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ABSTRACT

Magnesium doped zinc oxide (Mg,Zn;_O) thin films were synthesized on silicon substrate through
sol-gel process. Mgo.15Zng 850 thin films were annealed at 500-800 °C and ZnO, Mgp 1Zng.90, Mgo 05Zng.950
thin films were annealed at 600 °C for 60 min, respectively. The results show that all the samples are of a
hexagonal wurtzite structure of ZnO. The surface morphology is strongly dependent on mean grain size
and surface fluctuation. Fourier transform infrared spectra reveal that the vibration peak at 420 cm~! is of
the intrinsic lattice absorption of ZnO. The peak at 1083 cm~! belongs to Si—0—Si asymmetric stretching
vibration. Photoluminescence spectra show that the ultraviolet emission (365-400 nm) and the broad
visible emission (469-569nm) are observed. In particular, Mg 05Zn9s0 thin film annealed at 600°C
exhibits the highest photocatalytic activity, degrading MO by almost 85.8% after 180 min illumination.
The photocatalytic activity of the thin film is a synergistic effect defined by grain size, roughness factor,

Photocatalytic activity

oxygen defects and amorphous MgO.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Zinc oxide (ZnO) is a kind of II-VI direct wide band gap semi-
conductor material. Owing to its wide band gap (3.37 eV at room
temperature) and large exciton binding energy (60meV) that
allows an efficient excitonic emission even at room temperature,
ZnO has many potential applications in transparent electrodes
[1,2], gas sensors [3,4], surface acoustic wave devices [5], the elec-
tric induced fluorescence devices and ultraviolet detectors. Many
different methods have been employed to fabricate high quality
ZnO thin films such as chemical vapor deposition (CVD), pulsed
laser deposition (PLD), molecular beam epitaxy (MBE) [6] and
sol-gel technique [7]. The sol-gel method is a simple and easy
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dip-coating means to obtain large area high quality ZnO thin films
without complicated instruments.

The effective ionic radius of 0.57 A for Mg?* is close to that
of 0.61A for Zn2*. As a result, the incorporation of Mg2* in ZnO
is not expected to induce obvious change of lattice sizes [8], and
most importantly, Mg doping can highly vary a continuous tailo-
ring of optical band gap of ZnO [9,10]. It is well known that ZnO
can be as efficient as TiO, in the photocatalytic degradation of
some dyes in aqueous solution [11,12]. Therefore, ZnO thin film
has been paid much attention in the degradation and complete
mineralization of environment pollutant [13]. Some works have
reported the photocatalytic activity of ZnO powders, nanoparticle
and colloids [14-16]. But for their removal from water is diffi-
cult, ZnO thin films can be beneficial to avoid the separation of the
catalyst.

In this paper, MgxZn;_xO with different concentration (x=0,
0.05, 0.1, 0.15) were synthesized by a sol-gel method. The influ-
ence of Mg doping and annealing temperature on microstructure
and surface morphology of the thin films were investigated. The
infrared spectroscopy and photoluminescence of the thin films
were studied. The photocatalytic activities of the thin films were
tested and its possible mechanisms were also discussed.
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2. Experimental
2.1. Sample preparation

All reagents are of analytical grade and used as received without
any further purification. In our experiment, zinc acetate dehy-
drate [Zn(CH3C0O0),-2H,0] and magnesium acetate tetrahydrate
[Mg(CH3C00),-4H,0] were dissolved into 80ml ethylene gly-
col monomethyl ether at room temperature. Monoethanol amine
(MEA) was used as the stabilizing agent. The molar ratio of MEA
to zinc acetate dehydrate was kept as 1:1. The molar ratio of
magnesium acetate to zinc acetate was 0.00, 0.05, 0.10, and 0.15,
respectively. They were mixed rapidly, and stirred at 60°C for
120 min to get a clear, homogeneous and transparent sol. The sil-
icon substrates (15mm x 15 mm) were cleaned ultrasonically in
acetone and deionized water, and dried in hot air. Spin coating was
usually made one day after the solution was prepared. MgyZn;_,O
thin films were deposited on Si substrate by spin coating with
3000 rpm for 30s. After coating, the substrates were dried at 150°C
for 10 min to remove the solvent. This procedure was repeated ten
times to get the required thickness. Then the as-deposited thin
films were inserted to a furnace and annealed in ambient atmo-
sphere.

