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ABSTRACT

In this paper, mainly focused on the fabrication of ZnO nanorod based gas sensor. This sensor was aimed
to detect a small amount of volatile organic compounds (VOCs) with low power, low cost and simple
manufacturing method. Low power consumption is achievable by completion of metal oxide sensors.
So, high sensitivity of sensor is requested to sense the target gas. It is important to find out optimal sens-
ing structures of materials. The components of sensor were platinum electrode and heater and ZnO sens-
ing film. SiO, was used as thermal and electricity insulator. Herein, the ZnO nanorods was synthesized by
wet chemical method, namely chemical bath deposition(CBD) and hydrothermal method (HD), were tried
to check well alignment of ZnO nanorods on the sensing area. Morphology of sensing material and sensor
pattern was analyzed by Scanning Electron Microscope (SEM) and EDS, phase analysis was carried out
using X-ray Diffractometer (XRD). The morphology images of ZnO confirmed the formation of nanorod
like structure with average diameter of 205 nm and 55 nm chemical bath deposition(CBD) and
hydrothermal method (HD), respectively. Therefore, the fabricated ZnO nanorod based gas sensor device
is suitable for human breath analysis.
Capsule: This work investigates the fabrication of ZnO nanorods based gas sensor pattern.
© 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

ysis and even death. Therefore, the quality of atmospheric air is
crucial for the fruitful life. As consequences, exhaled breath analy-

With the development of industry, human life has become very
prosperous and human beings have become interested in healthy
life. Industries gas emissions are the major source for the atmo-
spheric air pollution. The polluted gas can cause the sever health
problems to the human and living things, especially it affects
human respiratory system and skin severely. Inhalation of some
toxic gases may cause the serious diseases such as hypoxia, paral-
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sis is receiving the most attention as a non-invasive detection
method of human diseases. As many studies, there is the relation
between exhaled breath gases and human diseases (Jia et al.,
2014). Hence, the development of the rapid and sensitive gas sen-
sor device for human breath analysis is in high demand.

In gas sensing mechanism process, electrons moving between
target gases and sensing materials generates. The characteristics
of the gas sensor depend on the sensing surface area and electron
properties. One among various gas sensors, semiconductor metal
oxides based gas sensors have many advantages such as portable,
real-time monitoring, low cost, low concentration detection, easy
operation and interchangeability with electronic system. Recently,
there are mainly used ZnO (Ahn et al., 2008; Zhu and Zeng, 2017),
WOs; (Shendage et al., 2017; Li et al.,, 2004a, 2004b), SnO, (Wang
et al, 2008; Jain et al., 2006), TiO, (Karunagaran et al., 2007;
Nisar et al., 2013), Fe;03 (Chen et al., 2005; Zhang et al., 2019)
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etc. as metal oxide gas sensing materials. Most of the research in
this field is focused on nanostructures like nanorods, nanowires,
nanosheet, nanoplates, nanoflowers because of good sensing per-
formances (Li et al., 2004a, 2004b; Zhao et al., 2010; Park et al.,
2004; Wang et al., 2003; Kong et al., 2004). In particular, since 1-
dimensional(1D) nanostructures such as nanowires, nanotubes
and nanorods have a high surface to volume ratio, they have good
sensitivity, high selectivity and short response/recovery time.
Many researchers have widely used both thin and thick films of
ZnO for gas detecting material because of matching good sensor
performance. (Karuppasamy et al., 2020; Jayaraman et al., 2020;
Theerthagiri et al., 2018a, 2018b) Various synthesis of ZnO nanorod
have reported such as wet chemical method (Kim et al., 2006),
template assisted growth (Li et al., 2000), metal-organic chemical
vapor deposition (MOCVD) (Kim and Ki,m(2003), chemical vapor
deposition (CVD) (Wu and Liu, 2002), pulsed laser deposition
(PLD) (Cao et al., 2007) and electrospinning (Wu et al., 2008) etc.
Among them, the wet chemical method is economical, simple
and large scale covered (Zhang et al., 2007). On the other hand,
other methods have the requests of satisfactory conditions for
experiments and more complex.

