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Abstract

ZnO/MgO double layered thin films were prepared on Al,O3 substrate by direct current (dc) sputtering at a low power of 40 W. The effect of
thickness of MgO overlayer on the properties of ZnO films was investigated. X-ray diffraction patterns revealed that the crystallinity of ZnO films
can be improved by addition of a MgO overlayer. The blueshift in the PL peak suggests that the optical bandgap of ZnO can be tuned by varying
the thickness of MgO overlayer. SEM micrographs revealed that the surface morphology changes from uniform to dense porous and nano-flake
like structure with increase in thickness of MgO layer. Pure ZnO and optimized ZnO/MgO films were tested for their sensing performance
towards H, at different temperatures. The maximum response of ZnO and ZnO/MgO sensor was observed to be 135 and 260, respectively, at an
operating temperature of 140 °C. The very high sensitivity at such a low operating temperature is associated with the fast recovery time of 120 s,
which could be achieved due to the promoting effect of MgO on ZnO.

© 2013 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction

Hydrogen (H,) gas is emerging as one of the most useful
gases especially as a fuel in recent years. It is highly flammable
in air with lower flammability limit of 4.65% beyond which it
easily catches fire. Hence, detection of H, gas leakage
becomes extremely important to prevent accidents in the
environment. The main effort of H, sensor development has
been the improvement of H, gas sensitivity as well as
selectivity and to decrease the operating temperature. Hence,
compact, reliable, and low power consumption sensor devices
that can detect hydrogen have been the subject of many
research groups [1-3]. Semiconductor metal oxide sensors
were studied and used extensively for hydrogen detection for
their simplicity, reliability and low cost [4]. Among several
metal oxide semiconductors, zinc oxide (ZnO) is one of the
most promising and useful material for chemical gas sensor
devices, due to its attractive properties such as wide bandgap
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(3.3 eV at room temperature) and large exciton binding energy
(60 meV). The physical properties of ZnO depend on the
microstructure of the material, including crystal size, morphol-
ogy and orientation [5,6]. Sensing properties of ZnO are
directly related to its preparation history, particle size, mor-
phology and operating temperature. However, it still remains a
challenge to enhance their performance and detection limit.
Various techniques have been developed to improve the
sensitivity of ZnO based sensors such as doping, surface
coating and fabrication of heterostructures. Among these
technologies, surface coating of ZnO with metal oxides may
be the most effective technique, because the optical properties
of ZnO coated with a MgO layer can change upon exposure to
gas and can be restored upon reexposure in air even at room
temperature [7]. Such low temperature processes are very
desirable in the detection of H, gas. Magnesium oxide (MgO)
is the best candidate to be used as overlayer due to its excellent
properties such as large bandgap (7.5 eV) and optical transpar-
ency. Because of the similarity in atomic radii, MgO has
the ability to tune the bandgap of ZnO without affecting
the lattice constant. Bandgap enhancement of ZnO by doping
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Mg, without altering the ZnO structure has been reported
widely [8]. However, studies on the effect of varying thickness
of the MgO overlayer on ZnO for bandgap modulation have
not been reported widely. Besides this, to the best of our
knowledge, there has been no report on H, sensing properties
of ZnO/MgO bilayer films.

Several deposition techniques are used to prepare ZnO/MgO
thin films such as sputtering, pulsed laser deposition, sol-gel
method, solid state synthesis method and plasma assisted
molecular beam epitaxy [9-13]. Among these techniques, dc
sputtering is one of the convenient methods for preparing
buffer layer of metal oxide semiconducting thin films. It has
several advantages, such as large area deposition, strong
adhesion, excellent uniformity, purity with high density, and
nanophase. In this article, we report the deposition of ZnO/
MgO double layered films on sapphire substrate at low
sputtering power, with substrate at room temperature. The
influences of thickness of MgO overlayer on the crystal-
lization, morphology and energy bandgap of ZnO films were
investigated. The response of optimized ZnO/MgO sensors
towards H, was compared with that of the pure ZnO sensor.

