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Abstract

Early detection as well as identification of biomolecules is very important for the
medical diagnosis of many diseases. The mostly used biomaterial detection methods are
fluorescence based detection and label-free detection. Fluorescence based detection is
quite sensitive and able to detect down to a single molecule and usually use
fluorescence tag to identify the target presence. But most complexity is the labeling
steps beyond the isolation of target analyses. In contrast, the label free detection
performs the detection of biomolecules in their original form also able to easier and
cheaper bio detection. In contrast, biosensors such as enzyme-linked immunosorbent
assay (ELISA) and surface-plasmon-resonator (SPR) which are already in commercially
available label free detection method. However, the advantages of ELISA method need
large volume of analytes, expensive and long measurements time. On the other hand the
size of SPR is quite large.

Our research focused on Si photonic crystal resonator based biosensor which is compact
and highly sensitive because the light of certain frequencies is confined in resonator and
takes interaction with biomaterial many times. Thus it has the advantages of being very
high sensitive even though the very small volume of analytes.

To confirm our device performance we first used sucrose solution (solution of sugar
and water) because of there is no need any extra binding method between device surface
and sucrose solution and it is easy to remove them from the device surface. We were
able to detect the resonance wavelength shift by changing the sucrose concentration. We
reported O and sensitivity are 10° (Q is defined as A/FWHM, where A is the
resonance wavelength and FWHM is full width at half maximum of resonance peak),
1570 nm/RIU (Refractive Index Unit) (sensitivity is the ration of Adws/An, where Adyes
is a resonance wavelength shift and An is a change in refractive index) respectively.

We also made double nanocavity type photonic crystal resonators where surrounding
air hole radius were modulated and we got the highest O of ~ 2 x 10°, sensitivity of
1571 nm/RIU (s) and minimum detection limit of < 10° RIU (detection limit is defined
as A/ OS, where Q is the quality factor and S is the sensitivity).

To detect prostate specific antigen (PSA) we used a very special feature called Si

binding protein (Si-tag) which has been developed by Professor Akio Kuroda,
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Department of Molecular Biotechnology, Hiroshima University. Si-tag immobilizes the
receptor anaytes on the device surface (on Si / Si0;) with a same aligned orientation.
Due to the receptor analytes, antigen-antibody is attached on the device surface in an
aligned manner and light-matter interaction improves more, as results resonant peak
shift even though the concentration is very low. We successfully detected PSA
concentration as low as 0.01 ng/mL, where the practical sensitivity is 1 ng/mL.

We describe the mechanism and solution for dominating temperature effects on
refractive index based Si optical resonator sensor such as ring resonator and photonic
crystal resonator sensors. The temperature change affects the silicon refractive index
and affects resonator mechanical shape also. As a result, it is reported that the refractive
index change is dominating whereas the mechanical deformation effect is negligible.
We also demonstrated that the differential operation is effective to suppress the

temperature effect for Si ring resonator sensor.
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Chapter 1 Introduction

1.1 Introduction

1.1.1 Background of research

Early detection as well as identification of biomolecules is very important for the
medical diagnosis of many diseases. The mostly used biomaterial detection methods are
fluorescence based detection and label-free detection.” Fluorescence based detection is
quite sensitive and able to detect down to a single molecule and usually use
fluorescence tag to identify the target presence. But most complexity is the labeling
steps beyond the isolation of target analyses. In contrast, the label free detection
performs the detection of biomolecules in their original form also able to easier and
cheaper bio detection. In contrast, biosensors such as enzyme-linked immunosorbent

36 which are already in

assay (ELISA)” and surface-plasmon-resonator (SPR),
commercially available label free detection method. However, the advantages of ELISA
method need large volume of analytes, expensive and long measurements time. On the

other hand the size of SPR is quite large.

Our research focused on Si photonic crystal resonator based biosensor which 1s compact
and highly sensitive because the light of certain frequencies is confined in resonator and
takes interaction with biomaterial many times. Thus it has the advantages of being very

high sensitive even though the very small volume of analytes.

1.1.2 Properties of periodic photonic crystal

Photonic crystals”® are periodic nanostructures with a spatial periodicity in their
dielectric constant. Under certain conditions, photonic crystals can create a photonic
bandgap, i.e. a certain frequency of light in which propagation through the crystal is
inhibited. Light propagation in a photonic crystal is similar to the propagation of
electrons and holes in a semiconductor. The periodicity of the electronic potential in
semiconductors, which is due to the regular arrangement of atoms in a lattice, gives rise
to the electronic bandgaps, which are forbidden energy bands for electrons. Similarly,

the periodicity of the refractive index gives rise to photonic bandgaps, forbidden energy



bands for photons. According to the periodicity, photonic crystal are classified into three
ways 1) one-dimensional (1D) ii) two dimensional (2D) and iii) three dimensional (3D)

photonic crystal.

One dimensional photonic crystal:
A one-dimensional photonic crystal (1D PhC), which is a periodic nanostructure with
a refractive index distribution along one direction. As illustrated in Fig. 1.1 the simples
structures of one dimensional photonic crystal. Because of its wavelength selective
reflection properties, can be used in a wide range of applications including Fabry-Perot
cavities, optical filter, high efficiency mirrors and distributed feedback laser. Most
recently 1D PhCs is also be using as fiber Bragg gratting (FBG), where fiber core

refractive index is changing along its axis.

Fig. 1.1. Schematic of one dimensional photonic crystal.

