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This paper reports the deposition of Zn on glass substrates using the physical vapor deposition (PVD) method, followed by an
annealing process to grow ZnO for gas-sensing applications. Surface morphologies were characterized using scanning electron
microscopy, which revealed nanowire shape. The diameter of the wire was about 35 nm. In addition, X-ray diffraction analysis
demonstrated that the ZnO nanowire possessed a wurtzite structure with an orientation of (002). Three types of resistive gas
sensors with a spiral-square and two-comb electrode geometries were designed, fabricated, and tested for their ethanol vapor-sensing
properties. The experimental results show that the sensor with square-spiral electrode has the sensitivity of 43% for 2,000 ppm
of ethanol vapor at 200°C, while the sensor with a comb electrode shows the sensitivity of 32% at the same conditions. Also, two
sensors with different dimensions of comb-shaped electrodes showed the same sensitivity, as both the width and the distance between
the fingers change simultaneously in the larger comb-shaped electrode. The response time for the comb electrode is shorter than the
square-spiral type, and the recovery time is almost independent of the electrode geometry. Therefore, the optimal structure should be
selected based on the application.

1. Introduction

Nowadays, to detect volatile and toxic gases, according to
environmental policies and legislation, as well as the security
limits of life and industry, sensor devices have special impor-
tance in everyday people’s lives [1]. The importance of increas-
ing sensitivity, accuracy, and speed in gas sensors is well
known. In recent years, many efforts have been made to
achieve high sensitivity of gas sensors in the field of science
and engineering, and researchers have tried to achieve this
goal using different methods. In this research, changing elec-
trode shape is investigated as a method for increasing sensor
sensitivity.

Technological limitations of conventional gas sensors,
such as sensitivity, selectivity, or high-temperature perfor-
mance, have led to the study of new methods, such as using
nanostructures in conventional sensing materials. One of the
highlight characteristics of nanomaterials is their high sur-
face-to-volume ratio. Nanostructured materials can be used

to lower operating temperatures, which reduces power con-
sumption while making their operation safer [2].

Among the gases, ethanol with the molecular formula of
C2H5OH, molecular weight of 46.07 g/mol, and boiling point
of 78.5°C has wide applications in the food industry, phar-
maceutical industry, chemical factories, and preventing drunk
driving [3, 4]. Normally, exposure to ethanol vapor is not
dangerous, but it can lead to headaches, drowsiness, eye
irritation, and breathing problems. Therefore, the control of
ethanol concentration is particularly important [5]. There are
several methods for detecting processes, including gas chro-
matography, infrared spectroscopy, and electrochemical sens-
ing. However, each method has its limitations. For example,
gas chromatography is a highly accurate method but requires
expensive equipment and trained personnel. Infrared spec-
troscopy is a nondestructive method but is not as sensitive
as others. Among these methods, metal–oxide semiconductor
gas sensors for ethanol detection have attracted widespread
attention in recent researches due to their low cost and simple
fabrication process. Also, lower selectivity and sensitivity,
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high working temperature, and the inability to detect ppb
levels of ethanol vapor are the major drawbacks of the metal
oxide-based sensors for ethanol-sensing applications. In this
research in order to overcome its low sensitivity, a novel
method is proposed.

