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ABSTRACT 
 
The goal of the research project is to design, fabricate, and characterize an extremely sensitive biosensor for use in healthcare. Using 
AutoCAD software, a novel IDE pattern with a 5 µm finger gap was created. Conventional photolithography and regular CMOS 
technology were used in the fabrication process. A 3D nano profiler, scanning electron microscopy (SEM), high-power microscopy 
(HPM), and low-power microscopy (LPM) were used to physically characterize the manufactured IDE. Chemical testing was done using 
several pH buffer solutions, and electrical validation was performed using I-V measurements. The Al IDE was produced, with a tolerance 
of 0.1 µm between the fabricated IDEs and the design mask. Electrical measurements verified the flawless fabrication of the IDE, and the 
device's repeatability was validated by the outcomes of comparable IDE samples. For each pH buffer solution, a modest additional 
volume of 2 µl was used to quantitatively detect slight current fluctuations in the microampere range. Through pH calibration for 
advanced applications in the realm of chemical sensors using an amperometric method, this research study has verified the chemical 
behavior of the IDE. 
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1. INTRODUCTION 
 
Today's point-of-care biosensors in healthcare facilities 
and environmental security rely on extremely sensitive 
sensors capable of detecting low quantities of bacteria 
within a sample [1], [2]. To detect and characterize 
bioatoms, ultra-miniaturized sensors have been developed 
using nanotechnology and smaller manufacturing scales 
[3], [4]. The interaction of microscale electrode fingers, 
typically arranged in an alternating pattern, is central to 
the concept of Interdigitated Electrodes (IDEs) [5]–[7]. By 
optimizing the electrode surface area within a confined 
space, this configuration can enhance analyte-electrode 
interactions and consequently improve sensor 
performance. Due to its excellent electrical conductivity, 
lightweight nature, and cost-effectiveness, aluminum is a 
popular material for fabricating IDEs [8], [9]. The demands 
for small-scale nanogap biosensors include sensitivity, 
simplicity, user-friendliness, reliability, speed, 
affordability, adaptability, and multi-analyte detection 
capabilities [10]–[12]. 
 
The fields of medicine, genetic research, agriculture, the 
military, drug discovery, assessment of nutritional damage, 
and industrial process monitoring represent promising 
application areas for small-scale nanogap biosensors. 
Strategically, a 5.0 µm interdigitated gap was selected to 

strike a balance between analyte diffusion kinetics and 
electrode spacing [13]–[15]. This optimization of gap size 
facilitates efficient transport of target analytes to the 
electrode surface, leading to rapid response times and 
maintained sensitivity. Attaining the desired sensing 
characteristics for a specific application necessitates 
precise control over electrode design. Due to the relatively 
straightforward estimation and construction of downsized 
sensors, amperometric-based detection emerges as a 
viable electrochemical sensor technology [16]–[18]. 
Furthermore, the sensor based on the interdigitated 
electrode design offers several advantages and areas of 
interest in biosensor development due to its fundamental 
architecture. These sensors play a crucial role in the 
system's responses, either through the generation or 
utilization of charged species [19], [20]. 
 
In several domains, such as industrial process control, 
biological diagnostics, and environmental monitoring, 
electrochemical sensing has become an indispensable 
instrument [21]–[23]. Interdigitated electrodes (IDEs), one 
of the many types of electrodes used in electrochemical 
sensing, have attracted a lot of interest because of its low 
cost, high sensitivity, and ability to be miniaturised. This 
introduction explores the novel field of aluminium 
interdigitated electrodes (Al IDEs) designed for electrolytic 
scouting applications, with a gap size of 5.0 µm [24], [25]. 
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It modifies the current flowing through the test material's 
ionic composition when it is positioned between the 
electrodes [26]–[29]. 
 
Since aluminium (Al) has a better conductive structure and 
is less expensive than other highly conducting materials 
like au, pt, and cu, it was used as the electrode material 
[30]–[32]. Taking a closer look at Al IDEs with a 5.0 µm gap 
for electrolytic reconnaissance, this introduction lays the 
groundwork for deciphering the fundamental ideas, 
practical issues, and future uses of these novel electrodes 
[33]–[35]. Clarifying the revolutionary influence of this 
state-of-the-art sensing platform on electrolytic scouting 
techniques through methodical research and empirical 
confirmation, opens new avenues for analytical science 
and other fields [36]–[38]. The development of ultra-
sensitive biosensing and detection tools using Al has 
received a great deal of attention in recent years. 
Additionally, outstanding efforts in the field of 
nanotechnology advancement are thought to be promising 
tools for improving several sectors for better applications. 
 
