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Design, Fabrication, and Characterization of Si-Based Sensors Based on
Dual Antiresonant Reflecting Optical Waveguides

Student: Cheng-Han Lee Advisor: Dr. Yang-Tung Huang

Department of Electronics Engineering and
Institute of Electronics

National Chiao Tung University

ABSTRACT

The design, fabrication, and characterization ‘'of novel Si-based sensors based on dual
antiresonant reflecting optical waveguides (ARROWS) are proposed. For an ARROW structure,
the light is confined within the core layer by antiresonant reflection in the cladding layers and by
total internal reflection at the air-core interface. It can guide lightwaves in low-index cores on a
high-index substrate, and the refractive index and size of the cores can be flexibly designed to be
compatible with single-mode fibers. For dual ARROW, it can operate as a directional coupler or as
two decoupled waveguides by controlling maximum coupling efficiency. Based on these structure,
Si-based sensors based on dual ARROWS structure without any bending structure can be realized.
The characteristics of dual ARROW structures were analyzed with the transfer matrix method
(TMM) and the effective index method (EIM). Then, we used the beam propagation method (BPM)
to simulate the propagation characteristics of the dual ARROW sensor. The devices were
fabricated and characterized. Experimental results show that our Si-based sensors based on dual

ARROW structure without any bending structure can be realized.
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Chapter 1

Introduction

Integrated optical devices have been increasingly studied over a decade [1], espe-
cially in the last several years. There are many features that are widely applied
to engineering, medicine, and optoelectronics integration such as power splitters,
chemical and/ or biochemical sensors [2;3],-and wavelength demultiplexers. How-
ever, the device miniatruization, mechanical stability, and fabrication tolerance are
much concerned. The requirements can-be achieved by using the standard semi-
conductor processing technique: ‘They offer the possibility of multiple devices on a
single chip and the prospect of integrating optical and electrical functions to form

a smart system.

In contrast to conventional waveguides, ARROW utilizes anti-resonant reflection
as the guiding mechanism instead of total internal reflection can perform low-loss
single-mode propagation with a relatively large core size. For a dual ARROW
structure including two parallel waveguides, the coupling characteristics have been
investigated. The coupling efficiency strongly depends on the structure symmetry
such that the directional coupler or Y-junction devices can be realized without any
bending structure. Many of ARROW-based devices were investigated, such as power
dividers [4-6], wavelength demultiplexers, and Mach-Zehnder interferometer sensors.

Among various kinds of functional devices, integrated optical sensors of the Fabry-



Perot, Mach-Zehnder, and dual-slab waveguide types for chemical and biochemical
sensing applications have been realized [7-10]. Our sensor based on a dual ARROW
structure includes four regions: the input region, the coupling region, the decoupling
region, and the output region. The input region was set to stabilize the input field.
The coupling region operated as 3-dB coupler which split the input field to two
equal fields and coupled into the decoupling region. The decoupling region acted
as a sensing region, and the output region combines two fields and filters out those
modes with a low excitation coefficient or a high propagation loss. Instead of dual
output cores, the single output core performs crosstalk immunity and measurement
convenience due to a relatively large core size to provide efficient coupling with a

single-mode fiber.

The organization of this thesis is as follows. In"Chapter 2, the analytic meth-
ods for integrated optical waveguides will be presented, which include the transfer
matrix method (TMM) [11]; the effective index method (EIM) [12], the eigenmode
propagation analysis, and the beam propagation method (BPM) [13]. The trans-
fer matrix method was used to solve the-dispersion relation of a multilayered slab
waveguide which was called the multilayer stack theory. The effective index method
was used to deal with those complicated 3-D waveguide structure. To study the wave
propagation in device, the eigenmode propagation analysis and the finite-difference

beam propagation method were employed.

In Chapter 3, basic characteristics of ARROW and dual-ARROW are discussed
in detail. To design a waveguide sensing device, the propagation loss as well as the
effective single-mode condition are the main concern. The coupling behavior and

the coupling efficiency control of dual ARROW devices are investigated.

In Chapter 4, the configuration of the Si-based sensor based on dual ARROW
structures is presented. In the lateral y-direction, dual ARROW-type structures

fulfilled by a series of the strips were used for constracting a compact sensor. To



attain a low propagation loss for the fundamental mode, all the widths of the strips
wy, and the distances w; between the strips except the core width w, must satisfy
the transverse antiresonance condition. Based on the theories of ARROW and
dual ARROW structures, the sensor was designed and the BeamPROP software
included in the commercial software package R-soft V. 5.1 was used to simulate the

characteristics of our designed devices.

In Chapter 5, the fabrication processes of Si-based sensors based on dual AR-
ROW structures, and related parameters of the fabrication processes are introduced.
After all of the fabrication processes were accomplished, the measurement system at
A = 0.6328 um was established. Measurement results of Si-based sensors based on
dual ARROW structures are discussed in Chapter 6. In Chapter 7, the discussions

and conclusions of our study are given.



Chapter 2

Analytic Theories and Methods

Theories and Methods for the sensor based on dual antiresonant reflecting optical
waveguides will be mentioned in this chapter. The sensor are based on multilayer
structure. To realize lightwave characteristics such as propagation constant, disper-
sion relation, field distribution, and-propagation. loss; the transfer matrix method
(TMM) [14] and normalization of guided modes are used. Additionally, For ana-
lyzing three-dimentional waveguide structures; we utilize the effective index method
(EIM) [15] for handy analysis. <To.study the wave propagation in waveguides, the
eigenmode propagation analysis and the finite-difference beam propagation method

(FD-BPM) [16] are presented.

2.1 Transfer Matrix Method

The transfer matrix method is a numerical method for computing the electromag-
netic modes supported by multilayer planar optical waveguides and can generate the
dispersion relation governing the modes propagating in a multilayer slab waveguide
and solve the real and imaginary parts of the propagation constants [17]. Basically,
Maxwell’s equations in a source-free, homogeneous, isotropic dielectric medium are

expressed as



?X ﬁ = —jwuﬁ, (2.1)
VxH = juE. (2.2)

Where w = 2mc/)\g is the angular frequency, c is the free-space light speed, and
Ao is the wavelength. p and e are the magnetic permeability and the dielectric
permittivity respectively. The electromagnetic fields of a plane wave propagating

along the z-direction with the propagation constant 3 are in the form as

E = B(z,y)d@ o), (2.3)

H = H(gy)e«@5), (2.4)

The multilayer slab waveguide is-shown as Fig. (2.1), the electromagnetic fields
are independent of y and the solutions of the wave equations can be classified into
two types of modes with mutually: orthoegonal polarization states. In this case, we
set 0F /0y = 0 and 0H /0y = 0; and substitute Eq:(2.3) and Eq. (2.4) into Eq. (2.1)
and Eq. (2.2). One is the TE mode, which has zero longitudinal electric field (E,
= 0); the other is the TM mode, which has zero longitudinal magnetic field (H,
= 0). In the following, we will present the transfer matrix method [14] for the TE
modes in a multilayer slab waveguide and the extension to TM modes by simple

substitution rule will be given.

