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Abstract

The development of biosensors for the detection of biological molecules has been
a subject to an intensive research. Nucleic acid detection of both deoxyribonucleic acid
(DNA) and ribonucleic acid (RNA) has been the most accurate technique used to date for
diseases diagnosis and research purposes. Here, we are presenting a silicon-based nanobiosensor for label-free detection of nucleic acids using aptamers-adsorbed nanostructures such as silicon nanowires (SiNWs). The detector consists of nano-structured
materials and will be placed within, a microfluidic embodiment. The application of
nano-photonics principles allows for detecting changes in absorption when there is a
minute change in the surroundings of the nanostructured material. Using previously
developed protocols to fabricate the nanostructured materials with various geometries,
and functionalize them with nucleic acid aptamers, we investigated and developed novel
structures of solid and hollow silicon nanowires with light absorption that is sensitive to
changes in the surrounding molecules. The nanostructured material is first coated by
immobilized aptamer, and absorption is measured. A change in absorption occurs when
the target nucleic acid fragments hybridize with its complementary immobilized aptamer
on the nanostructured material. The nano-biosensor presented here is a novel device with
applications in disease diagnostic as well as drug discoveries, as it is an accurate,
affordable, rapid and easy-to-use in both clinical and research settings.
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Chapter I.
Introduction

This chapter serves as the framework to provide the essential concepts and
necessary background for this thesis. We begin with an overview of cancer and the way
it is being diagnosed, followed by a brief introduction to biosensors and their use in
detecting cancer, especially aptamer-based biosensors. Next, we provide a description of
electromagnetic waves (EM) and their propagation in nanostructured materials. Last, we
give a review on nanowires and their use in nanotechnology before we discuss our
proposal of a novel nano-biosensor for nucleic acid detection in cancer.

Cancer and Nucleic Acid Mutation
Cancer is one of the major life-threatening diseases worldwide and it is the second
death-leading cause in the United States with over one million new cases and half a
million deaths expected in 2019 (Siegel, 2019). Efforts in cancer research revealed that
cancer is a genetic related disease, involving changes in the patient’s genome. These
changes are called mutations (Hanahan, 2000). A mutation is an alteration to the DNA
sequence of the gene causing it to change its function. This ultimately cause changes in
the protein that are encoded by the altered DNA sequence. Some mutations have no
noticeable effect, but mutations that cause cancer are generally affecting tumor
1

suppressor genes, which normally produce proteins that control the cell growth and
division, and protooncogenes, which are the cancer-causing genes, in addition to other
protein coding genes (Weinberg, 2000).
In most cancers, genes and proteins undergo significant alterations making them
unique biomarkers that could be detected to diagnose, predict or prognose the disease
(Figure 1).

Figure 1. Schematics of Cancer biomarkers: Diagnostic, Predictive and Prognostic.
Cancer biomarkers are a result of genetic alterations such as mutations in various
protooncogenes or tumor suppressor genes, or somatic alterations such as increase in cell
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surface or secretory protein production, in normal cells causing them to become
cancerous. (Adopted from V.S.P.K.S. Jayanthi et al. 2017)
Detecting cancer in its early stages could help monitoring the disease progression.
In fact, to pinpoint cancer early, the process often depends on detecting the changes in the
level of specific biomarkers related to the type of cancer being diagnosed. While
Enzyme-linked immunosorbent assay (ELISA) is being used in diagnosing cancer
quantitatively through detection peptides, proteins, antibodies and hormones, polymerase
chain reaction (PCR) is used for detecting genetic mutations before they lead to protein
productions. However, these traditional methods in detecting cancer biomarkers suffer
technological limitations and they are labor intensive techniques, in addition to the need
for special laboratory equipment to perform each assay and their limited detection
capacity to few markers only. Therefore, clinically diagnosing cancer in a quick and
accurate method is a growing interest in care providing facilities.

Biosensors
In recent years, cancer biosensors are being developed as accurate, quantitative
and real-time cancer detecting devices. A biosensor is a device that detects the presence
of a biological or chemical analyte in a given sample and generates a signal to indicate
the presence of that analyte in the sample (Bhalla et al, 2016). In general, biosensors
consist of three main parts; bioreceptor, linker, and bio-transducer (Jayanthi, 2017).
Bioreceptors are selected to be very specific to the target or biomarker, which could be a
protein, an antibody or a nucleic acid aptamer (Jayanthi, 2017). When the bioreceptor
3

binds its target biomarker, the binding triggers the transducer, which generates either
electrical or optical signal, to convert the bio-recognition event into a measurable signal,
a process that is known as signalization (Bhalla et al, 2016). Some transducers contain
electronic circuitry that amplifies the signal and display it into a digital form such as the
biosensors that are used for measuring glucose level in blood samples or the ones that
measure urine pH level. Depending on the type of output signal, biosensors are classified
as electrochemical, mass based, magnetic, thermometric and optical sensors (Kim, 2016).
These are available commercially for various purposes, such as measuring blood glucose
or detecting a specific hormone like in pregnancy test sensors. Further, the detection of
specific nucleic acid sequence is of significance in several different areas including
environmental, clinical, research and food analysis. Several studies have reported the
possibility of using biosensors for early stage cancer screening. Hasanzadeh and
colleagues reported their success in diagnosing breast cancer using electrochemical
biomarker detection (Hasanzadeh et. al, 2017), however, their method depends mainly on
specific enzymatic reactions, which suggest a time-consuming process and the
involvement of several preparation processes before using the sensor.

4

Figure 2. Schematic Diagram of the Transduction Process in Biosensors.
(A) Electrochemical, (B) Optical, and (C) Piezoelectrical (Mass-based) transduction.
Transducers generate measurable signals upon target binding to probe molecules.
(Adopted from V.S.P.K.S. Jayanthi et al. 2017)

Optical Biosensors
Optical biosensors are the most commonly used biosensors due to their
specificity, sensitivity and ability to label-free detect numerous biological and chemical
substances directly in real time. An optical biosensor is a sensor that contains
biorecognition sensing molecules integrated on an optical transducer, and it is used to
detect biomolecules in a given biological sample (Damborský, 2016). In brief, the
principle of optical biosensors is that when a bio-analyte is detected, it produces a visible
signal which could be detected by naked eye or a microscope. Optical sensing is divided
into two different modes: Label-based and label-free optical biosensing. In general, the
label-free sensing depends on the immediate interaction between the detected bio-analyte
5

and the transducer producing a detectable signal. Label-based sensing, in the other hand,
uses a label molecule such as a fluorescence tag or an antibody, to generate an optical
signal. Currently, the most studied optical biosensors are evaluated on their sensitive and
selective detection of bio-analytes such as proteins, enzymes, viruses and tumor
biomarkers. Label-free detection methods eliminate any experimental false positive
results induced by the effect of the label used in label-based biosensors. Among the
famously used optical biosensors in cancer detection using cancer biomarkers are
aptamer-based biosensors.

Aptamers-Based Nano-biosensors
Aptamers-based nano-biosensors uses nucleic acid aptamers as bioreceptors, and
their biosensing mechanism depends on the hybridization process of the aptamer to the
complementary nucleic acid target. The selected aptamers are short single-stranded
fragments (~20 - 40 base pair) and highly target-selective. The aptamers are immobilized
on the bio-transducer in a way that allow them to pair with their target sequence
efficiently. Though antibodies have been used for biomolecular recognition for more
than three decades, nucleic acid aptamers were shown to have the ability to replace
antibodies due to their ability to recognize their target and bind it (Han et al, 2010;
Jayanthi et al, 2017 & Kim et al, 2016). Nucleic acid aptamers are very stable at room
temperature, highly specific, inexpensive and very efficient in detecting their target,
whereas, antibodies require maintaining a cold temperature to avoid antibody degradation
as well as specific processing equipment to detect the resulted optical signal (Wang,
6

2017). Also, nucleic acid aptamers are chemically synthesized, and thus, there is no need
for any in vivo intrinsic immune response and are easily produced against any target in
the body. Furthermore, nucleic acid aptamers would be ideal bioreceptors for biosensors,
especially, in developing countries where proper storage of biosensors is not available.

Light and Electromagnetic Waves
Besides being the source of energy for survival of most living being, light in
nature is a detectable natural energy that could be seen. In its basic use, light is what
gives objects their seen color. Light can be discussed as particles (photons), rays and
waves. For our work in this thesis, light will be identified as an electromagnetic (EM)
radiation or waves. EM waves are made of a simultaneous oscillating electric field with a
perpendicular magnetic field. Like all wave models, an EM wave is identified by its
velocity, wavelength, frequency of wavelength and amplitude. The wave length is the
distance between the successive crests or troughs of the wave, and it is measured in
nanometer (nm), while the frequency of the wavelength is the number of waves that pass
a determined point per second measured in Hertz (Hz).
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Figure 3. Electromagnetic Wave.
An electromagnetic wave is composed of two propagating waves perpendicular to each
other; electric and magnetic waves (Adopted from Averill, B., & Eldredge, P. (2013)).

In space, the EM wave travels at a constant speed called “speed of light”, which is
stable for any light band across the spectrum of light. The speed of light changes as light
passes in a medium. A range of EM radiation wavelengths of energy produced by a light
is called the “light spectrum”, which ranges from less than 0.01 nm to more than
1x108nm. To the human eye, visible light is the part of the spectrum between 380 nm
and 780 nm.

