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ABSTRACT KEYWORDS
ZnO, in its wurtzite structure, is a widely studied metal oxide due to its unique optical and Thin films
electronic properties, including efficient excitonic emission at room temperature. Zinc oxide Zinc oxide
thin films were synthesized through the dehydration of various precursors. In ethanol and Band gap
mono-ethanolamine, zinc acetate (I) and zinc nitrate (II) were dissolved. Glass substrates were Sol-gel

coated using the sol-gel spin coating method (3000 rpm for 10 s), followed by heating at
250 °C. This process was done five times to make the films thicker (and allow them to form
five layers on the substrate), and then they were annealed at 450 °C for 3 hours in air, yielding
200 nm-thick films. Where acetate-derived ZnO demonstrated superior performance: 92%
optical transmission at 1100 nm (vs. 80% for nitrate), a widened bandgap (3.3 eV), and
enlarged crystallite size (74 nm), attributed to reduced defect density and homogeneous
morphology. The presence of various vibration modes in the prepared samples was also
revealed by Raman spectroscopy (RS) of the annealed films. The presence of concentrated
stresses within the coated films is also determined using RS, and the scanning electron

Spin coating

OPEN ACCESS

microscopy results confirm the Raman E, peaks by FE-SEM images.
© 2025 The Authors. Published by Synsint Research Group.

1. Introduction

Zinc oxide (ZnO) is a direct band gap semiconductor with a wide band
gap of 3.3 eV. ZnO, in its wurtzite structure, is a widely studied metal
oxide due to its unique optical and electronic properties, including
efficient excitonic emission at room temperature. It has been
extensively used in optics, biomedical sciences, energy applications,
optoelectronic sensors, actuators, transistors, and solar cells [1-3].

Techniques for fabricating textured ZnO thin films on a substrate
include pulsed laser deposition, sputtering, molecular-beam epitaxy,
chemical vapour deposition, sol-gel methods, and others [4-8].
Nanostructured ZnO films respond particularly well to the sol-gel spin
coating technique. Sol-gel deposition allows for large-area coatings
with excellent optical properties and enables the fabrication of multi-
component oxide layers on glass substrates [9]. Furthermore, the green

coating characterization was easily controlled, and a large fabrication
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area of thin films was achieved. Over the years, researchers have
refined the sol-gel spin coating method to achieve better control over
the properties of the deposited thin films[10, 11].

Kim et al. [12] examined the influence of pre-heating temperature on a
zinc acetate (ZnAc), isopropanol, and monoethanolamine (MEA)
solution, employing a range of temperatures for a ten-minute pre-heat
duration. Separately, Balta et al. [13] investigated the effect of
precursor concentration on the crystal structure of ZnO thin films.
Their synthesis, using varying molar concentrations of zinc acetate
dihydrate, yielded films exhibiting a hexagonal wurtzite structure
after annealing at 600 °C, as confirmed by X-ray diffraction (XRD)
analysis. This study investigates the physical properties of ZnO thin
films prepared through sol-gel spin coating. This study investigates
the synthesis process, characterization techniques, and the impact of
different precursor solutions on the crystallization and quality of
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ZnO thin films. Additionally, we will discuss the structural,
morphological, optical, and stress-related properties of the ZnO thin
films [13].

2. Experimental procedures

2.1. Materials and processing

Sol-gel processing was used to create nanocrystalline pure zinc
oxide films from two different precursor solutions of zinc acetate (I)
(Merck, Germany) and zinc nitrate (IT) (Merck, Germany). The use of
two different precursor materials was based on the fact that ZnO
particles derived from an initially homogeneous solution are sensitive
to solution conditions. In a homogeneous solution, particle growth
includes three basic stages: nucleation, growth from dissolved species,
and then net movement of species between and by existing particles.
The precursor materials were dissolved in a mixture of absolute
Ethanol (Merck, Germany) and mono-ethanolamine (MEA) at a
concentration of 0.50 mol/l (Merck, Germany). MEA served as both a
base and a complexing agent. MEA to zinc acetate (I) and zinc
nitrate (II) molar ratios were set to 1. For 1 hour, the prepared solution
was stirred with a magnetic stirrer at 70 °C. Before deposition, the
glass substrates were cleaned with acetone to remove surface
contaminants and thoroughly rinsed with deionized water. Sol-gel spin
coating (3000 rpm for 10 seconds) was used to deposit this solution on
glass substrates (Fig. 1). To consolidate the deposited material after
each step, the samples were partially preheated at 250 °C for
15 minutes. This method was repeated several times to thicken the
films and allow them to form five layers. The multi-layered thin films
were annealed at 450 °C for 3 hours in an air atmosphere to obtain fully
crystallized films and to remove organic residues. The flow chart of the
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Fig. 1. Flow chart of sol-gel spin coating procedure for preparation of
the ZnO thin films.

