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Abstract: The low operating temperature of nanowire gas sensors along with their high surface-to-
volume ratio are two factors that make gas sensors more practical. In this paper, the growth of ZnO
nanowires on a vertically aligned CNT forest is reported. The utilized method for ZnO growth was
a rapid microwave-assisted hydrothermal route, which facilitates low-temperature and ultra-fast
fabrication. Organic vapor sensing properties of fabricated samples were studied in response to
different alcoholic vapors at a wide operating temperature range of 25 to 300 °C. Enhancement of
the gas response was observed with increasing operating temperature. Moreover, the effect of the
ZnO nanowire length on organic vapor sensing properties of CNT-ZnO samples was investigated.
Results proved that CNT-ZnO samples with long ZnO wires exhibit higher sensitivity to examined
analytes. Different length ZnO nanowires were attained via variation of the microwave exposure
time and power. Fabrication parameters were selected based on numerous runs. The length of ZnO
synthesized at each distinct run was calculated based on SEM micrographs of the samples.

Keywords: nanowire; gas sensor; CNT-ZnO composite; nanowire length effect

1. Introduction

Today, the detection and quantification of different gases are very important. One
of the best technologies for the detection of Volatile Organic Compounds (VOCs) vapor
is semiconductor gas sensors [1]. These sensors show resistive variation in contact with
different gases depending on the type of gas. This is due to the adsorption and desorption of
gas molecules, which results in different electrical resistance of the surface. This mechanism
is used to identify the presence of gas [2]. Semiconducting metal oxides, due to their low
cost, easy processing and treating, high gas response, good electrical properties, and regular
structure at the nanoscale, are appropriate for sensor fabrication [1,3,4]. In recent years,
the use of oxide nanostructures has attracted much attention [5,6]. Zinc oxide (ZnO) is
known as one of the semiconductors that have a wide application range. It can be used
in industrial optics [7,8], sensors [9,10], solar cells [8], and biological sciences [11,12]. ZnO
as a gas sensor is used either as a part of composite material [13] or individually [14]. In
addition, doping of ZnO is an effective way to enhance its gas sensing properties [15-17].

The performance of the metal oxide gas sensor is greatly affected by the surface
morphology of the sensor. However, one of the major challenges for gas sensors is that
they need high temperatures to work [2]. However, the improvement of the structure
and orientation of materials, such as using a regular nanostructure, would overcome this
limitation [5,18].

Another way to reduce the operating temperature of metal oxide gas sensors is to use
them in a composite structure [19-21]. Carbon nanotubes (CNTs) have been adopted exten-
sively as composite materials for metal oxide gas sensors due to their unique morphology
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and properties [19]. The reinforcement of ZnO with CNT has developed advanced multi-
functional gas sensors with improved properties. Many reports show that the CNT-ZnO
composite is a better gas sensor as compared to bare ZnO and CNT [22-24]. So far, the
effect of the different morphological structures of the zinc oxide microstructure in ZnO
hybrid compounds has not been investigated.

In this paper, we used a fast microwave-assisted hydrothermal synthesis method
to grow ZnO nanowire. To increase the organic vapor sensing properties and lower the
working temperature of the sensor, ZnO has been grown on a Carbon Nanotube (CNT).
The method used for CNT growth was Plasma-Enhancement-Chemical-Vapor-Deposition
(PECVD). Therefore, the sensor temperature is reduced, and the CNT tubes are considered
a very good place for ZnO seeding.

This paper investigated whether ZnO nanowire length has positive effects on the
organic vapor sensing parameters of the CNT-ZnO sensor.

2. Materials and Methods
2.1. CNT Growth

A PECVD method for growing CNTs on glass substrates was used in this work [25].
To achieve aligned CNTs, two-stage plasma was used. In this method, dividing the growth
area into two zones provided low-temperature conditions. A 10 nm nickel deposited on
the glass substrate was placed in the second zone to provide low-temperature criteria. Ni
played the role of the catalyst. Hydrogen (H;) and acetylene (C;H;) were used as gas feeds.
The sample was heated to 250 °C at 22 mbar while 100 sccm H; flowed in the chamber. This
is followed by the ignition of a 100 W DC plasma, and the temperature was kept constant.
After 5 min, 25 sccm of CoH, was added for the specific growth time. Scanning electron
microscopy (SEM) images of the surface and the cross-section of the bare CNT on the glass
substrate can be viewed in Figure 1a,b, respectively.

s Ace ',,Sp‘nt Magh, DetWD 1—-—4 f5.,um
200Ky 2.0" 8000 . SE 99 P L

Figure 1. (a) Top-view and (b) cross-sectional SEM images of the bare fabricated CNTs.

