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The Mg,ZnO thin films with the various content ratio ranging from 0 to 0.4 were prepared by sol-gel spin-
coating method. To investigate the effects of content ratio on the structural and optical properties of the
Mg.ZnO thin films, scanning electron microscopy (SEM), X-ray diffraction (XRD), and photoluminescence
(PL) were carried out. With increase in the content ratio, the grain size of the Mg,Zn,.,O thin films was
increased, however, at the content ratio above 0.2, MgO particles with cubic structure were formed on the
surface of the Mg,Zn,O thin films, indicating that the Mg content exceeded its solubility limit in the thin films.
The residual stress of the Mg,Zn, O thin films is increased with increase in the Mg mole fraction. In the PL
investigations, the bandgap and the activation energy of the Mg,Zn;..O thin films was increased with the Mg

mole fraction.
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Introduction

ZnO and MgZnO are group II-VI wide-bandgap materials
that are currently under intense study as blue and ultraviolet
light-emitting diodes (LEDs)." In particular, its large
exciton binding energy of 60 meV,® which is larger than the
thermal energy at room temperature (RT), allows excitons to
play important roles at RT and ensures efficient lasing even
at RT.” In addition, its high thermal and chemical stability
with the possibility of using the wet processing has led to
ZnO-based oxide semiconductor as an alternative material to
nitride semiconductors.

However, to fully utilize ZnO-based oxide semiconductor
in optoelectronic devices, the realization of bandgap
engineering is required to grow barrier layers and quantum
well in heterostructures. In general, Mg is incorporated as
substitutional type materials to control the bandgap in
ternary oxide semiconductors.*® Although Mg?* (0.57 A)
has a similar ionic radius to Zn** (0.60 A), the solid solubility
of MgO in the ZnO matrix is limited due to its different
crystal structure. MgO has a cubic rock salt structure,'’
while ZnO has a hexagonal wurtzite structure.!’ So, the
reports have demonstrated that the MgZnO alloy thin films
with a wide range of Mg?" from 0 to 36% still maintained
the hexagonal lattice structure due to the similar ionic radius
of Mg?" and Zn*", and corresponding energy bandgap could
be increased from 3.34 to 3.96 eV.!> Moreover, the MgZnO
thin films could produce a bright ultraviolet luminescence at
RT due to the band edge exciton recombination. This makes

the MgZnO thin films acts as an excellent candidate for
ultraviolet optoelectronic devices such as UV LED, UV
laser, and UV detector.

Nonequilibrium growth conditions vary with the preparing
technique, such as pulsed laser deposition (PLD),'*!*
sputtering,'> metalorganic vapor phase epitaxy (MOVPE),!
and molecular beam epitaxy (MBE),'” leading to a different
Mg saturation concentration. Accordingly, it is worth ap-
plying various preparation methods to explore the Mg
saturation content and thermal stability of the MgZnO alloys
in order to better understand this material. Until now, little
work has been done to investigate the MgZnO thin films by
using sol-gel method.”® In this study, sol-gel spin-coating
method was adopted to deposit the Mg,Zn;,O thin films
with various Mg mole fractions because spin-coating techni-
que has distinct advantages such as easy and cheap opera-
tion, excellent compositional control, and homogeneity on
the molecular level.

Experimental Details

The Mg,Zn;.,O thin films were grown on Si (100) sub-
strates by using sol-gel spin-coating method. The Si sub-
strates were cleaned by immersion in a piranha solution
(H2S04:H>0, = 8:1) at 110 °C for 15 min and then in hydro-
fluoric acid (HF 50%:H,O = 1:9) for 1 min. The preparation
of the Mg,Zn;,O thin films is illustrated schematically in
Figure 1. The precursor solution was prepared by dissolving
0.5 M zinc acetate dihydrate [Zn(CH3;COO),-2H,O] in
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Figure 1. Flow chart for the preparation of the Mg.Zn; O thin
films by sol-gel spin-coating method.

0.5 M 2-methoxyethanol as a solvent, and monoethanol-
amine (MEA) was added to the stable sol solution. The
molar ratio of zinc acetate dihydrate to 2-methoxyethanol
was maintained at 1:1. The Mg mole fraction was controlled
by the change in the wt% ratio of magnesium acetate
tetrahydrate [Mg(CH3COO),-4H,0] to zinc acetate dihyd-
rate from 0 to 0.4. The resultant sol solution was stirred at
60 °C for 2 h to yield a clear and homogenous solution. The
sol solution was preserved for 1 day before the growth of the
Mg, Zn;O thin films. The sol solution was spin-coated onto
Si substrate, rotated at 3000 rpm for 20 s. The Mg.Zn;.,O
thin films were heated at 300 °C for 10 min to evaporate the
solvent and remove the organic residuals (named as pre-heat
treatment). After the pre-heat treatment, the Mg,Zn;.,O thin
films were cooled with the cooling rate of 5 °C/min to avoid
cracks. The spin-coating and pre-heating processes were
repeated three times. In order to crystallize, the Mg,Zn;,O
thin films were heated in a furnace under an air atmosphere
at 500 °C for 1 h (named as post-heat treatment). The effects
of Mg mole fraction on the structural and the optical
properties of the Mg,Zn,.,O thin films were investigated by
scanning electron microscopy (SEM), X-ray diffraction
(XRD), and photoluminescence (PL).

