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region by estimating the porous parameter. The thresholding under study are
Otsu thresholding, manual thresholding, and adaptive thresholding. These
methods were evaluated across multiple magnifications and etching durations
to estimate their porosity and average pore diameter. The results indicate that
manual thresholding achieved porosity errors as low as 17.87% in shorter
etching samples, while Otsu’s thresholding yielded errors as low as 24.32% in
longer porous samples. For average pore diameter estimation, manual
thresholding similarly performed best at short etching durations with a 32.13%
error, whereas Otsu’s thresholding was optimal for longer etching durations
with only 2.76% errors. Regardless, the selection of the optimal thresholding
method across different magnifications proved challenging, as no consistent
pattern was observed. However, among the reliable estimates across
magnification, most were found in 25kx and 50kx magnification images.
Whereby at these two magnifications, many estimate produce a lower
percentage error estimate of less than 20% compared to higher magnification
images. This study further highlights the limitations of pixel intensity-based
segmentation methods and the need for more advanced approaches for accurate
quantification of porous GaN nanostructures.

Keywords:

Etching, Gallium Nitride, Image Processing, Morphology, Porous, Pore Size,
Thresholding

Introduction

The efforts of photonic researchers in band-gap engineering through nano-structuring the
surface of semiconductors, especially GaN for photodetector applications have been
intensified. Among the nanostructures, nanoporous has been shown to demonstrate high
detectability, high sensitivity and the fastest photo-response speed in comparison to other
implemented morphologies on GaN UV photodetectors (Hu et al., 2023). It has been noted that
the porous nanostructure produced through the etching process has a direct influence on the
optoelectronic properties of a semiconductor (Abdul Amir et al., 2021; Abdulkhaleq et al.,
2020; Li et al., 2023; Son et al., 2022). The influence of porosity on the performance of
photodetectors is evident, suggesting a necessary role in tailoring the performance and
characteristics suitable for photodetector devices. Regardless, extensive research is needed to
precisely fine-tune and understand the effects of porosity on both optical and electrical

properties.

There have been several methodological studies reported to create a porous structure on the
surface of GaN for photodetector devices. Among the favorable methods is through wet etching
due to its low cost and ability to precisely control the pore morphology (Abbas & Kadhm,
2024; Khudiar et al., 2022; Kuntyi et al., 2022). Additionally, the method has been
demonstrated to maintain a consistent crystal quality compared to dry etching which has been
reported to induce surface damage and disturb the lattice arrangement causing increased
leakage current and reduced reliability of the device (Cui et al., 2021; Ge et al., 2022; Meyers
et al., 2020). The use of high-kinetic plasma to remove semiconductor atoms and produce voids
on the semiconductor surface through a complex setup is known to be non-economic (Taufiq
et al., 2025). Consequently, these factors contributed to less favorability in employing the dry

etching.
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Photoelectrochemical etching (PECE) was among the wet etching methods as shown in Figure
1 (b) that has gained considerable attention for suitability in fabricating porous structures (Son
et al., 2022). Unlike normal electrochemical etching, PECE creates high-quality pore formation
through the combination of light illumination and an applied bias. This technique is
comparatively simple and often carried out by immersing the GaN film in an etching solution
or electrolyte, where the surface atoms are removed through chemical reactions with the
assistance of UV light to overcome the wide bandgap of GaN and generate electron-hole pairs
at the semiconductor-electrolyte interface (Meyers et al., 2020; Son et al., 2022). The
photogenerated holes at the GaN surface drive the oxidation of GaN, which subsequently
dissolves in the electrolyte, leading to the formation of porous structures (Trichas et al., 2008).
Furthermore, the process minimizes damages to the crystal surface compared to dry etching
methods making it highly suitable for tailoring porosity in GaN for applications such as
optoelectronic devices, sensors and energy conversion systems (Meyers et al., 2020).
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Figure 1: Several Wet Etching Techniques (A) Electrochemical Etching (Quah Et Al.,
2016) (B) Photoelectrochemical Etching (Al-Heuseen & Alquran, 2018) And
(C) Electroless Etching (Toguchi Et Al., 2019)

The characterization of surface morphology in porous GaN remains a challenge despite porous
GaN having been widely fabricated and investigated for its potential in optoelectronic and
sensing applications. The irregularity and complexity of pore morphologies make the analysis
difficult to obtain consistent and reliable by image processing (Fauzi et al., 2023; Isa et al.,
2022). Conventional surface analysis methods, particularly threshold-based image processing
of FESEM images are highly sensitive to parameter selection and often yield inconsistent
results. This lack of standardized evaluation hinders a deeper understanding and comparison
of porous GaN structures across studies.

