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CHAPTER |

INTRODUCTION

1.1 Introduction to biosensing

Human beings have many senses to recognize the surrounding
environment. In addition to the traditionally recognized five senses of sight,
hearing, taste, smell, and touch, other qualities including pain, balance, and
acceleration also help us to interact with the world. For the detection and
identification of small biomolecules, however, it is hard to simply use human
senses without any additional physical aids. Therefore, special tools and
techniques are required that comprise biosensing technology.

Biosensing technologies are devices or systems (biosensors) used for
identifying, monitoring and controlling biological phenomena [1]. Generally, a
biosensor consists of a biological recognition element (e.g., enzyme, antibody,
DNA, microorganism) and a transducer that translates the interaction of the
biological analyte with the recognition element into a measurable signal by
means of electrical, optical, mechanical or thermal technologies [2]. Biosensors
are usually classified into various groups either by the type of bio-recognition
element utilized (e.g., enzyme biosensors, DNA biosensors) or by the type of
transducer employed (e.g., electrochemical biosensors, optical biosensors). Both
components of the biosensor, namely, the bio-recognition element and

transduction platform play an important role in the construction of a sensitive and



selective device for identifying and detecting the analyte of interest [3]. Among
the many types of biosensors, optical biosensors have attracted a great deal of
attention since they are among the most sensitive, are immune to
electromagnetic interference, and are amenable to multiplexed detection within a
single device. Furthermore, nanoscale materials and modern nanofabrication
technology have enabled smaller and cheaper optical biosensors to be realized
and commercialized.

Since the first label-free optical biosensor was commercialized in 1990 [4],
the classification of labeled and label-free biosensors has been widely accepted.
Labeled biosensors rely on the attachment of special “labels” to one or more of
the molecules/viruses/cells being studied in order to provide a means of
detecting these species. Label-free biosensing technologies do not require such
specialized sample preparation. A label is designed to be easily measured by its
color, fluorescence, or other distinctive property to indirectly indicate the
presence of the analyte to which it has been attached [5]. Unfortunately, labels
invariably affect the binding kinetics of interaction by modifying the structure of
binding partners. Consequently, there has been a strong drive to realize label-
free biosensors. A great number of current label-free biosensors utilize optical
transduction approaches [6], such as surface plasmon resonance (SPR) based
biosensors [7-10], interferometer-based biosensors (Mach-Zehnder
interferometer [11-13], Young’s interferometer [14-16], Hartman interferometer
[17], backscattering interferometry [18-20]), optical waveguide-based biosensors

(resonant mirror [21-23], metal clad waveguide or metal clad leaky waveguide



[24-26]), optical ring resonator based biosensors [27-30], optical fiber based
biosensors [31-33], and photonic crystal based sensors [34-36]. The common
ground of these biosensors is that they all utilize the optical refractive index
change as the sensing transducer signal to monitor biomolecule interactions.
Other methods, such as acoustic [37] and calorimetric [38] techniques, can also

be applied in biosensors. This thesis will focus on label-free optical biosensors.

1.2 Introduction to porous silicon

1.2.1 Porous silicon background

Porous silicon (PSi) is a crystalline form of silicon with nanoscale void
spaces introduced into its microstructure. It was first discovered by A. Uhlir [39] in
1956, but did not initially receive much attention. Sixteen years after its discovery,
Nippon Telegraph and Telephone Public Corporation (Tokyo, JA) patented
oxidized PSi for use as dielectric isolation components [40]. For the next two
decades, PSi remained a relatively obscure material that was occasionally
considered for its function as an isolator in integrated circuits [41-43]. As shown
in Figure 1.1 [44], a noticeable increase in interest in PSi occurred after 1990,
when L. T. Canham demonstrated visible photo-luminescence at room
temperature [45]. Electroluminescence of PSi was demonstrated in 1992 by
N. Koshida and H. Koyama [46], and PSi based light-emitting diodes (LEDs),
switches and photodetectors gained significant attention through the 1990s [47-

49]. In the late 1990’s, PSi began to serve as a host material in some



biochemistry sensors [18]. As interest in PSi as a visible light source waned due
to a lack of significant improvement in efficiency, research efforts into PSi for
chemical and biological sensing began to rapidly increase. Biochemistry
applications of PSi continue to be one of the major research focuses in the PSi

community.

1000
900
800
700
600
500 it
400

Number of Publications

300 —m——m8m
20
10

o o o

s

*

=

-—

— :
—
— : .
—
E— 3 =
— :
—
— ¢
—
—
—
—
—
—
—
—
—
—

1956 1961 1966 1971 1976 1981 1986 1991 1996 2001 2006 2011

Figure 1. 1 Number of publications per year regarding PSi [44].

1.2.2 PSibiosensors

In the development of a biosensor, sensitivity attracts a great deal of
concern and research effort. A typical recognition element in a label-free
biosensor consists of a substrate, chemical linking molecules, and receptor
molecules (e.g. antibodies, DNA) that are designed to bind to only one type of

target molecule. The presence of a particular analyte is therefore detected by

4



measuring the binding between the analyte and the surface-bound receptors. For
small molecule detection, the sensitivity of a biosensor is often limited by the
number of receptor molecules attached to the sensor and available to capture
target molecules. As a host material for sensing, PSi has the advantage of a
large internal surface area (>100 m?cm?®) [50], which leads to improved
capabilities for detecting small molecules.

Many types of PSi-based transducers have been applied to biosensors to
monitor the refractive index changes upon a specific bio-recognition event,
providing a simple yet effective label-free detection mechanism[51]. The four
primary structures utilized for PSi sensors are the single-layer [18], double-layer
(waveguide) [52], multi-layer [53], and microcavity [54]. As shown in Table 1.1
(adapted from [55]), the refractive index of the low porosity PSi layer (light grey)
is n,=1.8, while the refractive index of the high porosity PSi layer (dark grey) is
n=1.2. Light illumination of PSi films of several micrometer thickness results in
reflection from the PSi-PSi and the PSi-crystalline silicon interfaces, producing
interference patterns (blue solid lines) for the single-layer, multi-layer and micro-
cavity structures. For the double layer structure, a grating coupler is used to
excite a waveguide mode for comparison. When biomolecules are introduced to
PSi and affect the refractive indices of the films, these reflectance patterns will
shift, and biomolecular information can be extracted. The red dashed lines in
Table 1.1 give the reflectance of the various PSi structures after n, and n, are
increased by 0.1, which represents biomolecule infiltration. Focusing on the

features near 1200 nm wavelength, the multi-layer and micro-cavity both give



approximately 80 nm wavelength shift due to the refractive index increase, which
is larger than that of single layer, only around 60 nm. The largest shift comes
from the waveguide structure, about 115 nm. As will be discussed throughout the
thesis, the resonant mode of the waveguide enables enhanced light-matter
interaction, leading to a larger spectral shift and therefore higher biosensor
sensitivity. Considering the sensitivity advantage as well as minimizing the
challenges of infiltrating biomolecules into deep structures, the waveguide
structure is highly desirable in biosensing applications. Therefore, in this thesis,

attention is focused on PSi waveguide sensors.



Table 1. 1 Different PSi structures and their corresponding reflectance spectra
before (blue) and after (red) an increase in refractive index of all layers by 0.1:
single layer, double-layer waveguide, multilayer, and microcavity.
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Similar to the evolution of basic PSi research, PSi waveguides first
appeared for optoelectronics applications [56-59] before being recognized for
their potential in sensing. The relatively large scattering loss in PSi waveguides
(7-20 dB cm™) [60] does not significantly inhibit the sensitivity of the waveguides
for detection of gases, liquids, and biomolecules. In 1998, PSi waveguides were
first studied for sensing applications. H. F. Arrand et al. used a porous silicon
waveguide to detect various solvents based on the degree of waveguide loss
reduction when the pores of PSi waveguides were filled with different liquids [61,
62]. P. Rivolo et al. constructed a PSi waveguide gas sensor by means of
absorption measurements [63]. P. Pirasteh et al. continued this research and
focused on surface optical scattering measurements [64]. In 2005, J. J. Saarinen
et al. demonstrated a detailed theoretical analysis on a prism coupled PSi
waveguide structure for biosensing application [65], and the first experimental
demonstration of these PSi waveguides for biomolecule detection came in 2006
[52, 66-68]. In 2007, K. Awazu et al. utilized the surface plasmon resonance
technique to interrogate gold-cladded porous silica waveguides, and found a nine
times larger resonance shift compared to bulk waveguides [69]. A label-free PSi
membrane waveguide biosensor, introduced by G. Rong et al. in 2008 [70, 71],
used a polymer film and air as cladding layers. In 2012, J. Xia et al. first
combined a nanoporous silicon ridge waveguide with a Mach-Zehnder

interferometer to form a highly sensitive optical sensor [72].



1.2.3 Formation mechanism of PSi

The type of PSi described in this work is fabricated by electrochemical
etching of silicon in a hydrofluoric acid based electrolyte. It is the most commonly
used method of fabricating PSi and is usually conducted in the dark to prevent
photogenerated currents from contributing to the formation process [73, 74]. The
exact formation process of PSi is still under debate. A number of theories have
been proposed on the formation mechanisms and morphologies of PSi. Figure
1.2 shows the progress in the development of theories on formation mechanisms
of PSi. In the early 1990s, Lehmann and Gdsele proposed the quantum wire
effect to explain pore formation on p-type silicon [75]. Figure 1.3 illustrates this
chemical dissolution mechanism, which is recognized as the main mechanism

during the PSi formation [76].

Macro pores on p-Si controlled by resistivity
of Si relative to electrolyte

|

Pores form due to a silicic layer on walls Current burst theory

PSi formation due to sensitivity ofp1acro pores on p-Si due to hole
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Figure 1. 2 Progress in the development of theories on formation mechanisms
of PSi (adapted from [77], reproduced by permission of ECS - The
Electrochemical Society).



In the Lehmann and Gosele theory, the silicon/HF solution interface
behaves like a Schottky contact [78]. Figure 1.4 (a) shows the band diagram of
the p-type Si/PSi/HF electrolyte solution interface under current flow. Hole
transfer occurs at the bottom of the valence band (VB) edge, which is physically
at the PSi/Si interface (pore tips, Figure 1.4 (b)) [79]. The pore walls are depleted
of the holes necessary for the dissolution, which inhibits lateral etching of the
pores and maintains pore directionality. In the p-type Si, the bandgap of PSi
opens by quantum confinement effects [75].

The resulting characteristics of the PSi layer, including the average pore
width, porosity, pore orientation, and layer thickness, depend upon the fabrication
conditions used, including the substrate doping and type, the hydrofluoric acid
concentration, the anodization current density and anodization time [73, 76, 80].
PSi can have pore sizes ranging from a few nanometers to several microns, as
primarily dictated by the silicon substrate doping and space charge region that
forms during the etching process [81]. In this work, PSi of ~10 nm-radius pore
size is used. For a specific hydrofluoric acid concentration, the porosity, which
determines the refractive index of the PSi layer, is proportional to the current
density [82]. Varying the current density is a convenient way to form PSi layers
with different refractive indices. Consecutive PSi layers can also be fabricated
[83, 84]. Changing the current density does not affect the layer previously formed
because silicon dissolution occurs preferentially at the silicon-electrolyte interface.

The pore orientation tends to follow the <100> direction in the crystalline silicon

10



substrate. Additionally, the thickness of each layer can be precisely controlled by

the etching time for a given applied current density.

1. In the absence of electron holes, a hydrogen saturated
silicon surface is virtually free from attack by flouride ions
in the HF based electrolyte. The induced polarisation
between the hydrogen and silicon atoms is low because
the electron affinity of hydrogen is about that of silicon.

F
2. If a hole reaches the surface, nucleophillic attack on an
Si-H bond by a fluoride ion can occur and a Si-F bond is
formed.
Q
;%

3. The Si-F bond causes a polarisation effect allowing a
second fluorine ion to attack and replace the remaining
hydrogen bond. Two hydrogen atoms can then combine,
injecting an electron into the substrate.

THZ 4. The polarisation induced by the Si-F bonds reduces the

F F electron density of the remaining Si-Si backbonds making

them susceptible to attack by the HF in a manner such

H* H* that the remaining silicon surface atoms are bonded to the
hydrogen atoms.

® ®
*2HFy ohessiFz 5 The silicon tretrafluoride molecule reacts with the HF to
form the highly stable SiFg fluoroanion.
® ® . .
The surface returns to its ‘neutral’ state until another hole
%B is made available.

Figure 1.3 Mechanism of PSi formation on p-type silicon [85].
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Figure 1.4 (a) Band diagram of the p-Si/PSi/HF solution interface under
current flow. (b) Schematic of the PSi etching cell.

1.3  Waveguide coupler structure

1.3.1 Waveguide

A simple planar waveguide is shown in Figure 1.5. It consists of a high-
index dielectric layer surrounded on either side by lower-index material. The
refractive index of the waveguiding film, n;, must be larger than that of the cover
material, n;, and the substrate material, ng, in order for total internal reflection to
occur at each interface and for light to remain confined in the waveguide film
layer [86]. A waveguide structure can support only a discrete number of guided
modes based on the thickness and refractive index of each layer of the

waveguide [87]. For example, a single-mode waveguide has only a single guided
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mode per polarization direction (transverse electric (TE), or transverse magnetic
(TM)). Figure 1.6(a) shows a ray depiction of three allowed modes in a
waveguide. Each ray has a different direction within the film layers of the
waveguide and each ray has a different effective refractive index. Figure 1.6(b)

gives the three corresponding TE mode field patterns of the waveguide.