Results and Discussion

Figure 2 shows SEM images of the Mg.Zn;.,O thin films
with different content ratio of magnesium acetate tetra-
hydrate to zinc acetate dihydrate; (a) 0, (b) 0.05, (c) 0.1, (d)
0.2, (e) 0.3, and (f) 0.4. All the Mg,Zn;.,O thin films exhibit
a rough surface with the three-dimensional (3D) island
growth. In the initial stage of ZnO thin films growth on Si
substrates, ZnO thin films generally show 3D islands'® due
to the lattice and chemical mismatches between the ZnO and
the Si. These factors make the surface of the ZnO films on Si
rough. The number of the voids was decreased with increase
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Figure 2. SEM images of the Mg,Zn; O thin films with various
content ratio of magnesium acetate tetrahydrate to zinc acetate
dihydrate; (a) 0, (b) 0.05, (¢) 0.1, (d) 0.2, (e) 0.3, and (f) 0.4.

in the content ratio of the Mg,Zn,O thin films. The incorpo-
ration of Mg in MgZnO thin films may promote lateral
growth and favor layer-by-layer growth with smooth surface
in comparison to the ZnO thin films on Si as the increase in
the Mg content. In the ZnO thin films with a hexagonal
wurtzite structure, the preferred growth direction is along the
c-axis with [001] crystal orientation. Thus, the vertical
growth rate is rapid with the relatively limited lateral
growth.”’ However, the addition of MgO with a cubic rock
salt structure suppresses the vertical growth along the [001]
direction and promotes the lateral growth. Consequently, this
leads increase in the particle density of the Mg.Zn;O thin
films. The void was gradually increased by further increase
in the content ratio. In addition, the particles were formed
due to relatively high content ratio.”!

Figure 3 shows the XRD patterns of the Mg,Zn;.,O thin
films with different content ratio of magnesium acetate tetra-
hydrate to zinc acetate dihydrate. From all the Mg,Zn,.,O
thin films, four ZnO diffraction peaks at 31°, 34°, 36°, and
56° are observed, corresponding to ZnO (100), (002), (101),
and (110), respectively. The intensity of the diffraction peak
at 34° from the MgZnO thin films (0.05 < x < 0.4) is stronger
than that of the ZnO, which indicates that preferred growth
direction is along the c-axis with [001] crystal orientation. It
is well-known that ZnO is usually grown with c-axis pre-
ferred orientation under typical growth conditions because
of the lowest surface energy of the (001) basal plane in ZnO,
leading to a preferred growth in the [001] direction.” In
general, the intensity of the (002) diffraction peak of
Mg, Zn;O films was decreased with increase in the Mg
content due to the degraded crystallographic characteri-
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Figure 3. XRD pattern of the Mg.Zn::O thin films with various
content ratio of magnesium acetate tetrahydrate to zinc acetate
dihydrate; (a) 0, (b) 0.05, (¢) 0.1, (d) 0.2, (e) 0.3, and (f) 0.4.

stics.”> However, the opposite results were occasionally
reported.”**> It was assumed that the enhancement in the
(002) diffraction peak was due to increase in the oxygen
affinity between Zn and O caused by the incorporation of
MgO. The dynamic affinity of the Zn for bonding with O
might be improved by the incorporation with a suitable
amount of MgO due to the oxygen affinity of the Mg is
larger than that of the Zn. The relatively stronger bond
between Mg and O leads to the existence of more oxygen, in
sequence, the more stoichiometric ZnO crystals were gene-
rated in the Mg,Zn;.,O thin films. As a result, the intensity of
the (002) diffraction peak from the Mg,Zn;.,O thin films
with the Mg content ratio of 0.05 was much stronger than
that of the ZnO. However, the intensity of the (002)
diffraction peak was again decreased further increase in the
content ratio, which was because the influence of the
degraded crystallographic characteristics became larger than
that of the stoichiometric improvement. To demonstrate that
further studies will be needed. The formation of MgO on
surface of the MgZnO thin films was observed as evidenced
by the appearance of MgO (200) diffraction peak at 43°,
indicating that the Mg content exceeded its solubility limit in
the MgZnO alloys.