2. Experimental details

The preparation of MgO/ZnO films was carried out by dc
magnetron sputtering. ZnO thin films were deposited on
0.3 mm thick c-cut (Al,O3) sapphire substrate at room
temperature using a zinc (99.999% purity Sigma Aldrich)
metal target of 2 in. diameter. Before deposition, the substrates
were cleaned in acetone and ethanol for 15 min, and rinsed in
ultra-pure water for removal of impurities over the substrates.
The cleaned substrate was loaded in the sputtering chamber
with the target to the substrate distance fixed at 400 mm. The
chamber was initially evacuated to a base pressure of 10> Pa
and sustained at 10~ ' Pa during film deposition. A mixture of
oxygen and argon with high purity in the ratio of 1:2 was used
as the sputtering gas. ZnO film was deposited for a constant
duration of 30 min with a low dc power of 40 W. After the
deposition of ZnO film, a overlayer of MgO was deposited
onto the surface of oxide film. The MgO overlayer was
sputtered using a Mg metal target of 2 in. diameter at the
same power of 40 W. The thickness of the sputtered MgO
overlayer is varied from 275 to 325 nm to study its influence
on the properties of ZnO thin films. The resultant films were
further used to investigate the phase orientation, optical,
photoluminescence and morphological properties. The struc-
tural characterization of the films was carried out by an X'Perto
X-ray diffractometer and optical characterization using a
UV-vis Lambda-35 spectrophotometer over the wavelength
range of 350-850 nm. Photoluminescence (PL) studies were
performed using a Varian Carry Eclipse PL spectrophotometer.
SEM analyses of the ZnO/MgO films were carried using a
HITACHI high technologies SU9000 UHRE field emission
scanning electron microscope. The ZnO/MgO films prepared
under the best deposition conditions found were used to
fabricate a H, gas sensor. Fig. 1 shows a schematic diagram
of the experimental set-up used for measuring the sensor
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Fig. 1. Schematic diagram of the gas sensor measuring system.

response. The H, and N, gases were admitted inside the
chamber using separate mass flow controllers. The response of
the sensor for reducing gases was determined using the relation
[14] S=Ra/Rg, where Ra and Rg are the electrical resistance
of the sensor in the presence of air and in test gas, respectively.

3. Results and discussion

3.1. Effect of MgO overlayer on the structural properties
of ZnO film

Fig. 2 shows the XRD patterns of ZnO film deposited on
Al,O5 (0001) sapphire substrate for different thicknesses of
MgO overlayer. As predicted, no extra peak other than the
preferentially orientated (002) peak from ZnO and (200) peak
from MgO is obtained. Due to the underlayer of ZnO, the
(200) peak of MgO is perpendicular to the surface of the
substrate. The intensity of (002) peak significantly increased
with MgO overlayer up to a thickness of 275 nm, which
suggests that the crystalline quality and c-axis orientation of
the films can be enhanced by the diffusion of Mg”" ions into
ZnO lattice. This implies that the energy contribution of Mg
ions to zinc is maximum at the thickness of 275 nm in contrast
to those of the other ZnO/MgO samples. In addition, the
intensity of MgO (200) peak decreased with increase in
thickness of MgO layer with a minimum at 275 nm. This
may be attributed to the presence of more unreacted Mg atoms
in the case of ZnO films with 175 and 225 nm thick MgO
layer, while for 275 nm layer there are only fewer unreacted
atoms, leading to better crystallite quality of the films. There is
no shift in the peak along the c-plane of ZnO, indicating the
diffusion of Mg** ions without affecting the phase orientation.
When Mg ions diffuse into ZnO lattice there is no chance for
adverse effect by the substrate, because it is maintained at
room temperature. For 325 nm thick MgO layer, ZnO peak
intensity decreased, while the MgO peak intensity increased,
indicating the decreased oxygen adsorption in the lattice sites
leading to the deterioration of crystallinity and preferred
orientation at higher thickness. The mean crystallite size (D)
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Fig. 2. XRD patterns of ZnO films with different thicknesses of MgO
overlayer: (a) pure ZnO, (b) ZnO/MgO (175 nm), (c) ZnO/MgO (225 nm),
(d) ZnO/MgO (275 nm), and (e) ZnO/MgO (325 nm).

Table 1
Structural parameters of ZnO/MgO films for different thicknesses of MgO
overlayer.