sol-gel spin coating technique for the preparation of the ZnO thin film
is shown in Fig. 1 [14, 15].

2.2. ZnO films characterization

The crystalline phase of the ZnO thin films was characterized by an
X-ray diffractometer (XRD, Siemens D-500) using CuKo radiation
(40 kV, 30 mA) at a scanning rate of 2 °/min. The morphologies were
observed by a field emission scanning electron microscope (FE-SEM)
(MIRA3, TE-scan, Czech Republic) with an operating voltage of
10 kV. The surface topography was also observed by an AFM
operating in the tapping mode (AFM, model Nano-surf Mobile,
S Instruments Switzerland). The scan area for AFM measurements
was 5 pum X S5 pum, which was selected to provide a
representative analysis of the surface morphology and roughness of the
ZnO films while ensuring high-resolution imaging of the sample
features.

The transmission spectra of the films were measured by a double-
beam ultraviolet/visible (UV-4100) spectrophotometer with a
wavelength extended of 200-1100 nm, and the optical band gap
was measured from the transmission spectra. For each experimental
condition, five measurements were taken per sample, and four
samples were analyzed to ensure statistical reliability. The results
were then averaged to provide the final values. To determine the band
gap of the ZnO films, UV-Vis spectroscopy and Tauc's plot were
employed. By plotting (ahv)* versus photon energy (hv) and
extrapolating the linear region of the curve, the direct band gap was
calculated.

Raman spectra were measured within the visible light utilizing
514.5 nm excitation lines from an argon ion laser and a DILOR
XY spectrometer in the backscattering geometry (equipped with
a liquid nitrogen cooled CCD Jobin Yvon Detector). The incident
laser power was limited to ~2 mW to prevent excessive sample
heating. The integration time was set to 10-30 seconds, and the
spectral resolution was 2-4 cm’, ensuring accurate resolution of
the Raman peaks while maintaining a high signal-to-noise ratio.
[16, 17].

3. Results and discussion

3.1. Crystal structure of zinc oxide

ZnO crystallizes in hexagonal Wurtzite or cubic zinc blend
structure. The Structure includes sp® covalent bonding. Wurtzite is
the structure that is thermodynamically stable under the surrounding
conditions. Fig. 2 illustrates the crystal structure of zinc oxide (ZnO)
in different orientations, highlighting its atomic arrangement and
key characteristics. As shown in Fig. 2a, ZnO adopts a
hexagonal wurtzite structure with alternating zinc (Zn) and
oxygen (O) layers along the c-axis, which is its most stable phase
under ambient conditions. The unit cell reveals strong Zn—O bonds
that contribute to its structural stability. Fig. 2b presents a closer
view of the layered arrangement, where strong in-plane Zn-O
bonds and weaker interlayer interactions are evident. This
layered structure is further emphasized in Fig. 2c, showcasing
ZnO’s potential as a three-dimensional (3D) material with
enhanced optical, piezoelectric, and semiconductor properties,
making it suitable for various electronic and sensing applications
[18].



0. Khanali & K. Nekouee

SYNTHESIS AND SINTERING 5 (2025) 93-100 95

()

©

Fig. 2. Bulk crystal structure of wurtzite zinc-oxide with bulk lattice parameters of a=3.25 A, b=10.38 A, and ¢ = 5.21 A in different forms,

a) one-dimensional, b) two-dimensional, and c) three-dimensional.