0 n
' Interface 1 ¢
N\ |
h y M n f
: Interface 2
nS

(a) n,
21
_Z 0 Ng
(b) Ns
Mode 0 Mode 1 Mode 2
\ \ \ ne
> 2 i ng
4 ) /
nS

Figure 1. 6 (a) Ray depiction of three allowed modes in a waveguide. (b) Three
TE modal field patterns of the waveguide.
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To avoid decay of energy due to destructive interference as the wave
travels through the waveguide, the total phase change for a point on the
wavefront that travels from one interface to the next, and back again, must be a
multiple of 21 [88]. For a wave incident at angle 6 (Figure 1.5), the transverse
resonance condition requires that

2kn;hcos@ -2®, -2® =2mm (1.1)

where k is the wavevector in the vacuum, h is the thickness of the film, n; is the
refractive index of the film, and m is an integer. A phase shift of knihcosf is
accumulated on the first transverse passage through the film. A phase shift of
-20. occurs at the film-cover interface. Another knthcos® is accumulated
travelling back down, and finally there is a -2d phase shift at the film-substrate
interface. A. Bruyant et al. demonstrated the first near-field observation of light
propagation in a planar PSi waveguide close to the site of light injection, which
clearly illustrates the phenomenon of light confinement in waveguide (see Figure
1.7) [89]. In the cover medium and substrate, the field is an evanescent wave.
The amplitude decays exponentially with increasing distance from the interface
between the waveguiding film and cover or substrate. Based on the exponentially
decaying field outside the waveguide film, simple planar waveguides with air as
the cover material can be utilized as sensors [90]. Analyte in the cover region
interacts with the evanescent field of the waveguide mode, causing a change in
the effective index of the mode that can be measured by a variety of optical

methods. PSi waveguide sensors have the advantage of allowing analyte to
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penetrate into the waveguide layer, allowing the analyte to interact with the

majority of the optical field that is localized primarily in the waveguiding layer.

Air

WAVEGUIDE SURFACE

Substrate

0 100 200 300 400 (1) 500 0 ' 100 ' 200 (m)

Figure 1.7 Left: Simulation of the light propagation in a planar PSi waveguide
close to the site of light injection. Light is confined in the waveguiding film layer
and exponentially decays into the air and the substrate. Right: Intensity profile
along the surface. [89]

1.3.2 Coupling methods

Based on the principle of reversibility of light, since light propagating in a
waveguide is confined to the waveguiding layer, guided modes of a slab
waveguide cannot be directly excited by light incident from the cover or substrate.
For light to couple into a waveguide, it is necessary that both the energy of the
light and the component of the wavevector along the propagation direction must
be identical. Thus, light may be injected from the side into the waveguiding layer
such as butt coupling or end-fire coupling. Alternatively a coupling element may
be used to couple light into the waveguide via an evanescent wave, such as a

prism coupler or grating coupler [91].
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Figure 1. 8 Four techniques for coupling light into optical waveguides.

1) Butt coupling and end-fire coupling

Butt coupling (Figure 1.8 (a)) and end-fire coupling (Figure 1.8 (b)) both
utilize injection of a light beam into one end of the waveguide. The difference
between the two techniques is that end-fire coupling uses a lens to focus light
into the waveguide while butt coupling injects light into the waveguide directly
from another waveguide, fiber, or light source. Many elements affect coupling
efficiency: (1) how well the fields of the excitation and the waveguide modes
match; (2) the degree of reflection from the waveguide facet; (3) the quality of the
waveguide end face; (4) the spatial misalignment of the excitation and waveguide

fields; (5) the numerical aperture mismatch in which the input angles of the
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optical waveguide are not well matched to the range of excitation angles; and (6)
the match of polarization. Efficient coupling of light into the waveguide requires
fine adjustment of the relative positions of beam and waveguide as well as
matching of the intensity profiles of both light beam and waveguide. Both of these
two coupling methods can be time-consuming and experimentally challenging for
high efficiency coupling. They are mostly used in optical circuits and optic fiber
coupling [92, 93].
2) Prism coupling

The prism coupler (Figure 1.8 (c)) is commonly used for coupling light into
or out of a planar optical waveguide. It was first introduced in 1969 [94]. The
prism is placed above the thin-film waveguide and is separated from it by a small
air gap of low refractive index (Figure 1.9). A light beam is directed through a
side of the prism, and normally reflected back out the opposite side. In the vicinity
of the waveguide the overlapping incident and reflected beam generate a
standing wave. The evanescent field of that standing wave penetrates into the
waveguide. However, at certain values of the incident angle and if the phase
match conditions are fulfilled, the light does not reflect back out. The evanescent
field stimulates a mode that is guided by the waveguide, resulting that the
incident light is transmitted through the prism base into the waveguide film. The
phase matching condition can only be achieved when the refractive index of the
prism is at least as high as the effective refractive index of the waveguide and the

distance between the prism and the waveguide film is on the order of half a
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wavelength because of the short propagation distance of the evanescent wave in

the z-direction, as shown in Figure 1.9.

(8]

n
Prism 7
Airgap 1.

v

\Waveguiden'/-

Substrate 71,

Figure 1.9 Schematic of a prism coupler on a waveguide.

In order to understand the phenomenon of prism coupling, let us divide the
wavevector of the incident light in the prism into components parallel (x direction)
and normal (z direction) to the air gap. The x-component wavevector is knysin®,
where k=211/A, A is the wavelength, n; is the refractive index of the prism, and 6 is
the incident angle. As we discussed in section 1.3.1, a thin waveguide film can
support a number of guided modes. When the direction of the incident beam is
such that the x-component wavevector, kngsin®, is equal to the propagation
constant of one of the waveguide film modes kn.s, where nes is the effective

refractive index of the waveguide film, coupling becomes efficient and optical
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energy can be transferred from the prism to the waveguide film. Thus, the
coupling condition for prism coupling is

N =n,sin6 (1.2)

off
If there are multiple guided modes supported by the waveguide, then there will
be a different coupling angle 8 for each mode.

As early as 1973, R. Ulrich and R. Torge determined the refractive index
and the thickness of a light-guiding thin film by a prism coupler [95]. In 1975,
R. T. Kersten proved that the prism coupler could be used to measure refractive
indices within an accuracy of An < 107 [96]. The prism coupler has been used to
determine the refractive index of PSi layers [97, 98], and it has been used as a
primary element in PSi waveguide biosensors. However, the prism coupling
approach usually requires a critical adjustment of the gap between the prism and
the waveguide and there is always a possibility to damage the waveguide or the
prism if the waveguide is pressed too hard against the prism. Also, coupling to
high index waveguides requires the use of expensive and higher index prisms.
Furthermore, the bulky nature of the prism makes it unsuitable for applications in
integrated devices.

3) Grating coupling

Serving the same purpose as the prism coupler, a grating at the
waveguide surface can also couple light into or out of the waveguide; however, it
is by diffraction, not by the evanescent field. As shown in Figure 1.10, a laser
beam incident on a grating at an angle 6 has a phase variation in the x direction

given by exp[i-(2w/A,)-(sin6)-x], where A is the wavelength in the cover layer.
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As the beam passes through the grating it undergoes an additional phase delay

Ag-sin(Rxx/A), where Ag is the amplitude of the spatial phase modulation

caused by the grating and is sometimes called the phase depth of the grating
(here we assumed for convenience the phase modulation to be sinusoidal [99,
100]), and A is the grating periodicity (see the insertion of Figure 1.10). Thus, the

light reaching the top surface of the waveguide film varies as

exp{i-[Acp-sin(2nx/A)+(Zn//lc)-(sinﬁ)-x]}. In the simple derivation for an ideal

case, we normalize the phase depth Ag to be 1. Then, the polarized light can be

treated as a superposition of many waves with individual phase variations

exp{i'[m-(27r/A)-x+(2fr/)Lc,)'(sinﬁ)'x]}, where m is any integer [101]. The

polarized light will couple most strongly to a film guided wave of the form

exp[i-(27/4,) x|, where Aq is the wavelength of the guided wave. If one of the

waves is phase matched to the guided wave, then the following condition applies,

where A:=Ao/ne, Ag=Ao/Nesr, and Ag is the vacuum wavelength. With ko=211/Ao, We

then find
2 .
ko-neﬁ.=m~7+ko'nc-sm6 (1.3)
and at last, we get the well-known grating equation below.

A
. =n_-sinf@+m-—2~ 14
Ny =n,-sinf+m A (1.4)

Equation 1.4 is the basic relationship for the grating coupler design, and a good

approximation to calculate ne especially for the case of a relatively shallow
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grating. However, in a real structure, many aspects of the grating should be
considered, including the shape, fill factor, and refractive index, as each plays an

important role in the light coupling.
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Substrate n

Figure 1. 10 Schematic of a grating coupler on a waveguide. The incident beam
(lp), reflected beam (R), first-order defracted beam (l.1), and guided optical beam
(G) are shown. Insertion: spatial phase modulation caused by the gratings.

As early as the 1960’s, the potential for producing miniaturized optical
integrated circuits on a single wafer, resistant to vibration and thermals effects,
has raised the need for a simple and efficient means of coupling light into and out
of thin film waveguides [94, 99]. The grating coupler was first proposed in 1970
starting with the work of Dakss [102]. Many varieties of grating couplers on
various materials have, over the years, been designed and fabricated. Grating
couplers have been etched on semiconductors [103] and dielectric waveguides

[104] as well as onto polymeric waveguides [105]. However, no one previous to
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the work described in this thesis has worked on a grating coupler in PSi. The
advantage of the grating is that it is a simple, reproducible, and permanent
coupler which is compatible with planar device technology. Furthermore,
because it is open on the top of the gratings, the grating coupled PSi waveguide

can be integrated with microfluidics to form a compact biosensor system.

1.4  Experimental instrument

The Metricon Model 2010/M Prism Coupler (Metricon Corp., USA) was
used to monitor the angular interrogated reflectance in this work. Note that
equivalently, a system could be used with a fixed angle and variable wavelength.
Two schematics of the measurement configuration are shown in Figure 1.11.
Measurements are taken by using a computer-driven rotary table which varies
the incident angle. There are two modes that can be chosen: one is the regular
prism coupler mode utilizing the prism coupling technique (Figure 1.11(a)); the
other is the non-contact, variable-angle monochromatic fringe observation
(VAMFO) mode (i.e., without a prism), which could be used to monitor the
reflectance of the grating-coupled waveguides (Figure 1.11(b)). A 1550 nm diode
laser was used as the light source. Light from the laser is incident on the
waveguide at variable angle by rotating the stage, and the reflected light intensity

is measured by an InGaAs photodetector.
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Figure 1. 11 Schematics of the measurement system of the Metricon Model
2010/M instrument: (a) the prism coupler mode; (b) the VAMFO mode.

1.5 Objective and overview of the dissertation
The two primary objectives of this dissertation are as follows:
1) Design and optimize grating-coupled PSi waveguide biosensors for

small molecule detection.

2) Theoretically and experimentally characterize the sensor performance

via both static and kinetic measurements and analysis.
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This is the first time combining the benefits of both PSi and diffraction
gratings for the detection of small molecules. The use of a grating coupler
instead of a prism coupler allows the device to be more compact. The large
surface area available for biomolecular attachment and strong field confinement
in the waveguide region where biomolecules are immobilized make it possible to
detect biomolecule interactions in PSi with high sensitivity. Chapter Il will focus
on a photoresist grating coupled-PSi waveguide structure, including the design,
fabrication, characterization and small molecule sensing performance of the
structure. It is the basic structure used for biosensor design. The experimental
results will show that, the performance of the photoresist grating coupled PSi
waveguide biosensor is satisfied and it could be used for small biomolecule
detection. Chapter Il will discuss an all-PSi grating-coupled waveguide biosensor
which is improved from the photoresist grating-coupled PSi waveguide because it
allows all regions of the PSi waveguide to be accessible for biomolecule
infiltration. A rigorous comparison of the all-PSi grating coupled waveguide,
photoresist grating-coupled PSi waveguide, and an SOl planar waveguide
biosensor is presented. Both the theoretical simulation and experimental results
certify that the all-PSi waveguide grating-coupled waveguide biosensor is a
highly efficient biosensor and has the highest sensitivity of the aforementioned
three grating-coupled waveguide biosensor designs. Chapter IV presents the
design and fabrication of a fluidic-channel integrated all-PSi grating-coupled
waveguide biosensor, which is feasible for near real-time sensing of liquids and

DNA hybridization and analysis of kinetic parameters of molecules in nanoscale
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pores. At last in Chapter V, conclusions and future research to improve sensor
performance and expand the sensing applications of the PSi waveguide platform

are suggested. General prospects for biosensor research is also discussed.
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CHAPTER I

PHOTORESIST GRATING COUPLED PSI WAVEGUIDE

BIOSENSOR

For more than two decades, gratings have been combined with waveguide
structures to form biosensors because of their outstanding integrability and
relatively high sensitivity detection of analytes [106-114]. Although these grating-
coupled sensors have been demonstrated using a variety of different materials
and different configurations, they all realize label-free detection by means of
affecting the evanescent tail of a waveguide mode near the interface. When
target analytes bind to surface-bound probe molecules, the effective refractive
index of the media surrounding the waveguide is changed, resulting in a
perturbation to the original waveguide mode. By monitoring this perturbation,
molecular binding can be detected. The key disadvantage of this evanescent
wave-based detection method is that typically >80% of the total optical power is
contained within the waveguide and does not contribute to the surface
attachment sensing [115]; the evanescent wave that interacts with molecules is
an exponentially decaying field that only exists within a few hundred nanometers,
or even tens of nanometers, of the waveguide interface [6]. Therefore, detection
of small molecule binding, which causes only a small perturbation to the field
distribution, is challenging for evanescent wave sensors and results in low

detection sensitivity.

26



In this chapter, photoresist gratings are combined with PSi waveguides to
form compact biosensors that can detect molecular binding events in a
straightforward manner based on guided mode perturbations. The nanoscale
void spaces in PSi allow molecules to be infiltrated directly into the core of the
waveguide where they interact with a guided mode. The large internal surface
area of PSi allows immobilization of more probe molecules compared to a flat
surface, which increases the likelihood of capturing low concentration target
molecules in a complex solution. However, approximately half of the available

PSi internal surface area is blocked by the photoresist gratings.

