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ABSTRACT

The main goal of this research is the development of a label-free biosensor for the detection of diabetes mellitus (DM) using the target
molecule retinol-binding protein 4 (RBP4). The enzyme-linked immunosorbent assay (ELISA) approach, currently used to detect DM,
is time-consuming and difficult. As a result, label-free biosensors are being considered as an alternative. In this research, silicon
nanowires (SiNWs) were selected as the transducer for this biosensor due to their low cost, real-time analysis capability, high
sensitivity, and low detection limit. The SINWs were created using conventional lithography, reactive ion etching (RIE), and physical
vapor deposition (PVD), and then dripped with a gold nanoparticle solution to create gold-decorated SiNWs. The surface of the gold-
decorated SiNWs was functionalized using 3-aminothiophenol and glutaraldehyde solutions before being immobilized with DM RBP4
antibodies and targets. The electrical characterization of the gold nanoparticle decorated SiNWs biosensor revealed good performance
in DM detection. The pH tests confirmed that the SiNWs acted as a transducer, with current proportional to the DM RBP4
concentration. The estimated limit of detection (LOD) and sensitivity for detecting DM RBP4 binding were 0.076 fg/mL and 8.92
nA(g/mL)-1, respectively. This gold nanoparticle decorated SiNWs biosensor performed better than other methods and enabled
efficient, accurate, and direct detection of DM. The SiNWs could be used as a distinctive electrical protein biosensor for biological
diagnostic purposes. In conclusion, gold nanoparticle deposition offers effective label-free, direct, and high-accuracy DM detection,
outperforming previous approaches. Thus, these SiNWs serve as novel electrical protein biosensors for future biological diagnostic

applications.

Keywords: Silicon nanowire, Diabetes mellitus, Retinol Binding Protein 4, Electrical detection

1. INTRODUCTION

In recent years, diabetes mellitus (DM) has emerged as a
pressing global health concern. The condition affects
millions of individuals worldwide, with over 86 million
adults [1] experiencing elevated blood sugar levels, often
progressing from type 1 to type 2 diabetes. This alarming
trend is not confined to any particular region; it affects both
developed and developing nations, propelled by
contemporary lifestyles, economic growth, and
urbanization. The consequences of diabetes are profound,
impacting individuals on physical, social, and financial
levels. Diabetes, characterized by chronically elevated
blood glucose levels [2], results from a deficiency in insulin
production or impaired cellular response to insulin.
Consequently, diabetic patients experience increased blood
glucose levels, which can have serious health implications if
not managed effectively. Late diagnosis of sugar imbalances
can lead to severe complications such as stroke or renal
failure. Multiple factors, including lifestyle choices, weight,
and genetics, contribute to the development of diabetes,
which is categorized into three types: type 1, type 2, and
gestational diabetes [2]. Traditional diagnostic approaches

for diabetes monitoring have limitations, including labour-
intensive procedures, the need for substantial sample
volumes, lengthy analysis times, and complex detection
systems [1]. Biosensors have emerged as a cutting-edge
solution for measuring glucose concentration to address
these challenges. Biosensors utilize specific biochemical
reactions mediated by bioreceptors to detect chemical
compounds, offering a versatile and advanced detection
method. Recent developments in biosensor technology have
enhanced stability, sensitivity, selectivity, shelf life,
reusability, miniaturization, and cost-effectiveness [3].

One promising biomolecule of interest in diabetes research
is retinol-binding protein 4 (RBP4), which has
demonstrated potential as a novel adipokine implicated in
insulin resistance and the development of type 2 diabetes.
Studies in animals and humans have shown associations
between elevated RBP4 levels and insulin resistance,
highlighting its significance in diabetes pathogenesis [4].
Moreover, research has shown a growing interest in label-
free detection methods for various analytes, including
proteins and viruses, using field-effect transistors (FET) or
chemo-resistive sensors. These sensors offer high
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sensitivity and selectivity without the need for fluorescent
or chemical tags. Nanotechnology has played a pivotal role
in advancing biosensors, with materials such as
nanoparticles, graphene quantum dots, and electrospun
nanofibers enhancing biosensor design and functionality
[4]. These nanomaterials have significantly improved
biosensors' affinity, selectivity, and efficacy in detecting
target molecules. Among nanomaterials, silicon nanowire
field-effect transistors (SiINW FETs) have garnered
significant attention. SINW FETSs, characterized by their
remarkable electronic properties, small dimensions, and
real-time label-free detection capabilities, are particularly
promising for biosensing applications. The project at hand
utilizes SINWs to implement nanotechnology in biosensors.
SiNWs offer potential solutions for developing
miniaturized, cost-effective biosensors that are compatible
with traditional silicon technology. Due to their large
surface-to-volume ratio, nanowires enable efficient
interactions with biological molecules, significantly
changing electrical conductivity [5]. As a result, SINW
biosensors are expected to provide exceptional sensitivity.