The XRD spectra of annealed ZnO thin films on the glass substrate in
Fig. 3 show that the peaks agree well with those from the Joint
Committee on Powder Diffraction Standards (JCPDS) card file data for
ZnO powder. Both samples' XRD patterns revealed high crystallinity of
the ZnO thin film structure. All of the films had a hexagonal
crystallographic phase, with the (002) and (101) planes being the most
preferred orientations for zinc acetate (I) and zinc nitrate (II)
respectively. A high degree of special orientation (with the c-axis
perpendicular to the substrate) and small traces from the peaks of (100)
and (101) planes were also observed for zinc acetate (I) derived one
[19, 20]. The presence of broad diffraction peaks confirmed that the
particles are on the nanometric scale. Other than ZnO peaks, no other
characteristic peaks were observed (as the glass substrate has no peaks
due to its amorphous structure). Many groups have reported similar
findings [21, 22]. The crystallite size (D) of the samples is also
determined utilizing Scherer’s formula of which is as follows:

- (M)

Bcos(0)

where K is the Scherrer constant (taken as 0.94 for spherical
crystallites), A is the X-ray wavelength (1.5406 A, Cu Ka radiation), B
is the full width at half maxima (FWHM), and 0 is the Bragg’s angle.
The intensity along (100), (002), and (101) planes is sharply increased
with different precursors. The crystallite sizes for the ZnO crystal have

been shown in Table 1.
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Fig. 3. XRD patterns of the ZnO thin film prepared by:
a) zinc acetate (I) and b) zinc nitrate (II) precursors.

3.2. FE-SEM and cross section images

Fig. 4 shows FE-SEM micrographs of ZnO thin films produced using
zinc acetate (I) and zinc nitrate (IT) as precursor materials. The surface
morphologies of the ZnO thin films were completely different, as
shown in Fig. 4. Fig. 4a depicts the surface morphology of ZnO thin
films prepared with zinc acetate (I) as a precursor. This FE-SEM image
shows that the aligned hexagonal ZnO microstructures were grown
nearly uniformly on a large scale, with the requested ZnO
microstructures having a diameter of around 2pm. According to the
XRD pattern, ZnO microstructures grew preferentially along the (002)
plane because the hexagonal column spaghettis were regular and nearly
perpendicular to the substrate. Znaidi et al. [23] observed similar types
of square slabs in ZnO thin films. A persistent thin film could be
observed with stronger particle-particle interaction and stronger
particle-substrate interaction. The FE-SEM image of the thin film
obtained by using zinc nitrate (II) as the precursor is shown in Fig. 4b.
The image clearly shows a non-uniform surface morphology and
indefinite non definite grain boundaries. The partially hexagonal crystal
islands on the generally flat seeding layer were also noted. Because of
their hexagonal appearance, these islands (small square shape) can be
explained as ZnO crystal seeds. This result suggests that the seeding
layer and seeding crystals were made of unsymmetrically oriented ZnO
crystals, which was also confirmed by XRD analysis [24, 25].

Fig. 5 shows FE-SEM micrographs of cross-sections perpendicular to
the ZnO thin film of various precursor materials. Each image clearly
shows the locations corresponding to the film and substrate. The
thicknesses of the films were measured using FE-SEM micrographs
with resolutions ranging from 100 to 200 nm. The deposition process
was carried out in five steps, with each step depositing approximately

Table 1. Obtained data from the XRD pattern.

Sample 20 (deg) hkl FWHM Crystal size (nm)

Zinc acetate (1) 31.50 (100) 0.0864 96
34.11 (002) 0.1246 64
36.046 (101) 0.1246 64

Avg.=74.6
Zinc nitrate (I) 31.51 (101) 0.048 172
34.11 (112) 0.072 115
36.0465 (211) 0.072 115

Avg.=134
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Fig. 4. FE-SEM micrographs of the surface of ZnO nanocrystalline coatings prepared by: a) zinc acetate (I) and b) zinc nitrate (II) precursors.

nanometers onto the glass substrate to achieve a total thickness of
200 nm. FE-SEM micrographs prepared with zinc acetate (1) precursor
are shown in Fig. 5a. Micro-spaghettis and dense formation of ZnO
thin films can be seen. The porosity of ZnO films in Fig. 5b, prepared
by the zinc nitrate (II) precursor, shows that the ZnO grains have
completely separated from each other and formed crystal islands on the
relatively flat shapes [12, 26].