8

Figure 4. The Electromagnetic Spectrum
The electromagnetic wave spectrum ranges from high frequency short waves (gamma
rays 0.01nm) to low frequency long waves (>100mm radio waves). The visible bright
light ranges from 400nm to 700nm wavelength, which is the range visible to human eye.
(Adopted from Averill, B., & Eldredge, P. (2013))

Nanostructured Materials
Nanostructured materials are structures fabricated with characteristic of one
length at least at the nanometer scale. Materials science is changing rapidly due to
breakthrough discoveries in nanoscience and nanotechnology, which led to creating
different nanostructured materials that had many different applications. Typically, the
material properties change at the nano-level, and that is due to the fact that a large
proportion of the materials’ atoms reside on the surface of the nanostructure, whereas in
standard materials they reside in the bulk. Further, nanomaterials have much bigger
surface area per unit mass comparing to standard materials, which is a huge advantage for
device miniaturization, especially in biotechnology where bio analytes are comparable in
9

size to nanostructures, and large surfaces provide space for attaching bio-materials. In
addition, quantum effects dominate the properties and the behavior of nanomaterials, and
thus, materials at the nano-scale may exhibit different properties than bulk materials, such
as the thermal, fluorescence, electrical and magnetic properties (Clement, 2012).
Several materials such as Silicon (Si), Zinc (Zn), Titanium and Germanium (Ge),
as well as compounds such as InSb and Ti2O3 have been used in creating nanostructures
for commercial nanotechnology applications in different fields, such as biotechnology
and electronics. For example, Titanium is a biocompatible material that has been used
for repairing bone tissues especially in dentistry due to its stable nonporous structure that
allows the transport of nutrients through the material for the bone tissue repairing process
(Salata, 2004). One unique property that biocompatible materials bring to the biological
field, is their comparable dimensions to the dimensions of the cell components such as
proteins and nucleic acids. In fact, some nanoparticles are being used to probe proteins
or nuclei acids inside the human cells, which helps in detecting proteins defects and
nucleic acid mutations in vivo. However, size is only one feature of several that makes
nanomaterials highly useful in biological applications. Optical properties of
nanomaterials are also of great interest in biological research and medicine, since
nanostructured materials could reflect, absorb or transmit light in a specific way.

Creating Nanostructures – Top down and Bottom up Approaches
There are significant efforts to develop new and advanced fabrication methods for
creating the smallest nanostructures. Depending on the materials and the desired
10

features, nanofabrication could be as simple as submerging the material in a chemical
solution or as complicated as using advanced lithography techniques. Current fabrication
techniques used for making nanostructures are broken down into two major schemes; top
down and bottom up approaches (Huang et al, 2010). The top down method could be
thought of as sculpting features in a mass of stone. The main idea of the top down
approach is to start with a bulk material and gradually erode it to get the desired features
or shapes through mechanical tools such as energized ions or electron beam (e-beam), or
chemical etching such as using hydrofluoric acid. During the fabrication process, the
material is protected using a mask that is resistive to the fabrication method of choice;
either chemical or mechanical. In the bottom up fabrication method atoms or molecules
are assembled one at a time to construct the desired nanostructure. Sometimes, the
combination of both top down and bottom up is a necessary strategy for creating the
desired nanostructure material. Further, to construct nanofeatures with dimensions with
up to 20 nm, E-beam lithography or ion beams would be the best approaches.

Optical properties of Nanostructured Materials
The ability to engineer structures at the nano-level opened the door to new
research in science and engineering. In general, the property of materials changes at the
nanoscale gave the material whole new characteristics, which created different systems or
enhanced the functions of a previously created ones. Similar, in principle, to electronic
band-gap, photonic crystals or photonic gap materials are materials with varied dielectric
properties, which has the ability to act as light filters allowing only light with certain
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wavelength to propagate in certain polarization directions (Tao, 2005). The photonic
band-gap is not a result of the crystal structure of the material, but due to a lattice scale of
the order of wavelength of light, and thus, there are different dimensions for band-gap
materials; 1D, 2D and 3D.
The periodicity of the material’s lattice could be disturbed if a foreign material
was introduced in the lattice, such as introducing air holes in the lattice (Parker, 2001),
therefore, the light polarization state changes in the material as well. Since the structures
of a photonic crystal material is at the sub-wavelength scale of light, it interacts with
light, and the light propagation is controlled by the structure allowing only certain
wavelength to get absorbed or transmitted through the material.

Figure 5. Depiction of photonics Crystals of Different Dimensions.
The real space in each lattice of 3D, 2D and 1D, show the periodic special in real space
where light can propagate in. (Adopted from Baker et.al. , 2015)

Light propagation in Semiconductor Nanowires
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A nanowire (NW) is defined as a structure with a diameter at the nanoscale and a
length in the range of nano to microscale. Nanowires exhibit unique optical properties
that make them receive considerable attention in several fields; electronics, energy,
environment, biotechnology and medicine. With their optical properties, nanowires have
the ability to display different colors which are size-tunable depending in the wire’s
geometry and material (Patolsky, 2006 and Park, 2016). In particularly, semiconductor
nanowires, such as silicon nanowires, are constructed such as only particular light wave
are transmitted. In addition, only one particular wave polarization are allowed. The
geometry of the NW as well as the periodicity of the NW lattice create different
absorption characteristics which can be exploited for applications. Photonics crystal and
nanowires are very similar. As depicted in the following image, one is the inverse of the
other. However, light propagation can be very different.

Figure 6. Nanowires and Nanoholes.
A depiction of two structures of wires and holes that exhibit similar optical properties.
(Adopted from Pai, 2005)
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In both cases, regular arrays of regions a~ λ/2 with different refractive indices
resemble solid state crystals. With periodic arrangement of rods or holes in a medium of
different refractive index, a new material is constructed. Very similar to the photonics
crystal, with holes, NW systems may exhibit Block wave light propagation. Block
theorem indicates that: In a periodic medium most waves propagate through crystal
without scattering - scattering cancels coherently when the wave number is conserved.
For some waves of wavelength comparable to the size of the structure, no light can
propagate, that is there is a photonic band gap. This case can be observed when light is
moving perpendicular to the length of the nanowires. The details of light propagation in
ordered nano structures (such as nanowires) will be discussed in more details later.

Proposed Optical Biosensor
Research advancements in the field of nano-photonics show that silicon
nanowires have interesting optical properties. This is especially true when the nanowires
are at sub-wavelength level. In particular, studies showed that vertical silicon nanowires
(SiNWs) have the ability to tune the spectral reflection (or absorption) of SiNW arrays by
varying the NW diameter, thus allowing fabrication of nanostructured surfaces with color
signature which can be tuned in the visible spectrum (Seo, 2011) and InSb NW arrays
showed that they can be tuned in the mid-IR range (Collins, 2018). Light transmission in
vertical NWs’ relies on the waveguide modes, which are affected by the spacing between
the wires in the array. Furthermore, dense arrays of silicon nanowires with nanometerscale diameter and micrometer-scale lengths are receiving considerable attention for
14

sensor applications in the nanotechnology field, and many research groups have
demonstrated the potential of SiNWs as promising tools for use in the future biosensing
(Irrera et. al., 2017; Li et al, 2014 & Masood et. al., 2010).
In this thesis, we present a silicon-based nano-biosensor for label-free detection of
nucleic acids using aptamers-adsorbed silicon nanostructures; nanowires and hollow
nanowires. The sensor consists an array of vertical silicon nanowires fabricated on a bulk
glass substrate using a top-down lithography approach and reactive ion etching. Our
work begins with simulations of silicon nanostructures. Nanowires and hollow
nanowires arrays are studied to determine the optimum geometry of the nanostructures:
the diameter of the wires, the spacing between the structures and the height of the
structures in the array. Then, the design of the sensor is presented along with the
fabrication materials and methods. The elements of the sensor will be part of a
microfluidic device that is used to introduce all the required fluids that will enabling the
DNA detection or the drug delivery task.

15

Chapter II.
Research Methods

In this chapter, we provide the mathematical explanation and computer
simulations of light propagations, fabrication methods, functionalization and the
analytical methods used to conduct this project. In the simulation section, we explain
what concepts were used to run simulations and why and how the simulations were
carried out. In the fabrication section, we outline the microfabrication process and
explain how nanostructures were fabricated. The functionalization methods include an
explanation of the surface chemistry of the patterned structure as well as the methods
used to bond synthetic aptamers to the nanostructures. Finally, the analytical methods
used to analyze the data obtained in this project will be explained.

Introduction to Light Propagation
Light interacts with materials of all dimensions; three dimensional bulk materials
(3D), surfaces and sheets (2D), quantum wires and nanowires (1D), and nanoparticle or
quantum dot (zero dimensional 0D). These interactions depend on the dimensionality of
the materials, the physical structure and the wavelength of the light and its energy. In
addition, over a wide range of light waves from UV to infrared, light behavior is affected
16

by the chemical nature of the material (Nayfeh, 2016). Optical properties of nanomaterials depend on their structures, in particular, structure's size, shape, surface
functionalization and interaction with other structures. Therefore, studying the different
structure of materials at the nanoscale provides us with a deep understanding of their
optical properties such as light absorption and confinement in the studied structures
(Zhange, 2018). When an electromagnetic wave propagates in space, its energy stay
conserved as long as it does not interact with any physical substance. Therefore, when a
propagating wave falls onto a material, the material properties affects the wave's
propagation changing its direction or energy through absorption, diffraction, refraction,
reflection or transmission.
To explain electromagnetism, James Clerk Maxwell in 1887 formalized a theory
to link the electrical and magnetic fields of an electromagnetic wave through four
fundamental laws called the "Maxwell's equations" in free space. Maxwell was the first
to discover that an electromagnetic wave propagates at the speed of light, and hence, light
and electromagnetic waves are the same. Maxwell's equations are universal, and they
explain the relationship between electric and magnetic fields to govern light propagation
in vacuum and matter (Yariv & Yeh, 1984).

