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Abstract. The Mgx Zn1−x O alloy thin films were synthesized on Si and quartz substrates by the sol-gel deposition
method. The transmittance and cathodoluminescence spectra of the Mg0.05Zn0.95O and Mg0.15Zn0.85O nanoparticle
films were obtained at room temperature. It was found that the bandgap of Mg0.05Zn0.95O and Mg0.15Zn0.85O films
is as large as 3.72 eV and 3.79 eV, respectively. The ultraviolet emission peaks are located at 376 nm and 370 nm,
respectively, for the samples annealed at 600◦C. When the annealing temperature is elevated to 1000◦C, the band-
gap decreases to 3.42 eV and an emission line related to the deep-level defect appears at 500 nm. The mechanism
behind these phenomena is discussed.
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1. Introduction

ZnO is a wide band-gap semiconductor (Eg ≈ 3.2 eV)
with a high exciton binding energy of 60 meV at room
temperature. ZnO films have been extensively studied
for use in transparent conducting electrodes in solar
cells, flat panel displays, surface acoustic wave de-
vices, and chemical sensors. Since Tang et al. obtained
the ultraviolet lasing from ZnO thin films in 1997,
ZnO films have attracted considerable attention as a
possible candidate among wide-gap semiconductors
for short-wavelength light-emitting devices (LEDS).
Furthermore, ZnO films have been considered as a sub-
strate for GaN [1–3]. Both these materials have the
same crystal structure (wurtzite), but ZnO is more su-
perior to GaN in some physical features. For example,
ZnO is a relatively hard and stable material because the
strength of the Zn O Zn bond is larger than that of
the Ga N Ga bond and ZnO has a melting point of
about 2000◦C [4].
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To obtain more efficient and potentially useful ultra-
violet emitting devices based on ZnO, it is very im-
portant to construct a heterojunction which can realize
double confinement actions for electrons and photons
in optoelectronic devices. Thus, it is necessary to find
a material with a wider band-gap and crystal structure
comparable to ZnO. Doping with other ions is a popular
and efficient way in ZnSe and GaN based devices [5, 6].
ZnO films doped with Mg2+ ions are often studied, be-
cause the ionic radius of Mg2+ (0.57 Å) is similar to
that of Zn2+ (0.60 Å) and the band gap of MgO is about
7.7 eV [7]. Heterojunctions based on these materials
were fabricated successfully using different methods
[8, 9]. The Mgx Zn1−x O films have the basic structure
of ZnO with x up to 0.46 and the band gap ranges from
3.24 to 4.2 eV [10].

The sol-gel deposition technique is a more conve-
nient and cheaper way to fabricate thin films. The
components of the film are changed easily by adjust-
ing the different ion proportions in the sol. We have
obtained Mgx Zn1−x O thin films by this method. The
alloy thin films keep the ZnO wurtzite structure with the
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x value up to 0.36 after annealing at 700◦C. The band
gap ranges from 3.4 to 3.93 eV (0 ≤ x ≤ 0.36) [11].

In this paper, two series of Mgx Zn1−x O films grown
on Si (100) and quartz substrates by the sol-gel de-
position method are examined. The transmittance
and cathodoluminescence spectra were employed to
probe the optical properties of the Mg0.05Zn0.95O and
Mg0.15Zn0.85O nanoparticle films after thermal treat-
ment at different temperatures.

2. Film Preparation

The alloy thin films were synthesized on Si (001) and
quartz substrates by the sol-gel deposition method. The
sol was composed of Zn(CH3COO)2, Mg(CH3COO)2

and polyvinyl butyral (PVB) in an ethanol solution. The
total concentration of metal ions was fixed at 0.1 mol/L.
The concentration of Mg2+ was adjusted to 0.01 and
0.02 mol/L. The solution was spin-coated on Si (100)
and quartz substrates at 2500 rpm. After the deposi-
tion, the substrates were first heated to 100◦C in air
for 10 minutes in order to evaporate the solvent, then
at 350◦C in O2 for half an hour in order to eliminate
the organic component in the film. This process was
repeated many times until the desired thickness was
reached. The sample was then cut into several pieces
for use in different experiments. Finally, thermal an-
nealing was performed for one hour in an O2 environ-
ment at different temperatures ranging from 500◦C to
900◦C in order to crystallize the zinc oxide film. The
infrared spectrum was measured by a BIO-RAD FTS-
3000 spectrophotometer with a resolution of 4 cm−1

in the range 400–4000 cm−1, which indicated that
there was not any organic component in the film above
350◦C.

