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Abstract

An interesting silicon photonics component is the slot waveguide.
The discontinuity of the normal component of the displacement vector
can be used to affect guiding of the majority of the electric field energy in
a narrow low index gap when the field is polarized parallel to the silicon
surface, that is, perpendicular to the silicon confining walls. By
infiltrating nonlinear material into such a gap, one can simultaneously
confine electric and optical fields achieving a high efficient optical
modulation or switching that is becoming more desirable on optical
communication.

An array of 200 Silicon-on-Insulator (SOI) slot waveguide devices
of varying slot widths, ribs widths, taper lengths and slot lengths are
fabricated in each cell of a wafer fabricated at a commercial foundry. The
cells are cleaved into individual chips after fabrication. Some chips are
coated with thin films of polymers that fully infiltrated the slots.
Measurements that consisted on spectral loss are made on the grating
coupler waveguide devices of both coated and uncoated chips. Individual
devices exhibited insertion losses varying from several dB up to values so
great that the response is below the noise floor of the optical spectrum
analyzer employed as a receiver. The chips that failed in the transmission
test are primarily uncoated ones. Nominally identical devices on different
chips exhibited nominally identical behavior.

A commercial software program is used to simulate each of the
structures that is included in the 200 devices test. The simulations are
seen to show a degree of qualitative agreement with the experimental
results. Comparison of the experimental measurements and the simulation
results indicates that the loss inherent in a slot waveguide is quite low.
Near loss free couplers from ridges to slots are achievable in case of

coated devices, whereas the situation is different in case of uncoated



devices where a lot of energy is dissipated through the substrate. Use of a
surface roughness model indicates that the excess loss that slots exhibit
with respect to a ridge mode counterpart arise almost solely from surface
scattering off the surface roughness. The increased loss in the case of the
slot guide arises from the higher electromagnetic energy density at the
surface of the guide due to the electric field discontinuity that is
employed as a guidance mechanism in slot modes in contradistinction to
ridge modes that are index-guided.

Conclusions include some speculation as to the limits on the loss
that can be achieved by variation the design of slot guides without any
Improvement in surface roughness over what is now available with

fabrication in commercial foundries.
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Chapter One:

Introduction

1.1 Overview

A lot of attempts seek to shrink photonic blocks building in order to
realize massive integration as in electronics. The first and most important
target that will close these attempts more toward the photonic integrated
circuit (PIC) is the subwavelength light confinement [1]. A novel
waveguide structure which was demonstrated in [2,3] and termed as a slot
waveguide is considered recently as a promising solution for all optical
systems in which processing (logic) functions work in tandem with
interconnections to carry out processing without electrical conversion [4].
Slot waveguides property of high confining light in nanoscale region of
low refractive index makes it as a primary block building for such
systems, like; all-optical signal processing [5,6]. Furthermore, it could be
proposed as interconnection element with ultra-low propagation loss [7].
For all these applications, the investigation of the total losses which are
expected to be expired by a slot mode device is vital and important step in
order to find the ability of this device to achieve the required functions.
While the losses which arise from coupling into and from slot waveguide
have been overcome by using the strip-slot taper coupler [8], other works
were made to measure and find the propagation loss of the slot waveguide

regardless the coupling approach. These measurements and attempts were
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verified between high absorption material [9] or high absorption
wavelength band [10]. The measuring , analyzing, and finding the
effective factors of the losses, coupling and propagation, in slot
waveguides become so necessary, whatever this slot waveguide is a
guiding device or a functionalizing waveguide. The amount of these
losses, their kinds, by what factors they can be affected, and the ways to
overcome these losses will specify the conditions under which the slot
device can be used as guiding device. Furthermore, these issues are very
important to evaluate the nonlinear losses of the slot device in order to
use it for nonlinear optics. In this work, the transmission of slot devices
with different characteristics are measured and simulated. Several
indications are deduced by comparing the experimental and simulation
results, like; ultra-low inherent loss in any slot waveguide, a high
coupling loss through a strip-slot taper coupler in uncoated case, and the
influence of several parameters on the dominated scattering loss and the
possibility of reducing this loss without improving the surface roughness

of the sidewalls.

1.2 Silicon Photonics Waveguides

Fiber optics had made a high jump in communications technology,
much as Kao and Hockham [11] had predicted before the first low loss
fiber was fabricated at Corning in 1970 by Kapron, Keck and Maurer
[12]. The low loss optical fiber is based on the concept of weak guidance,
where the maximum change in the index of refraction (index contrast)
between the core and cladding is kept small. The concept is that if the
materials at the interface are similar in structure and lattice constant, the

loss can be kept small. The converse that high index contrast is



accompanied by high propagation loss is not necessarily true. Silicon (Si)
has a native oxide, namely, silicon dioxide SiO,. In diffusion of oxygen
into a silicon lattice can, with minimal distortion to the lattice, form a
similar material with greatly different optical properties. The index of
refraction of Si, is roughly n=3.45 in near infrared and that of fused silica
(one form of silicon dioxide), is n=1.45. The combination is strongly
guiding in that the index change is 60% of the average whereas weakly
guiding would require that the difference be significantly less than 10%
of the mean [4]. The silicon-insulator combination was not originally low
loss. In fact, the motivation behind the original silicon photonics work
was ubiquity of silicon as an electronic material rather than its desirability
as an optical material [13]. Soref’s original work on wave guiding [13],
electro-optic effect in silicon [14] and compendium of previous work [15]
did stimulate further effort on rib waveguides [16] and devices [17].
Losses remained high [18,19] until the work of Vlasov who in 2004
demonstrated that smooth side walls could lead to loss of a few dB/cm
[20], loss values comparable to other waveguiding technologies such as
in diffused lithium niobate. With loss values under control, progress on
devices progressed rapidly to include new types of waveguide
[2,3,21,22], micro-rings [23], modulators [24], splitters [25], switches
[26] and nonlinear devices [27]. Here some scanning election microscope
(SEM) micrographs of devices from Guided Wave Optic Lab (GWOL)
have been included, as shown in Fig. 1.1.

1.3 Slot Devices
In general, the slot device consists of the slot waveguide itself,
input and output coupler due to couple light between strip and slot

waveguides. By this whole structure the slot device can be used as an int-
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Fig. 1.1 SEM images of silicon photonics devices from GWOL (a) a grating coupler
(b) a strip-slot taper coupler as a part of slot device, (c) one-to-all directional optical
antenna, and (d) a ring filter [4].

erconnect element or functional device like; modulator or switch in an
optical integrated circuit. In case of coupling light between a slot
waveguide and a single-mode fiber, definitely, grating couplers and mode
convertors are required, as shown in Fig. 1.2. While a grating coupler is
used to couple light between single mode fiber and the integrated
photonic circuit, the strip-slot trapper coupler [8] will be used here to
couple light form and into a slot waveguide, as shown in Fig. 1.3.
Although the high efficiency of this type of coupling [8, 28], some issues
will be discussed in this work which may make the coupler efficiency at

stake.
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Fig. 1.2 Layout of slot device between (a) grating couplers (b) strip waveguides
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Slot Waveguide
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Fig. 1.3 (a) A grating coupler between a single-mode fiber and a strip waveguide (b) a
strip-slot taper coupler.