The primary goal of the study is to design, fabricate, and 
characterize an inexpensive IDE for use in biosensor 
applications. AutoCAD software is used to design the 
photomask. Conventional photolithography and regular 
CMOS technology are employed in the fabrication process. 
Silicon (Si) serves as the substrate, with Aluminum (Al) 
used as the conducting material. Once the fabrication 
process is completed, the Al IDE undergoes physical testing 
using high-power microscopy (HPM), low-power 
microscopy (LPM), scanning electron microscopy (SEM), 
and 3D nano profiler. Electrical characterization is 
performed using I-V measurements, while chemical testing 
is conducted using pH buffer solutions, including alkali and 
hydroxyl solutions. 
 
 
2. MATERIAL AND METHODS 
 
2.1. Chemical and Reagents 
 

All of the substances used in this investigation were of 
analytical reagent grade to ensure the highest degree of 
purity and consistency in the outcomes of the experiments. 
The principal suppliers of necessary materials and 
chemicals for the fabrication process and experimental 
techniques were Mallinckrodt Baker and Futurrex, Inc. 
Several essential components were provided by 
Mallinckrodt Baker, including the silicon wafer substrate, 
acetone, sodium hydroxide (NaOH), and various cleaning 
solutions such as RCA1 and RCA2. They also supplied 
chemicals like hydrogen peroxide, hydrogen fluoride, 
ammonium hydroxide, and hydrochloric acid for surface 
modification and cleaning. Using a 10-micropipette, two 
milliliters of different pH buffer solutions were deposited 
onto the active surface of the IDEs as part of the 
experimental procedures. This allowed for precise 
management and uniform distribution of the buffer 
solutions in preparation for further electrochemical 
characterization and analysis. This study aimed to ensure 
the consistency and accuracy of experimental results by 
utilizing high-quality chemicals and standardized 

techniques, thereby establishing a solid foundation for 
reliable data interpretation and scientific advancement in 
the field of electrochemical sensing and characterization. 
Futurrex, Inc. supplied the positive photoresist (PR1-
2000A) and resist developer (RD6), which are essential for 
lithographic patterning procedures, to the experimental 
setup. To ensure consistent quality and purity, ethanol and 
deionized distilled water (DDI-water) were procured from 
Sigma Aldrich in the US. Analytical-grade buffer solutions 
with pH values of 3, 7, 10, and 12 were utilized for 
chemical characterization and calibration. These buffer 
solutions served as reference standards for evaluating the 
electrochemical behavior of the interdigitated electrodes 
(IDEs) and for pH measurements. 
 
2.2. Instruments 
 
The surface morphology and structural analysis of the 
aluminum interdigitated electrode (Al IDE) pattern were 
meticulously conducted using a combination of 
sophisticated microscopy methods and precise 
characterization instruments. Various microscopy tools 
were employed to analyze the surface morphology, 
including high-power microscopy (HPM) and low-power 
microscopy (LPM), which provided comprehensive 
insights into the characteristics of the Al IDE pattern's 
surface. The JEOL JSM-610LV scanning electron 
microscope, operating at 20 kV with a magnification of 
7000x, enabled high-resolution imaging of the electrode 
structure at room temperature, revealing minute features 
and structural subtleties crucial for understanding the 
surface properties of the electrode. Additionally, to 
investigate the three-dimensional (3D) features of the 
electrode morphology and enhance the analysis, a surface 
3D profilometer—specifically, the Hawk 3D nano-
profiler—was utilized. With a magnification of 50,000x, 
this device provided accurate topographical data, 
facilitating a comprehensive study of grain structures 
between IDE finger electrodes. In addition to 
morphological study, electrical characterization was 
conducted to evaluate the functionality and performance of 
the Al IDE pattern. This involved the use of a voltage 
source, namely the Keithley 2450, a probe station, and 
Kickstart software for current-voltage (I-V) 
characterization measurements. By determining important 
electrical parameters such as resistance and current-
voltage curves, these tests illuminated the electrochemical 
behavior and functionality of the Al IDE pattern under 
various operating conditions. Through a synergistic 
approach that combined sophisticated microscopy 
techniques with precise characterization tools, this 
comprehensive characterization project aimed to elucidate 
the complex interplay among the Al IDE pattern's surface 
morphology, structural features, and electrical properties. 
The optimization of device performance, advancement of 
understanding of electrochemical processes, and 
promotion of innovation in the field of microscale 
electrode design and fabrication all hinge on such 
thorough investigation. 
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2.3. Design of the Interdigitated Electrode (IDE) 
 
