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Abstract

In this study, a new route to produce pure and composite Zn0O-MgO thin films has been presented.
In the process the pure ZnO thin films were the starting point, ending up with MgO by doping
various percentages (from 0% to 100%) of Mg with the help of sol-gel spin coating technique. The
crystal phases in all doping levels have been obtained when the samples annealed at 600°C for a
duration of 6 hours. The X-ray diffraction (XRD) spectra, the scanning electron microscopy (SEM)
micrographs and UV-Vis absorption spectra have been performed to elucidate the composed film
structures.
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1. Introduction

Metal oxide thin films have received great attraction in the recent years due to their outstanding characteristics
in optical properties in the area of photonics. ZnO nanostructures display novel size dependent effects [1] [2],
good electrical properties and high luminescence yields [3]-[6]. ZnO thin films have the potential to be used as
thin solar cells, field effect transistors, chemical/gas sensors, photocatalyzers and antimicrobial agents [7]-[11].
Zinc oxide is a direct band gap (~3.37 eV) semiconductor material and has a stable wurtzite structure with the
lattice spacing of a = 0.325 nm and ¢ = 0.521 nm.

Mg may be used as dopant to modify the luminescence of ZnO crystals since one needs to construct hetero-
junction to obtain double confinement actions for both electrons and photons [12] and has similar physical and
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chemical properties to those of Zn. For example, the ionic radii of Mg®* and Zn** ions are similar (0.57 A for
magnesium and 0.6 A for zinc). Doping Mg to ZnO films can create MgO nanostructures [13] and this process is
performed generally to increase the bandgap of zinc oxide from 3.37 eV to higher values up to 7.7 eV [14].
MgO has a cubic rack salt structure and a = 4.212 A with the band gap of 7.6 eV, known to be made of p-type
semiconductor by doping lithium etc. It can be used for gas sensors, superconductors, solar cells, electronics,
semiconductors and catalysis [15]-[20].

Pure ZnO, MgO thin films and their doped forms can be produced by various techniques, namely pulsed laser
deposition (PLD), metal organic chemical vapor deposition (MOCVD), molecular beam epitaxy (MBE), magne-
tron sputtering etc. [21] [22]. Hydrothermal production technique can also be employed in these types of oxide
films. Sol-gel chemistry together with the spin coating method is generally exploited to obtain high quality thin
films of tens of cm? film areas on both crystalline and amorphous surfaces. The crystalline quality of the film
can then be improved by using conventional annealing processes [23] [24].

In this study it has been aimed to produce Mg doped ZnO thin films. For this purpose, a series of experiments
have been performed with up to 100% Mg doping concentrations. The molarity of all the semiconductor thin
films produced was selected to be 0.5 M. 600°C thermal annealings have been performed for all samples to
reach the crystalline phase. Mg or other metal doping experiments made by various research groups have been
reported to obtain the optimal doping concentration at about 3%. Above this doping value the thin films are re-
ported to worsen the crystalline quality [25] [26]. In the current study we have also noticed that behavior, though
at 15% doping level, however by carrying on with higher doping concentrations the crystal phase was returned.
When reaching at 100% doping level, we have perceived that ZnO and MgO crystal phases inhibit together
within the film matrices, finally reaching the thin film of MgO.

2. Experimental

Pure ZnO, MgO and Mg/Zn doped ZnO/MgO thin films have been deposited onto the microscope glasses by
using the spin coater. For the pure ZnO thin films, zinc precursor solution was prepared by dissolving zinc ace-
tate dehydrate (C4H100¢Zn) in methoxyethanol (C3;HgO,) to obtain 0.5 M concentration. In this process mono-
ethanolamine was used as a complexing agent. For the Mg doped and pure MgO films (i.e., 100% Mg doping),
magnesium acetate tetrahydrate (Mg(CHsCOQ), 4H,0) has been used with methoxyethanol (C3;HgO,) and sol
has been obtained with 0.5 M concentration. These two solutions have been used to attain the desired doping
concentrations. For example, for 1% Mg doping, 1:99 ratio has been used to obtain the desired Mg:ZnO doped
films. All solutions were mixed at 60°C/1h using magnetic stirrer (Wisestir, MSH-20A) at atmospheric pressure.
The films were then spin coated on microscope glasses at the speed of 500 rpm and undergone ten layers of
deposition. Each layer was dried at 250°C for 10 minutes to remove the residual parts from the films. Having
completed the ten layers of coatings, the thin film coated samples were annealed at 600°C for six hours at a fur-
nace (Nabertherm B170) to reach the crystal phase (see Figure 1). This process was repeated for the pure ZnO,
MgO and the mixture of ZnO/MgO thin films and all the samples have been analyzed by means of the XRD,
SEM and UV-Vis spectrometry.

