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Article Info ABSTRACT
This research was conducted to analyze the Mg doping concentration effect
Article history: on the structure, morphology, and optical properties of ZnO thin film prepared

using the sol gel spin coating method. The Mg concentration was varied in the
mole fraction of 1%, 3%, and 5%. Firstly, ZnO: Mg solution was dropped on
a substrate and grown with a rotating speed of 3000 rpm and then annealed at
500 °C for 2 hours. The characterization of thin films' structure, morphology,
and optical properties was done using XRD, FESEM, EDX, and UV-VIS
spectrophotometer. XRD result showed a polycrystalline structure with three
dominant peaks of (100), (002), and (101) plane, hexagonal wurtzite
structures. Furthermore, the crystallite size was increased with the increase of
Mg doping. FESEM results showed that the 5% ZnO: Mg thin film was the
densest and least void from other films. In addition, the results of UV-Vis-
NIR analysis showed the highest absorption value at a wavelength of 360-370
nm. The bandgap energy increased at 1% and 3% Mg doping samples but
decreased by 5% Mg doping comes from the excess of oxygen in thin film
with 5% Mg doping.
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INTRODUCTION
Thin film technology has undergone

is because ITO thin film has a conductivity
of around 10* Q'cm!' and a transmittance of

many developments, both in terms of the
materials used, the method of manufacture,
and their application. Common Materials
used in thin films preparation are InO (Kim
etal.,2012), WOs (Dalavi et al.,2013), SnO1
(Sharma et al., 2011), TiO2 (Behpour et al.,
2015), ZnO (Bhadane et al., 2014), ITO
(Vaishnav et al., 2015) and many other
materials. ITO, Indium Tin Oxide material is
widely used in several fields such as the
manufacture of liquid crystal displays (LCD)
(Xia & Gerhardt, 2016), plasma display
panels (PDPs) (Hori & Mizuno, 2012),
organic light-emitting diodes (OLEDs)
(Xiang et al., 2015), as well as the window
layer in solar cells (Chung et al., 2012). This

about 85% with a bandgap of 3.70 eV
(Sugianto et al., 2016). However, ITO also
has weaknesses, namely Indium material,
which is expensive and relatively rare (Al-
ghamdi et al., 2014), so new material is
needed to replace ITO's weakness.

Zinc oxide semiconductors (ZnQO) can
replace ITO because of their main
advantages of being cheap and non-toxic (Li
et al., 2021), wide bandgap energy of 3.37
eV (Aryanto et al., 2016), and high binding
energy of 60 MeV at room temperature
(Abed et al.,2020). However, ZnO thin films
without doping have poor electrical
characteristics, e.g., a low conductivity
(Ponja et al., 2020). The deficiencies of pure
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ZnO can be corrected by doping, and the
doping materials are aluminum (Astuti et al_,
2018), gallium (Sulhadi et al., 2015),
manganese (Cao et al, 2018), and
magnesium (Siregar, et al., 2020).

Magnesium (Mg) was chosen because the
Mg ion has an ionic radius of 065 A,
almost the same as the Zn>* ionic radius of
0.74 A. Adding Mg?* in ZnO will not cause
huge lattice changes in the ZnO wurtzite
crystal lattice (Yuechan Li et al., 2021).
Merging MgO with ZnO can increase the
bandgap energy from 332 — 351 eV
concerning increases in Mg concentration
(Kasi & Seo, 2019). According to Zhang et
al. (2011),if Mg-doped ZnO, it was not only
the band gap value that increased from un-
doped ZnO, but the conductivity value also
increased. In addition, Kulandaisamy et al.
(2016) also reported that the increasing Mg
concentration would decrease the resistivity
of ZnO thin films.

There are several methods to grow thin
films of ZnO doping Mg, i.e., molecular
beam epitaxy (Pham et al., 2021), plasma-
enhanced chemical vapor deposition (Hacini
etal.,2021), pulsed-laser deposition (Haider
et al., 2021), RF magnetron sputtering (Lin
et al.,2021), thermal evaporation (Lad et al.,
2021), sol-gel (Baig et al., 2021), and spin
coating (Siregar et al., 2020). The sol-gel
spin coating method was conducted in this
research to grow the thin films. Its method
has several advantages in controlling film
composition, high homogeneity, adjustable
thickness, coating capability over a large
area, and low production costs. However,
several factors need to be considered
concerning the growth of ZnO thin films,

ie., solution concentration, substrate
handling, annealing temperature, solvent,
and film thickness (Gahtar et al., 2014). The
effect of solution concentration has not been
much developed so far. This research was
focused on the analysis of the Mg
concentration effect on the crystal structure,
morphology, and optical properties of the
ZnO thin films. According to these
properties, the ZnO thin films doped Mg are
suitable for solar cell application window
layer material.