In summary, the escalating prevalence of DM and the
limitations of traditional monitoring methods have led to
significant advancements in biosensor technology,
particularly SiNW biosensors. These biosensors hold
promise for real-time glucose monitoring and other
applications in diabetes management, offering patients
more convenient and effective tools for maintaining their
blood glucose levels within a healthy range.

DM is a long-term metabolic condition that primarily
manifests as insulin resistance or insufficiency. Those with
diabetes will have several problems, including issues with
the microvascular and macrovascular systems (coronary
artery disease and peripheral arterial disease). Patients
with DM also experience additional side effects such as
osteoporosis, an elevated risk of fractures, inadequate
fracture healing, periodontal disease, gingivitis, diabetic
myonecrosis, trigger finger, frozen shoulder, and rotator
cuff tendinopathy [6]. Every diabetic complication incurs
costs for both the patient and society. Direct and indirect
costs impact families, friends, and public health programs
[6]. DM comes in various forms. Type 1 diabetes mellitus
(T1DM) is a chronic autoimmune disease characterized by
a high blood glucose level due to a lack of insulin. The
primary cause of insulin insufficiency is the immune cell
invasion and attack on 3-cells, leading to their destruction.
3-cells in the pancreas produce insulin, a crucial hormone
that facilitates glucose absorption in other organs.
Uncontrolled blood sugar can lead to complications such as
microalbuminuria, neuropathy, and microvascular
diseases. In one study of young Malaysians with T1DM [7],
52 diabetics between the ages of 12 and 20 were identified.

The major features of type 2 diabetes mellitus (T2DM) are
insulin resistance and insufficient or inadequate insulin
production. Poor glucose tolerance or fasting glycemia
increases the likelihood of developing type 2 diabetes.
Additionally, modern dietary patterns and rising
environmental pollution contribute to the increasing
prevalence of T2DM [8]. T2DM accounts for over 90% of all
cases of adult-onset DM in Malaysia, making it the most

common type [9]. It places a heavy socioeconomic burden
on society due to earlier death and higher morbidity caused
by accelerated vascular issues [10]. Gestational diabetes
mellitus (GDM) is a common pregnancy issue found in
women without a history of type 1 or type 2 diabetes during
the second or third trimester [11]. According to Xie et
al,[11] GDM has been linked to an increased risk of severe
perinatal outcomes, such as spontaneous abortion,
pregnancy-induced hypertension, eclampsia, dystocia,
postpartum hemorrhage, an increased cesarean section
rate, premature birth, and macrosomia. A history of GDM
increases a person's chance of developing type 2 diabetes
mellitus by up to eight times. Children exposed to GDM are
more likely to become obese and have cardiovascular
illnesses as adults [12]. RBP4 is a lipocalin protein that
transports retinol (vitamin A) in the blood. Recent research
indicates that overweight mice and people frequently have
higher blood levels of RBP4, making the body less
responsive to insulin [13].

