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1 Introduction

ABSTRACT

In this study, ZnO nanowires were grown using chemical bath deposition on
top of spray-coated seed layers ranging from 20 to 60 nm in thickness. The effect
of seed layer thickness on structural, morphological and optical properties of
ZnO nanowires was studied using characterization techniques such as XRD,
SEM, and UV-Vis spectroscopy, respectively. The XRD analysis showed that all
the nanowires grown on different seed layer thicknesses were hexagonal and
preferentially oriented (002) plane. According to the SEM analysis, all the
nanowires were vertically oriented. The diameter of the nanowires varied
between 47 and 100 nm, and the length ranged typically from 1.03 to 1.78 um.
The bandgap of ZnO nanowires redshift from 2.56 to 3.22 eV with the decrement
of seed layer thickness. The H, gas sensing behaviour of the fabricated sensor
prototype using deposited nanowires was investigated at 150 °C. The optimum
response for H, gas was obtained for the ZnO nanowires grown on the seed
layer thickness of 35 nm.

advancements in technology, ZnO nanostructures,
epitaxial layers, single crystals, and nanoparticles

Zinc oxide (ZnO) is an n-type semiconductor that
possesses a wide direct band gap of 3.37 eV and a
large excitation binding energy of 60 meV. Recently,
ZnO has received much attention due to its capability
to host many different dopant elements [1, 2], one-
dimensional (1-D) growth-ability [1-3], and its sen-
sitivity towards synthesizing parameters. With the
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have become promising materials in the production
of flat-screen displays, field emission sources [4], gas,
chemical and biological sensors [5], UV light emitters
[5], optoelectronic (blue and ultraviolet light emitters
and detectors) [6], piezoelectric [7] and spintronic
devices [8], and solar cells [9].
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1-D ZnO nanostructures are widely used in pho-
tovoltaic and energy conversion devices due to their
high surface-to-volume ratio, which enhances the
reactivity and improves the absorption of photons,
catalytic performance and sensitivity. Hence, 1-D
ZnO nanostructures nanobelts [10], nanorods [1, 2],
nanowires [1, 11], and nanoflowers [12] have become
leading materials in photovoltaics, sensing, and
energy conversion devices.

1-D ZnO nanostructures can be synthesized using
gas phase and wet chemical methods. Gas-phase
methods such as pulsed laser deposition [13], aero-
sol-assisted chemical vapour deposition [14], and
atomic layer deposition [15] require high-tempera-
ture conditions over wet chemical methods like sol-
gel, electrophoretic deposition [16], microwave radi-
ation-assisted solvothermal [17], hydrothermal [18],
and chemical bath deposition techniques [19, 20].

Chemical bath deposition (CBD) is an attractive
and cost-effective synthesis method that operates
under low-temperature and atmospheric pressure.
This can be widely used to deposit sulphides [21, 22],
and oxides [23]. CBD mainly depends on a relative
solubility product (Ksp) [20]. Dissociation of ZnO
solid can be given as;

2 2—

At a given temperature, the ionic product and solu-
bility product can be defined as;

Tonic product (IP) = [Zn{;,| (O] (2)

Solubility product (K,) = [Zn(Z;D][O%a;)] (3)

If K , > IP, solid phase will dissolve, and precipita-
tion will not occur. When the K §, = IP solution
becomes saturated, the solution will be in equilib-
rium between the solid and aqueous phase. The
solution becomes supersaturated, and precipitation
occurs when the K ;, < IP. Supersaturated solution
undergoes the above-mentioned chemical reactions
to form the ZnO solid on the substrate.