Two dimensional photonic crystal:
The schematic structure of two dimensional (2D) photonic crystals is shown in
Fig.1.2. In 2D PhCs, the periodicity of dielectric constant varies along the two axis

rather than one direction.



Fig. 1.2. Schematic of two dimensional photonic crystal.

Three dimensional photonic crystal:

In three dimensional (3D) photonic crystal lattice, the dielectric constant varies in
all three direction. 3D PhCs is the most challenging structures to fabricate.
Waveguiding and making defects in 3D structures has not progressed as like 2D

structures and need complex geometry to get 3D bandgaps. The schematic structure of

3D PhCs is shown in Fig. 1.3.

Fig. 1.3. Schematic of three dimensional photonic crystal.



1.1.3 Silicon photonic crystal as biosensor

Photonic crystal based devices that are used for sensing applications are typically
micro-fabricated periodic structures on silicon on insulator (SOI) chip. The structures
can be designed to exhibit a two-dimensional photonic band gap (PBG) and tune by
varying the structural parameters such as lattice constant, air holes radius. In our case,
we systematically introduced cavity/defects into the perfect hexagonal lattice during the
fabrication process. The cavity was introduced by enlarging radius of the center hole
whereas defect was created by removing center hole. Such type cavities typically
exhibits small modal volumes as well as strongly localize the electric field in the cavity
or defect region is highly sensitive as changes of local refractive index. These properties
make them highly interesting for refractive index and biosensing applications. Whilst

the sensitivity of that structures are dependent on the precise cavity geometry.

1.2 Goal of this work

In this PhD research work, photonic crystal resonators has been investigated to use
as a biosensor. The target of this work was to detect biomaterials i.e prostate specific
antigen (PSA) marker at a very lower concentration (below Ing/mL). We also studied
temperature effects on resonance wavelength shift and the solution to avoid the

temperature effects by differential silicon ring resonator sensor.

1.3 Dissertation outline

Chapter 1 explains the background of this thesis work. The basic of the photonic
crystals, classification and its use as biosensors are described in this section. In Chapter
2 FDTD analysis, design rules of photonic crystals resonators and the theory of
resonance wavelength shift are described. Chapter 3 describes the fabrication process
and experimental method as well. In Chapter 4 device performance was measured using
sucrose solution and prostate specific antigen. The sensitivity and quality factor of the
devices are explained in this section. Chapter 5 explains the antigen-antibody reaction
process, experimental data and the Langmuir’s fitting of the experimental results. In
Chapter 6 theory of temperature effects on resonance wavelength of silicon photonic

resonators (i.e Si ring and Photonic crystal resonators) are explained. The device



mechanical deformation due temperature rise is also explained. Differential ring
resonator sensor was described in this section to avoid the temperature effects. In
Chapter 7 the device performances are summarized and compare with other biosensors.

The impact of this thesis is described here in this section.
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Chapter 2 Si photonic crystal resonator biosensor

2.1 Finite-Difference-Time-Domain analysis of the photonic crystal
resonators

The finite-difference-time-domain” (FDTD) method and the refractive index
approach were used for the simulation of photonic crystal resonator device including the
band diagrams calculation, characteristics of resonant frequency, field distribution and
QO factor. The entire simulation process was carried out wusing RSoft
FullWAVE™simulation software. The lattice parameters (such as lattice constant a, air
hole radius r) of the PhC structure were varied to fit the resonant peak within the 1.3 pum

wavelength.

2.2 Designing of photonic crystal resonator

The lattice constant @, and air hole radius » are the key parameters of the photonic
crystal resonator based device. After confirming the lattice constant, then air hole radius
is calculated by » = 0.3a. The input/output waveguide are created by omitting a single
row PhC air holes and width of waveguide should be about\/g a. To design the proposed
device, we were used L-Edit v16.0 layout. Figure 2.1 shows the layout of device

structure.
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Fig. 2.1. Design layout of PhC cavity resonator.



2.2.1 Cavity type resonator

The cavity type resonator was made by increasing the radius of the center air hole
of hexagonal lattice structure. The large resonator area helps to maximize the light and
biomolecule interaction. The Schematic of cavity type PhC resonator is shown in Fig.

2.2.

000000000
= 00

Outdrop
000000000

ee0c0ccooo0 .
XX < O Cavity
XXX XXX
XX XY XX XY

Outthrough Input

-
N N N N N NN N

Fig. 2.2. Schematic of cavity type PhC resonator.”
2.2.2 Defect type resonator

The Schematic of cavity type*® PhC resonator is shown in Fig. 2.3. The defect is
made by omitting the center air hole of structure. However, in the defect type structure

only evanescent light is in the resonator region and it interacts with biomolecules.
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Fig. 2.3. Schematic structure of defect type PhC resonator.”

2.2.3 Special shape resonator (cavity connected with surrounding air
holes)

As the design values of any structures substantially increase a bit after the electron
beam lithography. The special shape structure is just the connection of surrounding

holes and cavity each other. The schematic structure is shown in Fig. 2.4.

2r a
000000000
Outdrop N N

000000000
XX 'YX .
XX 5 B Cavity

(N N N N N NN N )
<

Outthrough Input

-
000000000

Fig. 2.4. Schematic structure of special shape PhC resonator.
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2.2.4 Double cavity resonators with neighbor hole modulation
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Fig. 2.5. Schematic structure of double cavity PhC resonator.

The double cavity resonator with neighbor hole modulation is shown in Fig. 2.5. As
for the large cavity resonator area, much light-biomaterial interaction is possible

because electric field distribution is maximum in the modulated air hole region.