2.1.1 TE Modes

For TE modes in a slab structure, propagating along z-direction, which include field

components H,, E,, and H,. The relations between other components electromag-
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Figure 2.1: Sketch of a multilayer waveguide with the z propagation direction.

netic field in the Cartesian coordinate can be dissolved. as

p

H, A 2.5
ZE, 25)
1 0F

H, = 7S 2.6
JTERY (2.6)

1 0H, .
By = Jweon? ( ox +jBH$)’ (2.7)
E, =E. =H, =0, (2.8)

here, we define two field varibles U and V' by
U =E, V=wuH,, (2.9)

which describe the transverse electromagnetic field distributiion and are continuous

at the layer boundaries. Then we substitute them into Eqs. 2.5-2.9 and obtain the

relations
U = o jV, (2.10)
Vo= a‘gf) — j(B* - K*n)U, (2.11)



where

while Eqgs. 2.10 and 2.11 are differentiated with respect to x, it makes

" 02U (z)

U = 52
2 aQV (‘f)
Vo= Ox?

The general solutions of Eq. (2.14) and (2.15) are

U = Ae ™™ 4 Bel™,
U (x)

X

V=g

o))

where k is the transverse propagation constant and

/{2 _ k2n2 )\ C 527

— (ﬁZ o ]{32,”2)1']7

— (ﬁ2 o anQ)‘/’

= k(Ae ML

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)

If bonudary conditions are set as Uy = U(0) and V; = V(0) at the input plane z =

0 of the layer, i.e.,

Uy =A+B, Vy=r(A—DB),

we can get

(2.19)

(2.20)

(2.21)

A rearrangement of Eqs. 2.16-2.21 leads to a simple matrix M relation between the

output quantities U, V' and the input Uy, V)
Uo| _ Uo
] = i)

7

(2.22)



where M is the “characteristic matrix” of the layer,

_ | cos(kz)  (j/K)sin(kz)
Jrsin(kx) cos(k)

, (2.23)

Next, consider a stack multilayer slab waveguide of r layers sandwiched between
the substrate and cover, as shown in Fig. 2.1. The thickness and the refractive index
of ith layer are d; and n;, where ¢ = 2 ~ r-1. The characteristic matrix M at the

1th layer is
cos(kid;)  (j/k;)sin(kqd;)

Mi: jliiSiIl(/iidi) COS(IiiIZ’) ’ <224)
where
ki = k*n} = 5% (2.25)
The corresponding field variables of each layer are related by
U= L Us
T o
The input variables Uy, Vi "at the cover and the output variables U,, V, at the
substrate, are related by
Ui U,
BEsal o

where M is the characteristic matrix of the stack multilayer waveguide and the

product of the individual matrices is given by

mip Mag
Mo M2

r—1
ME[ }:H M; = My My--- M,_, (2.28)
=2

where mqq, M2, Mo, and Moy are the matrix elements which will be used below.
Since there is no wave in the cover along z-direction (B, = 0) and in the substrate
along +z-direction (A; = 0). The field variables in the top and bottom layer are

given by

Ui =D, Vi=—kDB,

U =A, V.=rA, (2.29)



Substituting Eq. (2.29) into Eq. (2.27), we can obtain the dispersion relation of

multilayer slab waveguides as

K1(mi1 + Krmag) + (Mag + Kpmge) = 0

(2.30)

Solving the dispersion relation, Eq. (2.30), we can obtain the propagation constants

of TE modes for a multilayer slab waveguide.

2.1.2 TM Modes

For TM modes whose z-component magnetic field H, = 0 propagating along z-

direction, it can be derived that H, = E, = 0. According to Maxwell’s equations,

we can obtain the relations like that we derivefor TE modes as

2]
By/ 2=,
wegn? WY
= 1 0H,
\ jwegn? Oz’
1 (OF
o \ENA 1220 B/

We can define two field variables U and V ‘as

U =H, V=uwekE.,

Substituting them into Eqgs. 2.31-2.33, we obtain the relations

U/ — 8U(:l:) _ jn2V7
Ox
r aV(l’) 2 2

Differentiating Eqgs. 2.35 and 2.36 with respect to x, we can obtain

Ut =S = (8 - e
7 82V($) . 2 2 9

(2.31)

(2.32)

(2.33)

(2.34)

(2.35)

(2.36)

(2.37)

(2.38)



The general solutions of Eqs. 2.37 and 2.38 are

U = Ae " 4 Bel™, (2.39)
1 0U(x) Ko ,
V - —_ A JRT B JRT 2‘40
an or 77,2( € e )7 ( )
where
K2 = k*n? - B, (2.41)

Similarly, we can get the transfer matrix of the TM modes as

2

cos(k;d;) — (2L sin(kid;)
Mi = K ki ) (242)
—jn—; sin(k;d;) cos(k;d;)

)

and the dispersion relation of TM modes is then given by

K1 Koy Ky
n—%(mn -+ n—%mlg) i (mzl + n—%mm) =0 (2.43)

We can get the propagation.constants of the TM modes by solbing the dispersion
relation, Eq. (2.43).

2.2 Effective Index Methods

The effective index method (EIM) was initially proposed from modifying Marcatili’s
method [18] for the analysis of rectangular-core dielectric waveguides [19]. The
effective index method is an approximate calculation in dealing with complicated
3-D waveguide structure and the basic principle is to replace the waveguide by an
equivalent slab waveguide with a refrative index profile from the geometrical shape
of the original waveguide. The effective index might be the most popular one of
several approximate techniques because of this method makes the analysis more

efficient and simpler.

As shown in Fig. 2.2 the ridge 3-D structure is divided into 2-D waveguide

with light confinement in the lateral y-direction. The 3-D structure is divided into

10



three regions. In each region, the transfer matrix method is applied to solve the
effective index in the vertical z-direction. We can use the transfer matrix again and

obtain the final effective index in the lateral y-direction with index distribution of

Nea/ Nest/ Neg-

d?

[
n; d’
) L

(c)

Figure 2.2: Effective Index Method: “(a) 3-D ridge waveguide; (b) 2-D equivalence
in the x-y plane; (¢) 2-D equivalence in the y-z plane.

2.3 Eigenmode Propagation Analysis

Assume that a light wave is launched into a waveguide at z = 0. The input field

profile ¥(z, 0) can be expanded in terms of all eigenmodes:

0) =3 (o). (2.44)

where the summation takes account of guided and radiation modes, and ¥, (x) is

the normalized modal field distribution of mode v. The field excitation coefficient



¢, can be found by calculating overlap integrals as

V@)
[ @)y (w)de’

Cy

(2.45)

and the square of its absolute value |c,|?, the excitation efficiency, represents the
power ratio carried by the mode. The field profile at a distance z can then be

expressed as the superposition of all eigenfunctions:

U(z,z) = chwy(x) -exp(—jp,2), (2.46)

where (3, is the propagation constant of mode v. For the analysis of leaky waveguides
such as ARROW structures, the eigenmode expansion and normalization based on

leaky mode approximations can be applied [20].

2.4 Beam Propagation Method

The beam propagation method (BPM), is a numerical method to analyze light prop-
agation phenomena in the waveguide by solving scalar wave equation along the
longitudinal direction of the waveguide. BPM derives from a paraxial form of the
Helmholtz equation, known as the Fresnel equation, is valid for paraxial propagation
in slowly varying optical waveguide. This method is in common use on waveguide

structures with arbtrary cross-section geometries.

