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Abstract

Homogeneous semiconducting ZnO thin films were successfully produced using spin-coating method. The in-
fluence of structure and morphological properties of three-layered and five-layered ZnO films, made with dif-
ferent solvents (methanol and 2-methoxyethanol), on the band gap width was investigated. Scanning electron
microscopy and atomic force microscopy analyses clearly showed the wrinkled surface of the ZnO thin films
grown from the methanol solution, while the films grown from the 2-methoxyethanol solution were much more
homogeneous. X-ray diffraction analysis revealed the hexagonal wurtzite structure of the obtained ZnO films,
with preferential crystal growth along the c-axis. As the number of layers increased, the diffraction peaks be-
came sharper and more intense. The crystallite size was calculated to be a few nanometers and gradually
increased with the number of layers regardless of the solvent type, although it was slightly smaller for the 2-
methoxyethanol solvent. UV-Vis spectra analysis, using the Tauc formula, showed that as the number of layers
increased, the band gap width decreased regardless of the solvent choice.

Keywords: ZnO, films, spin-coating method, surface properties, optical properties

I. Introduction and the sol-gel technique [12]. Among them, the sol-
gel technique combined with a spin-coater has gained
significant attention due to its simple deposition pro-
cess, easy control of chemical components and low-cost
preparation for producing high-quality thin films [13].
However, many parameters affect the properties of the
resulting films, including the concentration of zinc salt,

Zinc oxide (ZnQ) is a‘highly attractive II-VI semicon-
ductor due to its unique properties, such as a wide band
gap (3.37eV) and high exciton binding energy (60 meV)
at room temperature [1=3]. ZnO thin films have a wide
range of applications thanks to their superior optical

and electrical properties. They are used in the produc- solvent, drying and annealing temperature, number of

tion of solar cells, conductive gas sensors, piezoelec- layers applied, film withdrawal speed, nature of the sub-
tric converters, transparent conductive electrodes and as 10 204 others [14]

antibacterial and anticorrosive agents [4—6]. These ap-
plications depend on the material’s morphology, which
can be achieved through various techniques. Some of
the techniques used for preparing ZnO thin films in-
clude RF magnetron sputtering [7], physical vapour de-
position (PVD) [8], chemical vapour deposition (CVD)
[9], spray pyrolysis [10], pulsed laser deposition [11]

This paper is focused on the production of multilayer
ZnO films and the comparison of the effects of two types
of solvents (methanol and 2-methoxyethanol) on the to-
pography, structural and optical properties of ZnO thin
films. The effect of the number of applied layers on a
microscope glass substrate on these properties was also
investigated. The results of this research will help to de-
fine the optimal conditions for producing high-quality
homogeneous thin films for potential applications such
as solar cells and photocatalysis [15,16].
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II. Experimental

2.1. Synthesis procedure

Two ZnO solutions were prepared in such a way
that zinc acetate dihydrate (C,H,0,Zn-H,0) was dis-
solved in the solvents methanol (CH,;OH) and 2-
methoxyethanol (C;HgO,). Afterwards, a stabilizer,
monoethanolamine (MEA), was added in a 1:1 ratio in
both cases. The solutions were mixed using a magnetic
stirrer for 2h at a temperature of 60 °C. The prepared
ZnO solutions were left to age for 48h, after which
they were ready for application on to microscope slides
that had previously been cut to 1 cm X 1 cm dimensions
and cleaned in acetone, ethanol and distilled water in
an ultrasonic bath. After thorough cleaning, the sub-
strates were dried using an air stream and placed on a
holder (disk) of the spin coater (Model P-6708D, Spe-
cialty Coating Systems, Indianapolis, IN), where the so-
lutions were applied using a micropipette. A single ZnO
layer was obtained by rotating the spin coater disk in a
three-step procedure: 10 s at 1000 rpm, 10 s at 1500 rpm,
and 20s at 2000 rpm. After a thin layer was obtained, it
was dried in an oven at 150 °C for 15 min, after which
the process of dripping, centrifuging and drying was
repeated until three-layered or five-layered ZnO films
were obtained. The resulting films were annealed in vac-
uum in the furnace Nabertherm R 50/250/13 for I'h
at the temperature of 500°C. A large number of re-
searchers use this specific annealing temperature, as it
induces crystallization, which is reported by Aoun et al.
[17]. The labels of the produced films, together with the
deposition parameters are given in Table 1.

