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Abstract: In this work, ethanol, ammonium hydroxide, and a zinc acetate-containing
precursor solution were used to create zinc oxide (ZnQO) nanostructured films on silicon
substrates using the spin-coating technique. The study also investigated how several layers
affect structural, optical, and sensing properties. X-ray revealed that ZnO nanoparticles had
a hexagonal structure phase and were polycrystalline, with the (002) plane as the preferred
orientation parallel to the substrate surface. According to AFM analysis, as the number of
layers increased, the grain size decreased, and the surface roughness increased. The energy
gap increased from 3.31 to 3.39 eV as the number of layers increased, according to UV-
visible analysis. Sensitivity of the films to ammonia gas in a 50 ppm concentration range
was assessed at working temperatures ranging from room temperature to 150 °C.
Nanostructured ZnO thin films must be produced for efficient and reasonably priced gas
sensing applications. A synergistic effect was observed in this study: reducing grain size,
increasing operating temperature, and enhancing surface roughness improved sensitivity,
reaching up to 140.7% when seven layers were applied.
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1. Introduction

Current solid-state device technologies have a
wide range of applications. Among the materials
that have received extensive investigation in
recent years are transparent conductive oxides
(TCOs) in thin films [1]. Zinc oxide (ZnO) is
one of the most significant semiconductor
materials, exhibiting a hexagonal crystal
structure (wurtzite) and belonging to group 11I-VI
compounds [2]. The compound has a direct band
gap of 3.2-3.4 ¢V, is abundant, cheap, non-toxic,
and has n-type conductivity [3]. Its visible range
optical transmission is good, making it suitable
for the solar spectrum [4, 5]. It has a variety of
uses in optoelectronic devices due to its
structural, electrical, and optical properties [4,
6]. By increasing the number of layers, zinc
oxide films can be used to improve sensing and
electrical properties, among other things, to
increase ammonia gas sensitivity [7]. Gas
sensing is influenced not only by structural

properties, including grain size, grain
boundaries, and surface-to-volume ratio, but also
by surface states and oxygen adsorption rates [8—
11]. Multilayered ZnO thin films can be
deposited wusing a variety of techniques,
including PLD [12], sputtering [13, 14], and
spray pyrolysis [15]. The spin coating method is
the most straightforward, economical, and
suitable ~ for  large-area  deposition. A
straightforward and affordable sol-gel deposition
method was used to apply the characteristics of
stacked ZnO thin film layers [16]. Reasonably
priced optoelectronic device manufacturing will
be made easier by the ongoing work. The
novelty of this work lies in fabricating ZnO thin
films with three, five, and seven layers on silicon
substrates that operate at room temperature. By
producing nanostructured films, the resulting gas
sensor can function within broadband in
different temperatures.
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The current work has examined structural,
morphological, sensing, and optical properties of
3-, 5-, and 7-layer thin films made using a
straightforward technique (sol-gel spin coating).

2. Experimental

The sol-gel spin coating method was used to
prepare ZnO films for growth on silicon
substrates. Zinc dehydrate [Zn (CH3COOQO),-
2H,0] was dissolved in  isopropanol
[(CH;3),CHOH]. Monoethanolamide was used to
stabilize ~ the  solution = (MEA)  [NH2
CH2CH2O0H]. It was incorporated into a 25 mL
solution at a rate of 1, in order to make a con. of
0.2 mol/l. To create uniformity, the solutions
were stirred for one hour at 65 °C. Clear
solutions were then allowed to age at room
temperature for a full day. The silicon substrates
were cleaned with ethanol and acetone for ten
minutes each using an ultrasonic cleaner, and
then dried following a cleaning with deionized
water prior to the deposition process. A small
amount of the prepared coating material in liquid
form was applied by dropper to the center of the
substrate fixed in the spin coating machine at
2500 rpm. This process was repeated several
times to obtain multiple layers (3, 5, and 7). The
films were heated in an oven at 250 °C for 5
minutes to remove organic residues and
evaporate the solvent. Then, the films are
annealed for 1 hour at 500 °C in air. The
thickness of the deposited film was measured
using an optical interferometer method based on
interference between a He-Ne laser (632 nm)
reflected from the substrate and the film surface.
We call this the Fizeau approach. The thickness
was computed using the formula. The films had
thicknesses of roughly 100, 200, and 300 nm.
The films were measured using a profilometer,
in which part of the film is scratched to expose
the substrate, and the device measures the height
difference between the film surface and the
exposed substrate.
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3. Results and Discussion

