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Abstract

The biosensor based on field-effect transistors (bio-FETSs) has have attracted great
interest in recent years owing to their unique properties, high sensitivity, good selectivity, and
easy integration into portable electronic devices. In this work, we propose and demonstrate a
method that utilizes FETs for real-time detection of interactions between molecules. In this
method, FET based sensors employ two unique functions, high charge sensitivity and high
photon responsivity. We use the transistors to detect changes in molecular charge and photon
absorption related with the binding of antibody and antigen molecules. We adopt an Enzyme-
Linked Immunosorbent Assay (ELISA) sandwich structure immobilized on the FET surface to
detect neutrophil gelatinase associated lipocalin (NGAL). Using this technique, we detect
NGAL quantitatively with a sensitivity of Olpg/mL and < 1 pg/mL based on charge sensing
and oxidized TMB absorption detectiorj\,k,},ré:iépé’ct'i\/’éiy;:,

Next, we explored the potential 0%‘abplyﬂingjBiésensors based on silicon nanowire field-
effect transistors (bio-NW FETSs) as molecular absorption sensors. Using quercetin and Copper
(Cu?") ion as an example, we demonstrated the use of an opto—FET approach for the detection
of molecular interactions. We found that photons with wavelengths of 450 nm were absorbed
by the molecular complex, with the absorbance level depending on the Cu?* concentration.
Quantitative detection of the molecular absorption of metal complexes was performed for Cu?*
concentrations ranging between 0.1 uM and 100 pM, in which the photon response increased
linearly with the copper concentration under optimized bias parameters. Our opto—FET
approach showed a comparable absorbance with that of a commercial ultraviolet-visible
spectrophotometry. Furthermore, we show that this platform performs great for diagnostic

applications of biosensors.
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Chapter 1 Introduction

The incorporation of nanomaterials into device structures for biosensing applications
has led to the development of new methods for signal transducers. A combination of
nanomaterials such as nanoparticles, nanotubes, and nanowires with biological molecules,
offers potential in developing sensor technology for molecular size scale detection of
biomolecules, since biological molecules and nanomaterials are of comparable size. For
instance, the molecular adsorption can induce cantilever deflection through its weight that
resulting resonance frequency change, change the plasmon resonance in metallic
nanostructures and modulate the electrical conductivity in nanowires. All these principles have
been demonstrated to work as signal transduction mechanism in surface analysis and makes
the sensor work through mechanical, opticeﬁtli,‘o\rfel_,g(‘:trical detection. Due to the fact that silicon
serves as the foundational component Qf},r{i’icrOelléét"rbnics, silicon nanowires are of particular
importance. With its high abundance, rﬁ'c"):deré\i‘tekbahdgap, and ease of fabrication, silicon has
become the most suitable material for buildi,ngwpowerful sensing devices. Silicon nanowires,
which are one dimensional (1D) nanomaterials, have become one of the most promising
sensing materials due to their surface area to volume ratio and high stability. Since introduced
in 2001 by Lieber group as an electrical field based sensor, silicon nanowire field-effect
transistors (Si-NW FET) have been demonstrated greatly for a wide-range of bio and chemical
detections [1,2]. Si-NW FET has been shown excellent capability for the rapid, accurate, label-
free and real-time detection such as virus [3], cancer-related biomarker [4], nucleic acids [5],
cells [6,7] and proteins [8,9] and bacteria [10], makes Si-NW FET as promising practical
biosensors for ultrasensitive clinical diagnostic tools (bio-FET). These detection limits are two
orders of magnitude lower than those that have been reported with quantum dots and carbon

nanotubes. Moreover, owing to their 1-D morphology and increased surface to volume ratio,



bio-FETs provide improved sensitivity as compared to planar FET devices. With its submicron
ultimate feature size and mass-produced at a low cost, making them a good option for
disposable biosensors, thanks to the advantage of the mature semiconductor manufacturing

industry.

Bio-FET comprises three regions: source, drain, and a channel region. The channel
region, which is covered with oxide, is exposed to an analyte solution and functionalized with
probe molecules. The probe molecule is designed to interact specifically to certain target
species in the analyte solution. The molecular charge changes upon the interaction between the
target and probe molecules in the surface of the channel region. That charge-changing induces

the conduction carrier inside the nanowires and changes the source-drain current.

It is common to keep the analyte in a high ionic strength solution to prevent the
molecular structure from losing act|V|ty and bmdmg affmlty [11-14]. Unfortunately, in high
ionic strength solution, the Debye Iength Wthh is mversely proportional to the square root of
ionic strength, is short. It is resulting in a smeared molecular charge being seen by the bio-FET
sensors [15,16]. On the other hand, photon radiation effect towards the bio-FET induced
conduction carriers in the channel region and change the source-drain current, which indicates
that bio-FET can also function as an optical transducer [17]. This capability allows bio-FETs
to be used as optical biosensors capable of detecting molecular binding-induced changes that
occur during absorption, reflection, and emission. This issue regarding Debye screening length

vis-a-vis FET charge sensors can be resolved.

In this dissertation, we explored two functions of bio-FET, namely charge sensing to
detect molecular-charge and optical transduction to detect molecular absorption properties. [18]
In the following of introduction, Chapter 2, we give a brief introduction to the Si-NW FET.

This chapter describes how the Si-NW works as biosensor, how photon induced charge in Si-



NW, Debye length limitation and surface modification and functionalization of bio-FET and
APTES. Chapter 3 covers the experimental method to fabrication the device, the measurement
system and fluidic channel, the electrical and optical characterization method, detection
procedure and materials. Chapter 4 investigates the detection of molecular charge and
molecular absorption in our bio-FET. We followed the enzyme-linked immunosorbent assay
(ELISA) technique as a proof of concept experiment to demonstrate bio-FET charges and
photon capabilities. The neutrophil gelatinase-associated lipocaline (NGAL) [19] was selected
as a target molecule for the illustration of the two functions. We also demonstrated the bio-
FET as photodetector by utilize quercetin and copper (Cu?*) ion as an example. [20] Finally,
the bio-FET showed the good performance for molecular charge and molecular absorption.

Chapter 5 we summarize the dissertation.



Chapter 2 Background, Principles, and Concepts

Recently, there has been a gradual increase of companies based on biosensor
technology around the world. In general, it can be said that biosensors have found an important
place in our society as they aim to improve the quality of life in various regions and prevent
the emergence of chronic diseases and pandemics. There are many tools and methodologies
used as biosensors. In this chapter, the theoretical about biosensors and their components will
be introduced in detail. The principle and concept of Si-NW FET as an analytical device also

will be explained including the working principle and the properties.

2.1. Biosensor

The use of biosensors is ubiquitous these day in many fields, such as point-of-care
monitoring of diseases, monitoring ot treatments environmental, food, forensics, and
biomedical research. According to the IUPACdefmltlon a biosensor is defined as a device that
uses specific biochemical reactions mediételc‘it'byé‘rt isolated enzyme, immunosystems, tissues,
organelles or whole cells to detect chemical compounds usually by electrical, thermal or optical
signals [21]. Detection of corona virus (Covid-19) [3,22,23] and glucose [24] sensor are
examples of sensors that is used day-to-day life. The global pandemic, the desire to improve
the quality of life and rapid industrial developments are driving the demand for research and
development of biosensors. The ideal biosensor is portable, user-friendly, sensitive, selective
in any complex medium, inexpensive, and rapid in order to produce a measurable signal output
[25]. However, such an ideal biosensor is far from reality despite of the massive progress made

over the last decade.
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Figure 2.1. Basic scheme of a biosensor.

Generally, a biosensor comprises of three main parts as shown in Figure 2.1. These
consist of a biological sensing element or receptor, transducer or physicochemical detector,
and signal processing system. A biologica € ements are used to react with the analyte
of the interest such as antibodies, en; acid, tissues, cell receptors, virus,
microorganism and etc. The transducer transform the signal generated through the interaction
of the biological sensing elements and the analyte of interest into another signal that can be
more easily measured and quantified. The transducer is based on a mechanism for example
optical, field-effect, electrochemical, electrochemiluminescence, and etc. The signal
processing system involves in amplifying the signal and converting into a data processor that
produce a measurable signal in the form of display, or color change. Based on the transducer,
biosensors can be classified as electrochemical (field-effect transistor, impedance spectroscopy,

etc.), optical (surface plasmon resonance, surface-enhanced raman scattering, UV-Vis, etc.),

thermal, and mass (quartz crystal microbalance, piezoelectric, etc.).



2.2. Silicon Nanowire Field-Effect Transistor

Nanowires are nanostructures with diameters in the nanometer scale. The top-down [26]
methods like photo-lithography and bottom-up [27] methods like vapor and liquid phase
syntheses are basic methods for nanowires that have been mature in advance semiconductor
manufacturing industry, especially for silicon material. Silicon nanowires (Si-NWs) are famous
nanomaterials because of their excellent mechanical and electrical characteristics. The field
effect action can control the conductivity of the Si-NWs, thanks to the semiconductor nature
of silicon [28]. Due to this reason, there is possible usage of Si-NWs for the next generation of

advanced sensors and field-effect transistor.