2.1 Fabrication

2.1.1 PSi waveguide fabrication

Based on the electrochemical etching method introduced in chapter 1.2.2,
a PSi waveguide structure is fabricated (Figure 2.1(a)) using the etching cell
shown in Figure 2.1 (b) [116]. The PSi waveguide is fabricated by
electrochemical etching of p+ (0.01Q-cm) silicon wafers in a 15% ethanoic
hydrofluoric acid electrolyte, which is composed of 175 mL 99% ethanol and
75 mL 49% aqueous HF. The waveguide consists of two thin PSi films: a top, low
porosity (high refractive index) layer etched at 5 mA/cm? for 62 seconds and a
bottom, high porosity (low refractive index) layer etched at 48 mA/cm? for
53 seconds. After anodization, the waveguides are soaked in 1.5 mM KOH for

30 minutes to widen the pores. The nominal thicknesses of the PSi waveguide
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layers, as measured by scanning electron microscope (SEM), are as follows:

325 + 20 nm top PSi layer and 1500 £ 20 nm bottom layer.

Figure 2. 1  Cross-section SEM image of two-layer porous silicon waveguides.
The brighter regions are the nanoscale silicon matrix and the dark regions are
void spaces.

2.1.2 Oxidation

In order to let biomolecules interact greatly with the strongly confined field
in the PSi waveguide region, biomolecules must be immobilized within the pores.
Several methods for immobilizing different kinds of biomolecules onto a silicon
dioxide surface are available [117, 118]. Therefore, PSi waveguides need to be
firstly oxidized in order to utilize these techniques. There is an optimal thickness
of oxide to grow on the pore walls. Insufficient oxide will lead to incomplete
attachment of biomolecules. Over-oxidation will compromise the refractive index
contrast of the waveguide, which subsequently reduces the electric field

confinement in the waveguide film layer and reduces the sensitivity of detecting
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biomolecules in that layer. Oxidation can dramatically reduce refractive index of a
PSi layer (nsj = 3.4784 at 1550nm, nsio2 = 1.45 at 1550nm) [119]. Figure 2.2
shows simulation results of varying the refractive index of the waveguide film
layer n; from 2.00 to 1.80. If the grating period is fixed, from Equation 1.4, a shift
toward lower angles is expected. The calculation results show that the shift is
about 12°. The field confinement of the waveguide is also reduced from 50.8% to
42.6% and the resonance broadens because the refractive index contrast
between the cover layer and the waveguide film decreases. Hence, the minimum
amount of oxidation that allows biomolecule attachment needs to be determined
in order to achieve the best sensing performance. Other techniques exist for
linking biomolecules to silicon without oxide [120, 121], but these methods were

not pursued in this work.
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Figure 2. 2 Theoretical calculation of grating coupled PSi waveguide showing
the waveguide resonance angle shift to smaller angles with a reduction in PSi
refractive index associated with various levels of oxidation.
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There are two major elements that can affect the oxidation rate:
temperature and time. For bulk silicon, it is typical to heat the sample at 800°C
for tens to hundreds of minutes to create a 10-20 nm thin gate oxides for
submicron devices [122]. For PSi waveguide sensors, it is not necessary to grow
a thick insulating oxide layer. Only a thin SiO, film is needed for biomolecule
attachment. Due to its distinct structure and morphology, PSi oxidizes at different
rates compared to bulk silicon. Therefore, a series of oxidation testing
experiments were conducted for PSi under different temperature and time
conditions. For simplicity, single-layer PSi samples were used to test the
oxidation conditions.

Single-layer PSi samples are fabricated by electrochemical etching of
boron doped p+ silicon with a 0.01Q-cm resistivity and <100> growth direction.
The electrolyte is 15% hydrofluoric (HF) acid. The PSi layer is formed by applying
48 mA/cm? for 100 seconds. Then 100 pL of 1.5 mM KOH solution is dropped on
the PSi to open the pores. After incubating for 30 min in KOH, washing the
sample with ethanol, and drying with nitrogen, the sample is ready for oxidation.
The thickness of the PSi layer is approximately 3 ym, and the porosity is about

88%.
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Figure 2. 3 Geometrical model for (a) as-anodized PSi, which includes air (g1)
and silicon (g3); (b) model for oxidized PSi, which includes air (¢4), SiO> (€2) and
silicon (&3). [82]

J. E. Lugo introduced a simple model of PSi oxidation which is shown in
Figure 2.3 [82]. PSi samples can be described as an array of infinite columnar
holes of radius ry and dielectric function €4, with crystalline silicon as the host with
a dielectric function €3 (Figure 2.3 (a)). After oxidation, we need to consider the
silicon dioxide as a third component, between the columnar holes and the
crystalline silicon, with a dielectric function €, (Figure 2.3 (b)). The porosity (P) of

the PSi samples without oxide is expressed based on Maxwell-Garnett theory as:

8eﬁ'_83=P‘91_‘93 (2.1)
£, + €5 £ +E&,

where ¢, is the effective dielectric function of unoxidized PSi as a mixture of two

components.
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Figure 2.3 (b) shows the three components of Lugo’s oxidized PSi model.
During the oxidation of silicon, the SiO; film will not be coplanar with the original
silicon surface because a volume expansion occurs during oxidation. This
expansion occurs because the density of SiO; is slightly less than the density of
silicon. Growth of an oxide of thickness xp will consume a layer of silicon of about
0.45xp thick. Taking into account this expansion, the initial porosity P, without

oxide, is transformed in

P _=P[1-055XT (2.2)

where Py is the PSi porosity after oxidation, X =20 and Xo is the oxide coating
h

thickness.

For minimal oxidation, several samples are heated 5 min [123] at different
temperatures using the following procedure: first, the oven is heated to a certain
temperature, second, the sample is inserted, and third, after 5 min, the sample is
removed from the oven. The refractive index of the PSi layer is measured before
and after oxidation using the Metricon 2010 prism coupler. The change in
refractive index of the PSi layer due to oxidation at each temperature is shown in
Figure 2.4. At an oxidation temperature of 800°C, the refractive index shift is
about 0.11 RIU. As the temperature is reduced, the refractive index shifts also
are reduced. For 400°C - 600°C, the refractive index shifts are almost the same
within the accuracy of the measurement, around 0.05 RIU, which is significantly
smaller than at 800°C, as we expected. The weight change of the PSi layer due
to oxidation in 400°C - 600°C is comparatively small, about 0.0005 dm/dT [124].

Therefore, its refractive index change is also not significant.
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By using Lugo’s model, we can calculate the porosity changes and the
surface coating SiO, thickness xo with the assumption that the pore radius is

10nm. The results are shown in Figure 2.5 (a) and (b).
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Figure 2. 4 Refractive index shifts of PSi single layer after oxidation at various
temperatures for five minutes.
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Figure 2. 5 Change of PSi porosity (a) and SiO; thickness (b) after oxidation.
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Since the purpose of oxidation is to attach biomolecules in the pores, the
appropriate oxidation conditions must be selected only after attaching molecules
in the oxidized pores. Hence, after oxidation, 3- aminopropyltriethoxysilane
(3-APTES) is assembled on the SiO, surface in the pores. It contains an amino
group which is commonly used in sensing applications to promote adhesion
between silica substrates and organic materials. The details of the process will
be discussed in the next section. Due to the infiltration of the
3-APTES molecules, the refractive index of the PSi layer is changed (Figure 2.6),
and this variation demonstrates how much 3-APTES is linked to the SiO,. In
Figure 2.6, the refractive index change curve is saturated at about 0.035 for the
800°C sample whose 3-APTES coverage is therefore assumed to be 100%. By a
simple calculation, the 700°C sample gives about 98% 3-APTES coverage, the
600°C sample gives about 97% coverage, and 500°C sample gives 85%
coverage. For the 400°C sample, the coverage is comparatively low, only about
43%. T. Unagami examined the oxidation process of PSi by infrared
spectroscopy [123]. He demonstrated that the PSi layer could be oxidized at
such low temperature as 200°C. However, at temperatures below 400°C, Si,Os,
as well as SiO,, is produced by the oxidation. Only SiO; is formed by oxidation at
temperatures above 500°C. Therefore, for the 400°C sample, the small shift may
be due in part to insufficiently oxidized PSi since no reports in the literature
describe stable 3-APTES attachment to Si;O;. Compared with the 3-APTES

saturation shift, 500°C is a reasonable temperature which gives enough oxidation
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for biomolecular attachment but will enable a maximally high index contrast

between the two layers of the PSi waveguide.
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Figure 2. 6 Refractive index change of PSi layer due to 3-APTES attachment at

different oxidation temperatures. Saturation of the refractive index shift is
expected when 3-APTES monolayer coverage in the pores is complete.

2.1.3 Fabrication of photoresist grating coupled PSi waveguide
1) Design of grating period
A resonant feature in the angle resolved spectra can be observed when
the light is coupled into a guided mode and in particular when the mode wave
vector satisfies the grating relation (Equation 1.3) derived in section 1.3. Let us

rewrite it here:

ko-neﬁ‘=m-2%+k0-nc-sin0g (2.3)

35



where ko is the wave number in vacuum, nef is effective refractive index of the
waveguide, m is an integer, A is the grating period, n¢ is the external medium
refractive index, and 8y is the resonance angle of incidence of the grating coupler.
Here, the external medium is air, so nc,=1. Assuming that the first-order of
diffraction (m=1) is used to couple light into the waveguide, and substituting in an

expression for the wave number ko by ko=211/Ag, the equation can be simplified as

—n,=1"—+—""-sinf (2.4)

A critical parameter is the grating period A, which provides the incident beam its
momentum for coupling to the waveguide mode. Solving the above equation for
the grating period gives

Ao

A = —.
Nz —sing,

(2.5)

Due to slight variations that occur during the fabrication process, the nef of
each PSi waveguide may be slightly different even though the same
electrochemical etching parameters are used. In order to maintain the resonance
angle 8 into a strict region, the nez must be measured for each sample to
determine an appropriate grating period A. The value of nes for each sample can
be evaluated in a straightforward manner by performing a prism-coupler
measurement before grating fabrication according to the relation in section 1.3

Ny =n,sing (2.6)

where n, is the prism refractive index at Ag and 6, is the internal incident angle of

the prism coupler that corresponds to a resonance condition. Thus:

36



s

A= (2.7)

n, smHP - smGg

®
(&]
cC :
.9. Waveguide
(&) A
= e
&) ‘».' Substrate
:” Experiment
0.70- P
| —— Theory
oeh+———r——7—7—— 77—

32 36 40 44 48 52 56 60
Internal Angle 0 (deg)

Figure 2.7  Experimental and theoretical values for the reflectance of one PSi
waveguide sample [125].

In Figure 2.7, a typical angle-resolved attenuated total reflectance
measurement is presented. It was obtained by means of a Metricon 2010/M
prism coupler mode, with a cubic zirconia prism ny,=2.1252, in the Otto
configuration (see inset) for Transverse Electric (TE) polarized incident light at
the wavelength Ay =1550 nm. The prism is placed above the structure a few
hundred nanometers from the waveguide surface. For incident angles above the
critical angle, the light is entirely reflected at the prism base unless it satisfies the
condition given in Equation 2.6 and is coupled through the air gap into the

waveguide. The coupled light can be absorbed, scattered, or even transmitted
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through the lower PSi substrate layer into the bulk silicon; thus, for each guided
mode, a dip in the reflectance is observed. In particular, the spectrum in
Figure 2.7 presents a structure that corresponds to the fundamental TE
waveguide mode at about 44°. The effective index of the mode is found to be
ness =1.4763, according to Equation 2.6. The width of the dip is determined by the
overall mode losses; they depend on the distance between the prism and the
waveguide, the substrate layer thickness, as well as absorption and scattering
within the PSi.

The red line in Figure 2.7 shows the theoretical values for attenuated total
reflectance. It can be derived by the Fresnel reflection coefficient formula and
Airy’'s formula [126]. For TE light, the Fresnel formula gives the amplitude
reflection at a plane interface between two media with different refractive index:

_ mcos6, —n, cosb,

(2.8)

T,
12
n,cosf, +n, coso,

where ri2 is the reflection coefficient of media 1 and 2, ny and n; are their
refractive indices respectively, and 68; and 0, are the incident and refractive
angles. Airy’s formula gives the reflection coefficient of three-layer structure:

-2ip,
1, +71,.e 27
_ Nty _
T3 = = ¥, = ——md, cosb, (2.9)
L+n,rse 0

where rq23 is the total reflection coefficient of the three-layer structure, ri2 and r3
are the reflection coefficient of media 1 and 2, 2 and 3, respectively, which can
be easily found from Equation 2.8, and d; is the thickness of medium 2. Similarly,

for a four-layer structure, we can find
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where r34 is the reflection coefficient of three-layer structure composed by media
2, 3 and 4. Finally, for the prism coupled PSi waveguide, which is a five-layer
structure ((1) prism, (2) air gap, (3) waveguide film layer, (4) substrate layer, and
(5) silicon), the reflection coefficient is

-2ip,
Vo +1y,e "
_ TipH s
N23a5 = i (2.11)

L+ 1,15,5€

where rsss is the reflection coefficient of four-layer structure composed by media
2, 3,4 and 5. In the calculation, the refractive indices at 1550 nm are taken to be
ns =1.81 for the waveguide layer and ns =1.26 for the substrate layer, which were
measured by the Metricon 2010/M prism coupler. For grating coupling of light into
a waveguide mode at an incidence angle of 8,=30°, which is in the middle of the
accessible range for our measurement instrument, it is possible to find the
correct grating period for this particular sample, A=1590 nm, by using Equation
2.7.

2) Fabrication of grating coupler

Grating structures are fabricated on each PSi waveguide using electron beam
lithography. A positive e-beam resist, ZEP 520A (Zeon Corp.), is spin-coated
onto the PSi waveguide and then soft-baked for 2 minutes on a 180°C hotplate.
The resulting resist film is approximately 400 nm thick. Grating exposures are
performed on a JEOL-9300FS electron beam lithography tool at the Center for
Nanophase Materials Sciences at Oak Ridge National Laboratory at an

acceleration voltage of 100 kV and beam current of 2 nA. Completed patterns are
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developed in xylenes solution for 30 seconds. Inspection of grating structures
after fabrication clearly shows the PSi to be intact and with open pores between

the grating resist lines (Figure 2.8) [125].

