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Abstract In this report, the structural and optical properties of sol-gel derived Mg
x
Zn1-xO thin films upon

changes in the composition and annealing temperature were investigated. The Mg2+ content and the annealing

temperature were varied in the range of 0≤ x ≤0.35 and 400 oC≤ T ≤600 oC, respectively. The films exhibited

a hexagonal wurtzite structure of a polycrystalline nature. The optical transmittance exceeded 85% and the

optical band gap of the film was tuned as high as 3.84 eV at a value of x = 0.35 (annealed at 400 oC), which

was evidently the maximum Mg2+ content for the single-phase polycrystalline MgxZn1-xO thin films prepared

in this experiment. The optical band gap and photoluminescence emission were tailored to the higher energy

side while maintaining crystallinity without a significant change of the lattice constant.
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1. Introduction

It is well known that ZnO and its ternary alloys such

as, ZnMgO and ZnCdO have the potential to compete

with the existing III-V nitrides (GaN) based technology

for optoelectronic device that operate in blue and

ultraviolet (UV) region.1) Like GaN, ZnO is a direct band

gap semiconductor with a band gap of 3.37 eV and a 60 meV

binding energy for its excitons at room temperature.2-4)

This exciton binding energy is nearly three times stronger

than GaN or ZnSe, so it promises strong and efficient

light emission at room temperature. Fabrication of UV

light emitting diodes are possible, and of particular

interest is the solar blind region of the UV spectrum,

which can be realized with the addition of Cd and Mg

for lattice-matched bandgap engineering, similar to that

used in the Zn(Mg)SeTe light emitting alloys.5)

It is reported that the modulation of the optical band

gap is possible with the incorporation of Mg ions and the

main advantage of Mg2+ incorporation is that the original

lattice constant of ZnO could be maintained owing to the

similarity in ionic radii of Zn (0.60 Å) and Mg (0.57 Å).6)

The phase diagram indicates the thermodynamic solid

solubility of MgO in ZnO to less than 4 mol% of ZnO-

MgO binary system.7) The Mg
x
Zn1-xO films with x

reportedly up to 0.33 are essentially in the metastable

phase,8) hence the sol-gel technique has edge over other

growth techniques for fabricating metastable films, which

offers ease of composition control. The sol-gel technique

offers a low temperature method for synthesizing both

inorganic and organic materials. This low temperature

process has advantages in the control of precursor

solution stoichiometry, as well as modification of

composition. Sol-gel preparations are therefore ideal for

exploratory studies for a large number of materials.

However, Mg
x
Zn1-xO thin films have mostly been

fabricated by vacuum deposition methods, such as pulsed

laser deposition (PLD),9) molecular beam epitaxy (MBE),10)

metal organic vapor phase epitaxy (MOVPE),11) and RF

magnetron sputtering.12)

In this paper, we report on the sol-gel derived Mg
x
Zn1-xO

thin films with different Mg2+ content grown on glass

and Si substrates by spin coating technique. The

influence of Mg2+ content on structural and optical

properties of the films has been investigated.

2. Experimental procedure

The starting sol solution of Mg
x
Zn1-xO was prepared from

a mixture of zinc acetate dihydrate [Zn(CH3COO)2·2H2O]

(99.0 ~ 101.0%, Merck, Germany), magnesium acetate

tetrahydrate [Mg(CH3COO)2·4H2O] (99.5 ~ 102.0%, Merck,

Germany), ethyl alcohol [C2H5OH] (99.9%, Merck,

Germany), and diethanolamine (DEA) [C4H11NO2] (min.

99.5%, Merck, Germany). The concentration of metal
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ions was kept constant at 0.1 mol/l with the concentration

of Mg2+ controlled at 0.00 ~ 0.03 mol/l. The Mg
x
Zn1-xO

thin films were deposited at a spin speed of 2500 rpm for

30 seconds. 0.2 mL of the prepared sol was dropped onto

substrates for each coating. After each coating, the

samples were pre-heated at 400 oC for 5 minutes. This

process was repeated 10 times to obtain the desired film

thickness. The films were then annealed in the

temperature range of 400 ~ 600 oC for 3 hours in air

ambient at a heating rate of 10 K/min. The thickness of

the samples was kept constant at 100 ± 15 nm. The

crystal structure of the films was characterized by using

high resolution x-ray diffractometer (HR-XRD, Bruker

DISCOVER, Germany) with Cu-Kα radiation. The

surface morphology and grain size were observed with

field-emission scanning electron microscopy (FE-SEM,

JSM-6770F, Japan). The Mg2+ content in the films was

analyzed by electron probe x-ray micro analyzer (EPMA,

Jeol JXA-8900R, Japan). The optical transmittance and

photoluminescence were measured at room temperature

using UV/VIS/NIR spectrophotometer (Jasco UV-570,

Japan) and a He-Cd laser (λ=325 nm) excitation source

(PL, SPEX1403, USA), respectively.