Conventional diagnostic methods for diabetes have
limitations, including complexity and time consumption.
Biosensors, on the other hand, are emerging as advanced
tools for glucose monitoring. These devices have evolved
significantly, offering benefits such as sensitivity,
selectivity, = miniaturization, and cost-effectiveness.
Biosensors utilize biochemical reactions mediated by
receptors to detect specific molecules, with RBP4 being a
potential biomolecule of interest. Nanotechnology has
played a significant role in enhancing biosensors.
Nanomaterials like nanoparticles, graphene quantum dots,
and electrospun nanofibers have improved biosensor
performance. In particular, SiNWs have gained attention for
their potential in biosensors. SiNWs offer advantages such
as real-time label-free detection, remarkable electronic
properties, and compatibility with traditional silicon
technology. They have a high surface-to-volume ratio,
enabling precise interactions with biological substances
and resulting in highly sensitive biosensors. Combining
biosensors and nanotechnology, specifically SiINW, holds
promise for developing miniature, cost-effective biosensors
capable of real-time analysis and early detection of diabetes
and other health conditions. The term "biosensor" refers to
a device that uses specific biochemical responses mediated
by bioreceptors, such as immune systems, isolated
enzymes, organelles, tissues, or whole cells, to detect
chemical molecules, often using thermal, electrical, or
optical signals [14]. The goal and layout of the biosensor
affect analyte detection. Several everyday objects, like
smartphones, can be used as biosensors with the right
accessories. For instance, Castillo-Henriquez et al. [15]
developed a non-invasive, saliva-based smartphone
biosensor for urea, enabling quick, low-cost preliminary
detection. The second element of a biosensor system is the
transducer, also referred to as a detector. A transducer
converts physicochemical changes at the bioreceptor (such
as intensity, temperature, light, pH, and conductivity)
through a process known as "signalization" into a different
type of energy signal [16]. The final element of the biosensor
is the reading device section. Many intricate electronic
components are used in biosensor systems to digitize,
amplify, filter, and multiplex electronic signals in order to
provide a result [15-17].
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Nanowires are nanostructures with a one-dimensional
morphology characterized by significant aspect ratios of
length to diameter. These structures have special
properties, including wunique electrical conductivity,
mechanical strength, thermal behaviour, and optical
response. The fabrication of nanowires can be achieved by
top-down or bottom-up methods, depending on their
specific characteristics, including shape and material
composition. Barbosa et al. [17] have reported that many
biomolecules, such as enzymes, antibodies, and nucleic
acids, can be easily modified for use on nanowires. Similarly,
a nanomaterial's formation and physical characteristics
depend upon its method of fabrication and manufacture.
The top-down technique involves the reduction of large
quantities of material into nanoparticles, whereas the
bottom-up method entails the opposite process of
synthesizing nanoparticles from smaller components [18].
Nanomaterials are formed by atom and molecule growth
and self-assembly, creating nanostructures with distinct
forms, sizes, and chemical compositions. SINWs exhibit
considerable potential in the advancement of miniaturized,
cost-effective biosensors within the realm of silicon
technology. These biosensors are capable of real-time
analysis of diverse bacterial strains, offering higher
sensitivity and a minimal detection limit [19]. The
attractiveness of nanowires lies in their extensive contact
surface area, characterized by a high surface-to-volume
ratio. This property facilitates significant interactions with
immobilized biological entities, leading to substantial
alterations in electrical conduction via the network of
SiNWs [19]. The operational areas commonly observed in
field-effect transistor biosensors are the off-state,
subthreshold, and saturation regions. The SiINW biosensor
demonstrated its maximum sensitivity in the subthreshold
range. Various techniques can be employed to enhance a
biosensor's threshold voltage, such as channel doping and
manipulation of its working mechanism [20].

Nanoparticles have recently been recognized as the most
advanced in scientific research and commercial
applications. Fullerenes, including polymeric nanoparticles,
ceramic nanoparticles, and metal nanoparticles, exemplify
nanoparticles that exhibit noteworthy physiological and
biological attributes. Due to their diminutive dimensions at
the nanoscale level and expansive surface area,
nanoparticles exhibit distinctive chemical and physico-
chemical properties. The utilization of nanoparticles for
surface functionalization presents a promising approach for
manipulating cellular and extracellular processes in diverse
biological contexts. This method holds potential for various
applications, including enzyme inhibition, transport
facilitation, sensing capabilities, and transcription
regulation [21]. The utilization of this method is important
in a wide range of technological and biological research
applications. Surface modification of SINW biosensors is
essential for enhancing their ability to detect biomolecules
such as Deoxyribonucleic Acid (DNA), Ribonucleic Acid
(RNA), enzymes, cells, antibodies, and proteins. Numerous
studies have investigated various surface functionalization
methods to improve the selectivity and sensitivity of SINW
biosensors [22]. SINW FET-based sensors have been used
for detecting various biomolecular interactions, including
protein-protein interactions, oligonucleotide hybridization,