In most cases, it is possible to treat the optical propagation problem starting
from the salar Helmholtz equation. The three-dimension scalar wave equation is

expressed by

O*E  O*E  O°E
52 + e + 572 + kin?(z,y, 2)E = 0, (2.47)

where E is the electric field and n is the refractive index in the domain of interest. We
assume that the field E = v(x,y, 2) exp %"= where 1) is an axially slowly varying

function, ng is the mean refractive index of the medium and z is the propagation
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direction. For a light beam confined in a two-dimensional cross-sectional waveguide
with an index profile n(z,z) and paraxial propagating along the z-direction, the

scalar wave equation can be described as

v v,
Assume ¥ = 9)(x, z) exp(—jkonoz) is a wave propagating mainly in the z-direction.
With the slowly varying envelope approximation [36,37], Eq. (2.48) can be reduced
to

, 0 0?
2jk0noa—f = $¢ + k:g[nZ(x, z) — ng]@b, (2.49)

Then we use a uniform discretization step sizes Az and Az. So we find

Oy YiaSh =24

0z (Az)? “F ko [n*(x, 2) — ngli, (2.50)

2] kono

where 1; is the field at (uAZ,z)and Az denotes the discretization step in the z-
direction. This process can be repeated until the wayve reaches the boundary of the
domain resulting in final field distribution. “The finite difference BPM (FDBPM) is
more accurate than conventional fast-Fouriertransform (FETBPM) in high index

contrasts.

There is another method, called Crank-Nicolson scheme, a linear combination
of the “forward-diffrence” method and the “backward-diffrence” method. Applying

the Crank-Nicolson scheme, we obtain

W T O = U — e — Y, (2.51)

where
af =24 k3(n? —nd)(Az)? — 45kono(Ax)?/ Az, (2.52)
a; = —2+k3(n? —nd)(Az)? + 4jkone(Ax)?/ Az, (2.53)

The superscripts and subscripts in Eq. (2.51) denote the z- and z-coordinates,

respectively. For example, ¢! is the slowly-varying field at (i-Az,v - Az).
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To deal with the radiation reflected back from the computation boundaries, the
transparent boundary condition (TBC) [21] is used. For waveguide structures whose
refractive indices differ greatly from the average refractive index (the reference in-
dex), the Padé approximant operator [22] is also implemented in the simulation.
For this reseach here, we use the BeamPROP software included in the commeri-
cal software package R-soft V. 5.1 to simulate the characteristics of our designed

devices.
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Chapter 3

Dual Antiresonant Reflecting
Optical Waveguide (ARROW)

3.1 Introduction

ARROW structure utilizes the Fabry-Perot reflection [23] instead of the total inter-
nal reflection (TIR) as the guiding mechanism. With" antiresonant reflection, the
core size can be less constrained to increase its thickness. Thus, it is suitable for

efficient connection to fibers. The relationship of prepagation loss was shown as Eq.

(3.1) [24]

(V + 1)2L+2

ALJ2Lt3 (3.1)

Q) X

Where v is the v th mode, L is cavity pair number, and d is core thickness. From this
relationship, we can obtain a low-loss and single-mode propagation by controlling

these parameters.

Antiresonant reflection makes constructive interference in core layer and destruc-
tive interference in cladding layers to confine the lightwaves. In contrast to conven-
tional waveguides, the coupling length of ARROW-based couplers does not increase
but varies as a periodic function of waveguide separation such that remote coupling
can be realized [25]. Based on this structure, Moreover, the ARROW structure can

be developed to 3-dB coupler-like device. In a dual ARROW structure, the coupling
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efficiency C(z) from one waveguide core to the other at any position z can be defined
as the ratio of the power transferred APy(z) to the initial power P;(0), and can be

expressed as Eq. (3.2) [22]

C(z) = Ap]jz(();) = Cpsin (ﬁe ; 5o z) : (3.2)

Where P, and P, are the guided powers in the upper and lower cores, and (5, and f3,
are the propagation constants of the fundamental even and odd modes, respectively.
C) represents the maximum coupling efficiency at the coupling length which is shown

in Eq. (3.3).
A

Ly= —"2"
T 9IN.—N,|’

(3.3)

Where ) is the operation wavelength.ofi0.6328 pym and N, N, are the real part of

effective indices of even and odd modes, respectively.

The coupling efficiency strongly depends on the structure symmetry. The higher
symmetry degree is, the higher coupling efficiency is, and vice versa. The simulation
shows coupling efficiency can-be controlled from near 100% to 0%. According to
these advantages, we can design ‘the ARROW structure along lateral direction to
compatible with a single-mode fiber. Moreover, it can construct many applications
such as uncoupled stack configurations, wavelength demultiplexers and filters, polar-
ization splitters, and power dividers for optical interconnections, communications,

signal processing, and sensing.

3.2 Characteristics of an ARROW Structure

The basic structure of ARROW is shown in Fig. 3.1. The refractive index in this
structure is arranged in order of n,/ng/nn/n/ns. Considering refractive index of
core, first cladding, and second cladding, the relative value is low, high, and low,
respectively. In contrast to conventional waveguides, ARROW structure utilizing

antiresonant reflection as a guiding mechanism instead of total internal reflection
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can guide waves in low-index cores on a high-index substrate. The schematic view
is shown in Fig. 3.2. By this structure, the low-loss single-mode propagation with a
relatively large core size can be achieved. To summary features of ARROW struc-
ture: (a) effective single-mode propagation, (b) low loss of effective single mode, (c)
large core size suitable for efficient connections to single mode fibers, (d) various
choice of waveguide materials for each layer, (e) flexible fabrication tolerance and

design rule.

L "

\
S
core dﬁ: n.i.'
T

first cladding d,r; | 7,

second cladding d', n,
| l nsub
substrate _—

index

Figure 3.1: The cross-section schematic of a slab ARROW waveguide.

Total Internal Reflection

Antiresonant Reflection

Index

Figure 3.2: Light propagation behavior and the refractive indices of the core and
the cladding layers in a ARROW structure.

Following description, we derive the confinement condition of the planar AR-
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ROW structure from the ray-optical picture, as shown in Fig. 3.2. We supposed the
zig-zag beam with a certain incident angle is guided in the core region. The optical
field decays evanescently in the air region because of the total internal reflection at
the air-core interface. The transverse propagation constant xg in the core region

and k, in the air region are given by

kg = \/ kg”?; - 527 (34)
Ka = _j7a7 (35)
Ya = \/ 52 - k(Q]nZ> (36>
where kong > 8 > kogn,, and [ is the propagation constant.

For TE mode, the reflection coefficient 74, at the air-core interface is given by

_ Kg = Ka ’%g_‘_j’)/a_ .
a — = L. =N 3 37
e PR — | Vgh €XP (j den) | (3.7)

where K > Kg, 50 ¢gn approaches .
In order to form a constructive.interference inthe core layer, the following con-
dition should be satisfied
—2Kgldg + Pga + Poh = 0 = Kody =~ T, (3.8)
if the core size is not large enough, Eq. (3.8) must be modified as
2kgdge = 2T = Kydge =, (3.9)

where dg is the effective thickness of the core layer.