METHODS

The thin film was grown on a corning
glass by using the sol-gel spin coating
method. Mg was doped into ZnO sol-gel
solution via zinc acetate dehydrate as the
main precursor, magnesium tetrahydrate as a
doping agent, isopropanol as a solvent, and
ethanolamine as a stabilizer. Solutions were
prepared with varied Mg concentration, i.e.
0%, 1%, 3%, and 5%. The precursor and
dopant solution were prepared at 0.5 M in 20
mL of isopropanol and stirred with a
magnetic stirring for 15 mins at 60 °C. The
final solution was a highly homogeneous and
transparent blue color solution. The solution
was aged for 24 hours at room temperature
to avoid any residue rising. After that, the gel
was dropped on the corning glass substrate
and spun at 300 rpm for 15 seconds. The
schematic of the experimental procedure is
shown in Figure 1. The thin films were
characterized by using X-Ray Diffraction
(XRD), Scanning Electron Microscopy
(SEM), Energy Dispersive X-Ray (EDX),
and UV-Vis-NIR spectrophotometer.

Preparation of -
glasssubstrate

Preparation of
precursor solution

I Thin film deposition
using spin coater

| | No

ZnO:Mg Thin Film
samples

&

Post Annealing
Process

_ Heat treatment
Yes using oven

Figure 1. The Schematic of the ZnO: Mg Thin Film Grown by Using Sol-Gel Spin Coating Method
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RESULT AND DISCUSSION
Structure

The XRD patterns of the un-doped and
doped ZnO are shown in Figure 2. XRD
patterns  were  suitable to ICDD
(International Center for Diffraction Data)
date base No. 01-078-3315. All samples of
ZnO have a polycrystalline structure with
diffraction peaks at 2Theta of 31.74, 34.53,
36.21, 47.53, 56.55, 62.85, and 67.92°
sequentially with (100), (002), (101), (102),
(110), (103), and (112) planes. Thus, the
crystal structure was hexagonal wurtzite
(Abed et al., 2015). Figure 2 showed three
dominant peaks, i.e., plane (100), (002), and
(101). Since peaks of (002) and (101) were
too close, then the preferred orientation was
determined by using its texture coefficient
(TC) calculation as follow (Romero et al_,
2006; Pandey et al., 2021):

. Leneny/ T rinkn

Te= (ll/’“LE-’(hktj/-’r(hkt)])1 M
Where I (hkl) was the XRD intensity of the
thin film, n was several reflections observed
in the XRD pattern, and /r (hkl) was the
reference intensity of the ICDD database.
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Figure 2. XRD Diffractogram of ZnO: Mg Thin
Film with Different Concentration of Mg

TC wvalue indicated the maximum
preferential orientation of the films along the
diffraction plane. A preferential crystal field
was identified if TC value> 1. The texture
coefficient values of the three dominant
orientation planes are shown in Table 1.

Table 1. Texture Coefficient of Mg-doped ZnO

Thin Film
Plane Orientation
Mg Concentration 100 002 101
Zn0O 076 1.72 0.71
Zn0: Mg 1% 093 1.39 0.83
Zn0: Mg 3% 081 1.61 0.75
ZnO:Mg 5% 092 1.41 0.81

Table 1 showed that plane (002) had a TC
value > 1 at all thin films. This indicates the
preferential orientation of the Mg doped
ZnO thin film was (002) plane along the c-
axis.

FWHM value was obtained from the half-
width value of the diffraction peak. FWHM
was converted into radians by multiplying
w/180. The crystal size D was calculated
using the Scherrer equation (Hacini et al.,
2021),

0,91
b= fcosd 2
Where £ was the FWHM of the highest peak
(hkl), » was the X-ray wavelength (1.542 A),
and 0 was the diffraction 2Theta of Bragg.
The lattice parameter ¢ was calculated by

using equation 3 (Astuti et al., 2020):
A

€= Zsm@x‘E ’ &)

Where 2 was the X-ray wavelength and hk/
was the Miller index. Lattice strain (g£) was
calculated by using the following equation
(Idris & Subramani., 2020),

g=—1 @

T 4 tan 6°

The strain affected the length of the

dislocation line per unit crystal volume

(dislocation density). The relationship

between strain and dislocation density (p)
can be expressed by,

ViZe

P=10g

] (5

where d was the d-spacing of different

crystal planes (hkl) for the hexagonal

structure determined using the equation 6,
1 4(h2+hk+12

— dlenkd?) 2 6
dz 3a? (cz)' (©)
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The FWHM value, crystal size, lattice
parameter c, strain, and dislocation density
are shown in Table 2.

