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Abstract

A simple spray pyrolysis technique has been used to fabricate ZnO/Mn thin films with different Mn concentrations (0, 5, 10
and 15 mol.%) for gas sensing applications. X-ray diffraction (with Cu-Ka radiation) patterns of the samples revealed the
formation of single-phase wurtzite structure. The samples were characterized using field-emission scanning electron
microscopy and scanning tunneling microscopy. The investigation revealed that the surface of pure ZnO thin film appears
rougher and containing bigger grains. The response of the pure and Mn-doped ZnO thin-film gas sensors was checked at
different temperatures ranging from 120 up to 200 °C, to investigate the optimum sensing efficiency. The gas sensing
results have demonstrated that the pure ZnO thin film exhibited higher sensitivity to CO, gas at 150 °C operating
temperature, while the sensitivity reduced with the increase in gas pressure. Although the sensitivity of doped samples was
lower than the pure sample, the sensitivity increased with the increase in pressure.
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Introduction

Zinc oxide (ZnO) has given a great deal of attention due to
large exciton binding energy (60 meV) and large direct
band gap energy (3.37 eV) at room temperature [1-3]. ZnO
is widely used in various applications such as transistors,
piezoelectric devices, solar cell electrodes and gas sensors.
ZnO is sensitive to many gases such as CO [4-6], O, [7-9],
CH, [10-12], NO; [13-15] and ethanol [16-18], due to its
well-known surface conductivity.

In the past few years, many efforts have been devoted to
improve the sensitivity of gas sensors. Gas sensing prop-
erties are dependent on structure, morphology, grain size
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and surface area of the sensing materials. As an interesting
chemically and thermally stable n-type semiconductor,
ZnO-based gas sensors have been studied experimentally
and theoretically in order to investigate the relation
between the sensitivity and the microstructure of zinc oxide
for gas sensors [19-21]. The grain size is one of the most
important factors affecting sensing properties. Dong et al.
showed that nano-ZnO exhibits higher sensitivity and
lower operating temperatures compared to coarse-grained
ZnO. Their results showed that the smaller grain size of
pure ZnO has higher gas sensitivity [22]. Chang et al.
fabricated ZnO films with variable thickness (65-390 nm)
using RF reactive sputtering. The effect of film thickness
on sensing properties was investigated. The thinnest film
exhibits the best sensitivity and fastest response [23].
Eriksson et al. used resistive sensor measurements with
respect to oxygen sensitivity in order to characterize
sensing layers based on ZnO nanoparticles and films. The
ZnO nanoparticles showed a better response to oxygen as
compared to the films. The higher sensitivity was ascribed
to a larger surface-to-volume ratio, and the higher stability
to the generally more stable single-crystalline nanoparticles

[9].
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The major drawbacks of ZnO-based gas sensors are the
poor sensitivity and high operating temperature (approxi-
mately 400 °C). Doping of metal oxide sensing film is a
traditional technology for gas sensors. The traditional
concept of doping is to enhance catalytic activity and
adjust electrical resistance of the intrinsic metal oxide [24].
Doping ZnO with various element was used to enhance the
sensing properties and reduce the operating temperature of
zinc oxide-based gas sensors. Lupan et al. were prepared
ZnO and ZnO/Al thin films by chemical solution deposi-
tion and photo-thermal processing techniques. Their results
showed that the morphological, electrical and sensing
properties of zinc oxide films can be modified by control-
ling the growth regimes and doping concentration.
Nanostructured ZnO/Al showed a higher sensitivity to CO,
gas compared to undoped ZnO films [25]. Gaspera et al.
investigated the effect of doping with transition metal ions
on the CO optical sensing properties of nanocrystalline
ZnO films. Transition metal ions inside the ZnO lattice
structure were found to increase the magnitude of the
response and the sensitivity of the nanocomposites [26].
Al-Hardan et al. synthesized Cr-doped ZnO thin films by
RF reactive co-sputtering. The operating temperature of the
Cr-doping ZnO gas sensor was shifted to lower temperature
(around 250 °C). The response to oxygen gas was
enhanced by doping ZnO with Cr [7]. Hu et al. used the
transition metals as dopants for the synthesis of ZnO
nanorods by plasma-enhanced chemical vapor deposition
(PECVD) method. The doped ZnO nanorods showed the
superior formaldehyde sensing property in a few second
response and recovery time [27].

We recently reported the electrical properties of Mn-
doped zinc oxide thin films with different amounts of Mn
concentrations by a spray pyrolysis technique [28]. In the
following, this study discusses the effect of Mn doping on
the sensing properties of ZnO thin films in the presence of
carbon dioxide gas. Our result showed that the best sensing
parameter is obtained in pure ZnO film.