In image processing, determining the correct threshold value to represent the porous regions in
an image is often challenging due to the complex nature of porous structures. The segmentation
process must accurately distinguish the porous region, which is complicated because of the
smooth contrast transition or multilevel pixel intensity within the nanostructure (Fauzi et al.,
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2023). This involves converting a grayscale image into a binary image by separating pixel
values into two groups: black pixels (background, surface) and white pixels (foreground,
porous). Otsu’s global thresholding technique uses a single threshold value to segment the
overall image into the background or foreground. The algorithm selects the optimum class
variance to compute the threshold value (Cao et al., 2021). Otsu’s thresholding is particularly
effective when the image's histogram has a bimodal distribution. Its simplicity and
computational efficiency make it a popular choice for many applications, including document
binarization, medical image analysis and object recognition in computer vision (Muhamad
Rizal et al., 2014). Meanwhile, adaptive thresholding is a local thresholding method that uses
the local mean intensity (first-order statistics) in the neighborhood of each pixel to determine
the threshold value. The thresholding value in the adaptive thresholding is computed based on
the local mean relative to the intensity pixel surrounding the preset size sliding square window
that moves throughout the image. Unlike Otsu’s thresholding, the adaptive thresholding can
adapt to various contrasts and illumination of the images that differ in intensity level across
different regions of the image (Raheem & Shabat, 2023).

For the image processing of porous GaN, the analysis remains unclear whether previous studies
have explicitly employed global or local thresholding techniques. However, evidence from
prior work (Isa et al., 2022) suggests the use of a predetermined global threshold to define the
pixel separation value during segmentation. As illustrated in Figure 2, a normalized pixel
intensity threshold of approximately 0.2 has been applied to distinguish the porous regions
from the surface structure. Since no systematic comparison between different thresholding
approaches has been carried out, this study explores global, manual and adaptive methods to
evaluate their suitability for quantifying porous parameters. This comparative analysis provides
insight into the strengths and limitations of threshold-based segmentation in the
characterization of porous GaN.
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Figure 2: Manual Thresholding In Separating The Porous Structure
Source: Courtesy of (Isa et al., 2022)

571



International Journal of
Innovation and Industrial Revolution IJIREV

EISSN: 2637-0972
Volume 7 Issue 23 (December 2025) PP. 568-592
DOI 10.35631/1JIREV.723038
Literature Review
The application of image processing techniques for determining porous parameters has been
widely reported in the literature, particularly in studies utilizing wet etching methods to
fabricate porous nanostructures. Ahmad et al. (2012) applied image processing techniques in
MATLAB to perform binary conversion of images through thresholding allowing distinct
segmentation between porous regions (foreground) and surface regions (background). The
study demonstrated that increasing the current density during electrochemical etching using a
mixed electrolyte of ethanol: hydrofluoric acid (HF) ratio of 5:1 from 50 mA/cm? to 75 mA/cm?
enhanced the porosity from 24% to 51%, while simultaneously expanding the pore diameter
distribution from 250-400 nm to 600-3500 nm range. A Wiener2 filter was also employed to
suppress noise in the 50kx magnification SEM images prior to binarization. Building upon this
work, Mahmood et al. (2014) adopted a similar image processing approach in 50kx SEM
images and reported increased porosity through photoelectrochemical etching using a 500 W
UV light source. By varying the current density from 20 mA/cm? to 60 mA/cm? under a 3%
KOH electrolyte, the study observed porosity improvements from 30.6% to 43.2% with the
highest-porosity sample exhibiting a dominant pore diameter of 256.54 nm. Elia et al.(2016)
were among the first to employ the FESEM instrument through model JEOL JSM 7400F to
analyze porous structures fabricated through electrochemical etching in an HF/ethanol etching
solution, focusing on the effect of varying current densities. The study uses a fixed
magnification of 300kx for the FESEM images and morphological filtering was applied to
eliminate small closed shapes embedded within the porous structures. A minimum size of 21
pixels was set to remove isolated features, while thresholding was performed using an iterative
bisection histogram method. From the binarized images, several pore characteristics were
quantified with a more transparent feature extraction, which included area, perimeter and the
shortest/longest pore dimensions. Furthermore, the study also employed multiple feature
descriptors to characterize the porous parameters by combining the measurements to represent
the average pore diameter. When the current density was raised from 4 mA/cm? to 45 mA/cm?
under a 25% HF electrolyte, porosity increased from 36% to 42% and the average pore diameter
grew from 9.2 nm to 16.9 nm. These findings confirm the direct influence of current density
on enhancing porosity and enlarging pore dimensions. The studies by Isa et al.(2022) and Fauzi
et al.(2023) employed manual thresholding by setting the pixel intensity threshold at
approximately 0.2. The FESEM magnifications considered in both works included 50kx, 100kx
and 200kx. Feature extraction was explicitly described with parameters such as area, major
axis and minor axis used to quantify porosity and pore diameter. In addition, both studies
combined FESEM analysis with atomic force microscopy to correlate the surface morphology
with the depth of the porous structure. Table 1 summarizes the related research on investigating
the morphological structure of porous GaN through image processing.