2.3 Resonance characteristics of the device

As discussed in the above for both the structures of the cavity and defect-type PhC
resonators, the sensing depends on the cavity and defect areas and the effective
refractive index change induced by adsorbed biomaterials. The device operation is

explained by the following equation:'"

Ay = gL 2.1
m

where 4,., 1s the resonance wavelength, n.s is the effective refractive index, L is the size
of the resonator, and m (= 1 in the fundamental mode) is an integer. The resonator size
L seems to be roughly equal to the length of the defect region for the defect-type; for the

cavity-type, L may be the sum of the diameter of the center hole and the size of the

remaining defect region.
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The shift of resonance wavelength AA,.; when ambient refractive index changed and is

expressed by the following equation:'”

]‘res An

eff
Aﬂ’r es = n
eff

(2.2)

where An.qis the effective refracitve index of cavity/defect region.

2.4 Details about Q-factor, sensitivity, figure of merit and detection
limit
Q-factor:

The quality factor Q of resonation, which is defined by the following equation:

A

res

O= W

(2.3)

where is the resonance wavelength and FWHM is the full width at half maximum of the

resonance wavelength.

Sensitivity:

The sensitivity of PhC resonator biosensor is calculated by following equation:

A
S=— (2.4)

where A4, is the shift of resonance peak and An is the change of ambient refractive

index of resonator area.

Figure of merit (FOM):
The figure of merit is defined by the following equation:

_ ., 9
FOM—S></1

res

2.5)

where S the sensitivity, Q is the quality factor and A,., is the resonance wavelength.

12



Detection limit (DL):
In order to analyze the sensor performance quantitatively, the detection limit'" of the
PhC resonator sensor is calculated by the sensitivity S, quality factor O and the

resonance wavelength. The equation is as follows:

ﬂres
DL = @ (2.6)

2.5 Comparison of Q value between cavity and defect type structure

PhC |E[? of light Biomaterials

PhC
L /

r 1

HEEE Zecccsk NN E N

Cavity type
PhC Biomaterials PhC
(—\A—‘ ®
EEEEEEEEERE
Defect type

IE2 of light

Fig. 2.6. Schematic of light matter interaction in cavity and defect type.
The front schematic view of cavity and defect type is shown in Fig. 2.6. In the
defect type, the evanescent part of light interacts with biomaterials, whereas cavity light

intensity large inside the cavity region. As for the concentrated electric field, the high QO

and larger resonance wavelength shift is possible by cavity type device.
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Chapter 3 Fabrication and measurements of
photonic crystal resonators

3.1 Fabrication of Si photonic crystal resonator biosensor

The fabrication process of the PhC resonator sensor is shown in Fig. 3.1. (1) A 100-
nm-thick oxide hard mask layer was first thermally grown on the SOI wafer surface as
an intermediate layer of pattern transfer. (2) An electron beam (EB)-sensitive positive
photoresist, ZEP520A, was spin-coated on the oxidized SOI wafer surface, and the
photonic crystal hole pattern and waveguide were written using the Elionix ELS-G100
electron beam lithography system, which is of the point beam type. The pattern was
then developed using xylene and isopropyl alcohol (IPA), the second lithography was
carried out to form the PhC holes and cavity. (3) Then the sample with the oxide hard
mask was dry-etched by reactive-ion etching (RIE) using CF, gas to transfer the pattern
to the hard mask. (4) The patterns were the transferred to the device layer by inductively
coupled plasma (ICP) etching of silicon using Cl, gas. After completion of the above
process, wet etching was carried out using diluted HF solution to the remove the hard

mask.

15



Steps of device fabrication

@ Thermal oxidation (100 nm)

@ Resist coating (ZEP520A)

@ Electron beam lithography (for waveguide)

@ Pattern developed using xylene and IPA

@ Electron beam lithography (for PhC and cavity)

@ Pattern developed using xylene and IPA

@ Reactive-ion etching of SiO; (using CF,4 gas)

@ Inductively coupled plasma etching of Si (using Cl, gas)

Si0, hard mask
(0.1 pm)<

Si (0.3 um)
Si0,(1.1 um)””
Si (250 um)”” 0

ZEP-520A

2) 4)

Fig. 3.1. Fabrication process of 2D photonic-crystal-based biosensor."

A comparison between two electron beam lithography machines (Hitachi HL-700,
variable-shape beam type; Elionix ELS-G100, point beam type) is shown in Figs. 3.2(a)
and 3.2(b), which show that the scattering of hole size in the case of using the ELS-

G100 is much improved. In HL-700, the hole size was deformed owing its variable

16



shaped electron beam. On the other hand, in the case of using the ELS-G100 point beam

system, the hole shape is improved similarly to the design.

[S—
<

HL700 70 . ELS-G100

8 Variable-shape beam o 60 Point beam
>
5 2 50
s 6 S 40
g 4 Gaussiap . g 30 Gaussian
E Approximation E 20 Approximation

2 10

0 ‘ ‘ O l - n o= [} 1 | L 1

270 280 290 300 310

270 280 290 300 310 Hole diameter (nm)

Hole diameter (nm)
(2) (b)

Fig. 3.2. Comparison of scattering of fine-tuned PhC hole fabrication between (a) HL-
700 and (b) ELS-G100 electron beam lithography systems."

3.1.1 Reason for high Q by proposed device structures

In our proposed device structures, we got improved Q for both cavity, special shape
cavity and double cavity with neighbor hole modulation that for point beam lithography
systems (ELS-G100). The point beam lithography much improves the smoothness of

the photonic crystal air holes and cavity region as well.
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Scanning electron micrography (SEM) images of the fabricated cavity (400 nm), defect,
and cavity (450 nm) are shown in Figs. 3.3(a)-3.3(c), respectively.

