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Abstract

This work describes the gas sensing performance of undoped zinc oxide (ZnO) and ZnO doped with 2 atomic% aluminum (ZnO:
Al 2% at.) prepared via the thermal oxidation of zinc (Zn) and Al metal. The prepared films exhibited a polycrystalline structure
of the hexagonal ZnO structure. The element composition shows the presence of Zn, O and Al, with Al percentage of approximately
2.2% at. The current-voltage characteristic was used to study the effect of the low hydrogen (H2) concentrations on the sensing
properties of ZnO and ZnO: Al. The maximum response of the undoped ZnO was approximately 100 at an operating temperature
of 400 °C and increased to approximately 2000 at an operating temperature of 300 °C after doping with 2% at. Al. The current
study reveals the promising potential for the Al-doped ZnO for low H2 gas concentrations, as there was an enhancement in the
response and reduction in the operating temperature of the doped ZnO with Al.
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Abstrak

Kerja ini menerangkan prestasi penderiaan gas untuk zink oksida (ZnO) tanpa dop dan ZnO terdop 2 atom% aluminum (ZnO: Al
2% at.) yang disediakan melalui pengoksidaan terma logam zink (Zn) dan Al. Filem yang disediakan mempunyai struktur
polikristal iaitu struktur heksagonal ZnO. Komposisi unsur menunjukkan kehadiran Zn, O dan Al, dengan peratusan Al pada
anggaran 2.2% at. Ciri Arus-Voltan telah digunakan untuk mengkaji kesan kepekatan hidrogen (H2) rendah terhadap sifat
penderiaan ZnO dan ZnO:Al. Gerakbalas maksimum ZnO tanpa dop dalam anggaran 100 pada suhu operasi 400°C dan meningkat
kepada 2000 pada suhu operasi 300°C setelah didop dengan Al. Kajian semasa menunjukkan ZnO terdop Al mempunyai potensi
baik pada kepekatan gas H> yang rendah, di mana pengayaan dalam respons dan pengurangan dalam operasi suhu terhadap ZnO
didop Bersama Al.
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Introduction

Recently, metal oxide semiconductor gas sensors have
attracted considerable attention due to their applications
in integrated circuit processes [1-3]. It is known that
semiconductor sensors have been widely used and
studied owing to their low cost, small size, and
reliability [4-6]. However, the performance of the gas
sensors based on metal oxide semiconductors showed
drawbacks, as they need high operating temperatures
and show a relatively low sensitivity.

The modification and the improvements in the metal
oxide semiconductor gas sensors performance can be
approached with different paths. Surface modification
[7, 8] and doping process [9, 10] are among them.
Recently, extensive studies on the doping process and its
effect on the gas sensing performance of the metal oxide
semiconductor were conducted. Elements such as
chromium [10], indium [11], magnesium [12] aluminum
(Al) [13-16] and others [17] have been carried out for
different gas sensing applications. Aluminium was the
most studied element for doping ZnO for several
applications, such as conductive transparent layers [18].
In addition, the Al is inexpensive metal and abundant as
compared with the other doped elements.

There are many published reports on the application of
aluminum as a dopant for ZnO based gas sensors.
Paraguay et al. [19] prepared ethanol vapor sensors
based on ZnO, and different metals such as tin, indium,
Al, iron and copper were used as dopants. No difference
in operating temperature was observed. However, the
ethanol vapor sensor based on ZnO doped with tin
shows the highest sensitivity for ethanol vapor. Hijri et
al. [13] prepared ZnO doped with 1-5% atomic Al
nanoparticles via sol-gel process. The working operating
temperature was in the range of 250-300 °C. The sensors
based on ZnO: Al manifested a higher response than the
undoped ZnO sensor in carbon monoxide environment.
Zan et al. [20] synthesized ZnO: Al
(0.1/0.075/0.05/0.025 mol/L) via a hydrothermal
method. Different nanostructure morphologies were
prepared, and the operating temperatures of the prepared
ZnO: Al nanostructures were almost the same, despite
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the fact that different nanostructure morphologies were
prepared. However, the sensitivity of the disk shape
the heights compared to other
nanostructure morphologies. Several gases were
demonstrated in the study, such as ammonia, carbon
monoxide, and H». The chemical bath deposition
method was conducted to prepare ethanol vapor sensors
based on undoped ZnO and doped ZnO: Al The
optimum performance of the prepared sensor was for the
sample with Al concentration equal to 2.90 at% [21].
The prepared ethanol sensor was operated at 300°C as a

structures was

working temperature. Furthermore, Yoo et. al [16]
reported on the sensing of acetone by Al-doped ZnO for
breath analysis applications. It was reported that doping
ZnO with 1 at% Al will enhance the detection
performance of the ZnO nanoparticles.