In an advanced fabrication process, the semiconductor properties of Si-NW be
effectively controlled. For instance, the doping type and concentration directly affects the
charge carrier of electron or hole densit_y;aﬁ‘dﬂ;t‘h‘er’mal annealing can enhance the carrier
mobility of Si-NW [29]. Moreover, the,éhgnowyi_rg ,,stkﬁciure represents the minimum dimension
for electrical conductivity. Compared t(’):'dé\'/i;ceys_p’répéred from carbon nanotubes and organic
materials like from conducting polymers, Si-NW devices are more suitable with large scale
fabrication and integration process, in addition the devices can be mass produced at low cost
[30]. In terms of the fundamental of biosensor, Si-NWs are easily to produced, high yielded,
and better understood than devices base on polymer nanowires. Moreover, the capability to

chemically modify the surface of Si-NW enables the wide application of biosensors [31].

For the fabrication process of the Si-NW, there are two methods, bottom-up and top-
down method. In the bottom-up method, the nanowire can be grown from reactive precursors,
using nanoparticles or nanostructured template to build the desired nanostructured through self-
assembly. This method typically required the transfer and deposition of the nanowire into a
substrate, followed by the fabrication of the contact pads. In the top-down method, the

nanowire can be built by transfer pattern using photo-lithography or e-beam lithography, then

6



reducing the dimension with reactive ion etching and doping by ion implantation, followed by
deposition and etching of the contact pad. Recently, the top-down method is growing popularly
for the research and development. It mainly because it has advantages of the ease,
reproducibility, and reliability of the device designing and the integration possibilities to

CMOS technology, especially with the fully depleted SOI wafer.

2.2.1. Working Principle of Silicon Nanowire-based Device.

= ==

Figure 2.2. Schematic illustration.of Silicon nanowire field-effect transistor

The Si-NW FET device comprlsesofsourcedram and gate electrode. The function of
the source and drain electrodes is to brldge thesemlconductor channel made of Si-NW, and the
gate electrode is to modulate channel conductivity. The gate is separated from the channel by
a dielectric material, generally SiO or SisNa4. For the device made on silicon on insulator wafer,
it will have front- and back-gate for double gate FET. The voltage applied to the gate electrode
controls the effective cross section area of the conducting channel in the nanowire. The channel
of an FET is doped to produce either an n-type or a p-type semiconductor. The drain and source
is commonly a heavily-doped doping of n-type or p-type to provide a low-resistivity connection
and good contact to metal electrode. With these type of doping, the device can possibly be
forming an accumulation mode and inversion mode transistor. The accumulation mode
transistor has configuration across the device like p*-p-p* or n*-n-n*, and the inversion mode
has configuration like p™-n-p™ or n*-p-n*. as illustrated in Figure 2.3. When the source-drain

voltage applied in the device, in accumulation mode, as the doping across the device is in the



same polarity, the energy barrier between channel region and source/drain is small, and thus
the VDS is sufficient for the current flow without biasing the gate voltage. In other word, the
accumulation mode FETSs are normally-on device and thus the current level is high at VG at 0.
the device is normally on. In contrast, the current flow is typically blocked in an equilibrium
state at VG at 0 in an inversion mode FET due to the junction between the channel and source-
drain. However, gate potential alters conduction- and valence-band bending which modulate
the charge carrier distribution on each band. A sufficient voltage induces the charge carriers
which can flow between source and drain. As a result, the surface potential modulation of the
silicon channel controls the current flows and the switching functionality determined by the

threshold voltage (VTH).

Accumulation Mode FET Inversion Mode FET
S D S D
3
Oxide (BOX) Oxide (BOX)

Substrate Substrate
S D S D

Oxide (BOX) Oxide (BOX)

Substrate Substrate

Figure 2.3. Schematic illustration of Si-NW FET (a) accumulation mode and (b) inversion mode.

For a constant source-drain voltage, the amount of current flowing is proportional to
the amount of inversion charge present in the channel, in which, by charge neutrality of the
entire device, must be equal to the amount of charge on the gate, in the absence of other charge-
accumulating phenomena, such as insulator charges or work function differences. This way,

the FET can be seen as a charge sensor device. The physical treatment of the FET attempts to



relate the amount of voltage applied between the gate and the substrate to the amount of
inversion charge accumulated in the channel. This charge distribution in the channel can then

be related to the amount of current flowing in the channel for a given source-drain bias. [32]
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Figure 2.4. Structural evolution of functional gate field-effect transistors.

The back gate is not used to a primary gate controller. However, using a back gate has
an advantage when one creates a ‘manual’ front gate to obtain complex gate controllability

keeping the typical transistor behavior. Fi 2.4 shows several variations of the back-gate

X

FETSs. The open front channel area can h any material from the metal, organic,

: 55 S

and liquid. For example, the ion sensin fmt‘%@&@f is the liquid gate combination and the
W/\NJ

double or tri-gate FET structure is one of the combined structures. Functional hybrid FETs can

be created for tailored applications by combining functional materials with specific properties

and additional stimuli.

2.2.2. Si-NW Bio-FET.

The first report of Si-NW bio-FET was demonstrated in 2001, for measurement of
hydrogen ion (pH) concentration [33]. The p-type Si-NW device was used as a pH sensor by
silanizing the silicon oxide surface with 3-aminopropyltriethoxylane, which creates amino
groups along with the naturally occurring silanol (Si-OH) groups. The amino and silanol shared
function as receptors for hydrogen ions, which lead protonation/deprotonation reaction, as a
result of that changing the net nanowire surface charge. Then some further research shows that

the Si-NW bio-FET have a lot of potential for variety of applications owing to their advantages
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such as simplicity, high sensitivity, handling small amounts of target molecules, real-time
capability, and rapid detection. In addition, the Si-NW bio-FET has the advantage of
miniaturization and making it possible to be a portable measurement device. This detection
device can be fabricated by either bottom-up or top-down, and each method has its advantages.
In our experiments, top-down method was used to fabricate the sensors using silicon on

insulator (SOI) wafer.

Microfluidic Channel
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Figure 2.5. Schematic illustration of (a). a typical field-effect transistor biosensor and (b). transfer
characteristics of n-type field-effect transistor for more positive charge accumulated in the surface.

Similar to the structure of MOSFET, the Si-NW FET comprises of source (S), drain (D)
and gates electrode. However, the front metal gate of a Si-NW bio-FET is generally replaced
by probe molecule and usually operates in the physiologically-like ionic solution environment.
An additional back gate is introduced to modulate the number of conduction carriers to reach
an appropriate measurement condition. The schematic illustration of a typical Si-NW bio-FET
is shown in Figure 2.5. Upon the interaction of probe and target molecule, the electric field
that field effect transistor experienced may be changed, resulting in a variation in the source-

drain current. Taking n-type Si-NW bio-FET as an example, the measured current will decrease
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if the probe-target interaction accumulates negatively charged biomolecules on the nanowire
surface. Conversely, for p-type Si-NW bio-FET, the measured current will increase, thus the

resistance will decrease.

The general expression for drain current in the saturated region in bio-FET, with

assumption of n-type transistor, is

2
UnCoxW [(Vref_VT) ]

Ips = (2.1)

where p,represents the mobility of electrons in the inversion layer, C,, represents the gate
oxide capacitance per unit area, V... represents the applied gate or reference voltage, and W
represents width and L represents length of the channel, respectively. The threshold voltage

(V) for a bio-FET can be expressed as:

¢” Q5+ Q0x+Q
Vp = ref Yo +Xsol A ‘TB + 2¢p (2-2)

Here, E,.; represents the reference ele’cmtrck)‘dékpqt‘é/ht'i"al relative to vacuum. y,; represents a
constant of the surface dipole potential of the solution. ¥, represents the surface potential,
which results from a chemical reaction, governed by the dissociation of oxide surface groups.
Xsor along with i, gives the interface potential at the gate oxide—electrolyte interface,
Qp represents the depletion charge in the silicon, ¢, represents the Fermi-potential,
¢s; represents the silicon work function, Qp represents the surface state density and
Q, represents the fixed oxide charge. From the expression of threshold voltage, it can be
observed that all terms in its expression are constant, except i, which explains the sensitivity
of ISFET to the pH of electrolyte, which controls the dissociation of the surface oxide groups
[34]. It is clear that the oxide—electrolyte interface, plays important role on designing a bio-

FET with high sensitivity and selectivity.
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Figure 2.6. Illustration of cross-section of bio-FET during molecular interaction.

We illustrated the bio-FET from the cross-section view inside the nanowires as shown
in Figure 2.6, where the probe molecule attached in the top of the nanowire surface. In the case
of n-type nanowire where the nanowire dominated by electrons, initial carrier depletion is
marked as Lo, which is governed by the silicon oxide interface trap density and carrier

concentration. During introduction of the target molecule, it creates interaction between probe

and target molecule with positively or ne 2d. When generating negatively charged

molecules in the nanowire surface, it lea ges of charge carriers in the sensing area
due to electrostatic repulsion, and the d;plet‘i“c?ﬁ region would move from Lo to Lo. As the
effective width decreases, the source-drain current decreases. When having positively charged
molecules, it leads to an increases of charge carriers in the sensing area due to electrostatic
attraction, and the depletion region would move from LO to L1. As the effective width increases,

the source-drain current increases. This illustration can also be extended to the behavior of p-

type Si-NW.
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2.2.3. Photosensitive Si-NW Bio-FET.