Mathematical Description of Light Propagations

17

Here we introduce the general concept for light propagation in a medium. For the
use of light as a signal in our sensor, light will be considered the electric (E) and
magnetic (H) waves, that form the light, are governed by Maxwell Equations as indicated
below:
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Where c is the speed of light, 𝜀 is the permittivity, and µ is permittivity. Here the
operator ∇ is a spatial derivative in (x, y, z), 𝜔 is the angular frequency = 2πf and the
complex number i=√(-1) . These coupled equations completely determine wave
propagation and must be solved with certain boundary conditions.

Other Modes of Light Propagation
In addition, one must note that there is another wave phenomenon that takes place
when light encounter two parallel surfaces. That is the Fabry and P√©rot oscillations this is depicted in the following figure.
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Figure 7. The Fabry and Pérot.
A depiction of Fabry and Pérot interference caused by light bouncing between two
parallel surfaces. (Adapted from Vaughan 2017)

So, in general when a NW array is exposed to light, three phenomena take place:
1- Block wave like - Periodic Structure
2- Fabry and Pérot Oscillations
3- Leaky Waves for vertically coupled waves
The leaky wave propagation is what we will predominantly rely on for the biosensor.
Another phenomenon takes place when the structure is small in all three dimensions, the
so-called Mie Scattering.
Computer Simulation of Light Propagation in a Periodic Nanowire Array
For vertically coupled light to the NW array, a leaky waves phenomenon takes
place. (reference - See Atwater paper). This can be studies by solving the Maxwell
equations in the form of the Helmholtz equations for E and H fields. For vertically
coupled light to the NW array, a leaky waves phenomenon takes place (Fountaine et. al,
19

2014). This can be studies by solving the Maxwell equations in the form of the
Helmholtz equations for E and H fields:

Where n is the index of the material and k0=2π/𝜆 is the wave vector and 𝜆 is the
wavelength of the light. For such solution, we use numerical analysis as obtained using a
commercial software obtained from Lumerical FDTD (finite difference time domain) and
modified by the Habbal group. The following is what is observed, in general:
-

At certain wavelengths, the NW exhibit strong optical absorption- much
higher than thin film of similar thickness.

-

These are due to a family of guided mode resonances which are characteristic
of HE1n modes.

-

These depend on the diameter value (D) and red-shift with increasing D.

-

Resonance peaks are blue-shift with decreasing the periodicity P

As the diameter to spacing (or pitch) [D/P] increase (denser array), there is an
increase in near field coupling. This create greater mode confinement inside the NW; i.e.
higher absorption. We will study the electric field modes HE1n as function of various
parameters: L, D, P to obtain reflectance and absorption information. This will be
discussed later. Here we point out the general features in the following figure:
20

Figure 8. Electromagnetic Modes in a Single Nanowire.
Propagating modes for the electric and magnetic fields. Most of attention is focused on
the electric field as they have the predominant values. (Adopted from Fountaine et.al.
2014)

For illustration we show here some data obtained by the Habbal group. More
details for the propagating modes will be discussed later.

Figure 9. Absorption Spectrum of a Single Nanowire.
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Simulations showing two modes can be observed for light propagating along the vertical
axis of a single nanowire. (Adopted from Fountaine et.al. 2014)

Light Absorption
Light absorption for isolated NW array was measured (Seo et.al. 2011) and can be
seen in the following figure, where a shift in the absorption wavelength is observed as the
NW diameter increases.

Figure 10. Reflections from a Silicon Nanowire Array.
Experimental data showing light reflection from an array of non-interacting silicon
nanowires. ( Seo et.al. 2011)

One may engineer the nanowire array such as it may span a range of wavelengths
and be used for light detection as a multispectra sensor.
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Figure 11. Light reflections from Different Diameter Si Nanowire Arrays.
Experimental data and electron microscopy of different size Si nanowire arrays. (Seo et.
al. 2011)

Computer Simulations of Light Propagations
Numerical simulators that solve the Maxwell's equations in 3D environments are
commercially available. Such simulators are essential in predicting the behavior of an
electromagnetic wave upon interaction with different materials. In this work, we will be
using a commercial solver, Lumerical FDTD (Finite-Difference Time-Domain), to
predict the behavior of the light wave in the proposed nanowires array. Lumerical FDTD
solves the Maxwell's equations using material data adopted from previous publications.
We define the design that is suitable for our sensor.
In the Lumerical FDTD simulations we used white light with determined range of
wavelengths that are suitable for our sensor. We focused on light propagation onto
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nanowires such that the light incident on the nanowires from the top. Data get collected
by both reflection and the transmission monitors in the simulation boundary.
To minimize light reflection effect from the substrate on the reflection data for the
proposed device, the nanowires in the designed theoretical study will formed on top of a
silicon oxide (glass) substrate. Further, the absorbed light by the wires will be calculated
from the reflected and transmitted light data. Our interest is to identify the nanowire
dimensions at which a change in the light reflection or transmission is observed upon
DNA hybridization.
Lumerical- FDTD is a useful tool to obtain the ideal conditions to be used when
fabricating the sensor. Also, Lumerical-FDTD provides a CAD environment for creating
a 3D model of the nanostructures with precise measurements, therefore, nanowires
geometry, dimensions, light source position, simulation boundaries and monitors
locations, are all well-defined and accurately places in all simulations. Our work here is
a critical step for creating the experimental setup.
Simulating the nanostructures on a glass substrate was done in several steps.
Each step was a study to determine a single geometrical parameter. In the first study, the
simulations were obtained on a fixed-length nanowire with only two variables; spacing
and diameter. The study was to find a transforming point at which the geometry of the
wires exhibits a change in the transmitted wavelength spectral shift after probe-target
hybridization. It was previously shown by Seo et. al. 2011 that vertical silicon nanowires
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exhibit a particular color under bright-field illumination as a result of diameter change of
the wires. Our initial simulations were obtained by choosing the nanowire's length to be
2 ¬µm with varying the spacing between the nanowires in the array as well as the
diameter of the wire. In the following figure, we point out the position of the monitors
that we can measure the light modes. These were positioned such as information of the
critical changes in reflection, transmission are obtained. Modes are obtained from the
horizontal and vertical monitors.

Figure 12. Geometry of the Simulation of Silicon Nanowire.
Monitors are placed in different positions to measure variety of light characteristics
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Light Transmission after DNA Hybridization
Another simulation experiment was designed to simulate the change in light
transmission for the nanowires after the DNA hybridization. These experiments were
created, such that they mimic the experimental configurations. In this situation, there is
an additional 30 nm thick DNA hybridized on the surface of the nanowires. We referred
to this surface layer as a "bio-coat".
In the bio-coated experiments, the nanowire's lengths, diameters and the spacing
between the wires in the array were the same as the non-coated wires, except that the
wires have an additional 30 nm thick diameter. Thus, this additional biomaterial changes
the overall thickness of the nanostructures. The light is now impinging on a thicker
structure as well as a denser one. In addition, the medium (coated nanowires) has a
different optical index.
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Figure 13. Geometry of the Simulation for a Bio-coated Silicon Nanowire.
Monitors are placed in different positions to measure variety of light characteristics.
Bio-coat is indicated by the blue color.

Introduction to Fabrication at the Micro and Nano scales
Several methods are being used to fabricate micro and nanostructures, based on
two general approaches: top-down approach and bottom-up approach. In the top-down
approach, the pattern is usually created at the microlevel and then reduced to the nano
level. While in the bottom-up approach, the pattern is created by building up atoms or
molecules all the way up to creating the desired nanopattern. The bottom-up approach is
hard to follow when very fine nanostructures are desired because it is difficult to control
the geometry of the nanostructures. Further, the proposed biosensor required the
fabrication of a nanowires array with very precise dimensions, therefore, the approach
that was followed in this work was the top-down approach.

Fabricating Silicon Nanowires
In this work, an array of silicon nanostructures with precise geometry was
fabricated using the top-down approach, which required several mask layers to protect
the patterned silicon areas before generating the final structures through etching. The
proposed nano-biosensor required the nanostructures to be mounted on a silicon oxide (or
glass) substrate as a base. This allows light to transmit through the device, and only the
27

reflected light from the nanostructures is measured. To achieve that, a layer of silicon
was deposited on top of the silicon oxide substrate via plasma enhanced chemical vapor
deposition (PECVD). To create microarrays of nanostructure, the patters were written
using electron beam lithography method on a photoresist film. The cured polymer film
was exposed using a suitable mask to create the silicon nanostructures.
To create uniform spacing between the nanostructure, either alumina (Al2O3),
deposited using atomic layer deposition technique, or aluminum (Al), using thermal
evaporation techniques. These coatings covered the nanopatterns that was written by the
electron beam on the photoresist. Therefore, the coatings of Al2O3 or Al act as a mask
for etching the silicon nanostructures. Etching was performed using reactive ion etching
(RIE). The resulted silicon nanostructures on the silicon oxide substrate were then
checked using a scanning electron microscope (SEM) to make a precise measurement for
the nanostructure's dimensions.
The hollow nanowires were fabricated with four additional steps, done after
fabricating the solid silicon nanowires. The fabrication concept depends on fully
oxidizing silicon nanowires (core) then depositing silicon (shell). Thus silicon hollow
nanowires with fully oxidized core are obtained. Assuming hole in the SiHNWs are fully
oxidized, the volume of the SiO2 core is VSiO2 = 2.16 VSi.
Our initial experiments will be to fabricate SiHNWs with outer radius (R=120
nm) and inner radius (r=30 nm). The volume of the core is then V= π r2 h. Because the
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height could be determined using the etching step, we will focus on the radius change.
We need to start with a radius smaller than needed. The initial radius r0 should be
r0= r/√2.16. This gives r0 about 20 nm for a final SiO2 wire of 30 nm.
The fabrications steps are given in the following diagrams.
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Figure 14. Silicon Nanowires Fabrication Process.
Steps are shown here for fabricating Si nanowires.
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Figure 15. Hollow Silicon Nanowires Fabrication Process.
Steps are shown here for fabricating hollow Silicon nanowires (SiHNWs).
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Electron Beam Lithography
E-beam lithography is an accurate hard lithography technique. In e-beam
lithography, a thin film of photosensitive polymer (resist) is used to cover the substrate
then a beam of electrons is used to directly write the pattern on the polymer. After
exposing the resist layer to the e-beam, the resist's solubility changes causing selective
removal of either the exposed or the non-exposed areas by submerging the sample in a
specific solvent (developing). This way, the resist then acts as a protective mask for
etching the desired nanostructures on the silicon substrate. The resulted patterns have a
very high resolution since the E-beam technique uses a wave of electrons which has a
very small wavelength and thus high resolution. The exposure time (T) for an area (A)
and an e-beam dose (D) and beam current (I), is given by: I T = D A.