1.4 Literature Survey

The slot waveguide was born in 2003 as an unexpected outcome
of theoretical studies on metal-oxide-semiconductor (MOS) electro-optic
modulation in high-confinement silicon photonic waveguides by V. de
Almeida and C. Barrios. Theoretical analysis [2] and experimental
demonstration [3] of the first slot-waveguide implemented in the Si/SiO,,
where SiO; is the silicon dioxide. Material system at 1.55 pm operation
wavelength were reported by Cornell researchers in 2004. Since these
pioneering works, several guided-wave configurations based on the slot-
waveguide concept have been proposed and demonstrated. Relevant
examples are the following:

In 2004 Almeida et al. [2] presented novel waveguide geometry for
enhancing and confining light in a nanometer-wide low-index material.
Light enhancement and confinement is caused by large discontinuity of
the electric field at high index-contrast interfaces. They showed that by
use of such a structure the field can be confined in a 50-nm-wide low-
index region with a normalized intensity of 20 pm™. This intensity is
approximately 20 times higher than what can be achieved in SiO2 with
conventional rectangular waveguides.

Also in 2004, Xu et al. [3] experiments presented a silicon
waveguide structure for guiding and confining light in nanometer-wide
low-refractive-index material. The optical field in the low-index material
Is enhanced because of the discontinuity of the electric field at high-
index-contrast interfaces. A 30% reduction of the effective index of light
propagating in the novel structure due to the presence of the nanometer-
wide low-index region is measured, evidencing the guiding and
confinement of light in the low-index material. Ring resonators based on
the structure were fabricated and showed that the structure can be
implemented in highly integrated photonics.
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A method of extracting waveguide slot admittance based on the
simulated results of the commercial software High Frequency Structural
Simulator (HFSS) was presented by Mei-Qing et al. 2005 [29]. The
formula of calculating self-admittance of a single slot in waveguide was
derived from transmission line theory, and that of calculating active
admittance of a slot in array was given, simultaneously. With the
proposed method, a waveguide slot antenna array can be designed easily
and economically.

Blasco and Barrios, 2005 [30] presented a compact structure for
highly efficient optical coupling to/from slot-waveguide from/to channel-
waveguide. The mode-converter permits a coupling efficiency as high as
99.3% for a 3um-long coupler.

Grillot et al. 2006 [31] have noticed that silicon-on-insulator (SOI)
optical waveguides insure high electromagnetic field confinement but
suffer both from sidewall roughness responsible of scattering effects and
from leakage toward the silicon substrate. These two mechanisms are the
main_sources of loss in such optical waveguides. Considering the case of
single-mode ultra-small square SOl waveguides, propagation loss was
calculated at telecommunication wavelengths taking into account these
two loss contributions. Leakage toward the substrate and scattering
effects strongly depend on the waveguide size as well as on the operating
wavelength.

In 2007, Sun et al. [32] measured the optical transmission at 1550
nm of the fundamental slot modes (quasi-TM modes) in horizontal single
and multiple slot waveguides and ring resonators consisting of deposited
amorphous silicon and silicon dioxide is demonstrated. Also it was
demonstrated that the horizontal multiple slot configuration provides
enhanced optical confinement in low index slot regions compared to a

horizontal single slot structure with the same total SiO, layer thickness by
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comparing their thermo-optic coefficients for the horizontal slot ring
resonators. In these early structures, the horizontal slot waveguides have
low propagation loss of 6 ~ 7 dB/cm has been shown. The waveguide loss
was mainly due to a-Si material absorption. The addition of a Si/SiO,
interfaces did not introduce significant scattering loss in a horizontal
multiple slot waveguide compared to a horizontal single slot waveguide.

Yijing et al. 2007 [33] published an easy-to-fabricate multi-slot
waveguide that is able to confine light in the low refractive index regions
was describe. Its application for future silicon light emission device was
discussed.

In the work of Liu et al. 2008 [34], mode behavior for SOI slot
waveguides was modeled and analyzed using a numerical full vectorial
method based on the film mode matching method (MMM). Only the
quasi-TE mode was investigated. Waveguide heights and slot widths, as
well as silicon widths are properly chosen with respect to the single mode
behavior in the slot region. Comparison between the effective index
method and our side loss method showed that their single mode condition
was creditable. The optical power confinement in slot region for the
quasi-TE mode was also studied and presented. The maximum achievable
optical power confinement and the maximum normalized average optical
intensity are 42% and 26 pm™, respectively.

Wang et al. 2009 [8] gave both theoretical and experimental results
of an ultra-compact waveguide coupler that is capable of highly efficient
coupling of light from strip waveguides to slot waveguides, and vice
versa were presented. By optimizing the geometrical parameters, it was
possible to achieve extremely low-loss coupling. A coupling efficiency of
97% has been obtained experimentally while keeping the overall size

down to the range below 10 pm. Further analysis showed that the
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proposed coupler has relatively high tolerance to fabrication errors and is
wavelength insensitive.

In 2010, Ding et al. [35] presented the first measurements of low-
loss waveguides that are geometrically suitable for high bandwidth slot
waveguide modulators: a strip-loaded slot waveguide were reported.
Waveguide loss for undoped waveguides of 6.5 £0.2 dB/cm was achieved
with 40 nm thick strip-loading, with the full silicon thickness around 220
nm and a slot size of 200 nm, for wavelengths near 1550 nm.

Both computer simulation and experiments have been conducted
by Chen et al. 2011 [36] to understand the relationship between
modulator performance such as modulation efficiency, optical loss and
the waveguide design parameters. Techniques to achieve efficient poling
of electro-optic polymers in the silicon slot waveguide have been
developed. The doping of the silicon to enhance conductivity for efficient
poling and the trade-off between conductivity and optical loss were
experimentally investigated. Surface passivation of silicon nanophotonic
structures has been found to be effective in improving poling efficiency.

In 2013, Palmer et al. [37] demonstrated a compact highly
efficient broadband strip-to-slot mode converters in silicon was with
record-low losses of 0.02 dB and negligible reflections between 1480 nm
and 1580 nm. The new strip-to-slot transition is logarithmically tapered,
which enables a compact design. The new logarithmic tapers were
compared with more conventional linearly tapered converters.

A design scheme for silicon-based slot—waveguide crossing using a
slot-to-strip mode converter (at each port) and a strip—multimode-
waveguide (SMW) crossing was proposed Xu et al. 2013 [38]. The
guided modes of the input slot-waveguide were first efficiently

transformed into that of the single-mode strip waveguide by using the



mode converter, and then entered into the SMW, where fields converge at
the center of the intersection due to the multimode interference effect.

Deng et al. 2014 [28] presented both numerical and experimental
results of a strip-slot mode converter based on symmetric multimode
interference (MMI) were presented. Strip-slot waveguide coupling though
this mode converter had a measured efficiency of 97% (—0.13 dB), and
the dimensions are as small as 1.24 x 6 um. Further analysis shows that
the proposed converter is highly tolerant to fabrication imperfections, and
Is wavelength-insensitive.

Silicon slot waveguides that can operate at the wavelength of high
silicon absorption were experimentally demonstrated by Li et al. 2014
[10] on SOI wafer. The measured transmission loss coefficient could be
as low as 2.28+0.03 dB/mm at the wavelength of 1064nm (the slot width
of 100nm), which is much lower than the absorption loss of silicon
(5dB/mm at 1064nm). According to the simulation, such value is
dominated by the surface roughness of sidewalls. The transmission loss is
potentially to be reduced to 1 dB/mm if the side wall roughness could be
reduced to 5 nm.

Also in 2014, Li et al. [39] proposed an ultra-compact and
broadband orthogonal coupler between a strip waveguide and a slot
waveguide. Numerical simulations showed that a 700 nm wide (full width
at half maximum) coupling spectrum can be theoretically achieved and a
coupling efficiency as high as 73% around 1500-nm wavelength can be
obtained. The coupling length was only about 475 nm which made the
coupler very compact. This configuration did not include a tapering
section and had a high tolerance to the waveguide height, alleviating the
stringent fabrication requirements.