Recently, phototransistors have received a lot of attention for imaging and optical
communication applications, which detect and convert light into electrical signals. It is critical
to gain a thorough understanding of how light interacts with matter in order to easily control
the photo-generated current of phototransistor. In theory, the intensity and wavelength of light
can change the photocurrent level in the photosensitive device. Figure 2.7 shows the
photoelectric process for conversion of photons into an electric signal. A photon incident on a
semiconductor is absorbed when it has equal or more energy than the bandgap energy of the
material to break one of the lattice bonds, freeing a valence electron into the conduction band
and leaving behind a hole. The photon energy is given by E = hv, where h is Planck constant

and v is a photon frequency.

Conduction Band

hUl\/\/\f')

Valence Band

Figure 2.7. lllustration of the photoelectric process in a semiconductor material. A photon is absorbed
when it has enough energy to excite an electron from the valence band to the conduction band,
leaving behind a hole.

The investigation of photoconductivity in silicon has a long history due to the
characteristics of silicon being suitable for electro-optical applications. By having an energy
band gap of 1.1 eV, silicon is a good photoconductive material with a range of ultraviolet to

visible wavelengths. Noted that silicon is an indirect band gap material; the photoconductivity
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of Si-NW is associated with phonon-assisted photoexcitation. In 2005, photocurrents of single
Si-NW FET developed by bottom-up synthesis fabrication technique was investigated using
optical scanning measurement. the study shows that the photocurrent of the FET depends on
the gate bias and the light intensity. This open a further development for nanowires as
optoelectronic application. In 2016, the highly doped junctionless Si-NW phototransistor has
been investigated that shows a highly sensitive photoresponse of in infrared region, which is

dependent on the light power.
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Figure 2.8. mechanism of photdé'uffent generation in Si-NW FET

The mechanism of photocurrent of Si-NW FET is illustrated in the Figure 2.8. The
light illumination causes the photoexcitation of electrons which results electron/hole pairs due
to the absorption of photons with energy near or greater than the band gap energy of the silicon.
Therein, any changes in the generated electron/hole pairs density lead to extra carriers that

enhance the electron in the nanowire.

2.3. Debye Length Screening

In an ionic solution that has reached equilibrium, if an external charge is placed in it,
the charge will cause the surrounding ions to move and the direction of the electric field to
change, thus forming an electric double layer. However, substances beyond a certain distance

will not feel the existence of this charge. This phenomenon is called the Debye Screening Effect
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[35,36], and the range of the maximum distance that can be sensed is called the Debye length

(Ap):

Ap = /ekgT/e2N; (2.3)

where € represents permittivity of a free space, kg represents the Boltzmann constant, T

represents the absolute temperature, e represents the electron charge, and N; = 2N,

represents the ionic concentration of the solution, N, represents the Avogadro’s constant and |
represents the ionic strength. In a stable solution, the addition of negatively charged particles
will cause the positive ions in the solution to be attracted by the negative charge, and the
negative ions will move away due to the negative and negative repulsion, until it is easy to
maintain the equilibrium state. And because the direction of the electric field generated by the
ion and the electric double layer is opposite, the positive and negative of the two electric fields
are just offset at the radius of the Debyt;é“ﬂl‘éhgth i'n’ :t,h"ey’ion distance. If the distance exceeds the
Debye length, other ions cannot feel thé-‘;jégaﬁ:vke f,OrCé The existence of charged particles, so

the phenomenon is called Debye shadowing efféct.

2.4. Surface Modification and Functionalization of Silicon Oxide

Silanization is the process of covering a surface with organofunctional alkoxysilane
molecule. This process is important to form a bond between mineral material, such as glass and
oxide material and organic material. The organofunctional alkoxysilane molecules have both
organic and inorganic properties [37-39]. Silanization surface are usually hydrophobic, but
surface properties can be adjusted by varying the side chains of the silane compound. This
process has attracted extensive attentions due to the critical role of molecule assembly in the
sensing electronics involving hybrid structures, especially in the hetero-interface between
organic and semiconductor oxides. The silane coupling agents such as APTES, GOPTES,

TPMS, MPTES, and with head-and tail functional groups are widely used interfacing
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molecules, and assembly of these molecule is essential in surface functionalization

technologies as shown in Figure 2.9.
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Figure 2.9. Molecular structure of (a) APTES‘;,;;: (b}:‘;TPMS,? (c) ‘MPTES, and (d) GOPTES. (a-d from website
of Sigma-Aldrich) (s) Schematic of fabricati"q;fi“:Od Silahg m3';¢_,lecules monolayer

Among of the silane coupling agents, APTES is a popular choice as it allows for further
attachment of molecules through its terminal amines and also exhibit self-assembly. In this
study, APTES was used as a silane coupling agent for the silicon wire on the surface of the
silicon field effect transistor. We use APTES as the first layer modification method to facilitate
the subsequent immobilization of probe molecules. However, in the connection of APTES, it
is impossible to arrange high-density and excellent monolayer molecules. According to the
chemical properties of organosilanes and intermolecular hydrogen bonds, the molecular
configurations and surface structures that may be formed may have the following types, as
shown in the Figure. 2.10. The possible structural arrangement of APTES molecules by linking

the inorganic materials through the silanization reaction [40], moreover, the incorporation of
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residual hydrocarbon impurities into the APTES layer cannot be ruled out. This result found
that on the APTES-modified surface, only a small part of the surface was blocked by NH2

groups, and the rest could be used for further chemical reactions.

OFt
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.
NH, NH, NH, Si
NH,
EtO\ /INHz /
/5' EtO —g;j Si —Si —0— Si — NH,
B0 | /\ / 1\ I I :
0 0 O 00O 0 o] OH

(a) (b) (© (d) (e)

Figure 2.10. Molecular arrangement of APTES connecting inorganic materials through silanization
reaction. There are five different molecular structures in the above figure, of which (a) to (d) are all
covalent structures composed of surface hydroxyl groups and silanes, and (e) is the surface hydrogen
bonding reaction between amine groups and hydroxyl groups

2.5. Enzyme-linked Immunoso‘rb"ent Assay (ELISA) and NGAL
Enzyme-linked immunosorbent assay (ELISA) |s a plate-based assay technique designed
for detecting and quantifying soluble substanée ’I‘i‘k‘é peptides, proteins, antibody, and hormones.
The detection is accomplished by measuring the activity of the enzyme and substrate which
produces a colored solution. ELISA was first published in 1971 by Peter Perlmann and Eva
Engvall of Stockholm University, Sweden, which confirmed the use of alkaline phosphatase
(ALP) as a label and rabbit immunoglobulin G (IgG) as a quantitative assay for antigen [41].
At present, this technique has been commonly used as a gold standard for various clinical

diagnosis [42,43].

ELISA is an immunological technology based on plate assay. It mainly uses the
specificity between antibodies and antigens to detect samples. Quantitative analysis after the
color reaction can quickly achieve the purpose of detection and screening. Often used to

measure antibody or antigen concentrations in blood.
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Figure 2.11. Schematic diagram of antibodies. Antibodies have antigen-binding sites that bind to
antigens in their structure, are highly specific, and can recognize specific substrates.

Both antibodies and antigens use the variable regions in the antibody to identify the
unique characteristics of a specific antigen. As shown in Figure 2.11, all antibodies have the
same basic structure F-antigen-binding (Fab) region and F-crystallizable (fc) region. The Fab
region consists of four polypeptides, two h_,eavy'—f‘Ch\ains and two light chains joined to form two
identical arms regions. The Fc region_;i?s;; IoCé\’ted: m ’*th‘e tail and attached by a flexible hinge
region to the stem of the antibody. The’lééb'région'éré antigen binding sites. It composes of a
hundred amino acid sequence that give the antibody its specificity for binding antigen. In this
site, antigens are bound to antibodies through weak chemical interaction and bonding is
essentially non-covalent bonds such as electrostatic interaction, hydrogen bonds, Van der
Waals forces, and hydrophobic interactions. The Fc region also binds to various cell receptor
and protein. In biosensor, the surface modification process uses the glutaraldehyde crosslinker

to immobilize the antibody in the sensing area.