Table 1: Summary Of Image Processing Approaches for Porous Gan Characterization

Author Image Magnification Preprocessing Segmentation Feature Measurement
Acquisition Extraction
Ahmed et SEM 50kx Grayscale, Boundary Area, Porosity,
al., 2012 noise removal  tracing, diameter pore
binarize diameter
Mahmood SEM 50kx Grayscale, Boundary Area, Porosity,
et al., noise removal  tracing, diameter pore
2014 binarize diameter
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Elia et al., FESEM 300kx Morphological Binarize, Area, Average
2016) filter iterative perimeter,  diameter,
bisection shortest porosity
histogram and
longest
length
(Isaetal., FESEM 50kx, 100kx Grayscale, Manual Greyscale  Porosity,
2022) and 200kx noise removal  thresholding intensity, pore

area, major diameter,
axis length  pore depth,
and minor  surface
axis length roughness

Fauzi et FESEM 50kx, 100kx Grayscale, Manual Greyscale  Pore depth,
al., 2023 and 200kx noise removal  thresholding intensity, pore
area diameter

While these studies demonstrate the effectiveness of image processing in quantifying porous
GaN structures, the image processing largely relies on single thresholding strategies without
systematic comparison. Thresholding is often implemented as a fixed or manually set value
with limited justification for its selection. This raises questions about reproducibility and
consistency across magnifications or etching conditions. Moreover, most works emphasize the
role of etching parameters in determining porosity while the influence of image analysis
methodology itself remains underexplored. To address these gaps, the present study
investigates the performance of global, manual and adaptive thresholding methods applied
across multiple magnifications and etching durations, thereby providing a clearer perspective
on how thresholding choice affects the quantification of porous parameters.

Materials and Methods

By referring to Figure 3, the study consists of six important steps: sample and image
acquisition, image preprocessing, applying various thresholding techniques, image post-
processing, feature extraction and quantification, and finally comparative evaluation. The
following paragraph explains each step in detail.

Samples and Image Acquisition

In the first step, four samples of undoped GaN denoted as U45, U60, U75 and U90 were etched
according to the etching duration represented by the respective suffixes. The etching of the
samples was prepared under a fixed anodization current of 100 mA and illuminated under a
400 W mercury high-pressure vapor lamp to enhance the PECE process and facilitate the
formation of porous structures. The variation in etching duration was intended to induce
differences in pore morphology and enable comparative analysis of structural examination. The
20 raw FESEM images of fabricated porous GaN from the study by Izaham et al. (2024) were
captured using an advanced electron microscopy instrument, FESEM (Model FEI Verios 460L)
located at the Science & Engineering Research Centre (SERC), Universiti Sains Malaysia,
Nibong Tebal, Pulau Pinang, Malaysia. The images were saved in Tagged Image File Format,
commonly known as TIFF with a dimension of 1103 x 1536 x 3 and a data class of uint8. Each
image of the porous GaN sample was acquired under different magnifications of 25kx, 50kx,
100kx, 200kx and 250kx. Table 2 and Table 3 convey the distributions of each respective
visual image used for the study at five stated distinct magnifications.
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Table 2: Gan Sample Of FESEM Images

Etching Duration Magnification Level

(min) 25kx 50kx 100kx 200kx 250kx
45 1 1 1 1 1
60 1 1 1 1 1
75 1 1 1 1 1
90 1 1 1 1 1
Total images 20
Table 3: FESEM Images At Different Magnifications
Etching Magnification Level
Duration (min) 25kx SOkx 100kx 200kx 250kx
: TR B - '

45

60

75

90

Total images
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Figure 3: Flowchart of Comparative Thresholding Study
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Image Preprocessing

In the image preprocessing step, all the raw FESEM images are converted from a three-channel
image into a single-channel image. The subheader that contains the details regarding the scale
length, date and other information as shown in Figure 4, was cropped out. The measurement of
the length scale of each magnification was noted and will be used in the pixel length to physical
length conversion. Additionally, due to the complexity of the porous region in preparing the
manual polygon annotation of the ground truth mask, the images are then further cropped into
four quadrants with an equal size of 817 X 567 pixels as shown in Figure 5. Out of the four
images produced, one was selected randomly to represent the sample at that magnification.
This procedure was important to reduce the amount of complex annotation in preparing the
ground truth data for the segmentation.