2.2. ZnO Nanowire Growth

CNT was used as a substrate for ZnO growth. Before the final ZnO coating, to provide
nanowires with growth areas, a seed layer was coated on the CNTs.

First of all, zinc oxide nanoparticles with diameters of about 10 nm were spin-coated
on CNT films grown on substrates to achieve a layer with ~100 nm thickness called the seed
layer. These nanoparticles act as the seed layer for growing ZnO nanowires. The applied
solution was created by mixing zinc acetate dihydrate (Zn(CH3COO),-2H,0) and acetone
to achieve a 5 milli molar solution. One to five droplets of this solution were applied to
the spinning substrates (3000 rpm and 30 s duration). This was repeated 1 to 5 times to
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increase the number of ZnO particles on the CNT surface. Then, samples were annealed in
air at 350 °C for 30 min, which led to the dissociation of zinc acetate and the formation of
nanometer ZnO particles.

The solution used for ZnO growth was a mixture of the following materials: 5.6 g
of ammonium hydroxide (NH4OH), 0.35 g of hexamethylenimine ((CHz)sN4), 0.8 g of
polyethylenimine (end-capped, molecular weight 800 g/mol LS), and 1.48 g of zinc nitrate
hexahydrate (Zn(NOj3),-6H,0), added to 200 mL of deionized water.

All materials used for the growth of ZnO were from the Merck company.

After growing ZnO seeds on CNT, the samples were inserted into a hydrothermal
solution in a neutral (glass) container. Then, the container was placed in boiling water,
which was warmed by a microwave. It was set for 20-60 min, with 180-850 watts of power
to achieve different lengths of ZnO nanowire. The selected conditions were chosen based
on the experimental works reported in Ref. [26]. The schematic of the 3-step production
method is shown in Figure 2.

T
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Figure 2. Three steps of zinc oxide nanowire growth on CNT: (a) CNT substrate, (b) ZnO seed layer
on CNT, and (c) ZnO grown on CNT.

The physical structure of samples was investigated using SEM images. The morphol-
ogy and length of nanowire structures were feasible via the hydrothermal growth of oxide
on such processed samples. SEM was performed (in a CAMSCAN2300 unit) at an electron
accelerating voltage of 25 kV. Figure 3 shows the SEM image of the ZnO nanowire grown
using the fast method at different microwave powers. This power variation was applied
to the samples with the same growth solution. As illustrated in Figure 3, in these SEM
micrographs, samples were tilted at a certain angle in order to highlight specimens’ features.
By considering tilt angles, the length of the ZnO nanowire for the 600 watts, 450 watts,
and 180 watts of microwave power was estimated to be 1500 nm, 1000 nm, and 500 nm,
respectively. This measurement was performed by averaging the length of nanowires.

(@) (b) (c)

Figure 3. SEM image of the ZnO nanowire grown on CNT substrates at different microwave power:
(a) 600 watts, (b) 450 watts, and (c) 180 watts for 30 min.
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To prove the presence of ZnO and CNT in the obtained CNT-ZnO sample, X-ray
diffraction analysis (XRD) was employed. The XRD patterns of the as-prepared sample
are presented in Figure 4. In the XRD patterns of the CNT-ZnO composite, the location
and intensity of the diffraction peaks that are present at 31.84°, 34.52°, 36.33°, 47.63°,
56.71°, 62.96°, 66.43°, 68.13°, and 69.18° can be indexed into (100), (002), (101), (102),
(110), (103), (200), (112), and (201) crystal planes of wurtzite-type hexagonal ZnO (JCPDS
No. 65-3411) [27]. Figure 4b illustrates the magnified spectrum of the CNT-ZnO sample
before 2 Theta = 30°. This spectrum shows carbon peaks at 12.9°, 23.98°, and 27.9°.
These observations indicate that the hexagonal crystalline wurtzite phase of ZnO remains
unchanged in the CNT-ZnO sample [28], while peaks related to the planes of graphitic
carbon are observed simultaneously in the spectrum [29].
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Intensity (a.u.)

