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Abstract

Nowadays, optical coherence tomography (OCT) technology is well known in the in-vivo
disease diagnose, attributed to the low-cost operation of the three-dimensional medical imaging.
In this thesis, we investigate the potential of using photonic integrated circuits (PIC) technologies
for replacing the free space optical components in the OCT. The use of Silicon-photonics CMOS
based technologies are employed in investigating the building blocks of the PIC used for enabling
replacement of free-space optics interferometer part in OCT system. The building block of the
structures include the roughness consideration, tapered waveguides structures, bend loss analysis,
coupler analysis, and cross talk in intersecting waveguides. The technologies platform was
developed based on Silicon-on-Insulator (SOI) technologies. Future directions of the concept are

also presented in this thesis.



1. Introduction

1.1. Background and motivation

Optical coherence tomography (OCT) is a non-invasive and low-cost medical imaging
method with the capability of creating micro-scale three-dimensional images for human body
tissue [1-2]. Currently the OCT system mainly consists of several free space optical components
leading to the bulky size of the instrument. However, a compact size portable OCT system can be
achieved by replacing the conventional free space optical components in OCT system with the
photonic integrated circuit (PIC). Note that in a PIC based OCT system, achieving low-loss silicon-
on-insulator (SOI) PIC board is critical to acquiring high-resolution images for medical usage.
This thesis aims at developing a method of accessing low-loss PIC board for the potential OCT
applications. The key sources of the loss in a OCT-PIC board is described and analyzed both

analytically and numerically.

1.1.1. Optical coherence tomography and photonic integrated circuits

Optical coherence tomography (OCT) is one of the approaches for optical tomography
which have been developed since 1980s [3]. Benefiting from the high penetration depth and
transversal resolution, the OCT has been widely applied as the safe, cheap, and non-invasive
technique in medical field for disease diagnosis, such as ophthalmology, cardiology and
dermatology [4]. Generally, the OCT synthesizes the cross-sectional images by performing the
low coherence interference between the depth-scan beam reflected from tissue samples and the
beam from reference sample [5]. Afterwards, the Fourier transformation will be carried out to
create tissue profile in the depth dimension. Figure 1-1 shows the schematic diagram of an OCT
system [6], where the major part of the interferometer and optical scanning and probing are formed

by the optical fibers and free space optical components with a bulky geometry size . In order to

2



achieve higher stability and efficiency in a compact size, such fragile fibers and free space optical
components can be integrated and replaced by the PIC components. In this case, a novel OCT

system with the merit of low-cost, small dimension, and portability can be obtained.
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Figure 1-1. Schematic diagram of OCT system [6].

Photonic integrated circuits (PICs) are similar to electronic integrated circuits (EICs) but
with various functions for optical applications. PICs can be fabricated through same process as the
EICs with lithography and multiple etching steps [2]. In the typical PICs, optical waveguide is one
of the fundamental elements meaning that all other components are modified from the waveguide.
PICs can be fabricated based on many different materials. For example, GaAs and InP can be
incorporated as the high efficiency light source in PICs [7]; Si3N, based PICs yield transparency
in visible and infrared spectrum regime with high-index-contrast [8]; silica PICs come with the
characteristics of low-loss and thermal stability [9]; and silicon PICs with high-index-contrast can

be easily manufactured through the CMOS fabrication method [2, 10].



1.1.2. Motivation

Silicon photonics is a low-cost multi-functional platform for integrated photonic
applications. Because of the maturity of CMOS industry, silicon photonics with various optical
functions can be easily manufactured and integrated via cost efficient and micro-scale fabrication
process. Furthermore, the high-index-contrast in silicon PICs yields the high optical confinement,
which enables compact photonic devices. In that case, a compact interferometer design for OCT
system can be achieved with silicon PICs. In an interferometer for OCT system, interference
happens between two different light signals that reflected from tissue sample and reference arm

respectively. Both of these two light signals should propagate the same optical length.
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Figure 1-2. Schematic diagram interferometer of PIC board connecting with laser source [1].

Fig 1-2 shows the design of the interferometer in a PIC board for OCT applications [1].
The input signal is generated from a monolithic optical source and then coupled into an optical
fiber. In order to couple the light signal into the PIC board, a tapered waveguide is used as the

intermedia between the fiber and PIC board. Then, the input light signal is split into one sample



arm and one reference arm by the first optical splitter. Using one 1x4 optical splitter and four 50/50
directional couplers, the light signal in sample arm is split into eight lines to be projected on tissue
sample. Afterwards, the reflected beams from the tissue sample are collected back into the
waveguides, and are mixed with the reference signals at the 50/50 directional couplers in reference

arm.

In this thesis, the PIC board are based on the silicon-on-insulator (SOI) structure, in which
all the optical components are made by putting silicon wire on top of silicon-dioxide substrate.
Reducing optical loss in the SOI based interferometer PIC board is crucial for obtaining high-
resolution OCT image. In our case, the optical losses are mainly attributed to the surface roughness
in SOI based waveguides, tapered waveguide structure, waveguide bends, directional coupler, and
waveguide intersection in the PIC board. Thus, the analyses for optical losses in each optical

component of the PIC board are discussed in the following chapters.

1.2.  Thesis organization

Chapter 1 introduces the background and motivation of developing low loss PIC board for
OCT applications. In our case, the loss source from PIC board can be divided into five categories:
waveguide roughness, waveguide bends, tapered waveguide structure, waveguide intersection and
waveguide coupler. Accordingly, our analyses are performed for each source respectively. In
Chapter 2, all the five components are interoperated based on analytical models, and the
transmission efficiency of each part is calculated. In Chapter 3, the numerical simulations are
carried out for each component respectively through Finite-Difference Time-Domain (FDTD)

method. The summary and future direction is presented in Chapter 4.
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2. Theory of Loss Analysis in PIC design

Photonic integrated circuits usually consist of various fundamental photonic building
blocks or components including SOI based waveguides, tapered waveguide structure, waveguide
bends, directional coupler, and waveguide intersection. PIC board with different functions for can
be obtained by integrating different components in one system. However, when the light signal
propagates through those components, optical loss will be introduced as a result of waveguide
imperfection, reflection, power leakage, and crosstalk, etc. Those optical losses will affect the
performance of the PIC system. Specifically, in our case the optical loss in the PIC system
dramatically degrade the OCT image quality. In this chapter, five major optical losses and their

mechanism are analyzed based on the analytical models.

2.1. Surface roughness loss

During the fabrication of silicon waveguide, the etching process will introduce the surface
roughness to the sidewall of the waveguide. Therefore, scattering loss arises when optical rays hit
the rough sidewall of the waveguide. During this process, part of the power is radiated outside of
the waveguide. Similar to the optical grating, sidewall roughness can be treated as a special grating
in which the waveguide width varies randomly [1]. When the propagating light is projected on the
grating, it forms dipole on the sidewall [2]. The light from dipoles scatters in all directions, and
thus scattering loss takes place. In this section, an analytical model developed by Payne and co-
workers is reviewed to evaluate how the sidewall roughness affects the scattering loss [3]. Our
calculations in this section follow the same treatment that proposed by Payne and co-workers in

their paper [3].



silica(n,)

silicon(n,)

Figure 2-1. Two Dimensional model for waveguide with rough interface. 2a is average width, n, and n;
represent core and cladding refractive index respectively. And the incident TE mode has a propagation
constant .