200 nm EHT=10.00kV  Signal A= InLens Date :9 Apr 2008 n EHT=1000kV  Signal A= InLens Date :9 Apr 2008
Mag = '35.86 K X WD= 10mm Time :10:57:54 o 32, wi Time :12:57:39

(a) (b)

Figure 2.8  Top-view (a) and section-view (b) SEM images of a photoresist
grating coupled PSi waveguide structure.

2.2 Photoresist grating coupled PSi waveguide characterization

2.2.1 Spectrum characterization

In Figure 2.9, the theoretical reflectance (measured by the Metricon Model
2010/M, VAMFO mode) and experimental reflectance of the waveguide after the
fabrication of the grating coupler are shown. Figure 2.9 presents the theoretical
transmittance of the structure. The theoretical reflectance and transmittance are
calculated based on rigorous coupled-wave analysis (RCWA) for rectangular
profile gratings [127]. The ZEP 520A (nzep=1.54 at 1550nm) grating has
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thickness of h=380 nm, air fraction of f =0.582, and period of A=1590 nm as
measured by SEM. This should yield a coupling angle around 30° according to
Equation 2.7. The angle-resolved measurements are performed at A=1550 nm for
TE incident light in a range between 10° and 45°. There is a good agreement

between theory and experiment.
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Figure 2.9 Experimental and theoretical reflectance as a function of the angle
of incidence for the PSi waveguide with the grating coupler.
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Figure 2. 10 Theoretical transmittance as a function of the angle of incidence for
the PSi waveguide with the grating coupler.

When the light energy is coupled into the waveguide, the zeroth-order
transmitted intensity will drop, corresponding to the dips at about 27° and 32° in
Figure 2.10. In reflection, however, a narrow peak in intensity is observed, as
was shown in Figure 2.9. This is due to the principle of reversibility, which states
that if light can be coupled into the waveguide then it can also be coupled out of it.
As shown in Figure 2.11, the out-coupled light will be coincident with the reflected

beam, which will increase the intensity of the reflected light.
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Figure 2. 11 Principle of reversibility in reflection [128].

Two peaks arise because the grating can couple two diffraction orders at
two different incident angles. Two field distributions are possible when the guided
mode is excited, as shown in Figure 2.9, each with its own peak in the
reflectance spectrum. In particular, when the light is incident at 32°, the guided
mode, which propagates to the right in the waveguide, is excited by the +1
diffraction order beam. When the light is incident at 27°, however, the guided
mode, which propagates to the left, is excited by the -2 diffraction order light. The
-2 diffraction order light has lower energy than the +1 diffraction order. Thus, the

reflectance peak at 27° is lower than that at 32°.

2.2.2 Infiltration effect with 3-APTES
In order to test the photoresist grating coupled PSi waveguide, the effects
of infiltration with 3-APTES, which contains an amino group, was first studied.

Once the amine is available, numerous cross-linking agents can be used to
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immobilize proteins, DNA, or other molecules to silica surfaces. To form a
3-APTES thin film on the PSi pore walls, 100 ul of 4% 3-APTES solution
[3-APTES (99%, Aldrich) : methanol : deionized water = 4:46:50] was dropped
on the surface of the grating sample. After incubation in a humid environment for
20 min, the sample was rinsed with de-ionized water, dried with nitrogen, and
baked at 100 °C for 10 min. In Figure 2.12 (a), the experimental reflectance
spectra of the grating-coupled waveguide before and after 3-APTES infiltration is
shown. The infiltration leads to the formation of a monolayer of 3-APTES on the
surface of the PSi pores and to an increase in the refractive index in the
waveguide film and substrate layers in the regions that are not covered by
photoresist. As a consequence of the increase in refractive index, the resonance
splitting is enhanced. The shifted peaks are found at 25.8° and 33.6°,
respectively, for a total splitting of 7.7°, which is almost 3° larger than what is
observed with the empty waveguide. Each resonance peak contributes
approximately half of the total splitting.

The theoretical model was used to confirm that the splitting could indeed
be understood as due to the infiltration of the waveguide. Since the 3-APTES
refractive index is almost identical to that of silica, Lugo’s model can be used to
calculate the effective refractive index change by simply adjusting the air fraction
to take into account the infiltration. In Figure 2.12(b), the calculated reflectance
spectra for the empty and infiltrated structures are plotted. There is a good
agreement with the experimental results when assuming refractive index

changes nr = 0.03351 and ns = 0.03769 in the waveguide and substrate layers,
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respectively, corresponding to monolayer (0.8nm) coverage of 3-APTES in the

pores.
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Figure 2. 12 (a) Measured and (b) calculated angle-resolved reflectance at
1550 nm for empty (solid line) and infiltrated (dashed line) PSi waveguide with a
photoresist grating coupler.

2.3 DNA experiments

2.3.1 Surface functionalization

With the goal of creating a highly sensitive and selective DNA biosensor,
additional functionalization of the silanized PSi waveguides is necessary. After
the 3-APTES attachment described in section 2.2.2, the silanized sample were

incubated in 2.5 mg/mL Sulfosuccinimidyl 4 - [N-maleimidomethyl] cyclohexane -
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1 - carboxylate (Sulfo-SMCC, Pierce) solution for 2 hours, followed by a 1 hour
soak in HEPES buffer, rinsing with deionized water, and drying with nitrogen gas.
Sulfo-SMCC is a heterobifunctional cross-linking chemical that attaches to an
amine group on one side and a thiol group on the other side. 16-base thiol
modified probe DNA (5°-TAG CTA TGG TCC TCG T-3’, 3’ Thiol C3, Eurofins
MWG Operon) in HEPES buffer was mixed 1:1 by volume with TCEP (Pierce) in
water and ethanol for 30 minutes, and then directly infiltrated into the
functionalized PSi waveguide sample. After 1 hour incubation at 37°C, the
sample was soaked in HEPES buffer for 20 minutes at the same temperature,
rinsed with deionized water, and dried with nitrogen gas to remove any remaining
unattached molecules. The functionalization process is illustrated in Figure 2.13.

The final antisense DNA hybridization step will be discussed in next section.
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Figure 2. 13 PSi waveguide surface functionalization procedure.

\E“\J

46



Reflectance measurements were taken after each functionalization step in
order to confirm the attachment of the silane, cross-linker, and probe DNA
molecules. Figure 2.14 shows the reflectance spectra of a grating coupled PSi
waveguide after the attachment of 3-APTES, Sulfo-SMCC, and probe DNA. The
reflectance spectra in Figure 2.14 are slightly different from those in Figure 2.12.
The reason is that the reflectance spectrum consists of a combination of multi-
layer Fabry-Perot oscillations and the grating resonances. Generally, both peaks
and dips can be seen for a certain resonance. A resonance peak is only shown
at the minimum of the Fabry-Perot spectrum, while a resonance dip can be seen
at its maximum. Complete theory details describing this phenomenon can be
found in Ref. [129]. Focusing on the resonance near 38° in Figure 2.14, it can be
seen that the peak shift after Sulfo-SMCC attachment is almost two times larger
than the shift due to attachment of 3-APTES, which is consistent with their
molecular sizes (3-APTES monolayer: 0.8 nm [130]; Sulfo-SMCC monolayer:
1.27 nm [131]). Based on the magnitudes of these shifts, it is believed that
complete monolayers of 3-APTES and Sulfo-SMCC are formed on the pore walls
of the waveguide and theoretical calculations confirm this to be the case. It is
noted that if these chemicals were attached only on the surface of the waveguide,
a significantly smaller resonance shift would result [52]. Given the size of the
probe DNA oligos, the peak shift after probe DNA attachment was smaller than
expected, suggesting that there is a relatively low probe density in the PSi

waveguide. The probe coverage is estimated to be 13% [132]. DNA
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immobilization may have been inhibited in part by the small pore diameters of

approximately 30 nm [133].
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Figure 2. 14 Photoresist grating coupled PSi waveguide reflectance spectra

after oxidation and attachment of 3-APTES, Sulfo-SMCC, and probe DNA. The
resonance shifts confirm the attachment of these molecules in the oxidized PSi

waveguide [116].

2.3.2 DNA hybridization

In order to demonstrate the small molecule biosensing capabilities of our
structures, two functionalized grating-coupled PSi waveguides were spotted
separately with 100 umol/L of antisense (5’- ACG AGG ACC ATA GCT A - 3,

complementary strand to probe DNA) and mismatch (5’ - GGT TTC TGA TGC
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TGA C - 3, non-complementary strand to probe DNA) DNA. After 1 hour
incubation at 37°C, the waveguides were soaked in HEPES buffer for 20 minutes
to rinse out the non-hybridized oligos. Figure 2.15(a) shows a 0.420° resonance
shift after the hybridization of antisense, suggesting that the PSi waveguide is
indeed capable of detecting DNA sequences. This shift is almost equal to the
probe DNA attachment shift in Figure 2.14, which suggests the binding efficiency
of DNA strands in pores is relatively high.

In demonstration of the selectivity of this detection, Figure 2.15(b) shows a
much smaller, 0.075°, resonance shift due to non-specifically bound mismatch
DNA. Slight modification of the rinsing protocol, immobilization procedure, and
PSi pore size is expected to reduce the magnitude of this non-specific shift. The
magnitude of the resonance shifts after hybridization and exposure to mismatch
DNA are reproducible upon measurement of multiple samples. For comparison, a
third functionalized PSi waveguide was exposed to HEPES buffer for 1 hour at
37°C. As shown in Figure 2.15(c), a negligible shift results, confirming the
stability of the sensor.

By performing several experiments with varying antisense concentration,
we can estimate the detection limit of the sensor (Figure 2.16). The average
sensitivity is approximately 0.007°/uM. Considering that the resolution of the
Metricon prism coupler instrument is 0.015°, the detection limit of the grating
coupled PSi waveguide biosensor is estimated to be 2 uM. One method to
enhance the sensitivity of the grating coupled PSi waveguide sensor will be

discussed in the next chapter. A second approach is to increase the probe DNA
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density. One way to do this is to use in-situ DNA synthesis, which has been

shown to produce much higher surface coverage (up to ~50%) in a similar PSi

waveguide [134].
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Figure 2. 15 Resonance shifts of grating-coupled PSi waveguides after
exposure to (a) antisense DNA, (b) mismatch DNA, and (c) HEPES buffer.

Selectivity and stability of the PSi waveguide sensor is demonstrated.
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Figure 2. 16 Resonance angle shifts due to different antisense concentrations.

2.4  Conclusion
A label-free PSi waveguide with a photoresist grating coupler is
demonstrated for biosensing applications. This is the first time that the benefits of
both PSi and diffraction gratings have been combined for the detection of small
molecules. The use of a grating coupler instead of a prism coupler allows the
device to be more compact. Compared to surface-based sensors, p-type PSi with
10 nm radius pores gives more than 10° times larger surface area, which makes

it suitable for biomolecular attachment. Strong field confined in the waveguide
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region and easy biomolecule infiltration makes it possible to detect small
molecules with high sensitivity. There is a good agreement with theory for
3-APTES forming monolayer on pores. DNA hybridization experiments were
carried out to test this new structure. Through variable angle reflectance
measurements, 16-base antisense DNA oligos were clearly distinguished from
mismatch DNA oligos, and the current sensor’s sensitivity is found to be

0.007°/uM.
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CHAPTER III

ALL-PSI GRATING-COUPLED WAVEGUIDE BIOSENSOR

In chapter Il, a compact PSi waveguide biosensor with a photoresist
grating coupler is demonstrated to detect molecular binding events in a
straightforward manner based on guided mode perturbations. However, the main
drawback of the photoresist gratings is that the gratings cover almost half of the
PSi waveguide’s top surface. Therefore, half of the surface inside the PSi cannot
be used for molecule attachment. This results in the experimental sensitivity of
the grating coupled PSi waveguide being compromised. In this chapter, an all-
PSi grating-coupled waveguide biosensor is created which opens the entire PSi
waveguide layer as an active sensing area, thus improving the detection

sensitivity compared to the photoresist grating coupled waveguide.

3.1 Theoretical Comparison

In order to evaluate the potential sensing capabilities of grating-coupled
waveguides and better understand the advantages of the PSi guided mode
sensor, three different configurations of grating-coupled waveguides are
examined here, as illustrated in Figure 3.1 [135]. First, for baseline comparison,
a traditional silicon-on-insulator (SOI) waveguide with SiO, grating, following
[113], is considered. Next, PSi waveguides with either photoresist gratings,
following chapter Il, or lithographically etched PSi gratings are considered. PSi
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waveguides with lithographically etched PSi gratings, referred to as all-PSi
grating-coupled waveguides, enable the entire internal surface area of the PSi
films to be accessible for molecular infiltration. The dimensions of the all-PSi
grating-coupled waveguides were chosen such that the total PSi thickness was
similar to that of the photoresist grating-coupled PSi waveguide.

RCWA calculations are performed to determine the field distributions in
each of the grating-coupled waveguide structures and to evaluate the potential
sensing capabilities of each design. For the SOl waveguide (thickness of gratings
hg=180nm; grating period A=1240nm; refractive index of gratings n,=1.45;
thickness of waveguide layer h,=220nm; refractive index of waveguide layer
n,=3.476; thickness of substrate hs=3000nm; refractive index of substrate
ns=1.45; incident light wavelength A=1531nm), molecules can only be attached to
the top surface of the grating-waveguide structure while for the PSi waveguides,
biomolecules can be additionally attached to the pore walls inside the waveguide.
Note that for the photoresist gratings on PSi waveguides (hy,=380nm; A=1590nm;
ng=1.54; h,=340nm; n,=1.80; hs=1500nm; ns=1.21; A=1550nm), only half of the
available surface area of the PSi film is accessible for molecular infiltration. As
shown in Figure 3.1(a-c), only 1.67% of the transverse magnetic (TM) field power
distribution is localized at the top surface (within 180nm of the waveguide surface
in the cover region) of the SOI grating-coupled waveguide where molecules can
be attached. In contrast, for all-PSi grating-coupled waveguides (h,=135nm;
A=1685nm; ny=1.80; h,=190nm; n,=1.80; hs=1500nm; ns=1.21; A=1550nm),

54.07% of the transverse electric (TE) field power distribution is localized within
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the waveguide and at the top surface where molecules can be attached. For PSi
waveguides with photoresist gratings, the surface area accessible for molecular
infiltration is reduced and only 23.27% of the TE field power distribution is
localized where molecules will be present. Note also that the fraction of field
power in the grating region is increased for the PSi waveguides with photoresist
gratings (16.03%) compared to those with etched PSi gratings (3.72%).