Zinc oxide is one of the most widely used as n-type semicon-
ductor nanomaterials for gas sensor applications due to 3.37 eV
wide bandgap energy, 60 meV binding energy and stability of
high temperature, good chemical stability, high electron mobility,
valid ability of gases both reductive and oxidative (Umar et al.,
2007, Heo et al, 2004, Cheng et al., 2005, Lv et al., 2007,
Vanalakar et al., 2015). Therefore, the morphology of the ZnO is
the key factor for the effective gas sensor. So the chemical bath
deposition(CBD) and hydrothermal method (HD) was employed
to synthesis of ZnO nanorod like structure. Another key point of
gas sensor is pattern of electrode and heater. Many different pat-
terns of those have been reported such as finger, spiral and
square form (Adelyn et al., 2015). That pattern as shown in
Fig. 1(c) was designed in this report.

The present investigation focus on the ZnO nanorods gas sen-
sors fabrication. The sensing material ZnO nanrods were synthe-
sized by wet chemical method and hydrothermal method. The
synthesized ZnO nanorods were systematically characterized by
XRD, FTIR, XPS and SEM techniques. In sensor pattern, the Pt elec-
trodes and heater were deposited in a pre-patterned using pho-
tolithography and lift off techniques. The sensing seed layer was
deposited on a thin film by RF sputtering system. And there
was studied about ZnO nanorods structures to improve sensor
properties such as sensitivity, selectivity and response/recovery
times.
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2. Experimental details
2.1. Gas sensor component

The gas sensors typically consist of substrate, electrodes, hea-
ters, and sensing materials. To simplify the process, two pho-
tomasks were used such as first for Pt/Ti deposition and second
for the deposition of ZnO sensing materials. The photolithography
and lift off techniques are used for the fabrication. The sensor pho-
tograph after completion of the device is shown in Fig. 1.

Silicon had an excellent oxide film (SiO,), abundantly exists on
earth, stability as elemental semiconductor and ease of production,
and excellent temperature characteristics have led to the domi-
nance of semiconductor market. The SiO, layer was used as ther-
mal and electrical insulator. Temperature control is essential for
gas sensors to work well. Because it has the optimum operating
temperature according to sensing material. The two electrodes of
the sensor play an important role in measuring the change of resis-
tance when exposed to target gas. Platinum is used for heater and
electrodes because of its high thermal and electrical stability at
high temperature. In this work, a platinum heater and electrodes
were designed on SiO, layer like Fig. 1(c). That means electrode
and heater patterns of one plane designs simply the process of sen-
sor fabrication.

When the sensor is exposed to target gas, the sensing layer is a
part where interacts with the gas on the sensor surface. At first, the
ZnO seed layer was deposited by spin coater or RF sputtering
device. Afterward the growth of ZnO nanorods carried out by
chemical bath deposition and hydrothermal method.

2.2. Fabrication process

Fig. 2 (a-j) shows the fabrication processes of ZnO nanorods gas
sensor. Fig. 2(a) shows a silicon wafer (4 in., 500 pm thickness, sin-
gle sided polished, (100) oriented, p-type), which was sonicated
with acetone for 10 min then washed with D.I. water and dried.
To get 500 nm SiO,, layer, the Si wafer was oxidized by thermal oxi-
dation as shown in Fig. 2 (b). Consequently, positive photoresist
was deposited with 1.6 pm thickness by spin coating as shown in
Fig. 2 (c) then pre-patterned electrodes and heater were deposited
by using photolithography method in Fig. 2(d). Pt/Ti layer of
200 nm/10 nm thickness was deposited by DC sputtering system
in Fig. 2(e). Titanium (Ti) and Platinum(Pt) layer means the adhe-
sion and the electrodes and heater materials respectively. Then
by using lift off method, pre-patterned electrodes and heater were
obtained like Fig. 2 (f).

(a)

Fig. 1. Photograph of the ZnO gas sensor of (a) 4-inch wafer, (b) one sensor, and (c) SEM image of Electrode and Heater patterns.

(b)
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Fig. 2. Fabrication processes of ZnO nanorods gas sensor; (a, b) Si wafer and thermal oxidized SiO layer, (c, d) deposition and pattern of photoresist, (e) Pt/Ti layer deposition,
() electrode and heater pattern, (g) deposition and patterns of photoresist layer, (h) ZnO seed layer deposition, (i) ZnO sensing area and (j) ZnO nanorods growth.