3. Result and discussion

3.1 Structural properties

The ratio of starting materials and the actual

composition of the Mg
x
Zn1-xO thin films measured by

EPMA are shown in Table 1. Fig. 1 shows the XRD

patterns of the Mg
x
Zn1-xO (0 ≤ x ≤ 0.35) thin films grown

on Si substrates. The films exhibit three distinguishable

peaks corresponding to (100), (002) and (101), indicating

polycrystalline nature of the wurtzite structured Mg
x
Zn1-xO

films. A gradual decrease in the intensity of the

diffraction peaks was observed with a continuous

increase in the x value to 0.35, indicating a possible

degradation in the local structure. Furthermore, a rather

poor crystal quality obtained at x = 0.35 implies an onset

of structural deformation or transition to cubic phase

from the metastable single phase wurtzite structure. Such

results conform to the previous reports in literature on the

limit of solubility for metastable single phase wurtzite

Mg
x
Zn1-xO.8) Although observations on the appearance of

Table 1. Ratio of the starting materials and the actual composition of the fabricated Mg
x
Zn1-xO thin films.

Starting Materials Number of Moles (mol/L)

Zn(CH3COO)2.2H2O 0.07 0.08 0.09 0.10 

Mg(CH3COO)2.4H2O 0.03 0.02 0.01 0.00 

Actual composition

(of the fabricated films)
Mg0.35Zn0.65O Mg0.25Zn0.75O Mg0.13Zn0.87O ZnO

Z7 Z8 Z9 Z10

Fig. 1. XRD spectra of Mg
x
Zn1-xO thin films annealed at (a)

400 oC, (b) 500 oC and (c) 600 oC.
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phase segregation in relation to the Mg2+ content in

Mg
x
Zn1-xO films have been reported earlier, the onset of

phase segregation, that is, the limit of solubility, is found

to vary considerably depending on processing techniques

and growth parameters.13-14) It was observed that the

peaks were shifted to higher angles with increasing Mg2+

content owing to the shrinkage in d-spacing as a

consequence of successful substitution of Zn2+ (0.60 Å)

with Mg2+ (0.57 Å).

Fig. 2 illustrates the relationship between the content of

Mg2+ and the lattice constant c. Although insignificant,

observable decrease in the lattice constant was observed

with increasing Mg2+ content as expected. The possibility

of aforementioned structural deformation can also be

supported by the larger deviation in the lattice parameters

where 0.25 ≤ x ≤ 0.35. Thus, it is reasonable to deduce

that the solubility limit of Mg2+ for metastable single

phase wurtzite structured Mg
x
Zn1-xO films prepared in

this experiment lies within the range of x = ~ 0.35. In the

aspect of variations of c-axis lattice parameter, since the

ionic radii of Zn2+ (0.60 Å) and Mg2+ (0.57 Å) are almost

similar, the substitution of Mg2+ at the Zn2+ lattice site

under low processing temperature results in an

insignificant change in the unit cell dimension as long as

the Mg2+ does not segregate from the unit cell of ZnO.

Therefore, a large variation in the c-axis lattice parameter

observed by other workers may be due to the

incorporation of Mg2+ at the interstitial sites of the

Mg
x
Zn1-xO films.

Fig. 3 depicts FE-SEM images of the Mg
x
Zn1-xO thin

films. It is obvious that grain size decreases with

increasing Mg2+ content. The reduction in grain size can

be explained by induction of tensile stress in the lattice

with the incorporation of Mg2+. As a result of this, net

energy of the system is raised, which is eventually

compensated by the formation of grain boundaries, hence

reducing the grain size. However, as expected, grain size

was observed to increase upon annealing regardless of

composition (SEM images of Z10 are only shown for

convenience).