Methods

The precursors used for the synthesis of ZnO/Mn thin films
with different amounts of Mn concentrations (0, 5, 10 and
15 mol.%) were Zinc acetate, manganese acetate, iso-
propanol, acetic acid and distilled water. ZnO/Mn thin
films were fabricated by the parameters previously reported
in Refs. [28, 29] using the spray pyrolysis technique.

The crystallite phase of the samples was characterized
by X-ray diffraction (XRD) using Cu-Ko radiation. For
structural characterization, analysis of the obtained XRD
profile was performed using the Rietveld refinement
method, through the Fullprof software. The crystallite size
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(D) was estimated using Scherrer’s equation, and the ele-
ment composition of all thin films was detected by energy-
dispersive X-ray spectroscopy (EDS). The surface mor-
phology and topography of the samples were analyzed by
using field-emission scanning electron microscopy
(FESEM) at 30 kV and scanning tunneling microscopy
(STM). The thickness of the films was measured by using
the laser ellipsometer (SENTECH, SE500adv CER—
Germany).

In order to characterize the gas sensing properties of
Mn-doped ZnO thin films, Al electrodes were deposited by
thermal evaporation at the pressure of 10~ torr and a setup
was used as schematically shown in Fig. 1. The sample was
placed in a sealed chamber, and the resistivity of the
sample in the presence of CO, gas was measured. The
resistance response of each sample was transformed into a
sensitivity value using the following formula:

S = |(Rgas—R0) /Ry (1)

where Ry, is the resistance of the film influenced by the
gas and Ry is the resistance of the film in the air [30].

Results and discussions

Results of X-ray diffraction revealed the formation of
approximately single-phase materials for pure and all Mn-
doped thin films. They crystallize in the characteristic
wurtzite structure. A Rietveld refined pattern of a typical
sample with 15 mol.% Mn-doped layer is presented in
Fig. 2, and the results of the structural data are presented in
Table 1. The lattice parameters of the thin films were very
close, and the average crystalline size of the ZnO/Mn thin
films was observed to be less than the undoped ZnO film.

Two typical EDS spectra of the doped layer with 5 and
15 mol.% Mn are shown in Fig. 3. The presence of the
constituent elements for Mn-doped ZnO, Zn, O and Mn
were confirmed by the occurrence of their respective peaks.
The other peaks Ca and Si presented the composition of
glass substrate, and Au peaks are from the gold coating.

Figure 4 shows the FESEM images of the pure and Mn-
doped ZnO thin films grown at 500 °C on glass substrates.
As can be seen in this figure, the pure ZnO thin film has
rougher surface than Mn-doped ZnO and by increasing the
Mn concentration to 10 mol.%, the roughness decreases.
But with the increase in Mn concentration to 15 mol.%,
Mn oxide was agglomerated and created bright clusters, as
shown in FESEM image. Therefore, based on the analysis
of FESEM images, the solubility limit of Mn in our sam-
ples is 10 mol.%.

Figure 5 shows the 3D-STM images of the pure and
5 mol.% Mn-doped ZnO thin films. The surface morphol-
ogy of the thin films indicates that the surface of pure ZnO
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15 3.2430  5.1760 544362 255 311

appears rougher and containing bigger grains (as seen in
FESEM images).

The variations of sensitivity obtained for pure ZnO and
ZnO/Mn 5 mol.% thin films as a function of temperature at
different pressures of CO, gas (P = 100, 200 and 300 torr)
are shown in Figs. 6 and 7, respectively. As shown in
Fig. 6, the sensitivity of the ZnO film monotonically

increases with the increase in temperature, while the sen-
sitivity decreases with the increase in pressure.

As seen in Fig. 7, the isopressure curves of the sensi-
tivity of ZnO/Mn 5 mol.% increase exponentially with the
increase in the temperature. However, the upward trend of
sensitivity with the increase in the pressure from 100 to

* @ Springer
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Fig. 3 EDS spectra of the doped layer with 5 and 15 mol.% Mn

Fig. 4 FESEM images of ZnO/Mn thin films. a Mn: 0.0 mol.%, b Mn: 5.0 mol.%, ¢ Mn: 10.0 mol.% and d Mn: 15.0 mol.%

300 torr is not consistent with the trend observed for
undoped ZnO thin film.

Figure 8 shows the sensitivity of the all samples as a
function of CO, gas pressure measured at 150 °C. As it is
shown, by Mn doping in ZnO, sensing properties of thin
films considerably decreased. Also it can be seen, by
increasing the pressure of CO, gas into the test chamber,
the sensitivity decreased in pure ZnO, but increased in
ZnO/Mn.

