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Abstract

This study describes the fabrication of three different gap-fingered aluminum-interdigitated electrodes (AIIDEs) on the
silicon substrate based on photolithographic method, followed by integration of the gold nanorod-zinc oxide nanocom-
posite. The IDE masks were designed using AutoCAD software with the gaps of 10, 20, and 30 pm for design 1, 2, and
3, respectively. The morphological and electrical characterizations were subsequently performed using 3D-nanoprofiler,
atomic force microscopy, high-power microscopy (HPM), scanning electron microscopy (SEM), and I-V. Validation of the
fabricated surfaces (AIIDEs with/without gold nanorod-zinc oxide nanocomposite) against the electrolytes was performed
at different pHs which are ranging from 1 to 12. SEM revealed the following gaps, 18.4, 20, and 40.5 pm for bare 1, 2, and 3,
respectively. The measurements on I-V for bare AIIDEs indicated the electrolyte influences at different pH solutions, which
were almost similar in terms of current variations except at highly acidic and alkaline. AIIDEs were well fabricated and the
smaller the gap displayed the better the sensitivity, hence device 1 AIIDE has a good performance. Using different pH solu-
tions which ranging from pH 1-12, before and after AIIDEs were coated with zinc oxide and gold nanorod. The responses
of the devices were similar, fluctuating from highly acidic region to highly alkaline region in the cases of AIIDEs bare 1 and
3. Bare 2 AIIDE displayed similar responses with the AIIDE that was deposited with gold nanorod. With these results, we
can conclude that deposition of gold nanorod on the device brought about the orderly response to the different pH and with
the increment from acidic to alkaline increases, the proportional changes with the current were noticed.

1 Introduction

In 1967, a sensor was developed with the immobilized anti-
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systems converting the biological interactions into the sig-
nals that are measurable [6].

The quality of biosensors is primarily recognized by
the specificity along the potential of the transducer and the
reliability in analyzing the interactions of biomolecules to
achieve the contemporary quality assurance [7]. For the
detection of analytes, a biosensor must possess characteris-
tics such as linearity, sensitivity, selectivity, reproducibility,
and stability [8]. Biosensor with a high sensitivity is capable
of detecting diseases at their early states and significantly
proving the chance of possible life-saving detection and
intervention [9]. As a result of the advancement of fields
such as nanotechnology and nanoscience, nanomaterial-
based electrochemical for signal amplification is a promis-
ing tool in improving the high performance of biosensors
[10]. In addition, biosensing devices are useful to determine
the concentration of substances at the biologically relevant
parameters [11].

To recognize the quality of a biosensor, it is important to
highlight the relationship between solid-state and sensitiv-
ity properties. The sensing process is strongly related to the
surface reactions [12]. High surface areas can provide large
reaction contact area between the sensing materials and tar-
get gases. Porous structure with high surface areas seems to
be the standard structure of metal oxide gas sensor layers. It
is also showed that nanoscale grain size is useful to enhance
the sensitivity [13]. The results demonstrated the importance
of the achieving of a large effective surface area for improv-
ing sensitivity of sensor [14]. Relationship between solid
structure and sensitivity properties was reported based on
facile, solid-state reaction assisted synthesis of sodium nio-
biate. The sensor showed a high sensitivity and excellent
reproducibility and selectivity across various possible inter-
fering species [15].

Furthermore, biosensor is an important analytical device
that has fascinated numerous interests as a result of their
wide range of applications in diagnosis and biomedicine
[16]. This can be the results of biosensing devices, which
offer vital benefits, such as small sizes, quicker response,
and their development at low price. Even though biosensors
are extensively investigated in research, they have limited
commercialization as a result of the complexity in detect-
ing impedance, biomolecular immobilization stability, suit-
ability with smaller sized analytes, and nonspecific absorp-
tion [17]. Apart from these, another major task applicable
to biosensor is design and development depending on the
understanding of the relationship between the reactivity
and the surface molecules. By comprehending the process
that governing the response for the biosensor, will lead to a
development of electroanalytical devices with greater selec-
tivity and sensitivity [18-20].

Currently, biosensors perpetually play important roles in
various fields of engineering and science and have opened a
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new scope for the detection of analytes such as drug, blood,
and metabolites [21]. Several studies have been done for the
development of new sensing materials that are able to com-
ply with important criteria, such as low cost, high reliability,
greater sensitivity, and a quick response [22]. These require-
ments call for the reduction of device sizes since the size min-
iaturization will enhance the performance and more functions
in a small set can be integrated. Along with the study line,
a biosensor has been developed as a dielectric interdigitated
electrode (IDE), having a pivotal role in the medical diagnosis
[18]. The operation of these biosensors can be in faradaic or
non-faradaic process [23]. Faradaic operation of a biosensor
is based on the flow of current when electrons are transferred
from one electrode to another. The operation of a biosensor
in non-faradaic form occurs when the current flows through
a capacitive electrode. A biosensor that operates in faradaic
way is based on electrochemical impedance and measuring
the electron transfer resistance. The non-faradaic operation of
a biosensor is as a result of change in capacitance between
interdigitated electrodes for the indication of molecular bind-
ing/interaction on the surface of the electrodes [18, 24-26].