Rearranging Eq. (3.8) and applying Snells law, we can derive Eq. (3.10) as

21

THg cos Oyd, ~ T,

= costh = (1 —sin? Hh)%

712 % TL2 /\2 2
= [1-— —2sin60 ~(1- -2 0 3.10
( ) ( na%%dg) ’ (3.10)
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where 0, and 0, respectively represent the ray angle in the core layer and the first
cladding layer. From the transmission characteristics of a Fabry-Perot resonator,
high reflection of cladding layer exists under the antiresonance condition. The an-

tiresonance condition is defined as
2rid; = (2m+ 1)m,m =0,1,2, ..., (3.11)

where Eqgs. 3.10 and 3.11, the antiresonance conditions of the first and the second

cladding layers are derived as

1

A nQ )\2 -3
dy=—[1— -2 0 2P +1),P=0,1,2,... 3.12
o (1m e ga) @PHDP0L2. (1)
= (1T a2 _%(2Q+1)Q 0,1,2 (3.13
1_4n1 _nlg+4n12dg2 ) T Yy by dy ey : )

If the refractive index of the second cladding layer n; and the core layer n, are

the same, Eq. (3.13) can besimplified as

> 4 %(2@ 1) (3.14)

3.3 Characteristics of Dual ARROW Structure

Coupling between two parallel waveguides has been widely investigated [26]-[31].
The coupling behavior was proposed by Baba et. al. for using as an uncoupled
stacking [32]. Their results are shown only in weakly coupling situation, and dual-
ARROW structures with leaky modes, the strong coupling between two waveguides
must be considered. The underlying principle behind these distinct phenomena has
been successfully revealed [23], and it is found that a dual ARROW can operate
as a directional coupler or as two decoupled waveguides by controlling the struc-
tural symmetry. In the following , the coupling efficiency analysis of dual ARROW

structures is briefly summarized. In the analysis, we employ the method based on
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interference of the even and odd lowest order modes to analyze the coupling effi-
ciency of a dual-ARROW structure [33]. Although there might exist some other
higher order modes with low propagation loss, only these two lowest order modes
can be efficiently excited. The field distributed in a dual ARROW guided system

can be expressed as
E(z,2z) = AcEo(x)exp(—jkoNez) + AoEo(x)exp(—jkoNoz), (3.15)

H(z,z) = AcHo(x)exp(—jkoNez) + AoHo(x)exp(—jkoNoz), (3.16)

where A, and A, are amplitudes of the normalized even and odd modes with effec-
tive indices N, and N,, respectively. Both E. (H,) and E, (H,) are the normalized
electric (magnetic) fields of even and odd modes, respectively. For TE modes, the

power density S, is

S, (x,2) = %Re [(ﬁ X ﬁ*) -az] = %Re [Ey(x; 2)H} (x, 2)]
_ %Re[Af,Ee(:c)H:(x)+A§Eo(x)H:($)y (3.17)

+AA, - [Ee(x) Ho () + Eo(w) H ()] - cos [ko (Ne = No) 1],

The even and odd modes are orthonormal with respect to the Poynting power

as

P = / S.(z, 2)dx = Py + Py + Pase = (A2 + A2) =1, (3.18)

—00

where

Py (z) = / S.(z,z)dx, Py(z) = / S.(x,z)dz, and P (z) = / S.(x, z)dz.
gl g2 else 3.19)
P, is the guided power in the first core, P, is the guided power in the second core,
and P, represents the remaining power in the region outside first core and second

core.
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Light is launched to the first core g; in Fig. 3.3 at the reference plane z = 0 such

that there is a reference power F,; guided in the first core.

To calculate the coupling efficiency C(z) from the first core in our structure to
the second core at any z position, we must investigate the power variation AP, in

the second core. The power in the first core at a position z is

Py <Z> = Az,gee + Azgoo + AeA0<€eo + §Oe)COS[/€0(Ne - NO)Z]v (3'2[))
where
1
gl
To minimize the uncoupled power Pys(0)+Fese(0), the cross product A.A, is ob-
tained as
AA, = 5‘;" 8o — (3.22)
[(gee = goo) -+ (geo =+ goe) } ?
Assume that the power is mainly guided inside g; and-g,, then
A Pyeo(2) K APy (2), (3.23)
and we can utilize the following approximatiions:
APy(z) =~ —APu(z) = Pu(0) — Pa(z)
ko(Ne — Ny
= 24 Ao (Eeo + Eoe)sin? {%z} . (3.24)
Based on above equations, we obtain the coupling efficiency as
2 €eo oe 2
Co— (Eeo o Eoc) . (325)
(gee + foo) [<€ee - 500)2 + (geo - geo)z]Q + gee - 500)2 + (geo - geo)2
ko(Ne — Ny
Be = % (3.26)

and C) represents the maximum coupling efficiency at a length z equal to the cou-
pling length (L.). In the case that light is launched to the second ARROW waveg-
uide, the above formulas will also be satisfied if F,; and P, are exchanged with each

other.

21



The size is one of the most important factors in the cost and integration capabil-
ity for an integrated opticcal device and a compact device is always attractive, it is
desirable to shorten the coupling length and in turn the device length for a coupler.

We design our devices by using this theory.

3.4 Coupling Behavior of Dual ARROW Struc-
tures

The basic configuration of dual ARROW structure is shown in Fig. 3.3 which
consists of two cores, a separation layer, and five sets of antiresonant cavities neigh-
boring on core layer. The structure of the refractive index is arranged in order of
(n1/mn)5/ Mgt /Ton [ Nsep/Ton /g2 /(i /1) 57 Two core layers are with the low refractive
indices of ng, and ng which-are the same to sencond cladding, and the thicknesses
are dg1 and dgo, respectively. Between- the two cores is a three-layered structure
with a high-low-high index profile ny,/nsep/nn and corresponding thicknesses are
dy/dsep/dn. Atop the first core are with indices n)/ny, and thicknesses di/d;. Oppo-
site side (below the second core) are with refractive indices ny, /n; and its thicknesses
are dy, /d). In order to obtain highest symmetry, the refractive indices and thicknesses
of the core layers are set to be the same, i.e., ng = ng and dy1 = dgo. Except the
separation layer, all cladding layers satisfy the antiresonance condition. As the cou-
pling strength between dual ARROW waveguides strongly depends on the degree of
their symmetry, we can adjust the reflective index of the second core layer to spoil

structural symmetry to change the coupling efficiency.
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Figure 3.3: The schematic view of a dual ARROW waveguide.

Figure 3.4 shows the dependence of the maximum coupling efficiency on the re-
fractive index of the second core layer ng. It can be seen that an efficient coupling
occurs when the structure reach the relatively high symmetry (ng ~ 1.773 RIU)
and the maximum coupling efficiency is close to 100%. When the refractive index of
the second core layer is lightly changed, the maximum coupling efficiency is dropped

to less than 2%.
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Figure 3.4: Maximum coupling efficiency as a function of the refractive index of the
second core layer. The parameters are:wng»= ne = nm = 1.773 RIU, n, = 1.817,
dg1 = dgo = 4 pm, dp, = 0.39 pm,and-di = 2-pm.