This survey is showing how important the study of the whole losses in a

slot waveguide experimentally and analytically.
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1.5 Aim of Work

This thesis aims to estimate experimentally and theoretically the
losses of the slot device, classify them according to their sources, study
the influence of the characteristics of the slot device on these losses, and
introduce a comprehensive analysis about the performance of this slot
device. The scenario will include test and measure the transmission of
about 200 slot devices with different characteristics using an
experimental setup which employs a broadband super luminescent light
emitting diode (SLED) light source whose wavelength range is 1500-
1600 nm, besides de-embedding the effect of the grating couplers which
is used to couple light between single mode fibers and slot devices. The
work also aims to simulate the slot device and solve their modes using
Fimmwave (from PhotonDesign) in order to find the losses and their
sources. Finally, compare between the measured and simulated results

and analyze them.
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Chapter Two

Theoretical Background of Optical
Waveguiding and Coupling

2.1 Introduction

In particular, the propagation of light in a photonic component is
completely characterized by its wave nature. Since light propagates in the
form of two mutually coupled vector waves, an electric field wave and a
magnetic field wave, it is studied as electromagnetic waves and described by
a vector wave theory. This nature of light is important in the operation of all
photonic components but is particularly so for devices used in transmission,
modulation, or switching of light [40]. SOI optical waveguides, most
important photonic components, are the basic elements for confinement and
transmission of light over various distances ranging from a few micrometers
to a few millimeters in photonics integrated circuits. They are used to
connect various photonic components. In many devices, they form important
parts or key structures, such as the waveguides providing optical
confinement in semiconductor lasers. Furthermore, they form important
active or passive photonic components by themselves, such as waveguide
couplers and modulators. In this chapter, the basic concepts and equations of

electromagnetic wave theory required for the comprehension of lightwave
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propagation in optical waveguides are presented. The light confinement and
modes formation in the waveguide are qualitatively explained. As well as,
most important waveguide shapes, coupling techniques, and expected losses

through coupling and guiding processes are stated.

2.2 The Concepts of Electromagnetic Wave Theory
The study of light is a study of electromagnetic waves. In this section,
Maxwell’s equations, the wave equation, and boundary conditions of

electromagnetic waves will be presented.

2.2.1 Maxwell’s Equations

An electromagnetic field is described by two related vector fields that
are functions of space and time: the electric field E(r,t)(V/m) and the
magnetic field H(r,t)(A/m). In general, and according to that, six scalar
functions of space and time are required to describe light in free space.
Fortunately, these six functions are interrelated since they must satisfy the
celebrated set of coupled partial differential equations known as Maxwell's

equations. In free space, Maxwell’s equations are [41]

VXE:_HOat (2_1)

VXH= oE (2-2)
~ &9t

V.E=0 (2-3)

V.H = (2-4)
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where & is the electric permittivity of free space = 36% x 1072 (F/m) or

(A.s/V.m) and p. is the magnetic permeability of free space, 4w x 1077
(H/m) or (V.s/A.m).

In a medium in which there are no free electric charges or currents,
two additional vector fields are required the electric flux density D(r,t)
(C/m?) and the magnetic flux density B(r,t) (A/m?) . So Maxwell's equations

in a source-free medium are [42]

VXE= oB 2—5

= @7

VxH—aD (2 -6)
ot

V.D = 2-7)

V.B = (2-8)

The relationship between the electric flux density D and the electric field E
depends on the electric properties of the medium, which are characterized by
the polarization P(C/m?). In a dielectric medium, the polarization density is
the macroscopic sum of the electric dipole moments induced by the electric
field. Similarly, the relation between the magnetic flux density B and the
magnetic field H depends on the magnetic properties of the medium,
embodied in the magnetization M (A/m), which is defined analogously to
the electric polarization. So the flux densities and the fields are related by
[43]

D(r,t) = sE(r,t) + P(r,t) (2-9)
B(r,t) = u-H(r,t) + u-M(r,t) (2—-10)

The vectors fields P(r,t) and M(r,t) are in turn related to the externally

applied electric and magnetic fields E(r, t) and H(r,t) by relationships that
14



depend on the electric and magnetic character of the medium, respectively.
Equations relating P and E, as well as M and H are established once the
medium is specified. When these latter equations are substituted into
Maxwell's equations in a source-free medium, the flux densities disappear.
So the difference here that in free space, P= M= 0, so that D(r,t) =
&E(r,t)and B(r,t) = u-H(r,t) [44].

2.2.2 Wave Equations
The mathematical definition of an electromagnetic field which is a

solution of Maxwell’s wave equation [45]

(2-11)

2 2
VIE(r 1) = [n C(ZT)] 0 g irz', t)

r is the radius vector, n(r) is the index of refraction, and c is the speed of
light in a vacuum,

c= (2-12)

1
Nram
Definitely, that’s applicable for magnetic field components. As mentioned in
previous section that an optical field is described by two related vector fields
that are functions of space and time: the electric field E(r,t) and the magnetic
field H(r,t), which are solutions of the wave equation and for

monochromatic electromagnetic wave are expressed as [45]

E(r,t) = E(r)e/®t (2 —-13)

H(rt) = H(r)e/t (2 —14)
where E(r)and H(r) are the electric and magnetic fields vectors that
functions of space only, and w is the radian frequency. So if one of these

15



equations is used in Eqg. (2-11), this wave equation will be reduced to
Helmholtz equation [46]

VZE(r) + k*n*(r)E(r) = 0 (2 —15)

VZH(r) + k*n*(r)H(r) =0 (2 -16)

where k, is the wave number in the vacuum, and it is

I _w_Zn
T X

(2-17)

and here, 4. is the wavelength in the vacuum.

2.2.3 Boundary Condition for Electromagnetic Waves

In a homogeneous medium, all components of the fields E, H, B, and
D are continuous functions of position. At the boundary between two
dielectric media, in the absence of free electric charges and currents, the
tangential components of the electric and magnetic fields E and H and the
normal components of the electric and magnetic flux densities D and B must

be continuous [44], as shown in Fig. 2.1.

Dielectric D
E

Dielectric

Fig. 2.1 Boundary conditions at the interface between two dielectric media [44].
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These boundary conditions are an integral part of Maxwell's equations. They
are used to determine the reflectance and transmittance of waves at various
boundaries, and the propagation of waves in periodic structures and

waveguides.

2.3 Basics of Optical Waveguides

The optical waveguide is the fundamental part that interconnects the
various devices of a photonic integrated circuit, just as a metallic strip does
in an electrical integrated circuit. However, unlike electrical current that
flows through a metal strip according to Ohm’s law, optical waves travel in
the waveguide in distinct optical modes. A mode, in this sense, is a spatial
distribution of optical energy in one or more dimensions that remains

constant in time [45].

2.3.1 The Basic Waveguide’s Structure

In general, the basic structure of a dielectric optical waveguide
consists of a core which is high-index optical medium extended
longitudinally and transversely surrounded by the cladding which is low-
index media same as a conventional optical fiber structure. A guided optical
wave propagates in the waveguide along its longitudinal direction z. The
characteristics of a waveguide are determined by the transverse profile of its
relative permittivity &,.=¢ (X, y)/ €., which is independent of the z coordinate
[40]. A waveguide made of optically isotropic media can be simply
characterized with a single spatially dependent transverse profile of the
index of refraction, n(x, y). If the core of a waveguide is surrounded or

sandwiched by a same cladding layer the waveguide is known as a

17



symmetric waveguide, and if there are different cladding layers then the
upper, or the upper and sides, cladding layer is called cover while the lower
cladding layer is called the substrate and the waveguide in this case is
known as an asymmetric waveguide. A waveguide in which index profile
has abrupt changes between the core and the cladding is called a step-index
waveguide, while one in which the index profile varies gradually is called a
graded-index waveguide. Figure 2.2 shows the index profiles of step-index

and graded-index waveguides [40].

