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Abstract

This paper reports the characterization of sol–gel derived MgZnO thin films annealed by atmospheric pressure plasma jets (APPJs).
MgxZn1�xO films exhibit high transparency (4 80%) in the visible light wavelength region. When 20 at% Mg is incorporated into the film, the
optical bandgap reveals a blue shift from �3.25 to �3.5 eV and the resistivity increases by three to four orders of magnitude, owing to the
substitution of Mg atoms into the Zn lattice sites. The absorption band edge becomes sharper and the bandgap becomes slightly narrower as
the APPJ treatment time increases. This can be attributed to slight grain growth in the films. When the material is amorphous/nanocrystalline, the
quantum confinement effect causes a slight decrease in the bandgap as the grain size increases, resulting in slope alteration at the absorption edge.
Compressive stresses caused by the difference in the thermal expansion coefficients between the film and the substrate are generated during the
drying process. This leads to surface wrinkling on the sol–gel derived Mg0.2Zn0.8O thin films.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

ZnO is a promising candidate material for short-wavelength
optoelectronic devices owing to its wide bandgap (E3.37 eV)
and large exciton binding energy (E60 meV) at room
temperature [1]. ZnO-based materials have been applied to
various types of optoelectronic devices such as gas sensors
[2,3], thin-film transistors [4–8], pn diodes [9,10], LEDs [11],
UV detectors [12–16], and solar cells [17]. To modulate the
bandgap, ZnO can be alloyed with MgO to form MgxZn1�xO
[18–22]. It has been demonstrated that the bandgap of
MgxZn1�xO increases from 3.37 to 3.99 eV when the Mg
concentration is increased up to x=0.33 [20]. Similar bandgap
modulation has been found in Mg alloyed InZnO material
systems [23,24]. Because the ionic radii of Mg2þ and Zn2þ

are similar, Zn can be substituted by Mg without much lattice
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distortion [20]. MgxZn1�xO can also be used with ZnO to
form MgxZn1�xO/ZnO heterostructures in which the polariza-
tion field at the interface can induce two-dimensional electron
gases [25–33].
Several fabrication processes have been developed for

MgxZn1�xO thin films. Molecular beam epitaxy (MBE)
[34,35], pulse laser deposition (PLD) [36,37], metal-organic
chemical vapor deposition (MOCVD) [38,39], and atomic
layer deposition (ALD) [22] are frequently used for fabricating
high-quality MgxZn1�xO films. However, with regard to large-
area electronics, low cost large-area compatible deposition
processes such as sputtering [19,40], sol–gel [41–43], and
spray pyrolysis [44,45] are desired fabrication technologies.
In this paper, we report the characterization of sol–gel derived
MgxZn1�xO thin films annealed by atmospheric pressure
plasma jets (APPJs). APPJs consist highly energetic N2

molecules in the plasma jets that provide additional energy
to assist the annealing process, which can shorten the proces-
sing time [29,46]. When oxygen is involved in APPJs, both the
ghts reserved.
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metastable N2 and ozone photo-induced dissociation can assist
the removal of organic residues [47]. The bandgaps of sol–gel
derived MgxZn1�xO thin films are successfully engineered
from �3.25 to �3.50 eV by varying Mg content up to 20%.
The films show good transparency in the visible light
wavelength region. APPJ treatment increases the top-layer
grain connectivity, slightly sharpens the absorption edges, and
reduces the bandgaps. APPJ is a good candidate for a rapid
thermal annealing process.
2. Experimental procedures

The MgxZn1�xO sol–gel solution was prepared by dissol-
ving zinc acetate dihydrate (Zn(CH3COO)2 � 2H2O, Z98%,
Sigma-Aldrich) and magnesium acetate tetrahydrate (Mg
(CH3COO)2 � 4H2O, Z98%, J.T. Baker) in isopropyl alcohol.
Monoethanolamine (C2H7NO, MEA, Z99%, Sigma-Aldrich)
was used as a stabilizer. The molar ratio of MEA to the total
ion concentration was maintained at 1. The Mg content x (x¼
[Mg2þ ]/([Zn2þ ]þ [Mg2þ ])) was varied as 0, 0.05, 0.1, and
0.2 respectively; the total ion concentration was fixed at 0.3 M.
Then, the mixture was stirred at 70 1C for 3 h to form a clear
homogeneous solution. After the stirring process, the transpar-
ent solution was aged for 24 h at room temperature. Finally,
the sol–gel solution was filtered using a 0.45-μm filter.