3.2 Optical properties

Fig. 4 represents the optical transmittance spectra in

the wavelength range of 200 ~ 800 nm at room

temperature of the Mg
x
Zn1-xO films prepared on glass

substrates. The films were highly transparent in the

visible range with a sharp band edge absorption in the

UV region. The average transmittance of the films

having Mg2+ content of 0 ≤ x ≤ 0.35 in the visible range

was over 85%. Although a slight increase was observed,

it may be noted that there was no significant variation in

transmittance in the visible range with increasing Mg

concentration in the Mg
x
Zn1-xO films. This suggests that

scattering defect centers remain unaffected with

increasing Mg2+ content in the range of 0 ≤ x ≤ 0.35. This

result verifies high optical quality of the Mg
x
Zn1-xO

films. However, as a result of annealing, a gradual red-

shift of the absorption edge was observed with increasing

annealing temperature, especially at high Mg content.

This may be attributed by the reduction of tensile stress

upon annealing.

Considering the excitonic effect, bandgap values for

Mg
x
Zn1-xO films have been calculated using the Tauc’s

plot and plotted as a function of Mg2+ content, which is

shown in Fig. 5. As can be clearly seen, where the basic

structure of Mg
x
Zn1-xO is identical to that of wurtzite

ZnO (at the composition ratio of 0 ≤ x ≤ 0.35), the

bandgap of the films widened linearly with increasing

Mg content. Such a correlation between the Mg content

and bandgap is in good agreement with the previously

reported results by various groups.14-16) The optical

bandgap value of the wurtzite structured Mg
x
Zn1-xO thin

films was tuned as high as 3.84 eV at the maximum

content of x = 0.35. It is interesting to note that most

compositions exhibited a sharp absorption edge, whereas

a broadening in the absorption edge was observed at

x = 0.35. Previous studies16-17) have also reported on the

broadening of absorption edge attributed by the Mg
Fig. 2. Relationship between lattice constant c and Mg2+

content at different annealing conditions.
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segregation from the lattice site of Mg
x
Zn1-xO films at

higher Mg compositions. This suggests that the

crystallinity of Mg
x
Zn1-xO films deteriorated in the areas

of excessive Mg2+ content.

Room temperature PL spectra of the MgxZn1-xO thin

films grown on Si substrate are shown in Fig. 6. Two

distinguishable emissions were observed corresponding to

near band-edge (UV) emission located within the range

Fig. 3. FE-SEM micrographs of Mg
x
Zn1-xO thin films with variations in (a) Mg2+ content and (b) annealing temperature.



Structural and Optical Properties of Sol-gel Derived Mg
x
Zn1-xO Thin Films 129

of 358.53 to 380.04 nm and deep level (visible) emission

situated in between 513.15 and 624.75 nm. In

concurrence with the previous reports,18-19) the UV

emission is attributed by the radiative exciton

recombination. It is also well established that the UV

emission is related to the microcrystalline structure as

reported by Tang et al.
20) It is seen from the figure that

the position of the UV emission is shifted towards the

higher energy side with the incorporation of Mg2+.

Furthermore, a decrease in the intensity of exciton related

emission was observed, which may be due to the

decrease in grain size with increasing Mg2+ content. The

intensity of the exciton related peak was reduced as a

consequence of the non-radiative relaxation process

occurring at surface states owing to a lager non-radiative

relaxation rate of smaller grains compared to surface

states. These results are in good agreement with the

previous reported results on the relationship between

grain size and the intensity of exciton related states

reported by Matsumoto et al.
21)

Although, the exact origin of the visible emission is

still debatable,18,22) it is widely accepted that these

emissions seem to originate from oxygen vacancies, zinc

vacancies, zinc interstitials, oxygen interstitials, and

antisite defects.23-24) As a number of groups have

reported, oxygen vacancy might be the origin of this

Fig. 4. Optical transmittance spectra of Mg
x
Zn1-xO thin films

annealed at (a) 400 oC, (b) 500 oC and (c) 600 oC.

