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This study explores the impact of deposition duration on the structural, morphological, and gas-sensing
properties of ZnO nanowires (NWs). The ZnO NWs were chemical bath deposited on a spray-coated seed
layer, which was deposited by the Jet Nebulizer Spray Pyrolysis method. The duration of chemical bath
deposition varied from 2 to 8 h, and the deposited NWs were studied using XRD, SEM, and UV-visible
spectroscopy. The experimental results indicate that all NWs had a hexagonal structure, with a diameter
ranging from 75 to 155 nm and a length from 0.7 to 3 um. The gas sensing properties of the ZnO NWs
were comprehensively evaluated with a focus on their response to H; gas using fabricated sensors at
different operating temperatures. Consequently, it was revealed that the sensors show an optimum
response of 9.36 for 100 ppm H5 gas at 100 °C for the ZnO NWs grown for 6 h.

Hydrogen (H;) is a promising clean energy source due to its
zero-carbon combustion. Industrial fields such as fuel cells,
combustible engines, and catalysis [1, 2] commonly use H, for
numerous purposes. Even though H is a colourless, inflam-
mable gas, it can cause explosions if the concentration of the gas
exceeds 4% [2] (by volume) in the air due to the high burning
velocity. H is a strong reducing agent as well as a highly perme-
able gas. Therefore, in hydrogen-based industries, it is essential
to detect H, leakages and measure the concentration of emis-
sions rapidly and accurately. Hence, developing devices to detect
such inflammable gases cheaply is crucial.

Conductometric gas sensors can detect trace amounts of
H; gas and provide an electrical signal proportional to the H;
concentration. Nowadays, H; gas sensors gain much attention
over other conventional methods of H; detection, such as gas
chromatographs, mass spectrometers, and specific ionisation gas
pressure sensors due to their low cost, smaller size, and faster
response [3].

ZnO is a frequently used material in gas sensors [4] since it
possesses the ability to host many dopant elements such as Cu
[5], Al [6], and Ag [7], as well as the possibility of fabricating
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one-dimensional (1-D) nanostructures. 1-D nanostructures
such as nanowires (NWs) [8], nanorods (NRs) [9], nanoribbons
[10], and nanobelts (NBs) [11] are widely used in gas sensors
due to their high surface-to-volume ratio.

ZnO has gained attention in sensor development due to its
distinct electrical and optical characteristics, which are strongly
related to its broad direct bandgap and high excitation binding
energy. ZnO has a significantly large direct bandgap of about
3.37 eV compared to other semiconductors. This large bandgap
gives rise to a high electron mobility, which is crucial for effec-
tive charge transport in semiconductor devices. In addition,
ZnO has a high exciton binding energy, which is required to
break an electron-hole pair in the material. ZnO is extremely
sensitive to changes in the environment, such as the presence of
gases or liquids, due to its high exciton binding energy. These
molecules can alter the ZnO sensor’s electronic and optical char-
acteristics when they come into contact with it, which can lead
to detectable changes in the sensor’s output signal [12].

Gas phase and wet chemical methods are two key methods
which are used to synthesize ZnO nanostructures. Gas phase
methods include techniques such as pulsed laser deposition [13],
aerosol-assisted chemical vapor deposition [14], and atomic

layer deposition [15]. Unlike most wet chemical methods, most

www.mrs.org/jmr

February 2024

Issue 3

Volume 39

Journal of Materials Research

367


http://crossmark.crossref.org/dialog/?doi=10.1557/s43578-023-01230-3&domain=pdf
http://orcid.org/0000-0001-5347-2819

Journal of
MATERIALS RESEARCH

%m

gas phase techniques require complicated equipment and high-
temperature conditions. Sol-gel electrophoretic deposition [16],
microwave radiation-assisted solvothermal [17], hydrothermal
[18], and chemical bath deposition (CBD) [19] are some of the wet
chemical methods that can be employed in the fabrication of 1-D
nanostructures. Out of these, CBD is more advantageous than the
other methods, as it is a cost-effective process that requires low-
temperature conditions and atmospheric pressure. Besides that,
CBD can be used to grow nanostructures cheaply on substrates
such as glass successfully. However, the CBD technique also has
challenges such as potential waste disposal concerns associated
with precursor solutions and lack of scalability

