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Abstract

A study on the effect of ZnO nanorod growth conditions on humidity sensing is presented.
Glass substrates were coated with triangular ZnO nanorods using a hydrothermal method,
with growth durations of 5, 10, and 15 hours, and coating lengths in triangular shape varying
from 1 mm to 13 mm. A commercial LED and photodiode were utilized in the measurement
setup, functioning as the light source and photodetector, respectively, and interfaced with an
Arduino for data processing. Humidity experiments were conducted in a controlled chamber
using different combinations of these growth parameters. The results indicated that a
combination of 10 hours growth time and 7 mm coating length produced a sensing response
comparable to that of a 15-hour growth time and 4 mm coating length at 80% relative
humidity. This demonstrates that optimal sensor performance can be achieved through
various fabrication settings, suggesting that flexibility in process parameters allows for more
efficient and cost-effective sensor design without sacrificing the sensor performance. By
offering multiple viable fabrication paths, the process becomes more scalable and versatile,
allowing for the design of sensor devices that maintain high sensitivity while optimizing
manufacturing efficiency. This is crucial for improving the practicality of ZnO-based humidity
sensors in commercial applications.

Keywords: ZnO Nanorods, Humidity Sensing, Growth Conditions, Hydrothermal Method,
Sensor Optimization.

Introduction

Nanomaterials were first discovered with the introduction of carbon fullerenes in 1985
(Kratschmer et al., 1990), followed by the development of carbon nanotubes in 1991
(Ebbesen & Ajayan, 1992) and mesoporous materials in 1992 (Kresge et al., 1992).
Nanomaterials have since played a critical role in sensor technology due to their unique
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optical, electrical, and mechanical properties. These characteristics make them ideal for
applications such as gas sensors, superconductors, photocatalysis, and optoelectronic devices
(Chauhan, 2016; Kulkarni & Shirsat, 2015). Numerous studies have reported the use of
nanomaterials as gas-sensitive elements, including zinc oxide (ZnO) (Spencer, 2012), titanium
dioxide (TiO2) (Shimizu et al., 2002), tin oxide (Sn02) (Liu et al., 2015), indium oxide (In203)
(Lai & Chen, 2012), and nickel oxide (NiO) (Lee et al., 2007). Among these materials, ZnO is
particularly prominent in gas sensing due to its excellent chemical stability, electrical
compatibility, high electron mobility, and biocompatibility (Anusha et al., 2014). As an n-type
semiconductor, ZnO has a wide band gap of 3.37 eV and large exciton binding energy of 60
meV (Patil et al.,, 2016). Additionally, ZnO is easy to fabricate, cost-effective, and
environmentally friendly, with strong optical transparency, particularly in the visible
spectrum. This makes it highly suitable for short-wavelength optoelectronic devices (Ruchika
& Kumar, 2015; Shinde et al., 2008; Tang et al., 2008), biosensors (Chang et al., 2010; Kong et
al., 2009; Kumar & Chen, 2008), resonators (Cao et al., 1998), and medical devices (Rasmussen
et al.,, 2010).

In optical sensing applications, ZnO is often used as a sensitive material to detect
environmental parameters such as humidity, gas, or temperature. Its nanostructures provide
a high surface-to-volume ratio, enhancing the adsorption of gas molecules on its surface
(Suchorska-Wozniak et al.,, 2016). The adsorption and desorption of water molecules
(humidity) change the electrical conductivity of ZnO, thereby modifying its optical properties
(Rackauskas et al., 2017). This results in a measurable modulation of light transmission,
corresponding to the environmental parameter being monitored. Relative humidity (RH),
which refers to the concentration of water vapor in the air (Yeo et al., 2008), has significant
implications for daily life, industrial processes, and health (Jiang et al., 2006). Accurate
humidity monitoring is essential in fields such as food processing, agriculture, medical
facilities, weather forecasting, and civil engineering (Khijwania et al., 2005; Shinzo et al., 2003;
Zamarrefio et al., 2010). While commercial electronic humidity sensors rely on changes in
electrical conductivity or capacitance. They have limitations, such as electrical leakage due to
water accumulation at high humidity levels. On the other hand, optical humidity sensors offer
several advantages over conventional electronic sensors, including immunity to
electromagnetic interference (Sabri et al., 2013) and the ability to transmit large amounts of
sensor data over long distances with low attenuation (Lokman et al., 2016). These features
make optical sensors ideal for critical applications, particularly in volatile or sensitive
environments.