Creating Nanowires
Here in, the nanostructures were fabricated by writing the nanopattern on the
resist-covered silicon film using the Elionix ELS-F125 E-beam system at CNS. Before
writing the patterns, the silicon-coated glass wafer was cleaned by sonication in acetone
for 5 minutes then rinsed with acetone and isopropyl alcohol before it was dried with
nitrogen. A positive resist (ZEP) was spin-coated at 2000 rpm for 30 seconds on the
substrate after mixing it 50:50 with a monomethoxy benzene (Anisole) solvent, right after
cleaning the substrate. The resist-coated substrate was then baked at 180¬∞ C for 3
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minutes. The substrate was then mounted using carbon tapes onto the ELS-F125 system
sample holder rack. The patterns were first designed using a CLE-Win software, then
converted into a GDS file to upload into the Elionix WeCas ELS-F125 software. Several
arrays of 100 nanostructure were designed with different diameters and structures
spacing. After that, E-beam writing time was calculated and the pattern was written on
the resist in about 56 minutes total. The patterns were written using a field size of 500
Œºm, 200,000 dot/field, 450 Œº Coulombs/cm2, with 1 nanoamperes beam current and a
dose time of 0.02813 Œº-seconds. After patters writing, the substrate was placed in OXylene for 60 seconds to be developed, followed by 30 seconds in 1:3 MIBK: IPA
developer. Last, the patterned substrate was placed in IPA solvent for 30 seconds then
rinsed with IPA again.
The resist is spin-coated on the top of the substrate, and as had been mentioned,
the amorphous silicon thin layer is deposited using plasma enhanced chemical vapor
deposition.

Plasma Enhanced Chemical Vapor Deposition
PECVD is an ultimate technique to be used for nanostructures fabrication on
semiconductors since it uses a controlled low temperature for thin film deposition.
Therefore, STS PECVD system at the Center for Nanoscale (CNS) at Harvard, was used
for thin amorphous silicon deposition on the glass substrate. The process recipe used to
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deposit the amorphous silicon was previously established and used by the Habbal's lab
members.
To deposit a thin film of amorphous silicon (~2 ¬µm) using PECVD, three
precursor gases were required; in a SiH4, NH3, and N2 in a clean chamber. After the
PECVD step, the deposited amorphous silicon film was checked for uniformity and
thickness using an ellipsometry.

Figure 16. PECVD Machine for Depositing a-Si.
Development of thick film PECVD amorphous silicon with low stress for MEMS
applications. (Adapted from Chen et. al, 2008).

Atomic Layer Deposition
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ALD is a process by which a layer of atoms is deposited on the substrate of
interest. ALD process utilizes precursor gases and vapors of the deposited materials, and
it is based on alternate pulsing of the precursor gases and the vapors of the deposited
materials. After each cycle, an atomic layer of the deposited material is accomplished,
therefore, the process permits a precise deposition of a thin film at the desired thickness.
The precursors chemistry is an essential factor for the success of any ALD process,
therefore, the precursors should be thermally stable though they could be in any form of
matter; solid, liquid or gases. In addition, non-metal precursors and metal precursors are
also matter and they should be carefully chosen depending on the substrate surface
materials (Leskel√§, 2012). The process of film deposition is shown in the figure below.
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Figure 17. Schematics of the ALD process.
(a) Substrate surface has natural functionalization or is treated to functionalize the
surface. (b) Precursor A is pulsed and reacts with surface. (c) Excess precursor and
reaction by-products are purged with inert carrier gas. (d) Precursor B is pulsed and
reacts with surface. (e) Excess precursor and reaction by-products are purged with inert
carrier gas. (f) Steps 2-5 are repeated until the desired material thickness is achieved.
(Adopted from Johnson et.al. (2014).

Our research included the use of ALD for Al2O3 deposition on top of the silicon
thin film residing on the glass substrate, on which the Al2O3 will act as a mask filling the
open hole patterns created by E-beam lithography. The precursor gas used for the ALD
process is trimethylaluminum [Al2(CH3)6], and the reacting gas is water vapor (H2O).
The thickness of the deposited Al2O3 film was just enough to cover the resist surface,
which was different from one experiment to another, but didn't exceed the 75um
thickness. The ALD system used is Savannah ALD from Cambridge NanoTech, resides
at CNS fabrication facility. The generated Al2O3thin film was checked for uniformity
and full coverage of the patterns, then the film was etched just enough to reach the resist
layer, so that the Al2O3 film thickness is equal to the thickness of the resist on the top of
the silicon layer. Therefore, the patterned holes were filled with Al2O3 mask to protect
the silicon underneath it leaving the resist exposed next to it. The resist was removed
later on by oxygen plasma treatment leaving the un-patterned silicon exposed and the
patterned silicon protected by approximately 40 nm thick Al2O3 on it.
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Etching Techniques - RIE and DRIE
Top-down fabrication method utilizes etching process by following two
paradigms; wet or dry etching. For fabricating nanostructures with high aspect ratios and
precise dimensions, dry etching process is key in the success of such fabrication. Further,
dry etching techniques are useful in fabricating fine nanostructures due to their "dry"
nature comparing to wet etching processes which used wet chemical solvents that could
create Van der Waals forces or surface tension causing structural deflection or collapse
(Chang, 2009 and Dawood, 2012). The process of dry etching is categorized into two
main categories; physical and chemical dry etching. In the physical dry etching,
molecules or ions with high kinetic energy are generated in the sample chamber and
directed to bombard the sample etching surface. In the chemical dry etching, on the other
hand, the chemical etchants react with the surface of the substrate causing the production
of byproducts that get pumped out of the reaction chamber (Solanki and Um, 2018).
However, chemical dry etching is the most commonly used process when an
isotropic etch is desired, but the lack of directionality is a problem. To overcome the
directionality problem, an improved process that combines both the physical and
chemical dry etching was developed; reactive ion etching (RIE), which is now being used
as the most reliable process for etching silicon (Huang, 2007; Seo, 2011). RIE relies on
ionized matters that are accelerated and directed towards the substrate via bias application
on the substrate holder, and further improved with the introduction of an inner gas such
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as argon (Ar) in the reaction chamber. Therefore, the accelerated ions hit the substrate
surface and react with it causing etching of the surface materials and byproducts to come
out of the reaction chamber.
In this work, RIE process was used to get several silicon nanostructured arrays
with different dimensions. For etching silicon, "Bosch process" using the SF6 and C4F8
etching gases were used to achieve an aspect ratio higher than 30 with vertical sidewall
silicon nanostructures (Solanki, 2018). A chemical reaction takes a place when Si
etching in SiF6 plasma is completed, producing highly volatile SiFx (where x<5). Rapid
Deep RIE instrument was used to fulfill the etching purpose. The resist and the Al2O3
layers were etched with an inductively coupled plasma (ICP) RIE process using oxygen
and argon (O2 and Ar) based process to etch Al2O3, and O2 alone to etch the resist
(ZEP). Though some damage to the silicon surface might have resulted during etching,
the nanowire core is anticipated to still retain the needed optical and electrical properties.
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Figure 18. Oxygen Plasma Etching.
Working principle of oxygen plasma dry etching (Adapted from Solanki and Um, 2018).

Surface Chemistry and Functionalization
The importance of microelectromechanical systems (MEMS) in biotechnology is
due to the high diversity of the materials used to make them. From semiconductors to
metals and insulators, MEMS devices are being used extensively to replace almost all
macro system used in biodiscoveries. For example, several groups are focusing their
attention on miniaturizing bioassays and making it available as point of care (POC)
devices such as biosensors and DNA microarrays. For such devices to be used as
detectors, a specific probe should be utilized and mounted on the surface of the biochip
used to make the device. Therefore, using the right technique to functionalize the active
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biochip surface is a key in successful functioning biosensor. For that, innumerous
literature present different techniques in functionalizing chip surfaces either chemically
or using electrostatic functionalization. Our interest is in DNA oligonucleotide attached
to solid substrates. For that, the most appropriate approach for producing an
oligonucleotide functionalized array is to chemically synthesize the probe DNA oligo
nucleotide then immobilize it to the solid substrate surface (Devor, 2005).
To prove the concept of the proposed biosensor, a prototype was created. A
microscope glass slide was used for the attachment of chemically synthesized DNA
oligonucleotides on the glass flat surface. The sequences design of the synthesized
oligonucleotides for both the probe and the target were adopted from Walsh et.al with
modifications (Walsh, 2001) and chemically synthesized by Integrated DNA Technology
(IDT, CA). Oligo1 was immobilized to the surface while Olig2 was hybridized to
Oligo1. The two sequences are shown below.
The probe oligonucleotide was diluted in 100 ¬µl of 0.1 M sodium phosphate
buffer, pH 7.2, the added to the NHS-activated glass surface and left to react in a humid
chamber at room temperature for 2 hours. The excess Oligo1 and the NHS residues were
then washed 3 times with PBS, pH 7.2, for 5 minutes each and left to dry at room
temperature. Last, Oligo2 was diluted with PBS, pH 7.2, and left on the glass surface for
30 minutes at room temperature for the hybridization of Oligo1 and Oligo2 to take place.
Probe: 5'-NH2-GAT CAG GAT GCC ATC ATG CC-3' (oligo1)
40