3/7/2024 HY mag WD curr HFW det | — 1y —
2:20:40PM | 10.00kV | 50000x | 4.0 mm | 0.20 nA | 4.14 pm | TLD SERC, USM

Figure 4: The Cropped Subheader Contains Information Regarding the Length Scale
(Shown in the Blue Rectangle)

Flgure 5 Image Cropped into Four Reglons and One Selected Randomly to Represent
the Image

Manual Annotation of Segmentation Region

The ground truth segmentation mask of the respective cropped image was prepared using
Roboflow, a computer vision platform commonly employed for developing and deploying
computer vision models. In the application, polygon annotations were used to label each porous
region on the cropped image. These polygon annotations of each represented magnification are
then converted into a polygon mask, where the foreground region represents the porous
structure, while the background refers to the surface region. The process of converting the
polygon segmentation point into the polygon mask was shown in Figure 6. Whereby in the
process, the use of metadata exported from the Roboflow was transformed from a 1-
dimensional data point into a 2-dimensional data point that can represent the porous region on
the image. The process was done on MATLAB software. The produced masks are then
validated by two experts in the field of porous GaN and image processing to verify the validity
of the segmented region.
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Polygon Segmentation points:
[[153.701,292.023,152.701,309.714,149.2,312.38
,149.533,317.955,158.702,311.411,160.869,326.6
79.174.372,338.796.183.208,332.737,184.041,32
6.436,184.541,311.411,182.04,305.837,182.04,30
2.687,172.038,294.689.170.371,300.748,163.203,
292.023,149.867,284.026,153.701,292.023]]

Figure 6: Image Conversion of Polygon Datapoint into Porous Segmentation Region.

Applying Various Thresholding Techniques

Different thresholding techniques are applied to the grayscale image to segment the porous
structure into foreground and background regions creating a binary image. The result of the
binary image Iy, (x, y) was determined from the pixel intensity of the grayscale image I;(x, y)
whereas if the value of the grayscale pixel exceeds the threshold value, the binary intensity of
1 is allocated to that pixel corresponding to the foreground regions. If the grayscale pixel
intensity is equal to or below the threshold value, the binary intensity of 0 is allocated to that
pixel. The thresholding of pixels into binary 0 and 1 is shown in Eq. (1) (Hussain et al., 2024).

_ (1lif Ig(x,y) > threshold
lsw (o y) = {O if I;(x,y) < threshold ™)

The threshold methods employed to determine the threshold values include Otsu's thresholding,
manual thresholding and Adaptive thresholding. In Otsu’s thresholding, functions otsuthresh
and imbinarize are used to segment the pixels into foreground and background. The threshold
is based on maximizing inter-class variance in an image grayscale intensity histogram to find
the optimal global threshold value. While the manual thresholding was referred to study by Isa
et al.(2022) where a normalized pixel intensity value of less than 0.2 was used to represent the
porous threshold. In adaptive thresholding, the threshold value used to segment the pixels was
determined from a sliding window of approximately 51 % 35 pixels (corresponding to the
default neighborhood size of image size/16 in MATLAB (version R2024a). Since adaptive
thresholding is a local thresholding, the threshold values are not fixed across all the regions
within the same image. Each thresholding technique is applied separately to a single image and
the resulting images are shown in the Table. 4.

Image Postprocessing

In the image postprocessing stage, an additional simple refinement was carried out across all
the outputs of the thresholding images to improve the accuracy of the pore segmentation. The
method follows the study by Elia et al. (2016) whereby a morphological filtering step through
the specific MATLAB function bwareaopen was applied to remove isolated porous regions
below a specified size. Only the pores with a connected component smaller than 21 pixels in
area were eliminated in the binary mask.
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Table 4: Result Of Threshold Image And Ground Truth Images Across All Samples And Magnification

Magnification

U45

25kx

Ground

Manual Thresholding

50kx

100kx

200kx

250kx

U60

25kx

Adaptive Thresholding
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50kx

100kx

200kx

250kx

u7s

25kx

50kx

100kx
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200kx

250kx

U90

25kx

50kx

100kx

200kx

250kx
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Feature Extraction and Quantification

As shown in Figure 7, the extracted features from the foreground region in each segmented
image are area, major axis length (Lx), minor axis length (Ly) and equivalent diameter.
Through the Region Analyzer tool in MATLAB, the measurement for the quantification of
porous parameter was derived.

c)
Figure 7: Feature Extraction Of (A) Foreground Region into Quantified (B)

Major/Minor Axis Length And (C) Diameter

For the foreground percentage of the porous region, the study adopted the approach of Isa et
al.(2022) whereby the binary segmentation masks were quantified by computing the ratio of
the pore area that corresponds to the foreground pixels to the total sample area that corresponds
to the resolution of the image. The equation to measure the porosity was shown in Eq. (2).