Figure 3.1(d-f) show the theoretical reflectance spectra, based on the
RCWA calculations, of the three grating-coupled waveguide structures before
and after attaching a 0.8 nm thick biomolecule monolayer (np;, = 1.45; e.g., 3-
aminopropyltriethoxy-silane). As expected, the magnitude of the resonance shift
for each structure directly relates to the fraction of field overlap with molecules
[71]. The all-PSi grating-coupled waveguide sensor exhibits a 1.72° resonance
angle shift, the photoresist grating-coupled PSi waveguide sensor exhibits a 1.4°
shift, and the SOI guided mode resonance sensor exhibits a 0.05° shift due to
molecular attachment. From Equation 1.4, the relation between the angular
spectrum shift A6, acquired at fixed laser wavelength, and the wavelength
spectrum shift AN, measured at fixed angle 6, can be obtained by derivative
calculations on both sides [136]:

AA=A-cos6-AO (3.1)
where A is the wavelength, A is the gratings period and 8 is the incident anlge.
The 0.05° resonance angle shift for the SOl guided mode resonance sensor
corresponds to an equivalent refractive index change as a resonance wavelength

shift of approximately 0.76 nm (for a fixed angle of 45°, a grating period of 1240
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nm, and a resonance wavelength near 1530 nm), which is consistent with the
simulations and data presented in [113]. Considering the 0.8 nm biomolecules
size, the sensitivity of the SOI guided mode resonance sensor is =1 nm/nm.
Similarly, the detection sensitivities of the all-PSi grating-coupled waveguide
sensor and the photoresist grating-coupled PSi waveguide sensor are calculated
to be = 56 nm/nm and = 41 nm/nm, respectively. Clearly, the additional available
surface area in the PSi drastically improves the grating-coupled waveguide
sensor performance for small molecule detection. Use of the etched PSi grating
instead of the photoresist grating further increases the available active sensing

surface area, and will be investigated in detail in the following sections.
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Figure 3.1 RCWA calculations showing (a) magnetic field distribution of the
SOl guided mode resonance sensor; (b) electric field distribution of the
photoresist grating-coupled PSi waveguide; and (c) electric field distribution of
the all-PSi grating-coupled waveguide structure. Reflectance spectra of (d) SOI
guided mode resonance sensor, (e€) photoresist grating-coupled PSi waveguide,
and (f) all-PSi grating-coupled waveguide structure before and after attaching a
0.8 nm thick monolayer of biomolecules.
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3.2 Fabrication

The two-layer PSi waveguide structures used in this work were fabricated
by electrochemical etching of p+ (0.01Q-cm) silicon in 15% ethanoic hydrofluoric
acid, similar to the fabrication process in chapter Il. The top PSi layer that
constitutes the waveguide layer with low porosity (high refractive index) was
etched at 5 mA/cm? for 62 sec. The bottom PSi layer that constitutes the
substrate layer with high porosity (low refractive index) was subsequently etched
at 48 mA/cm? for 53 sec. The PSi waveguide was then soaked in 1.5 mmol-L™
KOH solution for 30 minutes to widen the pores to promote biomolecule
penetration, followed by thermal oxidation at 500°C for 5 min.

PSi grating couplers were fabricated on the PSi waveguide by electron
beam lithography and reactive ion etching (RIE). A 300 nm film of PMMA 950
photoresist was spun onto the PSi waveguide and exposed by a Raith eLINE
electron beam lithography tool in the Vanderbilt Institute of Nanoscale Science
and Engineering to form a diffraction grating with a grating period of
approximately 1700 nm. After development, the PSi waveguide with PMMA
gratings was reactive ion etched (Trion Technology) with 30 sccm SF¢ flow under
100 W RF power and 30 mTorr chamber pressure for 60 seconds. The PMMA
gratings served as the etch mask for the formation of the PSi gratings. After the
pattern transfer by RIE was completed, residual PMMA was removed by acetone.
Figure 3.2 shows a cross-sectional SEM image of the all-PSi grating-coupled

waveguide. Based on this SEM image and other SEM images, it was determined
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that the PSi grating height is 132 nm, the period is 1682 nm, and the air fill factor
is 49%. Moreover, the waveguide and substrate layers were determined to have
thicknesses of 190 nm and 1507 nm, respectively. Based on reflectance spectra
measurements and analysis [125], the refractive indices of the waveguide and

substrate layers were determined to be 1.80 and 1.21, respectively.

Figure 3.2 SEM image of the all-PSi gratings and the waveguide (cross-
section).

In order to realize experimental comparison of the performance of the PSi
waveguide sensors with etched PSi gratings and photoresist gratings, we also
fabricated photoresist gratings following the methods reported in chapter Il and
[113]. The PSi waveguide and photoresist gratings were made using the same

procedure mentioned in chapter Il. Figure 3.3(a) shows a cross-sectional SEM
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image of the photoresist gratings on a PSi waveguide, revealing a grating height
of 380 nm, 340 nm thick waveguide layer, and 1485 nm thick substrate layer. An
SOl waveguide with SiO, gratings was also fabricated to enable experimental
comparison of sensor performance for DNA hybridization. First, 180 nm of
amorphous SiO; was deposited on an SOI substrate (220 nm thick silicon and
2 um thick buried oxide layer) by plasma enhanced chemical vapor deposition
using a Trion Orion Il System. Similar to the method to fabricate photoresist
gratings on the PSi waveguide, ZEP 520A photoresist was spun onto the
amorphous SiO, coated SOI wafer and exposed by electron beam lithography
(Raith eLINE) to form gratings with 1240 nm period. After serving as a RIE mask
to etch the SiO, underneath, the photoresist was then removed by Remover PG
(MicroChem Corp.). Figure 3.3(b) shows a cross sectional SEM image of the SOI

waveguide with SiO, gratings, revealing a grating height of 180 nm.

Figure 3.3 SEM images of (a) photoresist gratings on top of a PSi waveguide
and (b) SOl waveguide with SiO, gratings. The image in (a) was taken at an
angle of 30° to the planar surface. The apparent non-planarity of the interface
between the silicon waveguide and SiO, substrate layer in (b) is an artifact due to
the sample cleavage.

60



3.3 DNA hybridization experiments

3.3.1 All-PSi grating-coupled waveguide biosensor

With a similar functionalization procedure as introduced in section 2.3, the
all-PSi grating-coupled waveguide biosensor was also used for detecting DNA
hybridization. In this case, however, complementary peptide nucleic acid (PNA,
ACG AGG ACC ATA GCT A, BioSynthesis) is chosen as the target molecule.
Since the PNA contains no charged groups, it has been shown that the binding
between PNA/DNA strands is stronger than between DNA/DNA strands due to
the lack of electrostatic repulsion [137]. Complementary PNA in HEPES buffer
was dropped on the probe DNA immobilized sample and incubated at 37°C for 1
hour. Then the sample was soaked in HEPES buffer for 20 minutes to remove
non-hybridized oligos, rinsed with deionized water, and dried with nitrogen gas.

Using the Metricon 2010/M in VAMFO mode, angular reflectance
measurements of the all-PSi grating-coupled waveguide were taken after each
functionalization step in order to confirm the molecular attachments. The
reflectance spectra before and after the 3-APTES attachment are shown in
Figure 3.4(a). The waveguide resonance angle is shifted to a higher angle (1.77°
shift) due to the increase in refractive index of the PSi layers that results from the
3-APTES attachment on the pore walls. In order to verify monolayer attachment
of 3-APTES (0.8 nm size, n3.aptes = 1.45), RCWA simulations were performed

using the experimentally determined dimensions of the all-PSi grating-coupled
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waveguide. In Figure 3.4(b), the calculated reflectance before and after
attachment of a monolayer of 3-APTES molecules are plotted, which indicates a
resonance shift of 1.80°. Thus, the calculated angular reflectance spectra exhibit
good agreement to the experimental data, and we can assume nearly complete
monolayer coverage of the small 3-APTES molecules in the pores. Based on the
RCWA calculations, the refractive index changes caused by 3-APTES
attachment are found to be Anyaveguide = 0.0427 and Ansypstrate = 0.0509. Hence,
the detection sensitivity of the all-PSi grating-coupled waveguide for small
molecules is approximately 42°/RIU, corresponding to 1090 nm/RIU for a
wavelength interrogation measurement. The detection limit of the sensor
depends ultimately on the measurement instrument resolution. Given the
Metricon 2010/M angular resolution of 0.0075° in the VAMFO mode or
considering a spectral measurement instrument with a modest resolution of
0.1 nm, the anticipated detection limit of the sensor is on the order of 10*RIU.
Figure 3.5(a) shows the reflectance spectra of the all-PSi grating-coupled
waveguide after the sequential attachment of 3-APTES, Sulfo-SMCC, 16-mer
probe DNA (50 umol-L™), and 16-mer complementary target PNA (50 pymol-L™).
The measured resonance shifts are stable over time durations of several minutes,
suggesting that there is no liquid remaining trapped in the pores after each
molecular infiltration step that can evaporate during the duration of the
experiment. Note that attachment of Sulfo-SMCC leads to a larger resonance
peak shift than 3-APTES attachment, which is consistent with their molecular

size (3-APTES monolayer: 0.8 nm [130]; Sulfo-SMCC monolayer: 1.27 nm [131].).
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The resonance shift due to probe DNA attachment is comparatively small with
respect to its molecule size (~ 3.5 nm in length), suggesting that there is a
relatively low probe density in the PSi waveguide. Based on the magnitude of the
experimentally measured resonance shift (0.42°), RCWA calculations suggest
that the probe DNA coverage on the pore walls is approximately 10%. This low
coverage is attributed primarily to the size-dependent infiltration efficiency of
small molecules into the small pore diameters (~ 20 nm) [132], as well as a
possible contribution of charge-based exclusion of the DNA molecules. When
exposed to the complementary PNA sequence, the majority of the probe DNA
molecules were hybridized. Based on the magnitude of the experimentally
measured resonance shift after PNA attachment (0.39°), the hybridization rate is

estimated to be ~90%.
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Figure 3.4 (a) Measured and (b) calculated angle-resolved reflectance spectra

at 1550 nm (TE) for all-PSi grating-coupled waveguide after oxidation (solid line)
and after 3-APTES attachment (dashed line).
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Figure 3.5 (a) Reflectance spectra of all-PSi grating-coupled waveguide after
oxidation and attachment of 3-APTES, Sulfo-SMCC, 16-mer probe DNA (50 uM)
and complimentary PNA (50 uM). (b) Resonance shifts of all-PSi grating-coupled
waveguides functionalized with 16-base probe DNA (50 uM) after exposure to
complimentary PNA (50 uM), mismatch PNA (50 uM) and HEPES buffer.
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In order to confirm the selectivity of the all-PSi grating-coupled waveguide
sensor, a mismatched sequence of PNA (ACG AGG ACC ATA GCT A) and
HEPES buffer solution were separately exposed to similarly prepared all-PSi
grating-coupled waveguides. As expected, and as shown in Figure 3.5(b), the
resulting shifts of the waveguide resonance angle for mismatch PNA (0.07°) and
HEPES buffer (0.015°) were substantially less than that for the complementary
PNA sequence.

Finally, in order to establish an approximate sensitivity for the all-PSi
grating-coupled waveguide, several hybridization experiments were performed
with fixed probe DNA concentration of 100 pmol-L™" and variable complementary
PNA concentration. As shown in Figure 3.6, the linearity of the resonance angle
shift as a function of PNA concentration suggests a detection sensitivity of
approximately 7.3°/mM. Note that the data point at 0 uM PNA concentration
corresponds to the resulting resonance shift from exposure to the HEPES buffer
alone. Given the angular resolution of the Metricon 2010/M in the VAMFO mode,

the PNA detection limit is expected to be on the order of 1 uM.
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Figure 3.6 Detection sensitivity estimation for all-PSi grating-coupled
waveguide sensor based on resonance angle shifts due to exposure of sensor to
different complementary PNA concentrations. The 16-mer probe DNA
concentration for all samples represented in the figure is 100 yM. The typical
sample-to-sample variation in the resonance angle for each data point is £0.1°.

3.3.2 Photoresist grating biosensor & SOl waveguide biosensor

In order to experimentally compare the detection sensitivities of the
different grating-coupled waveguide configurations considered in section 3.1, the
same optical measurements described in section 3.3.1 were performed on both
the photoresist grating-coupled PSi waveguide biosensor and the SOI waveguide
with SiO, gratings biosensor. Although only one SOI guided mode resonance
sensor was prepared for this study, the experimentally measured resonance
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shifts due to molecular attachment are in good agreement with expectations
based on theoretical calculations. Table 3.1 gives the resonance angle shifts of
the three different biosensor structures after each molecule attachment step. As
expected, the resonance angle shifts for the photoresist grating-coupled PSi
waveguide were less than those of the all-PSi grating-coupled waveguide
biosensor because the photoresist gratings inhibit molecular infiltration into the
PSi regions beneath the gratings. Note, however, that the hybridization efficiency
of the two types of grating-coupled PSi waveguide sensors is comparable: based
on several DNA hybridization experiments, including those reported in [116], the
hybridization efficiency in photoresist grating-coupled PSi waveguides is 80% -
92%. For the SOl grating-coupled waveguide biosensor that can only
accommodate molecular binding on the top surface of the sensor, Table 1 shows
that comparatively small resonance shifts were observed after molecular
attachment, which are consistent with the theoretical calculations in section 3.1.
The high hybridization efficiency is attributed to relatively low probe DNA
coverage (~30%, according to RCWA calculations) on the surface of the SiO»
gratings [138, 139], and ease of access of the complementary PNA molecules to

the probe DNA molecules on the planar sensor surface.
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Table 3. 1

Resonance angle shifts after various molecular attachments in all-

PSi grating-coupled waveguide, photoresist grating-coupled PSi waveguide, and
SOl waveguide with SiO; gratings.