CBD is a straightforward method that can be used
to synthesize different 1-D nanostructures. Among
these, NWs regarded as an attractive nanostructure
for the fabrication of photovoltaics, sensing devices
etc. The main reason is that NWs have a higher sur-
face-to-volume ratio compared with nanoparticles
[24]. Above that, NWs possess several advantageous
properties like better crystallinity, well-regulated
dimension = composition, exceptional = Young's
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modulus, and the ability to inhibit mechanical
degradation [25]. NWs can be fabricated horizontally
[26] or vertically [1]. Compared with the horizontally
aligned NWs, vertically aligned NWs are high in
surface area, as horizontally oriented NWs grow
along the substrate while the vertically aligned NWs
grow perpendicular to the substrate. In horizontally
oriented NWs, lateral growth of NWs becomes
dominant over axial growth, while vertically aligned
NWs have high axial growth over lateral growth.
CBD is widely used to prepare vertically aligned
NWs [1-3]. The formation of nucleation sites is
essential for the effective growth of vertically ori-
ented NWs. Hence, most researchers apply a seed
layer on the substrate before the growth of vertically
aligned NWs during CBD.

The seed layer can be a monoatomic layer or a thin
film. It creates more nucleation sites to synthesize
vertically aligned NWs. During the formation of seed
layers, heterogeneous nucleation is more favourable
than homogenous nucleation on the foreign surface.
Heterogenous nucleation requires less activation
energy due to the low contact angle in the liquid-
solid interface, hence more favourable in nucleation.
Due to lattice mismatch, strain at the interface of
growing species, and differential surface energy, it is
difficult to control random and complex nucleation
processes occurring on a foreign surface. Therefore,
the seed layer must be deposited on the substrate
with the same material as the nanomaterial grown on
the seed layer to support heterogeneous nucleation.
This enhances the effective nucleation on favourable
sites with minimal surface-free energy [27].

The seed layer is deposited on a substrate using
various deposition techniques, including spin coating
[2], radio-frequency sputtering (RFsputtering) depo-
sition [28], dip-coating method [1], and Jet Nebuliser
Spray Pyrolysis (JNSP) technique [27]. This study
used the JNSP technique to apply the seed layer,
which is rarely used for seed layer deposition.

The present work explores the effect of the thick-
ness of the spray-coated seed layer on the growth of
the ZnO NWs fabricated through the CBD method.
Synthesized NWs were characterized using XRD,
SEM, UV-Vis spectroscopy to investigate the struc-
tural, morphological and optical properties of the
synthesized ZnO NWs. Synthesized NWs were later
used for H, gas sensing by designing a gas sensor

prototype.
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2 Materials and methods

Firstly, borosilicate substrates were cut into 2.5 cm x
2.0 cm pieces and thoroughly cleaned with detergent.
Then, they were washed with DI water and dried.
After that, the substrates were sonicated in a diluted
HC1 solution, and the previous step was repeated.
Then, the glass plates were cleaned by immersing
them in the order of acetone, methanol, and iso-
propanol just below their respective boiling points.
Chemically cleaned substrates were washed with DI
water and dried with N, before being stored in a
desiccator. The substrates were plasma cleaned for
5 min to obtain a better hydrophilic surface.

2.1 Preparation of ZnO seed layers

ZnO seed solution was prepared with 0.1 M solutions
of Zinc acetate dehydrate [Zn(CH;COO),-2H,0—
99.5%] with monoethanolamine (MEA)
[NH,CH,CH,OH] [2, 3]. The molar ratio between
zinc acetate and MEA was 1. Here, MEA was used as
a stabilizer. The solution was sonicated for 15 min
and stirred for 2h at 300 rpm and 70 °C. The
resulting milky solution was aged for 24 h at room
temperature. Following reactions take place during
the process;

anq) +20H,, — Zn(OH,)y) (4)

Upon heating,
ZD(OHz)(S) — ZTlO(S) + HZO(I) (5)

The solution was then spray-coated on the cleaned
glass substrate. Throughout the process, the substrate
was placed on a hot plate at 120 °C. Layers with 20-60
nm thicknesses were spray-coated on the substrate
before 1-min in-situ annealing. The seed layer thick-
ness was optimized by changing the number of seed
layers coated onto the substrate.