Since sidewall roughness exists at only lateral surfaces of waveguide, a two dimensional
silicon-on-silica waveguide model can be utilized to simplify the analysis. Figure 2-1 shows the
two dimensional silicon-on-silica waveguide model. In this model, 2a represents the waveguide
width while f is the propagation constant inside the waveguide. The refractive index of the silica
and silicon are denoted as ni and n» respectively. Equation (2-1) represents the scattering loss
model due to the surface roughness, where ¢(a)? is a modal field with waveguide geometrical
parameters. The lateral surface roughness of the waveguide is described by the power spectra
density function R(Q), in which Q = B — n,kycos8 is the scattering angle relative to waveguide

axis. The propagation constant = kyn,f is determined by the effective index n., and the free

space wavenumber k.

3 ~
o1 = (@)? (1,2 = 1,2)? = [ R(B — nykocos8)db (2-1)

41N, 0

Corresponding to treatment proposed by Payne and co-workers, the calculation of power
spectra density function R(Q) can be linked to the autocorrelation function (ACF) R(u) shown in

equation (2-2). Autocorrelation function R(u) is characterized by roughness mean square deviation



a? from a flat surface, correlation length L. and propagating distance u. According to literatures
[3, 4], exponential autocorrelation function (ACF) R(u) is suitable to evaluate large waveguide

roughness. In that case, the autocorrelation function can be written as equation (2-3).
R = % f_J:o R(w) exp(iQu) du (2-2)
_ 2 ul
R(u) = o2exp(— ?) (2-3)

The integration of the spectra density function R(Q) can be denoted by S. This term can be treated

as stated in literature [6]:
S = fon fj;o o2exp(— lu—l) exp(i(B — nikocosO)u) du dé (2-4)

and:

j\/wmz+[1—Lc2(ﬁz—n12k02)12+1—Lc2(ﬁz—nlzkoz)

S =+20%L.m (2-5)
Jt}ﬁchzﬂl—LcZ(ﬁz—nlzkoz)]2
Eventually, scattering coefficient could be written as:
0.2
Aem-1 = VZkoa'n, I fe(x,y) (2-6)

where g(v) and f(x,y) are complex functions defined with normalized waveguide parameters, U, V,

W and dimensionless combination of o, aand L. [6, 7].

U=a ’nzzkoz - ﬁZ (2-7)

V= koa\/ nzz - n12 (2-8)



W=a /ﬁZ — n,2k,” (2-9)

Note that g(v) is given as:

g(V) = (2-10)

Also, the modal field g2 (d) at the equation (2-1) can be written as:

2V(1-b
p*(a) = ‘f+i) (2-11)
a(v+o)

Where b is normalized propagation constant:

2_4, .27, 2
b = B=—1n1"kg (2-12)

(n2%2-n12)ko”

fo(x,y) is defined as :

x\/x/ (1+x2)242x2y2+1-x2

fexy) = (2-13)

where parameter x represents a normalized correlation length, and y represents the normalized

guiding coefficient. The expressions of these dimensionless parameters are given as:

_ 1122—7112 -
A= o (2-14)
— Wk 2-15
x=W= (2-15)
_ an _

In a waveguide with strong optical confinement, y = 1, then equation (2-13) can be

simplified as:
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£(x,y) ~ 22 (2-17)

1+x

The maximum result for £, (x, y) is 1/+/2 when x=1. Thus, the scattering loss coefficient is:

0.2
a < mg(‘/) (2-18)
In unit of dB/cm, the scattering loss would be:

2
a(dB/cm) = 4.34mg(v) (2-19)

Figure 2-2 shows scattering loss with respect to the waveguide width at A = 1310 nm and
A = 1550 nm respectively. In our calculation, a silicon-on-insulator (SOI) waveguide is used with
core refractive index of 3.5 and cladding refractive index of 1.5. The surface roughness o is set to
13nm. As shown in this figure, the scattering loss induced by surface roughness decreases
exponentially as the waveguide width increases. Typically, when the waveguide width increases
to 4 um, the scattering loss is ~ 0.26 dB/cm for both wavelengths. Meanwhile, the scattering loss
also depends on the light wavelength, where longer wavelength yields slightly higher scattering

loss.

g ——1310nm
O B - -
~ 10_1'! 1550nm
) 3
g 5 C \
10744 Q
i} 3 S
oo E \\\
L= i N
§ 10_3‘5 \\\
‘('E 3 \
3 10-4 r  Roughness 6 = 3nm

10

0 2 4 6 8
Waveguide Width 2a (um)

Figure 2-2. Scattering loss as a function of waveguide width 2a for roughness 6=3nm at A=1310 nm and
A=1550 nm.
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Figure 2-3 illustrates the scattering loss as function of the waveguide width at various
surface roughness (6 =3 nm, 6 = 5 nm, and ¢ = 8§ nm) under wavelength A=1310nm. As shown in
Figure 2-3, the scattering loss will be remarkably suppressed when the surface roughness is
reduced to 3 nm. Vice versa, higher level of roughness introduces higher scattering loss.
Specifically, the scattering loss induced by side wall roughness in 4 um wide SOI waveguide is
reduced from ~0.1 dB/cm to ~0.014 dB/cm when ¢ decreases from 8nm to 3 nm. Such results will

be calculated numerically in chapter 3 for comparison.

10 E
—_ . —-3nm
g 17F¥ —5nm
2 .0 —-8nm
S 10'f
o ;
= -2
g 10 r
S 10734
» E A=131pm
10 :
0 2 4 6 8 10
Waveguide Width 2a (um)

Figure 2-3. Scattering loss versus waveguide width, compare results between ¢ = 3 nm, ¢ = 5 nm and
o = 8 nm, and wavelength is A = 1310 nm. Vertical labels are logarithm.

2.2.  Waveguide bending loss

In photonic integrated circuits, waveguide bend is used for changing propagation direction
of light. However, such bending of waveguide has power leakage due to the coupling of light from
guided mode to radiation mode, and eventually degrades the performance of the PIC system.
Meanwhile, waveguide bending also causes mode shift, polarization changing, and phase constant
changing [5-7]. As the radiation loss is the major power loss source in bending system, we will

focus on the analysis of radiation loss for waveguide bending in this section.
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core
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[iber axis

Figure 2-4. Geometry of waveguide bend with coordinate x [8].

Figure 2-4 shows geometry of the waveguide bending, with the bending radius R. Several
modeling methods on waveguide bending loss have been proposed. Tien and co-workers proposed
one method analyzing the loss with normalized electrical field [9]. Another analytical model is
carried out by Marcatili and Millar [10], in which they showed the bending loss coefficient as

equation (2-20).
Upenda = C1 exp(_CZR) (2-20)

where R is bending radius, the parameters C; and C, are constants characterized by waveguide

structure and optical mode. These constants are given by:

_ &

C, = oD cos(U)? exp(2W) (2-21)
and
B
2W(5—nq)
C, = # (2-22)
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in which the parameters W and U are the normalized parameters as mentioned in section 2.1. With
large value of constants C; and C,, the bending loss can be affected by small change of R.

Specifically, the value of ;.4 becomes larger when:
R < =1logC, (2-23)
C1

Vice versa. Apparently, bending radius is critical to the bending loss coefficient. In that case, to
minimize bending loss, the bending radius R must be big enough. However, in the case of SOI
system, the higher refractive index contrast leads to better waveguide confinement, and thus the
bending loss is less sensitive to the waveguide bending radius. Therefore, the SOI waveguide
allows the bending radius to be in micrometer range. Figure 2-5 represents the calculated result for

the bending loss as function of the bending radius.

10 <
—_ F A=1.31um
§ .1 Width = 4um
o N
=z F \\
§ 107¢ N
-l E
o F N
£ . N
T 1074 N
S : N
23] L

1073 } }

3 5 7 9

Radius R (mm)

Figure 2-5. Calculated results of bending loss with respect to the bending radius R, where the wavelength
= 1310 nm, and waveguide width is 4 um.