Fig. 5. Optical absorption plots of Mg
x
Zn1-xO thin films

annealed at (a) 400 oC, (b) 500 oC and (c) 600 oC.
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defect related luminescence.20-21)

However, there still lies a possibility of this emission

being of an antisite oxygen origin for a number of

reasons. An appropriate explanation behind this

assumption is the reduced desorption process of oxygen

as a consequence of annealing treatment carried out in an

air ambient. Moreover, desorption process of oxygen is

thought to be further impeded by heavy Mg2+, which

induces attraction and adsorption of oxygen. Another

sensible reason behind this assumption is that the

formation of interstitial oxygen is suppressed by a rather

large diameter of oxygen.23) Furthermore, the low

formation energy of antisite oxygen25) is also a crucial

factor in this regard.

At low Mg2+ content, even though adsorption of

oxygen may be limited due to insufficient number of

Mg2+ fostering the formation of oxygen vacancy,

abundant source of oxygen in the air ambient may drive

sufficient amount of oxygen into the matrix, eventually

forming antisite oxygen and/or oxygen interstitials. Even

if the formation of interstitial oxygen takes place, the low

formation energy of antisite oxygen would make it more

favorable for oxygen atoms to occupy the position of

zinc vacancy instead of an interstitial site, which would

induce the transition of interstitial oxygen to antisite

oxygen as a means of reducing the net energy. At high

Mg2+ content, on the other hand, adsorption of oxygen

occurs effectively, thereby decreasing the concentration

of oxygen vacancy. Since the source of oxygen in the air

ambient is constant regardless of Mg2+ content, formation

of antisite oxygen will take place employing the

mechanism as stated above. However, the number of

these sites is limited, and therefore, it is expected that

when a certain limit is reached, excess oxygen will

occupy a different position or will be evacuated from the

matrix. Since the Mg2+ content is high, the smaller radii

of Mg ions would make a better environment for the

formation of oxygen interstitials than Zn ions in the

matrix. Therefore, it is thought that antisite oxygen,

oxygen interstitial, and oxygen vacancy, of course, are

the origin of visible emission in the films prepared in this

study.

The broadening of excitonic PL peak with increasing

doping concentration of Mg in ZnO may be due to

Fig. 7. The intensity ratio of UV emission (IUV) to that of deep

level emission (IDLE) in Mg
x
Zn1-xO films annealed at different

temperatures.

Fig. 6. Room temperature PL spectra of Mg
x
Zn1-xO thin films

annealed at (a) 400 oC, (b) 500 oC and (c) 600 oC.
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potential fluctuations introduced by the dopant in ZnO.22)

Fig. 7 illustrates the ratio of UV emission intensity to

that of the deep level emission. Increase in the defect

related intensity compared to the decrease in the UV

intensity suggests that the incorporation of Mg2+ in the

ZnO matrix helps to increase the concentration of various

defects in the films as Mg ion attracts enough oxygen in

the ternary film during annealing. Further decrease in the

UV emission intensity may be due to excessive

incorporation of Mg2+ in the films, which may be

responsible for creation of structural disorder and grain

boundary defects in Mg
x
Zn1-xO. There may be some

insoluble excess Mg ion in the films which may produce

interstitial defects (point defects) in the film. With

increasing the annealing temperature above a certain limit

(~ 600 oC), some weak bonds in Mg
x
Zn1-xO may be

broken to form dangling bonds and this increases the

structural defects,26) which may cause non-radiative

transitions due to creation of additional energy levels in

between conduction and valence bands and as a result,

the intensity of the UV emission of Mg
x
Zn1-xO decreases.

4. Conclusion

Mg
x
Zn1-xO thin films were successfully grown on glass

and Si substrates by the sol-gel process. The structural

analysis revealed polycrystalline nature of the wurtzite

structured Mg
x
Zn1-xO thin films. Shift in the peak

positions in the XRD spectra served as a firm evidence

of Zn substitution. The optical transmittance of the films

was above 85% in the visible range with the optical band

gap energy tuned as high as 3.84 eV. The PL spectra of

the films measured at room temperature showed both a

sharp UV emission at 3.26 ~ 3.46 eV and a broad deep

level emission at 2.00 ~ 2.41 eV, attributed by radiative

exciton recombination and defect related levels, respectively.

A continuous blueshift was observed in the PL spectra

with increasing Mg2+ content until x = 0.25, the point

beyond which a slight redshift occurred. The results

suggest that Mg
x
Zn1-xO films could be a potential

candidate for exciton related photonic devices that

operate in the ultraviolet region.
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