3.5 Summary

In this chapter, the features of ARROW and dual ARROW structure are investi-
gated. Based on these characteristics, we can control the coupling efficiency between
near 0% and 100% by adjusting the symmetric degree of the horizontal structure.
Therefor, we can construct the power splitter without any bending structure by the
combination of coupling and decoupling regions. In addition to techniques which
can be used to shorten the length of an ARROW-based coupler, a critical design

consideration for 3-dB couplers is also presented.
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Chapter 4

Design and Simulation Results of
the Si-Based Sensor based on Dual
ARROW Structures

4.1 Design of the Slab Waveguide Structure

Figure 4.1 shows the schematic view of the Si-based sensor based on dual ARROW
structures. The top and cross-sectional views are shown in Fig. 4.2. In the slab
structure, we chose silicon oxide as the cappinglayer and the lower cladding layer,
and silicon nitride as the core layer. Refractive indices of the capping layer ny, the
core layer n., and the lower cladding layer n; are chosen as 1.46, 2.00, and 1.46,
respectively. The thickness of the core layer (d.) was designed as 0.18 pm which was
calculated by cutoff condition for single-mode propagation. Then we designed the
thicknesses of the capping layer (d,) and lower cladding layer (dp) as 0.8 pm and
1 pm, respectively. Our fabrication process was chosen (100) p-type silicon as the
substrate. The parameters of the slab waveguide are shown in Table 4.1, and the

operation wavelength A is 0.6328 pm.

In the vertical direction, the structure was designed as the conventional waveg-
uide. Based on cutoff condition, the lightwave in the core layer can provide single

mode propagation. In the lateral direction, the lightwave was confined by ARROW
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Figure 4.1: The schematic view of the Si.based sensor based on dual ARROW
structures
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Figure 4.2: (a) The top view of the Si-based sensor based on dual ARROW struc-
tures, (b) The cross-sectional view and the corresponding effective index of the slab
waveguide structure across the A-B line.
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Table 4.1: The parameters of the slab waveguide structure at the operation wave-
length X\ of 0.6328 pm.

’ Layer | Material | Refractive Index (RIU) | Thickness (um) |
Superstrate H>O ng = 1.332 dg = 30 pm
Capping layer SiO, n, = 1.46 dp = 0.80 um
Nitride strip SiN, ny = 2.00 dy = 0.04 pm
Core layer SiN, ne = 2.00 d. = 0.18 um
Lower cladding layer Si0O,, np = 1.46 dp = 1.00 pm
Substrate Si-wafer ns = 3.85 ds = 30.00 pm

structures with the expansion of cavities which conform to antiresonant condition in
the y-direction. The coupling efficiency of a dual ARROW-based structure can be
controlled by adjusting the symmetric degree of structure which discussed in chapter

3. We can use this particular feature to-design our device.

4.2 Design of the the Si-Based Sensor based on
Dual ARROW Structures

In the vertical structure, we made-the height 0:04 pm SiN, strips (d;) to increase
the effective index in the lateral direction which are shown in Fig. 4.2 (b). The
ARROW structure can be formed by these different effective indices. Following
step, we deposited the silicon oxide to form the reference region and its thickness
is 0.8 pm (dp) which can ensure the effective index will not change in different
environment (air and aqueous solution). After all process, We can get the effective
index in the vertical direction. The N.gy was solved as 1.817 — 3.00 x 1075 for
TE polarization and N.gr, was solved 1.773 — 1.58 x 107195 for TE polarization in
aqueous environment by using the Matlab program. Effective indices of the dual
ARROW structure are shown in Table 4.2. Based on these parameters, we could
calculate the lateral first cladding as 0.4 pm and the lateral second cladding as 1

pm if we chose lateral core width as 4 pm.
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Table 4.2: The effective indices of the dual ARROW structure at the operation
wavelength A of 0.6328 pm.

y | TE, TM,
Negr || 1.817 —3.00 x 10715 [ 1.744 — 5.86 x 10105
Negr, || 1.773 — 1.58 x 107195 | 1.682 — 8.04 x 1077

4.2.1 Design of the Input Region

Figure 4.3 shows the structure of the input region. At first, We designed the width
of the lateral core (wg) as 4 pm. Based on effective indices in the vertical direction,
we can calculate widths of the lateral first cladding (wy,) as 0.4 pm and the lateral
second cladding (w) as 1 um by transverse antiresonant condition. Figure 4.4 shows
the two-dimensional field profiles of the fundamental TM mode for one core with
five antiresonant cavities in the y-direction and the propagation loss is almost zero
(0.000047 dB/cm). Table 4.3 shows the propagation losses of the fundamental TM
mode with different number of cavities.

Table 4.3: The relations between the number of‘cavities and the fundamental TM
mode propagation loss. The unit of propagation loss is dB/cm

| Number of cavities | 1 [ 2 [ 3 [ 4 | 5 |
’ Propagation losses H 15.600 \ 0.647 \ 0.027 \ 0.001 \ 0.000 ‘

4.2.2 Design of the Coupling Region

The coupling region of dual ARROW structure and its corresponding effective in-
dices are shown in Fig. 4.5. In the y-direction, the lateral first cladding (wy) was
calculated as 0.4 ym and the lateral second cladding (w;) was calculated as 1 pm by
the transverse antiresonant condition if we set the lateral core width as 4 pm. Figure
4.6 shows the field profiles of even and odd modes (E-field mainly in y-direction) in

the dual ARROW structure with five cavities for TM polarization in the coupling
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region. We can calculate the refractive indices of even and odd modes by Matlab
which are 1.7713 - 1.80 x 107'% and 1.7712 - 1.89 x 107'%j, respectively. The

coupling length was calculated as 3580 pum by the Eq. (3.3).

4.2.3 Design of the Decoupling Region

The decoupling region of dual ARROW structure and its corresponding effective
indices are shown in Fig. 4.7. Because the coupling efficiency is strongly depen-
dent on symmetric degree of the structure, we can easily construct the decoupling
structure by digging the hole on the second core. In the vertical direction, the Ngg
is calculated as 1.762 — 2.42 x 1071% for TE mode and 1.653 — 3.17 x 10~%; for
TM mode. Figure 4.8 shows field profiles of even and odd modes (E-field mainly in
y-direction) in the dual ARROW structure with five'cavities for TM polarization in

the decoupling region.

4.2.4 Design of the Output Region

Figure 4.9 shows the structure of the output region. We designed the width of
the output core (wg,) as 10.8 pm. Based on antiresonant condition, we can obtain
widths of the lateral first cladding (wp,) and the lateral second cladding (wy,) as 0.4
pum and 5.4 pm, respectively. Figure 4.10 shows the two-dimensional field profile
of the fundamental TM mode with nine antiresonant cavities in the y-direction and

the propagation loss is zero.

4.3 Simulation Results of the the Si-Based Sensor
based on Dual ARROW Structures

Before constructing the sensor device, performances of the coupling structure and
the decoupling structure should be discussed first. Figure 4.11 shows the simulation

result of the coupling region at the aqueous environment. The coupling efficiency of
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Figure 4.3: The cross section: and the corresponding effective index profile of the
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Figure 4.4: The two-dimentional field profile of the fundamental TM mode for one
core with five antiresonant cavities.
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Figure 4.5: The two-dimentional field profile of the fundamental TM mode for one
core with five antiresonant cavities.
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Figure 4.6: The two-dimensional field profiles of even and odd modes for TM polar-
ization in the coupling region.
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Figure 4.8: The two-dimensional field profiles of even and odd modes for TM polar-
ization in the decoupling region.
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the coupling region was calculated as 97.40% where the coupling efficiency is defined

as APQ(Z)/PI(O)

Figure 4.12 shows the simulation result of the decoupling region and the coupling

efficiency is calculated as 0.06%.

Then we combine these structures in order of the input region, the coupling
region, the decoupling region, and the output region as the Fig. 4.1 shows. The first
region (input region) provides a condition which can stabilize the input field when
the Gaussian beam was launched into the sensor device. The second region (coupling
region) acts as 3dB-coupler which splits input field to two equal fields. The third
region (decoupling region) is designed to be a sensing region. The fourth region

(output region) is designed to receive thetwo lightwaves and detect the power.