Using AutoCAD software, the photomask for the IDE 
biosensor was created and printed onto a chrome glass 
surface. For the photomask procedure, a standard chrome 
mask was employed. Figure 1 and Table 1 present a 
tabulation of the updated Al IDE specifications. 
 

 
 

Figure 1. A new pattern of the Aluminium Interdigitated 
Electrode photomask to design using AutoCAD software. 

 
Table 1 The new pattern of the Aluminium Interdigitated 

Electrode design dimension 
 

Description Value (µm) 

The size of the gap 5 

The width of the finger 5 

The length of the finger  5 

The size of the electrode 50 

The size of the contact area 2000 

The width between electrode 2000 

Pad size  5000 x 1900 

Number of devices 400 (200 pairs) 

Device area 2000 x 2000 

Total Size 14000 x 8000 

  
2.4. Fabrication of Aluminium Interdigitated Electrode 
 
The entire Al IDE biosensor production process flow is 
depicted in Figure 2. The basic material was P-type Si 
substrate. wafer, which was conducted for 45 minutes at 
750 ˚C. Next, use the sputtering technique to deposit the Al 
layer on top of the SiO2 surface. The patterning process 
involved the deposition of an Al layer using the 
photolithography method. In this technique, the spin 
coating process was used to cover a positive photoresist on 
the Al surface. After that, the SiO2 substrate was soft-
baked for two minutes at 80 ˚C to remove any remaining 
moisture and the standing wave on the positive PR layer. 
 
The IDE mask was positioned, and it was covered with UV 
light for 15 seconds to transfer the mask onto the sample's 
surface. As the last stage of photolithography, 
advancement preparation lasted for 30 seconds, followed 
by a hard bake at 130 ˚C for 2 minutes to drive out excess 

moisture and strengthen the adhesive force between the Al 
and SiO2 layer. Afterwards, the exposed area was removed 
by submerging it in Al etch for 20 seconds. Finally, the 
photoresist was removed from the test by using acetone to 
clean it. Figure 3 shows the Al IDE that was created by a 
basic photolithography method. 
 

 
 

Figure 2. The complete fabrication process flow of the 
Aluminium Interdigitated Electrode. 

 

 
 

Figure 3. Ready-made of Fabricated Aluminium Interdigitated 
Electrode (IDE) using the Photolithography Process. 

 
 

3. RESULTS AND DISCUSSION 
 

Al IDE was intended to be an electrochemical sensor with 
characterization and preparation were necessary before 
proceeding with pH-based chemical investigation. To 
ensure that the estimation remains unaffected during the I-
V characterization method, it is important to establish 
without a doubt that the creation handle is done 
cautiously. To identify the Al IDE surface's layout, the well-
fabricated surface was advanced characterized by LPM, 
HPM, SEM, and 3D nano-profiler. 

 
3.1. Measurement of Surface Morphology  

 

In each example, Figure 4a–b were viewed at multiple 
magnifications, 3.5x and 7.5x LPM. There are a tonne of 
IDE fingers in the active surface region, as seen in Figure 
4a. Figures 4c and d show the IDE electrode finger patterns 
from HPM at 30x and 50x magnifications, respectively. Al 
finger electrodes, as seen in Figures 4c and d, are produced 
with exact measurements for the electrode finger distance 
from the electrode, electrode finger gap, and electrode 
finger width 5, 5 and 50 µm, respectively. Verify that the 
LPM and HPM images show a uniform structure with no 
shortage or imperfections on the surface, and that the 
entire IDE is neatly built in accordance with the intended 
dimensions. 
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Figure 4. The LPM and HPM images of the Al IDE electrode. a) 
LPM image is magnified 3.5 times; b) the LPM image is magnified 

7.5 times; c) the HPM image is magnified 30 times; d) the HPM 
image is magnified 50 times at room temperature. 