2.2 Preparation of ZnO NWs

ZnO NWs were grown with an equimolar (0.1 M)
aqueous solution of zinc nitrate hexahydrate
[Zn(NO3),.6 H,O- 99.5 %] and hexamethylenete-
tramine (HMTA) [(CH2)¢N;s—99.5 %]. The prepared
substrates with seed layers were used for CBD for 6 h
at 90 °C and a rate of 700 rpm. After the CBD process,
samples were rinsed with DI water and dried in air.
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Finally, the samples were annealed in air at 300 °C for
half an hour.

During the CBD process, reactions take place
under three steps: (i) creation of atomic/molecular/
ionic species, (ii) transportation of species through a
medium, and (iii) condensation of the species.
Zn(NO3),-6H,O and HMTA [(CH,)sN4] undergo the
following reactions: [3, 19, 29].

(CH2)6N4(aq) + 6H20(1) — 6HCHO(aq) + 4NH3(aq)

(6)
NHj(uq) + Hz20(j) — NHyj,) +OHy, (7)
Zn(NO3)y(,) — Znfl) +2NOj (8)
Zn3,) +20H ) — ZnOy) + HyOy) 9)

Upon heating, HMTA hydrolyzes to form formalde-
hyde and NHj3. Then, NH3 exchanges protons with
water molecules providing OH™. These hydroxyl
ions then react with dissociated Zn?" leading to
direct crystallization of ZnO (reaction 9) or indirect
crystallization of ZnO (Egs. 10 and 11) under specific
growth conditions.

Zn2+

2 +20H,, — Zn(OHy) (10)

Zn(OHz)(S) — Zno(q) + H2O(1) (1 1)

2.3 H, gas sensing

Figure 1 demonstrate an illustration of the gas sens-
ing setup used in the experiment. Cu electrode pat-
terns were thermal evaporated on the top of the ZnO
nanowires. Then, the fabricated sensors were kept on
an aluminium substrate holder with a heater inside.
The temperature was maintained at 150 °C using a
PID temperature controller and kept at this temper-
ature until saturation before acquiring data. The Au-
coated spring contacts were used to contact Cu elec-
trode patterns. The resistance across the Au contacts
was measured with time until the test was com-
pleted. The resistance measurements were started
before supplying H, gas into the chamber and con-
tinued until the resistance value became constant and
then until it slightly decreased. Then, the H, gas
supply was terminated, and the remaining gas was
removed from the chamber using a vacuum pump
while measuring the resistance. The obtained results
were converted into responses, and a time vs.
response graph was plotted.

@ Springer
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Fig. 1 Illustration of gas
sensing apparatus used to Hyln — [}
measure the resistance change

of the sensors

I I%— Electrical Contacts
—— ZnO gas sensor

Aluminum substrate with

! heater
[ 1—> H, Out (To vaccume

2.4 Characterization techniques

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

3 Results and discussion
3.1 Morphological characterization

The SEM images of seed layers deposited using the
JNSP method with 5, 10, 15, and 20 seed layer stacks
are shown in Fig. 2. The length, morphology, diam-
eter, and surface density of nanowires were exam-
ined using these images.

When the seed layer thickness increases, a slight
decrement in the size of the seed layer particles
(which are the nucleation sites) can be observed until
15 seed layer stacks, reducing the diameter of the
NWs. Beyond that, the particle size increased, which
resulted in an increased NW diameter. As shown in
Table 1, the particle size of the ZnO seed layer with 60
nm is much larger than the rest. Further, a large
distribution of the size of nucleation sites can be seen
in Fig. 2d, which may be due to the coalescence of
nearby smaller nucleation sites.

Figure 3 illustrates the top-down and cross-sec-
tional view of ZnO NWs grown on different seed
layers. All ZnO nanowires were grown simultane-
ously in the same bath using substrates with different
numbers of seed layer stacks.