Table 1. The labels of the produced ZnO thin films, together
with the deposition parameters

Film label Solvent Number of layers
ZnO3_m methanol 3
ZnO5_m methanol 5

Zn03_2m 2-metoxyethanol 3

ZnO5_2m  2-metoxyethanol 5

2.2. Characterization

The obtained thin films were first analysed us-
ing scanning electron microscopy (SEM, model JEOL
JSM-IT200) equipped with secondary electron detec-
tor (SED) and energy dispersive spectrometer (EDS)
in order to determine the topography and composi-
tion of the samples. The samples were examined in
high-vacuum mode using accelerating voltage of 15kV.
To further investigate the thickness of the ZnO films,
cross-sectional SEM micrographs were acquired using
SEM (FEI Scios2 Dual Beam System). Due to the non-
conductive nature of the glass substrate, a thin gold
coating was applied prior to imaging. The surface mor-
phology (roughness and grain size) was determined us-
ing atomic force microscopy (AFM, model Nanosurf
CoreAFM). The images were obtained in a tapping
mode using Nanosurf DynAl tips with nominal fre-
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quency 190kHz and nominal force constant 48 N/m.
For structural investigations, an X-ray diffractometer
(XRD), model Bruker D8 Advance, was used, employ-
ing the Ke line of copper as the incident radiation, with
a wavelength of 0.15418 nm. The XRD patterns were
recorded using 26 scan type where the incidence angle
w was kept at 0.8° (grazing incidence). Data were ac-
quired via Bruker’s LYNEXEYE XE-T detector in the
range from 20° to 80° with a step size 0.02°, counting
time 1s, tube voltage 40kV and tube current 40 mA.
To examine the optical properties of the obtained films,
ultraviolet-visible spectroscopy (UV-Vis, model Perkin
Elmer Lambda 365) was used with a wavelength range
of 190-1100nm and a spectral resolution of 0:5 nm.

II1. Results and discussion

SEM micrographs/ at a‘magnification of 10000x
of the three:layered and five-layered ZnO films with
methanol and 2-methoxyethanol solvents are shown in
Fig. 1. Cross-sectional SEM images of the films are
shown in_the corresponding insets. The films obtained
from the methanol solution exhibit a wrinkled surface
due to the specific mechanical and chemical interac-
tions between methanol and the zinc precursor com-
pounds during the deposition process. Many authors
have reported-on the formation of wrinkled ZnO thin
films. According to Kwon er al. [18] the wrinkles form
due to the relaxation of stress caused by removal of
solvent during drying process. Methanol, being a sim-
pler solvent, evaporates more quickly due to its lower
boiling point, which can cause rapid dehydration and
the formation of stress in the film. These stresses can
lead to the formation of wrinkles on the surface of the
film, as the film contracts and pulls during the drying
and calcination process. Due to the presence of wrin-
kles, their thickness is difficult to determine with high
accuracy; however, the average thickness of the three-
layered ZnO films is approximately 360 nm, while that
of the five-layered films is around 460 nm. On the other
hand, the ZnO films grown from the 2-methoxyethanol
solution show a much more homogeneous surface be-
cause 2-methoxyethanol has a higher molecular weight
and evaporates slower than methanol. As a result, the
deposition process is moderate and less localized stress
occurs, allowing for a more uniform distribution of zinc
on the film surface. Additionally, the larger molecules
of 2-methoxyethanol can coordinate more effectively
with the zinc oxide precursor compounds, creating a
more stable and homogeneous network during deposi-
tion. The thickness of the resulting three-layered films
is 80 nm, while that of the five-layered films is 120 nm.
Furthermore, it is observed that as the number of layers
increases, the amplitude of the wrinkles decreases. This
can be attributed to the increased stiffness and stress dis-
tribution in thicker films, which reduces the formation
of pronounced wrinkles. In thinner films, the localized
stress is more concentrated, leading to deeper and more
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Figure 1. SEM micrographs with cross-section images shown in the insets of the three-layered (a) and five- layered (b) ZnO
films prepared using methanol as the solvent, and the three- layered (c) and five- layered (d) ZnO films prepared using
2-methoxyethanol as the solvent, along with the zinc concentration in the ZnO films obtained from EDS spectra (e)

defined wrinkles. Thus, the increase in the number of
layers results in a more uniform stress distribution, con-
tributing to the reduction in the wrinkle depth.

An EDS analysis was also conducted, providing in-
formation on the atomic concentration of the elements
present in the films. Besides Zn and O originating from
the films, the analysis revealed the presence of Si and O
coming from the glass substrates and some minor traces
of C from the surface. The influence of the solvent and
the number of layers on the Zn content is shown in Fig.
le. Namely, the films produced from the solution with
methanol solvent exhibit a significantly higher amount
of zinc in comparison with the films obtained with 2-

methoxyethanel solvent. In addition, amount of zinc in-
creases with the number of layers, regardless of the used
solvent. This also leads to the conclusion that, as the
number of layers increases, the thickness of the films
increases, which'is consistent with the results obtained
by Shariffudin ez al. [19].