IDE can be a capacitance or impedance sensing for the
label-free and the sensitive detection. There are several advan-
tages of IDE, such as cells can be cultured and measured with
label-free assays of electrical [14]. Furthermore, the generation
of hybrid nanostructures has been proven as a potential method
of developing a biosensor with high performance [27]. In the
current research, aluminum is selected for the fabrication of
IDEs because of its low price and the most common electrode
in use [22]. Aluminum-interdigitated electrodes (AIIDEs)
consists of two independently vivid interdigitated in the form
of comb-finger structure have commonly been recommended
as a biosensor that showed the potential to develop a higher
sensitivity than the conventional parallel electrodes. Further-
more, zinc oxide was embedded with different gold nanorods
of three different sizes and coated on AlIDEs as these are
playing major roles in the biosensor development [28]. With
this development, by testing the influence of electrolytes at
various pH solutions on the substrate of the IDE, a biosensor
can be simply evaluated for the high-performance bioanalysis.
This research initially tested the influence of electrolytes on
the silicon-embedded aluminum electrode surface. Similar
evaluation was done on the impregnated gold nanorod—zinc
oxide composite. To support further, the physical, chemical,
and electrical characteristics of the AIIDEs were studied.

2 Materials and methods
2.1 Chemicals, reagents, and instruments

The pH buffer solutions with different range were purchased
from HANNA Instruments with the accuracy of pH+0.01
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used for the pH scouting. Gold nanorod with different sizes
were purchased from Nanocs, USA. Three different sized
gold nanorods of 550, 700, and 980 nm were used and stored
at 4 °C. Acetone, aluminum oxide, resists developer (RD6),
and positive photoresist (PR1-3000A) were bought from
Futurrex, Inc. Other chemicals utilized in this study were
of analytical grade obtained from Mallinckrodt Baker and
used without any further purification. The AIIDEs mask was
designed using AutoCAD Software with miniaturizations,
after that, the design was transferred to a commercial chrome
mask that was prepared by Silterra (M) Sdn Bhd, Malaysia.
High-power microscopy (HPM), scanning electron micros-
copy (SEM), 3D nanoprofilor, and atomic force microscopy
(AFM) were used for the physical and morphological char-
acterization of bare AIIDEs and with gold nanorod-zinc
oxide nanocomposite. SEM was used for the characteriza-
tion of the AIIDEs surface operating at 20 kV with 7000
magnification at room temperature [29]. I-V characteriza-
tion measurements were done using Keithley 2450 assisted
with Kickstart software and probe station and the testing
of the three fabricated AIIDEs was carried out by applying
drops of different pH ionic solutions to the desired surfaces
at room temperature.

3 Fabrication of aluminum-interdigitated
electrodes (AlIDEs)

Three different interdigitated electrodes were fabricated
by the conventional photolithographic process as followed
previously [23]. To achieve a better sensitivity with the
electrochemical detection of affinity-based biomolecular
interactions, electrodes with a significantly conductive alu-
minum were preferred. The designing of the photomasks for
AIIDE was done using the AutoCAD software. The sche-
matic designs of IDE consist of 20 finger electrodes with
different lengths and gap sizes. After designing the IDEs,
chrome mask was used to be printed. The fabrication of the
devices was conducted on silicon wafer as the base mate-
rial. First, the silicon wafer was thoroughly cleaned using
RCA1, RCA2, and deionized water solutions for removing
any impurity on the surface of the substrate, followed by the
thermal oxidation at the temperature 950 °C to obtain a bet-
ter quality of 1000 nm thick silicon dioxide layer. Moreover,
15 nm thick layer of aluminum was deposited which acts as
an adhesive layer. The initial step of the photolithographic
process revealed the pads, connector, and digits of two elec-
trodes through Ultra-violet via the photomask on to the soft
photoresist. The development of the pattern occurred in the
soft mask and transferred on to the hard mask based on the
etching process, and then finally the soft photoresist was
stripped. Patterning of AIIDEs was conducted via deep-
reactive ion-etching process and the produced AIIDEs with

virtually vertical partitions. At the end, the photoresist layer
was stripped and these processes resulted in a symmetrical
IDE array with 20 digits from each side. Similar conven-
tional photolithographic process was followed to fabricate
three different types of AlIDEs.

4 Gold nanorod-zinc oxide nanocomposite
deposition

Gold nanorod-zinc oxide nanocomposite deposition on
the AIIDE is crucial and the fundamental studies on such
modified electrodes have been performed to obtain a better
comprehension of the nature of charge transfer and charge
transport process inside the thin films [30]. Nanostructured
composite materials coupled with impedimetric/voltamme-
try sensing offers a feasible solution [31]. In biosensors, gold
nanorod and zinc oxide play crucial roles in term of stabil-
ity, sensitivity, biocompatibility, and low cost. One of the
most significant advantages of this deposition is the ability
to control the size and distribution of nanoparticles by sim-
ply varying potential, time, or solution concentration [32].
Hence, gold nanomaterial can be deposited in a short period
at a high growth rate, their deposition can be deliberately
localized at the electrode surfaces with a minimal material
waste [32]. IDE design is one of the device architectures
in biosensor for label free, stability, and sensitivity.

5 Electric measurements: pH scouting

The measurements of I-V were performed using picoamme-
ter/voltage source with a probe station. Before the measure-
ment with different pH solutions on the prepared microgaps,
primarily, cleaning was done using acetone followed by
deionized water. After that, pH solutions from 1 to 12 have
been tested by dropping gently on the entire sensing surfaces
of the microgaps. The changes in current were observed and
measured to see the influence of the electrolytes with differ-
ent pH solutions on the sensing surface.