@ Springer
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It was observed that while annealing (300 °C), the
ZnO NWs grown on seed layers tended to fall off the
substrate when the number of layer stacks increased
beyond 15. The adhesive energy of a thin film or seed
layer mainly depends on the residual stress of the
film [30]. The adhesive energy decreases with the
increase of residual stress. The residual stress of a
thin film increases with the thickness and grain size
of the thin film [30, 31]. Detachment of the ZnO seed
layer and the NWs with increasing seed layer thick-
ness is mainly due to the decrement of the adhesive
energy with the increasing residual stress of the seed
layer.

It can be seen that the vertical alignment of NWs
greatly influenced by the thickness of the NWs. ZnO
has polar facets like (0001) and (0001) and non-polar
facets of (0100) and (2110). The (0001) surface is ter-
minated with Zn?>* ions, while (0001) surface is ter-
minated with O%>~. Polar facets have about 4 ] m~2 of
surface energy, while non-polar facets have a lower
surface energy of about 2 ] m™2 Higher surface
energy facets react rapidly and attract opposite ions
in the solution. Hence, the growth occurs by forming
a critical nucleus by secondary nucleation on the
surface of polar facets, which reduces the surface
energy of the polar surface accordingly. Therefore,
NWs growth happens along the c-axis by coordinat-
ing with opposite ions by alternatively stacking the
zinc and oxygen ion layers. Non-polar surfaces are
responsible for the lateral growth of ZnO. Usually,
lateral growth is not dominant due to less surface
energy of the opposite non-polar surfaces. According
to the cross-sectional view, the vertical orientation of
NWs strengthens with the increasing thickness of the
seed layers, which is in agreement with previous
studies [27].

Table 1 also shows the average length, average
diameter, and aspect ratio dependence on the ZnO
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Fig. 2 The FESEM images of
a5,b 10, c15,and d 20 seed
layer stacks grown on
borosilicate substrates

Table 1 Different seed layers and their corresponding NW properties

Number of seed layer stacks ~ SL thickness (nm)  SL particle size (nm)  NW length (um)  NW diameter (nm)  Aspect ratio

5 20 23 1.03 59 17.4
10 35 21 1.25 55 22.7
15 50 20 1.78 47 37.9
20 60 35 1.22 100 12.2

Fig. 3 The FESEM images of
NWs grownona35,b 10, c 15,
and d 20 seed layer stacks

1000 am
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seed layer thickness. It was found that there was a bit
decrement of the NW diameter with the increase in
the seed layer thickness until 15 stacks. This can be
understood using the grain size of the seed layer ZnO
particles. The seed layer provides nucleation sites for
the growth of the NWs. The size of the nucleation
sites governs the diameter of the NWs grown on the
nucleation sites. When the seed layer thickness
increases, the size of the seed layer particles slightly
decreases, which causes a slight decrement in the
diameter of the NWs. In the NWs grown on the 20
seed layer stacks, bigger rods can be seen between the
dense smaller rods. One reason for that is the
increasing size of the nucleation sites by coalescence
of one or more nearby nucleation sites, as previously
described. Besides that, Devaraj et al. described this
using the lattice orientation effect [27]. According to
them, during the growth of ZnO NWs, nucleus for-
mation at the nucleation sites usually occurs along
the c-axis. If the secondary nucleation takes place
during the process, the lattice plane of the growing
NW starts to grow parallel to the plane of the nearby
NW. Due to the lattice orientation effect, the particles
at the interface coalesce along the growth direction
throughout the interface. The lateral growth due to
the lattice orientation effect leads to the coalescence
of nearby NW and the formation of ZnO NWs with
larger diameters.