(b)

\
\
)
.
~
-

I,

=:
< e
-~ A

Defect 0000000000000

(© (d)

Fig. 3.3. SEM images of the fabricated devices: (a) cavity type (430 nm)” (b)
cavity-type (450 nm)" where the center hole is connected to the
surrounding holes, (c) defect-type" and (d) double cavity type (457 nm)

where neighbor hole is modulated and connected with center cavity.z)
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3.2 Measurement system of Si photonic crystal resonator biosensor

3.2.1 Schematic of measurement systems
The schematic of optical measurements systems for the photonic crystal resonator
biosensor is shown in Fig. 3.4. The light from the tunable laser source was coupled into

the waveguide of the device by a lensed fiber, and the output was measured using an

InGaAs photodetector.
Lensed fiber Lens

-
Tunable laser
A=1280-1320 nm

\ |

T Sample chip
o \ PhC pattern
Lensed fiber
Detector

Optical power meter

Fig. 3.4. Schematic of optical measurement sytems.l)
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The photograph of the measurement system is shown in Fig. 3.5.

Fig. 3.5. Photograph of the optical measurements system.
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Chapter 4 Detection of device performance using
sucrose solution

4.1 Sucrose solution preparation

The way to prepare sucrose solution is shown in Fig. 4.1. Deionized water (DI) of
900 pL and 0.1 gm sugar were mixed to make 10% of sucrose solution. After that, 0.1%
sucrose solution was prepared by mixing with 900 pL. DI water and 10 uL of 10%
sucrose solution. Same way 0.2 % was prepared by mixing with 800 pL of DI water

with 200 pL of 10% sucrose solution.

DI water (900 pL) + Sugar (0.1 gm)

=10 % solution

DI water (900 uL) + 100 uL of 10 % of sucrose solution

=0.1 % solution

DI water (800 puL) + 200 pL of 10 % of sucrose solution

= 0.2 % solution

Fig. 4.1. Steps to prepare sucrose solution.
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4.2 Measurement procedures

Firstly, for the sucrose detection, the device was cleaned by H,SO4+H,0O; solution
after that we started measure sucrose solution at different concentration from lower to
higher order. For the each concentration a 20 pL solutions were dropped to the sensor
surface and wait for 10 min. After the waiting time we measured the resonant spectra

for each concentration separately. The steps of experimental procedures are shown in

Fig. 4.2.

€ SH cleaning by H,SO4+H,0; (3:1) for 10 min.

¥

€ Rinse with Deionized (DI) water for 8 min.

2 2

€ Drop sucrose solution by micropipette and

wait for 10 min.

s 2

€ Measure the resonance spectra

Fig. 4.2. Measurement steps of PhC resonator using sucrose solution.

After measuring each concentration, device should be cleaned at least four times by

DI water.
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4.3 Details about sucrose concentration and its corresponding
refractive index

4.3.1 Measurement results

First, for the cavity-type resonator, the relationship between resonation wavelength
and cavity size was simulated. The result is shown in Fig. 4.3 together with the
experimental results. Cavity size has an important role in obtaining a resonance peak
within the 1.3 um range. To prevent water absorption loss, first of all, we consider that
our optical power meter range lies between 1.28 and 1.32 um. To obtain resonance
wavelengths within this range, cavity size should also be considered in the design. The

measured results are close to the simulated results.

1.32

Lattice constant, @ =330 nm

g :\ o PhC hole radius, » =0.32a

£ NN

E)” \\‘: N \L/ Simulation

=130 } N becers

2 SaoN

Q \\\

) . X
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Fig. 4.3. Change in resonance wavelength with respect to cavity hole diameter."

Figure 4.4 shows the simulated results of the cavity diameter dependence of the
resonance wavelength shift at 0.1% sucrose concentration. The simulation results for the
defect-type resonator (one hole missing) and the measured results for the cavity-type
resonator with an abnormal shape of the cavity (will be discussed later) are also shown.

The resonance wavelength shift becomes large with increasing cavity size. The
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phenomenon clearly shows why a large cavity offers a larger wavelength shift than
other structures. The large cavity is filled up with the highest amount of target

molecules, as a result the confined photons interact markedly with the molecules; finally,

the wavelength shift becomes large.
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Fig. 4.4. Resonance wavelength shift (A4)/sucrose concentration with respect to

cavity hole diameter."

The measured results for the sucrose solution are shown in Figs. 4.5 and 4.6,
respectively, for the normal cavity hole (diameter of 430 nm) and abnormal cavity hole
(accidentally a too large hole was formed and it is connected to the surrounding holes).
We measured the output of the through port because the output of the drop port was
weak for some reason (for example, caused by the defects in the waveguide connecting
to the drop port). We observed clear dips due to the resonation. It is clearly observed

that the resonance wavelength has shifted with sucrose concentration change.
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In the double nanocavity resonator type device the neighbor hole radius are varied
and we got highest Q-factor at certain radius. The experimental result of double
nanocavity type resonator at various sucrose concentrations is shown in Fig. 4.7. The
observed resonance peaks have very small full width at half maximum (FWMH) of 6.5

to 6.9 pm and the Q-factor about (1.93 ~ 2.02) x10’ is derived from the various FWHM.
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The simulation result of Q-factor versus neighbor hole radius is shown in Fig.