3. Results and Discussion
3.1. XRD Spectra

The XRD spectra of the produced thin films (ZnO, MgO and the mixture of the two) have been recorded by
means of an XRD diffractometer (Rigaku D/Max 2200PC) using CuK, band (4 = 0.154 nm). For all the doping
concentration levels it has been found that all the films were crystallized at 600°C. Doping Mg to the ZnO
structure has decreased the ZnO classical peaks, though they exhibited themselves in the XRD pattern (see Fig-
ure 2 and Figure 3). Increasing the doping concentrations of Mg has continually decreased the ZnO peaks
whereas the MgO peaks have appeared to increase in intensity which was the sign of forming independent MgO
nanostructures together with the ZnO ones.

This can be clearly seen in Figure 3 and Figure 4. When carefully examined, the (101) peak related to ZnO is
continually diminished in intensity and after 70% Mg doping concentration level it ceases whereas the MgO
(200) and (220) peaks are increased in intensity regarding to the increase of doping concentration (see Figures
4(a)-(d)). Relative intensity decreases (for ZnO peaks) and increases (for MgO peaks) justify the desired doping
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Figure 1. Flow diagram of the ZnO, MgO and nZnO + mMgO thin film pro-
duction process.
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Figure 2. XRD patterns of the thin films annealed at 600°C for (a) undoped
ZnO; (b) 3% Mg doped ZnO and (c) 10% Mg doped ZnO thin films on micro-
scope glasses. Diffraction peaks denoted here are related to the ZnO.

concentration levels. From Figures 2-4 one may conclude that the ZnO and MgO nano/microstructures coexist
in the film matrices from the fact that the two XRD pattern in these figures reflects the two phases living to-
gether and that the peaks do not affect each other’s position. With this process we have successfully obtained
thin films in various doping concentrations, which seemed to be a new route to attain various hybrid thin films
that can be used in the optoelectronics industry. One may conclude here that the process could be repeated by
starting with MgO and doping Zn into the structure and this might give the similar results obtained in this study.

3.2. SEM Micrographs

The SEM micrographs of all the samples have been taken using an SEM (JEOL 6060LV) spectrometer. Figure 5
and Figure 6 depict the morphology of the thin films produced by annealing the samples at 600°C for six hours

in various Mg doping concentrations.
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Figure 3. XRD patterns of the thin films annealed at 600°C for (a) 5% Mg
doped ZnO; (b) 7% Mg doped ZnO; (c) 10% Mg doped ZnO; (d) 15% Mg
doped ZnO; (e) 20% Mg doped ZnO; (f) 30% Mg doped ZnO; (g) 40% Mg
doped ZnO; (h) 50% Mg doped ZnO; (i) 70% Mg doped ZnO; (j) 90% Mg-
doped ZnO; and (k) 100% Mg doped ZnO (or undoped MgO) thin films on
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Figure 4. XRD patterns of the thin films annealed at 600°C for (a) 20% Mg
doped ZnO; (b) 40% Mg doped ZnO; (c) 70% Mg doped ZnO; (d) 100% Mg
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doped ZnO (or undoped MgO) thin films on microscope glasses.

From the SEM images it has been perceived that the grain shapes change from spherical to rocky-like struc-
ture when doping concentration is increased (see Figure 5 and Figure 6). In these images it has been concluded
that the thermal annealing of 600°C has the potential to cause some cracks within the film structure. The volume
change during the annealing process is thought to be the main reason for the stress in the films, forming these
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In general, the thin films obtained contain plain areas together with some nanorods or nanocobweb-like struc-
tures. If one carefully examines the XRD spectrum and SEM image for 15% Mg doped ZnO thin film, it can be
concluded that the MgO crystal grains tend to amorphise and the grains seems to be vague (see Figure 5(c)).
From the SEM images the grains sizes/radii for ZnO crystal phase are found to be around 50 to 70 nm whereas
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Figure 5. SEM images of the ZnO:Mg thin films (a) undoped (ZnO), annealed
at 600°C; (b) 3% Mg doped ZnO; (c) 15% Mg doped ZnO and (d) 40% Mg
doped ZnO.
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Figure 6. SEM images of the ZnO:MgO thin films, (a) 50% Mg doped ZnO;
(b) 70% Mg doped ZnO; (c) 90% Mg doped ZnO and (d) 100% Mg doped
ZnO (i.e., MgO thin film).