In addition to SEM, the topographical properties of
the ZnO thin films were analysed using atomic force mi-
croscopy (AFM). Figure 2 shows the 2D AFM images
of a part of the surface of ZnO thin films, with a 10 um
X 10 um scan area. A mountainous (wavy) structure is
clearly visible in the ZnO thin films obtained from the
methanol-based solvent solution (Figs. 2a,b). The ZnO

(a) Z-Axis - Scan forward _Line fit

(b)

Z-Axis - Scan forward _Line fit

Line it 302nm

£
E
=
&
&
&
2
£
=

(© (d)

Line fit 10.1nm

0 (e) [@Zn03 m
a8 E . 4 Zn05_m
B £ sof W 7003 2m|
3 7 HrZn05_2m|
N 9 40

£ A
en
2 30
=4
o
Eg 204
g @ 104
= 172}
E
: 5 o n *
2 3 4 5 6

Number of layers

o
&
£
B
B
Z
]

Figure 2. 2D AFM micrographs of three-layered (a) and five-layered (b) ZnO films with methanol solvent, and
three-layered (c) and five-layered (d) ZnO films with 2-methoxyethanol solvent, as well as the surface roughness
depending on the number of layers (e)
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thin films produced with the 2-methoxyethanol solvent
(Figs. 2¢.,d) display a much more homogeneous struc-
ture, which is in accordance with previously obtained
SEM images. The roughness of the ZnO thin films de-
creases with increasing the number of layers, and its val-
ues are much higher for the films grown with methanol
solvent compared to the 2-methoxyethanol solvent (Fig.
2e), which matches the data presented by Toubane et
al. [20].

The structure of the ZnO films was examined using
X-ray diffraction, and the recorded spectra are shown in
Fig. 3. The obtained diffractograms confirm the hexag-
onal wurtzite structure (standard card for ZnO ICDD
36-1451), with matching diffraction peaks (100), (002),
(101), (102), (110), (103) and (112) at precisely de-
fined diffraction angles [21], which is shown in detail
in Fig. 3. The films grown with methanol (Figs. 3a,b)
display more intense peaks than the films grown with 2-
methoxyethanol (Figs. 3c,d). Furthermore, (100), (002)
and (101) peaks in Figs. 3a,c,d cannot be clearly sepa-
rated. A broad peak is also observed around 20-30°, in-
dicating the amorphous structure of the glass. The crys-
talline and microstructural properties of the obtained
ZnO thin films were analysed by measuring the posi-
tion, intensity and width of the peaks, which are essen-
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tial for assessing the crystallite sizes. A detailed anal-
ysis of the diffractograms reveals variations in the rel-
ative intensities of individual reflections, which can be
attributed to the preferential growth (with more layers)
along specific crystallographic planes within the crystal.
The Debye-Scherrer formula [22] was used to measure
the crystallite size D:

D= k-A
B - cosé

)

where k = 0.9 is constant for spherical crystallite shape,
A is wavelength of X-rays (CuKa-="0.15406 nm), 6 is
Bragg angle of the most intense/peak and S is the full
width at half maximum of the peak.

Based on this formula, the crystallite size values for
all the examined films were calculated from the clear-
est separated peak (110) inFig. 3 and presented in Ta-
ble 2. The obtained results indicate that the crystallite
size increases by a very small amount with an increase
in the number of layers which is similar to the data
obtained by Ribut et al. [23]. Furthermore, the crys-
tallites are slightly smaller in the films obtained with
2-methoxyethanol solvent as compared to the crystal-
lites in the films grown with methanol as the solvent.
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Figure 3. Diffractograms of three-layered (a) and five-layered (b) ZnO films with methanol solvent, and three-layered (c) and
five-layered (d) ZnO films with 2-methoxyethanol solvent
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Table 2. The crystallite size and band gap values for all the
examined ZnO thin films

Film label Crystallite size [nm] Band gap [eV]
Zn0O3_m 5.5 2.91
ZnO5_m 6.1 2.83
ZnO3_2m 4.3 3.06
ZnO5_2m 4.8 2.84

This is in accordance with the results obtained by Foo
et al. [24].

Diffraction pattern shown in Fig. 3b indicates that
the preferential growth of crystallites in the five-layered
ZnO film grown with methanol occurs along the c-axis,
as the peak around 34° diffraction angle is particularly
prominent. The (002) plane is regarded as the most en-
ergetically stable with the least amount of surface free
energy which was confirmed by other authors [25-27].
Based on this conclusion, we stipulate the same prefer-
ential growth in other films. The preferential crystallo-
graphic orientation can be determined from the texture
coeflicient (7C), which is calculated using the following
equation [28]:

Ty
TC = Trinkry

1 Ly
n Z Ly

2

100

where I is the intensity of the observed peak in the
measured sample, n is the number of observed peaks,
and I, 18 the reference intensity value of the peak.
The texture coefficient values were calculated using this
equation, but only for the five-layered ZnO thin film,
as all the peaks are clearly observed in this case. The
TC value is greater than 1 only for the (002) plane [29],
confirming the preferential orientation along the c-axis.