ELISA detection method can be designed according to sample type and bonding
method. Common ELISA methods [44] include direct ELISA, indirect ELISA, and sandwich
ELISA, as shown in Figure 2.12. In the direct ELISA, enzyme conjugated antibody binds to
antigen on the surface. In the indirect ELISA, similar to direct ELISA, but primary antibody is

not conjugated and secondary conjugated antibody is used to detect the primary antibody. And
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in the sandwich ELISA, the antigen is bounded by two antibodies, primary antibody and
secondary conjugated antibody, specifically in between and making a complex sandwich
structure. The conjugated antibody-enzyme reacts with the substrate to produce a colorimetric,

chemiluminescent, or fluorescent signal. That can be detect by optical sensor.
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Figure 2.13. Schematic diagram of common ELISA method using HRP enzyme and TMB substrate: (a)
direct ELISA method, (b) Indirect method, (c) The sandw:ch method. The TMB oxidase is the final step
of ELISA which produce the colored solutlon ! 3

Among of the produced signal in ELISA colorimetric is the most common type in
ELISA detection. Generally, there are two enzymes that conjugated to antibody, horseradish
peroxide (HRP), alkaline phosephatase (ALP), glucose oxidase (GOD), and B-Gal (B-
galactosidase). That enzyme reacts with a chromogenic substrate like O-phenylenediamine
(OPD), 3,3°,5,5’-tetramethylbenzidine (TMB), 2,2’-azino-bis (3-ethylbenzthiazoline-6-
sulfonic acid) (ABTS) solution, and etc. This method uses absorbance to determine the
quantitative concentration of the antigen-antibody. The HRP and TMB is a popular and
sensitive as a chromogenic enzyme and substrate pair with the relative detection sensitivity

hierarchy as follows: TMB > OPD > ABTS. [45,46]

Neutrophil gelatinase-associated lipocalin (NGAL), also known as lipocalin 2 (LCN2),

belongs to the apolipoprotein superfamily, is a 25 kDa protein identified as the lipocalin
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superfamily. NGAL was first discovered in active neutrophils, but it has now been discovered
that many other cells, including renal tubular cells, can also create it in response to various
stressors. [47] For many years, NGAL has been considered a promising biomarker. It is
available commercially for validation of NGAL detection in Urinary Tract Infection (UTI).
NGAL is known to be upregulated within the uroepithelium and kidney of patients with UTI.
Recurrent UTIs have been known to be associated with sudden kidney failure which may occur
over a period of a few hours to days 18. [48] Early diagnosis and timely treatment of such UTIs
are important in preventing chronic kidney injury which can be led to life-threatening illness.

NGAL is usually detected by ELISA technique.
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Chapter 3 Device Fabrication and Measurement Technique

In this chapter, the experimental methods will be discussed. The top-down device
fabrication of bio-FET will be introduced with details. The surface modification and
functionalization process will be explained step by step, including the detection procedure for
molecular charge and molecular absorption. The details of the materials will be listed clearly

in this chapter.

3.1. Device Fabrication of Si-NW Bio-FET

Device Layer J—

Oxide Layer

Substrate Layer

Figure 3.1. Structure of SOI wafer. The thicknesse’s "Of“‘top Si layer, buried silicon dioxide layer are 100
nm, 375 nm and 725 um.

Fully depleted SOI wafers have recently attracted attention in electronic application. In
the semiconductor industry, the use of SOI wafers provides improved performance such as low
source/drain junction capacitance, low source/drain junction leakage current, and steep
subthreshold slope. Moreover, in terms of device manufacturing, the SOI wafers simplifies the
fabrication process, and enables the unique device structure for future generation of integration
devices. As shown in Figure 3.1, Our device is based on SOI wafer, which offers a multi-layer
structure, consisting of top silicon layer, insulator layer, and substrate layer. The silicon layer

is a thinner single crystal p-type Si <100> located at the top with a thickness of about 100 nm.
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The insulator layer is a silicon dioxide layer with the thickness of about 375 nm. The substrate

layer is a p-type silicon with the thickness of 725 pm.

Si-NW bio-FET were fabricated using top down technology on a 6 in SOI mentioned
above. The top silicon layer was n-type doped with phosphorus for a concentration of 1e11 cm-
2 and energy of 20 keV to create accumulation-mode FET. The accumulation-mode FET
significant advantages such as improve the sensitivity, low biasing power, higher current drive,
and less process variability than inversion-mode FET [49-51]. Dopant activation was followed
using rapid thermal annealing (RTA) in 1000 °C for 20 s to achieved the channel concentration
about 10 cm®. This layer was etched using standard electron beam lithography for the
nanoscale wires. The nanowire was formed on top of the SiO; insulating layers via inductively-
coupled plasma reactive-ion etching (ICP-RIE) to define the active region including the source
and drain. The nanowires were subjected toryf:orrh ;a‘:\layer of SiO2 on the surface for two purposes;
surface chemical modification, and ele(;:fgli¢al Viysdlazti\dhjwith liquid solution in the biomolecule
sensing setup. The thermal oxidation p"'r‘écesé‘iLSVSélécted to decrease the density of surface
dangling bonds on the Si. It was carried out at 900 °C for 20 minutes in a wet oxidation furnace
to produce an oxide layer with a thickness of 15 nm. A deposition of a 150 nm polysilicon
process was followed at the active area to protect the following process. Further source and
drain doping was performed with arsenic for a concentration of 1e14 cm to reduce contact
resistance of the source/drain region, followed by RTA in 1000 °C for 20 s. Interlayer dielectric
(ILD) then was formed to prevent the crosstalk to adjacent metal lines. A lithography process
was followed for source-drain metal contact. A metal stack of 800 nm aluminum (Al) on 150
nm titanium (Ti) was evaporated and followed by lift-off process for source/drain contact pads.
The source/drain line then was passivated by silicon oxide and nitride to avoid direct contact
to the sample solution. And etching process was used to remove the ILD and polysilicon on

top of the Si-NW to expose the sensing area. Finally, the double gate Si-NW FET was created
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and ready for the surface modification and detection. The SEM images of the Si-NW FET with

channel 3 um length, 200 nm wide, and 100 nm thickness, respectively, is shown in Figure 3.2.
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Figure 3.2. The SEM image of the FET device with channel length, width, and thickness of the wire
equal to 3 um, 200 nm, and 100 nm, respectively.

3.2.  Fluidic Channel

Figure 3.3. (a) fluidic channel mold, (b) fluidic channel slabs, (c) sensor assembly.
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Together we also created polydimethylsiloxane (PDMS) slabs for fluid inlet/outlet on
the side and fluidic channels on the bottom. PDMS is an organic polymer silicon compound
with high light transmittance, high elasticity, non-toxicity and good biocompatibility. It is often
used in seals or fluidic systems. For the experiment, we design and fabricate a metal mold
including the lid that can be used to cast the PDMS resin as it shown in Figure 3.3a. The PDMS
resin and the curing agent of 10:1 was added and mixed in a plate. The prepared solution was
poured into the fabrication mold and degassed in the vacuum chamber. After removal of air
bubble, the lid is closed and locked with the screws at four positions to remove the excess
PDMS. After that, place the mold on the heating plate and bake at 80°C for 30 minutes to obtain
the PDMS fluidic channel; After removing the mold from the periphery of the mold, soak it in

ethanol solvent and clean it with an ultrasonic oscillator. Figure 3.3b shows the fluidic channel

made of PDMS. These PDMS slabs were to@evau,gned and attached to the sensor assembly, so

Anpressss
//\/\ NN J
measured 7.34 mm in length, 1.2 mm in Wldtﬁ& and 1.6 mm in thickness, respectively. It can

accommodate the sample solution about 14.1 pL above the chip surface.
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Figure 3.4. The setup of fluidic channel in sensor assembly (a) Bio-FET and (b) Opto-FET. In bio-FET, the
sample solution is exposed to the surface of sensing region. And in opto-FET, the sample solution is
unexposed to the surface of sensing region, FET as a photodetector.
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The fluidic channel in the sensor assembly can be configured by two setups, bio-FET
and Opto-FET. In the bio-FET, the sample solution is exposed to the surface of sensing region
as illustrated in Figure 3.4a. When it exposed, the Si-NW is gated by accumulation charge in
the surface due to both molecular charge and molecular absorption or light illumination. As
shown in Figure 3.4b, for the opto-FET, the sample solution is not exposed to the surface of

sensing region. The Si-NW is gated only by the light illumination.

3.3. Measurement System
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Figure 3.5. Amplifier cifcuit for signal amplification.

To measure the signal measured from the sensing device, we make a custom-made data
acquisition system. It consists of the PCIE-6343 from National Instrument and amplifier
circuit. The PCIE-6343 serves as analog output (AO) to apply DC voltage for source-drain
voltage, front- and back-gate voltage and analog input (Al) to read the source-drain current.

The source-drain of FET current was amplified by operational amplifiers OPA128 circuit with

25



the specific of gain. The output of the amplifier then connected to Al of the PCIE-6343. Figure

3.5 displays the configuration of signal amplifier circuit for FET measurement.

Light Source &
Monochromator

Fiber optics

fuldic channel

Figure 3.6. The deployment and photographs of the measurement system.