The filtered solution was spin-coated onto 2 cm� 2 cm
Corning Eagle-2000 glass substrates at 3000 rpm for 30 s.
This coating process was repeated five times for the film to
reach �200 nm thickness, which was measured using a
profilometer (KLA-Tencor Alpha Step 500). After each coat-
ing step, a 10-min, 300 1C thermal process was performed on a
hotplate. APPJ was then used to anneal the resultant
MgxZn1�xO thin films. The schematic of the APPJ apparatus
used in this study is shown in Fig. 1. The plasma jet consists of
stainless-steel, cylindrical-type electrodes with the inner and
outer electrodes being powered and grounded, respectively
[48]. The diameters of the inner and outer electrodes are 1.5
and 3.5 cm, respectively. A pulsed power source supplied dc
pulse voltage up to 350 V with a repetitive frequency up to
25 kHz, followed by a transformer that increases the voltage of
Fig. 1. The schematic of atmospheric pressure plasma jet (APPJ) apparatus.
up to 21 kV. The plasmas underwent glow to arc transition
within each power period. Such an arrangement sustained a jet
of high reactivity and great power controllability [49,50]. The
dc pulse voltage was the control parameter of the plasma jet. A
quartz tube of 2-cm length was installed at the downstream of
the plasma jet to confine the convective flow and to minimize the
influence of ambient air [51]. The applied conditions for APPJ
surface treatment were: applied voltage, 275 V; air (79% N2

þ21% O2, 99.995%) flow rate, 35 slm; on/off duty cycle,
7/33 μs; and 1-mm gap between the quartz tube exit and the
platform. The surface temperature evolution upon the exposure
to the APPJ was monitored using a K-type thermocouple. The
temporal evolution of the temperature was acquired using a
data acquisition device (USB-6221, National Instruments) and
recorded using a computer. Fig. 2 shows the temperature
evolution for the APPJ surface treatment process. From 0 to
30 s, the temperature increases rapidly, following which the
temperature increases slowly and becomes steady. The tem-
peratures of the substrate at various times are tabulated in Table 1.
The highest surface temperature was �630 1C.
We determined the stoichiometric composition of the sol–

gel derived MgxZn1�xO films by using an electron probe
X-ray microanalyzer (EPMA, JEOL JXA-8200) (in this
particular experiment, the sol–gel derived MgxZn1�xO films
were deposited on a p-Si (100) wafer). Three measurements
were taken on each sample; the detected positions were 2 mm
apart. The crystalline structure of the APPJ-annealed MgxZn1�xO
films was examined by X-ray diffraction (PANlytical X'Pert
Pro). The morphology was investigated using a scanning
electron microscope (SEM, Nova™ NanoSEM 230). The
transmittance was measured by a UV–vis spectrophotometer
Fig. 2. Evolution of the substrate surface temperature during the APPJ surface
treatment process.

Table 1
The approximate temperatures at various times.

Annealed
time (min)

Temp. (1C)

1 550
5 600
10 630
15 632



Fig. 3. Mg composition in MgxZn1�xO thin films made by various starting
solutions.