Figure 1 shows probes of XRD patterns that
provided information about film structure and
were used to study the crystal structure of ZnO,
recorded in the range between 20° and 80°. The
observed peaks at (010), (002), and (011) appear
in XRD patterns along with other peaks,
demonstrating the hexagonal polycrystalline
(wurtzite) structure of the ZnO thin films, as
indicated on the card with the number [17]. The
(002) peak was the most noticeable, suggesting a
preferred growth direction along the c-axis. This
proved that the surface free energy of the (002)
planes was the most stable when compared to
other planes. Among other things, the crystals’
position, intensity, and preferred orientation can
reveal details about their size, tension, and strain
[18, 19]. For the three-layer ZnO film, the peak
intensity was incredibly low. Increasing the
number of layers from five to seven caused a
steady increase in the density of the ZnO film.
The figure illustrates how the number of layers
increases from three to seven, resulting in a
gradual increase in peak intensity, indicating
higher film density. As the number of layers
increased, the (002) peak also became sharper,

suggesting  improved  crystallinity  with
increasing film thickness [20].
This behavior can be explained by

competitive growth among adjacent crystallites
based on their orientation. Crystals with
energetically favorable orientations grow at the
expense of others, leading to a dominant
crystallographic  orientation and improved
overall crystallinity [21, 22]. This competitive
growth mechanism likely accounts for the
observed increase in crystallinity as the film
thickness increased, as supported by the
decreasing FWHM values [23,24]. The average
crystallite sizes were calculated using Scherrer’s
equation. The crystallite size of the ZnO films
decreased from 13.23 nm to 9.86 nm as the film
thickness increased.
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FIG. 1. XRD analysis of the generated ZnO for all films.

Figure 2 presents the surface topography of
the annealed ZnO films, analyzed using AFM.
The topographical analysis of surface roughness
in two and three dimensions is displayed in Fig.
2(a). A 2.0 x 2.0 pm region was scanned from
the AFM images of ZnO films. This indicates
that the surface morphology is dominated by
hexagonally faceted columnar granules. It is
clear that the surface roughness of the films
increased with their thickness. The 3L film
thickness had a grain size of 99.41 nm and a root
mean square (RMS) roughness of 2.17 nm; this
suggests excellent homogeneity and good crystal
regularity. As the number of layers increased to
five and seven, the grain size decreased to 86.31
and 73.23 nm, while roughness progressively
increased to 3.82 and 4.37 nm, respectively. The

roughness increased as the ZnO thickness
increased due to the decreasing grain size and
the increased number of grains that formed [25,
26]. The high surface roughness of ZnO films
makes them useful for gas sensors [27]. The
sensitivity and response time of ZnO-based gas
sensors are significantly impacted by the degree
of roughness of the thin films. As thickness
increased, so did the peak-to-peak and ten-point
heights, according to Table 1, demonstrating the
regularity of the generated films and the viability
of using them as sensors, as improved absorption
is achieved by surface uniformity [28]. Film
roughness influences the sensor response by
increasing the surface area specifically suited for
gas adsorption [29]. To improve the gas sensor
device, this increase is essential.

TABLE 1. AFM parameters of ZnO films with 3, 5, and 7 layers.

Sample ZnO  Ave. diameter Roughness Peak-peak Ten-point
layers (nm) (nm) RM.S (nm) (nm) hight (nm)
3 La. 99.41 2.17 2.36 11.48 6.28
5La 86.31 3.82 422 14.29 12.77
7La. 75.23 4.37 4.83 18.32 12.57

661



Article

Al-Jenaby et al.

000 *oco

CSPM imager Surfce Roughness Anslysis

¥R 30 2021 B10m X 2009 4o

L

114390 com
CHPM Tl
Topogphy
Puaels = 0] 49
S+ (202 J00)

1 8w

0 80mm
1153993, com

CSPM Tile

Topogrphy
Puels = o887
Shae = (20040 200 )

| Fees CHPMImager Surface Roughness Analysis

1mage 128 7009 3 X 3917 9%

COPM Tile

Suw = (200500020 L dusm) MCore Rougnness Degm) 189 [rmj

Fractal Omenion 2

FIG. 2. AFM images of ZnO thin films with 3, 5, and 7 layers.

Figure 3 shows the transmittance spectra of
ZnO films measured over the wavelength range
of 200-1100 nm. The impact of layer count on
ZnO film optical characteristics, including
transmittance and band gap, was examined. The
transmittance curves of ZnO films at different
film thicknesses are shown in Fig 3. All of the
samples exhibited good transparency, exceeding
84%. As the film thickness and surface
roughness increased, the transmittance changed.
This result was expected since when the
thickness of a material increases, photons are
absorbed into it in greater quantities.
Additionally, the spectra revealed a shift in the
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absorption edge toward higher energies, which is
associated with the thickness values. As the film
thickness increased, the free spectral range
decreased, resulting in more oscillations with the
substrate [30]. Therefore, oscillations increased
toward longer wavelengths. Interferences in the
substrate are generally not observable in the
incoherent formulation. However, it is well
known that below the radiation wavelength of
500 nm (toward higher energy side of visible
spectrum), the absorption coefficient of TCOs
increases gradually and peaks at the ultraviolet
(UV) region, resulting in the disappearance of
interference patterns of the transmission
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spectrum in this region (i.e., higher energy-side
of the spectrum) [31, 32]. Since the absorbance
increases with increasing thickness, the
absorption coefficient decreases. Therefore, the
phenomenon of optical quantum confinement is
not achieved [24, 33]. Figure 4 shows the Tauc's
plot for ZnO films as a function of film
thickness. The band gap grew from 3.31 to 3.39
eV as the film thickness increased. As layer

thickness increases, the optical band gap rises
because of other lattice defects and a decreasing
trend in strain. This is consistent with what
Ennaceri, Houda, et al. found [34, 35]. The
reduction in nanosize, which supports the charge
carrier quantum confinement, may also be the
cause of this [36, 37] and determines the band
gap of the film (Fig. 4).
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FIG. 3. The ZnO transmittance of all layers.
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FIG. 4. The ZnO energy gap of all layers.