immunodetection, and protein-ligand binding. Surface
functionalization can be categorized into two main
components: surface modification and immobilization.
Surface modification techniques are employed to alter the
surfaces of materials in nano-biodevices. Various
approaches can be utilized for this purpose, including the
application of self-assembled layers, the creation of surface
chemical gradients, the initiation of surface chemical
processes, and the incorporation of surface-active bulk
additives. Self-assembled monolayers (SAMs) are the most
highly organized structures that can be formed on
particular substrates after chemical surface modification. In
addition to surface modification, the technique of surface
immobilization is also crucial for a wide range of biosensing
applications. Two predominant approaches exist for
immobilizing biomolecules onto surfaces, namely covalent
and non-covalent techniques. Non-covalent immobilization
approaches, such as physical adsorption, are characterized
by simplicity and speed. However, it is important to note
that these techniques lead to the formation of arrays of
immobilized biomolecules that lack well-defined
characteristics and exhibit increased instability. Covalent
immobilization techniques, such as silane chemistry and
SAM, provide a more stable means of immobilization. SAMs
are created through molecules with specified functional
groups adsorbing spontaneously onto a surface. On the
other hand, silanization refers to the attachment of
biomolecules to a surface using silane chemistry. According
to the study conducted by Barbosa et al. [17], the deposition
of gold nanoparticles has been found to boost the surface
area, facilitate a large dynamic range, and exhibit
exceptional electrical behaviour.

The primary determinant in using SiNW for detection lies in
measuring the change in electrical properties resulting from
variations in the number of positive or negative charges
present on the surface of the nanowires. The phenomenon
of the gate effect observed in SINW can be attributed to the
fluctuation in current levels resulting from the interaction
between charged target molecules and the nanowire
surface. According to Meir et al. [23], binding charged target
molecules to SiNWs can result in an accumulation or
depletion of charge carriers within the SiNWs [24]. The
increase and decrease of electrical charge are determined
by the properties of the SINW (specifically, whether they are
N-type doped or P-type doped) and the charge of the target
molecules (whether they are positive or negative). The
categorization of SiNW is mostly based on the presence of
charge carriers. Specifically, SiNW that exhibits an
abundance of positively charged electron holes is referred
to as p-type doped SiNW. When a biomolecule with a
positive charge attaches to p-type SiNW, these electron
holes form, reducing conductance and current. Conversely,
binding a biomolecule with a negative charge to p-type
SiNW will enhance the conductance and current. In
contrast, in n-type doped SiNW, where most of the carriers
are negatively charged electrons, the binding of negatively
charged biomolecules leads to a reduction in conductance
and current. Conversely, the binding of positively charged
biomolecules increases conductance and current [24].
Recent developments in nanotechnology have made
integrating nanoparticles into biodiagnostics a distinct
possibility. A wide variety of biomaterials, including
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chitosan, collagen, metal nanoparticles, graphene, carbon-
based nanomaterials, silicon nanomaterials, dendrimers,
and quantum dots, have been used to develop numerous
biosensing devices. Rhodium, silver, palladium, platinum,
and gold metal nanoparticles are used in physical and
chemical processes because they involve less substrate and
resources [25]. One of the most important factors affecting
the use of nanomaterials and their applications in various
fields is the synthesis and growth process of nanostructures
and nanomaterials. A nanostructured material might be a
great choice for one application, but if created using a
different procedure and strategy, it might be more
beneficial in another. Gold nanoparticles are among the
many nanoparticles frequently used in biosensors; their
surface functionalization, extraordinary chemical stability,
biorecognition, and signal amplification properties are the
primary reasons for their high demand in biotechnology
[26]. Gold nanoparticles are among the highest
biocompatible nanoparticle systems and have grown
popular [27].

Lastly, adding gold nanoparticles to biosensors improves
their ability to capture analytes while lowering LOD [28].
The findings from the fabrication of SINW utilizing RIE and
traditional photolithography for contact pads are covered in
the following section. To confirm the device's operation,
two characterization processes, physical and electrical,
were carried out during the manufacture of SINW. One of
the most commonly used gold fabrication techniques is
deposition. Techniques that can be used to attach or deposit
nanomaterials on electrodes include electrospinning,
electrochemical deposition, laser scribing, inkjet printing,
and drop casting [29]. The drop-casting deposition
technique was employed in this study to deposit gold
nanoparticles and carry out surface modification,
immobilization, and protein binding. Drop casting was
chosen because of its benefits, affordability, usability, and
relatively low precipitation temperature [30]. Drop casting
is preferred in this study because it has advantages in small-
area deposition and can be used to fabricate SINW devices
at the nanoscale. According to a recent study, drop casting
is becoming increasingly popular among researchers due to
its outstanding crystal structure, which improves device
performance. A certain quantity of solution is first made and
then poured on top of the substrate. The substrate is then
allowed to evaporate for a predetermined amount of time.
Research suggests baking the device on a hotplate to
improve evaporation. On top of the substrate, a thin solid
coating will develop when the solution has dried.