6 Results and discussion

The application of gold nanorod and zinc oxide in biosensors
is important in term of stability, sensitivity, and biocompat-
ibility [33]. Interdigitated electrode (IDE) design is one of
the device architectures in biosensor for label free, stability,
and sensitivity [34]. Voltammetry biosensors are the most
promising systems for the biomedical point-of-care testing
because of their non-complex nature and label-free operation
[35]. The IDE is operating with the voltammetry could be
fabricated using gold, platinum, titanium, chromium, carbon,
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indium, and tin oxide, although the most generally used
materials are silicon oxide and aluminum oxide [36]. The
method of selecting electrode materials for the fabrication
of IDE is depending on the intended purpose, the existence
of ionic species, the inertness to the environment, and the
suitability to the fabrication method [35]. Electrode material
such as carbon has a broader potential window compared
to the metal electrodes [37]. These features are predictable
to improve the sensitivity of electrochemical reactions for
sensing biomolecules. However, carbon compounds have a
high resistivity because of the contact resistance between
carbon particles that makes them to develop high internal
series resistance [38].

In the current project, three AIIDEs were fabricated as
voltammetry electrochemical sensors for monitoring the
influence of pH solutions. The designs were drawn based
on AutoCAD with the specific dimensions (Fig. 1). Fabri-
cation of the sensing IDE surfaces was carried out by the
standard UV-photolithography approaches [39] (Fig. 2).
Before proceeding for pH scouting to reveal the influence
of electrolytes, the designs were morphologically character-
ized through the imaging processes.

The fabricated AIIDE surfaces were characterized using
3D nanoprofilometer, AFM, HPM, and, SEM for testing
the formation of intact AIIDEs surfaces. Furthermore, gold
nanorod and zinc oxide nanocomposite was deposited on
AlIDE using spin coater and hot plate and tested at differ-
ent pH solutions. Each device was placed on a spin coater
for drying before pre-heated at a temperature of 80 °C for
10 min. Structural and elemental characterizations of the
gold nanorod-zinc oxide-deposited AIIDE were carried
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out using SEM, AFM, 3D profilometer, and HPM and fur-
ther electrical characterization was conducted using I-V
characterization.

In the present research, nanoscaled gold nanorod and
aluminum-interdigitated electrodes (AIIDE) were charac-
terized. The analysis of AIIDE under SEM revealed the
precision of the fabricated devices with microscale gaps for
gold-nanorod deposition. Nanoscale sizes of gold nanorod
were characterized and deposited on AIIDE. Although the
gap sizes are originally designed for AIIDE fabrication, the
deposition of gold nanorod-zinc oxide nanocomposite ena-
bles the transformation of sensing surface into nanoscale
from microscale. The benefit of a greater surface area and
improved reactivity in nanostructured materials help to cre-
ate better catalytic actions and support the functionaliza-
tion of biomolecules on nanoscaled material surfaces for the
applications are ranging from drug delivery to more afforda-
ble modes of producing and storing energy. The transforma-
tion of microscaled to nanoscaled gap sizes of devices with
the deposition of nanomaterials and nanocomposites also
eliminates the difficulties faced in fabricating nanoscaled
devices with low-yield fabricating steps [40]. Therefore, the
author emphasizes the term ‘nanoscale’ in the title of this
article, instead of microscale.

6.1 Surface area characterization of AlIDEs
6.1.1 3D-profilometer images

3D nanoprofilometer was used for three-dimensional
analysis of grains between AIIDE finger electrodes. This
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Fig. 1 AutoCAD designs: the IDEs with three different patterns including finger-shape, square shape, and connector’s parts were designed with
AutoCAD software from conceptual design. a Pattern 1; b Pattern 2; ¢ Pattern 3

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Fabrication of gold nanorod-zinc oxide nanocomposite on gap-fingered integrated interdigitated...

Page50f11 812

Wafer cleaning

Oxidation

Al Deposition

PR Coating

Photoresist

Hot plat for coating

Development &
Al Etching

Cleaning

Fig.2 Step-by-step fabrication process of the Aluminum-interdigi-
tated electrode: The process started by rinsing with distilled water in
order prevent redeposition. a wafer cleaning; b silicon oxide growth;

scan was done based on a single point, a line scan and 3D
scan. A profiler was also used to measure the surface pro-
file for analyzing its roughness to differentiate between
bare and the deposited surfaces. Based on the images cap-
tured by 3D profilometer of the finger electrodes in the
active surface areas of the AIIDEs, they shows that the
AIIDEs were well deposited with zinc oxide and different
gold nanorod sizes. The experimental results show sig-
nificant improvement in 3D-detector performance as the
finger electrodes can be seen clearly on all the three types
of the bare AIIDEs images. 3D bare images of AIIDEs
with finger electrodes of different views are shown in
Figure S1. Each type of gold nanorods and zinc oxide can
be differentiated clearly by the physical appearances of
the 3D images of AIIDEs (Fig. 3). Multiple formations of
colors indicate the differences in the height from top to
down. Sharp and smooth finger electrode edges are able
to be seen in the images. Therefore, it can be said that
the etching process has reached its required level of the
developmental processes. The images of profiler before
3D analysis on AIIDEs with and without zinc oxide and
gold nanorods show that the AIIDEs were well fabricated
without shortcomings. The coating of the gold nanorods
and zinc oxide can well be seen on the surfaces of the
AIIDEs as scratches for both gold nanorod and zinc oxide
and which indicated that the deposition was successful on
the desired surfaces of the AIIDEs.