Afterward, using second photomask which patterned sensing
area, schemes of Fig. 2 (g) - (i) were carried out by photolithogra-
phy and lift off techniques. ZnO seed layer of 30 nm thickness was
deposited by RF sputtering system like Fig. 2 (i). Finally, vertical
growth of ZnO nanorods was progressed selectively on ZnO seed
layers by wet chemical process with a solution of zinc nitrate hex-

ahydrate [Zn(NOs),-6H,0] and hexamethylenetetramine [HMTA:
CsH12N4] as shown in the Fig. 2(j). The solutions were made with
mixing ratio 1:1 between Zn(NOs),-6H,0 and CgH1,N4. The growth
of ZnO nanorods was processed as below two types of wet chem-
ical method namely, chemical bath deposition(CBD) method and
hydrothermal(HD) method as shown in Fig. 3.
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Fig. 3. SEM images (Top-view) of vertically aligned ZnO nanorods in sensing area by chemical bath deposition (a-c) EDX spectra of ZnO nanorods (d).
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2.3. Growth of ZnO nanorods by wet chemical method

Zinc acetate dehydrate((CH3CO0),Zn-2H,0), sodium hydroxide
beads (NaOH), zincnitrate hexahydrate (Zn(NOs),-6H,0), hexam-
ethylenetetramine (CgH12N4) and ethyl alcohol(C;HsOH) were pur-
chased from DAEJEUNG. All materials were used without any other
treatments and purifications.

The chemical bath deposition (CBD) synthesis is to proceed the
condensation and precipitation of the precursor solution com-
pound on a substrate by dipping. Chemical reaction in bath results
in precipitation on solid surface by saturation. Deposition thick-
ness can be controlled by controlling the chemical reaction time.
The CBD synthesis is used as growth of ZnO nanorods because of
its merits such as low operating temperature, good compatibility
with other devices and low cost (Li et al., 2010). The schematic dia-
gram of ZnO nanorods synthesis process shown in Fig. SI. 1. Fig. S
1 (a) shows the schematic diagram of chemical bath deposition of
ZnO nanorods. The pre-patterned ZnO seed layer substrate was
dipped in freshly prepared growth solution at 80 °C for 1 h. Then
the samples were taken out from the solution and thoroughly
rinsed with DI water, and then dried in the oven at 80 °C for 4 h.
In hydrothermal (HD) process, the growth solution and pre-
patterned ZnO seed layer substrate was placed in the Teflon lined
autoclave. Fig. SI. 1 (b) shows the schematic diagram of hydrother-
mal synthesis of ZnO nanrods. The hydrothermal method has some
advantage such low cost, size controllability and reproducibility to
make nanostructure. This method was done in an oven at 90 °C for
6 h. Next this sample was cleaned with DI water, and dried on the
hot plate at 60 °C for 2 min. To obtain the stabilized material struc-
ture, annealing method was conducted for 5 h at 600 °C (Khoang
et al., 2013).

KAIST 3.0kV 4.4mm x50.0k SE(U)

1.00pum
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2.4. Characteristic analysis

To analyze structural morphology and characteristics of sensing
film, field emission scanning electron microscopy (FE-SEM, HITA-
CHI SU8230) was used. The phase purity and crystallinity of syn-
thesized ZnO nanorods were characterized by and X-ray
diffraction (XRD, RIGAKU D/MAX-2500) and ATR-FTIR (Thermo Sci-
entific USA). In addition, the chemical bonding was analyzed by X-
ray & UV Photoelectron spectrometer (Thermo Scientific USA).

3. Results and discussions
3.1. Structural characteristic of ZnO nanorods

Fig. 3 shows SEM images and EDS spectra of grown ZnO nanor-
ods by chemical bath deposition method. It can be seen that the
ZnO nanorods with hexagonal top morphology uniformly grown
at right angles on the pre-patterned electrodes. The average diam-
eter of the formed ZnO nanorods are about 250 nm. Furthermore,
the EDS spectra Fig. 4d confirmed the existence of the Zn and O
elements.