3.3. Roughness investigations by AFM

The surface roughness of the ZnO thin films was measured using an
AFM. Each sample had its root mean square roughness (RMS/Rq) and
average roughness (Ra) measured. Fig. 6 depicts three-dimensional
AFM images of zinc acetate (I) and zinc nitrate (II). The sample's
surface roughness was calculated using an image size of 8x8 um’. Ra
values for zinc acetate (I) and zinc nitrate (II) as precursor materials
were 85 nm and 116 nm, respectively, according to AFM data.
Furthermore, the roughness analysis yielded Rq heights of 92 and
144.16 nm, respectively. The use of zinc acetate (I) as a precursor
reduces the roughness of the surface [27-29].

3.4. Optical characteristics

Fig. 7 depicts the optical transmittance spectrum of ZnO thin films with
various precursor materials over a wavelength range of 200 to

1100 nm. The sharp absorption peaks for zinc acetate (I) and zinc
nitrate (II) are around 385 and 375 nm, respectively. The optical
absorption at the absorption edge corresponds to the transition from the
valence band to the conduction band, whereas absorption in the visible
region is related to some local energy levels created by inherent
defects. Chemical reactions in different precursor materials could
explain the varying sharp absorption and optical transmission. Optical
transmission is greatest at 1100 nm, with 92% and 80% for zinc acetate
(I) and zinc nitrate (II), respectively. This decrease in optical
transmission could be explained by the formation of structure defects
during chemical reactions, which could result in the zinc nitrate (II)
precursor material having more defects in thin films than the zinc
acetate (I) precursor material [30].

To calculate the optical band gap of the ZnO films, the adsorption
coefficient of the film (o) was determined from the thickness of the
film and its transmittance with Eq. 2:

1 1
o= Bln (?j 2)
where D and T are the thickness of the film and its transmittance,
respectively. The thickness of the film was calculated through
averaging many cross-section FE-SEM micrographs of the ZnO films
(Fig. 6). Thicknesses of 180 nm and 200 nm were determined for the
thin films of the zinc acetate (I) and the zinc nitrate (II) precursor

Fig. 5. Cross-section view of the FESEM of the ZnO films prepared by: a) zinc acetate (I) and b) zinc nitrate (II) precursors.
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Fig. 6. Three-dimensional AFM images of the ZnO nanocrystalline coatings prepared by: a) the zinc acetate (I) and b) the zinc nitrate (II) precursors.

materials, respectively. For the direct band transition, the optical band
gap of the films could be calculated by analysing the relationship
between photon energy (hv) and absorption coefficient (o) with the
following formula:

(ohv)> = A(hv - E,) €

where A is a constant, hv is the photon energy, and E, is the optical
band gap. The optical band gap (E,) was calculated by extrapolating the
linear portion of the (ahv)* versus the hv graph to intersect the energy
axis at a=zero. Fig. 8 shows the (ahv)? versus hv (eV) for the ZnO film
prepared by the different precursor materials [31].

The measured optical band gap values were in the range of 3.3 and
3.2 eV for the ZnO films prepared by the zinc acetate (I) and the zinc
nitrate (II) precursor materials respectively, which is very close to the
band gap of the inherent ZnO bulk material and are in accordance with
the previous literature reports [32]. Also, it is a current phenomenon in
direct band gap semiconductors [33, 34].

3.5. Raman spectroscopy

Fig. 9 illustrates the Raman spectra of the thin films prepared by the
zinc acetate (I) and zinc nitrate (II). The spectra were normalized about
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the main peak at 434 cm™ in the bulk ZnO material. Table 2 reports
data on the mode frequencies of the ZnO crystal from many Research
studies and our results. The frequencies from the E;‘igh , A (LO), and
E, (LO) modes are Raman prepared by the different precursor
materials. E}Z'igh vibration is a feature of the wurtzite phase [29].