Exposure Soft bake

¢ Aluminum deposition; d photoresist coating; e soft bake; f expo-
sure; g development and Al Etching; h stripping of the photoresist
and cleaning with acetone

Fig.3 Viewing and analyzing 3D images of AIIDEs coated with zinc
oxide and different gold nanorod sizes using 3D Profilometer: a 3D
image of AIIDE after coated with Zinc oxide, b 3D image of AIIDE
after coated with gold nanorod size of 550 nm, ¢ 3D image of AIIDE
after coated with gold nanorod size of 700 nm, d 3D image of AIIDE
after coated with gold nanorod size of 980 nm

6.1.2 Atomic force microscope (AFM)
AFM was used for imaging at the nanometer scale, uses

a cantilever with a sharp probe that scans the surface
of the sample. After AIIDEs fabrication by a standard
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UV-photolithography process, AFM was used to image three
different bare AIIDEs and after coated with gold nanorod
and zinc oxide to show its structures and the functionalities.
AIlIDE sensors were imaged using AFM operating in the tap-
ping mode. The measurements were performed on AIIDEs
without zinc oxide and gold nanorods and with zinc oxide
and gold nanorods of different sizes coated on the AIIDEs
active surfaces with the resonant frequency of 300 kHz.
Images were determined from a total of seven AFM images
and characterization of the AIIDEs structure is depicting
the uneven electrode edges due to the lift-off process. The
images of the three different bare AIIDEs show the oxide
layers (white grains) and aluminum layers (brown com-
partments), whereas images of the AIIDEs pattern on the
coated gold nanorods and zinc oxide indicate the crystallized
quartzite structures (Fig. 4).

6.1.3 High-power microscope (HPM)

Furthermore, the surface areas of the AIIDE patterns were
characterized by HPM for the identification of the finger
electrodes and the gaps between the finger electrodes. HPM
images have indicated that the active surface areas of the
AlIDEs have no distortions. The surface characterization
using HPM revealed the finger electrode lengths and gap
sizes of AlIDEs, such as 7.65, 13.11, and 32.67 pm of bare

1, 2, and 3 devices, respectively. Gap size of bare 1 device
is smaller than the gap sizes bare 2 and 3 devices indicating
that bare 1 device has the better sensitivity as compared to
bare 2 and 3 devices as the smaller gap gives the better sen-
sitivity. The images of AIIDEs captured using HPM of three
different bare devices (Fig. 5). Images of AIIDEs captured
using HPM (Figure S2).

6.1.4 Scanning electron microscope (SEM)

The surface characterization of the finger electrode pat-
tern images of AIIDEs was performed using SEM and
produced the images that contain the information about
the surface topography of the AIIDEs. As indicated by
SEM images, the sharp edges between finger electrodes
of AlIDEs have validated that the sensor surfaces are well
fabricated without defects. The images of AIIDEs produced
by SEM before coating with gold nanorod and zinc oxide
(bare) and after coated with gold nanorod and zinc oxide
revealed that gold nanorod and zinc oxide were success-
fully deposited, as indicated by the white dotted spots on
the surface of AIIDEs represent the gold nanorods and the
dark circled spot on the surface of the AIIDEs represents
zinc oxide (Fig. 6). SEM measurement on gap sizes and
finger electrode lengths indicated the well characterization
and fabrication of the AIIDEs. The images AIIDEs of the

Fig.4 After AIIDE fabrication by standard UV-photolithography
process, AFM was used to captured the images of the AIIDEs with
and without zinc oxide and gold nanorods: a AFM image of bare 1,
b AFM image of bare 2, ¢ AFM image of bare 3, d AFM image of
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AlIDE after coated with zinc oxide, e AFM image of AIIDE after
coated with gold nanorod of size 550 nm, f AFM image of AIIDE
after coated with gold nanorod of size 700 nm, g AFM image of
AlIDE after coated with gold nanorod of size 980 nm
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Fig.5 The images of AIIDEs with gap and finger electrode sizes were determined using high-power microscope (HPM): a bare 1 HPM image,

b bare 2 HPM image, ¢ bare 3 HPM image

SEM for both left and right finger electrodes on the surface
displayed the surface topographies as the gap sizes and the
finger electrode lengths can be clearly seen (Figure S3).

It can be apparently seen that the finger electrodes of the
AlIDEs were well fabricated in micron scales with nice
sharps and patterns.

Fig.6 The surface analysis and dimensions of AlIDEs of different
types and structures before and after coated with zinc oxide and dif-
ferent sizes of gold nanorods were determined using scanning elec-
tron microscopy (SEM): a SEM image of bare 1, b SEM image of
bare 2, ¢ SEM image of bare 3, d SEM image of AIIDE after coated

with zinc oxide, e SEM image of AIIDE after coated with gold
nanorod of size 550 nm, f SEM image of AlIDE after coated with
gold nanorod of size 700 nm, g SEM image of AIIDE after coated
with gold nanorod of size 980 nm
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6.2 Electrical characterizations
6.2.1 |-V characterization of bare AlIDEs

Before the dropping of pH solutions on the active surfaces
of the AlIDEs, three devices of different bare were used
to test I-V characterization. At 0.7 v, the current varia-
tion of bare 1 started at 0.35 pA until it reached 2.5 pA at
exactly 2 V as in Fig. 7a. Also at 0.27 v, the current vari-
ation of bare 2 started at 0.35 pA until it reached 5 pA at
exactly 2 V. Furthermore, at 0.5 V, the current variation
of bare 3 started at 0.35 pA until it reached 4.9 pA, at
exactly 2 V as in Fig. 7a, respectively. We can conclude
that the starting points of variations of the current were
all at 0.35 pA, but varied at the end point after reaching
2 V for the devices bare 1, 2, and 3. The results of three
bare AIIDEs with I-V characteristics were matched in one
graph for easy interpretation of their responses. Based on
the response of each device to I-V characterizations, it
can be said that the fabrication of the AIIDEs were suc-
cessful and the devices were able to allow current to pass
through them without any short circuit or current leakage,
hence, the devices are reliable to be used.