4.8(a) together with the experimental data. The results show that the O value becomes

high at certain neighbor holes radius.
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In Fig. 4.8(b) the simulated and experimentally observed resonance wavelengths

are plotted. The deviation between simulation and experiment is larger at the larger

neighbor hole sizes. This trend may be explained by the proximity effect during the

electron beam lithography process

Figure 4.8(c) and Fig. 4.8(d) it is recognized that the light intensity is strong at the

neighbor holes, then its size strongly affects the resonance characteristics, but the

detailed physical mechanism of the enhancement of Q-factor is not clear at this stage.
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4.4 Linearity check with resonant wavelength shift by the sucrose
concentration

As we measured our device performances using sucrose solution and we took
attention that resonance wavelength shift should be linear with sucrose concentration. In
Fig. 4.9, for the abnormal cavity shape, the wavelength shift does not linearly change
with increasing sucrose concentration. The possible reason is that air bubbles are
adsorbed on the sidewall of the cavity. The results of two different cavity hole size
structures show that, the cavity with a large hole induces a greater resonance
wavelength shift than that with a small one. In our measured results, the abnormal
cavity shape (designed cavity size is 450 nm) has about 1.7 times larger wavelength
shift at 0.1% sucrose concentration than the small cavity (430 nm). We confirmed a
large 2.3 times wavelength shift of the large-cavity- type structure compared with that

of the defect-type at 0.1% sucrose concentration.
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The sucrose concentration versus resonance wavelength shift for double nanocavity

resonator is shown in Fig. 4.10.
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Chapter 5 Detection of antigen-antibody reaction

5.1 Details of Si-tag, protein-G, antibody (IgG2a) and prostate specific
antigen

Rapid and early diagnosis is demanded for the aging society' to providing better
quality of life as well as to minimize the healthcare expenses.” Conventional biosensors

%) requires a number of steps,

based on enzyme-linked immunosorbent assays (ELISA)
including the use of a labeling target molecules to get a detectable signal. A lot of study
has been devoted to the developed the fast, accurate, and label-free biosensors to
enhance medical diagnostics, biomolecules, and organic chemical detection.” Photonic
crystal'®'® based micro/nano cavities getting lots of research interest for medical
diagnosis purpose due to their strong light confinement nature, high quality factors (Q)
and small modal volumes. By introducing a defect in the photonic crystal periodic
structure, the light of certain resonance frequency are possible to confine into the defect
or cavity region. When the local refractive index of the sensor surface is changed then

resonant wavelength shifts. These shifts are the main key parameter to measure the

device sensitivity

The uniqueness of this work is the silicon binding protein that binds with SiO, and
Si surface and immobilizes the biomolecules on the PhC cavity surface. The things that
we used are the protein G (Pro-G) which makes strong bonds with many kinds of
mammalian antibodies. The antigen-antibody reaction procedure is shown in Fig. 5.1. In
Fig. 5.1(a), the receptors are randomly oriented. In this method antigen-antibody
immobilization on sensor surface is difficult. In Fig 5.1(b), Si-tag were used to
immobilize the antigen-antibody on the sensors surface and role of Pro-G is shown in
Fig. 5.1(c). The PhC nano-cavity resonator is immersed in the solution containing the
Si-tagged Pro-G, which immobilizes the bioreceptors on the Si/SiO, surface, and then
immersed in the antibody (mouse antibody subtype Ig(G2a) solution. After that, the
resonator is immersed by the target antigen of PSA. The resonance spectra have been

measured at each step.
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5.2 Measurement procedures

The measuring steps of PSA are explained in Fig. 5.2. First, the Si-tagged protein
G was poured on the surface sensor, and then the resonance spectrum was measured.
Secondly, the anti-PSA or antibody (named as IgG2a) was added to the solution, the
resonance wavelength was shifted. Next, PSA antigens were added to the solution, and
measured the spectral shift of resonance peak. Buffer solution (Tris-HCIl) was used to
remove the unreacted biomolecules from the sensor surface. The resonance spectra for

various concentrations were measured from lower to higher concentration.
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@ SH cleaning by H,SO4+H,0, (3:1) for 10 min
@ Rinse with Deionized (DI) water for 8 min

@ Sensor surface clean by Buffer solution (Tris-HCI) and wait for 10 min
[ @ Drop 20 pL of Si-tag + Pro-G and wait for 10 min
@ Clean by Tris-HCI

(1) | ®Drop 20 pL of IgG2a (Antibody) and wait for 10 min
@ Clean by Tris-HCI

| @ Measurements

@ Drop 20 pL of PSA(antigen) and wait for 10 min
(2)| 4Clean by Tris-HCI

@ Measurements

Steps (2) should be repeated from lower concentration to higher concentration.

Fig. 5.2. Measurement steps of PhC resonator using antigen-antibody reaction.
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Fig. 5.3. Experimental results of different PSA conentration.