The analytical performance of SINW biosensors is crucial in
determining their efficacy in detecting and measuring
diverse biological analytes. SiNWs have been shown to
exhibit great sensitivity, selectivity, and a low detection
limit, making them appropriate for a wide range of
biosensing applications. SINW biosensors have been the
subject of extensive research due to their high sensitivity
and potential for ultrasensitive detection of biomolecules.
They utilize the unique properties of nanomaterials (in this
research, their electronic properties) to enable sensitive
detection. When comparing various input target
concentrations, a biosensor with high sensitivity produces
an output ID difference with a greater value, making

interpretation simpler. The sensitivity of the biosensor,
defined as the ratio of the changes in current to the changes
in analyte concentration, is expressed in Equation (1).

Sensitivity = A Current/ A Analyte concentration (D

Equation (1) reported by [31] aims to detect low-
concentration analytes, particularly in complex biological
matrices, where heightened sensitivity is required. The
Limit of Detection (LOD) is a crucial analytical parameter
that determines the lowest concentration of an analyte
consistently identifiable and quantifiable using a particular
analytical procedure. LOD helps provide recent biosensor
findings to advance biomolecule technology [32].
Determining LOD is important to ensure the accuracy and
reliability of the method [33]. Improving the LOD limit
ensures that the technology application keeps advancing
and consequently contributes to various scientific domains.

To the best of our knowledge, the development of SiNW for
the detection of DM has been largely unexplored so far. Due
to the potential and important applications of the biosensor
in diagnosing large populations suffering from DF, we
report herein, for the first time, the use of gold nanoparticle
decorated SiNWs biosensor for DM monitoring. Adding gold
nanoparticles to biosensors improves their ability to
capture analytes, lowers the LOD, boosts the surface area,
facilitates a large dynamic range, and exhibits exceptional
electrical behavior. In other words, we expect this research
to be the best solution for resolving the addressed issues,
promising the realization of electrical biosensors in the
development of the next generation of electrical biosensors
used in hospitals and for the commercialization of devices.

2. METHODS

The method and fabrication procedure for gold
nanoparticle decorated SiNWs are described in this section.
The process flow for creating gold nanoparticle-decorated
SiNWs is depicted in a flowchart in Figure 1.

2.1. Fabrication of gold nanoparticle decorated SiNWs

In this research, silicon wafers were utilized as samples, and
AutoCAD was used to create the mask for the nanowire
pattern. Preparing the sample is the first stage of
fabrication. The silicon wafer was cut into 2cm x 2cm
dimensions after being cleaned and prepared for sample
preparation. Following cleaning, the wafer went through
the traditional photolithography process. The primary goal
of the photolithography technique is to use ultraviolet (UV)
light to transfer a geometric pattern from a mask to the
surface of a photoresist/silicon wafer. Photolithography
involves several stages, including photoresist coating, soft
baking, mask alignment, exposure and development, and
hard baking. In this research, positive photoresists were
applied to the whole silicon wafer surface following coating.
The sample must be gently baked to remove the solvent and
harden the film. After that, ultraviolet (UV) radiation
transfers the chrome mask's design to the sample's surface.
Due to the positive photoresist used, the exposed area of the
photoresist is soluble, and the developer develops the
soluble area. If the photoresist on the sample did not



International Journal of Nanoelectronics and Materials (IJNeaM)

overdevelop, the pattern of the SINW is examined using a
high-power microscope (HPM) after the development
process, and the hard baking procedure is employed to
increase the adhesion of the resist to the sample surface.
Following a specified RIE recipe setup, the sample is put
through RIE to etch the silicon before proceeding with
contact pad deposition using PVD. Following that, an HPM
analysis of the sample's surface morphology was taken. The
SiNW was dripped with a gold nanoparticle solution to
create gold nanoparticle decorated SiNWs. Finally, an
electrical measurement of the SINW with decorations was
made. The process flow is shown in Figure 2.
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Figure 1. The overall flowchart for the fabrication of gold
nanoparticle decorated SiINWs.
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Figure 2. The process flow for the fabrication of gold
nanoparticle decorated SINWs.