6.2.2 |-V characterization on gold nanorod-zinc oxide
composite: pH scouting

After the I-V characterization on the bare AIIDEs, we pro-
ceeded to test the devices using different pH solutions, the
pH solutions used here were from 1 to 12 and all the solu-
tions have different levels of ions, hence, the abundance
of different electrolytes will be in the solution, leads to
the changes in the conductivity. The characteristic of [-V
curves is presented based on acidic and alkaline media and
different fabricated AIIDEs were tested with different pH
solutions. The purpose of testing the devices with different
pH solutions is based on the mechanism of ion transfer via
pH solutions dropped onto AIIDEs surfaces. The graphs of
AIIDEs bare and after zinc oxide and gold nanorod depos-
ited describe the influence of the electrolytes on the sensing
surface (Fig. 7). The drop of pH solutions covers the desired
surface of the AIIDEs with widths and gaps between the
finger electrodes. With potential between the aluminum elec-
trodes increases, more ion migration takes place. After the
drop of different pH concentrations which ranging from 1 to
12 was dropped on the bare 1 AIIDE, pH 1 and 12 has influ-
ence on the device active surface as indicated by Fig. 7b.
Also after pH solutions from 1 to 12 were dropped on the
bare 2 AIIDE, only pH_1 has much influence on the device
active surface as indicated by Fig. 7c. Furthermore, the

T T T T T T T T T T T - - . T
o~
ocooes{ g 0.0005 - b = 00025 @ pou-n
I [
/ S a ,‘“le
0/0000004 f 0.0004 0.0020 |
< i =< . /
W 0.0000003 gl 000031 < 00015+ =
o ® o " |
£ 0.0000002 sz’ = 0.0002 z § 0.0010 - f
3 X & 3 =
0.0000001 Bare -,"»"Q 0.0001 - 3 oowsH
R i P AN
0.0000000 R e 0.0000 -5-g-g-g-n-g-uEcho A=A Haman:0 T 0.0000 -
T T T T T T T T T
0.0 05 1.0 15 20 00 05 1.0 15
Voltage(v) Voltage(v)
T T T T 0.0007
PHIZ T T T T . ; . . v
000251 o " soos] € pH1Qp|-l11 oczsy f p.lj_l:z
| oA - /
0.0020 4 [ 0.0005 L A 0.0020 .
| ) / /
— — / — / -
< [/ <C 00004 [/ J
~ 0.0015 e [/ £ 0.0015 / /
- ! — & > /
< | C 0.0003 / r F d
2 oon04 [ (2 / / pH1 o /
e «e/a PH12 £ 00002 . un ! £ 990104
o e/ by 3 / / | o =
0.0005 4 P ~ [ 4 0.0001 Y _,"- = © 40005
| = o« e
-.'. Cérr.,}, 0.0000 4 TR | - iII
0.0000 - B=-a-veu-n-g-0z0:Bfinee T 0.0000 4
] -0.0001

T
0.0 0.5

1'0
Voltage(v)

Fig.7 Electrical characterization of bare AlIDEs and after coated
with zinc oxide and gold nanorod using I-V at various pH solutions:
a Graph of bare 1, 2, and 3 of AIIDES I-V characterization before
pH scouting, b Graph of bare 1 of AIIDE I-V characterization after
pH scouting, ¢ Graph of bare 2 of AIIDE I-V characterization after
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pH scouting, d Graph of bare 3 of AIIDE I-V characterization after
pH scouting, e Graph of AIIDE I-V characterization after coated with
zinc oxide with pH scouting, f Graph of AIIDE I-V characterization
after coated with gold nanorod of size 980 nm with pH scouting
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dropping of pH 1-12 on bare 3 AIIDE revealed that pH_1,
2 and 12 has influence on the device as indicated by Fig. 7d.
After the device was coated with zinc oxide and followed
by pH 1-12 drops, pH 1, 11, and 12 indicated high influ-
ences on the device active surface as indicated by Fig. 7e.
Last, after the device further deposited with gold nanorod
on the zinc oxide and similarly pH solutions pH 1-12 were
dropped on the device active surface, pH 1 has indicated a
high influence on the device active surface. We can conclude
that the bare 1 and 3 have similar response where both acidic
and alkaline regions have influence on them. However, bare
2 AIIDE and the device deposited with gold nanorod have
similar response in which they have more influence only in
acidic regions, it can be said that the deposition of the gold
nanorod, brought about a uniform response.

The sensitivity with pH was increased with the levels
of electrolytes and this could be improved by the support
of conducting substrate with gold nanorod and zinc oxide
nanocomposite. The repeatability behavior of the sensors
has been compared with different pH solutions tested on
without gold nanorod and zinc oxide and with gold nanorods
and zinc oxide-coated surfaces. Furthermore, the character-
istics of I-V have been appeared to be increased when pH
was increased from 1 to 12. Considering the signal with-
out having significant influence on the sensing surface, at
acidic range, the response of [-V was appeared to be lower
than response of I-V at the alkali range. In other words,
response of the bending curves of the I-V at the acidic
region is slower than the response of the curve bending at
alkali region. The repeated results for pH 1 to 12 indicated
the better repeatability and it was observed below 5% to
the relative standard deviation (RSD). For pH ranges 1 and
12, the electrode is appropriate for the measurements with
electrochemical analysis.