Target: 5'-NH2-(T)10 -GGC ATG GCA TCC TGA TC-3' (oligo2)
Surface Modification and Bio-Linkers
Surface properties of MEMS materials must be modified before applying any
functional materials or biomaterials coats. To obtain a desired surface finish of a chip,
both the chemical composition and morphology properties should be modified (Mozetiƒç,
2019). To achieve a modified surface for the attachment of DNA oligonucleotides on a
solid surface, the surface needs to be treated with a biocompatible chemical such that it
allows a high binding affinity between the bioreceptor or probe (oligo1) and the bioanalyte or target (oligo2), such a chemical is a called a bio-linker. Treatment techniques
have been studied extensively in past decades and some commercialized chemical
solvents are available to be used directly on solid surfaces. However, for DNA
oligonucleotides to be immobilized with a high binding affinity, a covalent bond between
the surface and the oligonucleotide becomes a necessity. Therefore, a secondary linker
might be needed to link the oligonucleotides to the primary linker to immobilize it with a
strong bond to the surface.
Several different linker chemistries were reported to immobilize oligonucleotides
to glass surfaces; such as succinic anhydride, PEG-dicarboxymethyl and 1,4phenylenediisothiocyanate (Walsh, 2001). However, in this work, succinic anhydride
was used as a linker after treating the glass surface with 3-aminopropyltriethoxy silane
(APTES) 98% (figure below, approach A). The protocol applied here was adopted form
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Walsh et al., 2001 with modifications. The glass surface was cleaned with acetone for 5
minutes, then dried using a nitrogen gun before it was dipped in a concentrated nitric acid
for 1 hour in a boiling water bath. The surface was then derivatized with APTES to
generate free amino groups (figure below), and then they were left to dry overnight in an
oven at 80o C after which it was stored at room temperature. The aminopropyl glass
surface was reacted with 200 ml of 10% succinic anhydride in 0.1 M sodium acetate, pH
4.5 at 250o C for 6 hours. After that, the surface was washed with buffered silane (PBS),
pH 7.2, and left at room temperature to dry overnight. The succinamidopropyl glass
surface was incubated at room temperature for 2 hours in a solution of (1-ethyl-3-(3dimethylaminopropyl) carbodiimide (EDC) from ThermoFisher Scientific and SulfoNHS from Pierce (Rockford, IL) in 25 ml of 1M MES buffer, pH 4.5.

Figure 19. Creating Amino-Silylated Glass Surface.

42

Reaction of 3-Aminopropyltriethoxysilane (APTES) with a glass surface (Adopted from
ThermoScientific).

Figure 20. Carbodiimide (EDC) Crosslinker Chemistry
Carboxylic group to amine group crosslinking with the carbodiimide chemistry. Molecule
(1) is the linker, while molecule (2) is the amine-modified target (Oligo2). (Adopted from
ThermoFisher Scientific)
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Figure 21. Schematic of Different Surface Chemistries for Oligo1 Immobilization.
A glass surface was treated first with APTES to obtain the amino-group on the glass
surface, then approach (A) was followed reacting succinic anhydride with the amiogroup, leaving only a carboxylic group on the glass surface. (Adapted from Walsh,
2001).

Methods of Analysis
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Analyzing the biosensor fabrication process along with the biosensing data was
conducted at every step of making the device. Starting with analyzing the simulation
data to find pick the most accurate diameters/geometry of the nanostructure to analyzing
the optical signal that results from the detection of the target DNA. During the
fabrication process, the etch rate, surface morphology and surface composition was
characterized. The functionalization process was characterized as well to make sure the
chemical functionalization was uniform and that probe oligonucleotides were attached to
the surface. The methods used in analyzing the nano-biosensor are presented in details in
this section.

Scanning Electron Microscopy
Characterization of the silicon nanostructures etch process was carried out using
the scanning electron microscopy (SEM) during the PECVD process of amorphous
silicon on the top of the glass substrate. The deposition thickness of the amorphous
silicon and its uniformity was analyzed with the SEM and a supporting software. SEM
was also used during the ALD deposition to check the deposition uniformity as well as
the thickness of the deposited alumina along with the topography. Throughout the
etching process, SEM was used frequently to determine the etching rate, etching profile
and the surface morphology. The resulted SEM data were collected on either a Hitachi
SSU5000 or a Zeiss Ultra Plus, accelerating voltage of 3 kV, beam current of 5 ŒºA, and
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a working distance up to 5 mm. Also, the atomic force microscopy (SEM) is used to
determine the thickness of the bio-linker as well as the thickness of the probe oligo. SEM
is further used to determine the topography of the glass substrate after functionalization.
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Chapter III.
Research Results

In this chapter, the results will be explained in several sections. Results from the
FDTD simulations are presented including the mathematical parametric study results and
the theoretical mode propagation results in semiconductors. Also, the results of the
fabrication process to obtain silicon NWs are explained. Finally, the results of the surface
chemistry modification experiments are presented.
In the simulation results, the simulation data from Lumerical FDTD are
discussed. The first set of results focuses on the mathematical parametric study of the
nanostructures; including the geometric parameters, mode propagation and material
influence. In the second set, the results of the chosen desired characteristics for an
optimal detection is presented. Last, the research findings for the optical properties
change of the nanostructures upon interaction with biomaterials (nucleic acid) is
explained from the simulation results.

Mathematical Parametric Study of Performance
Our study consists of computer simulations of light propagating along the long
axis of solid and hollow nanowires.
A)

Study of solid silicon nanowires (NWs)
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In this study, we start by designing a study of effect of geometric parameters on
light propagation. Several simulation sweeps were obtained using the following
parameters in the solid silicon nanowires:
Diameter (nm): 100, 120, 160, 200, 240, 300
Spacing (nm): 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800,
850, 900, 950.
The length of the nanowires/hollow nanowires was fixed to be 2 µm, and each
study was run such that each diameter was studied with different spacings. When a light
propagates along the long axis of the silicon nanowire, it gets absorbed gradually in its
material (Figure 22). The absorption will be affected by several geometric factors that
we will discuss in details next.

Figure 22: Optical Absorption in a Semiconductor Nanowire.
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Light is absorbed as it propagates inside the material of the nanowire. This absorption
differs between different materials and it also depends on the shape of the nanostructure.

The transmission spectra for a solid nanowire of diameter 100 nm are given in the
following figure (Figure 23). We observe that there are two modes: HE12 and HE11
clearly displayed at different wavelengths. We note that the shape of the spectra changes
significantly as the spacing increases. The light that is ‘leaking’ from a wire is coupled to
the other near it when the spacing is less than 300 nm. This transition from coupled to
isolated NWs is important, as we will try to take advantage of it when we decorate the
NWs with different molecules. Thus, when hybridization takes place, the coupling
increases and we may see a shift in spectra.

Figure 23: Comparison of Optical Transmission of Solid Nanowires of Different Spacing.
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Transmission data are obtained for light transmission through the nanowires as the
spacing is increased from 150nm to 500nm. The light transmission seems to be
increasing with spacing increasing in both HE12 and HE11 dips.

As was observed before, the modes shift to higher wavelengths as the radius
increases. For the NW with diameter 100nm, with data shown above (figure 23), the shift
is more pronounced for the HE11. To be somewhat quantitative in the study of the shifts
we show plots of the HE11 data. This is shown in the following two figures (figure 24
and figure 25) where we discuss the changes in the shape and location of the minimum
absorption. The nanowires are spread from a minimum distance of about 150 nm (dense
array) to a larger one of about 500nm (dilute array). In this case, it is apparent that as the
spacing increases, the nanowires become completely decoupled and then there is no
change in the position of HE11. However, the transmission continues to increase. This is
not surprising as the spacing increases and the array becomes dilute, light will be able to
move onto the substrate and is less affected by the presence of the NWs.
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Figure 24: Position of HE11 Mode as a Function of Spacing Increase Between the NWs.
The position shifts to higher wavelength (red-shifted), then it becomes almost constant at
approximately a spacing of 300nm.

Figure 25: Light transmission for the HE11 Mode as a Function of Increasing the Spacing
Between the Solid NWs.
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The light Transmission of theHE11 mode increases when the NWs are decoupled. The
spacing between the wires was manipulated to create coupled and non-coupled
nanowires.

It should be noted that when the NWs are coupled the transmission is very low,
indicating that such a system of dense NWs is capable to high absorption. Further, we
studied the modes shape and position along the nanowires. This is done using a monitor
placed along the z- axis of the wires as well as the ones placed on top and bottom of the
wires. It is clear that most of the modes are located at the tip of the nanowires, where the
absorption is high.
As indicated above, when the wave propagates inside the nanowire, it gets
absorbed. This can be easily observed in the simulation. It is also clear that the modes
leak out at the surface of the nanowires. However, as the spacing increases, and the
nanowires become less coupled, the extent of the leaking modes changes. In addition, we
note that the presence of bands indicating a more complex transmission with vertical
resonances that might be affected by some coupling to the Fabry and Pérot oscillations.
These effects are indicated in figure 26 and figure 27. The plots of the computer
simulations show values for the modes’ energy in false color from dark red to blue. The
highest being red. We first illustrate the difference between the HE12 and HE11 for
different spacings, where there is a strong coupling and uncoupling events. The 100nm
nanowire is placed for illustration on top of the modes.
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Figure 26: Light energy modes for HE11 and HE12
Two spacing values are displayed; 150 nm (coupled nanowires) and 500nm (uncoupled
nanowires) are shown from a vertical mode monitor. Leaky modes are observed for both
HE11 and HE12, and it is more pronounced for HE11.