The XRD was measured by a D/max-rA x-ray
diffractometer (Rigaku) using Cu Kα of 1.5418 Å to
determine the crystal structure. A UV-360 Spectropho-
tometer (Shimadzu) was used for the optical characteri-
zation. The x value in the Mgx Zn1−x O films was found
to be 0.05 and 0.15 from the analysis of the energy
spectrum.

3. Results and Discussion

Figure 1 shows the XRD spectra of the Mg0.05Zn0.95O
and Mg0.15Zn0.85O thin films with annealing tempera-
tures of 350◦C, 500◦C, 600◦C, 700◦C, 800◦C, 900◦C
and 1000◦C. From Fig. 1, it can be seen that the films
seem almost amorphous when the annealing tempera-

Figure 1. The X-ray diffraction patterns of Mg0.05Zn0.95O and
Mg0.15Zn0.85O thin films on Si (001) substrate annealed at differ-
ent temperatures.

ture is below 500◦C. When the annealing temperature is
as high as 600◦C, three peaks appear corresponding to
the (100), (002) and (101) planes of ZnO with a wurtzite
structure. All the films are well oriented to the c-axis
without any peaks related to MgO. As the annealing
temperature is increased, the orientation along (002)
of the hexagonal crystal structure becomes stronger
and the full width at half maximum (FWHM) of the
(002)-ZnO peak becomes narrower.

The transmittance spectra of these two series of Mgx
Zn1−x O thin films were measured in the ultraviolet-
visible region at room temperature in order to de-
termine the band gap (Eg) from the relationship a
α2 ∝ (hν − Eg), where α is the absorption coefficient
and hν is the photon energy. This spectrum is shown
in Fig. 2. The films were annealed at 350, 500, 600,
800, 900 and 1000◦C on a quartz substrate for 1 hour
in air. As discussed above, Fig. 2(A) suggests that the
crystalline phase was formed after thermal treatment
at 600◦C. This is in agreement with the results ob-
tained from X-ray diffraction (XRD) patterns. The
films are transparent in the visible region of 400
to 800 nm and the absorbance edge of the films is
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Figure 2. The trancemittance spectra of (A) Mg0.05Zn0.95O and (B)
Mg0.15Zn0.85O thin films on quartz substrate annealed at different
temperatures.

Figure 3. The band-gap of Mg0.05Zn0.95O ( ✉) and Mg0.15Zn0.85O
(�) films after annealing at temperature given on the horizontal axis.

red-shifted as the annealing temperature is increased.
The film annealed at 1000◦C is slightly different to
the other films. Its transmittance is as high as 60%
between 250 nm and 350 nm. The absorbance edge
of the Mg0.15Zn0.85O film is located at the higher en-
ergy side than the Mg0.05Zn0.95O film under the same
annealing temperature. The band gap (Eg) as a func-
tion of the annealing temperature is shown in Fig. 3.
The Eg decreases as the annealing temperature is in-
creased. At 1000◦C the band gap of the Mg0.05Zn0.95O
and Mg0.15Zn0.85O films is almost equal. This result
is different to what has been previously reported [9].
The Eg value of Mg0.15Zn0.85O films fabricated by laser
molecular-beam epitaxy remained at a constant 3.56 eV
for annealing temperatures ranging from 400◦C to
1000◦C. When the x value exceeded 0.15, the Eg of the
alloy films decreased after annealing at a determined
temperature.