The lattice parameters of the Mg,Zn;.,O thin films vary
with the composition by following Vegard’s law, showing a
linear relationship among them. With d(002)z,0 = 2.6065 A
and d(111)meo = 2.4363 A, the lattice parameters of the
Mg,Zn; O thin films change by following linear expression,

d(Mg,Zn;,0) = d(111)ygox + d(002)z50°(1-x) (1)

Therefore, the average Mg mole fraction in the Mg,Zn;.,O
thin films estimated from above equation for the ZnO (002)
diffraction peak position is 0%, 1.2%, 4.1%, 4.7%, 4.7%,
and 4.7% for the content ratio of 0, 0.05, 0.1, 0.2, 0.3, and
0.4, respectively. Figure 4 shows the average Mg mole
fraction as a function of the content ratio of magnesium
acetate tetrahydrate to zinc acetate dihydrate. At the content
ratio above 0.2, the Mg mole fraction is almost same, which
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Figure 4. Mg mole fraction of the Mg,Zn,.,O thin films as a
function of the content ratio of magnesium acetate tetrahydrate to
zinc acetate dihydrate.

indicates that the solid solubility of the Mg,Zn;O thin films
grown by sol-gel spin-coating method is limited at the
content ratio of 0.2 (average Mg mole fraction: 4.7%).
According to the phase diagram of the ZnO-MgO binary
system, the thermodynamic solubility limit of MgO in ZnO
is about 4 at %, due to the different crystal structures of ZnO
and MgO. However, Ohtomo et al."® suggested that the solid
solubility of MgO in ZnO prepared by PLD is 33% for thin
films alloys under metastable conditions. Yang et al."* also
reported the complete bandgap alloying of Mg.Zn;,O pre-
pared by PLD for the Mg mole fraction ranging from 0 to 1.
The Mg.Zn; O with the Mg mole fraction in the range from
0 to 0.37 has a hexagonal wurtzite structure. At the Mg mole
fraction ranging from 0.37 to 0.62, Mg,Zn;. O has a mixed
structure of hexagonal and cubic phases with undefined
energy bandgap. By further increase in the Mg mole frac-
tion, Mg.Zn; O has a cubic structure. In the PLD growth
process, the precursors arrive at the substrate surface and
rapidly cooled. So, the nonequilibrium nature of crystal
growth enabled to fabricate solid solution MgZnO thin films
well above the thermodynamic solubility limit."> However,
the solubility limit of MgO in ZnO for the MgZnO thin films
in this study was 4.7% because the sol-gel spin-coating
method is performed under equilibrium nature of crystal
growth.

Figure 5 shows the residual stress and the bond length as a
function of the content ratio of magnesium acetate tetra-
hydrate to zinc acetate dihydrate. The residual stress o in the
Mg, Zn;.,O thin films can be expressed as*

2
_ + _
o= 2C;-Cx(Cyy C12)XC Co

2
2C; C @

where Cj are elastic stiffness constants for ZnO (Ci; =207.0
GPa, C33 =209.5 GPa, C12 =117.7 GPa, and C13 = 106.1
GPa). The ¢ and the ¢y are the lattice parameters of the ZnO
thin films and of the strain-free ZnO, respectively. If the
stress is positive, the biaxial stress is tensile; if the stress is
negative, the biaxial stress is compressive. The residual
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Figure 5. Residual stress and bond length of Zn-O in the Mg,Zn;,O
thin films as a function of the content ratio of magnesium acetate
tetrahydrate to zinc acetate dihydrate.

stress of the Mg,Zn; O thin films was increased as the
content ratio was increased, however, it was keep constant at
the content ratio above 0.2 due to the saturation of Mg
incorporation. This tendency is very similar to the change in
Mg mole fraction as shown in Figure 4. The residual stress is
generated in the ZnO due to the difference in the lattice
constants and the thermal expansion coefficients between
ZnO and Si. For the Mg,Zn,O thin films, the residual stress
was increased with increase in the Mg mole fraction due to
the difference ionic radius and the lattice distortion. The
bond length L of the Zn-O is given by

2 2
1 2
e

I 3)
where the u parameter is given by (in the wurtzite structure)

2
= a_2 +0.25 )

3¢

and relates to a/c ratio. The bond length of the Zn-O in the
Mg.Zn;,O thin films was decreased from 1.948 to 1.942 A
at the content ratio ranging from 0 to 0.2. By further increase
in the content ratio, the bond length is almost same due to
saturated Mg incorporation.