Figure 2-5 shows the estimated bending loss versus radius R with the wavelength A =
1310nm and waveguide width of 4um, where the loss is plotted in logarithmic scale. The
calculated result matches well with the previous prediction. As shown in the figure, the bending

attenuation decreases when the bending radius increases. The bending loss can be reduced to as

14



low as ~ 0.017dB/cm when the bending radius R is approaching to ~7mm, in which 0.0187dB per
90° degree waveguide bending. In conclusion, bending loss decreases exponentially when radius
R increases according to the analytical model. Our calculation shows that the SOI system yields

the great potential of achieving micrometer scale bending along with remarkable low bending loss.

2.3. Tapered Waveguide

Tapered waveguide - a type of waveguide with slowly varying width- was designed to
connect two uniform waveguides with different dimensions. Such waveguide structure allows the
conversion of the mode size from W1 (entry point) to another mode size W2 (exit point), as shown
in figure 2-8. Some literatures have reported the studies of such tapered waveguide in different
methods, for examples: Matsumaru [11] reported on the reflections in non-uniform transmission
lines, Chakraborty [12] found the transmission matrix of tapered waveguide after divided it into
finite sections. To express the concept clearly, one model describing the transmission property in
a linear tapered waveguide transmission in this section is presented in this section following the

same treatment proposed in the literatures [13, 14].

Figure 2-6. Configuration of a ragular lateral tapered waveguide [15].
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Figure 2-6 represents a linear tapered waveguide with a varying waveguide width for a fixed
length of L and a constant height. For the tapered waveguide, Maxwell’s equation becomes very
complicated. In that case, we choose to use finite differential method for solving the power

transmission in a tapered waveguide.

r——

Figure 2-7. Slowing varying waveguide [16].

Dividing the tapered waveguide into N sections with uniform length of Ax = L/N, the
tapered waveguide can be treated as the linear combination conventional waveguides with linearly
increased width. Figure 2-7 shows the differentiated tapered waveguide, in which two adjoined
waveguides have the width of 2a, and 2a, respectively. In this model, the linear change in

waveguide width can be expressed as equation (2-24).

a(x) =ay + @x (2-24)

When the waveguide width discontinuity between each waveguide sections is relatively
small, a well-known equation for reflection coefficient can be used as R = ?’—j [17]. The Za and
bT4a

Zy, represent the impedances of two adjacent waveguide sections. Knowing the reflection of each
interface, the total reflection coefficient can be obtained. In this section, we follow the treatment

developed by the literatures [13, 14] for a two dimensional tapered waveguide with fundamental

16



mode TE,, and the multi-reflection is neglected in the analysis. Eventually the total reflection can

be expressed as following:
R = R, exp(—2iByAx) + R, exp(—2iByAx — 2iB,AX) + -+ + Ryexp(—2 XN} iBnAX)
(2-25)

where the ; in the equation is propagation constant in i-th waveguide sections. As proposed in the

literature, this equation can be simplified as:

R~ Xn-1 Ryexp(—2 X520 ifmAX) (2-26)
where R is the reflection coefficient at N-th section.

— Zn—Zn—1
IntZn_1

Ry (2-27)

Assuming the N is approaching infinity, the total reflection coefficient can be expressed

with integration:

1
R= 4iBo

d d L.
(- 1nZ), - j (= znz)1 exp(~2 [} ifdx) (2-28)

In this equation, the subscription 0 and 1 represent the two waveguide channels connected to the
input port and out port of tapered waveguide respectively. With TE;,mode, propagation constant

B will be:

B2 = k2 — (2)2 (2-29)

a

Where the wavenumber k = 2nn/A, determined by the refractive index n, and free space

wavelength A. Then {3 can be simplified as:

p=2J1- D> (2-30)
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Having impedance equation [17]:

Z="h_ P (2-31)

? a1

where 7, is the impedance in free space, given as 1, = +/1y/&, . Substituting those parameter into

reflection coefficient equation [17]:

_2 Ko’ +K1® KoKy
|R| =~ \/—G%Z T2 cos(4ml) (2-32)
where
(a1—ap)/ao
Ky = — ot 2-33
T a-Dpe (2-33)
K, = —‘&1-%)/ar (2-34)

(1-GH¥2

| = Ldx _ 1
=Jo =

A
1y o J1- G (2-35)

Neglecting the absorption inside the waveguides, the transmittance will be 1-R. Figure 2-8
shows the transmittance of a tapered waveguides as function of taper length. In this calculation,
the tapered waveguide structure is silicon on top of silica waveguide with the output port width
2a; = 9.5um, and input port width 2a, = 4um. The wavelength is assumed to be 1 = 1.31um.
A shown in figure2-8, the input power of the tapered waveguide is normalized to 1. The transmitted
power of tapered waveguide increased first as the taper length increases to around 50 um.
Afterwards, the transmittance starts to oscillate when taper length is larger than 50pum. Generally

speaking, transmittance becomes closer to unit when taper length increases. According to the

18



analytical results, the total taper coupling loss in a tapered waveguide structure can reach 0.0017dB

when taper length is 220 pm.

1
aN S~

$0.999 ¢ N
: /
< 0.998 +
£ C A=1.31pm
‘€ 0.997 ¢ W1 =9.5um
g : W2 = 4pm
£0.9% +

0.995 F—rrrrrrrrrrrrreee

0 50 100 150 200 250
Taper Length(um)

Figure 2-8. Transmittance versus taper length, where the taper strucutre is silicon on top of silica, with
TEy, A = 1.31um, and 2a,; = 9.5um, 2a, = 4um.

2.4. Coupler structure

Coupler is an important component in PIC system, which is a four-port devices, in which
the operation relies on distributed coupling between two individual waveguides close to one
another. As shown in Figure 2-9, the coupler with the same waveguide, is called symmetric coupler,
where the waveguide width is represented as 2a, and the distance between two waveguides is called
coupler spacing S. The figure also introduces a coordinate for following analysis. The z axes is the
propagation direction along waveguides and x axes represent transversal plane for waveguides.
Based on this coordinate, analysis using coupled mode theory is presented in this section for
coupling between the two identical waveguides. Our analysis follows the same treatment

developed by literature [18].
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Figure 2-9. Schematic diagram of the coordinate axes for the analysis of parallel waveguides.2a is
waveguide width in y direction, S is spacing between two waveguides, 2d is distance between centers
of two parallel waveguides. Put coordinate axes at center of waveguide #1.

In this section, we assume both waveguides of the coupler are single mode, and coupling
happens between two identical waveguides without any diffraction. Considering electromagnetic
field of coupled waveguide is sum of two eigenmodes in each waveguide, the field can be

represented as following:

E = A(2)E, + B(2)E,
{H = A(z)H, + B(2)H, (2-36)

Where A(z) and B(z) are amplitude of field in two adjacent waveguides that exchange power along

with propagation length z.
According to Maxwell’s equation, the electromagnetic field satisfies equations as:
VXE=—jouH (2-37)
VX H = jwseE (2-38)

Substituting equations, we can obtain:

dA dB
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(zx Hy) 2 — jw (e, — £)AE; + (2 X E;) S — jo(& — £)BE; = 0 (2-40)
Substituting equation (2-39) and (2-40) into coupled-mode equation:

JITE;"(Eq(2 — 40)) — H,"(Eq(2 — 39))]dxdy = 0 (2-41)

II1E;" (Eq(2 — 40)) — H,"(Eq(2 — 39))]dxdy = 0 (2-42)
After simplification, we can have [18]:

L+ €y eI BT 4 iy A+ jkyyBe TP 07 = 0 (2-43)

where C;, is butt coupling coefficient, y; is the change in propagation constant, and k;, is mode
coupling coefficient. Equation 2-43 is a description of EM field in waveguide #1. We can also

obtain similar formula for waveguide #2. Mode coupling coefficient here can be expressed as [18]:

ks = weg [[(er—&r1)E1 E;dxdy
12

T [ 2(Ey* XH,y +E;* X Hy)dxdy (2-44)

where ¢, is dielectric constant as &, = n?, and ¢, is dielectric constant of waveguide #1.
Considering fundamental TE, mode in the waveguide, components E, and H,, always equal to 0,
and H, = — (w%) E,,. Electrical field E,, can be represented by normalized parameters, U, W as

described in former sections, with coordinate axis showed in Figure 2-9.