Another view of the modes is given in figure 27 for HE11 and HE12 for different
spacings, and wires of diameters 100 nm.
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Figure 27: Light energy modes for HE12.
The light energy modes of HE12 are displayed for several spacings from a vertical mode
monitor. The spacing values range from 150nm (Coupled nanowires) to 500 nm
(uncoupled nanowires). Leaky modes are observed for HE12.

The other mode, HE11, changes with the spacing between the nanowires too. In
the following figure, we provide some of the changes in the HE11 mode as the array
moves from being dense to being diluted. Here we note the presence of the leaky modes
as they persist in both the dense array as well as the diluted ones.
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Figure 28: Light energy modes for HE11.
The light energy modes for HE11 are displayed for several spacings from a vertical mode
monitor. The spacing values range from 150nm (Coupled nanowires) to 500 nm
(uncoupled nanowires). Leaky modes are observed for HE11 and change as the array
become diluted (uncoupled wires).

More details on the optical spectra for other solid nanowires with different
diameters are given in the following graphs. The general light transmission and mode
propagations are the same, however, the position of the modes with respect to wavelength
changes with diameters and are redshifted with increasing the diameter (Figure 29). In
addition, we note that for larger NWs, there is a small shift (red shifted) for the HE11
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mode as the array becomes more diluted (Figure 30). This most observed in the larger
diameters.

Figure 29: Light Transmission in Silicon Nanowires with Diameters 120 and 160 nm.
Transmission of light show the presence of the HE11 mode and that it has a slight shift
when the array is diluted with spacing increase in the range of 180 nm to 490 nm.
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Figure 30: Light Transmission in Large Silicon Nanowires with Diameters 200 and
240nm.
Transmission of light show the presence of the HE11and H12 modes and that they redshift when the array is diluted with spacing increase above 150nm.

B)

Study of hollow silicon nanowires (HNWs)

In this study, the effect of geometric parameters on light propagation of hollow
nanowires were obtained. We use the same parameters we selected for the solid
nanowires to do these simulations, namely:
Diameter (nm)= 100, 120, 160, 200, 240, 300
Spacing (nm)= 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800,
850, 900, 950.
We also kept the length of the hollow nanowires the same as the solid ones; 2 µm.
We present first the differences between solid and hollow nanowires. The following
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graphs illustrate the differences and point out the change in the position of the HE12
mode as a hole. Data here is for two NW arrays of wires spaced 160 nm apart and radii
R=120nm. One solid and the other is with a hole of radius r=60nm. Here the HE12
mode is blue-shifted with the creation of the hole. However, the overall transmission
spectra are similar.

Figure 31: Light Transmission in Two Silicon Nanowires of the Diameter R=120 nm and
spaced for 160nm, But One is Solid and the Other Has a Hole in its Center r = 60nm.
Transmission of light show the presence of the HE12 mode in both solid and hollow
nanowires. As a hole of radius of 60 nm is created, the HE12 mode shifts is blue-shifted.

A general view of the effect of introducing a hole in the nanowire is shown in
figures 32 & 33. We note that there is a certain hole size above which the transmission
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increases. For the nanowire of radius of 120 nm, it seems to be about 60 nm. In Figure
32 we note that when the hole size if not large, that is less than about 25% of the overall
area, the shape of the transmission spectra did not change a lot, albeit there are some
shifts in the position of the spectra. When the silicon area is smaller, the nanowire array
has a different absorption and more light can be transmitted into the substrate. This is
shown in figure 34.

Figure 32: Light Transmission in Silicon Nanowires of a Diameters R=120, spacing
160nm, and Varied Hollow Size.
Transmission of light in silicon hollow nanowires of different hollow size (radius r= 30,
40 and 50 nm) shows the presence of the HE11 mode and that it has a slight shift
location.
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The changes in location of both modes HE12 and HE11 with increasing the inner
hole, is illustrated below (figure 33). There is a linear shift in the position of the modes
as the hole radius (r) increases, meaning the area of the silicon decreases.

Figure 33: Light Transmission in Silicon Nanowires of a Radius R=120 nm and holes
radius less than r =70 nm.
Transmission of light show the presence of the HE12 mode in both solid and hollow
nanowires. Holes of radii of 20 nm cause both HE12 and HE11 to shift.
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For areas of radii 70nm and up to 100nm, we find a different shift in both modes,
HE11 and HE12. Also, the transmission increases, possibly due to having more nonabsorbing materials, i.e. silicon, when r goes from 80nm to 100nm (figure 34).

Figure 34: Light Transmission in 2 Silicon Nanowires of the Same Diameter R=120,
Spacing of 160 nm.
Wire are Shown for One Solid and the Others have a Hole in Their Center r = 80, 90,
100 nm.Transmission of light shows a change in the shape of spectra, and more light
transmission at small wavelengths. The data should be compared with r = 0 (the red
curve)

It might be useful to show the difference between the solid wire and a wire of a
large hole. This is given for r = 0 and r =100 nm in the following figure. The shift in the
modes is clear, and equally the amount of light transmission, being much higher for the
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nanowires with holes. Although coupling is still the same, the array is not effective in
absorbing the light.

Figure 35: Light Transmission in Silicon Nanowires and Hollow Nanowires of a
Diameter D= 240nm.
Transmission of light shows the presence of the HE12 mode in both solid and hollow
nanowires. The radius here is 120nm and the spacing is 160nm, but one wire is solid and
the other is hollow wire. When a hole of 100 nm in radius is created, the HE12 mode is
blue-shifted, and the shape of the spectra changes too.

We conclude by indicating that as the size of the hole increases beyond a certain
point, light is able to propagate inside the holes creating a different physical condition.
This is illustrated in figure 36. However, we note that when the silicon volume becomes
small, the spectra becomes very different. The presence of ring of absorbing material
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surrounded by lower index material may have allowed the modes to leak into the inner
space as well as the outer space. Also, the transmission at low wavelengths has increased
indicating that light is not affected by the presence of the hollow nanowires.

Figure 36: Shifts in position of the two modes HE12 and HE11 with increasing the area
of the hole.
Both modes shift with increasing the area, illustrated here are r2. However, as the area
increases, transmission of light increases and the shift in the modes becomes different.

We illustrate the importance of the area of the silicon, regardless of the coupling
and the size of the nanowire. We present a study of the absorption of several nanowires
and keeping the silicon area the same, i.e. same thickness. Wires of R= 50, 60, 80, and
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100nm were studies with the appropriate inner radius to keep R-r the same. The outcome
is interesting, as keeping the area of the silicon the same, let to almost no shift in the
modes, and transmission is little affected.

Figure 37: Spectra for Different Uncoupled Nanowires of radii R, Keeping R-r constant
20nm.
Keeping the area of the silicon the same, let to no shift in the modes, and transmission is
little affected.

Next, we study the effect of creating dilute or dense arrays on the optical
properties of hollow nanowires. This study consists of changing the spacing between the
hollow nanowires. This is illustrated in the following figure. When the system is dense,
the HE12 mode is very clear and shows the coupling. As the array is diluted by creating
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more separation between the nanowires, the mode changes from bandpass to more like a
gaussian filter. The data were obtained keeping the amount of the silicon constant and of
thickness of 30nm. The change occurs around 400nm spacing; figure 38. If the thickness
of the silicon increase, we find different changes, as illustrated below. Although the
change from coupled to uncoupled mode is noticed, it happens at much smaller values, of
about 200nm. This is observed in figure 39.

Figure 38: Spectra for Different Coupled and Uncoupled Nanowires When Spacing is
changed from 160 to 710nm.
Keeping the area of the silicon the same, the spacing is increased causing a change in the
spectra, most noted by the change in HE12 mode. Change to uncoupled modes starts at a
spacing of about 400nm.
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Figure 39: Spectra for Different Coupled and Uncoupled Nanowires, for a thicker shell.
Spacing is changed from 160 to 710nm.
Keeping the area of the silicon the same, the spacing is increased causing a change in the
spectra, most noted by the change in HE12 mode. Change to uncoupled modes starts at a
spacing of about 200nm.

Also, we show a series of simulations where the array is diluted, and we observe
the changes in the modes as the hole radius change. The nanowire has R = 120nm and
they are spaced at 710nm. We compare between solid and hollow wires where r is
changed from r = 90 nm to 30nm. Different hole sizes were compared to a solid
nanowire. When r =90, there is more light transmission, as one would expect. With r =
60 nm, there is a redshift in HE12 and blueshift for HE11. And for r =30nm, the hole is
now small and we see both modes have a blue shift.
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Figure 40: Spectra for Different Uncoupled Nanowires with Constant Spacing 710nm.
The radius of the hole was changed while the radius of the nanowire was kept constant.
The radius of the hole changed from (A) 90nm to (B) 60nm to (C) 30nm. Keeping the
array diluted with having a constant spacing of 710nm spacing, we changed the diameter
of the hole, and showed how the modes change.