Several studies have optimized ZnO nanorod synthesis for humidity detection. However, most
optimizations have focused on single parameters. For example, Hafiz et al. optimized humidity
sensing based on ZnO nanorod growth duration, with 12 hours showing the highest sensitivity
(Hafiz Jali et al., 2019). Batumalay et al. reported better humidity sensitivity in ZnO-seeded
nanostructures on tapered optical fibers compared to non-seeded fibers (Batumalay et al.,
2014). Rafis et al. optimized ZnO coating width for light-side coupling efficiency in alcohol
vapor sensing, finding that the coating width of 5 mm produced the best results (Rahim et al.,
2016). Despite these successes, sensing performance can be constrained by limitations in
process parameters. The objective of this paper is to explore the flexibility of the ZnO
fabrication process in achieving desired sensing performance independent of specific growth
parameters. This study demonstrates the fabrication of ZnO nanorods on glass substrates
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with variations in growth duration and coating length. The effect of ZnO growth conditions on
optical scattering and humidity sensing performance is then analyzed.

Experimental Setup

ZnO Nanorods Synthesis via Hydrothermal Approach

In this experiment, standard microscopic glass substrates (Sail Brand model no. 7101) were
cut into three pieces, each measuring 25 mm x 15 mm. The substrates were cleaned in a
sequence of hydrochloric acid (HCl), sodium hydroxide (NaOH), soap water, ethanol, acetone,
and deionized (DI) water. Each cleaning step was performed using an ultrasonic bath for 15
minutes to ensure the surfaces were completely free of stains, dirt, and dust. Afterward, the
samples were dried in an atmospheric oven for 1 hour. To prepare for ZnO nanocrystallite
deposition, the samples were masked with polytetrafluoroethylene (PTFE) tape, leaving a
triangular area of 13 mm x 13 mm exposed. This triangular ZnO nanorod coating was
specifically designed to evaluate the effect of coating length on light scattering and humidity
sensing.

For the hydrothermal growth of ZnO nanorods, the exposed areas of the samples were first
seeded with ZnO crystals (Baruah & Dutta, 2009a; Kitsomboonloha et al., 2009; Sugunan et
al., 2006). A 1 mM seeding solution was prepared by dissolving zinc acetate (Zn(CH3COO)2)
in ethanol (Fallah et al., 2013), and 50 pl of the solution was applied to the exposed triangular
areas of the samples, which were heated to 70 °C. This process was repeated ten times which
then followed by annealing procedure at 250 °C for 5 hours.

For nanorod growth, a precursor solution of 10 mM zinc nitrate hexahydrate
(Zn(NO3)2:6H20) and hexamethylenetetramine (HMT, (CH2)6N4) was prepared, following
established hydrothermal methods (Baruah & Dutta, 2009a, 2009b; Promnimit et al., 2013).
The seeded samples were placed face down in a Petri dish, leaving a gap between the sample
and the dish surface, and submerged in the precursor solution. The samples were kept in a
growth chamber at 90 °C for the durations of 5, 10, and 15 hours, based on optimal growth
conditions from previous studies (Bora et al., 2014; Fallah et al., 2013; Hazli Rafis Bin Abdul et
al., 2016; Rahim et al., 2016). The growth solution was discarded and replenished with a new
solution for every 5 hours to maintain consistent nanorod growth (Baruah & Dutta, 2009b).
After the growth process was completed, the samples were taken out and the masks were
carefully removed. The ZnO-coated samples were then thoroughly rinsed with DI water and
dried in an atmospheric oven. Post-annealing was conducted at 350 °C for 1 hour to remove
any residual contaminants or defects from the ZnO nanorods (Bora et al., 2017). Finally, the
microstructures of the ZnO nanorods on the glass substrate were examined using scanning
electron microscopy (SEM, Hitachi SU5000 FE-SEM) at 20 kV.