Table 2 showed that the FWHM was
inversely proportional to the crystal size,
where the smaller FWHM indicated the
larger crystal size, corresponding to the
Scherrer equation. The ¢ lattice parameter of

Mg-doped ZnO was greater than the un-
doped Zn0, 5207 A, caused by a pressure
leading to a positive strain at ZnO thin film.
The ¢ lattice constant decreased with the Mg
concentration  increasing because the
addition of Mg doping into ZnO contributed
to the pressure reduction in the film.

Tabel 1. Parameter of FWHM, Crystallite Size, Lattice Constant of (002) Plane

Comxfmﬁon hkl FWHM D (nm) L]:;::;i . £ (%) p (line/nm?)
0% 002 0.503 16.647 52160 0.0070 0.0056
1% 002 0.564 14863 52165 00078 0.0070
3% 002 0.561 14.885 52160 0.0077 0.0069
5% 002 0.555 15.135 52101 0.0077 0.0068
The doped ZnO crystal size decreased then ~ Morphology

increased with the increasing of the Mg
concentration due to the incorporation of Mg
atoms resulting in ZnO lattice strain. These
larger crystallite sizes led to better
crystallinity because low grain boundaries
resulted in fewer defects in the film (Hashim
et al., 2017). The film strain and dislocation
density were quite low. The low value of
strain and dislocation density indicated a
good crystal quality. Dislocations indicated
an imbalance in the orientation of the
adjacent parts in the growing crystal rising
vacancy or interstitial atoms. This triggered a
defect crystallization.

The lattice strain and the dislocation
density affected the crystal size. The crystal
size depended on the atomic radius in a
crystal. The size of the ionic radius Mg? *
(0.65 A) was in the same order as the ionic
radius of Zn** (0.74 A). Such large
differences in ionic radii resulted in
interstitial crystal defects or insertions. This
was consistent with the resulting XRD
pattern, where all the resulting diffraction
peaks were diffraction peaks of the ZnO thin
film. The addition of Mg concentration to
ZnO thin films only affected the quality of
the crystals to be better but did not change the
structure of the ZnO thin films (Fang et al.,
2014).

FESEM images of Mg-doped ZnO with
0%, 1%, 3%, and 5% varied concentration
are shown in Figure 3. The images showed
inhomogeneous nano-sized particles of the
films. At 0%, 1%, and 3% Mg-doped films,
the film's surface morphology appeared
uniform, and there were voids between the
grains. Meanwhile, in 5% Mg-doped film,
the granular appeared the densest or least
void. This was because the doping material
of Mg with a higher concentration can affect
the growth of ZnO, which results in small
granularity. An increase in the nucleation
number led to the formation of small grains
during the incorporation of dopants into the
ZnO material.

The EDX results of ZnO: Mg, Table 3,
revealed that the sol-gel technique was a
good method to ensure no contaminant
elements in preparing the thin films where
only Zn, O, and Mg elements were identified.
The results of this EDX analysis
corresponded to XRD analysis, where the
crystalline structure only belongs to ZnO
peaks and no diffraction peaks from Mg. It
figured out the success of Mg incorporation
into the ZnO structure. This showed that Mg
doping did not change the structure of the
ZnO thin film structure but only the insertion
of Mg elements in the ZnO thin film
structure. This result was similar to research
conducted by Lekoui et al. (2021).
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Figure 3. FESEM Images of Mg Doped ZnO Thin Film with (a) 0%, (b) 1%, (c) 3%, and (d) 5% Varied

Concentration

Table 3. Ratio compositional of Mg doped ZnO thin

film
7n(%) O(%) Mg (%)
Zn0O 50.1 499 -
ZnO:Mg1% 499 492 09
ZnO:Mg3% 473 50.2 25
ZnO:Mg5%  45.1 51.1 38

The EDX analysis showed that the
percentage of the Zn composition decreased

with the increase of the Mg element in each
sample. In contrast, the O content increased
with the addition of the Mg element in the
thin film, following the empirical
calculations in the preparation process.