The microstructure of the thin films was analyzed by a
MACM18XHF X-ray diffractometer (XRD) with Cu K« radiation
source (A =0.15405nm). The surface morphology was character-
ized by a CSPM4000 atomic force microscopy (AFM) by using
contacting mode taken over a scale of 3 wm x 3 wm. The photolumi-
nescence (PL) spectra were investigated with a F-4500 fluorescence
(FL) spectrometer at room temperature (RT). The wavelength of
excitation light was 325 nm. The Fourier transform infrared (FTIR)
spectra of the samples were recorded using a BRUKER VERTEX
80 Fourier transform infrared spectrophotometer over the range
4000-400cm™".

2.2. Photocatalytic activity

Methyl orange (CH;4N14Na305S), a widespread used dye, was
employed as a typical dye pollutant to evaluate the photocatalytic
activity of MgxZn_,O thin films. The experiment was operated in
a 25 ml glass container. The MgxZn_,O thin films, prepared on Si
substrate, were immersed in 5 ml 5 ppm methyl orange solutions
and were irradiated with a 36 W low pressure mercury lamp. The
distance between the low pressure mercury lamp and the sam-
ple was 10.0cm. The absorbance of the methyl orange solution
was measured at intervals of 30 min and the total illumination
time was 180 min. The absorbance of methyl orange at 464 nm
was directly proportional to concentration in the previous study
[17]. Therefore, the absorbance of the peak at 464 nm is used to
evaluate the absorption of methyl orange solution with different
concentration.

The degree of photocatalytic degradation could be evaluated
by measuring the absorbance of the solutions at 464 nm. The
degradation efficiency of methyl orange was calculated using the
equation [17]:

Degradation efficiency(%) = x 100 @)

Co—Ce N 100:A0*At
Co 0

where Cy and C; are the initial and residual dye concentra-
tion after t min reaction, Ap and A; represents the initial
absorbance and residual dye absorbance after t min reaction of
the methyl orange at the characteristic absorption wavelength of
464 nm.

Fig. 1. XRD patterns of Mgg 15Zno 50 thin film at different annealing temperature.

3. Results and discussion

3.1. Microstructure and surface morphology of MgxZn;_xO thin
films

Fig. 1 shows XRD patterns of the Mgg 15Znggs0 thin films at
different annealing temperature. Fig. 2 shows XRD patterns of
MgxZn;_4O thin films (x=0, 0.05, 0.10, 0.15) annealed at 600°C.
It can be seen that all the diffraction peaks can be indexed to the
hexagonal phase ZnO (JCPDS36-1451) except for the (3 1 1) diffrac-
tion peak of cubic phase Si, and no Mg or MgO peaks were detected.
The results indicate that the MgxZn;_O thin films possess a poly-
crystalline hexagonal wurtzite crystal structure. Mg2* ions were
successfully incorporated into the ZnO host lattice and substituted
for Zn?* ions. The mean grain size (D) can be calculated by the
following Scherrer formula [18]:

091
" Bcosb

where A, 0 and S are X-ray wavelength (A =0.15405nm), Bragg
diffraction angle and the full width at half maximum (FWHW) of
peak, respectively. The D values of the thin films were listed in
Table 1. It can be seen that mean grain size of Mg 15Zngg50 thin
films increases from 22.3 to 28.8 nm firstly and then decreases to
27.3 nm as the annealing temperature increases from 500 to 800 °C.

(2)

Fig. 2. XRD patterns of MgyZn;_,O thin film annealed at 600 °C: x=0.00, 0.05, 0.10,
0.15.
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Table 1
Parameter of MgyZn;_,O thin films at different annealing temperature.