Themost common and practical gas sensors aremetal–oxide
semiconductor types, which have several advantages, such as
well stability, high sensitivity, and simple fabrication pro-
cesses [6]. The working principle of semiconductor gas sen-
sors is based on their resistance variation or conductivity
upon exposure to the target gas [7]. This type of gas sensor
includes a heater, substrate, sensing material, and electrodes.
The heater is placed beneath the substrate which provides the
appropriate working temperature of the sensor [8]. One of
the common metal–oxide semiconductors is ZnO, which has
unique properties and a wide range of applications in thin
film transistors, light diodes, and sensors [6]. This material is
an n-type semiconductor (oxygen vacancies in the zinc oxide
crystal structure often act as an n-type donor) with a hexago-
nal structure and a wide and direct band gap of about 3.37 eV
at room temperature. Due to its high absorption power of
ultraviolet light, it is used as a transparent electrode in solar
cells and flat screens. In addition, it is used tomake gratings in
optical electronic devices, as a window material in antireflec-
tive coatings and optical filters [9]. The important advantage
of ZnO as a sensor material is the ease of making nanostruc-
tures such as nanowires, nanotubes, nanobelts, nanospheres,
nanoflowers, nanomushrooms, etc. ZnO nanostructures often
exhibit favorable sensing performance due to their high spe-
cific area [10]. A number of methods have been used for
enhancing ZnO performance, such as metal doping [11, 12],
deposition method and morphology control [13], effect of
working temperature [14, 15], and using multicompositional
sensing film [16]. In [13], ZnO was prepared using a simple
heat treatment and thermal evaporation technique. The work-
ing temperature is observed at 250°C. The sensors were used
at concentration ppm ranges of 5–50 at 250°C. The process is
based on the ethanol adsorption/desorption, which forms
ionic species on the sample surface. The thermal evaporation
technique yields to the best sensing response at 250°C. The
ethanol-sensing mechanism involves adsorption as a surface
defect, forming ionic species on the sample surface. Before gas
exposure, oxygen atoms are adsorbed into the ZnO surface,
creating a depletion layer. When ethanol vapor is introduced,
the depletion layer becomes thinner and reduces the resis-
tance. In [17], the gas mechanism of a ZnO-based ethanol
sensor has been discussed. It is well known that the mecha-
nism of n-type metal oxide semiconductors is based on the
chemiresistor changes caused by the surface adsorption and
desorption of gas molecules.

Also, in this type of sensor, the contact of sensing mate-
rial with the electrode is Ohmic or Schottky. Electrodes are a
part of the semiconductor gas sensor that measures the elec-
trical and catalytic properties of the sensing materials [18]. In
addition, the sensing properties of semiconductor gas sen-
sors can be modified using different electrode materials
[8, 19–21], electrode geometry [18, 22–24], and electrode
placement positions [25, 26]. In [22], the optimization of

geometrical parameters of interdigitated electrode structures
(finger width, spacing between fingers, and number of fin-
gers) on the methane gas sensor response at different applied
voltages has been investigated. The sensor response is found
to be more sensitive to variations in finger width than in
spacing between them. Also, in [27–29], optimizing the fin-
ger distance of the comb electrodes has been investigated to
evaluate the response of the gas sensor. In [27], the response
of the graphene-based acetone gas sensor was improved by
increasing the distance between the electrodes.

The gas-sensing mechanism of the sensor is based on
chemisorbed oxygen species and resistance decrement upon
the effect of reactions as follows:

O2 gasð Þ þ e−⇄O−

2 adsð Þ; ð1Þ

O2 gasð Þ þ 2e−⇄2O−; ð2Þ

O−

adsorbedð Þ þ e−⇄O2−; ð3Þ

C2H5OHgas þ 3O−

2⇄2CO2 gasð Þ þ 3H2Oþ 3e−; ð4Þ

C2H5OHgas þ 6O−⇄2CO2 gasð Þ þ 3H2Oþ 6e−; ð5Þ

where (gas) and (ads) denote gas and adsorbate molecules,
respectively. Also, Equation (1) relates to the temperature
below 200°C, and Equation (2) applies to temperatures rang-
ing from 200 to 300°C. When an n-type semiconductor par-
ticle comes into contact with air, it captures the oxygen
molecules to its surface and converts them to O−

2 , O
−, and

O2−ions. This process occurs by extracting electrons from
the conductance band, resulting in the formation of an elec-
tron depletion layer near the particle’s surface where there
are fewer electrons. On the surface of an n-type semiconduc-
tor particle, there are three types of oxygen-related sub-
stances. As the sensor is exposed to ethanol vapor, it reacts
with the O− ions on the surface, causing the trapped elec-
trons to be released. As a result, the depletion layer becomes
thinner, and the resistance of the ZnO layer decreases [30].