As illustrated in Figure 3.6, the e égﬁﬁ“@wmeasurements of the bio-FET device were
recorded by using a home-made amp% 3 with gé 6343 data acquisition (DAQ) system
connected to a PC with software wrltten% \ Qf@fEW (National Instruments, USA). A bio-
FET chip with an optical fiber adapter and fluidic channels are housed in the sensor assembly,
linked to the custom-made data acquisition system by an HDMI cable. The fluidic channel,
positioned at the two sides of the sensor assembly, was connected with the adapter for inlet and
outlet solution. The inlet adapter was connected with a six-valve for sample selection and an
HLPC pump (Pharmacia LKB P-500) for buffer injection. An Ag/AgCl reference electrode
was inserted into outlet of fluidic channel to maintain a fixed electrolyte potential of the liquid
gate. The reference electrode is set up only for the fluidic channel bio-FET configuration as
shown in Figure 3.4a. The light source consists of a monochromator (CM110, Spectral
Products) and a Xenon fiber optic light source (ASB-XE-175EX, Spectral Products) with the

controlled wavelength and light intensity. The light sources were connected into the system

through an optical fiber adapter and placed at the top of sensor assembly on the black dark box
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at a distance of 10 mm, in order to illuminate the sensing area. In this acquisition system allows
the user to control the source-drain voltage (VDS), liquid- (VLG) or/and back-gate voltage
(VBG), light intensity, wavelength, and time parameter at room temperature. A commercial

silicon photodiode PH-100Si (Gentech EO, Inc, USA), was used to calibrate the light intensity.

3.4. Procedure of Surface Modification and Functionalization of Silicon

Oxide
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Figure 3.7. Molecule structural illustration of the probe molecules surface modification.

The cleaning process was conducted before carrying out the experiment, to ensure the
cleanliness of the chip from the photoresist or a small particle in the surface. The chip was
soaked in the acetone followed by ultrasonic cleaning at room temperature for 10 minutes, then
rinsed it with acetone and isopropanol in sequence. We use distilled (DI) water and dry with
nitrogen (N2), bake on a hot plate at 110 °C for an hour to ensure the chip is completely dried,

and ready for the surface modification process.
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The primary antibody is immobilized on the surface of FET using the following
procedure: First, the chip was immersed in 2% cholic acid in ethanol for 12 hours to generate
-OH on the SiO2, and purged the moisture using nitrogen. Then, the chip was soaked with
APTES solution (2% in acetone) to form a single layer of APTES with amino functional group
(-NH>) on the surface, at room temperature (RT) for an hour. Then, the chip was immersed in
DI water and purged with nitrogen to remove unattached molecules which then was followed
by dry-baking at 110 °C for an hour. At this step, the silanization process with APTES has been

completed.

Third, a bi-functional cross-linking agent, glutaraldehyde, was then used in this
experiment to link the amine group of APTES and the probe molecule NGAL antibody.
Glutaraldehyde have an aldehyde that can form an imine linkage with the primary amines on
the protein. The chip was soaked in the 12 5% |n 0 01 x PBS glutaraldehyde for an hour to
form an imine bond (C=N) with APTES Fourth after the modification of glutaraldehyde, the
NGAL antibody was immobilized onto the surface of the silicon wire which have the aldehyde
group (-COH) at the end. The NGAL antlbody was prepared with 1X PBS as a solvent to react
with the aldehyde groups on the surface of the silicon wire for an hour. After the reaction was
completed, 1X PBS was used to remove the excess probe molecules on the surface, and then
the measurement can be performed. After the probe molecules are immobilized on the surface
of the silicon wire, due to the large volume of the antibody itself, there may be excess aldehyde
groups on the surface of the silicon wire that have not yet reacted. The sensitivity and selectivity
of the FET, therefore, must be performed to block and reduce nonspecific protein adsorption.
Fifth, Ethanolamine (EA) was used for blocking of the uncouple glutaraldehyde to NGAL
antibody to prevent unwanted binding in further detection or experiment. The 4 mM

ethanolamine was prepared with 1X PBS as a solvent.

28



3.5.  Procedure od Molecular Charge Detection

After completing the APTES surface modification and attachment of NGAL antibody
as probe molecule, the further step was the detection of NGAL antigen. The buffer solution
(PBS) and bovine serum albumin (BSA) were added before the detection to confirm signal and
sample selectivity. In this experiment, 0.01X PBS was used as background measurement and
every sample solution was prepared in 1X PBS to prevent the molecular structure of sample
from losing activity and binding affinity. Each sample measurement was followed by washing
procedure to remove unbound sample, therefore the measured signal only the bounded NGAL
antibody and antigen. We prepared various NGAL antigen from 0.1 pg/mL to 50 pg/mL. The
real-time measurement was started after the steady current, then followed by injection of 1X

PBS, 50 pg/mL BSA, and from low to high concentration of NGAL solution.

3.6. Procedure of Molecular Absarption, Detection
@ @ @ @ TMBE Oxidase \_/TMB

Streptavidin-HRP —
Conjugates

Biotinylated —_—
Secondary Antibody

<— Antigen

Primary
Antibody

Wiedified Surface Moified Surfate ouified Surface Mosified Surface

Figure 3.7. The illustration of an ELISA sandwich structure steps in Si-NW surface. Primary antibody

(blue), NGAL (yellow) represents antigen, biotinylated secondary antibody (brown), conjugated HRP-
streptavidin (red), and TMB (blue).

After the immobilization of the primary antibody of NGAL in the FET surface, the
device is ready for the measurement. A buffer solution of 0.01X PBS was injected in to the

system as background signal. As shown in Figure 3.7, After the NGAL antigen was bounded
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into the NGAL antibody, to follow the ELISA sandwich structure in FET surface, 10 ng/mL
biotinylated secondary antibody was then attached to a NGAL antibody, followed by a diluted
100 pL conjugated HRP-streptavidin in 1X PBS with ratio of 1:40. In this process, the ELISA
structure was immobilized over the Si-NW surface. The light illumination at the wavelength
of interest was turned on and off alternatively. Following the introduction of 100 uLL TMB into

the FET, the current versus time curves were observed for 25 minutes.
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3.7. Materials

Table 3.1. List of materials for experiments

Materials Chemical CAS Purity | Brand
Formula number
Shimaku
Ethanol CH3OH 64-17-5 99.5% | Pharmaceutical
Co., Ltd.
Isopropyl Alcohol (CH3),CHOH 67-93-0 70% Tedia
Acetone CH3;COCH;3 67-64-1 - Acros Organic
Cholic Acid C24H4005 81-25-4 97% Acros Organic
3-Aminopropyl-triethoxysilane - CoHaNOsSi | 919-30-2 | 99% | Sigma-Aldrich
APTES
Glutaraldehyde * GA CsHsO; 111-30-8 25% Sigma-Aldrich
Fish
Phosphate Buffered Saline + PBS - - 10x I.S er
Bioreagents
Ethanolamine - EA 7Cz‘H7NO, I\ ~| 141-43-5 | 99% Acros Organic
NGAL ELISA Kit - - - R&D Systems
TMB - - - Clinical
Polydimethylsiloxane (PDMS) (C2H60Si)n 23148-62- - Boss Yuan
Ninhydrin CoHeO4 485-47-2 0.1% TCL
Nitrogen N2 - -
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Chapter 4 Results and Discussion

4.1. Absorption Spectra of HRP Redox Reaction with TMB

The detection signal in the ELISA methods, represents the molecular absorption due to
the reaction of enzymatic activity. HRP and TMB is one of the most popular enzyme and
substrate reactions. HRP conjugates with streptavidin that can specifically recognize the targets
labeled with biotin and antibody. Thus the quantities of the targets are proportional to the
quantity of the HRP. The HRP redox reaction driven TMB color development. TMB yields a
blue color reaction product, the absorbance spectra of which are obtained from a standard
spectrometer (JASCO V670). Figure 4.1 displays the absorbance peak of the TMB reaction
before and after the oxidation process. The absorbance peaks of blue products are about 372,
650, and 910 nm. At these wavelengths, the qpsorption increased during the TMB oxidation

process. This suggests the detection at t\hc")'—s"’éfb;eaké, z
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Figure 4.1. The UV-Vis absorption spectra of TMB oxidation products. Experiments were carried out
using 100 uL TMB and 20 ulL HRP in the phosphate buffered saline solution at pH at 7.4 and
temperature at 25 °C. The spectrophotometer was swept from 200 to 1000 nm and there were 20 times
measurement with interval of 2 minutes. (inset) Absorption evolution of TMB oxidation product at
wavelength of 372 (orange), 650 (blue), and 910 (grey) nm.
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4.2. Device Characteristics of Si-NW Bio-FET
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Figure 4.2. Basic characterization of FET: (a) Output characteristics of the silicon FET sensor and (b) pH
sensitivity response of the FET device ranging from pH 4 to pH 9. The bias condition VDS 0.5 V, VLG -1
Vto 1.5V, and VBG was kept constant at 0 V.

The performance of the device was first evaluated by measuring the output

characteristics, IDVD. As displayed |nF ‘~Ure-4§2é,g/under varying VBG, the drain current

increased upon increasing VBG. Even, evrcedra\_/v the drain current about 7 nA at VBG 0
V, it indicates that the device is in accumﬂ‘lat'i’on méaes as it designed. The performance of the
fabricated devices was then evaluated by using pH solution to assess the quality of the surface
of sensing area. We were measured output characteristics, IDVLG, and injected the different
pH ranging from 4 — 9. Figure 4.2b displays the result of the pH sensor. The V+ is defined as
the liquid gate voltage at drain current of 1 nA. The results showed that the response of the
device with SiO; gate oxide to pH was indeed highly linear with a linear fit r-square value of
0.98823. The slope of the fitting line represents the sensitivity to pH with the value of 45
mV/pH. The sensitivity of pH in this device is lower than the Nernst limit (59 mV/pH). This

difference might be due to the high electrolyte screening, the oxide quality, finite

semiconductor capacitance, and protonation affinity of the sensor surface.