Acos (%x), x| <a

2-45
Acos(U) exp (—%(le — a)), x| > a 249

E,, = Acos(U) exp (% (x—2d + a)) ,When inside waveguide #2 (2-46)
Substituting electrical field into coupling coefficient formula:
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2

_ ko? 2 2 w
ki = 5 (np* —ny®) exp(—; (2d — a)) (2-47)

a+w)v4+

With mode coupling coefficient formula, we can have a numerical simulation for SOI

based waveguide coupler, in which the refractive index in silicon core n, = 3.5, and the refractive

index in silica cladding is n; = 1.5. The calculated results are plotted versus spacing S between

two waveguides in Figure 2-10.
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Figure 2-10. Figure (a) shows logarithm plot of coupling coefficient as function of waveguide spacing
S, when waveguide width @2a=4 um. Figure (b) shows logarithm plot of coupling coefficient as
function of waveguide width, when spacing between two waveguides is S=0.2 um. Both results is @
A =1.31pum.

In Figure 2-10, the numerical results show that mode coupling coefficient k,, reduces

exponentially with spacing S increases, and exponentially reduces with waveguide width 2a

increases. To reach high coupling efficiency, two waveguides should be placed be as close as

possible. Because a smaller waveguide has bigger evanescent field outside of the core, it relatively

has higher k.

Assuming no loss during coupling, electrical field in each waveguides can be expressed as:

Ey = isin(ky22) P,
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E, = COS(k122)1/)2

(2-49)

where s represents normalized eigenmode. Since field energy is proportional to E2, the power

exchange between two waveguides is represented in Figure 2-11 (a).
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Figure 2-11 (a): Power distribution of two waveguides varies along propagating direction. (b): logarithm
plot of complete coupling length as function of waveguide spacing, @A = 1.31um and A = 1.55 um,

where waveguide width is 2a = 4 um, and coupling length is in unit of mm.

Complete power transfer happens when kz = /2 with as shown in Figure 2-11(a). Figure

2-11 (b) illustrate the coupling length versus waveguide spacing. As showed in Figure 2-11 (b),

coupling length increases exponentially as spacing between waveguides increases. The results in

Figure 2-11 (b) are calculated on a symmetric directional coupler, where waveguide has refractive

index: Nneore = 3.5, N¢qaaing = 1.5. The waveguide in the coupler has width=4um, and the

operating wavelength is set to A = 1.31um and A = 1.55um respectively. The figure compares

coupling length at different wavelengths. For example, while spacing S=0.3um, 30mm coupling

length is needed for one complete power coupling at A = 1.31um, while 20mm coupling length is

needed at A = 1.55um. Coupling length in a symmetric directional coupler at A = 1.31um is

slightly higher than that at A = 1.55um.
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2.5. Intersection crosstalk

For PIC networks, small dimension and high integration is desired for portable devices. To
achieve high level of integration, optimized intersection is required to make two photonic

integrated circuits overlap with each other without crosstalk.

Waveguide #2

y

2a

Waveguide #1
Figure 2-12. Schematic diagram of coordinate axes for analysis of intersecting waveguides.

In this section, analysis of crosstalk based on coupled mode theory is presented for linear
intersected waveguides following the same treatment proposed by the literatures [13, 19, 20]. As
shown in figure 2-12, when two waveguides intersect in a small angle, crosstalk happens attributed
to the overlap of evanescent fields when the two waveguides are getting closer. Then light couples
from one waveguide to the other. Assuming two identical intersecting waveguides in which the
refractive index of core and cladding layer are the same, the normalized TE, mode eigenfunction

Y (y, z) for each waveguide is given as [13]:

(/2w e_Y(y_a)ejBZ
2ok , for +a<y<o

Ba+ba+5)

J2Zopgcos(ay)elh?
Hocos(@y) , for—a<y<+a

l|1(y, Z) = 1 ’B(a+l)

/Zwuoey(y"'a)ejﬁz

| [Barba+ly

(2-50)

for—o<y<-a
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Where symbols a and y are normalized parametersas a = U/a, y = W/a. Uand W are introduced
in former sections. In core region (—a < y < +a), mode field is cosine shape, while in cladding

region electrical field vanishes along y direction in exponential shape.

The coordinate axes for two waveguides, (y,z) and (y’,z’) can be converted to each other

as [20]:

{y’ = —sinf -z + cos6 - y

z' =cosB-z+sinB-y (2-51)

Then, coupling coefficient is given by the ratio of light coupling to waveguide #2 over initial light

in waveguide #1:

K =202 = 2 [[le(y,2) +10, D) X %, (', 20y (0, D)dydlz (252

This treatment has been developed and derived by Agrawal, N. and his coworkers [13, 21].
The e(y, z) represents dielectric constant for two single-mode waveguides, and ¢(y, z) denotes

changing from e(y, z) in intersecting region.

ee(ny2—ny?), —a<y<+a
Z) = ) 2-53
0.2) { 0, otherwise ( )

—€0(nz? —my?), —a<y < +a
. = . 2-54
(,2) { 0, otherwise ( )

Then, coupling coefficient K can be simplified as [13]:

o e[ on (] - pn ) os [ (2)

sin{[a—ﬁ tan(g)]a} sin{[a+[>’ tan(g)]a} ]
( [a—ﬂ tan(g)] + [a+ﬁ tan(g)] ) (2-55)
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where k, is wavenumber in free space, 6 is the crossing angle. When g = atan(g), optical rays in

two waveguides would be parallel for half of the bounce distance, which is quasi-phase-matching

condition. In that case, when a = Btan(6/2),

ysin [,B tan (g) a] — [ tan (g) cos [,8 tan (g) a] =0 (2-56)

Coupling coefficient K would be 0, which means no energy being coupled when waveguide

crossing angle 8 = 2atan(§).

20

Figure 2-13 Eigenvalue of TE mode, even mode have relation of tanU = , and odd mode have

relation function:tanU = —U /W, and the black spots denote parameter U for a specific waveguide
structure[14].

w
U

To determine parameters for TE, mode, dispersion relation is solved graphically as shown

in figure 2-13 [14]:

tanU = = (2-57)

where the normalized parameters V and W is the same as reviewed in equation 2-8 and 2-9, and
U is solved graphically as shown in figure 2-13. Afterwards the propagation constant 3 can be

solved using following equation:
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B = \/koznzz - (g)z : (2-58)
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Figure 2-14 Coupling coefficient as function of core width 2a [um] for crossing angles at 15, 18 and 20
degree, respectively. The waveguide structure has silicon core with n,=3.5, and silica cladding layer
with n,=1.5 with operating wavelength A = 1.31um.