(a) (b) n
1]_: ]]_:
I—l L
y z y z
n(x) n(x)

Fig. 2.2 Index profiles of an asymmetric (a) step-index planar waveguide and (b) graded-
index planar waveguide [40].

Furthermore, the waveguide is considered a planar if it has an optical
confinement in only one transverse direction, i.e. its core is sandwiched by
the cladding in one direction only, as shown in Fig. 2.3 (a). In fact, this is not
practical kind, especially in integrated photonics circuits, and it is almost
used for theoretical description. On other hand, the more practical one which
has an optical confinement in two transverse directions is known as a
nonplanar or rectangular waveguide, as shown in Fig. 2.3 (b). There are
several geometries of the rectangular waveguide such as; strip, ridge, and

slot waveguides, which will be shown later in this chapter.
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Planar Rectangular
Wavegunide Waveguide ¥

Fig. 2.3 (a) A planar waveguide and (b) a rectangular waveguide.

2.3.2 Optical Propagating in Asymmetric Waveguides

If an optical field is assumed, for convenience, to propagate in a
waveguide whose structure is lossless and uniform in its optical axis or
propagation direction, i.e. z-direction, the variation of this electromagnetic

field with respect to z coordinate is constant such as [45]

d .
3~ P (2-18)

B is the propagation constant and is the other face of the wave number,
where it represents the z component of the wave number in this waveguide.
Hence the optical field’s vectors, which are still as mentioned previously

constant with time, will be [45]
E(r) = E(x,y)e /P~ (2-19)
H(r) = H(x,y)e /#* (2 —20)

The ratio between the propagation constant in the waveguide and the wave

number in the vacuum is called the effective index [46]

19



B

Meff = 1 (2-21)
_ 21 _ 21 _ 21 2 —22)
B et = s Aury

where A,z is the z component of the wavelength in the waveguide. The
physical meaning of the propagation constant is the angular spatial
frequency. Hence, the effective index is the ratio between the wavelength in
the waveguide to the wavelength in the vacuum or the ratio between the
spatial frequency in the waveguide to its counterpart in the vacuum. Now the

Helmholtz equations (in p. 16) can be rewritten as [45]

ViyE(x,y) + (k¥n*(r) — B*)E(x,y) = 0 (2-23)
VigH(x,y) + (kén*(r) — BX)H(x,y) = 0 (2 —24)

ViyE(x,y), E(x,y) andVg,H(x,y), H(x,y) are the solutions of (2-23 and
24) respectively. They represent the mathematical definition of the spatial
energy distribution of an optical field in the medium, which then will be
called “modes”. These modes are either sinusoidal or exponential functions
with respect to (x,y) in each region depending on whether(k?n? — 82) is
greater than zero or not, where i=1, 2, and 3 represents the cover, the core,
and the substrate region respectively. Definitely, these modes are continuous
at interface between regions therefore the possible modes, as shown in Fig.
2.4, are limited to,
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Guided Modes in Asymmetric Waveguides
By considering; the mode shape changes as a function of g, a constant

radian frequency w, and n,>nz>n;. When S is between k,n, and k,ns,
I.e. k.n,>p>k,n3, modes will be confined and guided into the core
region, as shown in Fig. 2.4 (a) and (b). They represent the zeroth
order and first order mode respectively. This limitation on g can be
visualized quite conveniently using the ray-optic approach; as the
wave is reflected back and forth between the two interfaces, it
interferes with itself. A guided mode can exist only when a transverse
resonance condition is satisfied so that the repeatedly reflected wave
has constructive interference with itself. In the core region, the x
component of the wavevector is k,n,cosé for a ray with an angle of
incidence 6, while the z component is S = k,n,siné. The phase shift in
the optical field caused by a round-trip transverse passage in the core
of thickness d is 2k,n,dcosé. In addition, there are phase shifts ¢, and
@3 associated with the internal reflections at the lower and upper
interfaces, respectively. Because ¢; and ¢z are functions of @, the
transverse resonance condition for constructive interference in a

round-trip transverse passage is [40]

2konyd cos + @1 (0) + @3 (0) = 2mz, (2 —25)

where m is an integer. Because m can assume only integral values,
only certain discrete values of 6 can satisfy (2-25). This results in
discrete values of the propagation constant f,, for guided modes
identified by the mode number m. The guided mode with m = 0 is
called the fundamental mode, and those with m#0 are high-order

modes.

21



ik (b)

(d)

Fig. 2.4 Modes of an asymmetric planar step-index waveguide where n, > nz > n;. The
range of the propagation constants, the zig-zag ray pictures, and the field patterns are
shown correspondingly for (a) the guided fundamental mode, (b) the guided first high-
order mode, (c) a substrate radiation mode, and (d) a substrate—cover radiation mode. The
waveguide structure is chosen so that it supports only two guided modes. The mode field
profiles are calculated mode field distributions that are normalized to their respective
peak values [40].
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Substrate Radiation Modes in Asymmetric Waveguides

This type of mode is not confined at the core but transversely
extended to infinity the substrate, hence it is not discrete [40]. These
modes are produced when £ is greater than &,n; but still less than k,ns.
It can be supported by the waveguide structure, as shown in Fig. 2.4
(c), but because it is continuously losing energy from the core region
to the substrate region as it propagates, it tends to be decayed out over
at short distance. Hence it is not very useful in signal transmission,
but, in fact, it may be very useful in coupler applications such as the
tapered coupler [45].

Cover-Substrate Radiation Modes in Asymmetric Waveguides

If g is less than k,ny, the mode is oscillatory in all three regions of the
waveguide structure. These modes are not guided modes because the
energy is free to spread out of the core region. They are generally
referred to as the air radiation modes of the waveguide structure. Of
course, radiation is also occurring at the substrate interface. It is
illustrated in Fig. 2.4(d).

In addition to the three types of modes discussed above, there are also

evanescent radiation modes, which have purely imaginary values of f that
are not discrete. Their fields decay exponentially along the z direction. In
case of lossless waveguides which do not absorb energy, the energy of an

evanescent mode radiates away from the waveguide transversely. A lossless

waveguide cannot generate energy, either. Therefore, the evanescent modes

do not exist in perfect, longitudinally infinite waveguides. They exist at the

longitudinal junctions or imperfections of a waveguide, as well as at the

terminations of a realistic waveguide of finite length. In comparison, a

substrate radiation mode or a substrate—cover radiation mode has a real p;
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hence, its energy does not decay as it propagates. In such a radiation mode,
the power flowing away from the center of the waveguide in the transverse

direction is equal to that flowing toward the center [40].

2.3.3 The Cutoff Conditions

As shown previously, the number of modes that can be supported
depends on the thickness d of the core layer and on w, ny, n, and ns. For
given d, ng, n, and n; there is a cutoff frequency w. below which
waveguiding cannot occur. This w. corresponds to a long wavelength cutoff
L. Since wavelength is often a fixed parameter in a given application, the
cutoff problem is for a given wavelength, so certain indices of refraction
must be chosen in the three layers to permit waveguiding of a given mode.
For the special case of the so-called asymmetric waveguide, in which n; is
very much less than n,, it can be shown that the required indices of
refraction are related by [45]

An =n, — ng > (2m + 1)%4* / (32n,d°), (2 —26)

where the mode number m=0, 1, 2, . . ., and A is the vacuum wavelength.
The change in index of refraction required for waveguiding of the lower-
order modes is surprisingly small. Because only a small change in index is
needed, a great many different methods of waveguide fabrication have

proven effective in a variety of substrate materials.