The electrical characterization was done to examine the
functionality of the devices after the fabrication and the
functionalization steps. As it can be seen clearly, the repro-
ducibility on three bare AIIDEs shows the similar results
for all the voltage ranges with minimal differences. Further-
more, all the voltages generated during I-V measurements
revealed are comparable and proved that AIIDEs designed
with similar parameters and dimensions. Cations of the solu-
tion are drawn to the electrode that has a plenty of elec-
trons, while the anions are drawn to the electrode that has a
shortage of electrons. The movement of anions and cations
in opposite directions within the solution lead to the cur-
rent generation. The deposition of gold nanorod-zinc oxide
nanocomposite has improved the device sensitivity towards
the electrical characterization. Although gold-based nano-
composite has attracted much attention in recent decade for
biosensing due to its excellent physiochemical properties, it
is important to conjugate with novel materials in developing
a high-sensitive sensing surface. As presented in the current

research, zinc oxide has significant contribution in gener-
ating high-performance AIIDE for the excellent electrical
characterization. Gold nanorod with high surface area ena-
bles the ideal biomolecule functionalization, whereas zinc
oxide plays remarkable role in transmitting the electrical
signal throughout the electrodes. The applications of zinc
oxide as in nanocomposites are widely reported recently.
El-Shafai et al. reported the deposition of graphene oxide
with zinc oxide nanocomposite in examining the interaction
between DNA biomarkers and investigating its drug car-
rier property in antibacterial analysis. The results justified
the ability of the nanocomposite in examining the interac-
tion of human and circulating tumor DNA with the aid of
fluorescence spectroscopy [41]. In another study, graphene
oxide/zinc oxide nanocomposite was analyzed for imped-
ance measurements. The research concluded that graphene
oxide/zinc oxide nanocomposite reveals low loss tangent
value and high dielectric permittivity especially in energy
storage biosensing applications [42]. Moreover, apart from
metals and its oxides, zinc oxides have been conjugated with
polymer to create nanocomposites for sensing applications.
In a recent work, zinc oxide/polypyrrole nanocomposite
was generated for detecting environmental pollutants on
solid phase microextracted fiber, where it can detect up to
0.05 pg/L pollutant under optimized conditions [43]. With
this regard, the successful application of zinc oxide materials
in the presented research is equally acceptable in contrast to
other similar zinc oxide materials and its nanocomposites
used in detecting biomolecules or other substances, creating
high-sensitive biosensing platform. Furthermore, the present
research has justified that zinc oxide-based nanocomposite
has shown excellent insensitivity towards various electro-
lytes, thus it is high encouraged to be implemented in devel-
oping pH-insensitive biosensors.

6.3 Analysis on Nernst equation and ion movement

The pH is the measurement on molar concentration of
hydrogen ions and to understand the mechanism of elec-
trolysis, this study was carried out. The measurement on
different pH of a sample was carried out by measuring the
potential of that sample in respect to the standard hydrogen.
This procedure provides a value of zero for one molar solu-
tion of ‘H’ ions, and therefore, defining the zero of the pH
scales. The cell potential for any other values with ‘H’ ion
concentration can be found with the use of Nernst equation:

RT
E=E-—InQ,

nF Q
where ‘E’ is the cell potential, ‘E°’ is the standard cell
potential at the temperature of interest, ‘R’ is the univer-

sal gas constant, ‘7" is the absolute temperature, ‘F” is the
Faraday, ‘n’ is the number of moles of electrons transferred
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Fig.8 Mechanism of elec-
trolysis: Electrolysis, process
by which electric current is
passed through a substance to
effect a chemical change. The
process is carried out in an
electrolytic cell, an apparatus
consisting of positive and nega-
tive electrodes held apart and
dipped into a solution contain-
ing positively and negatively
charged ions
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in the cell reaction or half reaction, and ‘Q’ is the reaction
quotient. Comparison among molar conductance of some
common electrolytes is displayed in Table S1.

The common most important characteristic of electrolyte
solutions is that they have the ability to convey the electric
current and the ability to conduct electricity is dependent on
the way of dissolved substance dissociates in the solution in
the form of ions. By applying the potential differences to the
electrode, the ions can move via the solution as a result of
the presence of electric field. The negatively charged ions
will move towards the anode and positively charged ions
will move towards the cathode (Fig. 8). Furthermore, the
neutralization and isolation of ions will take place at the
surface of the electrode when the neutral atoms and electrons
pass through the circuit [44]. In this perspective, various pH
solutions of different values have been used to determine the
reaction of the devices at each pH range for the downstream
sensing applications.

7 Conclusion

In this study, three different interdigitated electrode (IDEs)
sensors based on aluminum serves as a metal contact has
been successfully fabricated by a conventional photolithog-
raphy technique for the purpose of pH sensing and after the
fabrication was conducted, gold nanorods and zinc oxide
were deposited on the devices as nanocomposite. To deter-
mine the sizes of the gaps between the electrodes and also
the topological characteristics 3D profiler, SEM, HPM, and
AFM were used. The current changes were measured by
revealing the micro-electrode sensors using different range
of pH solutions. The device fabrication was performed based
on the design parameters, which was confirmed by the physi-
cal configurations. Electrical properties on bare AIIDE have
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indicated that the devices are stable in terms of electricity.
I-V measurements at various pH values have shown that
the aluminum IDEs were well fabricated and are verified to
be appropriate as a chemical sensor ideally between the pH
ranges of 1 and 12 with all the device fabrications were suc-
cessful. This information made the foundation for the sensor
development with gold- and zinc-based materials to be used
on the sensing surfaces.