Thickness of MgO layer (nm) Crystallite size (nm) Lattice constant ¢ (A)

175 28 5.27
225 23 5.25
275 18 5.12
325 22 5.23

of ZnO and ZnO/MgO films was estimated using Debye—
Scherrer's formula [15]

D=KA/pcos 0 (1)

where k is the shape factor of the average crystallite (0.91), 1 is
the X-ray wavelength (1=0.15406 nm), S is the full width at
half-maximum (FWHM) in radians and € is the Bragg angle.
The c-axis lattice constant was calculated using the follow-
ing expression [16]:
2 2 2
L4 f @
diyg 3 a ¢
The values of crystallite size (D) and c-axis lattice constant
for ZnO and ZnO/MgO films are listed in Table 1. The results
revealed that the c-axis length is decreased with MgO layer,
which confirms the incorporation of Mg ions into ZnO lattice,

because the ionic radius of Mg®* (0.057 nm) is slightly smaller
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Fig. 3. Photoluminescence spectra of ZnO films with different thicknesses of
MgO overlayer: (a) pure ZnO, (b) ZnO/MgO (175nm), (c) ZnO/MgO
(225 nm), (d) ZnO/MgO (275 nm), and (e) ZnO/MgO (325 nm).

than that of Zn®* (0.060 nm). Chen et al. reported that the Mg**
incorporation into ZnO lattice causes the decrease of the c-axis
length [17].

3.2. Effect of MgO overlayer on the luminescence properties
of ZnO film

The luminescence property provides information on the optically
active defects and relaxation pathways of excited states [18]. The
room temperature PL spectra of ZnO and ZnO/MgO films are
displayed in Fig. 3. From the emission spectra, it is inferred that the
near band emission (NBE) in the UV region is at around 385 nm
for pure ZnO. Previous reports on PL emission indicate that the
UV emission peak usually originates from an NBE transition
which is due to exciton related recombination [19]. The diffusion
of Mg ions into ZnO lattice induced an increase in NBE peak
intensity in ZnO/MgO film. These results suggested that the
overlayer of MgO on ZnO is effective in achieving improved
optical properties of ZnO. Moreover, the peak intensity of the NBE
increased with increase in thickness of MgO layer showing an
increase in crystallinity in the sample as revealed from XRD
results. In thin films, the non-radiative defect is induced by the
crystal imperfections, such as oxygen vacancies, during deposition
[20]. These defects suppress the luminescence intensity and induce
defect emission. In our case, the PL intensity increased with
increase in the thickness of MgO layer due to decrease of the non-
radiative defects. Absence of intrinsic host lattice side effects
during film deposition is confirmed due to the devoid of defect
emission in all samples. As expected, the ultra-emission peak
greatly shifted towards lower wavelength side for the thickness of
MgO up to 275 nm, because of the modulation of the band-gap
focused by the swap of Mg, which suggests that the optical
bandgap of the ZnO thin films can be tuned by fabricating MgO
overlayer on ZnO. The large shift observed for 275 nm thickness
of MgO indicates that such emission may possibly be due to the
recombination between the shallow donor and deep acceptor, but
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not from the shallow donor related exciton (D). The blueshift in
the PL peak confirms the confinement effect due to the overlayer
of MgO on ZnO. Further increase in the MgO thickness to 325 nm
decreased the PL intensity, and the peak position also shifted
towards higher wavelength, indicating the degradation of bandgap
enhancement. High crystal quality and the confinement effect
related to the nanostructures are the two factors favoring the
increase in intensity of UV emission at room temperature.
Nanostructured ZnO films exhibit quantum confinement effects
[21], and in the present case the increase in thickness of MgO
overlayer causes blueshift in photo-absorption due to enhanced
quantum confinement effects. Moreover, the bandgap of ZnO in
the present ZnO/MgO double layer films exhibits a more
pronounced shift with increase in the thickness of MgO, with a

very significant increase of about 3.69 eV for 275 nm thick MgO
layer. This pronounced effect may be due to large bandgap MgO
surface coating that tends to isolate ZnO crystallites and layers
from each other for enhanced quantum confinement effects. The
pronounced increase with thickness in our double layer films may
arise due to the diffusion and adjustments that lead to gradual
conversion of 2-D layers into 3-D islands or crystallites by MgO.