Numerical analysis from Figure 2-14 has showed that the coupling coefficient K
resonances when core width increases. Such property is corresponding to Sinc function in K’s
formula due to the effect of quasi phase-matching. At the same time, coupling coefficient decreases
when crossing angle 6 increase, which equivalents to (sinf)~! dependence of K. With coupling
coefficient K solved, the crosstalk power transferred from waveguide #1 to waveguide #2 can be

described as:
P = K? (2-59)

Thus the crosstalk power in dB between two waveguides versus intersecting angles is shown in

Figure 2-15.
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Figure 2-15. Crosstalk power in dB from waveguide #1 to waveguide #2 as function of intersection
angle, where a=2um, A = 1.31um.

When the core width is fixed, phase matching condition happens only one time while
crossing angle is changing. In that case, no crosstalk happens as showed in Figure 2-15. In this
section, results only show two dimensional waveguides with small crossing angles, and no
reflections and scattering are taken into consideration. Chapter 3.6 will introduce 3D waveguide

crossing with more complex configuration using Lumerical FDTD Solutions simulation tool,

which will give more accurate results.
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3. Numerical simulation on loss analysis and optimization

In chapter 3, we focus on design and simulating all the optical components which have
been introduced in chapter 2. In this chapter, the Finite-Difference Time-Domain (FDTD) method
is reviewed firstly for calculating the Maxwell’s equations. The Lumerical FDTD solutions will
be utilized as the simulation tool. Furthermore, simulation of each structure was carried out based
on the silicon-on-insulator (SOI) structure at wavelength A=1.31um. At last, an optimized design
for a PIC structure with low optical loss is presented for optical-coherence-tomography (OCT)

system application.

3.1. Introduction of Finite-Difference-Time-Domain (FDTD) method

FDTD method is one of the most popular technigues for solving electromagnetic problems.
In a complicated geometry structure, solving Maxwell’s equations analytically needs massive
calculation and is very time consuming. FDTD method is a simple and efficient numerical method
for calculating light propagation problem. Specifically, FDTD discretizes both of the time and
space domain into finite numbers of cells, and then solves the Maxwell’s equations in each cell.

Equation (3-1) shows the Maxwell’s equation,

0
(3-1)
a_H= _iVXE
at Ko

In one dimensional model, an electromagnetic wave traveling along z-direction has two
components of E,and H, . By using the central difference approximation [1], the Maxwell’s

equations can be converted to:
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E, 2(0-Ey 2() _ 1 13 (k+3)-3 (k)
At €o Az (3-2)
HP L (k+1/2)-HR(k+1/2) _ 1 Ep e -} ()
k At - Uo Az

From formula 3-2, the time derivative of E field at time nAt can be expressed by E field at
times (n+1/2) At and (n-1/2) At. Also, the space derivative of H field at point kAx can be derived
by (k+1/2) Ax and (k-1/2) Ax. By solving the Maxwell’s equation in finite numbers of time and
space unit cell, the propagation of light can be revealed by the value of Eyand Hy in each cell.
Figure 3-1 shows the schematic of Yee’s method for solving 1-D EM field in both space and time

domain [2]. In three dimensional case, the Yee’s cell can be represented as Figure 3-2 [3].

Time: {n-1/2)A1

=
q

2 I k+1 z
Trme: (n)At
H,
& @ L o >
k=372 k=172 k+172 32 z
Time: (n+1/2)A1
E

k-2 k-1 k k+i i

Figure 3-1. Schematic of Yee’s 1-D EM field with space and time reference[2].

Figure 3-2. Three-dimensional of Yee’s EM field cell[3].
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3.2. Surface roughness

Optical waveguide technology has been improved and advanced allowing high
performance optical devices for various applications [4]. However, as waveguide dimension
decreases, some problems induced by the imperfect fabrication process become significant for
optical efficiency, especially in the silicon-on-insulator (SOI) waveguide. SOl waveguide,
benefiting from large refractive index contrast, is able to confine electromagnetic field strongly
inside the core region. The SOI structure also allows waveguide dimension to be submicron
magnitude [5, 6]. Due to the imperfect etching process, SOI waveguide suffers from sidewall

roughness which caused one fundamental propagation loss in SOI-based-devices.

To predict the effect of surface roughness on propagation loss in a SOl waveguide, we have
reviewed an analysis model developed by Payne and Lacey[7]. Based on analytical results shown
in chapter 2, scattering loss induced by sidewall roughness is the function of waveguide dimension
and roughness dimension. Such analytical model have also been developed on both 2-D and 3-D
SOl waveguide[8, 9], and experimentally measured[10]. So in this section, we focus on obtaining
accurate scattering loss of 3-D SOI waveguide by applying FDTD simulation. All simulation

results are calculated at wavelength 1 = 1.31um.

To describe the waveguide sidewall roughness in Lumerical FDTD solution, we use the
same autocorrelation model reviewed in Chapter 2 [7]. The autocorrelation function (ACF)
describes the roughness with respect to flat surface by correlating intensity of each random point
with equation R(u), in which the o2 is mean-square deviation representing for roughness, L. is the

correlation length.
lu
R(u) = a2exp(— %) (3-3)
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In order to generate roughness, a matrix of random numbers in k-space with coordinate x-
y, and the surface of sidewall is defined by a n by m matrix, and the height of each point on the
surface is given as a function of x and y. Applying ACF relation to the matrix in k-space, surface
roughness in real space then follows the treatment proposed by Payne and Lacey [7]. K-space is
the Fourier transform of the real space. Every point in k-space represents a complex number of

frequency and phase. [11].

n number af elements
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5 ¥ = H ., -
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Figure 3-3. X and Y matrix containing n by m elements representing discrete in real space[11].

Applying the ACF relation, we calculate scattering loss with various root mean square
(RMS) o and waveguide widths. For example, the scattering loss in a ridge SOl waveguide with
height of 4.5um and width of 4um is 0.00124 dB/um when the roughness parameter L. = 20nm
and o=13nm. Figure 3-4 shows the calculated scattering loss versus waveguide width. The
simulation result follows the same trend as shown in the analytical model. The scattering loss

reduces exponentially when the waveguide width increases.
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Figure 3-4. Calculated scattering loss as a function of waveguide width (um), with waveguide
height=4.5 um, A = 1.31um, correlation length L. = 20nm. The plot is in logarithmic scale.

3.3. Bend design

Waveguide bending is a mostly used fundamental element in photonic integrated circuits
for redirect propagation of light. Figure 3-5 shows a 3-D model in the Lumerical FDTD Solutions
for a SOI based ridge waveguide bending, where the red portion represents silicon and blue portion
represents silicon-oxide substrate. In waveguide bending, the bending loss is induced by ray
leakage, which is the leakage of light from core region to cladding layer when the mode field shifts
in the bending section. Such optical loss is called radiation loss. In addition to the radiation loss,
the transition loss caused by modal mismatch between the bent waveguide and straight waveguide
is another loss source. Such loss is also caused by mode field shift when waveguide bending
connects with straight waveguide. Thus, in order to simulate the transition loss, straight waveguide
is also added along with the bending section to calculate the total loss induced by waveguide
bending. Considering the loss sources, magnitude of bending loss depends on the bend radius and

waveguide confinement.
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Figure 3-5. Schematic of waveguide bend in SOI [12].