5.3 Resonance characteristics versus PSA concentrations

Finally, we measured prostate specific antigen (PSA) biomarker. In many cases,
concentration of PSA of 4 ng/mL in the blood is considered the prostate cancer positive.
The sensitivity of the biosensor is required to detect less than 1 ng/mL. The
experimental procedure is explained in Fig. 5.2. First, the Si-tagged protein G was
poured on the surface sensor, and then the resonance spectrum was measured. Secondly,
the anti-PSA or antibody (named as IgG2a) was added to the solution, the resonance
wavelength was shifted. Next, PSA antigens were added to the solution, and measured
the spectral shift of resonance peak. Figure 5.4 shows the resonance spectra of Si-
tagtproG and several of PSA concentrations and it also shows that at each
concentration resonance spectra has shifted and at higher concentration the shift is going

to be saturated.
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5.4 Measurements results fitting with Langmuir’s curve

In Fig. 5.3 the resonance wavelength shift (AL) is plotted as a function of the

concentration of the PSA solution. The result fits to the following Langmuir equation,'”

_ A CK 5.1
AL === .1

where Adnax 1s the maximum resonance wavelength shift, C is the concentration of
PSA biomarkers and K indicates the equilibrium constant of adsorption-desorption

reaction. The best fitting is shown in Fig. 5.4 by adjusting the K values.
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Fig. 5.4. Langmuir’s fitting with experimental results.

5.5 How could linearity improvement is possible in saturated region at
higher concentration of biomaterials

As in Fig. 4.9, the resonance wavelength shift of various device structures are
shown. Both cavity and special shape cavity has larger wavelength shift and these two
structures will saturate quickly at higher concentration. However in the defect type
structures, the shift is smaller than other structures. As for the small shift, the linearity at

higher concentration may be possible by using defect type device.
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Chapter 6 Temperature independent device for
the biomaterial sensing

6.1 Temperature effects on resonance wavelength shift

The refractive index (RI) of silicon greatly changes with temperature change.'?
The effective refractive index of the sensor surface (Si ring resonator, PhC cavity
resonator or any other RI based sensor) changes due to the adsorption target material.
Then it becomes difficult to measure target material induced resonance wavelength shift
precisely because of the thermal fluctuation changes the silicon refractive index as well
as takes part on the resonance wavelength shift. Controlling the thermal effects is
important to detect the biomaterials perfectly as the effective refractive changes with
temperature change. The change in biomolecules concentration induces the change in
local refractive index as a result resonant wavelength shift occurs. However the silicon
itself has large thermo-optic coefficient” (dn/dT=1.8x10"*/°C, where n is refractive
index and T is temperature). Furthermore deformation of the device mechanical shape
due to temperature change induces the resonance wavelength. Due to large thermo-optic
coefficient of Si, active thermal controller is needed to detect the biomolecules precisely.
However, for the low cost applications, active thermal control is often not feasible.
Several thermal effect compensating devices so that they can be used without any
thermal controller, have previously been shown®' by designing the specific device
structure that compensate thermal effects. As the temperature changes, the device

mechanical deformations happen together with the refractive index change of Si.
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Fig. 6.1. Curvature shape of thin Si layer due to mechanical deformation by
temperature change.

6.2 Numerical analysis and simulation

Resonance wavelength shift of Si resonators by thermal change is given by the

following equation,
An g AL
A/ﬁtres = Tj /1res + T Ares , (6 1)

where A, nefr and L are the resonance wavelength, effective refractive index and size
of the resonator respectively. A, Anesr and AL are the change in these values due to
the temperature change. The right hand first term indicates the effective refractive index
(Si) effect and latter term indicates the thermal deformation effect. This equation is
easily derived from the equation of A= negl/m, where m denotes the integer. As the
temperature increases, Si and SiO, thermally expand with different thermal expansion
coefficients and the SOI wafer has a curvature shape as shown in Fig. 6.1. The radius of

the curvature of the SOI substrate is given by the following equation,”?

1 6(cr —a)AT(1+ p)?

W30 PP+ pa)p )| 62)
pPq

where h, oy and o, are the total thickness and thermal expansion coefficient of Si and

Si0,, p=dsio./dsi (Where dsio, and ds; are the thickness of Si0, and Si, respectively),

q= Ysio2/Ysi (where Ysioz and Ys; are Young’s modulus of SiO; and Si) and A T is the

temperature change. The change in resonator size is expressed as follows
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aL<dL (6.3)
2R

where d is the thickness of SOI substrate. Here, d=dsi+dsio> and ds; >> ds;0; 1S assumed.

In the differential silicon ring resonator, one ring is considered as detection ring, on
which a biomaterial is adsorbed and other is considered as reference ring, which is not
exposed to the biomaterial. The phase of one of the outputs is changed by © and merged
again. When a biomaterial is not adsorbed on the detection ring, the differential output
is zero because these two resonance curves completely overlap. When a biomaterial is
adsorbed on the detection ring, its resonance curve shifts and an output signal appears.
Here, we discuss the output spectrum of the differential ring resonator sensor. First, for
the single-ring resonator the transmission spectrum 7s is given by the following

: 24,2
equations** >

_ sin K[1— X cos@(A) +ising(A)]

L 1+ X2 —2X cosg(A) ’ (6.4)
o2 _a
X =cos” K exp( 5 ), (6.5)
27,5 L
HA) = ——"—. (6.6)

where sin K is the coupling coefficient, « is the attenuation constant of the waveguide,
L is the peripheral length of the resonator, and n.is the effective refractive index of Si

waveguide. The transmission spectrum of the differential Si ring resonator sensor Tpg is

given byzo)

2

Ty +e 0Ty +(2+2c0s0)T5 %, (6.7)

Tps =

where @ is the phase difference between the detection ring and reference ring and
usually 7.