 
3.2. Scanning Electron Microscope (SEM) Images 

 

The SEM picture of the finger electrodes in the constructed 
Al IDE's active surface area on the Si substrate is displayed 
in Figure 5.  The fingers in IDEs seemed to be well-made at 
the microscale, with somewhat smooth and sharp edges. 
The graphic indicates that the finger width, spacing 
between electrodes, and distance between electrode 
fingers are 4.93, 4.96, and 49.2 µm, respectively. The SEM 
scans verified that the Al IDE sensor's fingers have crisp 
edges, that there are no shortages in the fabrication 
process, and that the IDE's tolerance is almost 0.1 µm. 
 

 
 

Figure 5. SEM image of the Al IDE distance from electrode fingers 
to the electrode, finger width, and gap between electrode fingers. 

 
3.3. 3D Profiler Images 

 

The study of the Al IDE structure using the 3D profiler is 
shown in Figure 6a. It shows some tightly spaced electrode 
fingers, which may further suggest that the etching has 
reached the highest point of the development phase. The 
variation in IDE height from bottom to top is indicated by 
different colours. The possibility for real-time 
measurement was demonstrated by the perpendicular 
resolution of the 3D mapping data. The Al surface's 
minimum height from the base level of the grain, as shown 
in Figure 6b, is 402.986 nm; its highest height is 409.315 
nm and its average height is 406.445 nm. The finger IDE 
gap was displayed in Figure 6c, and it is verified that the 
finger IDE is expertly built from top to bottom. The spacing 
between the electrode fingers and the electrode is 53.0 µm, 
as seen in Figures 6d and 6e. 
 
 
 
 

 
 

Figure 6. Al IDE, a 3D nano profiler, a) a 2D view; b) a 
specification table; c) a surface gap graph based on the finger gap 
indicated by the black line in the 2D picture; d) a 2D view of the 

distance between the electrode fingers and the electrode; and e) a 
surface gap graph for that distance. 

 
3.4. Electrical Characterization 

 

The electrical characterisation of the structure of Al IDEs is 
proposed in this research study. To ensure accuracy, 
electrical characterisation is carried out using current-
voltage measurements utilising a pico ammeter-voltage 
source, namely the Keithley 2450. The current voltage (I-
V) characteristics were obtained using the kick-start 
programme, a probe station, and the pico ammeter 
Keithley 2450, as shown in Figure 7. For the I-V 
characterization, the voltage between the two electrodes 
was swept between 0 and 1 V. After reaching a value of 0.5 
V, the IDE device remained stable, nevertheless, going over 
this voltage range could be dangerous for the device. Five 
Al IDE devices were used for the electrical characterisation 
in order to guarantee dependability. The I-V characteristics 
of the bare Al IDEs are shown in Figure 8, and the results 
were constant over the whole voltage range that was 
examined. As seen in the graph, the current values at 1 V 
for five distinct bare Al IDEs were recorded as 23.3 pA, 
23.1 pA, 23.9 pA, 23.6 pA, and 23.4 pA. The average current 
was found to be 23.5 pA, with only 0.8 pA separating the 
least and greatest current readings. The small range of 
current values indicates that there were no appreciable 
variations in the dimensions or characteristics of the IDEs 
throughout fabrication and processing. 
 

 
 

Figure 7. Electrical Characterization by using picoammeter 
Keithley 2450, Kick start software, and probe station. 
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Figure 8. I-V characteristics on bare Aluminium Interdigitated 
Electrode. 