Optical Characterization towards Humidity Sensing

Figure 1 illustrates the experimental setup used for the optical characterization and humidity
measurement of the successfully fabricated samples. A controlled humidity chamber (0.35 m
x0.22 m x 0.23 m) was employed for all measurements. The coated samples were positioned
on an automated translation stage controlled by a DC servo controller (Thorlabs APT-DC Servo
Controller, model no.: TDCO01), which was linked to a PC for control via a graphical user
interface (GUI). A Thorlab LED light source with a central wavelength of 530 nm (Model no.:
M530FI) was used, managed by a Thorlabs LED driver (Model no.: LEDD1B). The selection of
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the green LED (530 nm) was based on previous studies conducted by our group, which
indicated that this wavelength provided optimal sensing performance (Hazli Rafis Bin Abdul
et al., 2016). The LED was positioned as close as possible to the edge of the coated glass
substrate, while the photodetector was located at the opposite edge, allowing light to
propagate from the LED to the photodiode within the glass substrate. The photodetector was
connected to a Thorlabs power meter (Model no.: PM100USB), which was in turn linked to a
PC for data recording. Additionally, a hygrometer was mounted on the chamber wall to
continuously monitor the actual relative humidity (RH) level during the measurements.
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Figure 1: Schematic representation of the experimental setup for light scattering and
humidity sensing measurement of the ZnO coated glass substrate. The inset shows the
scanning direction for the light scattering measurement.

The first measurement focused on analyzing light scattering characteristics in relation to
variations in coating lengths and growth durations. This analysis was conducted under
ambient humidity conditions (50% RH) and a temperature of 25 °C. The automated translation
stage was moved so that the coated glass substrate traveled horizontally between the LED
and the photodetector, as depicted in the inset of Figure 1. During this process, light
propagated from the LED through the glass substrate, allowing for the evaluation of different
coating lengths. The output intensity power was recorded, and this measurement was
repeated for all samples with varying growth durations.

Subsequently, the samples were characterized for humidity sensing. In this experiment, a
mixture of NaOH and water was introduced into the humidity chamber to elevate the
humidity level from the initial 50% (room level) to 80% RH, maintaining a constant
temperature of 25 °C. As the chamber lid was closed, the humidity level was monitored, and
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the output intensity power was recorded at each 5% increment in RH. Measurements were
taken at four distinct points along the edge of the glass substrate, corresponding to four
different ZnO coating lengths (1 mm, 4 mm, 7 mm, and 10 mm). This procedure was repeated
for samples with varying growth times. The sensing response of each sample was analyzed by
comparing the output intensity power recorded at each humidity level against the baseline
measurement taken at 50% RH.

Result and Discussion

Characterization of the ZnO Nanorods Growth

Figure 2 presents optical images of the successfully coated glass substrates featuring
triangular ZnO nanorods. Uniform ZnO coatings were observed across all glass substrates for
growth processing times of 5 h, 10 h, and 15 h, as illustrated in Figures 2(a), 2(b), and 2(c),
respectively. The sample with a 15 h growth duration exhibited the highest density of ZnO
coatings compared to the 10 h and 5 h samples. Notably, the sample with 15 h growth time
displayed the brightest white coating layer among all tested samples. In contrast, the sample
with a 5 h growth duration demonstrated the lowest coating density, resulting in a more
transparent layer than the other two samples. This suggests that varying growth processing
times influence the characteristics of ZnO nanorods, including their diameter and length,
which in turn affects the number of nanorods per unit area.

15 mm

Figure 2: Uniform triangular shaped of ZnO nanorods coating on glass substrates for the
growth processing times of (a) 5 h, (b) 10 h and (c) 15 h.