2.3.4 Polarization
In the waveguide applications, the polarization state of the
propagating mode usually has to be known. Polarization of light is

determined by the direction of the electric field in time. The paraxial
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electric-field vector propagates sinusoidal with different amplitude and
phase at each vector position. When the waves are approximately transverse
electromagnetic to the optical axis (z-axis) and the electric field lies in the
transverse plane (x-y-plane), the wave is said to be elliptically polarized. The
polarization state of the wave depends on the ratio of the magnitudes
between x- and y-components, and the phase difference of the x- and y
components. When the magnitude ratio is one and the phase difference is
+n/2, the light is circularly polarized. The light is linearly polarized if the
magnitude of the x- or y-component is zero, or if the phase difference
between x- and y-components is either 0 or n. The waveguide modes, having
an electric field transverse to the optical axis and parallel to the surface, are
called transverse electric TE-modes. When the magnetic field is transverse
to the optical axis, the mode is called transverse magnetic TM-mode. Figure

2.5 shows the field direction of TE and TM modes in planar waveguide.

Fig. 2.5 (a) TE field and (b) TM field of propagating light [47].

In practice, the fields that propagate through a waveguide will not exactly be
TE or TM modes, that is, they will also have field distribution in the
direction perpendicular to the direction in which they are polarized. So, if
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considering electrical fields, TE modes is in the x direction and has some
field energy in the y direction, and TM modes are normally in the y direction
but have some energy in the x direction. Therefore, a criterion has to be
chosen to be able to differentiate between modes. This is the following:

For TE modes: if Re(E;) >> Re(Ey), the mode is said to be quasi-TE or
directly TE. For TM modes: if Re(E,) << Re(E,), the mode is said to be
quasi-TM or TM [48].

2.3.5 Modes in a Three-Layer Slab Waveguide

The planar slab waveguide structure forms the starting point of all
theoretical developments of wave propagation in waveguides where it has a
fundamental geometry that has been considered as the basis for more
sophisticated waveguide structure. Figure 2.6 shows the structure of the
three-layer slab waveguide, where ny, n,, and ns are refractive indices of the
cover, the core, and the substrate regions. This structure is assumed to be
uniform in the y and z directions and infinite in y direction. Since that the
Helmholtz equations (2-23 and 24) for the electric and magnetic fields

respectively can be recalled as

Fig. 2.6 Diagram of a planar waveguide structure [45].
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ooz T (keni = BHE() = 0 2=27)
2
) v unz—prH) =0 @-28)

where %=O. Now, the two modes; TE and TM, which propagate through the
three-layer slab optical waveguide, will be discussed by re-deriving the wave
equation from Maxwell’s equation for an optical waveguide

VxE=—jouH (2 —29)

VXH=jwee,E (2-30)

whose components representation are [46]
0E, OE,

ay - E = —ja)‘l,lon (2 - 31)
J0E, OE, _

% o —jou-H, (2-32)
J0E, OE
a—xy - a—yx = —jwﬂoHZ (2 — 33)
0H, OH,

ay - E = ]wereoEx (2 - 34)

0H, OH,

3y oz = jwe,&E, (2 —35)

0H, OH,

3y oz = jwe,&E, (2 —-36)

where %=ja), the relative permeability is assumed to be equal to one,

U =1,s0 u = pu.pu- = u., and as mentioned before the derivative with

respect to z direction % can be replaced with (—5).
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In case of TE mode, the electric field is not in the longitudinal

direction (E,=0), it is in the transverse direction (E,#0) but since the uniform

structure with y direction the variation with respect to it will be zero, %=0.

By using all these relations in the above set equations, TE mode components

will be
E,=E,=H,=0 (2 -37)
H, = —(B/wp-)E, (2-38)
H, =/ )aEy 2 -39
z (] a)ﬂ° ax ( )
while the wave equation of the principle electric component E, is
ZEy
W+(kozni2—,82)Ey=0 (2—40)

and this component, E,, in each of the three layers is

E,(x) = Aexp(y3x) 0=>x (2 -141)
=Bcos(y,x+6) d=x=>0 (2—-42)
=Cexp[—y;(x—d) oo>=>x>d (2-143)

where A, B, and C are arbitrary constants, d is the thickness of the core

region, y;, ¥», ¥3, and & can be expressed as [46]

¥s = (F - k)", (2 —44)
V2 = (ke” = )%, (2 — 45)
1= (8 —nd k)™, (2 - 46)
tan(§) = — (f) +ir i=123.. (2 —47).
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In the case of TM mode, the magnetic field is not in the longitudinal
direction (H,=0), it is in the transverse direction (H,#0) but since the

uniform structure with y direction the variation with respect to it will be

zero, %:O. So the TM mode components are [46]

H,=H,=E,=0 (2 —48)
E, = (B/we-g.)H, (2 -49)
s 0H,
E, ==(/weg) 7= (2—-50)

and the wave equation for the TM mode principle component, H,, is

2

H
5+ (kK¥nf — fHH, =0 (2-51)

while this component in the three layer will take the same expressions as in
Egs.(2-41 to 43).

2.3.6 The Confinement Factor

As seen from the field profiles, the power propagating along the guide
is not totally confined inside the core of the guide, but rather a part of the
power leaks into the two cladding layers. A useful parameter describing the
light-guiding property of the waveguide is the mode confinement factor (T")
defined as follows [49]:

d 2
= M dx (2-52)
S E5 ()

This factor quantifies how much fraction of the total power belonging to the

particular mode is confined within the guide layer. It is a function of
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polarization, of the refractive index difference, of the thickness of the guide,

and of the mode number.

2.3.7 Waveguides Geometries

The simplest waveguide structure is a slab waveguide as illustrated in
Fig. 2.7(a). It consists of parallel planar layers, which are infinite in lateral
directions. This kind of waveguide structure is not very practical in many
applications, since the light is confined only in vertical direction [40]. In
order to confine the light in two directions, several other geometries are
exploited. These useful structures are illustrated in Fig. 2.7(b-f), in which the
darker color expresses the higher refractive index. In the strip waveguide,
Fig. 2.7 (b), the light is confined in the strip of higher refractive index
material than the substrate and cover. The light is confined laterally by
including a locally higher volume of core material in a vertical direction in a
ridge (Fig. 2.7 (c)), and an inverted ridge (Fig. 2.7(d)) waveguide geometry.
In these two geometries, the height and the width of the ridge together with
the slab thickness and the refractive indices determine the shapes and the
number of guiding modes. In silicon photonic applications, a strip and a
ridge waveguides are usually exploited. A ridge or inverted ridge geometries
are commonly used for polymer waveguides [47]. The effective index in the
high refractive index slab layer is locally higher under a lower refractive
index strip than in the adjacent regions in a strip-loaded waveguide structure
(Fig. 2.7(e)). Strip-loaded waveguides have been fabricated, for instance, as
an SOI structure [35]. In the slot waveguide geometry, the light is confined
in the low refractive index material between the higher refractive index rails.
The slot waveguide (Fig. 2.7(f)) geometry is discussed in detail in later
paragraph that follow.
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Fig. 2.7 Cross-section image of different waveguide geometries a) slab waveguide; b) rib
waveguide; c) ridge waveguide; d) inverted ridge waveguide; €) strip-loaded waveguide;
f) slot waveguide [50].