] Total pore area
Porosity (%) = Total area x 100% (0]

While the average pore diameter was measured through combined descriptors of Lx, Ly and
area (assuming circular shape) as shown in Eq. (3) and Eq. (4), respectively. The study
implemented a method demonstrated by Elia et al.(2016) through the use of multiple feature
descriptors to provide a better estimate of both the pore elongation and orientation
(major/minor axis lengths) at the same time, considering the area of that pore region (equivalent
diameter). The i in both equations refers to the individual pores in the mask image. Each
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respective pixel length was then converted into physical length provided through the scale bar
in each of the original raw FESEM images.

" Ly, + Lyi ,
Lt
average pore diameter = : " 2 3)
n |Areq;
=1y "7 )

average pore diameter, (2r) =

Performance Evaluation

The measured quantities of porosity and average pore diameter were compared against the
ground truth measurements. In measuring the percentage region error and percentage pore
diameter error, the measurements from the threshold values were compared with the ground
truth values as shown in Eq. (5§). Whereby the threshold value refers to the quantities of the
porosity and average pore diameter, while the ground truth values are derived from the polygon
mask.

(|IThreshold value — Ground truth valuel)
Percentage error (%) = )]
Ground truth value

Meanwhile, in evaluating the overall combined magnification of the similar sample, the
average sample porosity was measured through the sum of all the foreground pixels across all
the magnifications over the total images that comprised the sample. Since each sample consists
of five different magnifications and the resolution of the images is 817 x 567, the porosity
formula to measure the average sample porosity was shown in Eq. (6), where i is the sample’s
foreground pixels at different magnifications.

overall average sample porosity
*  Foreground pixels; (6)
=1 l
%X 1009
5(817 x 567) &

In measuring the overall average pore diameter of the samples, the calculation followed as the
previous Eq. (3) and Eq. (4). The addition of each pore diameter in each magnification was
summed up together with the respective physical length into a single dataset. The procedure
was done in MS. Excel, and the overall length was average across all measurements. The
overall average pore diameter of the samples from three thresholding methods was then
compared with the ground truth, and the percentage overall average pore diameter was
measured using Eq. (5).

Results and Discussion

Four undoped GaN samples, denoted as U45, U60, U75, and U90, were analyzed. The prefix
‘U’ in the sample refers to undoped GaN, while the number indicates the respective etching
duration in minutes (45, 60, 75, and 90 minutes). The detailed results are summarized in Table
5, and a clearer representation of the trend of percentage region error is provided in Figure 8.
Among the samples, manual thresholding performed relatively better at the shorter etching
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duration sample of U45, with an error as low as 22.88% compared to other thresholds.
However, the performance deteriorated with increasing porosity as seen in U75 and U90, where
errors reached nearly 95%. Otsu thresholding, on the other hand, consistently produces lower
errors at longer etching duration of U90, with values of percentage error ranging from 9.29%
to 44.62% compared to manual thresholding and adaptive thresholding, which range from
42.11% to 95.60% combined. Nevertheless, as can be seen in U45, the Otsu failed at shorter
etching duration where the error exceeded 590% indicating that Otsu is unreliable when pores
occupy only a small fraction of the region. Adaptive thresholding generally produced
intermediate results by avoiding extreme estimates like Otsu, but did not outperform manual
thresholding at low porosity or Otsu at low magnifications.

Table 5: Results Of Porosity and Corresponding Percentage Errors for Otsu, Manual,
And Adaptive Thresholding of The Sample Across All Magnifications

Ground Otsu Manual  Adaptive Percentage Percentage

Truth  Threshold Threshold Threshold Percefltage region region

Sample Magnification Porous Porous Porous Porous Zerg:(?: error error

Region Region Region Region (Otsu) (%) (Manual) (Adaptive)

(%) (Y0) () (%) (%) (%)
25kx 10.75 70.68 2.61 38.82 557.69 75.74 261.27
50kx 10.55 73.60 4.48 36.44 597.83 57.49 245.52

u45 100kx 11.80 81.48 4.89 29.87 590.67 58.57 153.23
200kx 16.87 84.09 20.73 28.08 398.56 22.88 66.51

250kx 13.11 82.52 19.09 26.25 529.63 45.63 100.29

25kx 41.84 39.54 12.34 37.74 5.51* 70.51 9.81*

50kx 34.54 40.86 15.32 37.98 18.31* 55.64 9.97*

U60 100kx 32.78 39.60 18.17 36.19 20.81 44.59 10.39*
200kx 33.49 45.58 3341 39.52 36.07 0.25%* 18.00*

250kx 24.82 34.59 32.14 32.20 39.36 29.47 29.72

25kx 60.25 68.53 3.50 37.00 13.74* 94.20 38.58

50kx 39.88 59.79 4.49 33.79 49.95 88.75 15.25%

u7s 100kx 39.30 64.30 8.50 33.70 63.62 78.38 14.26%*
200kx 77.16 71.92 10.97 25.17 6.79* 85.79 67.38