Hydrogen is one of the most gasses demonstrated for
their importance as one of the resources of clean energy
[22, 23]. H; gas is considered as one of the flammable
gasses with a wide range of flammability in the air,
which is about 4-75% by volume. The lowest limit of
H, concentration in the atmosphere to cause an
explosion is 4.65%, making it one of the most
flammable gasses [24]. Sensors with the ability to detect
low levels of H» ranging from 0.1 ppm to 100 ppm are
required for applications involving leak detection in
hydrogen fuel systems [23, 25].

Currently, there are few studies regarding the gas
sensing properties of ZnO films prepared by oxidation
as well as the process of doping it. Furthermore, the
effect of the applied bias voltage on the gas sensing
performance of the undoped and doped ZnO:Al was not
explored wildly. In this study, we prepared zinc oxide
(ZnO) and aluminum doped zinc oxide (ZnO: Al)
through the thermal oxidation of dc sputtered Zn metal.
The aim of this study is to enhance the sensing properties
of the ZnO gas sensor through the doping process for H,
gas sensors.

Materials and Methods
Silicon n-type wafer with (1 0 0) orientation was used as
a substrate. Initially, the cleaning process of the wafer is
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according to the RCA (Radio Corporation of America)
method [26]. A silicon dioxide (SiO,) thick layer is
grown through a thermal oxidation process. Platinum
(Pt) is used as a heating element and electrode. The
pattern of the heating element and electrodes was carried
out using the photolithography technique. Zn metal and
Zn + Al thin films were coated using the A306 dc
sputtering unit from Edwards. The target was high purity
Zn metal target with a purity of >99.99% (diameter 7.62
cm) from (Xiamen Advanced and High-tech Material
Co. Ltd, China) for the first batch of samples, while a
high purity 2 cm Al rod (99.99% from Sigma-Aldrich
(M) Sdn Bhd, Malaysia) with a diameter of 2 mm
attached on top of the Zn target for the doped Zn. After
reaching a pressure below 1 x 10~ mbar, Ar gas was
introduced into the chamber through a needle valve.
During this process, the working pressure was held
constant at approximately 4.5 x 102 mbar, and the dc
power was maintained at 250 W.

The oxidation process was performed using a controlled
tube furnace from Lenton. Both samples were inserted
at room temperature, which was subsequently raised up
to 400 °C at the rate of 5°C.min"! with a constant flow
rate of high purity (99.98%) oxygen. The oxidation time
was 30 min. The film’s color changed to white after the
oxidation process. The thickness of the produced films
was (300 = 20) nm as measured by Filmetrics F20
optical reflectometer (based on the optical interference
method). PANalytical X-ray diffractometer (HR-XRD)
is used to obtain the crystal structure of the prepared
films. The diffraction angles were in the range of 20° -
60°. A scanning electron microscope (SEM JEOL model
JSM-6460 LV) with an energy dispersion spectroscopy
(EDS type INCAx from OXFORD instrument) was used
for structure, surface morphology, and -elemental
analysis of the prepared samples. Atomic force
microscope (AFM) was also used for the morphology of
the prepared samples’ surface.

The current-voltage (I-V) characteristic of the sensor
was measured using a programmable KEITHLEY
Electrometer — model 617, which also supplied the
voltage V ranging from -2 to 2 volts. A DC power supply
was used for supplying the voltage to the heating
element at the operating temperature between 50 °C to
450 °C. A calibrated K - type thermocouple was
mounted on the device to determine the operating
temperature of the sensor. After 3 min of turning on the
gas flow, the measurements were commenced to ensure
a homogeneous distribution of the gas under study
inside the chamber. The output current was collected as
a function of different H, concentration (0-120) ppm.
The test chamber was made of stainless steel, creating a
volume of about 8200 cm? Highly grade 2% H,
balanced in nitrogen (MOX-LINDE GASES SDN BHD,
Malaysia) was used as a test gas. The measurements
were taken at room temperature at humidity and
temperature of 62% and 25°C, respectively.