2.3.8 SOl Waveguides

The SOI waveguide uses silicon as a substrate as well as the
waveguiding core material. The configuration of an SOI wafer is shown in
Fig. 2.8. The silicon guiding layer and the buried silicon dioxide are varied
for each individual design. The purpose of the buried oxide layer is to act as
the lower cladding layer, and hence prevent the field associated with the
optical fields (modes) from penetrating the silicon substrate below. The SOI
material system has a number of distinct advantages over the other
commonly used platforms such as the I11-V semiconductor compounds and
polymers. First, the high refractive index contrast between the silica
cladding and the silicon waveguide core facilitates the confinement and
guiding of light in structures within submicron dimensions [48]. In addition,
the mature silicon micro-fabrication technology establishes a firm
foundation for making low-cost and compact integrated photonic devices.
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Fig. 2.8 SOI planar waveguide [48].

2.4 Slot Waveguides

Slot waveguides typically consist of two ribs of high-index material
that enclose a subwavelength low-index slot region, as shown in Fig. 2.9. It
is fully compatible with highly- integrated photonics technology, retaining
most of its important properties such as nanometersized cross-section

dimensions and small minimum bend radius.

Fig. 2.9 Schematic diagram of the slot waveguide geometry. Rib width w, rib height hy,
rib refractive index ny, slot width ws and slot refractive index ns are defined [2, 3].

Potential applications for the slot-waveguide include host for active
materials, sensing, non-linear optics, optical modulators and switches, near-
field optical microscopy, and efficient coupling to nanometer-sized

waveguides and structures [51-52].
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2.4.1 The Principle of Operation

The principle of operation of the slot-waveguide is based on the
discontinuity of the normal component of the electrical field E at the high-
Index-contrast interface. From Maxwell’s equations, the normal component
of the electric flux density D is continuous at the interface of two dielectric
materials. Since D = g,60E =n’g,E, where n, & and g, are the refractive index,
dielectric constant and vacuum permittivity, respectively, the normal
component of E shows discontinuity if n is different at opposite sides of the
interface. The electrical field is then higher at the low-index side and lower
at the high-index side, with the ratio equal to the square of the index contrast
(nHigh/nLOW)Z. This discontinuity has usually been overlooked because most of
the investigated photonic structures rely on low-index-contrast. However,
for high-index-contrast structures, this discontinuity is significant. The
optical intensity in the slot is also much higher than that in the high-index
region, since the magnetic field H is continuous at the interface and varies
slowly across the structure. On the other hand, the major electric field
component of the quasi-TM mode is parallel to the interface of index
contrast, resulting in an electrical field that is continuous at the walls of the
slot. As a result, the presence of the slot does not affect the quasi-TM mode

as strongly as it affects the quasi-TE mode [2, 3].

2.4.2 The Analysis of Operation

The slot waveguide layout considered is given in Fig. 2.10 [3].The
waveguide is considered to be infinite along x direction. The advantage of
considering this layout is that it can be analyzed from first principles without

resorting to any FEM techniques. If the waveguide is finite in x direction it
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will correspond to a ridge waveguide. The quasi TE mode of the ridge
waveguide will qualitatively (and to some extent quantitatively) correspond

to TM mode supported by slot waveguide shown in Fig. 2.10.

Y.
Y<-b yeb
————————————— L - -
¥Ve==h y=-p =0 Yeo ¥Ye=b v
Substrate | Waveguide Slot Waveguide Substrate
n =145 n,—3.49 n-1.70/ n,-3.49 n«145

Fig. 2.10 The planar slot waveguide layout, with slot width ws=2a, slot refractive index,
n=1.7, rib width w,=b-a, rib refractive index ny=3.49, and substrate refractive index,
nc=1.45 [3]

Now, to find the eigen equation and guided field without loss of any

ambiguity, following are assumed [2,3]

9 _o S __; 0 _ 4 253
x= Y T B Fp T e ( )

By applying the above condition in Maxwell’s curl equations (2-5 to 2-8)

and solving the following can be gotten
. Inslot( | y | <a)[2,3]

H, = Acosh(y|y]) (2 = 54a)
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B
E, = (W>A cosh(ys|yl) (2 — 54b)

with A as arbitrary constant and

Ys = ko /ngff — n2 (2 —55)

11.  Inwaveguide (a<|y|<b) [2,3]
After applying the boundary conditions of continuity of H, and E; at y
= a, the following are obtained

cosh(ysa) cosKy(ly| —a) +
n12-1 Vs
— (—) sinh(ysa) sinKy (ly| — a)
Kn

ng

H,=A (2 — 564)

cosh(ysa) cosKy(|y| — a) +
2
("—H> () sinhs@) sinky (Iy] - @

nZ ) \Ky

E

(B
= (G

(2 — 56b)

with

KH = ko ’nIZ_I - ngff (2 - 57)

1. In cladding (|y|>b) [2,3]
After applying the boundary conditions of continuity of H, and E, aty =
b, the following are obtained
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cosh(ysa) cosKy(ly| — a) +

B - e~ Ye(lyl=b) _
Hx A < H> (1](/ )smh()’sa) SanH(lyl — a) (2 5861)
H

8 cosh(y,a) cosKy(ly| — a) +
E = e ~¥e(ly1-b)
Y <a)son,2{> (-Z) (; )smh(ysa) sinKy (Il — )|
ng H

(2 — 58b)

with

yC = ko Tlgff - Tlg (2 - 59)

The boundary conditions at y = b also yields eigen value equation,

given as

2
tan[Ky(b —a) — @) = (n_,;) (V

KH> tanh(y;a) (2 —-60)

with

@ = atan ((%) (;—;)) (2-61)

2.4.3 SOI Slot Waveguides

A typical cross section of a silicon-on-insulator (SOI) slot waveguide
Is depicted in Fig. 2.11 (a). The waveguide core consists of two high-index
Si ribs with height h and width w, that are embedded into a low-index PI
cladding.
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Fig. 2.11(a) Schematic cross section of an SOI slot waveguide, coated by Polymide (P,
n=1.7), with Si rib height h, Si rib width w,, and a slot width ws.). (b) Dominant electric
field component (Ex) of the fundamental TE mode field cross the slot waveguide at A =
1550 nm.

Discontinuities of the horizontal electric field component E, at the high
index contrast interfaces lead to strong field enhancement in the slot region.
The transverse electric profile for the quasi-TE mode is shown in Fig 2.11
(b) is simulated with the refractive indices n; = 1.7, n, = 3.49, and n; = 1.45,
for Polymide PI, Si, and SiO, respectively, at A = 1550 nm. As in standard
SOI waveguides, the buried oxide of the SOI wafer acts as a buffer region
that optically isolates the waveguide from the bulk silicon handle wafer. In a
slot waveguide, this effect is exploited at both sidewalls to obtain an electric
mode field that is strongly confined to the slot region. Slot widths are much
smaller than the penetration depths of the evanescent field leading to large

intensities throughout the slot region.
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2.5 Propagation Losses in Optical Waveguides

Losses in an optical waveguide originate from three sources:

scattering, absorption and radiation. Within each category are further

subdivisions of the contribution to the loss, although the relative contribution

of each of these effects is dependent upon the waveguide design and the

quality of the material in which the waveguide is fabricated. Each of the

contributions to loss will be discussed in turn.