3.3. Effect of MgO overlayer on the morphological properties
of ZnO film

SE-micrograph provides information on the contour features
of the samples, which allow us to inspect the shape, size and
diameter of the samples by scanning it with a focused beam of

Fig. 4. HRSEM images of ZnO films with different thicknesses of MgO overlayer: (a) pure ZnO, (b) ZnO/MgO (175 nm), (¢) ZnO/MgO (225 nm), (d) ZnO/MgO

(275 nm), and (e) ZnO/MgO (325 nm).
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electrons [22]. In order to study the effect of Mg diffusion on
the morphology of ZnO film, FE-SEM analysis was carried
out. The SE-micrographs of pure ZnO and ZnO/MgO films
with varying thickness of MgO are shown in Fig. 4. The
micrograph of pure ZnO film displays a uniform coating
throughout the sapphire substrate with hexagonal shaped
grains. The micrographs also show that the morphology of
the film is greatly influenced by different thicknesses of MgO
overlayer on ZnO. Initially, for thin MgO overlayer of 175 nm,
the film exhibited random distribution of smaller size particles
due to sluggish growth of grains. Few ZnO nanowires are
observed in the high magnification image, which is shown as
inset in Fig. 4(b). When the thickness of MgO overlayer was
increased to 225 nm, dense porous surface with well grown
nanowires (inset in Fig. 4(c)) was observed. For 275 nm thick
MgO layer, uniform and compact granular morphology with
nanoflake like structure (inset in Fig. 4(d)) is observed, due to
improvement in the crystallinity of the films. The presence of
more number of micropores in the film indicates that it is
favorable for sensing application. The micrographs displayed
clearly that there is no visible defect over the surface of the
film. As expected, with increase in the thickness of MgO, the
lattice mismatch between ZnO/MgO films and Al,O5; (0001)
sapphire is minimum, because the lattice constant value of
sapphire (a=4.785 A, ¢=12.991 A) is close to that of Mg
(a=4.25 10%). The size of the grains decreases with the MgO
layer which confirms that more Mg ions diffuse into ZnO.
According to the phase diagram of the ZnO-MgO binary
system, the thermodynamic solid solubility of MgO in ZnO is
less than 4 mol% [23]. Hence, diffusion of MgO into ZnO with
limited solubility leads to decrease in grain size [24]. There is
no change in the crystal structure after the surface coverage of
ZnO by MgO which is confirmed from the micrographs. At a
higher thickness of 375 nm, the dense surface structure
disappeared and some cracks are observed on the grains
indicating the degradation of the crystalline quality as revealed
from XRD results.

3.4. Gas sensing studies

After having optimized the thickness of MgO overlayer on
Zn0O, a ZnO/MgO sensor device was fabricated with 275 nm
thick MgO layer. A schematic representation of the ZnO/MgO
sensor device is shown in Fig. 5. The response of pure ZnO,
and ZnO/MgO film sensor was studied for its performance
towards H,. Fig. 6 shows the effect of MgO overlayer on the

&—— Silver electrode
<— MgO layer

In0 layer
<— ALO;

Fig. 5. Schematic representation of the ZnO/MgO sensor device.

resistance of ZnO and ZnO/MgO films with time, towards
300 sccm of hydrogen at room temperature. It was observed
that the resistance decreased when the sensors were exposed to
H, gas. On the other hand, the resistance retraces back to the
initial value when the H, supply was stopped. The variation in
resistance of ZnO sensors is induced by the adsorption and
desorption of O, molecules from the surfaces of the grains. In
the air environment, O, molecules are chemisorbed onto the
surface of ZnO as oxygen ions (O, O™ and 02_) and extract
electrons from the conduction band. This process can be given
as [23]

Oy+2e™ =204 3)

This results in the formation of a depletion region near the
surface. The depletion region of electrons decreases the
electrons concentration in the conduction band of ZnO. Upon
exposure to Hy, it readily reacts with the O, ions and liberates
electrons to the conduction band, accompanied by a decrease
in resistance of the films, when it comes in contact with the
surface of ZnO:

0.q+H, > H,O+e ™ “4)

The electrons which are extracted from the conduction band
are released to the conduction band of the films, resulting in an
increase in number of electrons in the conduction band;
subsequently the resistance of the film decreases. Hence, the
resistance changes of ZnO film depend on the concentration
change of adsorbed oxygen ions on the surface. In addition,
MgO phases congregating on the surface of the ZnO particles
have influence on the gas sensing properties, due to low
electronegativity of Mg (1.31), which can donate electrons to
Zn rather than sharing them. Moreover, it does not retard the
motion of electron from the conduction band of Zn. So far, the
recovery time towards H, of 120 s has been rarely reported
despite having been achieved using overlayer of MgO on
ZnO film.

As significant changes to semiconductor sensors are more
likely to occur at low temperature, the sensors were investi-
gated at low temperature up to 225 °C. The variation in
response of the ZnO and ZnO/MgO thin film sensors with
temperature, upon exposure to 300 sccm of H, gas, is shown in
Fig. 7. The MgO overlayer influences greatly the response of
the sensor towards H, as expected. The response increased
with increase in temperature, reached a maximum value at
about 140 °C for both ZnO and ZnO/MgO films, and then
decreased with further increase in temperature. Hence, the
optimum operating temperature of the sensor was found to be
140 °C. At 140 °C, the response of ZnO and ZnO/MgO films
was observed to be 135 and 260, respectively. The very high
response at such a low temperature of the sensor may be
associated with the promoting effect of MgO on ZnO. This is
because the variation in the response of the sensors upon
exposure to reducing gases like H, is induced by a modulation
of O, density in the metal oxides. In the presence of Hj, the
ZnO/MgO mixtures give up lattice oxygen to take part in the
oxide reaction. The interaction between the ZnO and MgO
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Fig. 6. Response—recovery curves towards H, of (a) pure ZnO and (b) ZnO/
MgO film with 275 nm thick MgO layer.
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Fig. 7. The variation in sensor response with operating temperature towards
H, of (a) pure ZnO and (b) ZnO/MgO film with 275 nm thick MgO layer.

components of the sensor material can promote the evolution
of lattice oxygen. Liu et al. have reported that, apart from the
chemisorbed oxygen, the surface lattice oxygen plays an
important role in the sensing mechanism [25]. The reason
behind this is that lattice oxygen can modify the chemisorp-
tions rate by altering the availability of local electrons. This
results in a large response for ZnO/MgO sensor. When the H,
gas is removed the reduced metal oxides can adsorb O, from
the atmosphere and transform it into lattice oxygen again
[25,26]. The observed sensor response of ZnO/MgO film
towards H, is better than that reported previously for Mg:
ZnO film towards H, [27]. Using the ZnO model system as an
example, this study shows that the surface modification of ZnO
employing metal oxide layer is a powerful tool for creating
new gas specificities, while retaining the basic sensor material.

4. Conclusion

ZnO/MgO films were prepared on Al,O3 (0001) substrate
by dc sputtering at room temperature. The influences of
thickness of MgO overlayer on the structural, morphological
and photoluminescence properties of ZnO films were investi-
gated. XRD studies revealed that the preferentially oriented
(002) peak significantly improved with thickness of MgO
overlayer on ZnO. The strong UV emission peak of ZnO
greatly shifted towards the lower wavelength with increase in
thickness of MgO layer, indicating the enhanced quantum
confinement effect. The energy bandgap increased from
3.10eV to 3.69eV as the thickness of MgO layer was
increased, indicating the tunable bandgap of ZnO by MgO.
SE-micrographs revealed that MgO overlayer plays an impor-
tant role in the evolution of the morphological properties of
ZnO. For 275 nm thick MgO layer on ZnO, compact granular
morphology with nanoflake like structure is observed, which is
favorable for sensing application. The ZnO/MgO sensor
showed higher sensor response to H, than that of pure ZnO
at the operating temperature of 140 °C, which can be ascribed
to high reactivity efficiency of ZnO/MgO films to H,. The
results suggest that the ZnO/MgO film is an excellent material
for a low temperature and highly sensitive H, sensor.
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