Fig. 4. XRD patterns of MgxZn1�xO thin films preheated at 300 1C for 10 min,
300 1C preheating), (b) 1 min, (c) 5 min, (d) 10 min and (e) 15 min.
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(Jasco V-670). For measuring the resistivity, a 100-nm-thick
titanium layer was deposited upon the MgxZn1�xO films by an e-
beam evaporator and then patterned as coplanar electrical
contacts. The resistivity was evaluated using an electrometer
(Keitheley 2636A).
3. Results and discussion

The stoichiometric composition of the sol–gel derived
MgxZn1�xO films was determined by EPMA. All EPMA data
of the MgxZn1�xO films are in fair agreement with the
compositions of the starting sol–gel solutions, as shown in
Fig. 3. The composition remains almost the same after APPJ
treatment. Fig. 4 shows the XRD patterns of MgxZn1�xO thin
films. The sharp peak at �341 is attributed to wurtzite (002).
followed by APPJ-treatment of various durations: (a) as-grown (only 10 min,



Fig. 6. SEM images for ZnO (x¼0) thin films annea

Fig. 5. Calculated grain size of APPJ annealed ZnO films using Scherrer's
equation.
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The deposited films with xr0.05 reveal a strong (002)
preferential orientation. As the APPJ annealing time is
further increased, the relative intensity of the (002) diffraction
peak increases with narrowed full-width-at-half-maximum
(FWHM). The average grain size of the ZnO film is estimated
using Scherrer's formula [52,53].

D ¼ 0:9λ
W cos θ

� �
ð1Þ

where λ is the X-ray wavelength (λ=0.154 nm for Cu-Kα) and
W is the FWHM in radians. The calculated average grain sizes
are plotted in Fig. 5. The crystal size of as-grown (only 300 1C
preheating, no APPJ treatment) film is �10 nm. The grain size
increases with the APPJ-annealing time. These results indicate
that the APPJ annealing process can increase the crystallinity
and grain size. The average grain size of MgxZn1�xO films is
not identified because the intensity of the diffraction peaks is
too weak to accurately estimate the FWHM. The crystallinity
led by APPJs: (a) 30,000� and (b) 300,000� .
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generally degrades with the addition of Mg to ZnO. For high
Mg content films (xZ0.1), the (002) diffraction peak becomes
very small such that the effect of APPJ treatment on the
crystallinity is difficult to identify by XRD patterns.

SEM images of the as-grown and APPJ-annealed ZnO films
are shown in Fig. 6. Fig. 6(a) and (b) shows 30,000� and
300,000� magnifications, respectively. Under 30,000�
magnification, the sol–gel derived ZnO films appear to be
very smooth. Under 300,000� magnification (Fig. 6(b)), the
as-grown and APPJ-annealed films exhibit grainy features.
APPJ annealing does not significantly alter the surface
morphology. Nevertheless, the grains become more connected
when the APPJ annealing time exceeds 10 min. This is similar
to the results of our previous study of a rf-sputtered ZnO film
[29]. The top layer of the film is sintered by the highly reactive
plasmas. SEM images of the Mg0.2Zn0.8O films are shown
in Fig. 7. Under 30,000� magnification, some wrinkles are
Fig. 7. SEM images of Mg0.2Zn0.8O thin films annea
observed on the sol–gel derived Mg0.2Zn0.8O films. Compres-
sive stresses caused by the difference in the thermal expansion
coefficients between the film and the substrate are generated
during the drying process, leading to the wrinkling of the sol–
gel-derived thin films [54]. The wrinkles smoothen as the
APPJ annealing time increases, probably owing to the sintering
effect and the stress relaxation in the films.
The optical transmittance spectra of the sol–gel derived

MgxZn1�xO films are shown in Fig. 8. The average optical
transmittances of the films are greater than 80% in the visible
wavelength range of 400–800 nm. The absorption edge of the
MgxZn1�xO films shifts toward a shorter wavelength as the Mg
content increases from 0% to 20% in all cases. Moreover, the
absorption edges of the as-grown MgxZn1�xO films are much
less sharp than those of films annealed by APPJs. The absorption
edges of APPJ-annealed MgxZn1�xO films become sharper with
an increase in the APPJ annealing time. This should be related to
led by APPJs: (a) 30,000� and (b) 300,000� .