2.2. Surface functionalization technique

Functionalization of the SINW surface with bio-recognition
elements is a crucial step in constructing a biosensor,
enabling the device to detect a specific target molecule and
providing a robust set of tools for this purpose. Surface
modification, surface immobilization, and protein binding
are the three stages involved in this functionalization, as
shown in Figure 3. 3-aminothiophenol solution and
Glutaraldehyde (GA) solution (2.5%) were used in the
surface modification process. These two solutions play an
important role in the formation of self-assembly
monolayers and provide cross-link capability. First, the
device was cleaned using Deionized (DI) water to remove
any impurities or contamination on the surface. The 3-
aminothiophenol solution was diluted using DI water. 0.5pl
of 3-aminothiophenol solution was dropped onto the gold
nanoparticle decorated SiNWs. To form a SAM, the device
was kept at room temperature for 12 hours. Then, the
device was cleaned using DI water several times to remove
any unbound or excess 3-aminothiophenol molecules.
Electrical characterization techniques were again
performed to examine the current - voltage (I-V) curve of
the device. Next, 10pl of glutaraldehyde (GA) was dropped
onto the SiNW, where 2.5% of the GA was diluted with
phosphate-buffered saline (PBS). Glutaraldehyde acts as a
linking agent to activate the amino ends of 3-
aminothiophenol molecules on the SiNWs. The device was
air-dried in a dark environment to ensure the effectiveness
of the GA activation. After the activation step, the device was
rinsed with DI water and air-dried at room temperature.
Finally, the I-V curve of the device was examined.
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Figure 3. The surface functionalization of SINW.

2.3. Surface immobilization and protein binding

The RBP4 antibody solution was prepared at a
concentration of 1pug/ml, where the RBP4 was diluted with
10mM PBS. 10ul of the solution was dropped onto the dried
glutaraldehyde on the device. The sample was then dried at
room temperature for 6 hours to adhere to the surface and
form a stable attachment. Electrical characterization for this
step was performed after the RBP4 antibody solution was
completely dried. Then, the device was immersed in 0.1%
Bovine Serum Albumin (BSA) for a few minutes to avoid
nonspecific binding. Since the only available BSA in the lab
had a concentration of 10%, the solution was diluted with
20ul of 0.01M PBS. The device was then washed with DI
water several times and dried. After the device was dried,
its I-V curve was analyzed before storing it at a temperature
of 4°C. This ensured the stability of the immobilized
antibodies. In protein binding, three concentrations of the
targeted RBP4 were analyzed: 0.02 pg/mL, 0.05 pg/mL, and
0.40 pg/mL. Each concentration was dropped onto the
SiNW using the drop-casting method and left at room
temperature until the solution dried (estimated time
around 6 hours), and the I-V curve of the device was
examined after it had dried.

3. RESULTS AND DISCUSSION
3.1. Morphological characterization of SINW

Figure 4 shows the normal developmental pattern structure
of nanowires with its cross-section at A-A’ under HPM.
Based on Figure 4, the color of the SOI was turquoise, while
the resist was red. There were some tiny dots of resist on its
SOI surface; however, this resist will not cause any short to
the nanowires since it is not connected to either the source
or drain of the device. The next outcome is the
underdeveloped pattern structure of the nanowire [34]. In
this outcome, most of the surface part of the SOI wafer is still
covered with resist, and the pattern of the device could not
be distinguished. Figure 5 shows the nanowire's
underdeveloped pattern structure with its cross-section at
A-A’. As shown in Figure 5, the entire wafer surface was still
covered with resist since the whole surface is in red color.
The only difference that can be observed is the shade of red;
the desired pattern had a darker red color while everything
around was in a brighter red color. Another characteristic

that can be observed is that the nanowires are still
connected from the drain to the source [34].

Figure 4. Normal development pattern structure of nanowire
with its cross-section at A-A’.

Under- ‘
develop |
nanowire ‘

T
| Resist

Figure 5. Under-develop pattern structure of nanowire with its
cross-section at A-A’.

The last profile is the over-developed pattern structure of
the nanowire [34]. This outcome usually relates to
disconnected wires, where the nanowire is not connected
from drain to source. Figure 6 shows the over-developed
pattern structure of the nanowire with its cross-section at

A-A'.
G |
! !
Over-
_{ develop

// nanowire

A w-—-—-—@__

ﬂj

Figure 6. Over-develop pattern structure of nanowire with its
cross section at A-A’.

Based on Figure 6, the observation that can be made is that
the nanowire is no longer connected from source to drain,
indicating that the wire was over-etched [34]. Despite the
nanowire being overly etched, there was still resist spotted
outside the nanowire device. The resist outside the targeted
pattern outline was connected from the drain to the source.
This condition occurs due to human error since the
development process was conducted by humans. Errors
such as uneven development of the resist developer cause
this condition to occur.
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After the conventional lithography process was completed,
the sample underwent the RIE process to reduce the width
of the wires. The initial wire width is 1 pm, and after the RIE
process, the final wire width is approximately 200 nm. The
wire width was reduced by 800 nm through the RIE process,
making this device in the nano scale. From Figure 7, at x100
magnification, the SiNW was barely visible, thus the
magnification of the scanning electron microscopy (SEM)
was increased to x10,000. At 10,000 magnification, the
minimum and maximum wire widths were selected. The
width measurements for its minimum and maximum values
were 200 nm.