Figure 6 shows normalized PL spectra of (a) near-band-
edge emission (NBE) and (b) deep-level emission (DLE)
peak of the Mg,Zn;O thin films. Figure 6(c) exhibits the
energy of NBE and DLE peak as a function of the content
ratio and the inset shows the residual stress as a function of
the NBE peak energy. The PL spectra of the Mg,Zn,.,O thin
films have typical emissions in UV and visible ranges. In the
UV range, NBE peak is generated by the free-exciton re-
combination, but in the visible range, DLE peak is caused by
impurities and structural defects such as oxygen vacancies
and zinc interstitials. As shown in Fig. (a) and (c), the NBE
peak was shifted to high-energy site as the content ratio
increased from 0 to 0.2, which corresponds to an increase in
the bandgap from 3.28 to 3.47 eV, and a further increase in
the content ratio, however, rarely changed NBE peak energy.
This provides an evidence for the saturation of Mg content
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Figure 6. Normalized PL spectra of (a) near-band-edge emission
(NBE) and (b) deep-level emission (DLE) peak of the Mg,Zn;.,O
thin films. (c) shows energy of NBE and DLE peak as a function of
the content ratio and the inset exhibits the residual stress as a
function of the NBE peak energy.

in the Mg,Zn,.,O thin films grown by sol-gel spin-coating
method. On the other hand, the energy of the DLE peak was
increased from 2.29 to 2.56 eV as the content ratio increased
up to 0.4. This is because the origin of the DLE peak is
band-to-deep level radiative recombination while the NBE
peak is caused by band-to-band radiative recombination in
ZnO. Nonlinear optical properties related to band gap of sol-
gel Mg.Zn;,O thin films as a function of Mg content were
reported by Ghosh and Basak.?’ The green emission of ZnO
(content ratio: 0) has been attributed to various types of
defects such as oxygen vacancies (Vo),”® zinc vacancies
(Vzn),” oxygen atoms at the zinc position in the crystal
lattice (Oz,)," as well as donor-acceptor pair (DAP).>° How-
ever, there are only few reports for the effects of Mg mole
fraction on defect-related PL of Mg,Zn,.,O thin films. Trunk
et al*' suggested that the blue emission of Mg,Zn;O thin
films is attributed to transitions of interstitial zinc (Zn;) to
Vzn and Zn; to interstitial oxygen (O;). And also, the green
emission of Mg,Zn,.,O thin films is caused by free-to-bound
type transitions between Zn;/Vz, with Ey/Ec edges, respec-
tively. Ogawa and Fujihara® reported that the blue emission
of Mg,Zn,.,O thin films is related to increase in the bandgap
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by Mg incorporation. For the Mg,Zn,.,O thin films, the shift
of the DLE peak is presumably due to the Mg-related trap
level. However, detail mechanisms are still not fully under-
stood.

The temperature dependence of the integrated PL intensity
for the Mg,Zn;,O thin films with the various content ratio as
a function of the temperature ranging from 10 to 300 K.
With increase in the temperature, the PL intensity corre-
sponding to the emission peak is given by

1o

1= )
[1+C exp(—AE ,/kgT)]

where / is the integrated PL intensity, /j is the PL intensity at
0 K, C is the ratio of the thermal escape rate to the radiation
recombination rate, E4 is the activation energy, and kg is the
Boltzmann constant. Equation (5) assumes that the dominant
mechanism for the PL intensity change with increasing
temperature is the thermal activation of carriers. Indeed, the
integrated PL intensity is decreased almost exponentially
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with the activation energy at a given temperature. The
activation energy of the Mg.Zn; O thin films with the
content ratio of 0, 0.1, and 0.2 is found to be about 24.8,
41.9, and 42.9 meV, respectively. The activation energy was
increased with increase in the content ratio. Kim er al.*
suggested that the enhanced thermal activation energy of
Mg.Zn;O films was due to the non-uniform distribution of
Mg atoms originating from the different crystal structure. It
is implied that a lot of the free excitons in MgZnO thin films
could survive at RT.**

Conclusion

The structural and optical properties of the Mg,Zn; O thin
films with the various content ratio grown by sol-gel spin-
coating method were investigated. The Mg,Zn,.,O thin films
exhibit island growth and the grain size was increased with
content ratio. However, at the content ratio above 0.2, MgO
particles with cubic structure were formed on the surface of
the Mg,Zn;.,O thin films, indicating that the Mg content
exceeded its solubility limit in the thin films. The limit of the
Mg mole fraction of the Mg,Zn;. O thin films is about 4.7%
because the sol-gel spin-coating method is performed under
equilibrium nature of crystal growth. The residual stress of
the Mg.Zn;O thin films is increased with increase in the
Mg mole fraction. PL revealed blue-shift in NBE peak and
increase in activation energy, as the Mg mole fraction of the
Mg.Zn;O thin films increased.
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