33

1.5



4.3. Photosensitive Si-NW Bio-FET
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Figure 4.3. The photoresponse of the bio-FET in air. In (a), illumination current (red) and dark current
(black) of wavelengths from 300 to 1100 nm. (b) The photocurrent, is expressed as the absolute value
of subtraction the illumination current from dark current. The spectrum is taken with drain voltage
(VDS) set at 0.5 V and back-gate voltage (VBG) set at 0 V.

We examined the photoresponse of-’ ‘LETs\‘under a light source with a wavelength range

from 300 nm to 1100 nm and compared |t to dark c rrent in order to evaluate the performance

of FET under the light illumination. As dlsplayed in Flgure 4.3a. the drain current decreases
upon illumination at all point of wavelength. The increasing or decreasing drain current is
determined by factors such as possibly channel design, doping type and concentration, and
photon wavelength [52]. We expressed photocurrent (IpH) as the absolute value of change in
the drain current from dark and illumination, since the magnitude of the photocurrent matters
more when utilized as a photodetector than its polarity. i.e., lpy =| lLiight-ldark|. The photocurrent
spectrum recommends that our FET has a suitable photoresponse in a wide-ranging wavelength

between 400 nm and 1000 nm as indicated in Figure 4.3b.
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Figure 4.4. Photo-absorption spectrum ofét%eb}(id(ged TMB measured using a measurement setups
shown in figure 3.5a (a) The photoresponse of Fl 1XPBS (green), and with HRP-surface modification
(red), and after adding in TMB to react withﬂfhe'\‘jsqrjace“HRP (blue). (b) The result of a subtraction of
“HRP” from “HRP+TMB” curve in (a). (c) A comparison between the oxidized TMB photo absorption
spectrums measured using a FET (red) and a commercial spectrophotometer (black).

The Photocurrent measurements were conducted in which the bio-FET was subjected
to surface modification to enable the interaction between HRP and TMB to produce oxidized
TMB. The photocurrent spectrum is shown for the bio-FET under various conditions such as
1X PBS, HRP, and HRP with TMB in Figure 4.4a. The photocurrent spectrum measured in
1X PBS and HRP were shown to be similar. This indicates that there were no changes in the
absorption at the wide wavelength range between 300 nm and 1100 nm. Following the addition
of TMB, the initially translucent PBS solution gradually turned dark blue due to the presence
of oxidized TMB; the photocurrent curve “HRP + TMB” was recorded after the oxidized TMB

saturate. Bio-FET photocurrent decreases due to the photo-absorption by oxidized TMB.

35



Figure 4.4b shows the subtraction of spectra “HRP + TMB” and HRP where the oxidized TMB
shows a clear absorption at the wavelengths of 650 nm and 905 nm with the peaks of 41 pA
and 39 pA, respectively. Using a commercial spectrophotometer (OD), we evaluated the
absorption spectrum of oxidized TMB. As displayed in Figure 4.4c, three peaks in the OD
spectra was discernible at wavelengths of 370 nm, 650 nm, and 905 nm. By comparing that
OD and bio-FET response, an extinct peak at wavelength of 370 nm is associated with the

inability or insensitivity of the bio-FET to respond the light under wavelength of 400 nm.
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Figure 4.5. In (a) Ips-Vss response of the FET under various levels of light illumination: dark (black), 4.6
(green), 7.6 (brown), 14.8 (blue), 20.8 (red) and 109 (orange) uW/cm? with bias condition VDS 0.5 V,
VBG -5 Vto 5V, and VLG was kept constant at OV. The current at all back-gate voltage decreases with
increasing light intensity. In (b) red dots are measured photocurrent, and the black curve is the power-
law fitting. The inset shows on/off photocurrent under 1 uW/cm? light intensity. Photocurrent
increases sub linearly and follows power-law dependence for light intensity below 11 uW/cm?

The photocurrent characteristics measured with bias condition VDS at 0.5V, VBG from
-5V to 5V, VLG was kept constant at 0 V and fixed wavelength 650 nm for varying light
intensity is shown in Figure 4.5a. The current at all back-gate voltage decreases with
increasing light intensity. The absolute photocurrent is then plotted under different light
intensity at VDS 0.5 V and VBG 0 V as displayed in Figure 4.5b. Enhancement in light

intensity leads to an increase in device photocurrent. However, the photocurrent increases sub
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linearly with excitation power. The experimental data was fitted using a power-law dependent

where light intensity A is in uW/cm?,

Ion(HA) = 6.34 A%794 4.1)
4.4. Si-NW Bio-FET Surface Modification
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Figure 4.6. Ips-Vss curve bare chip (blue) and aftér APTES modification (red) in air. the blue arrow
indicate that the curve shift left after surface modification.

N-type Si-NW bio-FET is used for the detection device in this experiment. Each
molecule has electrical charge, positive, negative, or equal. The molecules charge accumulated
on the surface of the nanowire will affect the conductivity of the device. The cleaned bare chip
was carried out by surface modification through hydroxylation and silanization process with
APTES. To confirm the surface modification process electrically, we measure Ips-Vegg, in bare
chip and after silanization process. As shown in Figure 4.6, the Vgg shift left and current
increases after the surface modification with APTES in air measurement. Due to the high
electron distribution on the surface layer on APTES, the surface layer of the nanowire feels a

relatively positive electric charge, so the Ips-Vee curve shifted to the left and current increase
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because the positive charge attracts more electron inside the nanowire channel. It confirms that

the APTES surface modification successfully applied in the sensing area of Si-NW.

Figure 4.7. Test the Ninhydrin solution using silicon chip. (a) blank silicon chip and (b) APTES modified
silicon chip. A ninhydrin solution is dropped into both chip blank and APTES modified silicon chip and
the heated on 100 °C. The APTES modified chip showing blue-purple color, which indicated that
ninhydrin would undergo chelation reaction with primary amine.

The APTES surface modification was also confirmed chemically. Ninhydrin was used

S. First, a 1x1 cm chip with silicon oxide

dification steps of Si-NW bio-FET. The
eating plate. An unmodified same size
silicon oxide chip was placed side by side with the modified chip. A ninhydrin was added on
the surface of both unmodified and modified chip in the same time, and then heated and reacted
for about a minute. We can see that the liquid on the silicon oxide wafer in Figure 4.7a is
colorless and Figure 4.7b is blue-purple color. This confirm that the APTES surface

modification was successfully applied in the chip.

After the APTES surface modification accomplished, the subsequent modification steps
are all carried out in the fluidic channel. Then, the modification of glutaraldehyde was carried
out, and after the modification was completed, the electrical signal was analyzed. Through the
displacement performance of the Ips-Vsc curve, it was judged whether the modification of each
layer of molecules was successful or not, and all the modification results were drawn as Figure

4.8.
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Figure 4.8. (a) Ips-Vss of modified molecules in buffer solution. After APTES modification (red), after

glutaraldehyde (green), after ethanolamine blocking (cyan) and after Antibody (orange). (b) the Vgc
shift of each surface functionalization.

After washing the glutaraldehyde-modified silicon field effect transistor with phosphate

V\ |
A iy

buffered solution (PBS) for several times
showed that VBG shifted to the right. /ﬁéfa
of glutaraldehyde, the surface of the silic[/on wire senses the electric field of negative charge;
therefore, the Ips-Vee curve of the n-type FET electrical measurement is shifted to the right.
The Vgg signal was observed shift about +0.38 V. Then, after the modification of the NGAL
antibody, it can be clearly observed that the Ips-Vee curve shifts to the right. Proteins with
large structures have low electron distribution, which makes the surface of the silicon wire
sense a negatively charged electric field; therefore, the Ips-Vee curve in the electrical
measurement of n-type FET will shift to the right. The Vgc signal was observed shift about
+0.89 V. Finally, after further modification with ethanolamine, a leftward shift of the Ips-Vzsc
curve can be clearly observed. This is because after the bonding reaction is completed, the

aldehyde group at the end of glutaraldehyde is changed to the hydroxyl group (-OH) of the

electron-withdrawing group, so that the surface layer of the silicon wire senses the electric field
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of positive charge. Therefore, the Ips-Vsc curve of the n-type FET electrical measurement will
be shifted to the left. The Vge signal was observed shift about -0.23 V. Figure 4.8b summarize

the surface functionalization of each molecule in the surface.

4.5. Detection of Molecular Charge

Bio-FET was used as a charge sensor to detect changes in molecular charge caused by
binding between NGAL and primary antibody. The primary antibody, which was used as a
receptor, contributes to the quantification of NGAL. For that, the primary antibody was
immobilized onto the FET sensing surface as described in the experimental section. The
performance of the bio-FET as a charge sensor was demonstrated using different
concentrations ranging from 0.1 to 50 pg/mL. The real-time measurement of various NGAL
concentration is conducted under dark condition, means no light interference, as shown in

Figure 4.9. The normalized change current is defined as:
Draitt Carrent (%) = - (4.2)
Where Al represents the change of the drain curr‘e‘nt and I, represents the initial values of the

drain current. The drain current (%) is increased proportionally as the NGAL concentration

increased in the above range.
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Figure 4.9. The real-time of bio-FET response to different concentrations of NGAL ranging from 0.1 to
50 pg/mL.
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Figure 4.10. The measurement of drain current of bio-FET for several NGAL concentrations (a) ranging
from 0.1 to 50 pg/mL with a high concentration of BSA as a control experiment for selectivity test and
(b) drain current (%) as the function of log NGAL concentration.