The temperature dependence is calculated by using following equations
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g A (6.8)
A

ncﬁr :n23+ﬂ (r-23) (6.9)
where A/ is the length of the phase shifter, 7 (C ) is the temperature, 7,3 is the effective
refractive index at 23 °C , and f is thermal coefficient of core and various clad layer

and at the above temperature . n,3 and £ are obtained by using the following equation.

d
"ejy{ neﬁ]_{”ldnlrlj +[nzdnzrzj +[”3dnSF3] , (6.10)
dT ar core dT topclad T bottomclad

where nj, ny, n3 are refractive index of core, top clad and bottom clad respectively. the

thermal coefficient of core, top clad and bottom clad are dn;/dT, dn,/dT and dns/dT
respectively. I';, I'; and '3 are the electric field confinement factor of core, top clad and
bottom clad respectively, which were obtained from the simulation using Rsoft
photonic CAD suite (Synopsys Inc.). The equation (6.9) is obtained by optical simulator.
Using the values of the bulk materials are obtained from Refs. 26 for oil , and 27 for
silicon, Si0,, resist and air. The actual numerical values of coefficient = 1.16 x 10/
°C and for SiO, and = 1.14 x 10/ °C for water, = 1.09 x 10™/ °C for air, f=1.15 x
107/ °C for oil, and 8= 1.15 x 10/ °C for resist respectively.

In the differential mode, wide bandwidth input light can be used and the output is the
integral of the light intensity within the input light bandwidth or the maximum peak
height.

Figure 6.2 shows the maximum differential output versus Anegr /nesr 0r AL/L which is
difference in the effective refractive index or circumferential length of Si waveguide
between the detection and reference resonators divided by the original ones respectively.
It is found that there is a linear region in the output versus Anes/nesr0or AL/L curve. The
Anegr or AL induces AAs which is difference in the resonance wavelength between the
two rings. In the linear region even though the resonance wavelengths of both
resonators are slightly different, the sensitivity which defined as output/Ancs or

output/Ad.s, becomes constant when the operation point is in the linear region.””
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Figures 6.3 and 6.4 shows the calculated temperature change versus maximum output

change for various cladding layers (e.g. air, water, resist, oil, and Si0,).

To simulate the temperature dependence of photonic crystal resonator sensor we used
equation (6.1)-(6.3) and equation (6.10). The length L for photonic crystal resonator is
considered the maximum electric field distributed area. The field is distributed in the Si,
resonator inside as well as in the SiO, layer. The confinement factor I';, I'; and I'; are
for the inside of the resonator area, Si and SiO; respectively. The simulated electric field
distribution using the Rsoft photonic CAD suite is 58%, 22% and 20% of inside of the

resonator region, Si and SiO; respectively.
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Fig. 6.2. Simulation results of refractive index versus maximum output change.
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Fig. 6.3. Simulation results of temperature change versus maximum differential output
variation at various cladding layer such as air and water.
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Fig. 6.4. Simulation results of temperature change versus maximum differential output
variation at various cladding layer such as resist, oil and SiO,.

6.3 Schematic of device structures of differential Si ring resonators

In this work, the resonance wavelength shifts of Si ring and photonic crystal
resonators on silicon-on-insulator (SOI) substrate were investigated. In order to solve
the temperature instability we proposed a differential operation of two resonators,””
where a © phase shifter is installed in one of the two outputs before merging. In this case
the integral intensity of the differential output becomes temperature independent
because the resonance wavelengths of both two resonators shift in parallel. The

schematic structure of the differential Si ring resonator and photonic crystal (PhC) based

cavity type resonators®" are shown in Figs. 6.5(a) and 6.5(b) respectively.
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Fig. 6.5. (a) Schematic of differential Si ring resonator biosensor and (b) photonic
crystal cavity resonator.
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6.4 Measured results

6.4.1 Mechanism of thermal change of A, of Si ring and PhC
resonators

The temperature dependence of the differential Si ring and PhC cavity resonators
are shown in Figs. 6.6 and 6.7 respectively. In Fig. 6.8(a) the measured results for the
differential Si ring resonators at different temperature are shown together with the
simulation results obtained by the method described in Sect. 6.2. It is found that the
measured data well fits to the simulation result and it is clear that Si refractive index
change effect is dominating. The mechanical deformation effect is negligible (AAes/ AT~
-10* nm/°C). The result for the PhC resonator is also shown in Fig. 6.8(b), and the same
conclusion as for the ring resonator is derived. For the both type of devices, we
simulated by using equation (6.10) and considered core, top clad and bottom clad each
layer’s effect individually. The calculated field distribution in the core (Si), top clad (air)
and bottom (Si0,) clad are 80%, 8% and 12% respectively.

6.4.2 Thermal stability of differential Si ring resonator sensor

In Fig. 6.9 the maximum of differential output change for AT =4 C from 25 °C to 29
°C for the Si ring resonators with different top cladding layers are plotted. In the
differential detection, only the maximum differential output is counted, which
corresponds to the difference between the resonance wavelength shifts of two rings. And
the spectral shift of the differential output is not counted. Theoretically, the maximum
differential output change for A7=4C is calculated at three different top cladding layer
conditions, the simulated change for resist, air and oil are 0.012%, 0.02% and 0.01%
respectively indicated by I . The measured results is also shown in Fig. 10, where the
changes in maximum differential outputs for the differential Si ring resonators with
different top cladding layers for AT =4 °C are plotted. Measured scatter error for multiple
measurements in air clad is represented by I~ (reproducibility at the same condition).
And measured data deviation with the temperature changes (25 °C to 29 °C) is
expressed by | . The theoretical calculation suggests that temperature independence of

the differential operation is right.
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In our research we targeted to detect prostate specific antigen (PSA) of 1 ng/mL as
practical sensitivity. We used various concentrations of sucrose solutions and the
conversion of equivalent refractive index was done by the help of Ref. 28 and 29. The
sucrose solution at 10 % concertation corresponds to 1 ng/mL of PSA. The change in
effective refractive index for 1 ng/mL PSA is equivalent to Anes ~ 1.7x107 (Ref. 20)
and Aneg/nerr 1S the 6.5><10'6, which corresponds to the differential output of 0.186 from
Fig. 6.2. This is on the linear region of this graph. As the differential output is in the

linear region, output/Al..s could be constant even though the temperature increases.
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Fig. 6.6. Measurement results of differential Si ring resonator at different temperatures.
Top cladding layer is air.
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Fig. 6.7. Resonation spectra of PhC cavity resonator at various temperatures.
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Chapter 7 Conclusion