250kx 23.50 41.65 18.50 18.65 77.20 21.28 20.66

25kx 65.42 59.34 2.88 32.68 9.29* 95.60 50.05

50kx 51.27 57.38 3.44 29.68 11.92%* 93.29 42.11

U90 100kx 75.70 54.75 7.62 29.16 27.67 89.93 61.49
200kx 79.85 54.75 15.89 24.41 3143 80.10 69.43

250kx 99.53 55.11 36.91 18.65 44.62 62.92 81.26
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Figure 8: Porous Percentages Region Error Obtained by Otsu Thresholding (Red,
Circle), Manual Thresholding (Square, Blue), And Adaptive Thresholding (Green,
Diamond) Across Different Magnifications for Samples (A) U45, (B) U60, (C) U75, And
(D) U90

These variations across methods emphasize the sensitivity of threshold-based approaches to
both porosity level and magnification. In shorter etching duration or low-porosity samples,
pixel intensities are largely concentrated within lower-range grayscale values, which highly
favors the manual threshold that was preset to 0.2 pixel intensity in segmenting the porous
region. Meanwhile, at longer etching durations as in U90, the Otsu thresholding provides a
clear separation of porous and surface separation in its pixel intensity toward mid-range
grayscale values. This shows the pixel intensity distribution within the U90 is much easier to
separate through Otsu. Looking into the trend of magnification, a higher number of estimates
with percentage error below 20% were observed at 25kx and 50kx magnification. This can be
shown in Table 5 marked with an asterisk (*), where eight (8) estimates produce close values
to the ground truth within this magnification. In contrast, only a limited number of such cases
were observed at 100kx and 200kx, but none were observed at 250kx. At a higher magnification
of 250kx, the error increased because the enlarged porous structures exhibited shadowy
transitions and smoother local variations between porous and surface, making it difficult for
Otsu thresholding to assign an optimal separation value. Similar challenges were observed for
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manual and adaptive thresholding, underlining the need for more robust approaches when
analyzing fine-scale porous structures.

The results of pore diameter estimation and the corresponding percentage errors for each
thresholding method are summarized in Table 6. For a clearer visualization of the percentage
errors in pore diameter estimation, Figure 9 presents a comparative overview. Across all
samples, manual thresholding performed consistently at shorter etching durations as observed
in sample U45, which recorded the lowest error of 26.25%. Adaptive thresholding closely
followed in a comparable etching trend, showing only a slight difference, with its lowest error
observed in a similar sample U45 at 19.36% under 100kx magnification. However, as the
etching duration increased, the performance of manual thresholding declined markedly, with
errors rising abruptly across all magnifications in U60, U75, and U90, reaching as high as
96.38% in 250kx. At longer etching durations, Otsu thresholding tended to provide the more
accurate pore diameter estimation, achieving the lowest error of 0.02% in the U90 sample at
25kx magnification. Nevertheless, Otsu failed to maintain accuracy at higher magnifications
across all etching durations. Adaptive thresholding demonstrated competitive performance at
lower magnifications, 25kx to 50kx magnification in both U60 and U90, but also exhibited
limitations at higher magnifications. The findings in average pore diameter across
magnification demonstrate that thresholding performance is influenced by porous morphology
and sizes, with manual threshold showing strengths under lower duration etching sample and
Otsu at much longer etching duration. In which manual is optimal at any magnification in a
lower porosity sample, while Otsu is useful in higher porosity samples but inaccurate at higher
magnification. Shifting perspective into the trend of magnification, 25kx and 50kx
magnifications exhibited more consistent estimates of average pore diameter, with seven (7)
cases showing percentage errors below 20%, as indicated by the asterisk (*) in Table 6.
Conversely, only three (3) low-error cases were observed at 100kx, and none were recorded at
200kx or 250kx, highlighting the reduced reliability of higher magnifications for pore diameter
estimation.

Table 6: Result Of Average Pore Diameter and Corresponding Percentage Errors for
Otsu, Manual, And Adaptive Thresholding of The Sample Across All Magnifications