Sample Annealing D (nm) RMS roughness r Degradation
temperature (°C) (nm) efficiency
Mgo 15Zng 50 500 223 6.0 1.0155 76.0
Mgo.15Zng 850 600 25.1 83 1.0197 80.2
Mgo.15Zn0 850 700 28.8 9.1 1.0159 75.8
Mgo.15Zn 50 800 27.3 104 1.0222 719
Mgo.1Zngo0 600 27.8 9.8 1.0223 81.6
Mgo,05Zn0.950 600 27.7 7.2 1.0210 85.8
ZnO 600 24.8 11.0 1.0161 60.4

The mean grain size of the MgyZn_,O thin films annealed at 600 °C
increases from 24.8 to 27.8 nm and then decreases to 25.1 as Mg
doping increases from 0 to 0.15. The results show that lower Mg
doping and annealing temperature can promote grain growth and
improve the crystallite quality of the MgxZn;_,O thin films. But
higher Mg doping and annealing temperature may inhibit grain
growth and reduce the crystallite quality of the thin films.

Fig. 3 shows AFM images of Mgg 15Zng g50 thin film at different
annealing temperature. The root mean squares (RMS) roughness
values of Mgg 15Zng g50 thin film annealed at 500, 600, 700, 800 °C
are 6.0, 8.3, 9.1, 10.4 nm, respectively. It can be seen that the RMS

roughness of the thin film increases with the increase of anneal-
ing temperature. The change of RMS roughness of the thin films
can be attributed to the change of mean grain size [19]. Fig. 4
shows AFM images of MgxZnq_,0 thin film annealed at 600 °C. The
root mean squares (RMS) roughness values of ZnO, Mg g5Zng 950,
Mgo 1Zng 90, Mg 15Zng g50 thin film annealed at 600°C are 11.0,
7.2, 9.8, 8.3 nm, respectively. The mean grain size and surface fluc-
tuation of the thin films increase as Mg doping. Change of the RMS
roughness can be attributed to the synergistic effect of mean grain
size and surface fluctuation [20]. Roughness factor r [21], which
is defined as the ratio of the actual area of a rough surface to the

Fig. 3. AFM images of Mgo 15Zn50 thin film at different annealing temperature: (a) 500°C, (b) 600°C, (¢) 700°C, (d) 800°C.



756 C. Liu et al. / Applied Surface Science 305 (2014) 753-759

Fig. 4. AFM images of Mg,Zn;_,O thin films annealed at 600°C: x=0.00 (a), 0.05 (b), 0.1 (c), 0.15 (d).

geometric projected area, were calculated by means of Imager soft-
ware. The r values of all thin films were listed in Table 1.

3.2. Optical properties of MgxZn;_x0 thin films

FTIR spectra of Mgg15Znggs0 thin films at different anneal-
ing temperature and MgxZn;_O thin films annealed at 600°C are
shown in Figs. 5 and 6, respectively. The peak at about 420 cm~! is
assigned to Zn—O stretching vibration. The peak at about 1083 cm™!
corresponds to Si—O—Si asymmetric stretching vibration. The wave
number and intensity of the peak for Mgy 15ZnpgsO thin films
increase with the increase of annealing temperature. The result
indicates that SiO, composition on the silicon surface increases as
annealing temperature increases. The peaks at near 1600 cm~! and
2350cm~! are attributed to bending vibrations of H—O—H bonds
and asymmetrical stretch of C—O which come from moisture and
CO; on the thin film surface or in the air during the testing pro-
cess. Low frequency absorption peak of C—H stretching vibration
appears at near 2919 cm-1.