they have been evaluated to be 22 to 30 nm by using the Debye-Scherrer formula

where A is the wavelength of the X-ray (4 = 1.54059 A), gis full width at half maximum of the diffraction peak
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(FWHM, in rad), @ is the diffraction angle and the constant K has the value about 0.9 - 0.92. The difference be-
tween the evaluation and the observation is attributed to the fact that the grains in the SEM images may consist
of multi-crystal fragments and this might be enlighten by using high resolution SEM images, e.g. FESEM.

The grain sizes for MgO are evaluated to be 15 - 35 nm by using XRD spectra whereas they are measured to
be 50 nm up to 40% doping concentrations (see Figure 5(d)). For higher doping concentrations two distinct
structures appear in the thin films produced, ones being thoroughly shperical (and bigger in size, about 120 nm)
and the others, dot like structures (about 10 nm) (see Figure 6(c)). This clearly shows that the MgO grain size
evaluation value is likely to be correct. For pure MgO thin films, i.e. 100% Mg doping case, the structure is dif-
ficult to analyse (see Figure 6(d)) in terms of grain dimensions.

3.3. UV-Vis Spectra

The UV-Vis spectra of ZnO and Mg doped ZnO thin films have been obtained by using Agilent 8453 UV-Vis
spectrometer. The spectra for the samples annealed at 600°C for six hours have been depicted in Figure 7.
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Figure 7. UV-Vis spectra of the ZnO:Mg samples annealed at 600°C for dop-
ing level of (a) undoped (ZnO); (b) 3% Mg doped ZnO; (c) 15% Mg doped
ZnO; (d) 40% Mg doped ZnO; (e) 50% Mg doped ZnO; (f) 70% Mg doped
Zn0O; (g) 90% Mg doped ZnO and (h) pure MgO.
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From the spectra it has been perceived that for the samples annealed at 600°C, the annealing temperature has
the effect of creating the conventional ZnO peak which was situated at about 370 nm (3.35 eV) and new absorp-
tion bands for pure MgO thin films situated at about 550 nm (2.26 eV), 610 nm (2.04 eV) and 700 nm (1.78 eV).
Increasing the dopant (Mg) concentration has the effect of suppressing the ZnO absorption peak (see Figures
7(a)-(c)) and wiping it out at higher doping concentrations (after 40% Mg doping level). This can be clearly seen
in Figures 7(d)-(h). After 15% Mg doping concentrations the MgO absorption peaks reveal themselves and
these peaks become dominant after 90% Mg doping level. These new MgO absorption peaks are of importance
as they can be used as wavelength selective applications. A very similar result for Cu doping, which has a strong
absorption bands situated at about 570 nm wavelength, has been obtained in another work [27].

4. Conclusions and Discussions

In this study Mg doped ZnO thin films in various concentrations were fabricated on microscope glasses using
the spin coating method and the optical properties of these samples were investigated by using XRD, SEM and
UV-Vis spectra. It has been found that for all Mg doping concentrations, ranging from 0% to 100%, crystal
structures have been attained. From the XRD spectra it has been found that the thin films inhibit both the ZnO
and the MgO semiconductor crystal structures together within the film matrices as their diffraction peaks pre-
sented in the spectra and the doping concentrations reflect themselves in the peak heights, therefore the presence
of one has not any impact of suppressing the other’s intensity. We have managed to produce MgO and ZnO
grains together inside the film matrix which, to our knowledge, is the first appearance of these kind of empirical
processes in the literature. From these serial experiments one may realize that it is likely to produce various
metal doped thin film structures which might inhibit very interesting optical properties in the area of photonics.

From the SEM images it has been perceived that the grain sizes and shapes change to some extent by chang-
ing the doping concentration. The shape of grains initially looks like more or less a sphere (for pure ZnO thin
films) and ends up with a rather rocky structure when reaching the MgO crystal phase. For higher Mg doping
concentrations two distinct structures appear in the thin films produced, ones being thoroughly shperical and the
others dot like structures. Forming MgO in the thin film structures together with ZnO diminishes the ZnO ab-
sorption peak situated at 370 nm and creates absorption bands at about 550 nm, 610 nm and 700 nm.
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