Percentage Percentage

Ground Otsu Manual  Adaptive Percentage pore pore
Truth  Threshold Threshold Threshold pore diameter diameter
Sample Magnification Pore Pore Pore Pore diameter
Diameter Diameter Diameter Diameter error error e”".r
(nm) (nm) (nm) (nm)  (Otsu) (%) (Manual)  (Adaptive)
(%) (%)
25kx 60.00 89.67 44.25 98.40 49.46 26.25 64.00
50kx 51.58 88.32 37.08 74.31 71.22 28.11 44.06
u4s 100kx 53.08 110.33 33.51 42.79 107.85 36.87 19.38%*
200kx 49.64 144.31 26.96 25.68 190.69 45.69 48.28
250kx 45.77 185.34 22.83 23.42 304.97 50.11 48.82
25kx 178.20 105.10 67.74 103.43 41.02 61.99 41.96
50kx 98.74 69.23 55.91 66.66 29.89 43.38 32.49
U60 100kx 80.20 45.69 47.35 36.64 43.03 40.95 54.31
200kx 58.88 27.65 36.06 22.70 53.05 38.76 61.44
250kx 59.28 18.26 17.09 14.99 69.19 71.18 74.72
U7s 25kx 69.40 97.76 58.24 95.32 40.87 16.08* 37.35
50kx 57.62 64.39 40.85 67.10 11.75% 29.11 16.45%*

585



International Journal of
Innovation and Industrial Revolution

EISSN: 2637-0972

JIREV

Volume 7 Issue 23 (December 2025) PP. 568-593
DOI 10.35631/1JIREV.723038

100kx 58.49 52.73 34.56 49.27 9.85% 40.91 15.77*
200kx 111.39 36.50 26.33 22.57 67.23 76.36 79.74
250kx 45.22 18.43 22.18 14.03 59.25 50.95 68.96
25kx 84.47 84.45 53.25 87.70 0.02* 36.96 3.83%
50kx 68.80 73.02 44.55 64.57 6.13* 35.24 6.15%
U90 100kx 109.38 64.81 34.39 37.48 40.75 68.56 65.73
200kx 180.94 45.97 25.62 19.32 74.60 85.84 89.32
250kx 418.70 21.45 15.14 12.27 94.88 96.38 97.07
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Figure 9: Pore Diameter Error Obtained by Otsu Thresholding (Red, Circle), Manual
Thresholding (Square, Blue) And Adaptive Thresholding (Green, Diamond) Across
Different Magnifications for Samples (A) U45, (B) U60, (C) U75 And (D) U90

To simplify the analysis and provide an overall perspective, metrics from all magnifications
were combined for each sample. This approach enables evaluation of each sample’s pore
characteristics as a whole, smoothing out magnification-dependent variations and facilitating
comparison of thresholding methods. The overall average sample porosity and corresponding
percentage region errors for different thresholding methods are presented in Table 7 and
visualized in Figure 10.
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Table 7: Result Of Overall Average Porosity and Corresponding Percentage Errors for
Otsu, Manual and Adaptive Thresholding Methods Across All Samples.
Otsu Manual Adaptive
Averag Threshol Threshol Threshol Percenta Percenta Percenta

Sampl e d d d ge region ge region ge region
Sample Average Average Average error error error
Porosit Sample Sample  Sample (Otsu) (Manual) (Adaptiv
y (%) Porosity Porosity Porosity (%) (%) e) (%)
(%) (%) (%)
u4s5 12.61 78.48 10.36 31.90 522.18 17.87 152.88
u60 33.50 40.03 22.28 36.73 19.52 33.50 9.64
u7s 48.02 61.24 9.19 29.66 27.53 80.86 38.23
U90 74.35 56.27 13.35 26.91 24.32 82.05 63.80
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Figure 10: Comparison Between Thresholding Methods Across All Samples For (A)
Average Sample Porosity And (B) Percentage Region Errors.

The results indicate that manual thresholding performs closest to the ground truth at shorter
etching durations, with porosity errors as low as 17.87% for U45. However, its accuracy
decreases significantly as etching duration increases with the highest porosity error of 82.05%.
This highlights that the manual thresholding is less suitable for high porosity sample analysis.
For the etching sample of U60, adaptive thresholding exhibits the lowest porosity error among
all methods across all samples at 9.64%. At higher etching durations for example, in U75 and
U90, adaptive thresholding becomes less accurate, whereas Otsu thresholding achieves
relatively lower percentage errors of 27.53% and 24.32%, respectively. These observations
suggest that thresholding performance is strongly influenced by etching duration, with manual
thresholding favored for shorter durations, adaptive thresholding performing best at moderate
durations and Otsu thresholding offering advantages at longer durations.