Figure 5 shows FE-SEM images of the
surface for ZnO films on silicon papered by
spin-coated with 3, 5, and 7 layers.
Nanoparticles were formed on structure thin
films. The image for FE-SEM shows height
difference possibility in structures. As shown in
Fig. 5(a), the ZnO film spin-coated with three

layers shows less dense structure compared to
the ZnO thin film spin-coated with five layers,
depicted in Fig. 5(b). The ZnO thin film with
seven layers, shown in Fig. 5(c), displays a more
compact and uniform morphology with larger
grains after annealing. This enhances the
sensitivity characteristics of the gas sensor.
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FIG. 5. The FESEM image of the surface for ZnO all layers.

Figures 6, 7, and 8 show the gas sensing
properties when the thin films were exposed to
the surrounding air. The conduction band
electrons on the film's surface were grabbed by
oxygen molecules that were adsorbed there [38].
Consequently, a depletion zone developed close
to the surface, increasing the film's resistance
[39]. Egs. (1) and (2) show that when reducing
gases, such as ammonia, were added to all layers
of thin ZnO, they reacted with the adsorbed
oxygen species.

02 +e - Oz(ads) (1)
NHs +303445) = 2N, + 6H,0 +6¢~  (2)

Due to the reducing nature of NHj, the ZnO
film's surface resistance was reduced by the
interaction of ammonia molecules with the
oxygen-adsorbed ZnO surface. When NH;
entered the detecting chamber, the resistance of
the thin ZnO film quickly decreased, leading to a
quick rise in sensor response. When the NH;
flow was stopped, the resistance increased,
causing the response sensor to progressively
return to its initial levels. Figures 6-8 show how
resistance affected sensitivity for thin ZnO films
with three, five, and seven layers at a 50 ppm
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ammonia concentration. The sensitivity (S%) of
the ZnO films was calculated using Eq. (3) [40]:

Rz-R
S% = —92%100% ?3)
Rg
where R, and R, are resistances in air and testing
gas, respectively.

The increased number of layers led to a
higher sensor response, as shown in Figs. 6-8.
Table 2 indicates that the maximum sensor
response (35.81%) was attained at room
temperature when there were seven layers. This
is caused by a decrease in grain size and an
increase in surface roughness of the thin film,
with a response time of 14.4 s and a recovery
time of 9.4 s, as indicated in Table 2.
Additionally, we observed that throughout all
samples, the sensitivity increased as the
operating temperature rose, peaking at 140.7 at
150C for the seven-layer film. The reason for
this is that the grain size has decreased and the
surface roughness has increased, as shown in
Fig. 8. This is crucial for determining how
surface roughness and grain size affect the
development of highly sensitive ZnO ammonia
Sensors.
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FIG. 6. Sensitivity of 3 layers of ZnO nanoparticles to 50 ppm ammonia as a function of resistance.
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FIG. 8. Sensitivity of 7 layers of ZnO nanoparticles to 50 ppm ammonia as a function of resistance.

TABLE 2. ZnO sensitivity, response, and recovery time at layers 3, 5, and 7.

response time (s)

recovery time (s) sensitivity (S%)
Samples =230 100 150 RT 50 100 150 RT 50 100 130
3La. 1221 11.9 11.44 1495 13.88 1654 155 1044 19.6 23.4 58.7 753
5La. 843 127 11.6 9.65 13.76 13.34 12.7 14.95 27.8 39.9 47.6 76.7
7La.  14.4 139 1222 96 94

8.53 8.32 9.56 35.8 51.7 73.3 140.7
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Conclusions

Using the spin coating technique, ZnO thin
films were produced for use as NH; gas sensors
at room temperature and at operating
temperatures of 50, 100, and 150 °C. The study
examined how surface roughness and grain size
affect ZnO films by varying the number of layers
and concentration (50 ppm). The ZnO films with
3, 5, and 7 layers had the highest sensitivity
small grains exhibited, which rose with an
increase in working temperature. At 150 °C, the
created sensor can be used to gas monitoring
concentrations below 50 ppm. Films with small
grains recovered faster than those with larger
grains, even though they reacted to ammonia
exposure more slowly. The recovery time and
response time were both within 10 s. The
outcomes showed that the synthesis of ZnO
ammonia sensors using room-temperature spin-
coating deposition was feasible, and that ZnO
capacity to detect ammonia is significantly
impacted by adjusting grain size to operating
temperature. Consequently, it is thought that
results could offer useful direction for upcoming
industrial applications in the development of
high-performance gas sensors.
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