The variation in optical absorption of the ZnO films
with different number of layers and type of solvent is
shown in Fig. 4a, where it is/clearly visible that the
absorption decreases from 80% to below 40% with in-
creased wavelength of the incident light. From the im-
age, a change in the wavelength around 370 nm can be
observed, which corresponds to an electronic transition
near the band edge of crystalline ZnO.(3.2 eV), suggest-
ing the possibility of an indirect transition. It is also no-
ticeable that the absorption‘is lower for a smaller num-
ber of layers and. methanol as the solvent. To determine
the band gap width, the data obtained using the UV-
Vis spectrophotometer were analysed using the Tauc
method [30,31]:
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Figure 4. UV-Vis absorption spectra for three-layered and five-layered ZnO thin films created from solutions with different
solvents (a) and Tauc plots for indirect transitions with methanol solvent (b) and 2-methoxyethanol (c)

154



A. Modri¢-Sahbazovié et al. | Processing and Application of Ceramics 19 [2] (2025) 150-156

where 4 is the Planck’s constant, v is frequency of the
radiation, « is absorption coeflicient, E, is band gap en-
ergy, A is proportionality constant and n is a constant
dependent on the nature of the transition. The constant
n has values of 1/2 and 3/2 for direct allowed and for-
bidden transitions, respectively, and 2 and 3 for indirect
allowed and forbidden transitions, respectively.

The linear sections of the obtained curves in the plot
of (ahv)!/? vs. (hv) shown in Figs. 4b,c, were extrapo-
lated to the x-axis [32]. The energy defined by the in-
tersection of the line and the x-axis corresponds to the
threshold energy of the incident radiation that is suffi-
cient to excite an electron from the top of the valence
band of this semiconductor to the bottom of the conduc-
tion band, or the energy corresponding to the band gap
width. Electrons with energies lower than the band gap
energy E, cannot overcome the energy barrier. From
this, it follows that the Tauc method is a practical way
to determine the band gap width for semiconductors.
However, the measurements indicated the low accuracy
of this method because it is very difficult to determine
whether the semiconductor is direct or indirect as, re-
gardless of n (2 or 1/2), part of the Tauc curve is always
linear [33]. An example of this are ZnO thin films on
a glass substrate, which are assumed to have predomi-
nantly indirect allowed transitions due to the glass sub-
strate’s amorphous structure. In Figs. 5b,c it is clearly
visible that the band gap width decreases with increas-
ing number of layers, with a slightly smaller band gap
width for ZnO thin films obtained from methanol sol-
vent, which is a consequence of slightly larger nanopar-
ticles and the thickness of the film itself. The data for
the band gap width of the obtained ZnO thin films are
shown in Table 2.

IV. Conclusions

Three-layered and five-layered ZnO films were suc-
cessfully produced from a solution with different sol-
vents (methanol ‘and 2-methoxyethanol) on a micro-
scope glass substrate using spin coating method. The
morphological properties obtained through SEM and
AFM provide information about the homogeneity of the
obtained ZnO films. The.thickness of the ZnO films
grown from a solution with methanol as the solvent
is difficult to determine with high accuracy due to the
wrinkled surface. The estimated thickness of the three-
layer films is 360 nm, while the thickness of the five-
layer films is 100nm greater. The ZnO films obtained
from a solution with 2-methoxyethanol provide a much
more homogeneous surface, with the thickness of the
three-layer films being 80 nm and the five-layer films
120 nm. The roughness of the films decreases with the
increase in the number of layers and it is much lower
than in the ZnO films grown from the solution using
methanol as the solvent.

For all the produced ZnO films, XRD analysis re-
vealed a hexagonal wurtzite crystal structure with pref-
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erential crystal growth along the c-axis. As the number
of layers increases, diffraction peaks become sharper
with higher intensity, indicating a higher crystalline na-
ture of the ZnO films. The crystallite size, calculated us-
ing the Debye-Scherrer formula, varies between 4.3 and
6.1 nm and it slightly increases with the number of lay-
ers, regardless of the solvent type, although it is slightly
smaller for the 2-methoxyethanol solvent.

The analysis of the UV-Vis absorption spectrum, us-
ing the Tauc method, showed that as the number of lay-
ers increases, the band gap decreases, with a signifi-
cantly smaller value observed for the ZnO thin films
with methanol solvent, which is a‘result of the slightly
larger nanoparticle size. The band gap values are smaller
for all obtained ZnO thin films ‘compared to the band
gap of the bulk ZnO, whichis 3.37 eV, with values rang-
ing from 2.83 to 3.06eV.
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