Fig. 7 shows room temperature PL spectra of Mgg 15Zng g50 thin
films at different annealing temperature. It can be seen that all
the thin films contain a weak ultraviolet emission and a relatively
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Fig. 5. FTIR spectra of Mgp 15Znogs0 thin film at different annealing temperature.
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Fig. 6. FTIR spectra of MgyZn;_,O thin films annealed at 600 °C.

strong broad visible emission. The ultraviolet emission peak
redshifts from 365nm to 376nm as annealing temperature
increases. The ultraviolet emission is closely related to the electron
transition from the conduction band to the valance band [22,23].
The shift of the ultraviolet emission may be attributed to crystallite
quality [24,25]. The broad visible emission may be composed
of green and yellow emission. Generally, the origin of the green
emission may come from oxygen vacancies (V,) [26] and the
yellow emission is associated with interstitial oxygen (0;)[27]. The
intensity of the visible emission increases and its peak position
redshifts firstly and then blueshifts as annealing temperature
increases. The results indicate that the annealing temperature has
an important effect on the number of V, and O; in the thin films.
Fig. 8 shows that room temperature PL spectra of MgxZn;_,O
thin films annealed at 600 °C. The spectra show an ultraviolet emis-
sion and a broad visible emission. As the Mg doping changes from
0 to 0.15, the peak position of ultraviolet emission redshifts firstly
and then blueshifts. The ultraviolet emission originates from the
electron transition between the conduction band and the valance
band. The redshift of ultraviolet emission may be related to crystal-
lite quality and Mg doping in the ZnO thin film [28]. The blueshift of
ultraviolet emission can be explained by Burstein-Moss effect [29].
It is well know that ZnO is naturally n-type material, and the Fermi
level will be inside to the conduction band when it is heavily doped.

376 nm
800 °C

I/a.u.
g

600 °C

wavelength/nm

Fig. 7. Room temperature PL spectra of Mgo 15 Znggs O thin film at different anneal-
ing temperature.
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Fig. 8. Room temperature PL spectra of MgxZn;_,O thin film annealed at 600°C.

For the higher Mg doped ZnO thin films, the states below Fermi level
are occupied by electrons. The electron transition occurs between
Fermi level in the conduction band and valance band. Therefore,
the blueshift of ultraviolet emission has been observed. In addition,
the broad visible emission consists of green and yellow emission.
The emission peak intensity enhances gradually and its peak posi-
tion redshifts to long wavelength from blue to yellow as Mg doping
increases from O to 0.15. Therefore, Mg doping may change the
number of V, and O; in the thin films [30].

3.3. Photocatalytic activities of MgxZn;_,O thin films

The photocatalytic activities of MgxZn;_,O thin films were
investigated on degradation of methyl orange (MO). Prior to the
photocatalytic degradation of MO in the presence of MgxZn;_,O
thin films, control experiment for similar experimental conditions
but without MgyZn;_,O thin films (direct photolysis) has been
performed. UV-vis absorption spectra of methyl orange after dif-
ferent irradiation times using Mg 15Zng g50 thin films annealed at
600°C as photocatalyst are shown in Fig. 9. The absorbance peak
of methyl orange using Mg 15Zng g50 thin films annealed at 600 °C
is at 464 nm and the intensities decrease with the increase of the
irradiation time, and the concentration of methyl orange reduced

Fig. 9. UV-vis absorption spectra of MO after different irradiation times using
Mgo.05Zn0.950 thin film annealed at 600 °C as photocatalysts.
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Fig. 10. Photodegradation curves of MO using Mgo 15Znog50 thin film annealed at
different annealing temperature as photocatalysts.

as much as 85.8% after 180 min. The photocatalytic degradation of
methyl orange is believed to perform according to the following
mechanisms. Electrons in the valence band are excitated to the con-
duction band and leave holes in the valence when the MgyZn;_,O
thin films absorbs a UV photon with energy equal to or greater than
its band gap.