In setting parameters, we chose lengths of the input region 2000 um, the coupling
region 1880 pm which is the length for splitting input field to two equal fields
(~ L./2), the decoupling region 2000 wm, and the output region 6120 pm. Figure
4.13 shows the BPM simulation result and Fig..4.14 shows its sensitivity which is

the power of the first core versus refractive index of environment.

4.4 Summary

An dual ARROW-based structure with its coupling feature can be designed as Mach-
Zehnder-like sensor. Because the coupling behavior strongly depends on the degree
of the structural symmetry, we can effectively control the coupling efficiency from
near 100% to 0%. Thus, the compact sensor without any bending structure can be
realized. The sensor based on dual ARROW structures can reach the sensitivity 475
a.u./RIU.
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Figure 4.12: The BPM simulation of the decoupling region
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Chapter 5

Device Fabrication

5.1 Introduction

In this section, We mention the fabrication of the Si-based sensors based dual AR-
ROW structures. We first made the zero mark and then deposited two layers which
involve SiO, and SiN, films'to form the slab waveguide in the vertical direction by
the “Oxford PECVD” (Plasma- Enhanced Chemical Vapor Deposition). Next, we
used “Clean Track MK-8 to ‘coat photoresist (P.R.) and exposured by “Leica E-
beam” (Leica weprint 200), and then the P.R:were developed to produce waveguide
patterns. In the etching process, we utilized the “ILD-4100” to form our particular
structure. Finally, we used the “Wet Bench to remove PR, and made the inspection
by utilizing the “In-line SEM” (In-line Scanning Electron Microscopy). Figure 5.1
shows fabrication processes of the Si-based sensors based on dual ARROW struc-
tures. All the fabrication processes were completed in the NDL (National Nano De-
vice Laboratories). The detailed fabrication parameters and process are discussed

in the following sections.
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5.2 Deposition

Before all deposition, due to multi-step processes, the zero mark should be made
first. So we deposited the 3000 A silicon oxide as the hard mask and etched the
zero mark with the depth of Si substrate about 15000A. Then we used wet bench

to eliminate organic, inorganic attachment, and other contaminants.

we used the chamber A of the Oxford PECVD system to deposit SiO, film as
my lower cladding layer. The PECVD system can deposit films with lower stress,
and the deposition rate is faster than a horizontal furnace system. Moreover, the
PECVD system produces oxide films with high uniformity and low viscosity at a

low deposition temperature.

The designed thickness of the lower eladding layer (SiO,) is 1 ym and the pa-

rameter is shown in Table 5.1. The -chemical reaction is

Table 5.1: The parameter of the lower cladding layer oxide.

Time (sec) 875
Ny (sccm) 161.5
N-O (sccm) 710
SiH4 (sccm) 8.5

RF power (W) 20
Pressure (mTorr) | 1000
Temperature (°C) | 300

Then we used “N&K 1200”7 to measure the thicknesses and indices which is a
popular thin film measurement system based on the patented N&K method. The
method is used to calculate the thickness and the refractive index of thin films by

utilizing Forouhi and Bloomer dispersion equations based on quantum mechanics.

38



Following, we deposited 0.22 pm silicon nitride as the core material by Oxford

PECVD. The deposition parameters are listed in Table 5.2. Its chemical reaction is

Table 5.2: The parameter of the lower cladding layer oxide.

Time (sec) 264
Ny (scem) 980
NH; (sccm) 20
SiH4 (sccm) 20

RF power (W) 20
Pressure (mTorr) | 850
Temperature (°C) | 300

Table 5.3 shows the measurement results including lower cladding layer silicon
oxide (SiO,) and core layer silicon nitride (SiN, ). And-the five points are shown in
Fig. 5.2 . After first lithography, we deposited 0.8 pum as the capping layer which

prevents the lightwave form external environment in each reference region.

Table 5.3: The parameter of the lower cladding layer oxide.

Meterial SiO, SiN,
Thickness / Refractive index | d (gm) /n | d (pm) /n
Location 1 1.03 / 1.472 | 0.21 / 2.075
Location 2 1.01 / 1.472 | 0.21 / 2.071
Location 3 1.00 / 1.471 | 0.21 / 2.072
Location 4 1.01 / 1.472 | 0.21 / 2.074
Location 5 1.01 / 1.472 | 0.21 / 2.069
Average [1.01 / 1.472 | 0.21 / 2.072 |

5.3 Lithography

Figure 5.3 shows the layout pattern of dual ARROW-based sensors. R-soft was used

to simulate the situation of beam propagation and L-edit was used to convert the
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pattern to gds file which can be read by lithography system. In the dual ARROW-
based sensor, it was divide into four parts including the input region, the coupling
region, the decoupling region, and the output region. After completing the core
layer deposition, we used the “Clean Track MK-8” system to carry out lithography
processes. Before deliver the wafer into track, we used the stress measurement
instrument to measure the radius of curvature of the wafer which can show the
stress degree of the wafer. If the wafer was bended too much, the machine arm
of the exposure system (Leica E-beam) could not grab it. Then we mention the

lithography procedure in order of the track steps:

a. HMDS coating: At first, we added the HMDS, ((CHj3)3SiNHSi(CHj)s), on
the wafer surface for enhancing the adhesion between the wafer and the

photoresist.

b. Pre-bake: Then, we deliver the wafer into the hot plate unit, which the
temperature is 90 °C and the baking time is 60 seconds, in order to volatilize

the excess aqueous solution.

c. Photoresist coating: After cooling the wafer, the photoresist was applied.
Initially, the speed of spin coating should be slow for the photoresist spread
uniformly on the wafer surface and then raise speed to achieve the thickness
which we want. The first spin speed was set at 500 rpm for 10 seconds and
the second spin speed was set at 5000 rpm for 45 seconds where the final

thickness of negative photoresist is 3800 A.

d. Soft bake: Then, in order to remove the excess solvent of photoresist and
enhance the adhesion between dielectrics, we deliver the wafer into hot plate
unit again. The temperature of the step is 90 °C and the baking time is

90 seconds.
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e. Exposure: After cooling, the wafer transferred to “Leica E-beam”

(Leica weprint 200) to exposure.

f. Post Exposure Bake: To eliminate standing wave effect and promote the light-

acid diffusion, the wafer delivers to hot plate unit again.

g. Development: After exposure, we transferred the wafer to

“Clean Track MK-8"to develop the P.R..

h. Hot bake: To remove excess solvents which come from development process,
the wafer delivers to hot plate unit to achieve this requirement. The

temperature of this step is 120 °C and the baking time is 90 seconds.

i. Inspection: Finally, we used the in-line SEM (in-line scanning electron

microscopy) to inspect the lithography results.

5.4 Etching Process and After Etching Inspection
(AEI)

In etching process, it divided four-step etchings. The first etching process, which was
after the deposition of the 2200 A core layer (silicon nitride), we etched silicon nitride
400 A to make antiresonant cavities along the y direction. The etching recipes are
shown in Table 5.4. The Ar gas in this recipe was used to produce plasma. CHF}3
was used to produce polymers and CF4 was used to produce the ions of fluorine.
The ions of fluorine were used to etch the designed segment. For the second etching
process, which was after the deposition of the 8000 A capping layer (silicon oxide),
we etched silicon oxide 4000 A upon the second core (right core) and recipes were

all the same to the first etching but only etching time was edited to 180 seconds.