The aspect ratio of the grown NWs increases due to
the increment of the NW length with the seed layer
thickness, except for the NWs grown on the 20 seed
layer stacks. The length of the NWs grown on the 20
seed layer stacks is lower than the NWs grown on 15
and 10 seed layer stacks, according to Table 1.
Therefore, the axial growth of NWs grown on 20 seed
layer stacks is lower than the NWs grown on 10 and
15 seed layer stacks. When considering the average
diameter, the NWs grown on 20 seed layer stacks are
larger than the NWs grown on 10 and 15 seed layer
stacks. During the same deposition time, the lateral
growth of the NWs grown on 20 seed layer stacks is
higher than the NWs grown on 10 and 15 seed layer
stacks. Accordance to the above fact, the lateral
growth has also increased with the axial growth for
the NWs grown on 20 seed layer stacks.

As shown in Fig. 4, the density of NWs per unit
area increases as the thickness of the ZnO seed layer
increases. When the diameter of the NW is small,
NWs can be closely packed with each other at the
same surface area, which will lead to the increment of

@ Springer
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Fig. 4 Changes in density per 1 um~2 and an average diameter of
ZnO nanowires grown on different seed layers

the NWs per unit area. Thus, the above graph clearly
shows that the density of the ZnO nanowires
increased as the average diameter decreased. Surface
density also describes the richness of the nucleation
sites of the seed layers [32]. If the surface NW density
is high, then the seed layer has a large number of
nucleation sites.

3.2 Optical analysis

Figure 5a and b illustrate the transmittance vs.
wavelength spectra in the region of 300-1100 nm in
different seed layers and corresponding NWs grown
on them. In each transmittance spectra, there is an
observable bending between the wavelengths 300 nm
to 400 nm responsible for the intrinsic bandgap of
ZnO [1, 33]. Optical band gaps of seed layers and
ZnO NWs were calculated using Eq. 12, which
describes implementing the Tauc method [34].

ahv = A(hv — Eg)" (12)

where o, h v A, and E g are the absorption coefficient,
photon energy, relation constant, and optical band-
gap, respectively. Since ZnO is a direct bandgap
semiconductor, the value of n is equal to 2. Band gaps
of the seed layers and deposited nanowires are cal-
culated by extrapolating the Tauc plots.

In both seed layers and NWs, bandgap decreases
with increasing seed layer thicknesses, as shown in
Table 2. All the seed layers possessed higher band
gaps than the bulk ZnO (3.3 eV). However, they
decreased with increasing seed layer thickness.
Bandgaps of the NWs grown on top of the seed layers
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Fig. 5 The UV-Vis spectrum of a ZnO seed layers and b ZnO
nanowires grown on corresponding seed layers

were also found to decrease with seed layer thick-
ness. However, the bandgaps of these NWs were
lower than 3.3 eV. All the seed layers and NWs reveal
an obvious redshift in their UV transmission. Unsat-
urated bonds can be produced during the seed layer
formation due to the insufficient number of atoms.
These unsaturated bonds are responsible for forming
defects in the seed layer, leading to localized states.
With the increase of seed layer thickness, the width of
localized states in the optical band gap increase.
Thus, the optical absorption edge decreases, reducing
the bandgap. All the seed layers and NWs reveal an
obvious redshift in their UV transmission. Unsatu-
rated bonds can be produced during the seed layer
formation due to insufficient number of atoms. These
unsaturated bonds are responsible for forming
defects in the seed layer, leading to localized states.
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With the increase of seed layer thickness, the width of
localized states in the optical band gap increase.
Thus, the optical absorption edge decreases, reducing
the bandgap [35-371.

Decrement of the optical absorption edge is mainly
due to the increasing defect-induced band tailing
effect. The band tailing effect can be calculated using
Urbach energy E y as described in Eq.13. According
to Table 2 bandgap of a crystal lattice reduces with
the increase of E y [34, 35].

o = opexp <E ; Eg) (13)

u

where oy is a constant and E is photon energy hv and
E y is Urbach energy. E y was determined by plotting
In o versus h v and linear fitting to the absorption
edge. According to the data in Table 2, the bandgaps
of seed layers are not mainly affected by E y. The
bandgaps of seed layers decrease with the increase of
seed layer thickness due to other defects like particle
size, microstrain, or lattice parameters [34]. Overall,
bandgap decrement of the NWs with the increment
of seed layer thickness is mainly affected by the
increment of E y.