Results and Discussion

Structure and elements analysis

The X-ray diffraction patterns of the 30-min thermal
oxidation of Zn metal and Al-doped Zn are depicted in
Figure 1. The pattern shows the polycrystalline nature of
the prepared samples. Furthermore, there was no
evidence of Zn metal in both prepared undoped and
doped ZnO films, which confirmed the complete
conversion of Zn metal to ZnO. The Bragg angles appear
at 31.8°, 34.3°, 36.2°, and 56.8°, which belong to the
(100), (002), (101) and (102) phases of ZnO (JCPDS
card no. 36-1451), respectively. The decrease in the
peak’s intensity after doping with Al is also worth
noting. This might be attributed to the existence of Al,O3
grains that interrupt the nucleation of the structure
growth [27]. The EDX values for ZnO and ZnO: Al are
shown in Table 1, along with their corresponding
elemental compositions. It is clear that the Zn:O ratio is
almost identical, and that the Al concentration is
approximately 2.2at%.
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Table 1. The element percentage of the ZnO and ZnO:Al samples prepared through the 30-minute thermal oxidation

of Zn and Zn:Al
Elements Atomic (%)
ZnO ZnO: Al
(o) 52.48 52.17
Zn 47.52 45.65
Al - 2.20
5
s g ZnOA
Z c
(110)
k)
2
g Zn0
=
T T T T 1 1 T 1
20 25 30 35 40 45 50 55 60
20(°)

Figure 1. HR-XRD of ZnO and ZnO: Al samples after a 30-minute thermal oxidation at 400 °C

The SEM and AFM micrographs of the surface of both
sensors are depicted in Figure 2. It can be observed that
the undoped ZnO surface appears to be more condensed
as compared to the doped one, which demonstrated a
porous with larger
enhancement of the ZnO: Al grains size is due to the
segregation of Al content into the grain boundaries [28].
The AFM micrograph also confirms that the doped ZnO

microstructure grains. The
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possesses a rougher surface as compared to the undoped
one. The root mean square of surface roughness
measured by AFM for the undoped ZnO was 45 nm,
which increased to 78 nm for the doped ZnO with
2.2at% Al. Surface roughness and less compact structure
may be attributed to the migration of Al dopants towards
the grain boundary, where they react with oxygen atoms
and segregate as Al,O3 [29].
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Figure 2. The SEM and AFM micrographs for both (a) ZnO and (b) ZnO: Al were prepared through the thermal

oxidation of Zn metal; the bar length is 1 pm

The current-voltage characterization

The resistance of both prepared gas sensors samples in
the temperature range starting from room temperature
up to 450 °C is measured in an air atmosphere, and the
results are shown in Figure 3. It is worth noting that the
resistance of both sensing materials decreased along
with the temperature. This indicates the semiconductor
behavior of both prepared samples. Moreover, the
resistance of the ZnO: Al was lower than that of undoped
ZnO in the temperature range from 50 °C to around
250 °C. The lower baseline resistance could be attributed
to the higher charge carrier concentration resulting from
the donor nature of the substitution of Al** on Zn?* sites
[28, 30]. These results are comparable with those
published [13, 31]. The decrease in sheet resistance at
100-250 °C was due to the thermal excitation of

electrons into the conduction band. Furthermore, it has
been reported that undoped ZnO undergoes a reduction
process as the temperature rises to form oxygen
vacancies, which are immediately ionized to donate
electrons to the conduction band [32, 33]. The next
regime of the behavior (above 250°C) exhibited a
positive temperature coefficient of resistance (PTCR)
for the ZnO sample. However, for the ZnO: Al sample,
PTCR appeared in the temperature ranging from 250 —
350 °C before giving way to the negative temperature
coefficient (NTCR) of the resistance regime at
temperatures above 350 °C. The PTCR regime in the
ZnO sample is probably due to the thermal desorption of
the (OH") layer [34] or the adsorption of various oxygen
molecules on the ZnO surface [30].
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Figure 3. The electrical resistance behavior of the ZnO and ZnO: Al samples

In order to evaluate the quality of the manufactured
sensors as well as determine the optimum operating
temperature, both sensors were exposed to a fixed
concentration of H, (100 ppm), while the temperature
was varied between 100°C and 450°C with a step of
50°C (there was the insignificant response at
temperature lower than 100°C for both samples). The
quality levels of both ZnO and ZnO: Al sensors were
estimated by measuring their response (Equation 1),
which can be calculated by the ratio of the resistance in
the air (Ra) and resistance in the hydrogen gas
atmosphere (Rg) [34]:

:Ra

g=na
Rg

(M

Figure 4 (semi-log graph) reveals the response of both
prepared sensors as a function of the operating
temperatures. In both cases, the response to the 100 ppm
H, was increased with the temperature. The maximum
response of the undoped ZnO was approximately 100
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and occurred at 400°C, and it was approximately 2100
at an operating temperature of 300°C for the doped
ZnO:Al gas sensors. It is, therefore, concluded that the
optimum operating temperature is 400°C and 300 °C for
the undoped ZnO and doped ZnO:Al gas sensors,
respectively.