In chapter 2, we have reviewed the impact of bending radius on the waveguide bending
loss by using Marcatili’s model [13]. However, such analytical method can only estimate the
radiation loss. In this section, we numerically analyze the waveguide bendings with the Lumerical
FDTD solutions simulation tool. In our simulation, we set up a 90 ridge waveguide bending
section with height of 4.5 um and width of 4 um. Figure 3-6 shows the simulation results of both
radiation loss and transition loss versus radius of bending at wavelength of 1.31um. The figure
shows that the total loss reduces while the bending radius is increasing. At about 2000um,

radiation loss goes to 0.1dB.
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Figure 3-6. Transmittance of 90-degree waveguide bending versus curvature radius (um), the waveguide
dimension is width at 4um and height of 4.5um. A comparably low radiation loss can be achieved at radius

= 2000 pm.
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In order to suppress radiation loss and transition loss due to modal mismatch in waveguide
bending, various approaches have been proposed. For example, placing air trench for reflecting
light from waveguide-air interface [14, 15], or shift waveguide to correct modal mismatch [16].
Because the air trench will occupy a large space on the circuit board, the second method, i.e. lateral
offset for reducing bending loss, will be studied in this section. Figure 3-7 shows a 90° waveguide
bending section with lateral offset, in which the optical mode propagates in x-z plane and is

transversely confined in x-y plane.

' \ (2) —\i_(b)
L.,

Lateral offset

Figure 3-7. Comparison of waveguide bending, (a) is top view of bending without 1aterai offset; (b) is top
view of bending with lateral offset [4].

Numerical investigation could identify optimum structure with the lowest radiation loss
and modal mismatch loss. Note that the two main loss sources of bending are attributed to mode
shift. Figure 3-8 represents that the optical mode shifts to outer edge of bent waveguide with
various bend radius. The SOI ridge waveguide in our simulation has width of 4um and height of
4.5um, with silicon core and silicon-dioxide cladding layer. All the simulation results are at
wavelength of 1.31um. Because the transverse mode is confined in x-y plane, the waveguide
bending mostly affects the TE mode. Thus our simulation mainly focuses on fundamental TE mode

along x direction.

36



(@) (b) (©) (d)

Figure 3-8. Ex component of fundamental TE mode for silicon ridge waveguide having height of 4.5 um,
and width of 4 um for different bent radius. (a) Radius = 100 um, (b) Radius = 500 um, (c) Radius = 1000
um, (d) Radius = 5000 um.

Figure 3-8 shows that mode in bent waveguide tends to have smaller lateral shift when
bending radius is bigger. Such results are also revealed as showed in Figure 3-6. However, larger
bending radius results in the waste of space in the PIC board. Thus, low radiation loss with
relatively small radius is needed. According to the numerical results of Figure 3-6, we choose
bending radius of 2000um as the value to minimize radiation loss in waveguide bending. Figure
3-9 shows the waveguide bending loss as function of lateral offset in a bending waveguide with
2000um bending radius. The minimum total loss of 0.025 dB can be achieved when lateral offset

reaches 0.12um.
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Figure 3-9. Bending loss of waveguide as a function of lateral offset (um) with lowest loss at lateral
offset=0.12 um.
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3.4. Tapered waveguide design and simulation results

Tapered waveguide is an indispensable optical component for connecting two waveguides
with different dimensions. To achieve smooth surface for high coupling efficiency in the tapered
waveguide, it requires one-die-at-a-time. Due to imperfection fabrication process of conventional
CMOS structure, SOI tapered waveguide can only change size in one dimension. Figure 3-10 (a)
shows the tapered waveguide in Lumerical FDTD Solutions, where red portion is silicon, and gray
portion is silicon-dioxide substrate. The tapered waveguide structure connects two waveguides
with same height and different width. In section 2.3, we reviewed the analytical model of a linearly
tapered waveguide, where the analytical result shows oscillation when transmittance approaches
unity. However, the analysis in chapter 2 is not perfect because the multiple reflection in tapered
waveguide is not taken into account. In this section, we use FDTD simulation to precisely tracking
the propagation of light in the tapered waveguide structure. Further optimization of tapered

waveguide design for higher transmittance is necessary for low-loss interferometer in OCT system.

Output
waveguide
Input
waveguide
\

wimisrans)

Tapering length

‘ o ! h ;Erﬂnlcrunsa
@) (b)

Figure 3-10. (a) tapered waveguide structure connecting with two waveguides with different width, red
portion represents for silicon waveguide, and gray portion is silicon-dioxide substrate. (b) FDTD simulation
results for a linearly tapered waveguide, where tapering length is 66 um, input waveguide width is 9.5 um,
and output waveguide width is 4 um. Fundamental mode is initiated inside input waveguide.
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Figure 3-10 (b) shows FDTD simulation result of a linearly tapered waveguide, where the
light is guided into tapering section from input waveguide. The width of the tapering section
decreases from 9.5 to 4 um, while the waveguide width is fixed at 4.5 um. From the top view of
the FDTD simulation, diffraction from sidewalls of the linearly tapered waveguide is still visible.
In this case the transmittance of such structure is 0.978. In order to achieve higher transmission

with smaller dimension of tapered waveguide, improvement of tapering section is crucial.

Various approaches for enhancing transmittance of tapered waveguide structure has been
proposed by literatures. Minhao Pu proposed extremely long ridge tapered waveguide for ultra-
low-loss [17], Fenner Milton converted linearly tapered waveguide to parabolic-shape [18], others
work on complex tapered waveguide structure [19]. Among all the proposed methods, the tapered
waveguides proposed by Yunfei Fu [20] shows great improvement on transmission value. In that

case, various shapes of taper structure are simulated for comparing in this section.

In order to study different shapes of tapered waveguide, we synthesis the shape model for
describing all shapes we want to simulate. For linear taper, the shape function can be expressed as
equation (3-4), in which the width of tapered waveguide changes along x axis. The a, is half width

of input waveguide section, and a, is half width of output waveguide section. L is tapering length.
a(x) =ag+ (a; — ao)% (3-4)
Similarly, the parabolic shape function can be represented as:
a(x) = ag + (a1 — ao)()* (3-5)

Sinusoidal shape function is:

a(x) = % + % cosn% (3-6)

39



To generalize shape functions, tapering shape can be changed arbitrarily with function:

a(x) = ag + (&, — @)™ (3-7)

With equation (3-7), any tapering shape can be represented, where the taper’s shape
depends on the value of m. In order to find out the best shape of taper for higher transmission, we
sweep the shape parameter m. Figure 3-11 shows the transmission versus tapering shape parameter
m, where the waveguide height is 4.5um, input waveguide width is 9.5 um, output waveguide
width is 4 um, taper length is 60 um, and wavelength is A = 1.31um. As m varies from 1 to 2.5,
transmission of tapered waveguide reaches peak of 0.9825 out of normalized input power at m=1.5.
Choose tapering shape m=1.5, we can get very low coupling loss with short tapering length.
Comparing results between linear tapered waveguide and the best tapering shape (m=1.5), Figure
3-12 shows transmission of tapered waveguide under the same structure condition with A =
1.31um. Our results have a good agreement with the analytical results shown in chapter 2, where
the transmission losses of tapered waveguide decrease when tapering length increases. According
to Figure 3-12, tapered waveguide with shape factor m=1.5 reaches lower-loss at shorter tapering
length than linear taper (m=1), and the average transmission loss is smaller. For example, at
tapering length L=50um, transmission loss for m=1.5 is 0.09 dB comparing 0.12 dB for m=1. Our

simulation shows that the shape of tapered waveguide is an essential role in transmission efficiency.
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Figure 3-11. Simulation results show power transmission in tapered waveguide as function of tapering
shape parameter m. the tapered waveguide connects two waveguides, where the input waveguide width is
9.5 um, output waveguide width is 4 um, waveguide height is 4.5um, tapering length is 60 um, and
operating wavelength is A = 1.31um.
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Figure 3-12. Simulation results of taper loss versus tapering length L at taper shape parameter m=1.5
comparing with m=1(linear tapering).