3-APTES

Sulfo-SMCC

Probe DNA
(100 pmol-L™")

Antisense PNA
(100 pmol-L™")

All-PSi grating

1.70° £ 0.17° @

3.82° £ 0.07°°

0.83° +0.16° 3

0.81°

Photoresist grating[1.47° + 0.13° %2.46° + 0.44° °0.70° + 0.04° "0.59° + 0.08° °
SOI-SiO, grating |0.038° 0.046° 0.058° 0.062°

@Data is based on three experiments.

PData is based on five experiments.

3.4 Stamped grating-coupled PSi waveguide biosensor
An alternative,more cost-effective and more rapid way to fabricate a
grating-coupled waveguide structure exclusively made of PSi is based on a
recently reported technique that enables rapid and cost-effective nanoscale
patterning of porous materials. This technique, known as DIPS (direct imprinting

of porous materials), is reported in detail in reference [140].

3.4.1 Fabrication of stamped gratings

DIPS can be used to fabricate PSi gratings by using a silicon grating
stamp to locally deform the PSi film [140]. Briefly, a reusable master stamp is
fabricated using standard lithographic techniques. The stamp is then directly
pressed into a porous substrate where pattern transfer occurs by local pore
deformation or crushing. In this work, the master stamp consisted of a silicon
grating with a pitch of 1700 nm. Since the imprinted grating depth scales with the
hardness of the PSi film, three PSi layers were utilized for the waveguides with

stamped gratings: the top layer that becomes the grating is of high porosity to
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reduce the hardness compared to the silicon stamps; the second and the third
layers that serve as the waveguide film and the substrate layer are designed in a
manner similar to that reported in the previous section. Note that the field
confinement of the guided mode will be slightly different in this three-layer design
compared to the two-layer PSi waveguide design described previously. The
fabrication process flow for the PSi waveguides with imprinted gratings is as
follows. Electrochemical etching of p+ (0.01Qescm) silicon is first performed with
sequential application of two current densities 60 mA/cm? for 10 sec and
5 mA/cm? for 73 sec to form the top two PSi layers. After widening the pore
openings with a 30 min soak in KOH, the silicon stamp (area = 9mm?) was then
pressed against the PSi sample using a force of 650 Ibs to locally crush the top
PSi layer and form PSi gratings with a depth of 250 nm and a pitch of 1700 nm
[141]. A second electrochemical etching step was then performed with the
application of 48 mA/cm? for 53 sec to form the waveguide substrate layer. While
the pores in the stamped regions are partially occluded compared to the
unstamped regions, the pores in all regions are sufficiently large to enable
electrolyte penetration and uniform etching of the third PSi layer. The third PSi
layer was formed after the stamping to ensure that this high porosity layer was
not damaged during the stamping procedure. Figure 3.7 shows SEM images of

the stamped gratings and PSi waveguide.
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Figure 3.7 Top view (a) and cross-sectional (b) SEM images of PSi gratings
and waveguide fabricated using the DIPS technique. The pores in the stamped
regions are partially occluded compared to the unstamped regions.

3.4.2 Waveguide loss measurement

In order to obtain an experimental estimate of the difference in mode
confinement of the two different waveguide designs, waveguide loss
measurements were performed using the scattered light measurement approach
[142]. To prevent guided light from coupling out through the gratings, which
would lead to a misrepresentation of the waveguide propagation losses, regions
of the waveguides without grating couplers were measured. Light from a
1550 nm diode laser was butt-coupled into each PSi waveguide using a tapered
optical fiber. A camera positioned above the waveguide and focused on the
sample plane collected the scattered light from the surface of the waveguide.
Since the scattered light mimics the rate of decay of light in the waveguide,
straightforward image processing can be used to determine the intensity of

scattered light as a function of propagation distance. The waveguide loss in
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dB/cm was estimated based on the best exponential fit to the intensity vs.
distance curve.

Figure 3.8 shows experimental results for 2-layer and 3-layer PSi
waveguides loss measurements. The PSi waveguides were fabricated as
previously described and oxidized at 500 C for different lengths of time. It has
been previously shown that oxidizing PSi films reduces their losses [142].
Accordingly, PSi waveguides without oxidation have comparatively high loss,
~20 dB/cm. A rapid reduction of the losses was observed after oxidation times as
short as 5 min. Longer oxidation times lead to lower waveguide losses, although
the rate of loss reduction with oxidation time drops significantly after 30 min. The
slight differences between the 2-layer and 3-layer waveguide losses were found
to be within normal sample variation. Moreover, calculations based on Maxwell
equations suggest that the electric field confinement of the guided mode in the
2-layer waveguide (73%) is approximately the same as that in the 3-layer
waveguide (77%). Therefore, since the losses and mode confinement of the two
types of waveguides are nearly identical, any difference in the detection
sensitivity towards molecular infiltration must arise from the grating fabrication

process.
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Figure 3.8  (a) Measured PSi waveguide losses as a function of oxidation time
at 500°C. Curve fits are provided as a guide for the eye. Insertion is a digital
image of the light scattering. (b) 3-layer and 2-layer PSi waveguide electric field
distributions.

3.4.3 DNA Hybridization

While waveguide loss is an important characteristic of integrated optical
devices, it is not a critical parameter for our biosensing application because long
propagation length inside the waveguide is not required for molecular detection.
In order to prepare the PSi waveguides for molecular attachment, the stamped
grating sample was first thermally oxidized in air ambient at 500°C for 5 min.
Next, similar to the hybridization procedure in chapter Il, 3-APTES and Sulfo-
SMCC were sequentially attached to the pore walls to suitably prepare the
surface for binding of thiol-modified 16-mer probe DNA (5’-TAG CTA TGG TCC
TCG T-3', 3’ Thiol C3, 100 pmol-L™"). Complementary peptide nucleic acid (PNA,

ACG AGG ACC ATA GCT A, 100 pmol-L™") molecules were then selectively
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hybridized to evaluate the performance of the stamped grating-coupled PSi
waveguide sensor.

Figure 3.9 shows the results of angle-resolved reflectance measurements
of the stamped grating-coupled PSi waveguides after thermal oxidation and
attachment of 3-APTES, Sulfo-SMCC, 16-mer probe DNA and complementary
PNA molecules. The resonance peak shift resulting from each functionalization
step confirms that the molecules are indeed attached to the pore walls.
Compared to the DNA hybridization results shown in Figure 3.5 for the all-PSi
grating-coupler waveguide biosensor, the peak resonance shifts of the 3-APTES
and Sulfo-SMCC attachment is slightly larger in the stamped grating samples,
due to the thicker waveguide layer, which accommodates more molecules. In the
case of the 16-mer probe DNA molecular (~3.52 nm) attachment, there is a
significant difference in the magnitude of the corresponding resonance peak
shifts for the all-PSi biosensor and the stamped grating-coupled waveguide.
Although the stamped gratings are easier and more cost-effective to fabricate,
the resulting partial pore occlusion in the stamped region inhibits the infiltration of
larger molecules in the PSi waveguide sections beneath the stamped grating;
effectively, half of the surface area of the waveguide is not accessible for sensing
molecules larger than approximately 2 nm. Thus, for comparatively small
molecules, the two types of grating-coupled waveguides provide similar detection
sensitivities, while for larger molecules, the sensitivity of the all-PSi grating-

coupled waveguides is superior.
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Figure 3.9 Stamped grating-coupled PSi waveguide reflectance spectra after
oxidation and attachment of 3-APTES, Sulfo-SMCC, probe DNA, and
complementary PNA molecules.

3.5 Conclusion
Due to their enhanced available surface area for molecular binding in
regions of strong field localization, all-PSi grating-coupled waveguides were
shown to be highly efficient biosensors. RCWA calculations demonstrated that
all-PSi grating-coupled waveguides supported a 32-fold higher field distribution in
regions where molecules could bind compared to planar grating-coupled SOI

waveguides, and a 2-fold higher field distribution compared to photoresist
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grating-coupled PSi waveguides. Experiments conducted on all three types of
grating-coupled waveguides similarly showed that waveguide resonance shifts
due to molecular attachment were substantially larger in the all-PSi grating-
coupled waveguide sensor. A small molecule detection sensitivity of 42°/RIU
(1090 nm/RIU), and PNA detection limit on the order of 1 uM were demonstrated
using the all-PSi grating-coupled waveguide. A second type of PSi waveguide
with a PSi grating coupler was also demonstrated based on the DIPS stamping
process. Although DIPS allows for rapid and low-cost fabrication of grating-
coupler waveguide biosensors exclusively made of PSi, the partial pore occlusion
that results in the stamped regions inhibits the infiltration of some molecules into
the waveguide sensing region. For molecules smaller than approximately 2 nm,
the detection sensitivity of the PSi waveguides with stamped gratings was the
same as that of the all-PSi waveguides. For larger molecules, such as 16mer
nucleic acids, the lithographically fabricated all-PSi grating-coupled waveguides
exhibited almost two times larger detection sensitivity. Waveguide losses in both
designs of the PSi waveguide with PSi grating coupler were on the order of

10dB/cm.
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CHAPTER IV

INTEGRATED PSI WAVEGUIDE BIOSESNOR

The all-PSi grating-coupled waveguide biosensor was fully studied in
chapter Ill. This design with all of the PSi waveguide layer accessible to
molecular infiltration gives the highest detection sensitivity compared to the
photoresist grating-coupled PSi waveguide biosensor and the conventional
evanescent wave-based biosensors such as the SOI waveguide biosensor.
Other advantages of the all-PSi grating-coupled waveguide biosensor, such as
silicon-compatibility and an open top-side, make it suitable to be combined with a
micro-channel to form an integrated real-time sensing platform. In this Chapter, a
flow cell integrated PSi waveguide biosensor is demonstrated to facilitate near
real-time monitoring of biomolecule attachment events and enable determination
of the kinetics parameters of several kinds of biomolecules. The diffusion
coefficient, and adsorption and desorption rate constants of different sized
chemical linker and nucleic acid molecules are determined based on the rate of

change of the measured resonance angle after exposure to the molecules.

4.1  Adsoprtion kinetics in PSi
Quantifying the kinetic properties of biomolecules is essential to
understanding many biomolecular mechanisms, from primary processes in

biomolecular recognition to interaction networks in living cells [143]. Label-free
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optical biosensors based on the resonant waveguide grating method for
biomolecular interaction analysis have emerged over the last two decades as
powerful tools that are capable of detecting the interactions of proteins and
genes. They have received a great deal of attention for efficient, affordable,
accurate, non-invasive and quantitative measurements in real-time [144-153].
Many of these devices utilize gratings to couple light into/out of waveguides.
When molecules attach to the waveguides, which are functionalized with
immobilized probe molecules, the optical sensing elements can efficiently convert
refractive index changes caused by the attachments to a measurable spectral
shift. Conventional grating-waveguide biosensors generally rely on evanescent
field sensing techniques, which only allow target analytes to bind to planar
surface-bound probe molecules [154]. However, the aforementioned all-PSi
grating-waveguide biosensor, which allows molecules to infiltrate into the core of
the waveguide where they interact with a guided mode, gives 32-fold greater
detection sensitivity [125, 135]. In this chapter, the biosensor is combined with a
polydimethylsiloxane (PDMS) flow cell to facilitate near real-time monitoring of
biomolecule attachment events inside the PSi to derive the kinetics parameters
of several kinds of biomolecules.

The two-dimensional model used in this work to analyze adsorption
kinetics in PSi takes into account mass transport and binding reactions between
molecules in bulk solution and immobilized groups at the pore walls. The PSi
waveguide with flow cell geometry is shown in Figure 4.1(a)-(c). For the PSi

waveguide biosensor used in this chapter, the porosity in the upper layer
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(waveguide layer) is approximately 64%, with 200 nm depth, and 87% porosity
for the lower layer (substrate layer), which is 1500 nm in depth. The waveguide
was redesigned to optimize its performance with liquid instead of air in the cover
region. Measurements were taken in a static state so the flow velocity in the fluid
channel is zero and only diffusion in the y-direction is considered for mass

transport. The diffusion equation is given as

2
00D _pPeD ooy<p (4.1)
ot dy

with the following initial and boundary conditions:

at t=0, c=c, forall 0=sy=<b (4.2)
b
forall t, c(y= E) =c, (4.3)
at y=0, dl; O _p a"go’t )k c(0,0)(T,.. ~T()~k,.T(?) (4.4)
t

where c(y, t) is the concentration of the molecule, D is the diffusion coefficient of
the molecule, ¢y is the bulk concentration of the molecule in the flow cell, b is the
thickness of flow cell, I'(y, t) denotes molecule surface concentration, I« is the
maximum surface concentration, k,q is the adsorption rate constant and kges is
the desorption rate constant of the molecule. The boundary condition give in
Equation (4.4) assumes first order Langmuir kinetics at the PSi top surface [155,
156].

The Equation (4.1), together with boundary condition (4.2), (4.3) and (4.4),

can be solved by various numerical methods. Here, since the numerical solutions
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are complex and time-consuming, these equations need to be simplified to yield

useful analytical results.

(c) (d)

Figure 4.1  Design of the PDMS flow cell integrated biosensor. (a) A schematic
of the two components: the bottom is the PSi (light grey round area) with grating
couplers (orange rectangular area); the top is the PDMS flow cell. (b) A picture
of the fabricated device. (c) PSi waveguide integrated with the flow cell geometry
used for Equation (4.1)~(4.6). (d) A single pore cross-section geometry (axially
symmetric) used for finite element simulations with COMSOL.