References

1. C. Cheen, S.C.B. Gopinath, L. Wei, X. Rebecca, V. Perumal, T.
Lakshmipriya, M. Shuaib, M. Saheed, Int. J. Biol. Macromol. 116,
765 (2018)

S. Neethirajan, S.K. Tuteja, S.T. Huang, D. Kelton, Biosens. Bio-
electron. 98, 398 (2017)

P.S. Kumar, C. Balachandran, V. Duraipandiyan, D. Ramasamy, S.
Ignacimuthu, N.A. Al-dhabi, Appl. Nanosci. 5(2), 169-180 (2015)
N.R. Dalila, M.K. Md Arshad, S.C.B. Gopinath, W.M.W.
Norhaimi, M.F.M. Fathil, Biosens. Bioelectron. 132, 248 (2019)
S. Taniselass, M.K. Md Arshad, S.C.B. Gopinath, Biosens. Bio-
electron. 130, 276 (2019)

H.H. Nguyen, S.H. Lee, UJ. Lee, C.D. Fermin, M. Kim, Materials
12, 121 (2019)

P. Forssén, E. Multia, J. Samuelsson, M. Andersson, T. Aastrup, S.
Altun, D. Wallinder, L. Wallbing, T. Liangsupree, M.L. Riekkola,
T. Fornstedt, Anal. Chem. 90, 5366 (2018)

N. Bhalla, P. Jolly, N. Formisano, P. Estrela, Essays Biochem. 60,
1(2016)

P. Ambhorkar, Z. Wang, H. Ko, S. Lee, K.I. Koo, K. Kim, D.I.D.
Cho, Micromachines 9, 1 (2018)

10. H. Li, D. Du, C. Zhu, G. Yang, Y. Lin, Anal. Chem. 87, 230
(2014)

11. S. Malhotra, A. Verma, N. Tyagi, V. Kumar, Int. J. Adv. Res.
Innov. Ideas Educ. 3, 44 (2017)

12. S. Kiani, P. Rezaei, M. Navaei, M.S. Abrishamian, IEEE Sens. J.
18, 9971 (2018)

13. C. Wang, L. Yin, L. Zhang, D. Xiang, R. Gao, Sensors 10, 2088

(2010)

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Fabrication of gold nanorod-zinc oxide nanocomposite on gap-fingered integrated interdigitated...

Page110f 11 812

14.

15.
16.

17.
18.
19.
20.
21.
22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

H. Gémez-Pozos, J.L. Gonzélez-Vidal, G.A. Torres, M. de la Luz
Olvera, L. Castafieda, Sensors (Switzerland) 14, 403 (2013)

L. Durai, S. Badhulika, New J. Chem. 43, 11994 (2019)

S. Vigneshvar, C.C. Sudhakumari, B. Senthilkumaran, H. Prakash,
Front. Bioeng. Biotechnol. 4, 1 (2016)

S. Neethirajan, V. Ragavan, X. Weng, R. Chand, Biosensors 8, 23
(2018)

S. Ramanathan, S.C.B. Gopinath, MK Md Arshad, P. Poopalan,
Biosens. Bioelectron. 141, 111434 (2019)

D. Pawar, Microchim. Acta 184, 253 (2019)

U. Anik, S. Timur, Z. Dursun, Microchim. Acta 186, 196 (2019)
H. Kaur, A. Bhosale, S. Shrivastav, Int. J. Health Sci. Res. 8, 315
(2018)

N. Soin, S. Norhafiezah, A.H. Azman, M.F. Fatin, U. Hashim,
R.M. Ayub, M.A. Farehanim, Adv. Mater. Res. 1109, 253 (2015)
N.S. Mazlan, M.M. Ramli, M.M.A.B. Abdullah, D.S.C. Halin,
S.S.M. Isa, L.F.A. Talip, N.S. Danial, S.A.Z. Murad, AIP Confer-
ence Proceedings 1885, (2017)

M. Pirsaheb, S. Mohammadi, A. Salimi, M. Payandeh, Microchim.
Acta 186, 231 (2019)

L.E. Delle, V. Pachauri, A. Vlandas, M. Riedel, B. Ligel, R. Lilis-
chkis, X.T. Vu, P. Wagner, R. Thoelen, F. Lisdat, S. Ingebrandt,
Sens. Actuators B Chem. 265, 115 (2018)

S.C.B. Gopinath, S. Ramanathan, K. Hann Suk, M. Ee Foo, P.
Anbu, M.N.A. Uda, MATEC Web of Conferences 150, 06002
(2018)

V. Perumal, U. Hashim, S.C.B. Gopinath, H.R. Prasad, L. Wei-
wen, S.R. Balakrishnan, T. Vijayakumar, R.A. Rahim, Nanoscale
Res. Lett. 11, 31 (2016)

A. Florea, G. Melinte, I. Simon, C. Cristea, Biosensors 9, 38
(2019)

I. Letchumanan, S.C.B. Gopinath, M.K. Md Arshad, P. Anbu,
Biosens. Bioelectron. 131, 128 (2019)

D. Tonelli, E. Scavetta, I. Gualandi, Sensors (Switzerland) 19,
1186 (2019)

V. Perumal, M. Shuaib, M. Saheed, N. Muti, J. Chiu, Biosens.
Bioelectron. 116, 116 (2018)

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

L. Coustan, G. Shul, D. Bélanger, Electrochem. commun. 77, 89
(2017)

1. Unlu, J.W. Soares, D.M. Steeves, J.E. Whitten, Langmuir 31,
8718 (2015)

L.L. Sin, M.K. Md Arshad, M.F.M. Fathil, R. Adzhri, M.N.M.
Nuzaihan, A.R. Ruslinda, S.C.B. Gopinath, U. Hashim, AIP Con-
ference Proceedings 1733, 1 (2016)