SEI 1SV WD10mmSS40

Figure 7. The SEM image of 200 nm wide SiNW s at x100
magnification with an inset of SINW at x10,000 magnification.

Other than SEM, the device was also observed using a
profilometer. In the profilometer, two measurements were
generated: depth and width, as shown in Figure 8. In Figure
8 (a), the minimum depth selected was -0.8774 A, where 1
A is equivalent to 0.1 nm. In the optical profilometer,
minimum and maximum are selected manually. -0.8774 A is
selected as the minimum depth value since the value is close
to one. The maximum height was 291.499 A, selected at the
peak of the graph. In nanometers, the minimum and
maximum depth values were -0.08774 nm and 29.14991
nm, respectively. Delta is the change of variable; the delta
value can be confirmed by using the formula highest value
minus lowest value. Therefore, A depth [-0.08774 nm -
(29.14991 nm)] is 29.23765 nm. Figure 8 (b) shows the
width of the SINW. The starting position for SINW width,
when the graph point starts to increase rapidly, is seen at
line R. The value at point R is 34.5328 um. The second
position in width is when the graph point decreases rapidly,
which is shown at line M, where M is equal to 36.1017 um.
The delta value for width can be confirmed by subtracting
the value of position M from the value of position R.
Therefore, A width is approximately 200 nm. In this study,
both SEM and optical profilometer were used to measure
the surface topography of SiNW. However, SEM is an
advanced technique for surface topography evaluation;
therefore, both techniques generate two different values.
Referring to Figures 7 and 8(b), the width values collected
for SEM and optical profilometer were approximately 200
nm. This occurs due to the optical profilometer's limitation
in resolution, making the technique unable to provide
accurate values when evaluating small nanowires.
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Figure 8. (a) The profilometer image for SiNWs height. (b) the
profilometer image for SINWs width.

3.2. Electrical characterization

Electrical SiNW biosensor characterization has been
achieved for pH sensors and DM RBP4 protein detection.
The pH value experiment was electrically characterized to
determine the device's functionality by using direct current
(DC) voltage that was swept from 0 V to 2 V (a short voltage
range). Figure 9 shows the measurement setup of the
fabricated SiNW biosensor. All these measurements were
made at ambient temperature (room temperature).
Changes in electrical current determine the operation of the
device. For each measurement, a 0.5 pL droplet of two
different pH solutions was applied to the SINW surface to
accomplish the pH electrical characterizations. Figure 10
shows a graph of drain-source current (las) versus drain-
source voltage (Vas) that illustrates the electrical response
to various pH levels. The device displays a good output of
the electrical characteristic lss versus Vs, indicating an
almost linear relationship (ohmic behavior) [35]. The
instrument displays the same curve trend behavior, with
bare + DI water at the top and bare + pH 7 and bare below;
the graph shows DI water has a higher pH value than pH 7.
The measured current for bare at 1.0 V of Vasis 0.03316 A,
for bare + pH 7, it is 0.04202 A, and for bare + DI water, it is
0.04433 A.
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Figure 10. Idas-Vas characteristic of SINW with the bare condition
and several drops of DI water and pH 7.

Figure 10 demonstrates that the current rises as pH values
increase. This pattern is consistent with an experimental
study of the SINW FET sensor's impact on pH sensitivity
previously published by Gasparyan et al. [36], which found
that the Iqs in a solution medium is inversely proportional to
the pH level. The reduction in SiINW resistance, which was
30.157 M Q for bare, 23.789 M Q for bare + pH 7, and 22.558
M Q for bare + DI water at 1.0 V, respectively, led to a rise in
current. The discovery that SINWs with high current have
low resistance is consistent with Ohm's law. In this study,
the detection of DM RBP4 is performed using SiNW
biosensors decorated with gold nanoparticles at various
protein-binding concentrations. The device is first bound to
three distinct protein concentrations (0.02 pg/mL, 0.05
pg/mlL, and 0.40 pg/mL) before being electrically tested to
determine its I-V characteristics. Figure 11 displays a plot of
the interaction's Vas versus Ilas for various protein
concentrations. The outcome is then analyzed in relation to
how various protein concentrations impact the I-V curve
graph. Observations show that the curve follows a similar
pattern as protein concentration increases. The I4s of 0.40
pg/mL protein concentration exhibit the maximum value
when a Vgs of 2.0 V is applied, followed by 0.05 pg/mL and
0.02 pg/mL protein concentration.
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Figure 11. las-Vas characteristic of gold nanoparticle decorated
SiNW for DM RBP4 using concentrations of 0.02, 0.05, and 0.40

(pg/mL).