Seed layers can be used to fabricate vertically aligned nano-
structures such as NRs, and NWs. A seed layer is a pre-treated
substrate that provides nucleation sites to enhance the vertical
alignment of nanostructures. The seed layer can be deposited using
methods such as spin-coating [10], RF-sputtering [20], thermal
deposition [21], and jet-nebulizer spray pyrolysis/spray-coating
[22]. In literature, different pertinent factors such as seed layer
(seed layer thickness and diameter of the seeds) [22-24], depo-
sition time [25], and effective precursor concentrations such as
Zn** and HMTA [25, 26] have been studied. For instance, Ji et al.
have shown that the vertical alignment of the ZnO N'Ws tends to
increase with the increment of seed layer thickness [23]. According
to the study, the NW diameter increased from 50 to 130 nm when
the seed layer thickness increased from 20 to 1000 nm. Raksha
et al. successfully optimized the most suitable pH conditions for
NW growth and thoroughly experimented with the characteristic
changes by hosting dopant elements into ZnO NWs [27]. This
research states that the optimum pH for doped and undoped ZnO
NWs growth is 6.8 and 10.8, respectively. Furthermore, the role of
HMTA and the effect of HMTA concentration, which affects the
morphology of ZnO NWs synthesized via CBD, has been investi-
gated by Parize et al. [25]. The evidence shows that HMTA reduces
the radial growth of ZnO N'Ws by increasing the axial growth.
Also, results state that HMTA directly affects the nucleation pro-
cess of ZnO NWs.

In this reporting work, the effect of CBD deposition duration
on the growth of ZnO NWs, in which the seed layer was depos-
ited by the jet nebulizer spray pyrolysis technique, a rarely used
technique to deposit seed layer, is investigated. The main scope of
this study is to investigate the H, gas sensing ability of NWs with

respect to the deposition duration of CBD process.

Morphological characterization

The CBD process involves four consecutive stages: (a) incuba-
tion, (b) nucleation, (c) coalescence and (d) vertical growth.

The CBD process is initialized with an incubation period.

©The Author(s), under exclusive licence to The Materials Research Society 2023

The substrate is exposed to the precursor solutions, Zn(NO3
)2 6H, O and hexamethylenetetramine/HMTA (CgHi2Ny),
during this period. However, the rate of chemical reactions
involved in this stage is extremely slow. Therefore, no evi-
dent growth can be seen. An observable growth can only be
seen after the nucleation stage, where the rate of the chemical
reaction is comparatively higher than in the previous stage.
During the reaction, atomic, molecular or ionic species can
be formed. These species tend to form secondary nucleation
sites on the top of the nucleation sites of the ZnO seed layer.
The coalescence stage involves the growth and merging of
the nanoparticles on the secondary nucleation sites. This will
form continuous NWs on the nucleation sites by accumulat-
ing the precursor molecules in the solution. At the final stage,
subsequent vertical growth of NWs on the nucleation sites
occurs by further accumulating the precursor molecules in the
solution. This step will increase the length and the diameter
of the NWs.

Zn(NO3), 6H, 0 and HMTA (CH,)6N4) undergo the fol-
lowing four consecutive reactions during the nucleation stage
of ZnO nanowires directly on the glass substrate [25, 26]:

(CH2)6N4(aq) + 6H,0; — 6HCHO(aq) + 4NH3(aq) (1)

+ —
NH3(q) +H20q0) = NHy,q) + OH )
2 —
Zn(NO3)2aaq) — Zng +2NO3 0 3)
an;;p +20H,,, = ZnO¢ + H,0q) (4)

Additionally, Zn** and OH ™ formed in Eq. 5 lead to the indirect

crystallization of ZnO under specific conditions.

Zngh) 4+ 20H,, — Zn(OHy) (5)
0(0H2)(s) — ZnO¢y + H20q) (6)

Figure 1 shows the SEM images of NW's grown on differ-
ent CBD durations. The results reveal that with the increase
of the deposition durations, the diameter/grain size of NWs
increases, which is in agreement with the previous studies
[24, 28]. As seen in Table 1, NWs grown for 8 h have the larg-
est diameter. It can be seen that tiny NWs combine/coalesce
with each other to form larger NWs. The length of the NWs
increased up to 6 h from 2 pm up to 3 um. However, when the
deposition was increased up to 8 h, the length of the NWs was
reduced to about 0.7 pm.