For the third etching process which was after the second etching process, we
etched the silicon oxide 4000 A again to make the liquid could flow to the groove

which was upon the second core. The difference between second and third etching
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Table 5.4: The recipe for etching core layer (SiN,) 400 A by the metal etcher.

’ Step \ ‘

Time (sec) 21

Gas stab / exha (sec) 60 / 20

RF / Bias power (W) | 500 / 50
Pressure (mTorr) 8.5
CF4 (sccm) 80
CHF3 (sccm) 80

ESC / He flow (V / cc) | 450 / 4

Magnet 1 / 2 (A) 41 / 35
Holder position 3

Circulator (°C) 60 / 60

process was the mask layout. The third mask layout was cross over to second core
and antiresonant cavities which were next the right side of the second core. We
used the wet bench system to.remove the residual photoresist on the wafer with
the chemical solution of HySQy4 : HoO3:=3: 1 at 120°C for 10 minutes. After
etching inspection (AEI) images were photographed by the TF-SEM (Thermal Field
Emission Scanning Electron ‘Microsecopy) to-measure the depth and width whether

we want or not.

Figure 5.4, Fig. 5.5, and Fig. 5.6 show topviews of the input region, which are
widths of the core, the first cladding, and the second cladding, respectively. Figure
5.7 shows the topview of the decouplng region, and Fig. 5.8 shows the core width
in the decoupling region. Figure 5.9 and Fig. 5.10 show the cross-section views of

the input region and the decoupling region.
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Figure 5.1: Flow chart of fabrication process for the Si-based sensor based on dual

ARROW structures.
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Figure 5.2: The locations of measuring points on a 6-inch Si wafer.

Figure 5.3: The layout of the Si-based sensor based on dual ARROW structures.
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Figure 5.5: The width of the first cladding in the input region.
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Figure 5.6: The width of the second cladding in the input region.

o S S T T T T R TRl Ty

Figure 5.7: The topview of the decoupling region.
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Figure 5.8: The.width of the core.in the decoupling region.
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Figure 5.9: The cross-section view of the input region.
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Figure 5.10: The cross-section view of the decoupling region.
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Chapter 6

Measurement and Analysis

The concept and design of Si-based sensors based on dual ARROW structures have
been investigated. The unique feature of dual ARROW structures, such as remote
coupling and coupling efficiency‘tunability, can construct a bending-free and com-
pact sensor device so that achieve the characteristics'of miniaturization [35]. The
theoretical analysis of the Si-based sensor has been carried out by employing the
transfer matrix method and the eigenmode expansion. The parameters of the sensor
structure have been also designed-for aqueous_solution detection. To confirm the
function and characteristics, the measurement of various NaCl solutions would be

presented.

6.1 The Setup of the Optical Measurement Sys-
tem

Due to the small core size (0.18 um), the coupling loss is so large that the mea-
surement is hard to execute if we launched He Ne laser to device directly (the spot
diameter of the He-Ne laser is 0.65 mm). We used the lensed fibers (the average
of spot diameter is 2.18 pum) to perform the experiments for characterizing the per-
formance of our designed devices at the operation wavelength A of 0.6328 pum. The

configuration of optical measurement setup is illustrated in Fig. 6.1.

20



Optical Microgcope

Waveguide O

; {rati Sample
Fiber Polarization Rotator Objective (60X) oooag

J Lensed Fiber / Aperture Power Meter
0.6328 —um HeNe Laser —EEJL e \ W
et | L)%
Photodetector
zﬂu Stage v Stage ro—E]IZ

| Optical Breadboard ‘

Laser-to-Fiber Coupler Fiber Chick

Figure 6.1: The configuration of optical measurement setup.

The optical measurement instruments contain:

(1) 0.6328-um He-Ne laser: It supplies_the light source with with A = 0.6328 pm.

(2) Laser-to-fiber coupler: It supplies the transformation between laser to fiber.

(3) Lensed fiber: A general instrument providing a convenient way to improve
coupling between an optical fiber and a waveguide-device.

(4) Fiber polarization rotator: The instrument contains a rotatable plate
polarizer for 0.6328 pm and PM. fiber on both ends.

(5) Optical microscope (OM): It assists the alignment between the fiber and the
input port of the waveguide.

(6) Microscope objective (60X): The instrument is used to receive the light from
waveguide device.

(7) Aperture: It can filter out stray and radiative light noise, passing the primary
light from the waveguide output to the power meter.

(8) Photodetector: It is used to detect the optical power.

(9) Power meter: It shows the power intensity.

The optical measurement setup is shown in Fig. 6.2. In the optical system, the

He-Ne laser with a wavelength of 0.6328 um was used as the light source. We used

the fiber polarization rotator to keep only the TE-polarized light could pass, and

utilized the lensed fiber to couple the light into the input port of the sensor device.
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At the output end, the output beam was focused by an objective lens (60X) and
passed through an aperture to filter out the radiative light noise. Then, the pho-
todetector collected light signal and power meter recorded the measurement data.
In aligning step, we tuned the z, y, and z positions of the stage until the clear light
spot appeared, as shown in Fig. 6.3. An optical microscope (OM) were used to
alignment at the input port. The stringent requirement for end-face flatness and

alignment accuracy are necessary for this measurement system.

- L d L4 - - - L3 -

Figure 6.2: The optical measurement setup.

Figure 6.3: The image of the light spot form the output port of the Si-based sensor
based on dual ARROW structures.

6.2 Measurement of NaCl Solutions

In order to demonstrate the performance of Si-based sensors based on dual ARROW

structures, we measured the output power and injected different NaCl concentration
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at the same time. The optical measurement setup is shown in Fig. 6.4. The
NaCl concentration were 0.05M, 0.10M, 0.15M, 0.20M, 0.25M, 0.30M, 0.35M, 0.40M,
0.45M, and 0.50M. The corresponding refractive indices were about 1.3355, 1.3360,
1.3370, 1.3375, 1.3378, 1.3380, 1.3385, 1.3390, 1.3395, and 1.3400, respectively. The
measurement results of chip 1, chip 2, chip 3, chip 4, chip 5, and chip 6 were
shown in Fig. 6.5, Fig. 6.7, Fig. 6.9, Fig. 6.11, Fig. 6.13, and Fig. 6.15. These
figures show that power changes as the refractive index of NaCl solutions changes.
We captured each period output power of NaCl solution to get the average output
power and shown in Fig. 6.6, Fig. 6.8, Fig. 6.10, Fig. 6.12, Fig. 6.13, and Fig.
6.16. In additional, to verify the repeatability and the consistency, we measured
the chip 6 again with the NaCl concentration.0.21M, 0.23M, 0.27M, 0.29M, 0.31M,
and 0.33M. Its corresponding refractive.indices were about 1.3375, 1.3375, 1.3378,
1.3380, 1.3380, 1.3380, and“1.3385. The measurement result was shown in Fig.
6.17 and the average output.power with different NaCl concentration was shown in
Fig. 6.19. According to the measurement result of chip 6, we can get the average
sensitivity 1305 W /RIU in the range.1.3375t0 1.3380, which shown in Fig. 6.20
and Fig. 6.21.