Most of the research in the field of sensing has been done
on the sensing material, while the role of electrode material,
geometry, gap size, and preparation method on the sensing
properties of active material have not been fully studied. The
electrode material can affect the Ohmic and Schottky prop-
erties of the metal-semiconductor junction [30–32]. In this
research, the Au electrode and ZnO have Ohmic contacts.
Moreover, electrodes can be placed above, below, or on both
sides of the sensing layer and the sensitivity of the sensor will
change by the variation of electrode position [8, 25, 26]. In
[33, 34], the effect of electrode structure on NO2 gas sensing
was investigated. The sensor with spiral electrodes had a
better response than a comb one because it has a larger
effective surface. Here, the comb structure is chosen and
includes the following advantages. This structure increases
the effective area. Moreover, the sensitivity could be modified
by changing the ratio of finger width to finger distance. Also,
comb electrodes are usually made using the photolithography
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FIGURE 1: Three types of considered electrode patterns with their detailed dimensions (in mm).
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method. However, in this research, a simple and cheap alter-
native method is proposed.

2. Experimental Details

2.1. Electrode Design. Figure 1 shows the electrode patterns
which are designed by Corel Draw software. These patterns
were cut with a fiber laser on a 5 cm× 5 cm steel sheet, and the
electrodes were deposited on the sample using this pattern.

2.2. Electrode Fabrication. Figure 2 corresponds to the fabri-
cated mask. For each electrode deposition step, this mask is
placed on the sample in the sputtering system, and gold is
deposited on. The electrodes were coated onto the zinc oxide
layer using the sputtering method with a power of 42W and
a thickness of 120 nm.

Finger distance, finger width, and effective area of A
and B electrodes are equal to 500 µ, 250 µ, and 27.5mm2,
respectively. Also, the finger distance, finger width, and
effective area of the C electrode are equal to 800 µ, 400 µ,
and 70.5mm2, respectively.

2.3. Materials andMethods. Before deposition, glass substrates
were ultrasonically vibrated in acetone, ethanol, and distilled
water for 15min; after that, they were washed with deionized
water and dried with airflow. The physical vapor deposi-
tion (PVD) method was employed to deposit ZnO on the
substrate.

The PVD method is a process that takes place in a vac-
uum environment by applying electric current to evaporate
the source material. The parameters that must be controlled
in this type of deposition are chamber pressure and temper-
ature of the plant where the source material is placed. The
source material is used as a coating (such as a piece of metal)
in a container, commonly referred to as a boat or filament,
made of resistant metals which is placed in the container. By
passing an electric current through the boat or filament and
heating up the desired source material, it vaporizes in a vac-
uum environment. This vapor then forms a thin layer on the
substrate due to the pressure difference between the con-
tainer and the substrate. This technique involves heating a
Zn source material in a vacuum chamber, causing the mate-
rial to evaporate and deposit on the substrate. The deposition
parameters, such as temperature and pressure, affect the film
quality and its thickness. Figure 3 shows a schematic illus-
tration of the PVD process. Here, 0.2 g of Zn is placed inside
the chamber with the pressure of 2× 10−5 bar, a filament
current of 180A, where it is placed in 13 cm of the substrate.
The substrate temperature and the deposition time were set
at about 150°C and 30 s, respectively. By heating the sample,
it evaporated and the obtained vapor condensed on the sub-
strate. Next, the sample was annealed for half an hour at the
temperature of 500°C in an oxygen atmosphere with a flow
rate of 200 sccm.

Next, 120 nm of gold was deposited on zinc oxide by direct
sputtering. Then, two strands of copper wire were joined to the
Au electrode using a conducting paste to make an electrical
connection between the interdigitated electrode and Cu wire.

2.4. Sample Characterization. The X-ray diffraction (XRD)
patterns were obtained using an X’pertPro device with a Cu
Kα anode (λ= 0.1542Å) operating at 40 kV and 30mA. The
diffraction patterns were generated with the step size of 0.05
(2θ) and the step time of 1 s. This device is manufactured by
Panalytical Company in the Netherlands.