To explore the effect of synthesis route on the morphology and
diameter of ZnO nanorods, the hydrothermally synthesized ZnO
nanorods morphologies were analyzed by SEM and obtained
results are shown in Fig. 4. The hydrothermally synthesized ZnO
nanorods were uniformly grown on the patterned electrodes. The
formed ZnO nanorods shown uniform length and diameter. The
average diameter of the hydrothermally formed ZnO nanorods
about 55 nm. The ZnO nanorods density increased in hydrothermal
deposition than chemical bath deposition. In addition, the EDS

2.00um

Fig. 4. SEM images (Top-view) of vertically aligned ZnO nanorods in sensing area by hydrothermal deposition (a-c) EDX spectra of ZnO nanorods (d).
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spectra confirmed the presence of Zn and O elements in the
nanorods.

The phase purity and crystalline structure of the synthesized
ZnO nanorods were inspected by powder XRD. Fig. 5(a) shows
the XRD pattern of ZnO nanorods. The XRD spectrum indicated
the wrutzite hexagonal ZnO phase peaks with 20 values of 31.77,
34.44, 36.26, 47.56, 56.60 and 62.89° belonging to the reflection
of (100),(002),(101),(102), (110) and (10 3), respectively.
The strongest peak (00 2) indicated growth along the c-axis of
ZnO nanorods (Khoang et al., 2013, Li et al., 2010, Vanalakar
et al., 2015, Wang et al., 2006). That is due to the fact that the
(002) plane has the lowest surface energy with their c-axis per-
pendicular to the substrate, so it tends to grow fastest in that direc-
tion. In addition, the average crystallite size (D) of ZnO target
material was calculated to be 55.02 nm using the first diffraction
peak by Debye-Scherrer equation (Kadhim and Hassan, 2015)

0.9/
~ BCos0 (1)

where constant 0.9 is a numerical factor, A is the wavelength of the
X-ray (1.54 A), B is the full width at half maximum (FWHM) of the
characteristic peak, and 6 is that peak angle, namely Bragg's angle.
The functional groups and chemical bonding were confirmed by
FTIR study. Fig. 5(b) shows the FTIR spectra of hydrothermally syn-
thesized ZnO nanorods. The two intense peaks at 420 and
1100 cm™! are the characteristic Zn-O bond. In addition, C = C
and C-C absorption peaks are observed at 1656 cm~! and
1427 cm™! respectively. (Khan et al., 2015) The water moisture
peak observed at 3372 and 3178 cm™! due to the O-H stretching
frequency. Both XRD and FTIR study results are confirmed the
ZnO nanorods formation.

Furthermore, the XPS pattern was obtained for ZnO nanorods
and the XPS study results are shown in Fig. 6. The Fig. 6a shows
the survey spectrum of the ZnO nanorods, confirmed the presence
of Zn, O elements and trace amount of C in the sample. The decon-
voluted Zn system (Fig. 6b) shows two major bonds Zn 2P 3/, and
Zn 2P ,, at binding energy 1021.4 eV and 1044.5 eV respectively.
Which is well agreement with reported articles. The O1S spectrum
(Fig. 6¢) confirmed the ZnO, and C-0O, C = O bonds at 530.6 eV and
532.7 eV respectively (Ramu et al.,, 2020). In addition, the XPS
atomic percentage of ZnO nanrods shown in Fig. SI. 2. The obtained
XPS results validate the FTIR results.
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3.2. Growth mechanism of ZnO nanorods

This mechanism is explained with chemical reaction of wet
chemical process and theory of ZnO crystal nucleation and growth
(Li et al., 2010, Wang et al., 2014). Zn(NOs3),-6H,0 and CgH13N4 in
growth solution provided Zn?* and OH™ ions, respectively. The
chemical reactions of ZnO nucleation were progressed as follows
(Li et al., 2010, Wang et al., 2014)

C¢Hi2Ng4 + H,O « 6HCHO + 4NH3 (2)
NH; + H,O < OH™ + 4NH,4 (3)
Zn?** + 20H~ —Zn(OH), (4)
Zn(OH), — ZnO + H,0 (5)