Figure 3 illustrates the microstructure of the ZnO nanorod coating layers on glass substrates
as observed through scanning electron microscopy (SEM). All samples displayed hexagonal
wurtzite ZnO nanorod structures, with Figures 3(a), 3(b), and 3(c) showcasing the top views
for the samples with growth times of 5 h, 10 h, and 15 h, respectively. The diameter of the
nanorods was found to increase significantly with longer growth durations, from 5 h to 15 h.
The cross-sectional views of the ZnO coating layers are presented as insets in Figures 3(a),
3(b), and 3(c), revealing that the length of the nanorods also increased with longer growth
times. Furthermore, it was noted that the nanorods in the sample with a 15 h growth duration
exhibited better orientation compared to those in the 5 h and 10 h samples.

692



INTERNATIONAL JOURNAL OF ACADEMIC RESEARCH IN BUSINESS AND SOCIAL SCIENCES

Vol. 15, No. 2, 2025, E-ISSN: 2222-6990 © 2025

Figure 3: Top view of scanning electron micrographs of ZnO nanorods grown on glass
substrate for growth times of (a) 5 h, 10 h and (c) 15 h. The inset in (a), (b) and (c) show the
cross sectional of nanorods for the respective growth times.

Figure 4 provides comparative graphs illustrating the diameter, length, and number of
nanorods per unit area across the different growth durations. The average diameter of the
nanorods increased from 43 nm to 78 nm as the growth time extended from 5 h to 15 h, as
shown in Figure 4(a). Correspondingly, the length of the nanorods also increased with growth
time, measuring 0.85 um, 1.62 um, and 2.26 um for the respective 5 h, 10 h, and 15 h growth
periods. The average diameter and length of the nanorods were calculated by measuring
multiple nanorods in each sample. However, a decreasing trend in the number of nanorods
per unit area was observed, dropping from 1.4 x 10" nanorods/m? to 5.7 x 10™ nanorods/m?
as the growth time increased, as illustrated in Figure 4(c). This behavior can be attributed to
the coalescence process during nanorod growth (Mohd Fudzi et al., 2018). As the nanorods
became longer and larger, some of these nanorods merged to form larger nanorods
structures, thereby reducing the number of individual nanorods per unit area.
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Figure 4: The comparison graph between the growth time for the (a) diameter, (b) length
and (c) number of nanorods per unit area.

Optical Characterization of ZnO Nanorods Coated Glass Substrates

In the previous section, we examined how growth time influences the structural
characteristics of nanorods, including their diameter, length, and the number of nanorods per
unit area. Changes in these physical structures also lead to variations in the optical properties
of the nanorods. Figure 5 displays the output intensity power measured by a power meter as
it scans from 0 mm to 13 mm along the ZnO coating lengths for growth durations of 5 h, 10 h,
and 15 h. This analysis allows for comparisons not only between different growth times but
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also across varying coating lengths. The output power values were normalized against the
optical power measured in the non-coated region (0 mm), which served as a reference point,
as the output power values at 0 mm were nearly identical across all samples. The
normalization was set to 1 W to maintain consistent units, as these values represent output
power.

As illustrated in Figure 5, a decreasing trend in optical intensity was observed for all samples
as the scan progressed from 0 mm to 13 mm along the coating lengths. ZnO is known to have
a refractive index of approximately 2.00 (Bora et al., 2014), which is higher than the refractive
index of a standard glass substrate (approximately 1.5). Before reaching the ZnO coating
region, the guided light travelled at the glass-air interface at full intensity. However, upon
encountering the glass-ZnO interface, some light was refracted due to the higher refractive
index of ZnO, resulting in reduced intensity at the output. Consequently, a reduction in light
intensity was first noted at the beginning of the ZnO coating (1 mm). With longer coating
lengths, the guided light interacted with multiple glass-ZnO interfaces along its path, leading
to further reductions in light intensity observed at 13 mm. Additionally, fluctuations in output
power were recorded during the measurement from 0 mm to 13 mm, influenced by two main
factors: the uniformity of the coating and the surface condition of the glass substrate where
the light was excited. Although the ZnO coating appeared visually uniform, SEM images
revealed variations in the physical size of the nanorods across the samples, affecting the
leakage of light consistency. Furthermore, the glass cutting process was performed manually.
The process did not guarantee a perfectly smooth edge which resulting in slight roughness
that influenced light excitation within the glass. Nonetheless, the impact of the ZnO coating
lengths remained evident, with output intensities decreasing as coating lengths increased, a
trend consistent across all samples with varying growth durations. However, the extent of
light leakage varied among samples due to differing nanorod microstructures based on
growth processing times.
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Figure 5: Optical characterization of the ZnO coated glass substrate on coating length
variation for different growth durations.