The length of ZnO NWs typically decreases with increas-
ing deposition duration due to a phenomenon known as self-
termination or self-limitation. During the CBD process, the
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Figure 1: The morphological and cross-sectional view of ZnO NWs grown at different deposition times: (a) and (b) 2 h, (c) and (d) 4 h, (e) and (f) 6 h and

(9) and (h) 8 h.

TABLE1: Morphological

characteristics of ZnO nanowires Deposition time (h)

NW diameter (nm)

NW length (um)

Surface density

Aspect ratio

deposited at different deposition
times.

2.00+0.01
4.00+0.01
6.00+0.01
8.00+0.01

65.0+0.5
90.0+0.9
97.0+0.8
125.0+0.8

1.80 +£0.07
2.20+0.03
2.90+0.01
0.70+0.01

70
70
80
60

250%0.5
27009
350+0.8
50+08
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growth of NWs is driven by the chemical reaction between the
precursor solution and the substrate. As the reaction proceeds,
ZnO nuclei start to form on the surface of the substrate, which
then grows into NWs. However, as the NWs grow longer,
the concentration of the precursor solution near the tip of
the NWs decreases due to the consumption of the precur-
sor material by the growing NW. This decrease in precursor
concentration near the NW tip can lead to a reduction of the
growth rate of the NWs and eventually to the cessation of NW
growth [27]. Moreover, as the NWs grow longer, the surface
area of the NWs increases, which can increase the likelihood
of defects and impurities on the NW surface. These defects
and impurities can act as etching sites, causing the NWs to
break off and reduce their length.

Therefore, the combination of the decrease in precursor
concentration and the increased likelihood of defects and
impurities can lead to self-termination of the deposited ZnO
NWs and decrease their length after 6 h

According to Table 1, surface density and the aspect ratio
of the deposited NW followed the same trend. They increased
up to 6 h. After that, the surface density, along with the aspect
ratio, declined. The sample deposited for 6 h has the highest
NW density even if the average diameter of the NW is higher
than the NWs deposited for 2 and 4 h. This could be due to
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the even distribution and close-packed nature of the NWs

deposited.

Structural characterization

The obtained diffraction patterns are shown in [Fig. 2(a-d)]. All
the diffraction patterns agreed with the ZnO hexagonal-phase
structure (JCPDS No. 36-1451). The most dominant peaks for the
hexagonal ZnO NWs were obtained at the (100), (002), and (101)
planes with the 26 values of 31.8°, 34.43°, and 36.24°, respectively.
Out of all deposited NWss, (002) is the most dominant peak, which
is responsible for the vertical orientation of the NWs.

The degree of preferred orientation of the synthesized NWs
was investigated by calculating the texture coefficient TCyj using
Eq.7 and plotted, as shown in [Fig. 2(e)] [29].

Tihkiy
Tohkiy

1 )
N EN ( Tognkiy

TCh = (7)

where, Iy is the Lorentz curve fitted intensity, Io(x is the rela-
tive intensity of the corresponding plane given in reference data
(PDF 00-041-1049), and N is the number of reflection planes.
TCpy values represent the enhancement of the (hkl) reflection

compared to a completely randomly oriented sample. According

(e)
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Figure 2: GIXRD diffractograms of ZnO Nanowires grown for (a) 2 h (b) 4 h (c) 6 h and (d) 8 h, and (e) corresponding texture coefficient variation of ZnO

nanowires.
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to [Fig. 2(e)], the deposited NWs were preferentially oriented
in the (002) plane.

The Crystallite size of the deposited ZnO NWs was calculated
using Debye-Scherrer’s formula [30, 31];

0.94

b= Bcost ®)

where, D is crystallite size, 4 is the wavelength of the X-ray
beam, § is the full width at half maximum (FWHM) of the dif-
fraction peak, and 0 is the diffraction angle.

Micro strain € measures the lattice imperfection of the ZnO
NWs. Micro strain can be calculated using Eq.9 [31, 32];

BcosO
E =

; ©)

The calculated above values are shown in the Table 2.