Optical Properties

The absorption value of the un-doped
and doped ZnO thin films are shown in
Figure 4.
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Figure 4. UV-VIS Spectra of ZnO Doping Mg Thin Film with Different Mg Concentration
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In Figure 4, it can be seen that the highest
absorption value on ZnO thin films was in
the wavelength range of 360-370 nm, ie.,
ZnO thin film can absorb in the area of the
ultraviolet region (Mia et al., 2017; Siregar
et al., 2020). Based on this absorption
region, then can be calculated the bandgap
energy by the Touch plot method using the
equation:

(ahv)'/? = A(HV - Ej) 7
Where o was the absorption coefficient, &
was Plank's constant, v was the frequency of
light radiation, E, was the bandgap energy,
and the order was % for the allowed direct
transition (Pradeev raj et al., 2018). Then a
graph was plotted (chv)” on the y-axis and
hv on the x-axis. The plot results are shown
in Figure 5.
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Figure 5. Band Gap Energy of Mg Doped ZnO (a) 0%, (b) 1%, (c) 3%, and (d) 5% Varied Mg Concentration

Bandgap energy of ZnO thin films
increased in 1% and 3% Mg doping but
decreased in 5% Mg doping. Bandgap energy
of Mg doped ZnO thin film can be seen in
Table 4. The bandgap energy increased with
the Mg doping concentration (Thonglem et
al.,2016), and the edge of the band shitted to
the lower wavelength side (higher energy) or
the so-called blue shift as known as the
Burstein-Moss effect (Siregar et al., 2021).

Table 4. Band Gap Energy of Mg Doped ZnO
Band Gap Energy (Ev)

Mg Concentration (%)

0 3.11
1 3.4
3 3.17
5 3.14

This shift can be attributed to an increase
in the concentration of charge carriers in the
conduction band due to absorption. As the
doping increases, the state close to the
conduction band is filled, thereby shifting the
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Fermi level, which causes the energy
bandgap to widen (Priscilla et al., 2021).

The bandgap energy decreases in 5% Mg-
doped ZnO thin film, its the increasing of
doping gives more enhancement of order and
the localized states. As we know, the
higher localized state can affect the lower
bandgap energy. Furthermore, the increase of
Mg 5% on ZnO thin film is likely produces
crystal lattice distortion and lattice defects.
The FESEM result proves that Mg 5% has a
higher porosity than the other, which can also
affect the bandgap energy. So, we can say
the 3% Mg concentration doped ZnO thin
film is optimum concentration can be used.
This result is similar to Haidar et al. (2020),
which studied the effect of Mg concentration
doped ZnO thin films with variations of 1%,
3%, and 5%, but used a different method
pulsed laser deposition.

The bandgap increases and Mg
concentration also increases, indicating that
the ZnO: Mg thin film was a compatible
material  for  optoelectronic  device
application (Huang et al., 2012).

The morphologies and optical properties
correspond those voids between the grains
formed at the thin film with Mg-doped 0%,
1%, and 3% let the light pass easily due to the
cavity or more light transmitted through the
ZnO thin films. This was following the
requirements in window layers preparation
which requires a material with a large
bandgap and allows large light-transmitting.

CONCLUSION

Thin films of ZnO: Mg with various
concentrations of Mg were deposited using
the sol-gel spin coating method and have
been successfully grown. The thin film Mg-
doped ZnO has a hexagonal wurtzite crystal
structure with a dominant peak in the
orientation plane (100), (002), and (101) and
has a preferential plane along the c-axis. The
crystal size increased with increasing of Mg
concentration. Moreover, a thin film with Mg
doping of 0%, 1%, and 3% had a uniform
film surface morphology with cavities
between the grains, while the granules were

denser in the film with 5% Mg doping. The
percentage of the Zn composition decreased
with the addition of Mg in each sample,
showing that Mg doping has combined with
ZnO. The highest absorption occurred at a
wavelength range of 360-370 nm. In
addition, the bandgap value in the ZnO thin
film increased in Mg doping by 1% and 3%
but decreased in Mg 5% doping which was
assumed because of the oxygen excess in 5%
Mg-doped film. The bandgap value was in
the range of 3.11-3.17 eV. The bandgap value
was suitable for optoelectronic field
applications. The next study was needed to
measure the film's thickness and the
electrical properties to get complete
information of the Mg-doped ZnO thin film
as window layer material on the solar cell
application.
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