Effect of Introducing Bio Coating
One important work is to find the optimal geometric configuration for the
nanowires to use as biosensor. The studies so far pointed to the general characteristics of
the nanowire array. Now we show the effect of the spectra and modes as different
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thicknesses. One important information is that the hollow nanowires can create sensitive
nanowire sensors and has a great potential of obtaining accurate measurement. We will
concentrate on those.
Several cases did not show a significant response as the array is coated with
biological material. One reason is the thickness of the coating; think coatings of 30 nm
or less did not change transmission of the arrays. Second the diluted arrays are not the
most suitable for detecting changes in light transmission of the array. It seems that the
coupling is essential for creating a change in spectra. This is not surprising as we found
that a change in coupling is critical for measurable changes in transmission spectra.
First, we point out the need for a reasonable thickness of the biomaterials of more
than 30nm. Thin biomaterials do not change the index significantly to create shift in
spectra. This can be observed in the following figure (figure 41).
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Figure 41: Spectra for Different Uncoupled Nanowires of R=50nm and 150nm. Spacing
is kept constant 400nm.
Effect of dilution and thin biomaterials cannot create significant shift in the optical
signal.

Considering diluted array, we simulate the effect of introducing biomaterials of
thickness t= 30 nm on a hollow array of the same hole size, but different radii. The data
does not show a promising sensitivity (figure 42).

Figure 42: Spectra for Different Uncoupled Nanowires. Spacing is Kept Constant 450nm
and the Biomaterial Forms a 30nm Think Coating.
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None of the constructed array showed a significant change in transmission when they
were coated with a biomaterial.

Two examples that showed a reasonable change in spectra were for an array of R=
150 nm, and hole of 110 nm, and another of r= 90 nm. The thickness of the coating was
also changed from 40 nm to 60nm. The spectra are shown below. It is possible that the
coupling at spacing of 400 nm is too weak.
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Figure 43: Spectra for Different Uncoupled Nanowires with big Radiuses (120 nm and
150 nm).

The shift in the spectra is not large enough to be considered significant. Signal
can be measured, but may not be reliable enough. Although in these cases, we observe a
change in transmission, it seems to occurs with a small shift in the spectra, of the order of
10 to 20 nm. We believe we need stronger signal than that to achieve a reliable
biosensor.
The data we obtained so far points to more suitable conditions. Below, we outline
a much better geometrical arrangements for the biosensor (figure 44 & 45).
Concentrating on the array of R=120 nm, and r = 80 to 90 nm, we changed the coupling
and also the thickness of the bio-coating. The coupling changed from 400nm spacing to
160nm, created much more coupled system. We also changed the coating thickness to be
in the range of 30 to 40nm.
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Figure 44: Spectra for Coupled Nanowires with 30 nm Thick Coating.
Upon coating the nanowires with 30nm bio coate (biological materials), the shift in
spectra is very visible in the region of 680 nm to 750 nm. Signal can be measured for the
system indicated above.

With an increase in coupling as the spacing changed to 160 nm, a thinner coating
of 30 nm can cause reasonable shift in the spectra.
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Figure 45: Spectra for Coupled Nanowires with 30 nm Coating Thickness., and spacing
of 160 nm, Show a Shift in the Spectra in the Region of 620 to 680 nm.
When the wires are coupled (spacing of 160nm), a 30nm thick bio-coat causes a visible
shift in spectra in the region of 620 to 680 nm. The signal can be measured for the system
indicated above.

The shift occurs in a region of the spectra where we can use available light
emitting and detecting devices and thus this arrangement creates a suitable sensor. Here,
we investigate the nature of the signal, and we present the results in the following section.
Our studies suggest that the parameters at which the hollow nanowires were found
to have a major change in their optical properties are at diameter of 300 nm (outer
diameter) with a hollow diameter of 220 nm (inner diameter), length of 2µm and spacing
of 450 nm. The shift is approximately 50 nm at wavelength of 650 nm and with a
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transmission that was decreased by 30%. We tested the sensitivity of this geometric
construct, and found that when the same diameters were kept constant but only the
spacing was increased by 50 nm, the shift disappeared and the transmitted light through
the hollow nanowire changed. However, when the diameters (inner diameter and outer
diameter) were changed, light transmission changed, and it seems that although the
thickness of the silicon in the hollow nanowires is essential, it is not as much as important
as the spacing between the hollow nanowires is.
It seems that certain modes are getting transmitted through the 30 nm thick silicon
in the hollow nanowires but not all the modes. Also, the un-transmitted light was
coupled with the light from the surrounded hollow nanowires. In this event, the spacing
was critical for mode coupling and that may explain the red shift in the wave spectrum.
The size and geometry of this construct is manufacturable using typical semiconductor
fabrication tools. However, it is also useful to compare this work with a solid nanowire
construct that we could also recommend. In this case, we found that a solid nanowire
array of R= 120 nm, spacing of 400nm and a coating of 30nm, can exhibit a change in
light transmission at a wavelength of 610 nm, but it does not have any major spectrum
shift in the transmitted wavelength after adding the bio-coat . The following figure show
the performance of such an array of solid nanowires of radius 120 nm. The HE12 mode
in this configuration is clearly stable and does not shift. However, the data in figure 45 is
superior, and shows the difference in light transmission when a hole is created in the
nanowire. The nanowires are of radius of 120nm, and they were coated with 30nm thick
bio-coat. The spacing is kept 160nm (pitch center to center is 400nm).
74

Silicon Solid Nanowires Pitch = 400 nm
0.9
0.8

Transmission (%)

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Wavelength (µm)
noncoated R=120, r=0

biocoated R=120, r= 0

Figure 46: Spectra for Solid Nanowires of Radius 120nm, and Bio-coat Thickness of 30
nm.
The Spacing between the wires is 160nm, and the Silicon Thickness is 30 nm. It is clear
that there is no shift in the spectra, however, the only observation here is that at
wavelength of 610 nm, the transmitted light is absorbed by the nanowires after coating.

Mode Study of the Proposed Geometry
To further understand the cause of the critical spectrum shift in the hollow
nanowires that we observed in figure 45, we took a further look at the light’s behavior in
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the hollow nanowires through performing several mode simulations sweeps with the
same settings of the sweeps run for geometric parameters. The silicon nano structures act
as light waveguides, where the light propagates in with different modes depending on the
wavelength and the diameters of the nano structures (Park, 2014). The propagation
modes are also dependent on the material of nano structures and their shapes. In nano
wires and hollow nanowires, their cylindrical shape causes the cross section of the wires
to be uniform, which means the mode is also uniform along the propagation path. In
theory, an electromagnetic wave, such as a light wave, with a wavelength that matches
the nanostructures geometry, will have a specific resonance causing a confined
absorption of the light by the structures. While a longer wavelength will cause a leak of
light outside the nanostructures; leaky mode (Seo, 2011). Therefore, the geometry of the
nanostructures causes a selective absorption of specific wavelength in the nanowires.
When the modes are leaky, the light from neighboring structures can couple with each
other giving rise to a coupled mode resonance (Park, 2014).
In this work, a closer look was taken at the modes presented in the resulted wave
spectrum shift to better understand the light behavior in the proposed nanostructures.
Therefore, hybrid propagating modes vs leaky modes will be pointed out in the results to
help us identify the optimal conditions at which the light wave resonate causing a shift in
the light wave spectrum after a nucleic acid is detected. The interaction between the
nanowires through a very small spacing caused an observation of a coupled leaky mode,
which affected the sensitivity of the nanowires to any attached material to its surface,
causing the maximum spectrum shift. We examine now the nature of the modes of the
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proposed structure, by simulations using different monitors placed appropriately to
measure the modes at the different part of the region where the spectra changed in the
presence of the bio-coating. The following is a graph illustrating the area of interest
where there is the maximum shift in the spectra (figure 47). We then present the data on
the modes at each point, labeled A, B, C, D and F (figure 48). It is very clear that the
modes had shifted significantly and will ensure an accurate signal detection.

Figure 47: Details of the Region of Interest of the Spectra for Hollow Nanowires of R
=150nm and Hole of r = 110nm, with 30 nm Coating Thickness.
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The signal can be measured and there is significant difference in position and
intensity. Below we present the simulation results for the models at different points of
the region of interest. The figures are labeled to indicate the points in the region of
interest.
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Figure 48: Light Intensity in the Region of Spectral Shift.
The modes are vastly different enabling a solid design. Details of the Region of Interest of
the Spectra for Hollow Nanowires of R =150nm and Hole of r = 110nm, with 30 nm
Coating Thickness. The letters A-F refer to the points of interest in the previous figure
(figure 47).

Experimental Findings

Optical properties
Considering the numerically simulated optical properties of several parameters for
nanowires and hollow nanowires, there has been a strong correlation of the optical
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properties to the geometric parameters. This finding supports the idea that SiNWs and
SiHNWs could be used in optical sensing of nanomaterials. The optical properties of the
nanowires were limited by the geometrics of the wires, therefore, by a hollow in the
nanowires with geometry comparable to the wavelength, helped in overcoming the
geometrical optics limits. These properties were enhanced further by the spacing
between the nanowires in the array, such that at a specific spacing, the non-transmitted
light due to the wavelength size comparing to the wires size, will leak out of the wires
coupled with the light from thee neighboring wires. The coupled light at the wires edges
makes the nanowires very sensitive to any thing on their surfaces, which means, it makes
the nanowires array a perfect sensing platform. When small molecules/nanoparticles are
attached to the surface of the nanowires, they cause a change in the wires diameter by
increasing it and decreasing the spacing between the wires along with causing a change in
the refractive index of the wires surrounding environment.
The optical properties of nanowires arrays of the studied diameters; 100nm,
160m, 200nm, 240nm and 300nm, with a fixed spacing (pitch = 450nm) were further
inspected using a bright optical microscope (figure 49). The actual experimental findings
show that the nanowires arrays exhibit different colors due to the varied diameters. A
closer look was taken at the 2nd array of nanowires with diameter D =160 nm, the wires
were measured with a scanning electron microscope (SEM) as it is shown in the
following (figure 50).
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Figure 49: Pictures of Typical Nanostructured Silicon (Nanowires).
Left Picture is an optical image of regions were Nanowires were created. Right image is
of an SEM picture of an array of nanowires with a diameter of 160nm, and pitch of
450nm.