The crystalline size (D) was calculated using the Scherrer
formula, D= kλ/βcosθ, where D is the particle diameter size,
λ is the X-ray wavelength, β is the “full width at half maxi-
mum” (FWHM) of the sharp peaks, and θ is the angle.
According to the mentioned explanations, the crystalline
size is calculated to be 29.42 nm.

The field-emission scanning electron microscopy (FESEM)
experiment is done by a MIRA3 TESCAN, where the acceler-
ation voltage is in the range of 18–20 kV, the scan mode is
10 rate/min, and the beam current is 7A.

3. Results and Discussion

3.1. Structural Properties. XRD stands for X-ray diffraction.
This device emits X-rays at different angles to the sample and
draws the result as a graph. In this diagram, a series of peaks
can be seen, each peak corresponding to XRD from a specific
atomic plane.

Figure 4 shows the XRD patterns of the pure Zn samples.
The highest peak (002) is at 38.29°. The distinct diffraction
peaks at 36.34°, 39.06°, 43.28°, and 77.04° diffraction angles
correspond to the (002), (100), (101), and (004) plane, which

FIGURE 2: Fabricated mask.

Substrate holder

Vaporized material

Zn metal sheet

Heater

Vacuum chamber

Growing film

Glass substrate

FIGURE 3: Schematic representation of the PVD coating process.
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is characteristic of Zn material. Figure 5 shows the XRD pat-
tern of the pure ZnO samples. The highest peak (002) at 34.46°
confirms the growth direction of zinc oxide along the C axis
[35]. As it is obvious from the XRD pattern, annealing leads to
the improvement of crystallinity. The size of the crystal is
calculated from the Debye–Sheerer relationship as 29.42 nm.

3.2. Surface Morphology Analysis. FESEM is a technique used
to obtain high-resolution images of a sample surface with
virtually unlimited depth of field while using an electron
beam focused by electromagnetic lenses to scan the surface
of a specimen, where the reflected/interacted electrons cre-
ate an image of the sample surface and topography.
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FIGURE 4: XRD patterns of the studied Zn sample before annealing.
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Figures 6(a), 6(b), and 7(a) show the FESEM image of
the ZnO layer synthesized by the PVDmethod in three scales
of 1,000, 500, and 200 nm, respectively. As is apparent, the
surface is composed of nanowires. Figure 7(b) shows the
sample diameter. Also, the cross-sectional image indicates
that the thickness of the layer is 405.46 nm.

3.3. Gas-Sensing Results. The testing structure of the fabri-
cated gas sensor is illustrated in Figure 8. This structure
consists of a gas inlet, gas outlet, temperature controller,
and electrical data recording. The sensor was placed in the
center of the chamber. After initial resistance was stabilized,
ethanol vapors were injected into the gas chamber. To
restore the sensor’s resistance to its initial value, inert nitro-
gen gas is utilized, causing the release of ethanol vapor from

its location. As a result, the resistance of the sample returns
to its original state. The schematic of the fabricated gas sen-
sor is shown at the corner of Figure 8. Also, the picture of the
fabricated gas sensor is shown in Figure 9.

The results of sensing samples in the time domain are
shown in Table 1. The sensitivity of the sensor is calculated
using S= [(Rg−Ra)/Ra]× 100, where Ra is the resistance of
the sensor in the presence of the air ambient and Rg is the
resistance of the sensor in the presence of the target gas.

Two important parameters of the gas sensors are their
response time and recovery time. Response time is the time it
takes for the sensor to detect the gas and produce a measur-
able signal, while recovery time is the time it takes for the
sensor to return to its initial state after exposing to the tar-
get gas.

ðaÞ ðbÞ
FIGURE 6: FESEM images of the deposited layer in (a) 1 µm scale and (b) 500 nm scale.