ZnO + hv — ZnO(e~ + h') 3)
h* + H,0 — OH* + H* (4)
e +0; - 0, (5)
0, +H' — HO; (6)
HOj; + 05 + H - H0, + 0, (7)
H,0, + e~ — OH™ + OH* (8)
OH* + dye — degraded dye 9)

The absorbance of the solution at 464 nm was chosen as the mea-
surement of the MO concentration. The ratios of the absorbance of
MO solution after irradiation for t min to that of MO solution before
irradiation correspond to relative concentration C¢/Cy. Fig. 10 shows
the curves of C;/Cy versusirradiation time for the Mgg 15Zng g50 thin
films and without thin film. It can be seen that self-photolysis of
methyl orange under UV irradiation is so little and can be neglected.
Fig. 11 shows the curves of C;/Cy versus irradiation time for the

—o— 0.00

1 1 1 1

0 30 60 90 120 150 180
Time(min)

0.0

Fig. 11. Photodegradation curves of MO using Mg,Zn;_,O thin film annealed at
600 °C as photocatalysts.

MgxZn;_,O thin films annealed at 600 °C. The photocatalytic degra-
dation efficiency of the samples after 180 min UV irradiation were
listed in Table 1. Jongnavakit et al. [31] thought that the enhanced
photocatalytic activity may be caused by the improving of the
crystallinity and the surface roughness of ZnO thin films with the
increase of annealing temperature. Wang et al. [32] reported that
the ZnO nanocrystals with a high concentration of oxygen defects
exhibit excellent photocatalytic activity. The oxygen defects are
proposed to be the active sites of the ZnO photocatalyst. Kenanakis
et al. [33] studied the photocatalytic properties of ZnO thin films
and nanostructures. All samples exhibit remarkable photocatalytic
activity, which may be due to their good crystallinity and large
surface area. Zhang et al. [34] suggested the enhanced photocat-
alytic activity of the hexagonal faceted ZnO quantum dots may
be attributed to the large specific surface areas, special hexago-
nal morphology and surface oxygen vacancies. Suwanboon et al.
[35] thought that the decrease of photocatalytic degradation for
Zng 9oMgg.100 might be due to the formation of an amorphous MgO
on the surface of catalyst.

In this paper, it was noticeable that pure ZnO thin film annealed
at 600°C has the lowest photocatalytic degradation efficiency.
The increase of photocatalytic degradation efficiency of all the
MgxZn;_,O thin film may be attributed to the increase of grain
size, roughness factor and oxygen defects. For all the thin films,
the Mg 05Zn.950 thin films annealed at 600 °C exhibits the high-
est photocatalytic degradation efficiency, and the concentration of
methyl orange reduced as much as 85.8%. It also can be seen that
the photocatalytic degradation efficiency of the MgyxZn;_,O thin
film annealed at 600°C increases firstly and then decreases as x
value increases from 0 to 0.15. The photocatalytic degradation effi-
ciency of Mg 15Zng g50 thin film increases to a maximum when the
annealing temperature increases to 600 °C, and then decreases with
increasing annealing temperature. The results may be attributed
to the increase of amorphous MgO on the surface of thin film as
Mg concentration or annealing temperature increase. Therefore,
changes of the photocatalytic activities of the thin films are a syner-
gistic effect defined by grain size, roughness factor, oxygen defects
and amorphous MgO.

4. Conclusions

In conclusion, MgxZn;_,O thin films were successfully synthe-
sized on Si substrates by sol-gel method. The XRD and AFM results
reveal that the mean grain size, preferential orientation and surface
roughness of MgxZn;_,0 thin films were affected by the annealing
temperature and Mg doping concentration. The FTIR spectra show
that the peak at about 420cm~! is assigned to Zn—O stretching
vibration. The peak at 1083 cm~! belongs to Si—0—Si asymmetric
stretching vibration. The PL spectra of the samples were mainly
composed of an ultraviolet emission and a broad visible emission.
The green emission can be ascribed to oxygen vacancy (V) and the
yellow emission may come from oxygen interstitial (O;). The results
of the photocatalytic degradation of MO show that the annealing
temperature and Mg doping concentration have an effect on pho-
tocatalytic activity of MgxZn;_,O thin films. The Mgg ¢5Zng 950 thin
film annealed at 600 °C exhibits the highest photocatalytic degrada-
tion efficiency. The variety of photocatalytic activity of MgxZn;_,O
thin films may be ascribed to the change of grain size, roughness
factor, oxygen defects and amorphous MgO.
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