3.5. Coupler simulation

Waveguide coupler is one of the fundamental elements in photonic integrated circuits (PIC).
Physically, light propagates inside the waveguide based on critical angle and total internal
reflection. The mode field confined inside waveguide is called guided mode. Oppositely, the
evanescent mode of light exponentially decays outside of waveguide, which is the most important
element for coupling. When two waveguides are close to one another, evanescent field of one

waveguide overlaps with the mode of the other waveguide. Then the optical power transfers
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between each other back and forth. The coupling coefficient is very sensitive to waveguide
dimension, distance between two guides, and the coupling length. With two identical waveguides,
we are able to design a fully coupled coupler with sufficient coupling length, which is capable of
choosing desired polarization (TE and TM modes). Figure 3-13 shows the top and cross-sectional
view of directional coupler, where the space between two silicon waveguides is denoted as s, and
coupling length is denoted as Lpypie-

) ) Waveguide #1
Coupling region

- Leoupe "N Waveguide #2
(@) (b)

Figure 3-13. (a) Schematic of waveguide coupler, where the bending section determine the proximity
between two waveguides. (b) Coupler cross-section in Lumerical FDTD solutions, where silicon
waveguides are placed on top of silicon-dioxide substrate with air gap between two waveguides.

In chapter 2, we have reviewed the directional coupler with coupled mode theory [21] by
accurately describing the feature of coupling coefficient as function of coupler parameters.
However, due to the complexity of coupled-mode-theory, we only consider TE, mode with 2-D
coupler structure. In order to obtain more accurate result for 3-D coupler, we aim to design one
proper coupler and analyze the coupling strength for fundamental TE;, mode. A simple approach,
i.e. effective index method [22], could be applied to calculate coupling length. The field for both

waveguides can be calculated by FDTD simulation.

By solving Maxwell equations in Lumerical FDTD Solution for a settled waveguide

coupler, eigen mode solutions would define the corresponding effective index. For symmetric
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directional coupler (waveguides are identical), coupling length for complete power transferring
from one waveguide to the other satisfies equation (3-8) [23], where A is wavelength, An is
refractive index difference between evanescent mode and guided eigen mode. Characteristic of
symmetric directional coupler coupling with different polarization (TE and TM mode) can easily
be calculated with the coupling length function (3-9) [23], in which P, is the total input power in

the coupler, and P, is the output power from waveguide #2.

nLAn

Pz(L) = Posinz( 1 ) (3'8)
L =—sin™( E) (3-9)

Setting silicon waveguide with 4um width and 4.5um height, and wavelength 1 =
1.31um, multiple modes would be generated inside two waveguides. Due to strong optical
confinement of silicon and comparably large waveguide dimension, coupling strength would be
strongly sensitive to coupler spacing s. By choosing spacing s in nanometer magnitude, coupling

length L. will explode to over 1000 times wavelength in millimeter scale.

Figure 3-14 shows symmetric directional coupler with proposed waveguide structure with
spacing=2nm. The coupling TE;, with evanescent mode is showed in Figure 3-14 (b), Figure 3-
14 (c) gives a closer view of coupler spacing where evanescent field can be identified clearly.
Compare with eigen mode in Figure 3-15 the electrical field intensity is drawn with white line, and
effective index is showed with color map. When the waveguides spacing is 2nm, the coupling
length L, for full power coupling is 2.330961mm for TE;, mode. Figure 3-16 shows the coupling
between two waveguides along z direction, where waveguide structure has width of 500nm and

height of 200nm. The spacing between two waveguides is set to s=2nm.
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Figure 3-14. FDTD simulation for TE,; , mode with h=4.5um, w=4um, A = 1.31um. Figure (a) shows the

guided mode; figure (b) shows the evanescent mode; figure (c) shows a clearer view of evanescent field in
between two waveguides.
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Figure 3-15. Eigen mode in symmetric directional coupler: (a) shows the guided mode and (b) shows the
evanescent mode.

Figure 3-16. Power coupling between two waveguides back and forth, where coupler structure is w=0.5
um, h=0.2 um, s=50 nm, and 1 = 1.55 um. Coupling length for this coupler structure is 12.887 um [23].
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Figure 3-17 shows coupling length as a function of coupler spacing with fundamental
mode, where waveguides have h=4.5um, w=4um, A = 1.31um. The coupling length calculated
in Figure 3-17 is for 50/50 directional coupler, where optical power from one waveguide will only
transfer half of the power into the other waveguide. In that case, after specific coupling length,
both waveguides of the 50/50 directional coupler will keep half of the initial input power. The

coupling length can be calculated with Py =1, P, =0.5and L = ,,%Sin_l (\/%) = ﬁ . The
0

trend of coupling length shows good agreement with analytical results from chapter 2, which is
exponentially increasing as coupler spacing growing. On the other hand, for waveguide coupler in
practical, the main loss comes from sidewall roughness propagation loss and insertion loss when
the waveguide bends connect before and after the coupling region. Having simulation results from
earlier sections, the scattering loss and bends loss can simply accumulate for power loss in

symmetric silicon-on-insulator (SOI) 50/50 directional coupler.
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Figure 3-17. Coupling length versus coupler spacing for SOI ridge 50/50 directional coupler with
fundamental mode, the waveguides have height of h=4.5um, width of w=4um, and the operating
wavelength is A2=1.31um.

3.6. Waveguide intersection analysis
Waveguide intersection is widely used for SOI chip design in order to obtain high-density
and high-volume photonic systems. Whilst, low-crosstalk and low transmission loss is the main
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desire for low-loss waveguide intersection design. Figure 3-18 (a) shows the schematic of
waveguide intersection. Intersection crosstalk occurs when the optical wave from first waveguide
interferences with the optical wave from the other waveguide in the crossing region, which couples
light power between two waveguides. Crosstalk is relatively small when intersecting angle is large.
Such trend has been presented in section 2.5. To suppress the crosstalk between two waveguides,
perpendicular intersection can be further optimized to minimize crosstalk. On the other hand,
transmission loss is induced by diffraction of optical field at the unbounded crossing region. In the
crossing region, light wave expands freely without waveguide confinement, and the entire
expanded mode can no longer be recovered after passing through the crossing region. Part of the
light radiates away, and thus transmission loss occurs. With perpendicular intersection combined
by straight waveguides, transmission loss is reported to be about 1.4 dB per crossing [24, 25]. In
this section, we will mainly focus on the analysis of low-transmission-loss perpendicular

waveguide.

Waveguide #2

Crossing

region
d ; !
i

R

(@) (b)

Waveguide #1 | '

Figure 3-18. Schematic of waveguide intersection. Figure (a) is the schematic of directional intersecting
waveguide with crossing region being defined. Figure (b) represents the structure of low-loss and low-
crosstalk waveguide intersection we proposed, ellipse at each arm of intersection have long radius a and
short radius b, x is offset between ellipse and center point of crossing region.
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Achieving the low-loss perpendicular waveguide has been widely studied and various
intersection design has been proposed to suppressed transmission loss. One of the method is to
minimize light diffraction in crossing region by adding tapered waveguide [26] or elliptical
structures [25]. Further researches introduce material with lower index contrast in crossing region
to minimize diffraction at the same time [27]. Other methods use optical resonance effect to couple
light back into the right waveguide by creating resonant cavity in the structure [28]. With reference
to these works, we propose an intersection structure by adding elliptical shape waveguide to the
straight sections. Physically, elliptical waveguides will efficiently confine optical modes before
the light passes through the crossing region. Figure 3-18 (b) shows the schematic structure we
proposed with elliptical shape waveguide in each arm. Note that the distance between the end of
ellipses and center of crossing is denoted as offset x. The long and short radius of the ellipse are

represented by a and b.