50 60 70 80 90 10 20 30
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Figure 4. XRD pattern of (a) CNT-ZnO sample and (b) magnified peaks in the carbon portion
(2 Theta = [10, 30]) of the XRD pattern of the CNT-ZnO sample.

2.3. Measurement Method

To extract the organic vapor sensing properties of the fabricated samples, the resistance
of samples in clean air and in the vicinity of vapors was measured. The fabricated sensors
with dimensions of 5 X 5 mm were entered into a gas chamber with a specified volume
of an analyte. Sample resistance variation is reported as the target gas enters the chamber.
The Keithley 2400 source meter (one Chanel, from 0.2 (2 to 200 MQ), from +1 pA to £1 A,
from 4200 mV to +200 V, 20 W) was used for electrical resistance measurements.

Equation (1) shows the defined relation for the Response of sensors:

Rg — R,
R,

Response = x 100, (1)

In which R is the sensor resistance in the gas and R, is the sensor resistance in clean air.

3. Results and Discussion

Figure 5 illustrates the investigating and extracting process of the organic vapor
response of fabricated sensors. A micro-heater at the button of the sensors had been placed
to control the temperature of samples. The surface temperature of the fabricated sensors
was read by an S-type thermocouple. By changing the heater current, the sample surface
temperature was set at the beginning of each test and kept constant until the end of the
test. ITO electrodes were deposited on top of the samples for electrical measurement (two
parallel strip lines on two opposite edges of samples with 1 mm width). Fabricated samples
were placed in a chamber that could measure the organic vapor concentration. Resistance
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changes in the presence of vapor and clean air were recorded continuously. According to
the effect of humidity on the gas response of metal oxide gas sensors, the humidity was
kept constant in all experiments (35% relative humidity).

Ag
Electrode

w Gas chamber g

Figure 5. The schematic diagram of fabricated CNT-ZnO samples and measurement systems.

As relative humidity depends on both the pressure and temperature together in the
chamber, for all humidity sensing, the temperature has been kept constant for the correct
comparison. A commercial humidity meter (Samwon) measures the ambient humidity. The
number of humidity changes at specified percentages, which were provided by calibration,
was created by a commercial ultrasonic humidifier JR model JRG while the temperature was
kept constant. A 1.6 MHz oscillator with 100 V output voltage was designed for the humidifier.

To eliminate the bias voltage effect on organic vapor sensing properties of the samples,
the electrical behavior of the sensor should be clarified. Therefore, the I-V characteristic of
the samples was extracted.

As Figure 6a illustrates, this sample shows ohmic behavior. This ohmic behavior at
higher temperatures was confirmed. The ohmic behavior of contacts ensures that each
surface resistance change is due to gas changing. In addition, the base resistance of the
samples did not change after the voltage was applied in the I-V measurement.

In addition, electrical resistance was measured for all three fabricated samples with
different ZnO lengths at zero pressure and room temperature. The measured resistance (Ry;)
for samples with 600 watts, 450 watts, and 180 watts of microwave power were 0.91 M,
1.01 M, and 1.64 M ohm, respectively. Increasing the length of the nanowires (with increasing
microwave power), as shown in Figure 3, causes uniformity of the nanowires and consequently
reduces the potential barrier between the grain boundaries. Figure 6b shows the effect of
temperature on the electrical conductance of the sensors at no applied pressure and room
temperature. Higher microwave power leads to lower electrical resistance. The effect of
ZnO nanowire length is increased at lower temperatures. As Figure 6b shows, the sample
with higher ZnO lengths gives lower electrical resistance, but the effect of temperature
variation in all three samples has a similar trend. Increasing the temperature increases the
electrical conductance. CNT-ZnO is a hybrid sample. As in the semiconductors [30], the
observed conductance temperature relationship shows an increase in the conductivity of the
samples under the effect of temperature, which is due to the increase in the concentration of
charge carriers.