The crystallite size of the NW's has slightly increased with the
deposition time, which agrees with previous studies [29]. This
increment of the crystallite size may be why the Nws deposition
for 8 h have larger diameters, as shown in [Fig. 1(g)].

Micro strain is one of the ways which can be used to estimate
the imperfections of the lattice. This imperfection can be mainly
due to the lattice strains present in the lattice. According to Table 2,
lattice imperfection is enhanced by the deposition time due to the
increment of the surface area of the NWs with the deposition time

described previously.

Optical characterization

Figure 3 demonstrates the transmittance spectra vs. wavelength
between 300-1100 nm. According to the figure, all the obtained
spectra showed a bending between the wavelengths of 300-400
nm, which is responsible for the intrinsic band gap of ZnO [7].
Obtained UV transmissions show apparent redshift, which reduces
their bandgap from the bandgap of bulk ZnO (3.3 eV).

As a bulk material, ZnO possesses a bandgap of 3.3 eV. Here,
the bandgap of deposited ZnO nanowires was calculated using the
Tauc method, using Eq. 10 [32];

ahv = A(hv — Ep)" (10)

TABLE 2: Calculated structural and optical parameters of deposited ZnO
NWs at different deposition times.

Urbach
Deposition  Crystallite energy
time (h) size(A)  Microstrain (%) Band gap (eV) (eV)
2 408 0.320 3.28 0.267
4 417 0.318 3.22 0.269
6 420 0.312 3.21 0.272
8 430 0.303 3.20 0.273
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Figure3: The UV-visible spectrum of ZnO nanowires grown at different
deposition times.

where a, hv, A, and Eg are the absorption coeficient, photon
energy, relation constant, and optical bandgap, respectively. ZnO
is a direct bandgap semiconductor; hence, the value of n equals
to 2. Band gaps of the seed layers and deposited NWs are calcu-
lated by extrapolating the Tauc plots.

Optical absorption edge mainly reduces due to the incre-
ment of defect-induced band tailing effect. Urbach energy
(Ev) describes the band tailing effect. (Ey) can be calculated by

equation 11[29]:
( )
o (o)) exp
EU

According to Table 2, the obtained results demonstrate that the

(11)

increment of deposition time slightly reduces the band gap of
the ZnO NWs. During the formation of the ZnO lattice, unsatu-
rated bonds can be formed due to the lack of atoms responsible
for the lattice structure. These unsaturated bonds may be the
reason for the defects in the lattice, leading to the formation of
localized states. With the deposition time, the width of localized
states in the optical band gap increases. Thus, the optical absorp-

tion edge decreases, reducing the bandgap [29].

Gas sensing

Gas sensing mechanism

Metal oxides can be characterized as either n-type or p-type.
The gas sensing mechanism of n-type metal oxides differs from
that of p-type metal oxides. Since ZnO belongs to n-type metal
oxides, this study focuses on the mechanism of n-type metal
oxides. n-type metal oxides are commonly used in chemiresis-
tive gas sensors [33]. Even though the gas-sensing mechanism
of metal oxides is not fully understood, oxygen adsorption and
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Figure4: Gas sensing mechanism of ZnO nanowires.

desorption theory is considered the most accepted theory to
explain this. During the sensing process, the resistance of ZnO
NWs changes through the adsorption and desorption of the
chemical gases on the surface of ZnO. This is common in all
metal oxides. When ZnO is exposed to air, the oxygen molecules
are adsorbed to the surface of ZnO by forming O , 0%, (O)y
ions by capturing electrons from the conduction band of the
metal oxide. This leads to the formation of an electron depletion
region underneath the ZnO surface. Out of these, O™ is the most
reactive species, forming between 100-300 °C. The electron defi-
ciency of the conduction band will enhance the resistance of the

metal oxide [33-35] as shown in Fig. 4.

OZ(gas) < OZ(adsorb) (12)

OZ(absorb) +e & O;(adsorb)(looc C) (13)
Osadsorb) + € 4 20440, (100 —300°C)  (14)

_ _ o o
O(adsorb) te & O(adsorb) (300 C) (15)

There are two types of gases in the environment: reducing gases
and oxidizing gases. The reaction mechanism of reducing gases
converses with the sensing mechanism of oxidizing gases. H is
a reducing gas. As shown in Fig. 4, when the sensor is exposed
to Hj, the adsorbed oxygen ions on the surface of the metal
oxide will react with H, molecules to form H,O and release it
into the atmosphere. This is a chemisorption process. During the
reaction, oxygen ions release electrons back into the conduction
band, reducing the thickness of the electron depletion region.
Therefore, the electron density of the conduction band increases

by decreasing the resistance of the metal oxide.