Fig. 9a shows the Raman spectra of the zinc acetate (I) thin films.
Raman spectra have mode Elz1igh =434 cm”, A, (LO) =562 cm™. The
peak A, (LO) is approximately attributable to the formation of defects
and impurities in the thin films. Thin films had a high quality of
the wurtzite structure, because of the high intensity of E;‘igh than
A (LO).

Stress in the wurtzite structure crystals impacts the Egigh phonon

frequency. An increase in the E}Zligh phonon frequency is attributed to
compressive stress, whilst a decline in the E}Z"gh phonon frequency is
high
2

phonon is a method to determine residual stress within ZnO

crystallized films. On the other hand, the stress is due to the
mismatch of the thermal expansion coefficient of the ZnO thin films
(4.75x10° K™") and the glass substrates (Si: 2.6x10° K™).

Fig. 9b shows the Raman spectra of the zinc nitrate (II) thin films.

Raman spectra shown modes Egigh =422 cm’, E, (LO) =561 cm™.

attributed to tensile stress. Thus, Raman spectroscopy of the E

(b)
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‘Wavelength (nm)

Fig. 7. The optical transmittance spectrum of the ZnO films prepared by: a) zinc acetate (I) and b) zinc nitrate (II) precursors.
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Fig. 8. (ahv)’ versus the hv for the ZnO films prepared by:
a) the zinc acetate (I) and b) the zinc nitrate (1) precursors.

The peak Egigh as A; (LO) is approximately attributable to the
formation of defects and impurities in the thin films. The thin films
don’t have a high quality of the wurtsite structure, because of the too
low intensity of E}z‘igh than E, (LO).

The peak E; (LO) for the ZnO thin film produced via zinc nitrate (IT),
nearly positioned at 561 cm™, which is attributable to the formation of
defects such as an absence of oxygen, interstitial Zn, and the free
carriers. The displacement changes of this peak, annealing without
controlled atmosphere, however, suggest a relatively low density of
defects in these coatings.

The behaviour of the Raman peak of Egigh is confirmed by FE-SEM
images (Fig. 4). In this case, the frequency Egigh is lower than its bulk
material, and 437 cm' is a shift towards lower frequencies, as has been
reported. The film has tensile stress and compression strain.

Table 2. Experimental data of the frequencies (cm™) of the ZnO thin
film and ZnO bulk material.

(a)
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Wavenumber {em™)
£
£
=]

350 400 450 500 550 600 650 700
Wavemmmber (e 1)

Fig. 9. Raman spectra of glass substrate, ZnO thin films prepared by:
a) zinc acetate (I) and b) zinc nitrate (II) precursors.

4. Conclusions

The ZnO thin films were created by dehydrating various precursor

materials such as zinc acetate (I) and zinc nitrate (IT), which were then

dissolved in ethanol and mono-ethanolamine (MEA). The solutions

were applied to glass using the sol-gel spin-coating technique. After a

preheating treatment at 250 °C and a final thermal treatment at 450 °C,

the thin films were crystallized into ZnO. The following results have
been obtained:

e The films were transparent and homogenous and c-axis oriented.
Successive deposition of the films was carried out to increase the
thickness. The (002) orientation is modified for zinc acetate films.

e The AFM images indicate that ZnO thin films have been prepared
by zinc acetate (I) material precursor, and it seems that by choosing
this suitable precursor material, the grain size and roughness could
be controlled.

Raman results of the ZnO thin films indicate the presence of stress
concentrations within the structure of the films. The behavior of the
peak Egigh confirms the microcrystalline grain films, as the SEM
study also proves these results. The Raman investigation of the
sediment solution confirms that the ZnO bonds presumably play the
role of the initiation of the crystallization during the treatment of the
coatings.

Mode ZnO thin ZnO thin film ZnO ZnO
film zinc zinc nitrate crystal crystal
acetate (I) I (cm™) (cm™)
Ehieh 434 422 439 444
A, (LO) 562 - 574 579
E; (LO) - 561 580 591
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