Thickness of the films measured by ellipsometry tech-
nique is given in Table 1. As it shows the thickness of the

* @ Springer

films is not the same and the Mn-doped layer is thicker than
the pure one. The curves of the sensitivity of all samples
versus the thickness of films measured at 150 °C and
300 torr are shown in Fig. 9. It can be seen by increasing
the thickness, the sensitivity of the films decreased. It is
clear because the sensitivity is the reciprocal of resistivity
and the resistivity of the films increases by thickness
[23, 28].

The performance of gas sensors is considerably influ-
enced by different parameters such as structure of sensing
materials, particle size, grain boundaries, doping atoms,
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Fig. 5 3D-STM images from the surface of a Pure ZnO and b ZnO/Mn 5 mol.% thin films
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Fig. 7 Variation of sensitivity for ZnO/Mn 5 mol.% as a function of

temperature at different pressures of CO, gas (P = 100, 200 and
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porosity and morphology of films. The sensing mechanism
of n-type metal oxide gas sensors such as ZnO is given
below.

Oxygen species can capture the electrons from the inner
layer of ZnO films. Therefore, the oxygen species adsorbed
and consequently the negative charges of the film would be
trapped. The trapping of electrons causes an upward band
bending and thus a decrease in conductivity comparing to
the flat band situation [31].

In the presence of a deoxidizing gas, the electrons
trapped by the oxygen adsorbate return to the ZnO film and
lead to decrease in the potential barrier height and increase
in conductivity. So the oxygen vacancies act as donors and
increase the surface conductivity. There are different kinds
of oxygen species in the gas phase including molecular
(0,7) and atomic (O~, O®7) ions, adsorbed at the surface
of ZnO films. On the surface of ZnO thin films, the reaction
0,4 + €~ = 20,,, takes place as the temperature increa-
ses. The desorption temperature is around 150 °C for Oy,
and greater for O, [31-33]. When the sensor is exposed to
air, the oxygen molecules may capture the electrons and
lead to increase the resistance, whereas by exposing the
reductive gas to the samples, the absorbed oxygen ions
react with the target gas, so the trapped electrons move
back to the conduction band and the resistance decreases
[34]. According to the mechanism explained above, we can
discuss about the behavior of our samples.

As Fig. 6 shows the sensor response of pure ZnO thin
film increases gradually versus the temperature, cause for
operating temperatures < 200 °C, the adsorbed CO,
molecules are not activated enough to react with the sur-
face adsorbed oxygen species [35], whereas the significant
enhancement in the response of the Mn-doped ZnO thin
films to CO, gas by increasing temperature as seen in
Fig. 7 can be attributed to the decrease in the contact
resistance between the grains [36]. Generally with
increasing Mn concentration, carrier density decreases;
moreover, the Mn atoms prefer to be accumulated in the
grain boundaries and contribute to the oxidation process
and consequently the oxygen deficiencies decrease. So the
presence of Mn in ZnO films increases the resistance due to
decrease in the oxygen deficiencies and accumulation of
Mn atoms in the grain boundaries [28]. In the other hand,
the incorporation of substitutional Mn suppresses the for-
mation of native defects such as oxygen vacancies.
Therefore by CO, exposing to these samples, their resis-
tivity does not change so much and consequently the sen-
sitivity of the doped samples is not considerable as shown
in Figs. 7 and 8. The roughness of the films is the other
parameter which affects the sensitivity. By analysis of
FESEM and STM images, the roughness decreased and
oxygen deficiency reduced as said before. Also increasing
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the thickness of Mn-doped layers caused the sensitivity of
the films decreased. Therefore, sensing parameter of ZnO/
Mn thin film decreased comparing to the undoped sample.
Decreasing the sensitivity of the pure ZnO thin film by
increasing the pressure in Fig. 8 causes to lower tendency
of absorbing oxygen species by increasing concentration of
CO; gas.

Comparison between our results with other researches
indicates that the pure ZnO thin film synthesized by this
method has a good sensing properties at relatively low
operating temperature [25, 37, 38].

Conclusion

Zinc oxide thin films with different Mn concentrations (0,
5, 10 and 15 mol.%) has been deposited via spray pyrolysis
technique. The FESEM and 3D-STM images of the thin
films indicate that the surface of pure ZnO is rougher than
ZnO/Mn and containing bigger grains. The variations of
sensitivity as a function of temperature at different pres-
sures of CO, gas have been investigated. The results
showed that by increasing the temperature, the sensitivity
of the all samples increased and by Mn doping in ZnO,
sensing properties of thin films considerably decreased.
Also by increasing concentration of CO, gas, the sensi-
tivity of ZnO/Mn did not change so much, but the sensi-
tivity of the pure ZnO thin film decreased due to lower
tendency of absorbing oxygen species.
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