H2(gas) + O(adsorb) 4 Hzo(gas) +e” (16)

The response of a gas sensor refers to the change in its elec-

trical signal, typically a voltage or current, that occurs when it

©The Author(s), under exclusive licence to The Materials Research Society 2023

detects the gas. The response of a gas sensor is crucial since it
determines the sensor’s sensitivity and precision in identifying
the target gas. A sensor with a high response can detect gases
at low concentrations, whereas a sensor with a poor response
could need to detect gases at higher concentrations. For quick
and accurate detection, it is critical to consider a gas sensor’s
response time or the amount of time it takes for the sensor to
notice a change in the gas concentration. The response of the
sensor is calculated by Eq. 17 [36, 37];

Response (S) = & (17)
Rg
where R, is the electrical resistance of the sensor in the presence
of the O, gas ambient, and Rgiss the resistance of the sensor
while the sensor exposed to the target gas ambient.

1 D nanostructured sensing materials are highly sensitive
compared to other nanostructures as they provide more reac-
tion sites for the gases. Also, it can provide high surface energy
[33], which will enhance the gas sensing performance. Grain
size and crystallinity are two of the other factors affecting gas
sensing performance. Also, the wire-to-wire junction, along
with the inter-wire junction regions present in closely packed,
well-oriented NWs, act as an additional conduction pathway
for charge carriers in the sensor, which enhances the sensitivity

of a gas sensor [33].

Gas sensing results

Deposited ZnO NWs were used to fabricate gas sensing devices
and characterized by measuring the response towards H gas.
The change in resistance of the sensors was calculated by meas-
uring the change in current at a fixed voltage in the presence of
the H gas.

First, all four sensors were exposed to 100 ppm H in the air
at various operating temperatures. The temperature was varied
from 50-200 °C in 50 °C temperature increments for all four
sensors. According to the results obtained, the responses of the
sensors fluctuated with the temperature, as shown in [Fig. 5(a)].
With the temperature, the response increased and reached its
peak position before decreasing with further temperature incre-
ments. Overall, the highest response was obtained at 100 °C.

During the chemisorption model, O, molecules adsorb to
the surface of n-type metal oxides to form superoxides. Below
100 °C, the O, molecules are reduced to form O, ions, while it
forms O™ ions between 100-300 °C and O~ ions above 300 °C.
Within these types, O™ is the most reactive superoxide species.
At 100 °C, O, forms more O~ ions on the surface than at other
temperatures. Hence, the increase of the resistance in ZnO is
higher than in others. When exposed to H, a high concentra-
tion of O™ ions react with H, to form H,O. Due to that, the

resistance of the ZnO dramatically changes. The concentration
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Figure 5: (a) Response variation of the four different sensors at different operating temperatures and (b) Response variation of the sensors deposited
on different deposition times towards 100 ppm H at the optimum temperature of 100 °C.

of O™ produced below and above 100 °C is comparatively low,
and between these two ends, O, tend to form O, and O% ions,
respectively. Therefore, the resistance change decreases during
these temperatures [34, 35].

Another reason for this observation is that energy generated
during the reducing reaction is not enough at low temperatures
to overcome the energy barrier. Hence, the responses can be low
at 50 °C [34]. Further, at higher temperatures, depletion length
decreases because the rate of adsorption is overcome by the rate
of desorption. As a result, the gas response decreases at higher
temperatures [34].