The polar surface of ZnO is so stable that it is easy to form var-
ious nanostructures. ZnO nanostructures followed the shape of
wrutzite hexagonal ZnO structure. Fig. 7 shows scheme of growth
mechanism of ZnO nanorods and ZnO structure. The top side and
the bottom side are polar Zn?* (0001) and polar 0>~ (0001), respec-
tively. Typically, the morphology of ZnO crystals is explained by
the growth velocity of each planes. According to [28], the fastest

plane of growth was (0001) as followed v(OOOT) < v(lOTl) <

v(lOTO) < v(lOﬁ) < v(0001) via hydrothermal process, which

was corresponded with XRD result as shown in Fig. 5(a). Thus,
ZnO nanorods were glowed along c-axis with direction (0001).

3.3. ZnO nanorods interaction

The well aligned ZnO nanorods have been focused to sense tar-
get gas for a long time (Khoang et al., 2013). The grown ZnO nanor-
ods on patterned sensor electrodes were not all vertically aligned
but some ones inclined or having junctions. When gas sensor based
on ZnO nanorods is exposed to target gas, the electrical path or
flow between nanorods decide the sensor performance. Overlap-
ping of nanorods network was divided into three forms which
are point, cross and block junctions (Khoang et al., 2013). Table 1
explains three junctions of ZnO nanorods overlapping via growth
mechanism. First, the point junctions were denoted as meeting
by a point between growing nanorods. After point contact, two
nanorods grow in their own direction. Second, the cross junctions
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Fig. 5. (a) XRD spectrum of ZnO nanorods (b) FTIR spectrum of ZnO nanorods.
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Fig. 7. Scheme of growth mechanism of ZnO nanorods and ZnO structure.

mean to cross between two nanorods. It is also to grow their own
directions after crossing. Third, block junctions were denoted to
block one nanorod growth by another nanorod. After crossing, it
is possible just one nanorod growth. Among these junctions, the
point junctions haven large change of the potential barriers before
and after exposure to target gas have the most important effects on
sensor (Khoang et al., 2013). Generally, electron flow is efficiently
going on dense nanorods networks. However, the dense nanorods
network sometimes interrupt the diffusion path of target gas into
nanorods. So, the optimal growth conditions for well aligned

nanorods should be requested because of contradicting as men-
tioned upper.

4. Conclusions

The ZnO nanorods gas sensor was successfully fabricated to
detecting breath by wet chemical method (chemical bath deposi-
tion and hydrothermal method) with photolithography and lift
off techniques. This ZnO gas sensor consisted of Si substrate, Pt
electrodes and heater and ZnO sensing materials. The electrodes
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Table 1
Three junctions of ZnO nanorods overlapping via growth mechanism.
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Junctions type Diagram of junctions Potential barriers

Diagram of grain boundaries

Growing process after junction

Point junction

Cross junction

Block junction

> P

> K

Two direction maintain each other

Electron depletion region

Conduction region

!

\ Conduction path /
\ /

Top view of ZnO nanorods

Electron depletion region Two direction maintain each other

\
\

4
'\‘ Conduction path /
\ /
Top view of ZnO nanorods
Electron depletion region One nanorod is maintained own direction
\ but another one is stopped

Conduction regiof

T Conduction path

Top view of ZnO nanorods

were used to sense the resistance when the gas sensor was
exposed to target gases and the heater was used to make the opti-
mum operating temperature for the sensing materials to work
well. Also, the growth mechanism of ZnO nanorods was reported.
According to XRD results, the (002) plane has the lowest surface
energy with their c-axis perpendicular to the substrate, so it tends
to grow fastest in that direction. The morphology of ZnO crystals is
explained by the growth velocity of each planes. Thus, ZnO nanor-
ods were glowed along c-axis with direction (0001). And the opti-
mal morphology of grown nanorods for sensing target gas was
discussed about three types junctions of nanorods overlapping
such as point, cross and block junctions. The point junctions will
have large change of the potential barriers before and after expo-
sure to target gas have the most important effects on sensor. The
control of experiment parameters such as growth time, growth
temperature and seed layer should be considered sufficiently.
Hence, the fabricated ZnO nanorod based gas sensor device is suit-
able for human breath analysis.
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