First, assume the rate of molecules entering into PSi is unlimited, which

means when a molecule arrive at the inlet of PSi, it is absorbed inside the pores

79



immediately. This can be treated as the perfect sink condition, e.g. ¢(y=0,t)=0
[155]. Combining the perfect sink boundary condition with Equations (4.1)-(4.4),
the molecule surface concentration I, which denotes the molecule interactions in
PSi, can be obtained after a simple math calculation (here it is assumed that

molecular distribution is uniform inside the pores):

T()=2c, |2 S (4.5)

T Ops;
where Syt is the pore entry area, and Sps; is the overall internal surface area of
a single pore. From Equation (4.5), it can be seen that the diffusion dominates in
the mass balance process.

For a second circumstance, when molecular binding in the PSi is very
slow and the molecules inside the pores are saturated, the volume concentration
within the pores is approximately equal to the volume outside, resulting in zero
diffusion. Therefore, a stationary layer of molecules with concentration c, is
established near the top of the PSi film, e.g. ¢(y=0,t) = c,. With this boundary
condition, the molecule surface concentration " can be solved as:

Sinlet ( 4 . 6 )
S PSi

kad ) Cb

r(o=r,_ - -{1 —exp[=(kyy ¢, +hy): t]}-

wCpF ko

For this circumstance, adsorption and desorption of molecules on the

internal surfaces of the pores dominate the mass balance process. Again,
Equation (4.6) assumes a uniform distribution inside the pore.

During the actual mass transport process in PSi, molecular dynamics

cannot be simply classified into one of the two ideal circumstances described

previously. At the beginning of the process, however, molecular transport by
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diffusion is very rapid, and the molecules within the pores are adsorbed to the
surface quickly which can be described as the diffusion-dominated process. As
time progresses, the diffusion of molecules into the pore becomes slow. The
process therefore tends towards the second circumstance. Thus, the above two
analytical results are suitable to describe the initial and long-time processes, and
allow for preliminary estimation of the diffusion coefficient, as well as the
adsorption and desorption rate constants. To fill the gap between the two
extreme circumstances, the commercial software COMSOL is used to setup an
axially symmetric model (Figure 4.1(d)) to simulate the biomolecule diffusion and
attachment process in a single pore: the pore in the upper region (the waveguide
layer) is 10 nm in radius, 200 nm thick; for the lower region (the substrate layer),
the radius is 11.7 nm, and the thickness is 1500 nm; a fluidic domain outside the
pore (modeling the flow cell, not shown in Figure 4.1(d)) is 100 um in height. In
the following sections, the parameters calculated from Equation (4.5) and (4.6),
which give good agreement with the COMSOL numerical simulation employed,

will be shown.

4.2 Fabrication
The fabricated biosensor is composed of two components. One is a PSi
waveguide sample, which is similar to the all-PSi grating-coupled waveguide
structure introduced in chapter Ill. PSi films were fabricated by electrochemical
etching of silicon (p-type, 0.01 Q-cm) in a 15% ethanolic hydrofluoric acid based

electrolyte. The two-layer PSi waveguide structure was produced by applying
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current density 5 mA/cm? for 80 s and 48 mA/cm? for 53 s in sequence, followed
by a 30 min soak in 1.5 mmol-L™ KOH to widen the pore opening and 500°C
oxidation for 5 min to form a thin SiO; layer on the surface. A 300 nm film of
PMMA 950 photoresist was spun onto each PSi waveguide and exposed by a
Raith eLINE electron beam lithography tool to form a diffraction grating with a
grating period of 1350 nm. After development, the PSi waveguide with PMMA
gratings was reactive ion etched (Trion Phantom II) with 30 sccm SFs under
100 W RF power and 30 mTorr chamber pressure for 70 s. The remaining PMMA
was removed by acetone.

The second component of the device is a PDMS flow cell. It is fabricated
using standard soft-lithography techniques [157] with replica molding PDMS
(Ellsworth Adhesives, Germantown, WI). The mold was created using a photo-
sensitive material (SU-8 2100, MicroChem, MA) patterned through a transparent
photomask and positioned over a silicon wafer [158]. A pre-polymer solution of
PDMS was then mixed with a curing agent at a 10:1 weight ratio and poured over
the mold. After degassing, the PDMS layer was allowed to solidify over the mold
at 70°C for 2 h. The solidified layer of PDMS was then peeled from its mold, and
a sharp metal puncher was used to generate holes for the media wells. As
shown in Figure 4.1(a), the dimensions of the flow channel are 10 x 4 x 0.2 mm.

A thin layer of curing agent as glue was used to bond the PDMS flow cell
to the silicon wafer [159]. A glass coverslip as the carrier substrate was spin
coated with the curing agent at 5000 rpm. After the surfaces were treated with

oxygen plasma, the PDMS was stamped onto the curing agent coated coverslip.
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Subsequently, PDMS was aligned and transferred onto the silicon wafer with the
PSi. The integrated sample was secured by a mechanical clamp and then baked
at 70°C overnight to generate a permanent bonding between the PDMS flow cell
and the silicon wafer. The biosensor system was completed by attaching two
microbore tubes (Cole-Parmer, Vermon Hills, IL) to the punched holes (Figure

4.1(b)).

4.3 NaCl solution measurement

Different concentrations of NaCl solutions were injected into the flow cell
integrated biosensor to test its performance. The flow cell-bonded PSi biosensor
was mounted in a Metricon Model 2010/M to monitor the angular interrogated
reflectance in real-time. Deionized water (DI water, representing the 0% NaCl
solution) was first injected into the flow cell to be used for reference. Then, 1%,
2%, 3%, 5%, 7.5% and 10% NaCl solutions were injected in sequence.
Reflectance spectra were measured every 90 sec. The time resolution was
limited by the speed of the rotation stage in scanning from 0-45°. DI water was
re-injected after the 10% NaCl solution to verify that the system returned to the
original, solute-free status.

Figure 4.2(a) shows the resonance angle shifts during each injection.
Because the higher concentration solutions have larger refractive indices, the
resonance angle shift becomes larger as the concentration increases. The return
of the resonance angle to the initial position at the end of the experiment after

reintroducing a pure DI water solution demonstrates that there is no permanent
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adsorption of NaCl on the pore walls and that the biosensor is stable during the
~2 hour process. Since the diffusion of NaCl is very rapid immediately after
injection of a different concentration NaCl solution, the response time of the
biosensor is lower than the interval time of the measurement, resulting in
discontinuous resonance angles changes after each injection. Figure 4.2(b) gives
the relation between the resonance angle shifts and the NaCl concentration. The
sensitivity of the biosensor is calculated to be approximately 37°/RIU based on
this linear relationship. Note that this value is slightly lower than that reported in
chapter lIll, in part due to the reduced index contrast between the waveguide film

and cover/substrate regions.
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Figure 4. 2 (a) Resonance angle positions during the injections of 0%, 1%, 2%,
3%, 5%, 7.5% and 10% NaCl solutions. The blue circles are experimental data,
and the red lines are the average value of each concentration and drawn as
visual guides. (b) The relation between NaCl concentrations and resonance
angle shifts with a linear fit shown. The typical variation in the resonance angle
shift for each data point is £ 0.005°.
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4.4  Biomolecule kinetics in PSi

Kinetics parameters of several kinds of biomolecules were measured
during the DNA hybridization process. Complete details of the process are same
to the functionalization procedure in chapter Il. In this work, all solutions were
injected into the flow cell to achieve PSi functionalization. First, 3-APTES and
Sulfo-SMCC were injected and attached to the oxidized PSi waveguide. After
that, the integrated PSi biosensor is heated by a back-attached silicone rubber
fiberglass insulated flexible heater (OMEGALUX®, Omega Engineering, Inc.) to
37°C. Then, 100 umol-L-1 of 16-base thiol modified probe DNA (5-TAG CTA
TGG TCC TCG T-3’, 3 Thiol C3, Eurofins MWG Operon) oligos is injected and
bound to the modified surface. Complementary peptide nucleic acid (PNA, ACG
AGG ACC ATA GCT A, BioSynthesis) is chosen as the target molecule and is
used with the same concentration as the probe DNA. HEPES buffer and DI water
were injected between each molecular step to clean the flow cell and the sample
surface. Angular reflectance spectra were measured by the prism coupler during
the binding processes every 75 s, which was determined by the 0-37.5° scan
range.

The time-dependent change in the waveguide resonance angle during
injection of the 3-APTES solution is shown in Figure 4.3(a). Within the first
~2 min, the resonance angle increases significantly as the methanol/DI water
mixture inside the PSi is rapidly replaced by the 4% 3-APTES solution, which has
a greater refractive index. Diffusion dominates the mass balance process during

this interval, and the perfect sink condition can therefore be assumed.
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Accordingly, the diffusion coefficient of 3-APTES in PSi environment is calculated
to be 5.41x10° m?s™ from Equation (4.5). After this short period, the rate of the
change of the resonance angle decreases in magnitude. At long time periods,
slow adsorption on the PSi pore walls dictates the reflectance changes and,
therefore, Equation (4.6) provides an appropriate fit to the experimental data
during this time, from 2-25 min. The adsorption and desorption rate constants of
3-APTES in PSi were calculated to be 0.02958 M's™" and 7.652x10° s™,
respectively. For comparison, an experiment was conducted to monitor the 3-
APTES binding process on a flat silicon surface using a laser reflectometry
approach that is fully described in Ref. [160]. The experimental result is shown in
Figure 4.3(b), in which the surface coverage I'/lmax change denotes the 3-APTES
binding process. With the same concentration of 3-APTES solution as was
introduced to the PSi waveguide, nearly complete 3-APTES coverage on the
surface is achieved in approximately 10 s, which translates into an adsorption
rate constant kg = 2.826 M"-s™ and desorption rate constant kges = 8.5%x10 s™.
The adsorption rate constant of 3-APTES on a flat surface is about 100 times
greater than that in PSi, which is consistent with a previous report of avidin
adsorption in anodic aluminum oxide [155]. The reason for the substantial
discrepancy between the adsorption rate constants of flat surface and porous
material is not entirely clear at this time. It is hypothesized, however, that
compared to the flat surface, the steric and electrostatic hindrance present for
biomolecules on the pore walls, slows the biomolecule interactions inside the PSi

film [161, 162].
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Figure 4.3 (a) Resonance angle shifts of integrated PSi waveguide biosensor
during the injection of 3-APTES. The fitted curve is shown for visual guidance. (b)
Time dependent change of 3-APTES surface coverage upon binding to a flat
silicon surface.

Using the same method, the diffusion coefficient, adsorption rate constant,
and desorption rate constant of Sulfo-SMCC, probe DNA and antisense PNA
were calculated by Equation (4.5) and (4.6). The results are summarized in Table
4.1. For small linkers, the diffusion coefficient is on the order of 10° m%s™, and
the adsorption rate constant is in the range of 10'-102 M™-s™. For the larger
oligos, the diffusion coefficient in PSi is on the order of 10" m?s™, which is
nearly 10'-fold smaller than that in free solution [163, 164]. The adsorption rate
constant of DNA hybridization is near 10 M"-s™, which is 10?-10* times smaller
than that on flat surface [161, 165]. Applying these parameters into the COMSOL
simulation, biomolecule attachment processes were simulated. Figure 4.4 shows
both the COMSOL simulation and the experimentally normalized resonance

angle changes during 3-APTES, Sulfo-SMCC, probe DNA and antisense PNA
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binding. The resonance angle changes proportionally with both the surface

coverage of the molecules bound in the pores and the refractive index change of

the free solution in the pore. As expected, the resonance angle increases in all

cases over time. It is expected that a saturation behavior for the larger oligos

would be observed at longer time scales. The experimental and simulation

results show comparatively good agreement with each other, which suggests that

the assumptions of Equation (4.5) and (4.6) are valid and can be applied for

deriving kinetic parameters of molecules in nanoscale pores.

Table 4. 1

APTES, Sulfo-SMCC, probe DNA and antisense PNA in PSi.

Diffusion coefficient, adsorption and desorption rate constants of 3-

3-APTES Sulfo-SMCC Probe DNA | Antisense PNA
D (m*s™) 5.41x107° 2.442x107° 9.542x10"" | 9.576x10™"
kag (M-s™) 0.02958 0.1274 5.641 4.442
Kaes(s™) 7.652x10™ 1.748%x107 7.4x10° 1.422x107
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Figure 4.4 Experimental (blue circle) and COMSOL simulated (red line)
normalized resonance angle changes during (a) 3-APTES, (b) Sulfo-SMCC, (c)
probe DNA and (d) antisense PNA binding.