Scattering Surface Loss

Scattering in an optical waveguide can be of two types: volume
scattering and interface scattering. VVolume scattering is caused by
imperfections in the bulk waveguide material, such as voids,
contaminant atoms, or crystalline defects. Interface scattering is due to
roughness at the interface between the core and the claddings of the
waveguide. Usually, in a well-established waveguide technology,
volume scattering is negligible, because the material has been
improved to a sufficient level prior to fabrication of the waveguide.
For new or experimental material systems, however, volume
scattering should always be considered. Interface scattering may not
be negligible, even for a relatively well developed material system,
because losses can be significant even for relatively smooth interfaces.
It has been shown that the contribution to volume scattering is related
to the number of defects, their size with respect to the wavelength of
propagation, and the correlation length along the waveguide. In bulk
media, Rayleigh scattering is the dominant loss mechanism [53],

which exhibits A dependence. However, for confined waves the
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wavelength dependence is related to the axial correlation length of the
defects [54]. For correlation lengths shorter than or of the order of the
wavelength, the scattering loss exhibits a 2 dependence, because the
reduction of confinement for longer wavelengths partially counters the
A* relation. For long correlation lengths compared to the wavelength,
radiation losses dominate and A™* dependence is observed.

Interface scattering has been studied by number of authors, who
have published a range of expressions for approximating the
scattering from the surface or interface of an optical waveguide.
However, since many of these models are very complex, an
approximate technique will be introduced here, which is attractive
owing to its simplicity. The theory of this technique was first
introduced by Tien in 1971 [55], and is based upon the specular
reflection of power from a surface. This condition holds for long
correlation lengths, which is a reasonable assumption in most cases.
By considering the total power flow over a given distance, together
with the loss at both waveguide interfaces, Tien produced the
following expression for the loss coefficient due to interface scattering
[20]:

. AmPot [T E? )
Ascare.(UM™") = 12 Mg = Negsr mAn (2-162)

where, o is the amount of the roughness on the sidewalls in um, ng is
the effective index of the fundamental quasi-TE mode, An is the

refractive index contrast between the waveguide ribs and coating layer
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(cladding), and fffdx (um~1)is the normalized electric field

intensity at the side interfaces of core/cladding. For strip waveguide,
the electric field intensity and interface roughness of two etched
sidewalls are both identical and symmetrical. Thus, Eq. (2-62) covers
the scattering of both the two etched sidewalls. Different to typical
strip waveguide, there are two interfaces in slot waveguide
contributing to the scattering, where the electric field intensity (Eg
and Eg,) has obvious disparities the total field intensity is calculated as
(E2 = E%4 + EZ2) [10]. Also the loss in dB/cm can be calculated by
[45]
Lscattering(dB/um) = 4.3 * Ascaee,(Wm™) (2—-63)

Absorption Loss

The two main potential sources of absorption loss for
semiconductor waveguides are band edge absorption (or interband
absorption), and free carrier absorption. Interband absorption occurs
when photons with energy greater than the band gap are absorbed to
excite electrons from the valence band to the conduction band.
Therefore to avoid interband absorption, a wavelength must be used
that is longer than the absorption edge wavelength of the waveguide
material. Silicon is an excellent example material to demonstrate this
point. The band edge wavelength of silicon is approximately 1.1um,
above which silicon is used as a waveguide material. For wavelengths
shorter that 1.1um, silicon absorbs very strongly, and it is one of the
most common materials used for photodetectors in the visible
wavelength range, and at very short infrared wavelengths. The band
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edge absorption of a material does not mark an abrupt transition from
strong absorbance to transparence, so care must be taken when
selecting a wavelength for a given technology. Free carrier absorption,
however, may be significant in semiconductor waveguides. The
concentration of free carriers will affect both the real and imaginary
refractive indices. Changes in absorption in semiconductors can be

described by the well-known Drude—Lorenz equation [56]:

pq = S0 ( Ne ) 2 - 64)
a = * B
4m?negey \He(Mi)?  pp(mgpy)?

where ¢, is the velocity of light in vacuum; e is the electron charge; e

Is the electron mobility; u, is the hole mobility; m,. is the effective
mass of free electrons; m,is the effective mass of holes; N, is the free
electron concentration; N, is the free hole concentration; g, is the
permittivity of free space; and A, is the free space wavelength. Some
of the parameters in Eq. (2-64) are interdependent, so care must be

taken when evaluating the effect of free carrier absorption.

I1l. Radiation Loss

Radiation loss from a straight optical waveguide should ideally
be negligible. This type of loss implies leakage from the waveguide
into the surrounding media, typically the upper or lower cladding, or
for a rib waveguide, into the planar region adjacent to the guide. If the
waveguide is well designed this loss will not normally be significant,
although unwanted perturbations in the waveguide due to, for
example, a slightly damaged fabrication mask may cause scattering of
light from one mode to another. The second mode may in turn result
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in some radiative loss if that mode is leaky. Another situation that
may result in some radiative loss is curvature of the waveguide, as this
will change the angle of incidence at the waveguide wall, which may
In turn result in some radiative loss [49].
According to all above, it can be concluded that the propagation losses in an
optical waveguide, especially in a slot waveguide, will be dominated by

interface scattering losses.

2.6 Waveguide Input and Output Couplers

One of the challenging tasks in optical systems is efficiently coupling
light into and out of the optical waveguides. In general, light from a standard
optical fiber or an external light source needs to be coupled to a silicon
waveguide. A single-mode fiber core usually has a diameter of about 8 um
with a symmetric mode, while a silicon waveguide is typically a few pms
wide with an asymmetrical mode [49]. To overcome these large differences
in effective index, core size, and symmetry, various techniques are
developed for efficiently coupling light from fiber to the guide. In the end-
fire and butt-coupling schemes, light is simply allowed to shine onto the end
faces of the waveguide.

These techniques are shown schematically in Fig. 2.12. In taper
coupling, the two devices are simply butted, such that the mode field of the
transmitting device falls onto the end face of the receiving device. In end-
fire coupling, a lens is employed to focus the light beam onto the end face of
the collecting device where the input light beam can excite all the modes of
the waveguide. In the prism coupling and grating coupling, the input beam
Impinges on the guide at a specific angle, as shown in Fig. 2.12.
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Fig. 2.12 Various methods of coupling light from the fiber to waveguides: (a) prism
coupling; (b) grating coupling; (c) butt coupling; and (d) end-fire coupling [49].

2.6.1 Grating Couplers

The most common solution to the coupling problem is the grating
coupler: a diffraction grating is designed such that all the scattered
contributions interfere constructively in a vertically radiated wave that is as

much as possible fiber-matched. This is shown in Fig. 2.13.

\ Single-mode
@8 fiber code

Fig. 2.13 Light from a semi-vertical optical fiber is diffracted by a grating coupler into an
optical waveguide [57].
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A grating coupler consists of a periodic refractive index modulation in or
close to the waveguide core. Grating couplers are most often implemented as
etched grooves in the silicon waveguide core [58,59]. Every such groove
acts as a scatterer. Other ways to implement a refractive index grating is by
adding metal lines [60] or etching subwavelength features that act as an
effective medium [61,62]. When light is incident from the waveguide on the
chip, some combinations of wavelength, grating period, and off-chip angle
will cause all scattered contributions to be in phase, and thus a coherent
phase front radiates away from the chip. This condition called the Bragg
condition, illustrated in Fig. 2.14a, occurs when the phase delay between the
diffraction of two adjacent grating teeth is exactly 2x (or a multiple thereof).
For the directions where this phase condition is not met, the contributions of
all the grating grooves will interfere destructively. An alternative way of
calculating the operating condition for a grating coupler is in k-space, shown
in Fig. 2.14b. A periodic structure like a diffraction grating carries its own
impulse K =2a/A, which can be transferred to the photons in the waveguide.
The conservation of momentum in the z-direction therefore dictates that k, =
B+mK(m=0,=£l,+2 ...).