7.1 Conclusion

(1) Silicon photonic crystal resonator biosensors have been developed. We studied
different type of photonic crystal based biosensors such cavity type, defect type and

special type (cavity and surrounding holes are connected each other).

(2) We have demonstrated the excellent potential of light confinement of a 2D photonic
crystal cavity. In particular, the cavity size greatly enhances the large wavelength
shift. We measured highest O value of >10°, which is the highest value ever
reported for any other photonic-crystal-based biosensors. We obtained a great
improve of the sensitivity of 1570 nm=RIU. The proposed cavity-based sensor
structure confirms the resonance wavelength shift with effective refractive index
changes by target molecules. Also, there is a linear dependence between refractive

index changes and wavelength shift.

(3) We confirm that the big cavity-type device has (more than three times) a greater
wavelength shift as than the defect-type device.

(4) We succeeded in sensing the antibody—antigen reaction using photonic crystal
double nanocavity resonator sensor employing PSA marker as an example target. By

optimizing the immobilization of the target biomarker,

(5) We detected the PSA concentration as low as 0.01 ng/mL. Thus, our PhC based
double nanocavity resonator may be promising candidate as practical biomolecules

sensor in the medical diagnosis.

(6) Temperature effects on resonance wavelength shift are studied using both Si ring

and photonic crystal cavity resonator type device.
(7) We reported that the temperature effects on resonance wavelength shift are

dominated by the refractive index change of Si and it is demonstrated that these

temperature effect is sufficiently suppressed by the differential operation. This type
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of differential operation could also be applied for optical switching, modulation and

so on where thermal effects should be avoided.

(8) Theoretically, we showed that the maximum differential output change for A7=4C
is calculated at three different top cladding layer conditions, theoretically change for

resist, air and oil are 0.012%, 0.02% and 0.01% respectively indicated

7.2 Comparison among other works

In the Table 7.1, we compared our device performance in accordance to sensitivity,
Q-factor and figure of merit with other researcher work. We obtained a greatly improve

the sensitivity of 1570 nm/RIU.

Table 7.1. Performance comparison of our single cavity PhC resonator device with
other researcher work.

Sensitivity, O=resFWHM  Figure of merit, Resonator
S=AlAn FOM= type
(nm/ RIU) S x Q//Atres
This work 1570 10° ~12x%10° Cavity
Ref. 1 451 7000 >2000 Defect
Ref. 2 60 7000 300 Defect
Ref. 3 900 700 400 Defect
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In the Table 7.2, the device performances are compared with researcher work in
accordance to sensitivity, Q-factor and detection limit. We reported second smallest

detection limit but a very much improved Q-factor.

Table 7.2. Performance comparison of double nanocavity PhC resonator with other

researcher work.

Sensitivity, Quality factor, Detection limit, Sensor
AXVAn(nm/RIU)  O=As/ FWHM  DL=1,./0S (RIU) type
This work 1571 2 x10° (4.15~4.34) x 10°  Double-cavity
resonator
Ref. 4 500 17890 1x10™ Defect
resonator
Ref. 5 132 2966 3.8x 10° Cavity
resonator
Ref. 6 1500 50000 7.8 %107 Slot PhC
waveguide
Ref. 7 370 7500 22x10* Cavity
resonator
Ref. 8 235 25000 1.1x10* Cavity
resonator
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7.3 Impact of this research work

The work has impact on industry and technology where high sensitivity of detection
is necessary. In the field of biosensor, photonic crystal based biosensor may play
important role where several of kind biomaterial detection is necessary to knowing the

public health.

The designs and demonstration of PhC cavities (cavity/defect and special shape
cavity type) that have been described in this thesis have much more information for
future development of high O cavities. We studied on the cavity/defect type resonator
and the size of the cavities was also studied and their effects on resonance wavelength
shift. We hope that the various kind device structures certainly help to develop the high

sensitivity device.

By changing the neighbor hole of the cavity or cavities there is a possibility to get

better sensitivity, and high Q-factor as well.

We describe the mechanism and solution for dominating temperature effects on
refractive index based Si optical resonator sensor such as ring resonator and photonic
crystal resonator sensors. The temperature change affects the silicon refractive index
and affects resonator mechanical shape also. As a result, it is reported that the refractive
index change is dominating whereas the mechanical deformation effect is negligible.
We also demonstrated that the differential operation is effective to suppress the
temperature effect for Si ring resonator sensor. This type of differential operation could

also be applied for optical switching, modulation and so on where thermal effects

should be avoided.

The impact of this work on the engineering is the high Q-factor, high sensitivity and
minimum detection limit. On the other hand, the impact on academic are the double
cavity and neighbor hole radius change may have great impact on high sensitivity with
minimum detection limit. We theoretically and experimentally reported that double
cavity connected with radius modulated neighbor holes has great impact on Q value

improvement and sensitivity as well.
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