The wires in the array were found to be precisely periodic in the array, and
spacing was measured and found to be 450nm with a +2nm from the theoretical spacing
of 450nm. When the length and diameters of the wires were measured, their values were
1.95µm and 171nm respectively, which vary from the theoretical values. In particular, the
diameter of the fabricated nanowires was not consistent along the wire itself, and that it
due to the tapper effect of the etching process during fabrication.
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Figure 50: SEM pictures of Typical Nanostructured Silicon (Nanowires).
Close look at silicon nanowires array of diameter of 160nm, pitch of 450nm. The left
picture is a top view and the right shows typical wires push to lay flat on the substrate.

Effect of Nucleic Acid Presence on the Nanostructured Surface
Nanowires with specific geometry were found to be very sensitive to incident
light, which means that having any materials on the surface of the wires affect their
sensitivity. We presented the observed wavelength spectrum shift upon interaction with
biomaterials that add up a 30nm thickness to the outer diameter of the wires. As
mentioned before in this work, the biomaterials addition to the nanostructured surface
cause a change in both the outer diameter of the wires and the refractive index of the
outer surface layer. Several simulations sweeps to test the effect of the biomaterials layer
thickness was run with a fixed biomaterial refractive index (n=1.5). The sweeps were run
for both optimal and non-optimal nanowires to see if increasing the thickness of the
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biomaterials of interest will affect the non-optimal wires, in particular, if the overall
geometry of the nanowires plus biomaterials is being affected by the biomaterials
thickness.
The results showed that biomaterials thickness plays a role in causing wavelength
spectral shift as well as light transmission increase in nanowires with optimal parameters.
Biomaterials thickness, however, was not as important in light transmission nor in
wavelength spectrum of the light transmission properties of nanowires with non-optimal
properties. Further, the thickness of the biomaterials layer is an essential parameter for
the sensing optical properties of the nanowires.

Nanostructures Functionalization
Surface functionalization is a critical step in creating a functional biosensor. In
this work, surface chemistry was chosen to guarantee the highest binding affinity of the
probe to the wires with a greatest selectivity to the target. The surface chemistry (linker)
was predicted theoretically to be up to 5nm thick, and the probe plus target nucleotides
are up to 10nm thick, which means the bio-coat surface thickness is ~15nm thick.
However, when an SEM was used to measure the actual thickness of the bio-coat, it was
found to be very different from the theoretical values. A silicon bio-coated surface was
spin coated with 5nm of pt/pd (80:20) then inspected using an SEM. The bio-coat surface
was found to be ~48 nm thick in the thin bio-coat around the edges of the coated surface,
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and up to 1µm in the middle areas where the probe and target were found to be stacked in
multi-layer instead of mono-layers.
The findings are further investigated to find that the actual oligo1 and olig2 could
form clusters in the EDC solution when the concentration is very high. The actual
concentration of the probe (oligo1) is 700ng/µl, and the target (oligo2) is 500 ng/µl,
which is considered very high when applied to a small area (3mm2). Also, some salt
crystals were observed on the bio-coat surface, which is reasoned to poor washing
solutions. The washing buffers need to be strong enough to clean all the non-bound
residues and neutral to keep the oligos bound to their targets so they do not separate after
annealing due to PH change.
The binding on glass vs silicon surfaces were found to be the same. The binding
on the oxidized silicon surface was found to be as efficient to binding to glass surface or
quartz. Linker seems to be very dense on the glass surface covering the whole surface
uniformly. The probe was also very dense, and it seems that the probe concentration used
to cover the surface is very high. It appears in (figure 51) that due to the probe high
concentration (700 ng/µl), the probe oligo is stacked on the surface forming multiple
layers. After scanning the surface carefully, thin clusters of Oligo1 probe were found on
the surface and measured ~ 45nm in thickness.
The target hybridization was assessed as well (figure 52). The target formed
clusters as well on the top of the probe, which is due to the high concentration (550
ng/µl) of the target. The target seems to form layers on the top of the probe; the first layer
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is hybridized to the probe, while the layers above it are all stacked on the hybridized
layers causing clusters of targets Oligo2.
The surface modification included several buffer-washing steps to clean any
linker, probe or target residues on the glass surface. However, some residues were spotted
on the surface (figure 53), which is most likely due to dry buffer crystals indicating poor
washing.

Figure 51: Silicon Oxide Surface Functionalization
The surface is functionalized with a linker first, then a probe was attached to the linker in
some areas. The target was hybridized to the probe, where the dark area is indicated.
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Figure 52: Clusters of Probe and Hybridized Oligos on the Silicon Oxide Surface.
With higher magnification, an inspection of the functionalized silicon oxide surface
reveals areas of clustered probes as well as clustered hybridized oligos.

Figure 53: Surface Modification of Silicon Oxide
The three areas are presented in this figure; primed surface with linker only, probe
(oligo1) covered surface and hybrid DNA (probe & target).
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Chapter IV.
Discussion and Conclusion

This chapter includes a discussion of the main findings in this work. We start our
discussion by indicating conditions that were not suitable for biosensing, then we discuss
our findings of the best conditions for a biosensing system. Last, we discuss our future
plans moving forward with the findings we have obtained.

Discussion
In this work, a wide range of nanostructure parametric values were evaluated for
the ability to create a biosensor. The purpose of studying all the possible parametric
values is to find suitable conditions for which, a thin bio-coating of approximately 15 nm
could be sensed with a high sensitivity. We found that for obtaining good optical signal
when the biomaterials are introduced, a signal of spectral shift of 20nm and higher is
required for optimal sensing. However, our data showed the many conditions for which
the spectral shift is less than 20 nm. Such conditions should be avoided when the sensor
is designed. Further, diluted nanowires array with small diameters are not good systems
for biosensing, since the optical signal is either unnoticeable or just not there. The diluted
nanowires seem to transmit all the light through them and the substrate they are built on.
Therefore, a better system using coupled (dense) nanowires was a necessity. Even though
coupled nanowires showed interesting light propagation properties, their diameters had a
hug impact on the signal of spectral shift. To this end, dense nanowires with diameters of
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240 and higher were optimal systems for sensing indicating a blue-shifted spectrum when
a thin bio-coat of 30 nm is introduced (figure 46).
To evaluate our observation further, we designed a system where the nanowires
had a hole inside them along the x-axis. The hole seemed to make a difference in the light
propagation intensity inside the wires. Since the hole is empty, a change in refractive
index of the hole comparing to the silicon nano-shell was expected to change the finding
further. Indeed, the findings were stronger, a red-shifted spectrum was observed between
600nm and 800nm. The spectrum shift was significant ~ 50nm, indicating a measurable
signal. But that big shift was not due to the refractive index change, instead, it was due to
the hole size. The light was leaking inside the holes and outside the wires, creating areas
of high light intensity on the superior edges of the nanowires. The condition is true only
when the nanowires are dense (~160nm spacing) with diameters of more than 240nm.
However, with more studies, we figure that there are optimal conditions where the
spacing should be no more than 160nm, and the diameter could be as big as 300 nm.
Indeed, the hole size in both conditions was big enough leaving a thickness of silicon to
be up to 30 nm, an optimal condition for creating a significant shift of 50nm or more
(figure 45 & 47).
A closer look was taken at the modes presented in the resulted wave spectrum
shift in optimal conditions. The light behavior inside the wire helped in understanding the
modes exist in the proposed nanostructures. That study was important in identifying the
optimal conditions where probe-target hybrid could be detected. The propagating modes
vs leaky modes pointed out the light wave resonance that causes a shift in the light wave
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spectrum after a nucleic acid hybridization on the wires surface. It also pointed out the
effect of the the interaction between the nanowires through a very small spacing, which
caused an observation of a coupled leaky mode in the wires. The coupled leaky mode
which affected the sensitivity of the nanowires to any attached material on its surface,
causing the maximum spectrum shift. The nature of the modes in the proposed structure
was investigated further by simulations using different monitors placed appropriately to
measure the modes vertically and horizontally. By placing the monitors at the different
part of the region where the spectra changed, the mode was further assessed in the
presence of the bio-coating (figure 48).
Finally, the bio-coat indicated throughout this work was successfully installed on
the surface of the wires via covalent linking. As presented in figures 51, 52 & 53, the
linker was obtained on the surface and the probe was successfully bound to the linker
covalently. The only step that needs to be tested further is the probe & target
concentrations. Since the probe and target were forming layers on top of each other on
the top of the surface, a serial dilution is needed to better assess the right concentrations.
Also, the EDC should be further investigated by trying several dilutions.

Conclusion
As discussed in this work, the optimal conditions will be used to create a
glass/PDMS device for biosensing purposes. The device will be created such that a one
silicon nanowires microarray would be fit inside a PDMS chamber with up to 10 µl
solution capacity (figure 54). The device is designed to be transparent allowing for
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optical signal detection. In this thesis, we presented a silicon-based nano-biosensor for
label-free detection of nucleic acids using aptamers-adsorbed silicon nanostructures;
hollow nanowires. The sensor is reusable, cost-effective and could be used as a point of
care detection method. We showed only DNA detection using a synthetic oligonucleotide
as a target in the solution, but the sensor could be used to detect small proteins (~60nm)
in size. Also, it could be used to detect small chemical molecules. The size of the
molecule could be predicted by optical simulations, in which case, the spacing (at least
160nm spacing) between the nanowires before coating should stay constant. The
biomolecules will change the spacing then causing a measurable spectral shift.
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Figure 54: Design of Final Biosensor using Silicon Nanowires Array Embedded in
Glass/PDMS.
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