3.3 X-ray diffraction (XRD) analysis

The crystal structure of ZnO NWs was analysed
using the X-ray diffraction technique. All the
observed diffraction peaks are well-matched with
ZnO hexagonal-phase structure (JCPDS No. 36-1451).

Figure 6a—c show the predominant peaks obtained
for the seed layers at 20 = 31.77°, 34.42° and 36.25° are
from the (100), (002), (102) planes for the hexagonal
ZnO, respectively. According to Fig. 6d—f, intense
peaks for NWs were obtained in the above-described
planes with 20 values of 31.80°, 34.52°, 36.3°. The
degree of preferred orientation was quantitatively
investigated by calculating the texture coefficient (TC
i) plotted, as shown in Fig. 7, using Eq. 14 [38];

Table 2 Bandgap and Urbach energy E y seed layers and corresponding NWs grown on different seed layers

Number of seed layer stacks Bandgap of the seed layer (eV) E y of the seed layer (eV) Bandgap of NWs (eV) E y of NWs (eV)

5 341 0.083
10 3.40 0.087
15 3.39 0.089
20 3.38 0.082

3.22 0.147
3.21 0.161
3.20 0.284
2.56 1.173

@ Springer
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Fig. 6 GIXRD diffractograms
of spray-coated a 5, b 10, and
¢ 15 seed layers and NWs
grown on d 5, e 10, and f 15
different seed layers
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Fig. 7 Texture coefficient variation of a different seed layers
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2 Theta (deg.)

Lk
Loy

TCha = ) (14)

v (7
where [ (1) the Lorentz curve fitted intensity, I o) is
the relative intensity of the corresponding plane
given in reference data (PDF 00-041-1049), and N is
the number of reflection planes. Here, TC ;y is the
measure of the enhancement of the (hkl) reflection
compared to a completely randomly oriented sample.
The texture coefficient values shown in Fig. 7 reveal
that all the seed layers and the corresponding NWs
are preferentially oriented in the (002) plane. The
decrement of the preferred orientation in the (002)
plane is observed with increasing seed layer thick-
ness [39].

Crystallite size of the seed layers and NWs calcu-
lated using Debye—Scherrer’s formula [40];

09)
~ Pcosd

(15)

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

As shown in Table 3, the crystallite size of the seed
layer increased with seed layer thickness [41], while
that of NWs was the opposite. Lattice strain is one of
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Table 3 Structural parameters

of ZnO seed layers and their # Seed layers D (A) € (%) a (A) c (A) Volume (A3)

corresponding NWs SLs NWs SLs NWs SLs NWs SLs NWs SLs  NWs
5 56.8 3573 254 036 3241 3248 5203 5201 47343 47.544
10 519 3131 252 041 3240 3250 5207 5.199 47347 47561
15 63.0 2836 206 045 3244 3249 5205 5205 47454 47598

the defects present in the lattice and represents as
microstrain (¢). Microstrain can be calculated using
Eq. 16; [39, 42-44]

_ Pcost
Ty

In the seed layers, an increment of seed layer thick-
ness causes the decrement of ¢ by decreasing the
lattice imperfection. But in NWs, ¢ increases with the
seed layer thickness, which causes an increment of
the lattice imperfections. Imperfections in lattice or
defects lead to the increment of the E y, lowering the
bandgap. Therefore, the observed decrement in the
bandgap of NWs in Table 2 can be attributed to the
increment in microstrain of NWs [45].