Next, a low-concentration NGAL solution (0.1 pg/mL) was introduced. Since it is
known that the antigen will react with the antibody on the surface of the silicon wire, there
should be a current change due to the binding. The test results show that the current value
increased. There is an obvious upward trend. It can be seen that when the n-type silicon field
effect transistor is detected, it shows that the protein is positively charged in the environment

of pH 7.4, and the electric dipole moment of the surface molecule tends to be positive after
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binding. In addition, after the qualitative results are known, the analysis of NGAL at different
concentrations is carried out using the same detection method for NGAL concentration of 0.5,
1,2,4,6, 10, 20 and 50 pg/mL, the results are shown in Figure 4.10a. Since those traces have
the same current height because there were no NGAL bindings and there were sets as reference
currents to 100%. With increased NGAL concentration, the current in percentage increases. In
Figure 4.11, we show the IVgg characteristics taken in the beginning and the end of the I-time

measurement.
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Figure 4.11. The bio-FET current as a function of the back gate voltage taken before (black) and after
(red) the measurement shown in Figure 4.9.

These findings indicated that this bio-FET is a promising device for detecting specific
targets molecule. Furthermore, we achieved a sensitivity of 0.1 pg/mL, which is well beyond
the clinically useful level of NGAL in human serum of 40-160 ng/mL [53]. In other words, this
bio-FET sensor may be potentially applicable for other very lower range biomarkers in certain
diseases, such as interleukin-6 (IL-6) for respiratory failure and fetuin A (HFA) for
atherosclerosis inflammatory disease [54,55]. We provide an overview of the many

immunosensor methods that have been reported for the detection of NGAL, and our finding
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demonstrate that the proposed bio-FET as a charge sensor possesses great bioanalytical

performance among all methods, with the highest sensitivity of 0.1 pg/mL (Table 4.1).

Table 4.1. Comparison of our work with other method on NGAL detection

Sensor Method Range of Detection Ref
Gold nanoparticles cv 50-250 ng/mL [56]
Graphene Nano Platelets ELISA 0.5-5120 pg/mL [57]
Carbon nanotube ELISA 0.5-5120 pg/mL [58]
Graphene/Polyaniline cv 50-250 ng/mL [59]
Silicon FET 0.1-50 pg/mL Our work

4.6. Detection of Molecular Absorption
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Figure 4.12. Real-time measurement of increasing oxidized TMB concentration in response to various
NGAL concentrations. Transmittance traces correspond to NGAL concentrations without NGAL as
control (black), 1 pg/mL (purple), 10 pg/mL (green), 25 pg/mL (red), and 50 pg/mL (blue). The
experimental data are presented as colored dots, and the fittings are shown as thick solid curves with
the corresponding colors. From saturation transmittance and reaction time extracted from exponential
fitting T(min) = (100 - 8) exp((-t)/a) + 8, one can figure out the level-off value (6) and the characteristic
reaction time (a). These are presented in (b) and (c), respectively.

As described in the chapter 3, detection procedure of molecular absorption, The NGAL
antigen was then conjugated to a biotinylated secondary antibody, which was then followed by
a conjugated HRP-streptavidin. The ability to measure in real-time is a powerful feature of our

bio-FET chip. The bio-FET was ready for photo-absorption measurement in this configuration.
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Following the addition of the TMB molecule, an oxidized TMB product is produced during the

reaction with the HRP enzyme.

The 650 nm light source was set to a low intensity of 1 pW/cm? to avoid any unwanted
influence on the interaction between TMB and conjugated HRP-streptavidin. In less than 25
minutes, photocurrent measurements were conducted in the system over several on/off cycles.
The presence of oxidized TMB gradually turned the originally transparent PBS solution dark
blue. Figure 4.12a depicts the resulting photon absorption curve, which shows the decrease in
solution transparency caused by the emergence of oxidized TMB. This signifies the existence
of immobilized NGAL on the bio-FET surface. NGAL concentrations of 1 pg/mL, 10 pg/mL,
25 pg/mL, and 50 pg/mL were examined for quantitative evaluation. Following that, equation
4.1 was used to convert the photocurrent into the corresponding intensity. The corresponding
transmittance curves for different NGAL cqncéht‘riatkions are shown in Figure 4.12a. Before the
introduction of TMB at 2 min, transmit?féﬁée;iS at é\kr;h’éximum due to the high transparency of
the PBS solution. The transmittance responsecaused by optical absorption reduces after the
addition of TMB. An exponentially decaying‘ﬁnjr\]ction can be used to describe this tendency.
We give a transmittance response in order to compare each concentration. In this instance, the
intensity reading taken right before the addition of TMB (when the PBS solution is transparent)
was set to unity. It was discovered that the intensity ratio decreased more rapidly the higher the

NGAL concentration. This relationship, however, leveled off at 25 min. Time dependence of

the intensity ratio y(t) can be described by the following formula:

¥(®) = (100 — B)ew + B 4.3)

where {3 is the leveling off value at t at 25 min. TMB reaction time a is defined as the time that

intensity drops to 37% of the full range (100 - B). Leveling-off transmittance p decreases

linearly with NGAL concentration as displayed in Figure 4.12b and characteristic time o is
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independent of NGAL concentration at about 3.8 min as displayed in Figure 4.12c, suggesting
that the rate of converting TMB into oxidized TMB is a characteristic behavior of this process.
Saturation value B has a nearly linear relationship with concentration, making it possible for
quantitative determination of NGAL concentration. Figure 4.13 shows the color evolution
oxidized TMB for 50 pg/mL NGAL. It shows gradually change of the color from transparent

to dark blue, indicating the increasing concentration of oxidized TMB.
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Figure 4.13. The color evolution of oxidized TMB for 50 pg/mL NGAL at different time in minutes.

4.7. Detection of Quercetin - C;U‘:Z‘"L complexes using bio-FET as

photodetector

Many trace metal ions, such as C’dz},‘l\,lyi‘?f,‘ Zﬁz*:, Fe?*, and Cu?*, are necessary for human
body and play an important role in human health [60]. The complex stability of the quercetin
and copper ions is said to be the highest among these ions [61], and metal chelation in the
quercetin-copper ions has been the subject of extensive research in recent years[62-66]. These
studies were carried out utilizing optical spectroscopy such as ultraviolet visible (UV-Vis)
spectrophotometry [67,68], infrared spectroscopy [69,70], and electrospray ionization mass
spectroscopy [61]. The idea of optical spectroscopy is that the quercetin-copper complex
absorption varies in the different wavelengths, depending on its complex electronic structures.
Therefore, the spectroscopic method is an effective instrument for viewing the molecular
complex and structures as well as chemical bonding in the excited state of quercetin-copper
ion complexes. As reported in the literature, using UV-vis spectrophotometry, quercetin shows

band I absorption (~300 - 380 nm), and band Il absorption (240 - 280 nm). Upon the reaction
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with copper ion with ratio formation of 1:1, it is observed the shifting peak from 370 nm to
about 450 nm upon increased copper ion concentration. [70,71] Here, we propose to use Si-
NW field effect transistor (bio-NW FET) device to study molecular absorption change and

detect the different concentration of copper in the quercetin-metal complexes.

According to reports, the bio-NW FET technology provides an effective platform for
detecting interactions between biomolecules [72,73], but less is known about its ability to be
combined with the optoelectronic function of FET to create dual-function sensing devices. [74].
These devices have the distinct advantages of semiconductor device technology for mass
production, miniaturization, low power consumption, and ease of integration [73]. In our
previous study [18], using ELISA technology, we combined the charge sensing and optical
transduction functions of bio-NW FETs for the detection of antibody-antigen interactions. In
this work, we utilized quercetin and copper:,ioh' ag\ t_h,e molecules for our study. Silicon has an
absorption range from ultraviolet to V|S|blewavelengths due to its high bandgap energy of 1.1
eV. In order to find the optimal and Iinéi‘a:r‘ikty:’f‘of:sbypber detection based on ion and quercetin
interaction, we evaluated the effect of internal bérémeters (back-gate voltage and drain voltage)
and external factors (wavelength and intensity) to the charge carrier. We provide a
measurement of the interaction between quercetin and copper based on these variables.
Additionally, the UV-vis spectrophotometric data were compared to the absorption values

measured in bio-FET in various PBS solutions of 0.01X, 0.1X, and 1X.

The concentration of quercetin stock solution was 1 mM, prepared in methanol solution,
and diluted to 100 uM with PBS solution. A 100 uM quercetin solution was added to 0.1, 0.5,
1, 10, 20, 40, 80, and 100 uM copper chloride (CuCly), respectively, and reacted in 1X PBS
solution for a period of time. The spectra were obtained on a commercial optical density (OD)
spectrometer (JASCO V670). In our opto-FET, the measurements were conducted in the
system over several on/off cycle for each concentration of CuCl..
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Figure 4.14. (a) UV-Vis absorption spectra of quercetin and various concentrations of Cu®* in 1X PBS
showing two peaks at 380 nm and 450 nm, and (b) the absorbance as a function of Cu?* con-centration
at 450 nm.