The reaction rate between the gas under test with the
surface absorbed oxygen species is low at low operating
temperatures. This is probably due to the high activation
energy barrier of the surface reaction. Increasing the
operating temperature will enhance the sensor response,
which probably is due to the sufficient thermal energy to
overcome the Dbarrier height. According to
Krishnakumar et al. [35], Patil and Patil [36] and
Barreca et al. [8], the adsorbed oxygen may desorb from
the surface at higher temperatures (the adsorbed oxygen
will not be enough to react with the gas). This will result
in decreasing the gas response at higher temperatures. It
is obvious that the ZnO: Al sensor has a much lower
operating temperature and higher response than that of
the undoped ZnO sensor.
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Figure 4. The operating temperature of the ZnO: Al and ZnO gas sensors.

We believe that the enhancement of the gas response at
lower operating temperatures is due to the incorporation
of the Al metal. Consequently, the surface activity is
enhanced as Al has lower ionization energy than the Zn
[10]. Furthermore, the modification in the surface nature
may consider another factor that might enhance the
response of the doped ZnO gas sensor. The increase in
the roughness of the surface will result in an increase in
the surface to volume ratio, which will allow the gas to
penetrate more through the sensitive area of the oxide.
On the other hand, the surface is usually dense for the
undoped ZnO, and the sensing reactions are restricted to
the surface.

Several authors [37, 38] have observed the occurrence
of shifting operating temperature by doping; it was
found that such an effect is related to the changes in the
reaction equilibrium, which strongly depend on
operating temperature [38]. Figure 5 shows the current-
voltage characteristic of both the undoped and doped
ZnO with 2% at. Al in H, atmosphere with the
concentration ranging from 40 to 160 ppm. The
operating temperatures were fixed at 400 °C and 300 °C
for the undoped and doped ZnO, respectively. The figure
shows that the current magnitude for both sensors
increased as the gas concentrations increased.
Furthermore, the current values of the doped ZnO are

becoming higher than the undoped ZnO.
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Figure 5. The I-V characteristic of (a) ZnO and (b) ZnO: Al in the H, atmosphere with concentration ranging from 40

to 160 ppm

It is well accepted that the detection of reduction gases

over the metal oxide surface involves an
adsorption—oxidation—desorption process [39]. Here,
the oxygen molecules play an important role in this
process. Upon the exposure of the metal oxide in the air

at elevated temperatures (higher than 200°C, oxygen

0, (gas) < O, (adsorbed)
O,(ads) +e<> O, (ads)
O, (ads) +e<> 20 (ads)

O (ads) +e<> O (ads)

This will form a space-charge depletion layer on the
surface of the oxide resulting in a reduction of the carrier
concentration. When the sensors are exposed to a
reducing gas (in this case is H»), the H, gas reacts with
the adsorbed oxygen ions on the sensor’s surface, and as

H,+O0 —H,O(gas)+e"

As the doping content of Al increases the carrier
concentration, this will result in a higher output current
as compared to the undoped ZnO gas sensor. The
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molecules are adsorbed over at surface of the oxide, and
the formation of oxygen ions (07, 0% or O%) will accrue
(Equation 2-5), by attracting electrons from the
conduction band of the metal oxide. The reaction can be
summarized as follow [37];

@)
®
©)
®)

a result, the electrons will be released back into the
conduction band, causing an increase in the produced
current, as can be expected (Equation 6) from the
following reaction between the hydrogen gas molecules
and the adsorbed oxygen:

(6)

behavior of both undoped ZnO and doped ZnO:Al with
the H, concentrations from (0 - 120) ppm at a bias
voltage of 2V is depicted in Figure 6. It can be observed
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that the sensor’s measured current increased when
exposed to hydrogen up to 120 ppm with a good linearity

that proves the suitability of using the ZnO for low
hydrogen concentrations.
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Figure 6. The response of the measured current for ZnO and ZnO: Al when exposed to the H2 atmosphere for different
concentration levels. The operating temperature of the undoped and doped ZnO was 400 °C and 300 °C,
respectively, and the applied voltage was fixed at 2V

Conclusion

In this study, undoped ZnO and doped ZnO: Al gas
sensors were successfully prepared by the thermal
oxidation of the Zn metal at 400°C. It was also found
that the operating temperature was reduced, and the
sensitivity was higher for the doped ZnO: Al sensor. The
I — V characteristic of both samples show a significant
response for the measured H, concentration range. Due
to the increase in the carrier concentration of the Al
doped ZnO, the enhancement of response was noticed.
The results show a potential application of the Al doped
ZnO for low range H; concentration gas sensors.
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