Lattice parameters a, ¢, and lattice volume were
deduced using Pawley unit-cell refinement and tab-
ulated in Table 3 [34, 46]. All the a, and ¢ parameters
are in accordance with the JCPDs values of 3.24982
and 5.20661 A. Results suggest a slight decrement in
lattice volume compared to the JCPDS value of 47.62

(16)

A3. In both the seed layers and NWs, lattice volume
increases with seed layer thickness. Another reason
for the decrement of the band gap of both the seed
layers and NWs can be described using lattice vol-
ume. The increment of lattice volume can affect the
neighbouring atoms to be spread from each other,
causing atoms to be loosely packed in the lattice.
When the atoms are loosely packed, electron clouds
are not attracted much towards the nucleus of the
atom. Therefore, valence electrons can be easily
removed due to the decrease of binding energy
between the nucleus and the electrons of the atoms.
Consequently, the energy required to move an elec-
tron from the valence band to the conduction band
decreases [34]. This will cause the decrement of the
bandgap of the seed layers with the increase of seed
layer thickness.

3.4 Gas sensing prototype
3.4.1 Sensing mechanism

At high temperatures, in oxygen ambient, oxygen
molecules adsorb to the surface of the sensor.
Adsorbed oxygen molecules attract electrons from
the conduction band of ZnO and reduce them to form
O, and O? ions, as shown in reactions 15, 16, 17.
From these species, O~ ions are the most reactive
species, which are formed above 100 °C and below
300 °C [47-49]. These ions remain on the surface of
the sensor. A decrement in the electron concentration
in the conduction band will enhance the resistance of
the sensor [47, 50, 51].

Oz(gas) te Og(adsorb) (17)
1 _ _

EOZ(gaS) +e <= O(adsorb) (18)
1 _ -

EOZ(gas) +2e = O%adsorb) (19)

When the sensor is exposed to H, gas ambient, H,
gas reacts with O~ and O~ ions remaining on the
surface, as shown in reaction 18, by releasing elec-
trons back to the conduction band, which increases
the concentration of the electrons. This will reduce
the resistance of the sensor.

Ho(gas) + Ofadsory) <= H2O(gas) + €~ (20)

The change in resistance of a sensor for reducing gas
like H, can be defined as [50, 52];

Responce (S) = % (21)

g

where R, is the electrical resistance of the sensor in
the presence of the O, gas ambient, and R , is defined
as the sensor’s electrical resistance at the target gas
ambient.

@ Springer
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Fig. 8 Response of the ZnO NWs sensors grown on different seed
layers when exposed to H, with concentration levels of 100 ppm
at 150 °C

3.4.2 Hy gas sensing results

Figure 8 shows the sensing response of the ZnO NWs
sensors grown on different seed layers 5, 10, and 15.
NWs grown on 20 seed layers were not considered in
the gas sensing study since the grown NWs were not
adherent to the substrate.

It was observed that the seed layer thickness
greatly influences the gas-sensing property of the
sensor. As shown in Fig 8, the sensor’s response
increased with increasing seed layer thickness and
obtained the highest response for NWs grown on 15
and 10 seed layers at 150 °C. That is maybe because
the surface density of the NWs influenced by the
increasing seed layer thickness, as shown in Fig. 4.
Within these two prototypes, nanowires grown on a
seed layer with 10 layer stacks were shown a higher
response over a significant period of time.

4 Conclusion

Hexagonal ZnO nanowires were successfully depos-
ited on the borosilicate glass substrate using the
chemical bath deposition technique on top of seed
layers with different thicknesses. The optimum
morphological properties such as vertical alignment,
diameter, length and surface density were observed
in the nanowires grown on the seed layer thickness of
50 nm. An increment in the seed layer thickness
caused a redshift of the bandgap from 3.22 to 2.56 eV.
Optically, the best properties were exhibited by the

@ Springer

] Mater Sci: Mater Electron (2023) 34:352

ZnO nanowires grown on the seed layer with 20 nm
thickness. The ZnO gas sensor prototypes were fab-
ricated successfully using grown ZnO nanowires.
The highest response was obtained by the nanowires
grown on the seed layer with 35 nm thickness.
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