E. Kostal, S. Kasemann, C. Dincer, S. Partel, Multidisciplinary
Digital Publishing Institute Proceedings. 2(13), 2 (2018)

D. Sharma, J. Lee, J. Seo, H. Shin, Sensors (Basel). 17, E2128
(2017)

J.D. Benck, B.A. Pinaud, Y. Gorlin, T.F. Jaramillo, PLoS One 9,
e€107942 (2014)

M.Y. Ho, P.S. Khiew, D. Isa, T.K. Tan, W.S. Chiu, C.H. Chia,
Nano 09, 1430002 (2014)

A.K. Muaz, U. Hashim, W.-W. Liu, F. Ibrahim, T. KL, M.S.
Mohkta, Appl. Phys. 125(8), 548 (2016)

S. Ramanathan, S.C.B. Gopinath, M.K. Md Arshad, P. Poopalan,
F.K. Loong, T. Lakshmipriya, Appl. Phys. A 125, 548 (2019)

N. El-Shafai, M.E. El-Khouly, M. El-Kemary, M. Ramadan, 1.
Eldesoukey, M. Masoud, RSC Adv. 9, 3704 (2019)

V. Mututu, A.K. Sunitha, R. Thomas, M. Pandey, B. Manoj, Int.
J. Electrochem. Sci. 14, 3752 (2019)

H. Amanzadeh, Y. Yamini, M. Moradi, Anal. Chim. Acta. 884, 52
(2015)

G. Serianni, P. Agostinetti, M. Agostini, V. Antoni, D. Aprile, C.
Baltador, M. Barbisan, M. Brombin, M. Cavenago, G. Chitarin,
M. Dalla Palma, R. Delogu, F. Fellin, N. Fonnesu, N. Marconato,
R. Pasqualotto, A. Pimazzoni, E. Sartori, S. Spagnolo, M. Spo-
laore, P. Veltri, B. Zaniol, M. Zaupa, New J. Phys. 19, 045003
(2017)

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Terms and Conditions

Springer Nature journal content, brought to you courtesy of Springer Nature Customer Service Center GmbH (“Springer Nature™).

Springer Nature supports a reasonable amount of sharing of research papers by authors, subscribers and authorised users (“Users”), for small-
scale personal, non-commercial use provided that all copyright, trade and service marks and other proprietary notices are maintained. By
accessing, sharing, receiving or otherwise using the Springer Nature journal content you agree to these terms of use (“Terms”). For these
purposes, Springer Nature considers academic use (by researchers and students) to be non-commercial.

These Terms are supplementary and will apply in addition to any applicable website terms and conditions, a relevant site licence or a personal
subscription. These Terms will prevail over any conflict or ambiguity with regards to the relevant terms, a site licence or a personal subscription
(to the extent of the conflict or ambiguity only). For Creative Commons-licensed articles, the terms of the Creative Commons license used will
apply.

We collect and use personal data to provide access to the Springer Nature journal content. We may also use these personal data internally within
ResearchGate and Springer Nature and as agreed share it, in an anonymised way, for purposes of tracking, analysis and reporting. We will not
otherwise disclose your personal data outside the ResearchGate or the Springer Nature group of companies unless we have your permission as
detailed in the Privacy Policy.

While Users may use the Springer Nature journal content for small scale, personal non-commercial use, it is important to note that Users may
not:

1. use such content for the purpose of providing other users with access on a regular or large scale basis or as a means to circumvent access
control;

2. use such content where to do so would be considered a criminal or statutory offence in any jurisdiction, or gives rise to civil liability, or is
otherwise unlawful;

3. falsely or misleadingly imply or suggest endorsement, approval , sponsorship, or association unless explicitly agreed to by Springer Nature in
writing;

4. use bots or other automated methods to access the content or redirect messages

5. override any security feature or exclusionary protocol; or

6. share the content in order to create substitute for Springer Nature products or services or a systematic database of Springer Nature journal
content.

In line with the restriction against commercial use, Springer Nature does not permit the creation of a product or service that creates revenue,
royalties, rent or income from our content or its inclusion as part of a paid for service or for other commercial gain. Springer Nature journal
content cannot be used for inter-library loans and librarians may not upload Springer Nature journal content on a large scale into their, or any
other, institutional repository.

These terms of use are reviewed regularly and may be amended at any time. Springer Nature is not obligated to publish any information or
content on this website and may remove it or features or functionality at our sole discretion, at any time with or without notice. Springer Nature
may revoke this licence to you at any time and remove access to any copies of the Springer Nature journal content which have been saved.

To the fullest extent permitted by law, Springer Nature makes no warranties, representations or guarantees to Users, either express or implied
with respect to the Springer nature journal content and all parties disclaim and waive any implied warranties or warranties imposed by law,
including merchantability or fitness for any particular purpose.

Please note that these rights do not automatically extend to content, data or other material published by Springer Nature that may be licensed
from third parties.

If you would like to use or distribute our Springer Nature journal content to a wider audience or on a regular basis or in any other manner not
expressly permitted by these Terms, please contact Springer Nature at

onlineservice(@springernature.com



mailto:onlineservice@springernature.com