Figure 7 presents the results of resistance measurement as a function of relative
humidity at a fixed room temperature. This figure shows that increasing the RH results in
a reduction in the electrical resistance of all sensors. This is mainly due to the homogenous
morphology and size of ZnO nanowires and the higher specific surface area. Thus, the
ZnO nanowires absorb moisture easily and uniformly. The ZnO nanowire sensor usually
shows high humidity sensitivity [31], but in the CNT-ZnO samples, due to the presence of
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p-type CNT substrate, less sensitivity was observed. As humidity acts as a reducing gas
on p-type sensors, such as CNT-ZnO, an increase in RH causes an increase in the electron
transfer between the surface of ZnO nanowires and H,O molecules. Meanwhile. some of
these electrons recombine via holes in CNT. Therefore, the impact of humidity in CNT-ZnO
is lower compared to ZnO sensors.

100 ]
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Figure 6. (a) I-V curve recorded for CNT-ZnO sample at junction point at different temperatures.
(b) Conductance-temperature relationship of the CNT-ZnO samples with different microwave powers
at zero pressure.

Although the effect of humidity on this hybrid sensor is less than the intrinsic ZnO
nanowire sensor [32], according to Figure 7, at relative humidity above 50%, the effect of
humidity cannot be ignored.

The sensing mechanism of the CNT-ZnO organic vapor sensors is mostly based on
the p-type CNT gas sensor property at room temperature. In general, their electrical
resistance is modified by the electron transfer between the surface of CNT-ZnO samples
and oxidizing or reducing gas molecules adsorbed on the sample’s surface. If the p-type
semiconducting CNT-ZnO at room temperature adsorbs the reducing gas molecules, the
electric resistance of the samples increases with the enhancement of the density of adsorbed
gas molecules [33,34].
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Figure 7. Relative humidity vs. dc resistance plots at room temperature for CNT-ZnO samples with
different microwave powers at zero pressure.

The CNT-ZnO heterojunction affects the type of semiconductor composite. The CNT-
Zn0O sample shows p-type behavior at low temperatures, while it shows n-type behavior at
high temperatures, as shown in Figure 8. At temperatures higher than ~90 °C, CNT-ZnO
samples showed n-type behavior in response to reducing gases, which means that in the
presence of reducing gas, the resistance of samples was reduced. This occurrence was
completely reversible and shows the dominance of ZnO behavior over CNT at temperatures
higher than ~90 °C. In this sensory mechanism, an electrical change can occur due to the
electron exchange between the surface and conduction band, resulting from oxidation or
reduction reactions when encountering gas molecules. ZnO growth not only increases the
adsorption surface for gas but also increases the grain boundary, which results in forming a
native oxide on the surface. Therefore, in the presence of a reduction gas, the interaction be-
tween the adsorbed oxygen increases the sensory performance. Temperature also improves
this mechanism. This effect of changing the amount of charge carrier in the semiconductor
changes the mechanism of conductance. In addition, nitrogen contaminants on the sample
surface at room temperature are important to the number of carriers. Nitrogen molecules
adsorb the electron from the surface due to their electron-acceptor nature and shift energy
levels toward higher energies.

Reducing gases such as acetone, ethanol, and butanol vapor were studied in this paper
because they have short- and long-term adverse health effects [35-38]. Additionally, it
is important to improve the performance of a gas sensor that could be used in reducing
gas detection.

As shown in Figure 9, organic vapor sensing properties of fabricated hybrid struc-
tures were investigated in response to different vapors at different temperature levels and
several concentrations. The level of response at each organic vapor was calculated using
Equation (1). The concentration of target vapors was 3000 ppm, close to the saturation
concentration. The sample resistance increased when exposed to target reducing vapors
because the CNT-ZnO samples grown are p-type. The fabricated sensors show a good
response to target organic vapors at room temperature and also show an increased response
due to increased temperature.
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Figure 8. A typical curve of sensor response (Rng IR" ) vs. operating temperature in CNT-ZnO samples.