The analysis of the proposed intersection structure was carried out by using FDTD
simulation. Based on a ridge silicon-on-insulator (SOI) waveguide with height of 4.5um, width
of 4um, at wavelength A = 1.31um, Figure 3-19 (a) and (b) show the FDTD simulation results
with offset x=0 and offset x=1.4um respectively. Ellipses in the structure have long radius
a=10 um, short radius b=4 um. Mode source is initiated at left arm of intersection, and passes
through crossing region straightly to the other side. With no offset x, Figure 3-19 (a) shows very
low crosstalk into perpendicular waveguide #2. The normalized optical power coupled into
waveguide #2 is 0.00068 according the simulation results. However, optical diffraction cannot be
eliminated with such structure, the transmission loss here is 0.256 dB. Figure 3-19 (b) shows the
optical field with small lateral offset x, where the crosstalk is enlarged but diffraction goes smaller.

The transmission loss with lateral offset x=0.8 um shrinks down to 0.142 dB. In order to compare
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waveguide intersections with different ellipse shapes, Figure 3-19 (c) and (d) show the FDTD
simulation results for a=9 um and a=10.2 um respectively. Short radius of these two structures is
b=4 um, and offset is x=0.7 um. When ellipse long radius a=9 um, crosstalk loss exists and
diffraction is smaller than structure in Figure 3-19 (a). When ellipse long radius a=10.2 um,
crosstalk loss increase lightly, however transmission loss is much lower in crossing region. The
transmission loss of Figure 3-19 (d) is 0.124dB. Because crosstalk loss is relatively smaller

compared to transmission loss, we only consider transmission loss in this situation.

yiricrons)
yimicrons)

yimicrons)

Figure 3-19. FDTD simulation picture of waveguide intersection with b=4 um. Figure (a) shows proposed
crossing with a=10 um, x= 0 um. Figure (b) shows proposed crossing with a=10 um, x=1.4 um. Figure
(c) shows proposed crossing with a=9 um, x=0.7 um. figure (d) shows proposed crossing with a=10.2 um ,
x=0.7 um.

In order to define the optimum lateral offset for minimizing transmission loss, Figure 3-19
(a) shows transmission loss as function of lateral offset x (um). The transmission loss approaches

minimum value of 0.13 dB at x=0.7 um with long radius a=10 um, short radius b=4 ym, A =
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1.31um. Figure 37 (b) shows the transmission loss with respect to the long radius a. As shown in
this figure, transmission loss approaches minimum value of 0.124dB at a = 10.2 um at short radius
b=4 um, and offset x=0.7 um. According to the simulation results, the optimized low-loss
perpendicular intersection waveguide with ellipse shape in each arm has a=10.2 um, b=4 pm,

x=0.7 um with transmission loss of 0.124 dB/crossing.
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Figure 3-20. Simulation results of transmission loss as function of lateral shift and long radius. Figure (a)
shows transmission loss versus lateral shift x for proposed intersection structure with a=10 um and b=4 um;

figure (b) shows transmission loss versus long radius a, simulated intersecting structure has b=4 um and
x=0.7 um.

3.7. Total optimized loss for PIC-based OCT

Having designed and simulated optimized structure with FDTD method for each
components of PIC system, we can define how much loss will be generated within the entire PIC.
Figure 3-21 shows the PIC layout working as interferometer for OCT system. With SOI based PIC,
scattering loss induced by sidewall roughness of the SOI waveguide is calculated. With roughness
RMS o = 13nm, and assuming the waveguides in PIC layout have height=4.5um and width=4um,
the scattering loss is 0.000124dB/um. Additionally, the 90-degree SOI waveguide bending is
designed to have bending radius r=2000 pum with 0.12 um lateral shift to straight waveguide

section. Thus the minimum bending loss is achieved to 0.025dB/bending. In the PIC layout we
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have 54 bending totally. In that case, bending loss is a huge loss source for the system. Moreover,
the tapered waveguide structure couples light from waveguide with width of 9.5 um into PIC
system. With tapered waveguide shape factor m=1.5, coupling loss is 0.08dB with tapering length
L=65 um. Furthermore, our simulation suggests that half power coupling length of a coupler is
610 pm with 2nm spacing. Waveguide intersection is another big loss source for the PIC layout.
In the optimized waveguide crossing structure we proposed, where each arm with ellipse shape of
long radius a=10.2 um, short radius b=4 pm, offset x=0.7 um, the transmission loss is 0.124

dB/crossing. Counting 12 intersections in the layout, total crossing loss would be 1.488dB.

50/50
sample arm *‘7 - — Tissue
S [som0 ] — sample
Tapered [ I I [so/50 |
. 7 50/50
waveguide ' |
= ' Directional

coupler

reference arm

| 0s/0s |

Figure 3-21. PIC layout with tapered waveguide [29].

As shown in Figure 3-21, optical light is coupled into PIC chip by tapered waveguide
structure. Normalizing the input power to 1, the power coupled into the chip is 98.16%. Afterwards
the light is split into the sample arm and reference arm with the same length of light path. Sample

arm is to detect tissue sample and guide back the light reflected from tissue sample. Half of the
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reflected power is dismissed through the 50/50 directional coupler second time. Afterwards, half
of the reflected power passes through the intersection and combines with reference arm at 50/50
directional coupler. Taking into account all the bending loss, intersection loss, and surface

roughness loss, 20% light power can be detected out of the PIC chip for final OCT data processing.
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4. Summary and future direction

4.1. Conclusion

The main topic of this thesis is to design and analyze a low-loss photonic-integrated-
circuits (PICs) chip as interferometer in high-performance optical coherence tomography (OCT)
system for 3-D medical disease diagnose. Instead of using free space optical components, PIC chip
brings stronger stability and smaller dimension for OCT system. Based on silicon-on-insulator
(SOI) waveguide, the PIC can be easily fabricated due to the mature CMOS manufacturing
industry. In order to calculate the total loss of the PIC chip, each loss source of the proposed PIC

layout is introduced and simulated for the optimal structure.

We reviewed all loss sources with analytical model in chapter 2. The design and simulation
of 3-D waveguide structure was carried out in chapter 3 by finite-difference-time-domain (FDTD)
method for precise loss analysis. The calculated results obtained in chapter 3 match well with the
analytical prediction in chapter 2. Surface roughness loss induced by SOI sidewall roughness is
calculated in both chapters, where operating wavelength and roughness index are the key factors
affecting surface roughness loss. Waveguide bending has been reviewed in chapter 2, and then
simulated precisely in chapter 3 with specific bending radius and optimized lateral shift for low-
loss design. Tapered waveguide couples light into one waveguide from a waveguide with different
dimension. Our analysis in chapter 3 proposed an optimized shape of tapered waveguide for low-
loss design through FDTD simulation. Couple-mode-theory is used for both coupler structure and
intersection crosstalk in chapter 2. Chapter 3 precisely represents the loss in coupler and
intersection with FDTD method. We also have further proposed a low-loss waveguide intersection

section structure with ellipse at each arm of intersecting in chapter 3. Taking into account all loss
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sources, the total loss for the proposed PIC chip is 7dB meaning that the output power is 20% of

the initial input power.

In order to enhance power efficiency of PIC for high-quality OCT system, improving PIC
layout design and reducing components loss is important. In our case, one of the major reason for
large optical loss is the using of too many waveguide bendings in the PIC system, which dismiss
over 50% of the input power. The other major cause for optical loss is that the 50/50 directional
coupler will cause half power loss after guiding back the light reflected from tissue sample. The
future direction of moving from table-top setup for OCT to on-chip OCT will be of great

importance for the integrated health technologies.
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