4.5 Conclusion
The PDMS flow cell integrated grating-coupled PSi waveguide biosensor
is demonstrated as a platform for near real-time detection of chemical and
biological molecule binding events. Molecular attachments in the PSi waveguide
are monitored by angle-resolved reflectance measurements. Precise and
simplified mass balance equations, which reveal the binding events inside the
pores, are given. Diffusion coefficient, adsorption and desorption rate constants
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of different sized chemical linker and nucleic acid molecules are determined
based on the changes of the measured resonance angle. For small linkers, the
diffusion coefficient is on the order of 10° m?%s™', and the adsorption rate
constant in the range of 107"- 102 M"-s™, while for the larger oligos, the diffusion
coefficient is on the order of 10" m?s™, and the adsorption rate constant is near
10" M™-s™. Based on the experimental and calculated results, the PDMS flow cell
integrated grating-coupled PSi waveguide shows great promise for sensitive,

real-time detection of small chemical and biological molecules.
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CHAPTER V

CONCLUSIONS AND FUTURE WORK

5.1 Conclusions and research contribution

Sensitive label-free optical biosensors based on grating-coupled PSi
waveguides are demonstrated for biosensing applications. This is the first time
that the benefits of both PSi and diffraction gratings have been combined for the
detection of small molecules. The use of a grating coupler instead of a prism
coupler allows the device to be more compact. The large surface area available
for biomolecular attachment and strong field confinement in the waveguide
region where biomolecules are immobilized make it possible to detect
biomolecule interactions with high sensitivity in the PSi waveguide. Two kinds of
gratings were presented on PSi waveguides for the first time: photoresist gratings
and all-PSi gratings (fabricated by both electron beam lithography and DIPS
stamping). The photoresist grating-coupled PSi waveguide biosensor and the
DIPS grating-coupled PSi waveguide biosensor possess an easier fabrication
process and were shown to be capable of detecting small biomolecules. Due to
its enhanced available surface area for molecular binding in regions of strong
field localization, the electron beam lithography-fabricated all-PSi grating-coupled
waveguide biosensor was shown to be the most highly efficient biosensor.
Theoretical simulations demonstrated that all-PSi grating-coupled waveguides
support a 32-fold higher field distribution in regions where molecules can bind
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compared to a planar grating-coupled SOl waveguide biosensor, and a 2-fold
higher field distribution compared to the photoresist grating-coupled PSi
waveguide biosensor. PNA-DNA hybridization experiments were carried out by
measuring angular resonance changes. Negligible shift was measured for
exposure to non-complementary DNA. The detection sensitivity of the all-PSi
grating-coupled waveguide for small molecules is approximately 42°/RIU, and the
PNA detection limit is on the order of 1 uM. A PDMS micro-channel was
integrated with the all-PSi grating-coupled waveguide biosensor to form a near
real-time detection platform. Diffusion coefficients as well as adsorption and
desorption rate constants of different sized chemical linker and nucleic acid
molecules were determined based on the changes of the measured resonance
angle after exposure to the molecules. For small linkers, the diffusion coefficient
is on the order of 10° m?s™, and the adsorption rate constant is in the range of
10™- 102 M"-s™, while for the larger oligos, the diffusion coefficient is on the
order of 107" m?s™, and the adsorption rate constant is near 10" M"s™. The
adsorption rate constants, which are 10% 10* smaller than that of flat surface

attachment, are greatly affected by the porous structure.

5.2 Future research opportunities
The basic characteristics and applications of PSi waveguide biosensors
with grating couplers have been studied. In order to achieve improved
performance, research could be continued in the following areas:

1) In-situ DNA synthesis
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In the current DNA hybridization experiments, pre-synthesized DNA
oligonucleotides, used as the probes, are directly infiltrated into pores and
attached to the pore walls. However, due to the large probe DNA size (~3.5 nm)
which is on the same order of the pore radius (~10nm), and the steric and
electrostatic hindrance present in biomolecule films on the pore walls, which
suppresses the probe attachment inside the PSi, the probe DNA coverage is very
low, ~10%. Therefore, the resonance angle shifts when probe DNAs were
attached are very small compared to the shifts of 3-APTES and Sulfo-SMCC. To
increase the probe density and sequentially enhance the biosensor sensitivity, in-
situ DNA synthesis could be applied, as has been performed on prism-coupled
PSi biosensors. The probe DNA chain is formed inside the pores base by base
using the in situ synthesis technique. Because of the small size of a single base,
it can easily infiltrate into the pores and substantially raise the probe DNA
coverage in a controllable manner up to 50% [134]. Furthermore, in-situ DNA
synthesis also allows for flexibility in defining the probe sequence, which is
convenient in practical applications.

2) Desorption process measurement

The PDMS flow cell integrated all-PSi waveguide biosensor is certified to
be feasible for DNA hybridization detection. Several biomolecular kinetics
parameters were obtained based on the adsorption process in chapter IV.
However, the investigation on adsorption kinetics is not complete. The process of
biomolecular attachment in PSi is complicated. It depends not only on the

surface adsorption, but also on mass transport in porous media. Therefore, the
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desorption process needs to be investigated to get a full picture of biomolecule
binding events in nanoscale pores. Moreover, desorption kinetics bear much
richer physics information in biochemistry studies [155]. For the current DNA
hybridization biosensor, a special desorption solution is demanded to be found
and used in the desorption process. An alternative way is using a temperature
controlled system, which can manage the fluid temperature inside the PDMS flow
cell. For 16-mer PNA, a 70°C buffer rinse should be sufficient to break the DNA-
PNA bonds, but binding between 3-APTES and Sulfo-SMCC may not be stable
at this temperature. Thus, new linkers/cross-linkers should be investigated and
applied during the desorption measurement.

3) Bloch surface wave biosensor

An alternate form of a guided mode sensor, called a Bloch surface wave
sensor, may enable effective detection of large molecules on the surface of a PSi
film while still maintaining sensitive detection of small molecules inside the film.
Bloch surface waves are electromagnetic modes propagating at the interface
between a homogeneous medium and a truncated periodic structure like a
dielectric monodimensional photonic crystal [166]. At the resonance condition, an
electromagnetic field is confined to the surface of the structure due to the
photonic band gap. The strong field confinement at the surface gives the BSW
biosensor the advantage of quickly detecting molecules that attach to the surface.
Prism coupled BSW biosensors fabricated by silicon nitride, PSi, and tantalum
pentoxide have been demonstrated in gas, fluid and biomolecule detections [167-

169]. In order to create a more compact biosensor, the prism can be replaced by
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a grating coupler to generate the BSW (Figure 5.1). Compared to a PSi
waveguide sensor, the most significant advantage of a PSi BSW sensor is that
the confined optical mode located adjacent to the surface is suitable for sensing
large biomolecules, such as proteins and nucleic acid [167], which could only be
detected through a leaky mode or weak evanescent field using a PSi waveguide.
However, there would likely be a trade-off on the speed and sensitivity of
detecting small molecules, which are likely to be more effectively detected using
a waveguide geometry. . Moreover, field intensity distribution calculations need
to be conducted to determine the true advantage of the BSW over a leaky

waveguide for large molecule surface sensing.

Gratings

PSi
Multilayers

Silicon

Figure 5.1  Schematic of BSW biosensor with a grating coupler.

4) Membrane PSi waveguide structure
In Chapter 4, kinetics parameters of several types of biomolecules were
investigated by the flow cell integrated grating-coupled PSi waveguide biosensor.
Compared to molecular attachment on a flat surface, the adsorption rate

constants of molecules are affected by the nanoscale porous structure. To
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maintain the high sensitivity of PSi waveguide biosensors and improve the
binding kinetics, utilizing a PSi waveguide membrane is a reasonable choice. As
shown in Figure 5.2, gratings and PSi waveguide film could be fabricated by
electrochemical etching and lithography techniques. The silicon substrate can be
etched away from the backside such that air serves as the cover layer and the
substrate layer. The membrane structure enhances the refractive index contrast
and increases the waveguide field confinement, resulting in a possibility of higher
sensitivity. Furthermore, opening both sides of the PSi film to form a membrane
allows a constant flow of analyte to be sustained from one side to the other. It is
also possible to apply an electric or magnetic field to enhance the flow rate of
charged ions or biomolecules. The mechanical properties of the PSi membrane
will need to be considered during the preliminary design process to ensure
robustness and the gratings will also require design modification in the new

experimental environment.

PDMS flow cell

PSi gratings
and
membrane

Figure 5.2  Schematic of PDMS flow cell integrated PSi membrane waveguide
biosensor with a grating coupler.
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5) Portable biosensors

The final goal of this PSi grating waveguide structure study is to make a
point-of-care instrument which can facilitate convenient and rapid diagnoses.
However, the angular interrogation applied in this work, which has a high cost
rotation stage and is time-consuming, is not very appropriate for a portable
system. The schematic of an ideal PSi based biosensor is shown in Figure 5.3. It
contains a white light LED used as the light source, a sensor chip based on a PSi
waveguide with a grating coupler, and a color CCD camera, which can detect the
reflectance spectra in a wide wavelength range. When biomolecule interactions
take place on the sensor chip, the reflectance spectra is changed. This change is
monitored by the color CCD camera and the corresponding bio-information can

be extracted.

White light LED

Figure 5.3  Schematic of an ideal portable biosensor based on PSi waveguide
with a grating coupler structure.
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APPENDIX A

MULTI-LAYER REFLECTANCE VS. INCIDENT ANGLE MATLAB

CALCULATION CODE
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clc;clear;
lamda=1550e-9;%1550nm
m=7;
n=zeros(1,m);
n(1)=2.1252;
n(2)=1;
n(3)=1.8;
n(4)=1.21;
n(5)=3.4784+0.00001233%;
n(6)=3.4784+0.00001233%;
n(7)=3.4784+0.00001233%;
t=zeros(1,m);
t(2)=700e-9;
t(3)=340e-9;
t(4)=1500e-9;
t(5)=0e-9;
t(6)=0e-9;
thata=zeros(1,m);
9=1;
for p=1:0.01:90
thata(1)=p/180*pi;
for k=2:m
thata(k)=asin(n(1)*sin(thata(1))/n(k));
end
phi=zeros(1,m-1);
for j=1:m-1
phi(j)=2*pi/lamda*n(j)*t(j)*cos(thata(j));
end
r=zeros(m,m);
for j=1:m-1
%TE
r(j,j+1)=(n(j)*cos(thata(j))-...
n(j+1)*cos(thata(j+1)))/(n(j)*cos(thata(j))+n(j+1)*cos(thata(j+1)));
%TM
%r(j,j+1)=(n(j+1)*cos(thata(j))-...
n(j)*cos(thata(j+1)))/(n(j+1)*cos(thata(j))+n(j)*cos(thata(j+1)));
end
r567=(r(5,6)+r(6,7)*exp(-2*i*phi(6)))/(1+r(5,6)*r(6,7)*exp(-2*i*phi(6)));
rd567=(r(4,5)+r567*exp(-2*i*phi(5)))/(1+r(4,5)*r567*exp(-2*i*phi(5)));
r34567=(r(3,4)+r4567*exp(-2*i*phi(4)))/(1+r(3,4)*rd567*exp(-2*i*phi(4)));
r234567=(r(2,3)+r34567*exp(-2*i*phi(3)))/(1+r(2,3)*r34567*exp(-2*i*phi(3)));
r1234567=(r(1,2)+r234567*exp(-2*i*phi(2)))/(1+r(1,2)*r234567*exp(-2*i*phi(2)));
R(q)=abs(r1234567)"2;
g=q+1;
end
plot(1:0.01:90,R)
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APPENDIX B

MULTI-LAYER REFLECTANCE VS. WAVELENGTH MATLAB

CALCULATION CODE

100



clc;clear;
%lamda=1550e-9;%1550nm
m=7;

n=zeros(1,m);

n(1)=1;

n(2
n(3
n(4

.8;
2;
.4784+0.00001233%;
n(5)=3.4784+0.00001233%;
n(6)=3.4784+0.00001233%;
n(7)=3.4784+0.00001233%;
t=zeros(1,m);
t(2)=340e-9;
t(3)=1500e-9;
t(4)=0e-9;
t(5)=0e-9;
t(6)=0e-9;
thata=zeros(1,m);
9=1;
for lamda=500e-9:1e-9:2000e-9
%thata(1)=/180%pi;
for k=2:m
thata(k)=asin(n(1)*sin(thata(1))/n(k));
end
phi=zeros(1,m-1);
for j=1:m-1
phi(j)=2*pi/lamda*n(j)*t(j)*cos(thata(j));
end
r=zeros(m,m);
for j=1:m-1
%TE
r(j,j+1)=(n(j)*cos(thata(j))-
n(j+1)*cos(thata(j+1)))/(n(j)*cos(thata(j))+n(j+1)*cos(thata(j+1)));
%TM
%r(j,j+1)=(n(j+1)*cos(thata(j))-
n(j)*cos(thata(j+1)))/(n(j+1)*cos(thata(j))+n(j)*cos(thata(j+1)));
end
r567=(r(5,6)+r(6,7)*exp(-2*i*phi(6)))/(1+r(5,6)*r(6,7)*exp(-2*i*phi(6)));
rd567=(r(4,5)+r567*exp(-2*i*phi(5)))/(1+r(4,5)*r567*exp(-2*i*phi(5)));
r34567=(r(3,4)+r4567*exp(-2*i*phi(4)))/(1+r(3,4)*rd567*exp(-2*i*phi(4)));
r234567=(r(2,3)+r34567*exp(-2*i*phi(3)))/(1+r(2,3)*r34567*exp(-2*i*phi(3)));
r1234567=(r(1,2)+r234567*exp(-2*i*phi(2)))/(1+r(1,2)*r234567*exp(-2*i*phi(2)));
R(q)=abs(r1234567)"2;
g=q+1;
end
plot(500:2000,R)
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APPENDIX C

WAVEGUIDE ELECTRICAL FIELD DISTRIBUTION MATLAB

CALCULATION CODE
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nf=1.8;
ns=1.21;
nc=1;
hf=0.60;
lamda=1.55;
k=2*pi/lamda;

kappamax=sqrt(k*2*nfr2-k"2*ns"2);
kappa=0:0.00001:kappamax;
beta=sqrt(k"2*nf*2-kappa.*2);
gammas=sqrt(beta.?2-k"2*ns"2);
gammac=sqrt(beta.?2-k"2*nc"2);
left=tan(kappa*hf);
right=(gammas+gammac)./(kappa.*(1-gammas.*gammac./kappa.’2));
subplot(2,1,1)
plot(kappa,left,kappa,right)
ylim([-10 10])
N=find(abs(left-right)<0.0001);
n=N(end);

kappaO=kappa(n);
gammac0=gammac(n);
gammas0=gammas(n);

x1=0:0.001:1;

E1=exp(-gammac0*x1);

x2=-hf:0.001:0;

E2=cos(kappa0*x2)-(gammac0/kappa0)*sin(kappa0*x2);

x3=-(hf+1.5):0.001:-hf;
E3=(cos(kappa0*hf)+(gammac0/kappa0)*sin(kappa0*hf))*exp(gammas0*(x3+hf));
subplot(2,1,2)

plot(x1,E1,x2,E2,x3,E3)

sum(E2.22)/(sum(E1.22)+sum(E2.22)+sum(E3.72))
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