As shown in the figure, increasing the operating temperature changes the sign of response level
calculated (curve obtained in the presence of 3000 ppm of butanol (Rg) and in clean air (Ra)).
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Figure 9. (a) Response of the CNT-ZnO samples organic vapor sensor in different concentrations
of acetone, ethanol, and butanol at room temperature and (b) absolute response of the CNT-ZnO
sample organic vapor sensor in 3000 ppm concentration ethanol at several temperatures.
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Different VOC gas molecules interact with the adsorbed oxygen and release carriers,
which leads to a change in the depletion layer. This reduction in the depletion layer depends
on the reaction rate and the number of released carriers. Because the reaction rate and the
number of released carriers are different in various types of gases, the sensitivity to each
type of VOC gas is different.

Changing the response in different lengths of ZnO nanowire is shown in Figure 10.
3000 ppm of ethanol vapor was selected to show the length effect. The variation of sensitiv-
ity is related to the shape and size of ZnO nanowires. As shown in Figure 10a, increasing
the length increased the sensitivity and response. To ensure the validity of this claim, the
process was evaluated at different temperatures. As shown in Figure 10a, the effect of
increased ZnO nanowires length on the sensor response is similar at different temperatures.
It was found that increasing the ZnO nanowires from 0.5 um to 1.5 um led to an increase
of approximately 30% in the response. As shown in Figure 10b, the highest sensitivity
was observed at 230 °C temperature for all samples. At this temperature, sensors have the
highest response to the analyte, independent of the gas concentration [3]. As Figure 10b
illustrates, with different lengths of the nanowires, this temperature value does not change.

When the temperature is increased, a thermally activated reaction leads to a steep
increase in the rate of detection reactions at the pore walls, so the gas response will increase.
After the optimum temperature, gas molecules cover the outermost regions of the sensing
surface. In this range, an increasing temperature is associated with a low penetration depth,
so the deeper-lying parts of the gas sensor remain unaffected by the gas molecules, and a
decrease in the gas response results [39].

Figure 11 shows response changes to ZnO nanowire lengths with different organic
vapors. Moreover, changing the target organic vapor clearly proves this claim. The five
potential types of sites for adsorption on CNT-ZnO are (I) the parts of their external surfaces
that are decorated with metal, (I) internal (endohedral) sites, (III) interstitial channels,
(IV) external groove sites, or (V) external surfaces [40]. It can be seen that increasing
the length of ZnO nanowires improves the gas sensitivity of the CNT-ZnO sensors via
adsorption site effects. The oxygen molecules are adsorbed on the ZnO nanowires. In
addition, the formation of oxygen ions (O,~, O~, 0?7) occurs on the surface due to the
extraction of carriers (electrons) from the conduction band of ZnO, leading to a decrease in
the conductivity of ZnO. Moreover, the adsorbed oxygen ions are highly dependent on the
working temperature [41]. These ions interact with gas molecules and change the electrical
conductivity of the samples. An increase in adsorption sites in samples will increase oxygen
trapped at the surface of the sensor. As a result, the reaction of these oxygen molecules
with the reducing gas molecules increases. On the other hand, increasing the lengths of a
nanowire, (I) provides a higher surface-to-volume ratio, (II) causes nanowires to form in a
forest-like shape, and (III) increases the density of wires.

Based on the information obtained in this research, various morphologies of zinc oxide
according to growth parameters, as well as other metal oxides in hybrid structures with
carbon nanotubes, could be the subject of new research.
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4. Conclusions

In summary, we reported a fast microwave-assisted hydrothermal synthesis method to
grow ZnO nanowire on multi-walled aligned CNT. In addition, the adsorption mechanism
of multi-length nanowires on CNT-ZnO surfaces and the fabrication of MWCNTs and ZnO
nanowires-based reducing gas sensors were investigated. A hybrid CNT-ZnO organic
vapor sensor was developed herein with high sensitivity and favorable response properties
in detecting acetone, ethanol, and butanol vapor at different temperatures. It was found
that we could significantly enhance the device sensitivities by changing the length of ZnO
nanowires. Increasing the ZnO nanowire’s length occur with changing the microwave
power. Increasing the nanowires’ length increased the response by up to 30%. Moreover,
the results of the theory of the potential barrier and the carrier’s transport, as well as the
morphology of the sensing layer, confirm this increase in the sensitivity of the sensor. Chem-
ical and physical studies of semiconductor types considering the temperature variation in
the composite structure of ZnO with organic materials can be further investigated.
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