The optical characterization comparison across growth times is also reflected in the graph
presented in Figure 5. From the beginning to the end of the ZnO coating, it was observed that
the sample with a 10 h growth time exhibited the highest rate of light leakage at -0.0437
W/mm. In contrast, the 5 h and 15 h samples demonstrated lower rates of light leakage at -
0.0057 W/mm and -0.0323 W/mm, respectively. This suggests that the 10 h sample produced
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a more pronounced scattering effect due to the ZnO nanorods. These results indicate that,
aside from coating length, the amount of light leakage is also influenced by growth time. As
previously discussed, the physical characteristics of the nanorod microstructures (diameter,
length, and number of nanorods per unit area) are altered with varying growth times. In a
first-order scattering model, where total scattering is considered a superposition of scattering
from each rod, the intensity (/) over a distance dx of propagation is expressed as (Fallah et al.,
2013)

dl 3.1
a = —Cscpyl (3.1)

where Cs represents the scattering cross-section and p, denotes the rod density per unit
volume, p, = p,/l, and | being the average length of the nanorods. The scattering cross-
section of a single rod is strongly dependent on its diameter, shape, and length. It is also
important to note that intensity losses are influenced by both forward and backward
scattering by the nanorods. In this study, forward scattering contributes to light leakage, while
backward scattering reduces light losses by reflecting light back into the glass substrate. In
cases where there is a higher density and longer nanorods, backward scattering predominates
over forward scattering, enhancing output power towards the end of the glass substrate.
Consequently, a slightly higher output power was observed at the end of the coating length
for the 15 h sample compared to the 10 h sample.

The Effect of ZnO Nanorods Growth Conditions towards Humidity Sensing

Figure 6 illustrates the sensing response of glass substrates coated with ZnO nanorods against
humidity detection. In this measurement, the optical transmittance difference (AT) indicates
the amount of light received by the photodetector as humidity increases from 50% to 80%
relative humidity (RH). The measured values were normalized against the reference value of
the initial RH (50%). Overall, the results demonstrate that the sensing response becomes
increasingly negative with longer ZnO nanorods coating lengths across all samples grown for
5 h, 10 h, and 15 h. While the general trend indicates that coating length influences the
sensing response, the sample with a 5 h growth time showed unstable responses, particularly
at the 1 mm, 4 mm, and 7 mm regions, as depicted in Figure 6(a). This instability is attributed
to the inadequately developed nanorod structures for the 5 h growth duration, which were
shorter and less uniform, as evidenced by the SEM image in Figure 3(a). Consequently,
inconsistent readings were recorded for this sample. However, a significant trend in humidity
sensing was observed at the 10 mm coating length. In contrast, the samples grown for 10 h
and 15 h as shown in Figures 6(b) and 6(c), respectively exhibited improved consistency in
sensing responses due to the enhanced elongation of the ZnO nanorods compared to the 5 h
sample. Both of these samples demonstrated substantial sensing responses across different
coating lengths, with the highest sensing responses consistently occurring at 10 mm of coating
length when tested at maximum humidity. This finding suggests that a larger ZnO coating area
provides an increased sensing surface, significantly enhancing both the sensing response and
sensitivity.
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Figure 6: Humidity sensing response on ZnO coated glass substrates for the growth
durations of (a) 5 h, (b) 10 h and (c) 15 h.