ðaÞ ðbÞ
FIGURE 7: (a) FESEM image of the deposited layer in 200 nm scale and (b) sample diameter.
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FIGURE 8: Schematic of gas-sensing procedure and the gas sensor structure.

FIGURE 9: Fabricated gas sensor.

TABLE 1: Sensing results of different electrode patterns.

Sample Ethanol gas concentration (ppm) Temperature (°C) Sensitivity (%) Response time (s) Recovery time (s)

A 2,000 200 43 10 7.5
B 2,000 200 32 4 7.28
C 2,000 200 32 6 7.5
A 2,000 250 68 28.8 21
A 660 250 53 25 32
A 330 250 42 21 57
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FIGURE 10: Transient response of A-sensor to 2,000 ppm ethanol
concentration at 200°C.
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FIGURE 12: Response time of C-sensor to 2,000 ppm ethanol concentration at 200°C.
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The response and recovery times of a gas sensor can vary
depending on the type and concentration of detected gas and
also the sensor technology being used [36–38].

3.4. Gas-Sensing Mechanism. Considering that ZnO is an
n-type semiconductor and ethanol is a reducing gas, in reac-
tion with each other, they cause a drop in the resistance of
the sensor. In this case, nitrogen is flushed inside the cham-
ber for 4min. Thus, the resistance returns to its initial value.

Figures 10–12 show the dynamic resistance transient of
the sensors fabricated for A, B, and C electrodes, respectively,
toward 2,000 ppm of ethanol at 200°C. The comparison of the
three sensors demonstrates that the sensitivity of the square-
spiral electrode is higher than that of the comb electrode. This
is because the area between fingers in the square-spiral and
small comb electrodes is 13.25 and 12mm2, respectively, let
the absorption of more molecules and larger current for
square-spiral electrode shape. In other words, it can be men-
tioned that for resistive sensors, the effect of interelectrode
distance plays a more effective role than finger width. The
sensitivity of the sensor fabricated using a C electrode with
an effective area of 70.5mm2 has not changed compared to
the B sensor with an effective area of 27.5mm2. Because in
sample C, both width and inter-electrode distance parameters
have changed simultaneously [18, 23]. For these two sensors,
the ratio of width to finger distance has not changed, so the
sensitivity has remained constant. Also, by increasing the
inter-electrode distance, the initial resistance of sensor C
has increased compared to sensor B. In comb electrodes,
changing the width-to-finger distance ratio leads to a small
increment in sensor sensitivity. In addition, the recovery time
in all three electrode shapes remains almost constant, which
shows that the recovery time is independent of the electrode
geometry. The response time of the comb electrode is less than
the square-spiral type. Therefore, depending on the applica-
tion where sensitivity or response time is important, the opti-
mal mode should be selected. Considering Figure 13, the
sensitivity of sample A increased with increasing temperature
and concentration of ethanol vapor from 330 to 2,000 ppm.
Table 2 presents a summarized comparison between our
research and other reported works for ZnO-based gas sensors.

4. Conclusion

In this work, the zinc (Zn) thin film has been prepared by the
PVDmethod. Then, an annealing processwas employed to grow
the ZnO nanowire layer. Surface morphologies were character-
ized using SEM, which revealed nanowire shape. In addition,

XRD analysis demonstrated that ZnO nanowire possessed a
wurtzite structure with an orientation of (002). Totally, three
types of sensors with different electrode geometries were
designed, fabricated, and tested for their ethanol vapor-sensing
properties. Based on the provided results, the sensorwith square-
spiral electrodes showed the sensitivity of 43% and 68% at 200
and 250°C, respectively, which is the highest value in compari-
son with other electrodes. For this shape of the electrode, a larger
area is involved in the sensing process, thus the sensitivity is
increased. The response time of the comb electrode is faster
than the square-spiral electrode, while the recovery time is
almost independent of the electrode geometry. Two sensors
with comb electrodes and different dimensions showed the
same sensitivity; as for the large comb electrode, both the finger
width and distance have changed simultaneously.

Data Availability

We have not used any data to support the results of our
study.
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