mode in pure ZnO. This mode is characteristic of crystallites with
arbitrary crystallographic orientation [21] and is caused by the presence of internal defects such as
oxygen vacancies, interstitial zinc atoms, and resonance effects at a certain excitation wavelength in
the ZnO crystal lattice [22, 23]. These features indicate the presence of compressive stresses in the
structure, typical of heterostructured materials. The E: and A: modes are both Raman and infrared
active, since they manifest themselves in longitudinal (LO) and transverse (TO) optical vibrations
[23]. Additionally, peaks at 333, 382, 417-424, and 574 cm™ were recorded in the ZnO spectra,
which correspond to the E2 H — E2L, Ai(TO), E:«(TO), and E«(LO) modes, respectively. These
modes exhibit frequency shifts in the Raman spectra, which further confirms the presence of LO



phonon modes and indicates the existence of a characteristic morphology associated with the
heterostructure.
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Fig. 3. SEM images of the ZnO sample surface at different annealing temperatures: (a) the initial
(as-prepared) state, (b) after annealing at 700 °C, and (¢) after annealing at 1100 °C.

Fig. 3 shows typical SEM images of ZnO nanopowder surface morphology. It can be seen that
thermal annealing causes evident grain growth with particle sizes from a few micrometers to some
tens of micrometers (Fig. 3a—c). As mentioned above, elemental composition of the samples was
also investigated using energy-dispersive X-ray spectroscopy (EDX). As shown in the EDS spectra
(Fig. 4), the samples exhibit strong Zn and O peaks, indicating the presence of pure ZnO phases
with minimal impurity levels.

Table 1. Elemental composition of ZnO sample based on EDX analysis

Display name Standard data  Quantification method Result Type |

Spec_001 Standardless ZAF Metal
Element Line Mass% Atom%

C K 2.01£0.03 8.88+0.13
o K 4.40+0.04 1463012
Al K 0.30£0.01 0.59+0.02
n K 93.29+0.26 75.90+0.21
Total 100.00 100.00
Spc_001 Fitting ratic 0.0045

The atomic ratio between zinc and oxygen in the synthesized nanopowders was determined
using EDX, and the main results are shown in Table 1. The analysis showed that oxygen deficiency
was observed in all the samples studied. Nevertheless, taking into account the possible



measurement error of light elements such as oxygen, it can be argued that the obtained values are
generally close to the stoichiometric ratio.
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Fig.4. Energy-dispersive X-ray spectra (EDS) of ZnO samples.

In addition, we also discovered in Fig. 4 the presence of carbon and aluminum in the
composition of zinc oxide nanopowder. Despite this, as the results of the SEM-EDS analysis show,
the sample prepared in the above manner contains pure ZnO phases.
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Fig. 5. X-ray phase analysis of ZnO sample, Miller indices, and lattice parameters.
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X-ray analysis showed that the ZnO samples have a hexagonal wurtzite ZnO structure with
peaks at 26-positions of 31.7°, 34.4°, 36.2°, 47.5°, 56.6°, and 62.8°, belonging to the planes (100),
(002), (101), (012), (110), and (013), respectively (Fig. 5). We also determined the Miller indices
and lattice parameters. We also conducted phase quantitative and qualitative analyses of ZnO
nanopowders. The obtained experimental data are in good agreement with the data obtained by
other methods. The degree of crystallinity and the content of the amorphous phase in the ZnO
samples were estimated by X-ray diffraction analysis using the Search and Match 3 software.
According to the data obtained, the proportion of the amorphous phase in the sample under study
was 86.27%, while the crystalline phase was 13.73%. It was also found that with an increase in the
annealing temperature, an increase in the degree of crystallinity of ZnO was observed, indicating a
gradual ordering of the material structure during heat treatment.

Conclusion

Thus, the Raman spectra of ZnO nanocrystals showed that the strength of the electron-phonon
interaction increases with the increase in the size of the nanocrystals when heated to 700°C. The
intense E2H peak (high-frequency phonon mode) at 438 cm™ indicates the presence of a wurtzite-
type hexagonal crystal structure, which is characteristic of highly crystalline ZnO. This non-polar
mode is associated with vibrations of the heavy zinc sublattice and oxygen atoms. The E:-H peak is



characterized by a relatively high intensity compared to other modes and a narrow and distinct
shape, which is typical of pure and well-crystallized ZnO. Changes in particle size were also
detected using confocal Raman microscopy upon thermal annealing. It was shown that changes in
the structure and particle sizes of the material improved its characteristics. Oxygen deficiency was
also detected for all samples, and the compositions were maintained within the stoichiometry limits,
taking into account the measurement error of the light element oxygen. In addition, we determined
the presence of carbon and aluminum in the composition of zinc oxide nanopowder. It has been
confirmed that nanocomposite heterostructures obtained by a simple chemical method apply to the
creation of optoelectronic devices.
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