In addition to the influence of ZnO coating length, growth duration is a critical factor in
humidity sensing performance. Figure 6 indicates that the sensing response for the sample
with a 15 h growth time was significantly greater across all coating lengths. As shown in the
SEM images in Figure 3, the nanorodsin the 15 h sample have the largest diameter and length.
The physical dimensions of the nanorods play a vital role in sensing performance. The sensing
mechanism of the ZnO nanorods is based on the adsorption and desorption of water
molecules on their surfaces (Kim et al., 2005). When exposed to humid air, water molecules
adhere to the nanorods' surfaces. The oxygen adsorbed on the rods becomes negatively
charged, extracting electrons from the ZnO surface (Rackauskas et al., 2017). This interaction
creates a depletion layer of surface charge due to electron losses, affecting the effective
conduction channel of the ZnO material. As a result, the electrical conductivity of the material
changes, which in turn alters its complex refractive index. Changes in the refractive index
affect the optical characteristics of the ZnO and modify the scattering patterns of the
nanorods. This experiment demonstrates that a longer growth duration (15 h) combined with
a larger coating section (10 mm) yields the highest sensing response overall.

While these conditions may yield the highest sensing response, they do not necessarily
represent the optimal settings. It is essential to recognize that two parameters are involved
in this characterization, both of which can be adjusted to achieve similar sensing
performance. Figure 7 summarizes the sensing responses measured at 80% RH for all samples
(grown with 5 h, 10 h, and 15 h) across various coating lengths (1 mm, 4 mm, 7 mm, and 10
mm). Notably, similar sensing responses can be achieved with different combinations of
parameter settings as highlighted in red circle in Figure 7. For example, a sensing response of
-0.0326 W was recorded for the combination of 10 h growth time and 7 mm coating length,
while the combination of 15 h growth time and 4 mm coating length yielded -0.0366 W, as
summarized in the inset of Figure 7.
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Figure 7: Summary of humidity response on glass substrates on ZnO coating variations
(growth time and coating length). The inset shows the comparison between two different
growth settings producing almost identical sensing response.

This experiment demonstrates that although the 10 h sample, which underwent a shorter
growth time, it still can achieve high sensing performance due to its longer coating length
providing increased light interaction with the glass-ZnO interfaces. The optimum sensing
performance is not solely dependent on a single parameter, such as ZnO nanorods growth
time or coating length. According to the Beer-Lambert principle, the intensity of light received
by the photodetector is given by (Husain et al., 2013)

[ =le (3.2)

where Ip and | are the light intensities entering and exiting the medium, respectively, a is the
absorption coefficient of the medium, and x is the thickness of the medium through which
light propagates. This principle can be applied to this investigation by substituting a with the
scattering coefficient of the ZnO nanorods and x with the length of the coating region. The
scattering caused by humidity effects is heavily influenced by these two parameters. Each
parameter exhibits its own scattering rate based on characteristics like growth duration or
coating length. Therefore, these parameters can be dynamically adjusted to achieve the
desired sensing response according to fabrication process requirements.

Conclusion

This study explored the influence of growth duration and coating length on the humidity
sensing capabilities of glass substrates coated with ZnO nanorods. The findings revealed that
varying growth configurations can yield nearly equivalent sensing performance. Specifically,
the combination of a 10-hour growth time with a 7 mm coating length demonstrated a sensing
response similar to that of a 15-hour growth time with a 4 mm coating length, yielding
approximately -0.0326 W and -0.0366 W, respectively, at 80% relative humidity. While the
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optimal sensing response was observed with a 15-hour growth duration and a 10 mm coating
length, this research highlights the potential for achieving comparable sensing results by
adjusting these two parameters. Consequently, this suggests that strict optimization based
solely on specific fabrication parameters may not be the most effective approach for sensor
design. Instead, adopting a more flexible fabrication process could provide significant
advantages in sensor development, particularly in terms of time and cost efficiency.
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