Liquid Flow System

— O PR
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Micro Pump

Fiber Polarization Rotator

Sample oooo
] J Lensed Fiber Objectwe (60X) Aperture /.; Power Meter
. Fd \ ¥ i
0.6328 —um HeNe Laser | i m— @ )ottectm m [;‘_}/
Holder v
/ Holder | y X
= — Photodetector
z d?stazc QO Stage rQ [J]= ©
| / O])ti?él Breadboard |
/ /
-to-F1 ! W id
Laser-to-Fiber Coupler Fiber Chuck aveguide
Sample

Figure 6.4: The optical measurement setup with the liquid flow system.
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6.3 Discussion

The sensor based on dual ARROW designed for aqueous environment have been in-
vestigated. To verify the performance, we measure it with different concentration of
NaCl solutions (0.05M, 0.10M, 0.15M, 0.20M, 0.25M, 0.30M, 0.35M, 0.40M, 0.45M,
and 0.50M). The measurement results shown in Fig. 6.5, Fig. 6.7, and Fig. 6.9,
Fig. 6.10, Fig. 6.12, and Fig. 6.14. The sensitivity of detecting the environmental
refractive index change by the sensor-was 1305 uW/RIU (for chip 6 case), which is
much lower than simulation*(2312800 pW /RIU). Some reasons will be discussed:
(1) The coupling efficiency between laser and fiber is too small. Even though the
power of He-Ne laser is detected about 15 mW, but, when we connect the
laser-to-fiber coupler to He-Ne laser, the power will decrease to about 1 mW.
(2) The loss between rotator is too large. When we launched the 1 mW light,
the power will decrease to 200 uW as the light passed rotator and lensed fiber.
(3) The coupling loss between lensed fiber and device is still present.
(4) The imperfect fabrication will induce large loss among the device.
So, if we want to reach high sensitivity, the maintenance of the power which launched
form He-Ne laser is a primary issue should be overcome. However, a novel Si-based

sensor without any bending structure is realized.

o4



2000

NaCl  NaCl
0.05M  0.1M

1800 + Nacl

0.15M

NaCl
0.35M
—

NaCl
03M
>

1600
1400
1200

1000

Power (nW)

800 -

NaCl
0.4M
—

600 - NaCl

NaCl
045M  NaCl

air

400 je— o,

200

0 100 200 300 400 500 600
Time (5)

Figure 6.5: Sensorgram of the Si-based sensor based on dual ARROW structures
(chip 1), when NaCl solutions were flowed across the sensor surface. The concen-
tration of NaCl solutions were 0.05M, 0.10M, 0.15M, 0.20M, 0.25M, 0.30M, 0.35M,
0.40M, 0.45M, and 0.50M.
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Figure 6.6: Statistic analysis of the average power (chip 1).
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Figure 6.7: Sensorgram of the Sisbased sensor based on dual ARROW structures
(chip 2), when NaCl solutions.were flowed.across the sensor surface. The concen-
tration of NaCl solutions were 0.05M; 0.10M, 0.15M,-0.20M, 0.25M, 0.30M, 0.35M,
0.40M, 0.45M, and 0.50M.
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Figure 6.8: Statistic analysis of the average power (chip 2).
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Figure 6.9: Sensorgram of the Si-based sensor based on dual ARROW structures
(chip 3), when NaCl solutions were flowed across the sensor surface. The concen-
tration of NaCl solutions were.0:05M;-0.10M, 0.15M;°0.20M, 0.25M, 0.30M, 0.35M,
0.40M, 0.45M, and 0.50M.
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Figure 6.10: Statistic analysis of the average power (chip 3).
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Figure 6.11: Sensorgram of the Si<based sensor/based on dual ARROW structures
(chip 4), when NaCl solutions were flowed across the sensor surface. The concen-
tration of NaCl solutions were 0.05M; 0.10M, 0.15M; 0.20M, 0.25M, 0.30M, 0.35M,
0.40M, 0.45M, and 0.50M.
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Figure 6.12: Statistic analysis of the average power (chip 4).
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Figure 6.13: Sensorgram of the Si-based sensor based on dual ARROW structures
(chip 5), when NaCl solutionsswere flowed across. the sensor surface. The concen-
tration of NaCl solutions were 0.05M; 0.10M, 0.15M.°0.20M, 0.25M, 0.30M, 0.35M,
0.40M, 0.45M, and 0.50M.
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Figure 6.14: Statistic analysis of the average power (chip 5).
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Figure 6.15: Sensorgram of the Si-based sensor based on dual ARROW structures
(chip 6), when NaCl solutions.were flowed across the sensor surface. The concen-
tration of NaCl solutions were 0.05M; 0.10M, 0.15M,-0.20M, 0.25M, 0.30M, 0.35M,
0.40M, 0.45M, and 0.50M.
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Figure 6.16: Statistic analysis of the average power (chip 6).
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Figure 6.17: Sensorgram of the Si-based sensor based on dual ARROW structures
(chip 4), when NaCl solutions were flowed across the sensor surface. The concen-
tration of NaCl solutions were 0.21M, 0.23M, 0.27M, 0.29M, 0.31M, and 0.33M.
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Figure 6.18: Statistic analysis of the average power (chip 6).
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Chapter 7

Conclusion

In this study, the design, fabrication, and characterization of Si-based sensors based
on dual ARROW structures have been investigated. The theoretical analysis of
dual ARROW-based sensors has been carried-out by employing the transfer ma-
trix method (TMM), the effeetive index method (EIM), the eigenmode propagation
analysis, and the beam propagation method (BPM). In the vertical z-direction, a
conventional waveguide employing silicon nitride as the core material and silicon
dioxide as the lower cladding layer. was used. The thickness of the core layer was
designed as 0.18 um which is in accordance with cutoff condition for single-mode
propagation, and the thickness of the lower cladding layer was designed as 1 pm.
In the lateral y-direction, dual ARROW-type structures fulfilled by a series of the
strips were used for constracting a compact sensor. To attain a low propagation loss
for the fundamental mode, all the widths of the strips wy, and the distances w;, be-
tween the strips except the core width w, must satisfy the transverse antiresonance

condition.

Based on the maximum coupling efficiency analysis, it is found that a dual AR-
ROW can operate as a directional coupler or as two decoupled waveguides by control-
ling the structural symmetry. With these features, coupled and decoupled structures

can be designed to have the same separation width. In our designed structure, we
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connected a input structure which was designed to stabilize the input field and dual-
ARROW 3-dB couplers with a decoupled dual-ARROW structure, and combined
with a output structure which was designed to receive lightwave from decoupled

structure. The compact sensor without any lengthy bends can be achieved.

The designed lengths of the input region, the coupling region, the decoupling
region, and the output region were 2000 pm, 1880 pum (~ L./2), 2000 pm, and
6120 pum. According to the simulation results by R-soft, the coupling efficiencies of
coupling and decoupling region were calculated as 97.4 % and 0.06 %. The sensitivity
of the dual ARROW-based sensor can reach 475 a.u./RIU.

After all of the parameters of the dual ARROW-based sensor were designed, the
devices were fabricated by using the equipments'in the National Nano Device Labo-
ratories. Then, the optical measurement system was set up at operating wavelength
A = 0.6328 um. The sensitivity of the fabricated dual ARROW-based sensor was
obtained as 1305 um/RIU. The results'show the feasibility of these types of sensors.
However, the experimental results are much lower than simulation results. Possible

reasons should be further investigated and the characteristics should be improved.
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