 
3.5. Chemical Characterization 

 

In order to assess the chemical reaction of the accurately 
constructed Al IDEs, two millilitres (µL) of different pH 
buffer solutions were gradually applied to the Al IDE 
device's active surface area while it was at room 
temperature. For this chemical analysis, commercially 
available pH buffer solutions were utilised, more especially 
pH 3, pH 7, pH 10, and pH 12 from QREC. Figure 7 shows 
how the Keithley 2450, probe station, and kick-start 
software were used to record the Al IDE device's reaction 
to these buffer solutions. I-V measurements were carried 
out with the same Al IDE at various pH values. Starting at 
pH 3, the most acidic solution was measured, then pH 7, pH 
10, and pH 12, which was the most alkaline level. Each 
buffer solution was applied, and the current was measured 
after an incubation time of five minutes. The I-V readings 
of the Al IDE sensor for pH values 3, 7, 10, and 12 are 
shown in Figure 9. As demonstrated in Figure 9, the data 
show a distinct trend when the pH rises from 3 to 12, 
current rises in tandem. The current data showed the 
following pattern, specifically, at 1 V. The measurements 
for DIW were 48.97 pA, pH 3; pH 7, pH 10, pH 11, and pH 
12, 72.39 nA, 224.63 nA, and 742.41 nA, respectively. 
 
 
 
 

 
 

Figure 9. I-V measurements of the Aluminium Interdigitated 
Electrode with different pH measurements. 

 
The existence and actions of ions in the solution are 
frequently responsible for the phenomenon of current rise 
in electrolytic systems. Specifically, hydroxide ion 
concentration (OH⁻) is a major factor in regulating 
electrical conductivity and, in turn, current flow, 
particularly under alkaline circumstances. The abundance 
of hydroxide ions is noticeably higher at pH values of 10 
and 12. At these pH levels, the extremely alkaline 
surroundings encourage the dissociation of water 
molecules, which raises the hydroxide ion concentration. 
This excess of OH⁻ ions greatly increases the solution's 
ionic conductivity, which speeds up the transport of 
charged species and raises the electrolytic system's 
current flow.  The increased hydroxide ion concentration 
affects the electrode processes at the interface in addition 
to increasing ionic conductivity. Hydroxide ions have the 
ability to take part in a variety of redox processes in 
electrochemical systems, which can impact the kinetics of 
electron transfer and eventually alter the measured 
current. All things considered, the high concentration of 
hydroxide ions, which improve ionic conductivity and 
regulate the electrode processes inside the electrolytic 
system, is responsible for the noticeable rise in current 
that was recorded at pH 10 and pH 12. The comprehension 
of the relationship among pH, ion concentration, and 
current response is imperative in the enhancement of 
electrolytic processes and the development of effective 
electrochemical sensing platforms. Thus, Analyte 
identification and quantification in complicated matrices 
using electrochemical techniques is the focus of the 
emerging discipline of electrolytic scouting. Electrolytic 
scouting shows great promise for improving analytical 
capabilities, whether it is used for real-time biological fluid 
analysis or the monitoring of trace pollutants in 
environmental samples. 
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Figure 10. Mechanism of electrolysis  charges for the i(a) ion 

transfer and pH detection by Aluminium Interdigitated Electrode. 

 
 
4. CONCLUSION 
 

This study uses CMOS technology and conventional 
lithography to achieve a new pattern Using LPM, HPM, 
well-fabricated IDE was effectively physically observed. 
Here, the use of Al IDEs with an interdigitated gap of 5.0 
µm is a noteworthy development that provides improved 
electrolytic scouting endeavours in terms of sensitivity, 
selectivity, and reliability. These IDEs are a strong 
competitor in the field of electrochemical sensing because 
of the intrinsic qualities of aluminium and the carefully 
designed electrode architecture., Kickstart programme, 
and voltage source Keithley 2450. Electrical characteristics 
on the unadorned Al IDE verified that the gadget is well-
built, devoid of flaws.  The Al IDE sensor's sensitivity for 
various pH ranges has been determined by the acquired 
pH data. The sensitivity of IDEs in both acidic and alkaline 
solutions has been confirmed. The higher sensitivity of the 
suggested IDE with a 5 µm design makes it promising for a 
range of biosensor applications. Its small size and 
interdigitated structure provide increased surface area, 
making it suitable for detecting biomolecules like glucose, 
DNA, and proteins. Additionally, its compatibility with both 
acidic and alkaline environments extends its applicability 
across diverse fields, encompassing healthcare, 
environmental monitoring, and industrial processes. 
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