The measured current for protein concentration 0.02
pg/mL, 0.05 pg/mL, and 0.40 pg/mL were 0.02458 A,
0.01874 A, and 0.01232 A, respectively, at 1.0 V of Vas. This
pattern is consistent with earlier findings from gold-
nanorod improved dielectric voltammetry detection in
Letchumanan et al. [37], which revealed that current flow
increased as protein content increased. Resistance was
81.16883 M), 53.36179 M(), and 40.68348 M at 1.0 V for
concentrations of 0.02, 0.05, and 0.40 pg/mL, respectively.
This demonstrates a decreasing trend in the resistance of
SiNW, which eventually caused an increase in current.
Additionally, as the current density increases, the electrical
conductance values of p-type SiNW rise due to the
accumulation of extra holes brought about by binding
negatively charged protein concentrations to their surface
[37]. Consequently, it can be said that larger protein
concentrations result in more holes building up in the
SiNWs, enhancing the device's conductivity [37]. The
increased conductance results in a higher current flow
across the SiNWs, demonstrating that the SINW sensor was
responsive to observable chemical modifications and
reactions. This tendency is supported by a related trend
finding by another researcher [38], who found that high
protein concentrations result in high electron-hole
densities, thereby increasing current conductivity.

3.3. Sensitivity of the gold nanoparticle decorated
SINW

To demonstrate the sensitivity of the SINW biosensor, the
effects of varying concentrations of DM RBP4 target at 0.02
pg/mL, 0.05 pg/mL, and 0.40 pg/mL at Vas = 1.0 V were
examined. The ratio between the relative change in the
current percentage and the difference in the target DM
RBP4 concentration served as a measure of the device's
sensitivity. Figure 12 demonstrates that las is proportional
to the desired DM RBP4 concentration. The las value
increased with the rise in target concentration. More
negative charge on the surface of a charged particle causes
a build-up of charge carriers (holes) along the perimeter of
a p-type SiNW, increasing the observed las [39]. According
to the calibration curve, the biosensor has a linear detection
and a sensitivity of 8.92 nA(g/mL)™.
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3.4. LOD for the SiNWs biosensor

In addition to sensitivity, the LOD, which can be used to
determine the lowest concentration of an analyte, should
also be fully considered. Similar to sensitivity, LOD is
demonstrated by the effects of varying DM RBP4 target
concentrations at 0.02 pg/mL, 0.05 pg/mL, and 0.40 pg/mL
at Vas = 1.0 V. After calculating the device's change in
relative current in response to the target concentration of
DM RBP4, a linear calibration curve (I0 against DM RBP4
concentration) was displayed in Figure 13. The correlation
coefficient (R2 = 0.9787) and the estimated LOD is around
0.076 fg/mL.
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Figure 13. LOD of the gold nanoparticle decorated SINW
biosensor.

4. CONCLUSION

The invention and manufacturing of the SiINW biosensor
with gold nanoparticle deposition resulted in several
positive outcomes, including the ability to detect the target

DM RBP4 at various concentrations. The top-down method
was used to fabricate the gold nanoparticle decorated SINW
SiNW biosensor. Conventional photolithography was
employed to transfer the design from the mask onto the
wafer surface. RIE was utilized to reduce the size of SINW
from micro to nanoscale, and PVD was used to create
contact pads on the source and drain of the electrode. The
morphology of the SINW was characterized using an optical
profilometer, HPM, and SEM. The width of the SINW, which
is 200 nm, was measured using an optical profilometer and
SEM, respectively. The effectiveness of the SiNW was
assessed using DI water and pH 7 solution. The I-V curve
demonstrates that Iss rises as pH increases. The biosensor
has a sensitivity of 8.92 nA(g/mL)! and an estimated LOD
of 0.076 fg/mL, respectively. In conclusion, this biosensor
has important implications for healthcare facilities and can
potentially be employed as a diagnostic platform for DM.
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