Fig. 8. Optical transmission spectra of MgxZn1�xO thin films annealed by APPJs with various durations: (a) as-grown, (b) 1 min, (c) 5 min (d) 10 min, and (e) 15 min.

Fig. 9. Optical bandgaps of MgxZn1�xO thin films annealed by APPJs. Fig. 10. Resistivity of MgxZn1�xO thin films annealed by APPJs.
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the crystallinity. Because the films contain nanoscale grains,
the quantum confinement effect becomes significant. In
nanoscale grains, the bandgap is slightly modified by the grain
size [21,55–57]

Eg;nanocrystal ¼ Eg;bulkþ
π2ℏ2

2R2

1
mn

e

þ 1
mn

h

� �
�0:248ERy ð2Þ
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where Eg,nanocrystal and Eg,bulk are the bandgaps for the nanocrys-
talline film and the bulk material, respectively. ERy is the exciton
binding energy; R is the grain radius; and me

n and mh
n are the

effective masses of the electrons and the holes, respectively. As
described previously, the APPJ treatment may slightly increase
the grain size, leading to slight bandgap narrowing and absorption
edge slope alteration. The optical bandgap can be determined by
the Tauc equation [58]

ðαhυÞn ¼ Aðhυ�EgÞ ð3Þ
where A is a constant; hυ is the photon energy; Eg is the optical
bandgap; α is the absorption coefficient; and n¼2 for the direct
bandgap. The calculated bandgaps are shown in Fig. 9. The
bandgap increases with the Mg content in the alloyed films,
indicating that Mg atoms are incorporated into the ZnO crystal
lattice sites [42]. The bandgap is successfully tailored from
�3.25 to �3.5 eV by varying the Mg content up to 20%.
Generally, the bandgap decreases with the APPJ annealing time.
The trend of bandgap reduction is most obvious for ZnO and
Mg0.05Zn0.95O and becomes unclear for films with higher Mg
contents, probably owing to the severe degradation of crystal-
linity. This agrees with the prediction by Eq. (2). When the films
are amorphous or nanocrystalline, the grain boundary quantum
confinement becomes significant. Therefore, the optical bandgap
becomes slightly smaller after APPJ treatment, owing to the slight
increase in grain size [55–57]. The electrical resistivity of
MgxZn1�xO thin films with various Mg contents is shown in
Fig. 10. The resistivity of MgxZn1�xO thin films increases with
the Mg content, which is attributed to the widening of the optical
bandgap when more Mg is substituted for Zn in the lattice sites.
The increased bandgap results in less thermally excited carriers in
the conduction bands, leading to a decrease in the conductivity
[4,7,18]. The stronger bonding strength of Mg–O than Zn–O (the
fractional ionic character is 0.61 for ZnO and 0.84 for MgO)
makes Mg a good suppressor of oxygen vacancies [59,60]. This
could also lead to an increase in resistivity as Mg is added to the
ZnO film.

4. Conclusions

Sol–gel derived nanocrystalline MgxZn1�xO thin films
(0.2ZxZ0) annealed by APPJs were investigated. The
optical bandgap of APPJ-annealed MgxZn1�xO thin films
was successfully tailored from �3.25 to �3.50 eV by varying
the Mg content. The absorption band edge became sharper as
the APPJ treatment time increased, which was attributed to the
slight grain growth in the films. Owing to the quantum
confinement effects in amorphous/nanocrystalline materials,
the bandgap generally decreased with the increase in grain size
caused by the APPJ treatment. Some wrinkle features, caused
by the built-in stresses during solvent evaporation, were
observed in Mg0.2Zn0.8O thin films. Highly energetic APPJs
sintered the top layer of the films, thereby increasing the
connectivity of grains. Nevertheless, the resistivity was not
significantly changed by APPJ treatment for 15 min. In
comparison to ZnO, the resistivity of Mg0.2Zn0.8O thin films
increased by three to four orders of magnitude.
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