Figure 5(b) illustrates the change in response of the sen-
sors at 100 ppm H gas at the optimum temperature of 100 °C.
According to that, the sensor with the 6 h deposition duration
yielded the highest response of 9.36 at 100 °C. The surface-to-
volume ratio of the structure plays a crucial role in gas sensors.
The higher surface-to-volume ratio will lead to higher sensitivity
in sensors. According to Table 1, NWs deposited for 2 h has the
highest surface-to-volume ratio. Even though the NWs depos-
ited for 2 h have the highest surface-to-volume ratio, the NWs
grown for 6 h are responsible for the highest surface density
and the lowest crystallinity over the others. Surface density also
positively affects the response because higher surface density
means the number of NWs is higher, creating more reactive
sites. This will increase the adsorption and desorption process
while increasing the sensor’s response. ZnO NWs with higher
crystallinity exhibit better gas-sensing performance than those
with lower crystallinity [33, 38]. Highly crystalline ZnO NWs
have a more ordered and well-defined surface structure, which
provides more active sites for gas molecules to bind and interact
with. This increases the sensitivity of the NW's to gas molecules

©The Author(s), under exclusive licence to The Materials Research Society 2023

and thus results in a higher gas-sensing response. When com-
paring all these factors, the sensor in which NWs are grown for
6 h has the highest probability of obtaining a better response

over the sensor with 2 h deposition time.

The chemical bath deposition technique was effectively used to
deposit hexagonal ZnO N'Ws on borosilicate substrates. As the
deposition duration was increased, the diameter, length, and
aspect ratio of the deposited NW were found to increase up to
6 h, before decreasing at 8 h. NW's deposited for 2 h had the
lowest diameter, while the ones deposited for 8 h had the high-
est. The highest length, surface density and aspect ratio were
obtained by the NWs grown for 6 h, while the NWs deposited
for 8 h had the lowest. The ZnO gas sensors were later fabricated
using the grown ZnO NWs. The gas sensing ability of the ZnO
NWs was investigated based on their response to H gas at dif-
ferent operating temperatures. The sensors showed an optimum
response of 9.36 for 100 ppm H gas at 100 °C for the ZnO NWs
grown for 6 h.

Substrate cleaning

First, borosilicate substrates were cut into 2.5 cm X 2.0 cm
pieces. Then, substrates were cleaned according to the standard
chemical cleaning procedure [29, 39] before being stored in a
desiccator. The substrates were then plasma cleaned for 5 min
to obtain a better hydrophilic surface.
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Preparation of ZnO seed layers

ZnO seed solution was prepared by mixing 0.1 M solutions of
Zinc acetate dehydrate [Zn(CH3COO); 2H,0—99.5%] and
monoethanolamine (MEA) [NH,CH,CH,OH] in equimolar
ratio (1). The solution was sonicated for 15 min and stirred for
2 h at 300 rpm and 70 °C. The resulting milky solution was
aged for 24 h at room temperature. The solution was then spray-
coated on the cleaned glass substrate. Then, the substrates were

annealed in air at 300 °C for an hour.

Preparation of ZnO NWs

ZnO NWs were grown with an equimolar (0.1 M) aqueous solu-
tion of zinc nitrate hexahydrate [Zn(NO3),.6H,O - 99.5%] and
HMTA [CgHi2Ny - 99.5%]. The prepared substrates with seed
layers were used for CBD at 90 °C at a stirring rate of 700 rpm.
The deposition duration was varied as 2, 4, 6, and 8 h. After that,
samples were rinsed with DI water and dried in air. Finally, the

samples were annealed in air at 300 °C for half an hour.

Characterization techniques

The morphology of the NWs was studied using the Zeiss EVO
LS 15 field emission scanning electron microscope (FE-SEM).
Structural characteristics were investigated using grazing inci-
dent X-ray diffractograms (GIXRD) obtained from Bruker D8
Advance with Cu Ko (4 = 1.5406 A) X-ray photons incident at
an angle of 1° and 0.02° intervals from 20° up to 80°. The opti-
cal analysis was conducted using a Shimadzu UV-1800 double-
beam spectrophotometer.

The H; gas sensor was devised using the synthesized ZnO
NWs using Cu electrodes. The sensor was placed on a substrate
heater inside a gas flow chamber, where the temperature was
controlled using a PLD temperature controller. A constant volt-
age was maintained between the electrodes, and the current was
measured using a picometer. The resistance changes of the sen-
sor were measured at 50, 100, 150, and 200 °C at a concentration
of 100 ppm of H;. A schematic of the gas sensor fabricated is

shown in Fig. 6.

HzIn — [

<———1— Electrical Contacts
—— ZnO gas sensor

+—— Aluminum substrate with

heater
[__1—> H, Out (To vaccume

pump)

Figure 6: Schematic of the gas sensing device fabricated.
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