Next, the overall average pore diameter and corresponding percentage errors for different

thresholding methods are summarized in Table 8 and are visualized in Figure 11. The results
indicate that thresholding performance varies with etching duration. For the shortest etching
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duration in U45, manual and adaptive thresholding yielded almost similar errors with
approximately ~32%, while Otsu exhibited a much higher error of 63.33%. This result is
consistent with the previous porosity result, whereby at lower etching duration, the manual
threshold performed optimally for a less formed porous structure. At etching durations of U60,
Otsu thresholding showed the lowest error of 39.41%, compared to manual with 56.20% and
adaptive with 46.87%. And again, in the longer etching duration of U75 and U90, Otsu
achieved the lowest error with 2.76% and 11.47% respectively. The reason for the low error in
higher porosity from Otsu is due to good class separation among the pixel intensity, whereby
in the lower porosity sample Otsu was unable to effectively differentiate accurately among the
pixel intensity through class variant similar to local mean in the adaptive thresholding. In lower
porosity, due to the majority of the porous region dominating the pixel intensity below 0.2, this
favors the performance of manual thresholding, leading to a lower percentage error. Overall,
the trend indicates that manual thresholding provides pore diameter estimates closest to the
ground truth at shorter etching durations, whereas Otsu thresholding yields more accurate
estimates at longer etching durations.

Table 8: Overall Average Pore Diameter and Corresponding Percentage Errors for
Otsu, Manual, And Adaptive Thresholding Methods Across All Samples.

Ground Otsu Manual Adz::ptlv
Threshol Threshol Percenta Percenta Percenta
Truth Threshol
Overall d d d ge pore ge pore ge pore
Sampl Overall  Overall diameter diameter diameter
Averag Overall
e ¢ Pore Average Average Average error error error
. Pore Pore (Otsu) (Manual) (Adaptiv
Diamet . . Pore
Diamete Diamete . (%) (%) e) (%)
er (nm) r (nm) r (nm) Diamete
r (nm)
u45 57.32 93.62 38.90 75.89 63.33 32.13 32.40
Uu60 134.22 81.32 58.79 71.32 3941 56.20 46.87
U75 64.23 66.00 45.56 68.05 2.76 29.07 5.94
U990 82.58 73.11 42.04 64.13 11.47 49.09 22.35
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Figure 11: Comparison Between Thresholding Methods Across All Samples For (A)
Average Pore Diameter And (B) Pore Diameter Error.
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The comparative study of different thresholding techniques for segmenting porous GaN
suggests that a mixed thresholding approach could be useful for analyzing porous morphology.
Manual thresholding appears more suitable for samples with shorter etching durations, whereas
Otsu performs better in higher-porosity samples with longer etching. Nevertheless, further
investigation is required to fully understand the influence of magnification across all images.
No clear trend could be identified in determining which thresholding method performed best
across magnifications. This indicates that threshold appropriateness is highly dependent on
both the pixel intensity of the porous region and magnification. Additionally, the difficulty may
arise from potential bias introduced during regional selection at higher magnifications, where
the field of view often becomes concentrated on pore-rich areas. Localized emphasis of porous
structure can exaggerate porosity features, making consistent thresholding and accurate
quantification more challenging. These limitations highlight the need for more advanced
segmentation techniques to handle the difficulty in smooth contrast transition between the
surface and porous region within different magnification procedures.

Conclusion

In this study, 20 FESEM images of porous GaN nanostructure have been analyzed through
three different thresholding techniques and have been revealed to produce different porous
parameters with respect to the duration and magnification. The analysis has strongly shown
that different usage of the thresholding type produces different porous parameter results, with
manual thresholding has been shown to be more accurate at lower porosity, while Otsu
thresholding at higher porosity samples or longer etching. For example, at lower porosity
samples, manual thresholding produced a substantially lower percentage region error of
17.87% compared to Otsu thresholding with 522.18% and adaptive thresholding with 152.88%.
A similar trend was observed for average pore diameter estimation, where manual thresholding
showed the lowest error of 32.13% while the Otsu thresholding and adaptive thresholding
produced 63.33% and 32.40% error. In contrast, for higher porosity samples, the percentage
region error for Otsu thresholding is lower at 24.42% compared to manual thresholding with
82.05% and adaptive with 63.80%. A similar can be seen in the percentage average pore
diameter error, whereby the Otsu thresholding has a lower percentage error of 11.47%
compared to manual thresholding with 49.09% and adaptive thresholding with 22.35%.
Furthermore, among the reliable estimates across magnification were found in 25kx and 50kx
magnification images. Eight (8) and seven (7) cases showed lower than 20% percentage error
in estimating the region and pore diameter at these two magnifications. In contrast, only a
limited number of such cases were observed at 100kx and 200kx, and none were observed at
250kx. Challenges to segment porous structures at higher magnification persist, due to
shadowy transition and smooth dark local variation, making all thresholding methods used in
the study unable to select an optimal separation value. This led to a higher percentage error for
estimating the porous region and measuring the average pore diameter at this magnification.
The study would like to suggest the use of advanced segmentation techniques that implement
a deep learning model to handle the challenges in recognizing the complex pattern of porous
structure beyond the greyscale intensities. Semantic or instance segmentation utilizing Mask
R-CNN or YOLOWVS architectures should provide a promising alternative to improve the porous
parameter quantification when integrated into the image processing workflow used in this
study.
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