The optical properties of the Mgx Zn1−x O thin film
describe the nature of the band gap. The optical energy
gap is correlated with the mean nanoparticle size and
the number of various defects. In other words, there
are two aspects which control the energy band: one is
particle size (quantum-confinement effect), the other
is the defect density. In order to evaluate the mean
size of the Mgx Zn1−x O nanoparticles in the film, the
Scherrer formula was employed to the Mgx Zn1−x O thin
films:

t = 0.9λ

B cos θB
, (1)

where λ, θB and B are the x-ray wavelength
(1.54056 Å), Bragg diffraction angle, and full width
at half maximum of the (002) peak around 34.64◦, re-
spectively [12]. The mean sizes of the Mg0.05Zn0.95O
nanoparticle are 5, 7, 10 and 12 nm for the sam-
ples annealed at 600, 700, 800, 900◦C, respectively.
This result indicates that the particle size increases
with increasing annealing temperature. Due to the
quantum-confinement effect, the band gap shifts to
the low energy side with the increase of the particle
size.

When increasing the thermal treatment temperature,
some weak bonds are broken to form dangling bonds
as the structural defects. These defects cause many lo-
cal states to form local band tails in the conduction
or valence band. As a result, the Eg deduced from the
transmittance spectra decreases with the increase of
annealing temperature. The results indicate that the Eg

reduces rapidly after thermal-treatment at 1000◦C. The
defects present in the alloy thin films also affect the
luminescence of the Mgx Zn1−x O alloy nanoparticle.
The cathodoluminenscence spectra of the films mea-
sured at room temperature (10 KV, 7 µA) are shown in
Fig. 4. The emission peaks are located at 387 nm, 376
nm and 370 nm for the un-doped ZnO, Mg0.05Zn0.95O
and Mg0.15Zn0.85O samples, respectively, after being
annealed at 600◦C. No low energy transition is ob-
served. These ultraviolet peaks exhibit a Stokes shift
on the lower energy side of the adsorption edge. The
broadening and Stokes shift of the luminescence peak
are frequently observed in alloy semiconductors, where
carriers experience different potentials depending on
the local concentration and/or arrangement of the dop-
ing elements [7, 13]. This effect is larger in ZnO than in
III-V semiconductors. When the annealing temperature
is increased to 700◦C, the three emission peaks are red-
shifted to 394 nm, 383 nm and 381 nm, respectively.
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Figure 4. The cathodoluminescence spectra of (A) ZnO, (B)
Mg0.05Zn0.95O and (C) Mg0.15Zn0.85O thin films on the Si (001)
substrate heated at different temperatures.

At high annealing temperatures, another side-effect
is the creation of deep defects induced by thermal
fluctuation. It is also been proposed that annealing
the samples in air at high temperature results in pro-
ducing oxygen vacancies. In the Mg0.05Zn0.95O and
Mg0.15Zn0.85O samples, a broad green emission line
appears at 530 nm, which is attributed to the struc-
tural defect created by oxygen vacancies (Green Band)
[14]. The intensity of the ultraviolet and blue re-
gion is almost the same. However, after the films
are annealed above 800◦C, there is only one broad
peak at 500 nm in all of the samples and the emis-
sion peak in the ultraviolet region is much weaker
than in the blue-green region. This indicates that
the structural defect is dominant in the Mgx Zn1−x O
alloy nanoparticle after a high temperature thermal
treatment.

4. Conclusion

In conclusion, the ultraviolet emission from the
Mgx Zn1−x O nanoparticle was obtained by cathode-ray
excitation. It has been shown that the wavelength al-
ters with the particle size at a low annealing temper-
ature. A shorter emitted wavelength can be achieved
by controlling the size and the component of the
Mgx Zn1−x O nanoparticle. The green emission presents

and dominates in the spectra when annealed at high
temperature. This result shows that the structure defect
density increases with enhancing the heated tempera-
ture of the sample. In order to obtain the strong UV
emission of the Mgx Zn1−x O nanoparticle the proper
annealing temperature is needed.
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