We examined the quercetin and Cu?* ion complexes in a 1X PBS solution using a
commercial spectrometer (JASCO V670)7,wi;;th;;é{ Vs{ayglength range from 300 nm to 600 nm. As
shown in Figure 4.14a, the results displ&é edtheabsorptlon peak for quercetin appeared at 385
nm and no apparent absorption peak for 100;:1\/1@fCu2+ only. Upon combining quercetin with
varying concentrations of Cu?* solution was‘(‘:‘c’)\rr\lbined, two wavelengths were observed, 385
nm and 450 nm. With increasing Cu?* concentration from 1 pM to 100 pM, the absorbance
peak 385 nm wavelength was decreased and even vanished. However, the absorbance at 450
nm wavelength was increased and start to formed a peak at a quercetin with Cu?* concentration
of 100 uM. Figure 4.14b demonstrates that the absorbance at a wavelength of 450 nm linearly
increased with the Cu?* concentration and the solution color of the quercetin—-Cu?* complex in

1X PBS buffer changed from transparent (colorless) to yellowish, as shown in Figure 4.15.

47



Figure 4.15. The visual change of quercetin and Cu? complexes. The pure quercetin (left) followed by
mixing of quercetin and different Cu?**concentrations ranging from 1 to 100 uM.

Because the quercetin—Cu?* complex exhibits linear and strong absorption at
wavelengths ranging from 430 to 450 nm, a wavelength of 450 nm was chosen for this study.
For applications in biosensing to detect this metal complexes, we utilized the opto-FET device
as a photodetector. We setup the measurement using sensor assembly with fluidic channel for
opto-FET configuration as illustrated in Figure 3.5b, where the sample solution is not exposed

to the sensing area. The Si-NW only exposed to the light to measure the molecular absorption.

A suitable bias condition must be deterrr 1 :e in the detection has good sensitivity and

inear dependence would allow for the

and VBG at a wavelength of 450 nm under different light intensities, and the results are shown
in Figure 4.16a. The graph shows that increasing the VDS value increased the photocurrent of
the device. However, for different VDS values, the maximum photocurrent appeared at
different VBG values in the range of 2—4 V. We limited the light intensity to 1000 nWcm 2, as
intense light could harm the molecules. Figure 4.16b shows the intensity dependence of the
photocurrent for the five VDS values used in Figure 4.16a; in addition, the VBG values
corresponded to the maximum photocurrent at 1000 nWem 2 for each VDS trace. The plot

shows that the optimal bias condition for this opto—FET was VDS at 0.5 V and VBG at 2.8 V.

48



—— V=02 V; V=23 V
600 4" Vos=05V; Vge=2.8 V
Vpe=1V; Vae=3.2V

A
o
o

Vps=2 V; Vao=3.5V
—— V=3 V; Vge=3.7V

[~
(=]

N W A
[~E~]
[~}

0 1000 2000 3000 4000 1000 2000 3000 4000 O 1000 2000 3000 4000
Intensity (nW) Intensity (nW) Intensity (nW) - L sso

-
(=3
o

- 413

Photocurrent, |, (nA) i

o
o+

200 400 600 800 1000
Intensity (nW cm-2)

0 1000 2000 3000 4000 O 1000 2000 3000 4000
Intensity (nW) Intensity (nW)

Figure 4.16. (a) The photocurrent at a wavelength of 450 nm plotted as functions of VBG and light
intensities, for VDS at 0.2V, 0.5V, 1V, 2 V, and 3 V. The color scale bar is shown on the right. (b) The
photocurrent as a function of light intensity. It shows a linear dependence at VDS = 0.5 V and VBG =
2.8 V.

To demonstrate the use of the opto-FET device for detecting the quercetin-Cu?*

complex, we set the light intensity to 500 nWcm?2. Prior to being injected into the opto-FET

NAA
NV J\/\/\/‘\/L:

gl

fluidic channel, the solutions were first e
5

performed over several on/off cycles ¢«

results of testing different Cu?* concentratlioﬁs;ﬂranﬁi‘hg from 0.1 uM to 100 uM at various PBS
concentrations for quantitative evaluation. Quercetin was used as the control experiment, as it
could absorb 450 nm photons. As predicted, the photoabsorption current increased with

increasing of Cu?* concentration.

The relationship between the absorbance A and the concentration of an absorbing

molecules can be described by the Beer—Lambert law [22]:
A=—log(1i)=e-l-c (4.4)
0

where I, and I represent the initial light intensity and the light intensity after passing through
the solution, respectively, e represents the molar absorptivity with the unit of L mol™t-cm™, 1

represents the photon path length with the unit of cm, and ¢ represents the concentration of an
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absorbing molecule in the units of mol-cm™. According to the equation, the number of
molecules in the radiation path increases with the length of the path, increasing the absorbance.
The absorbance is directly proportional to the analyte concentration for a given path length.
This relationship allowed for the quantification of the concentration of absorbing molecules.

Using equation (4.4), we can calculate the absorbance of the sample molecule.
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Figure 4.17. Absorption measurement of querc tin=C. ':\‘fbn mixture for various Cu®* concentrations

ranging from 0.1 uM to 100 uM in three different. éntrations of PBS solution. A 100 uM quercetin

was used as a control sample.

As shown in Figure 4.16 shows that at a light intensity of 500 nWcm?, the transmittance
photocurrent (I,) was approximately 100 nA. The photoabsorption current (I, — I) was obtained
after passing through the solution. Together, we obtained the absorbance of the quercetin—Cu?*
complexes, as shown in Figure 4.18. The different buffer solutions affected the wavelength
during the quercetin—-Cu?* ion activity. Further, the absorption at a wavelength of 450 nm
decreased as the buffer concentration decreased due to changes in pH value when the buffer
solution was diluted. As reported in the literature [5], pH affects absorption because protons

are released when the buffer forms a complex with metal ions.
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Figure 4.18. A comparison between the absorbance achieved with a commercial UV-Vis spectrometer
(dot-dashed lines) and our opto-FET system (solid lines) in (a) 0.01X (b) 0.1X, and (c) 1X PBS
concentration. The evaluation was performed in VDS at 0.5 V, VBG at 2.8 V, a wavelength of 450 nm,
and light intensity at 500 nWcm™.

As described in the fluidic channel in chapter 3, the thickness of the fluidic channel in
our system was 1.6 mm, which denotes as the path length of the sample. In comparison to a

commercial UV-Vis spectrometer, which halsf{_'é!fpath length of about 10 mm, the sample

measured in our system was about 6.27} |mEssma1ler The magnitude of absorbance in our
system was magnified by 6.25 times forcompar;senwnh a commercial UV-Vis sensor and our
opto-FET sensor. We plotted the absorbance as a function of Cu?* concentration, along with
the absorbance results obtained using a commercial UV-Vis spectrometer in various buffer
solutions, as shown in Figure 4.18. With the fluidic channel design, the amount of solution
used in the opto—FET system was significantly less compared with that used in the UV—Vis
system. Our fluidic system is normally capable of handling low sample volumes of about 14.1
uL, but it also has a short time to increase sensitivity and accuracy. The opto-FET photodetector

can therefore be integrated into current bio-NW FET sensors thanks to its advantages, turning

them into dual-function platforms for biomolecule detection.
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Chapter 5 Conclusions

In conclusion, the integration of electrical and optical functions of bio-FETs greatly
enhances the capabilities of present-day FET-based molecular sensors. We demonstrated a
good photoresponse in a broad wavelength which is applicable for optical function ranging
between 400 nm and 1000 nm. Thus, facilitating the detection of NGAL through oxidized TMB

which exhibits molecular absorption as well as the quercetin-Cu?* complexes.

When used as a charge sensor, it owns high detection sensitivity due to the inherent
high charge-sensitive character of bio-FETs. When used as a photosensor, it enjoys label-free
detection getting around stringent surface modification required by bio-FET. For guantitative
detection of NGAL, we achieved a sensitivity of 0.1 pg/mL when bio-FET was used as a charge

sensor and < 1 pg/mL when used as a photosensor:

The molecular absorption of thei Quefc%é_tin;éij?+ complex was adopted as the basis for
biomedical application in our system. b’eté‘c,tio'\rj;6’;1c fhe molecular absorption of metal com-
plexes was performed for Cu?* concentrations ranging from 0.1 pM to 100 uM, and the system
exhibited a linearity and sensitivity detection of 0.1 uM Cu?*. The measured absorbance was

compared with that obtained from a commercial UV-Vis spectrometer.

The opto—FET system offers significant potential for the biotechnology and healthcare
industries as an optical biosensing device with high detection capability, high reproducibility,
and low sample volume requirements. Moreover, these features of electro-optical bio-FET
sensor make it an excellent candidate for lab-on-chip integration which provides rapid, simple,

and high sensitivity information for miscellaneous molecule detection.
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