(b) , .
VK=2miA
il -

iSuperstrate!

m !
. —
iaubstrate

Fig. 2.14 Operational principle of a grating coupler. (a) Phase fronts in real space and (b)
k-vector diagram [57]
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As shown in Fig. 2.14b, there is a solution for m = 1. While in the out-of-
plane direction, the nonperiodic structure of the waveguide does not pose
any restrictions, except that the magnitude of the k-vector in the top and
bottom cladding should match k = n¢kq. For light from the waveguide, there
are in general two solutions: an upward and a downward radiating wave. The
respective angles of these waves depend entirely on the material index of the
top and bottom cladding material. The fact that there are two solutions poses
a problem for the coupling efficiency: somehow, the light must be forced

into the direction of the fiber, and not the substrate.

2.6.2 The Taper Coupler

The taper coupler is based on the principle that a waveguide which is
below cuttoff transfers energy into radiation modes. Because of the large
mode mismatch between a strip mode and a slot mode, the two cannot be
directly coupled. A strip-to-slot waveguide taper coupler must therefore be
used to inject and extract light into and out of a slot waveguide. Tapers
reduce the coupling loss by an adiabatic modal transformation. Essentially
there is a gradual, smooth, and lossless transition from a large cross-
sectional waveguide area to a smaller one. The angle of the taper should be
very small to achieve the smooth transition, and the surface roughness
should also be as small as possible. Specifically, the fundamental TE mode
of the strip waveguide couples into the TE slot waveguide mode
adiabatically [63].It is necessary that there should not be any coupling
between the fundamental mode and higher order modes, if any, and between
the propagating fundamental mode and the radiation modes into the

substrate. The usual design approach is to obtain the pattern of the
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propagating fundamental mode as a function of the taper length L using a
beam propagation tool. For the taper to be adiabatic, the length scale over
which its width varies should be long compared to the beat length between
the fundamental mode and the nearest mode in the effective index, to which

the fundamental mode can couple [64]. The condition can be derived by

considering Fig. 2.15.

L

L

Fig. 2.15 A strip-slot waveguide taper coupler

The waveguide half width at a point z along the taper is denoted by p(z); the
propagation constants for the fundamental and unwanted modes, that may be
coupled, are respectively, B; and B,. The beat length between the modes is

given by [49]

Le= 27/( p1- f2) (2-65)

The length scale over which the taper width is changing is [p/(dp/dz)], and to
satisfy the condition for achieving an adiabatic taper, this length scale should
be much larger than the beat length. Therefore [49]

p/(dp/dz)>> Lg (2-66)
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The local taper angle must satisfy the relation [49]

&= dp/dz <<p/ Lg (2-67)

In the region of the strip-slot waveguide taper coupler, which is shown in
Fig. 2.15, light propagates along the taper from the strip to the slot
waveguide; the optical mode will spread out of the strip waveguide, forming
a similar mode profile of the slot waveguide in the two gaps between the two
complementary tapers. Since these two gaps and the slot waveguide form a
slot Y branch, which is helpful for mode converting, it is important to
optimize the fabrication process to make sure that the Y branch is well
shaped [65]. For example, the electric field distribution of the TE
fundamental mode propagating along the taper is shown in Fig. 2.16, for
A=1.55 um. At the origin (z = 0), the optical mode is well confined in the
core of the taper. At a certain position for which the taper width is p (z), the
optical mode starts to be less confined in the core of taper, and a major part
of the energy of the mode is localized in the cladding of taper. The
mechanism is as a result of decreasing the width of the inverted taper along
its length, the actual effective index of the TE fundamental mode is shifted
lower than the effective index of the TE fundamental mode at the origin of
the core of the taper. In other word, it becomes close to refractive index of
the cladding and more close when the width is keeping decrease. So, the
optical mode is expanding evenescently from core along the propagation
direction. If the taper is sufficiently adiabatic (Ly large enough), it is
achieved 100% efficient conversion between the optical mode at the origin

and the optical mode at the inverted taper tip w; [66].
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The keys are to choose both optimal tip width (w;) and taper length
(Lt) for which the optical mode at the inverted taper tip is matching enough
to the new mode, assuring that the mode conversion along the taper length is

achieved efficiently.
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Fig. 2.16 E-field distribution (\VV/m) of the TE fundamental mode propagating through the
SOl inverted taper shown in Fig. 2.15 for A=1.55 pm.

2.6.3 The Coupling Efficiency

The principal characteristics of any coupler are its efficiency and its
mode selectivity. Coupling efficiency is usually given as the fraction of total
power in the optical beam, which is coupled into (or out of) the waveguide.
Alternatively, it may be specified in terms of a coupling loss in dB. For a
mode-selective coupler, efficiency can be determined independently for each
mode, while multimode couplers are usually described by an overall

efficiency. However, in some cases it is possible to determine the relative
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efficiencies for the various modes of a multimode coupler. Thus, the basic

definition of coupling efficiency is given by [45]

_ power coupled into (out of )the mth order mode »_ 68
Tem =""otal power of optical mode prior coupling ( )

If the power in each mode cannot be separately determined, overall values of
nem 1S Used. Coupling efficiency depends most strongly on the degree of

matching between the fields of the optical coupled modes.
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Chapter Three

Practice and Simulation in Silicon-on-
Insulator Slot Devices

3.1 Introduction

An array of 200 SOI slot waveguide devices of varying slot widths,
ribs widths, taper lengths and slot lengths were fabricated in each cell of a
wafer fabricated at a commercial foundry. The cells were cleaved into
individual chips after fabrication. Some chips were coated with thin films of
polymers that fully infiltrated the slots. Measurements that consisted of
spectral loss were made on the grating coupler waveguide devices of both
coated and uncoated chips. Several SOI ridge devices were tested in purpose
of de-embedding the effect of the grating couplers. A commercial software
program was used to simulate each of the structures that was included in the
200 device test in order to describe the parameters which contribute in
specifying the performance of each device or structure. In this chapter, the
layouts of slot and ridge devices structures, some details about the
fabrication process, as well as to the measuring setup are explained. Then
the simulation methods which for modes solving and simulation the

propagation light through the slot devices in 2D and 3D are given.
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3.2 Structures Layouts

Figure 3.1a shows a general layout for the grating coupler waveguides
devices which were used in order to test SOI slot devices in this work. Each
of these devices starts and ends with grating couplers due to couple light
from and into single-mode fibers. Next the input grating coupler, there is a
short strip waveguide, 25 um length, of Si (n=3.49) with (10x0.22) pum?
cross section to keep the mode size compatible between the fiber and a
guiding element in PICs. Then the strip waveguide tapes in linear inverse
shape to form a taper mode convertor that works to reduce the mode size
from (10x0.22) pm? to (0.45x0.22) um? cross section along 500 um. Here, a
strip-slot taper coupler region [8], or an overlap region between strip and
slot, starts where the waveguide keeps taping from (0.45x0.22) pm? to (0.13
x0.22) um* width along a taper coupler length Ly and it is sandwiched
between two Si ribs in (V) shape with small gap between the tapered
waveguide and each rib. In the geometry of the taper coupler, as shown in
Fig. 3.1b, and for more efficient coupling, the Si ribs extend along Ly with
increasing in their width by the inner side only, trying to couple all light in
Si ribs, and beyond a few ums from Ly their width is decreased by the outer
side along 30 pm in order to couple all light in the slot, as will be shown
later. Then they continue with constant size at each rib, (0.22xw,)um? to
configure the slot waveguide with slot size (0.22xws) um?, and slot length
Ls. Since all devices are symmetric, all these sections are repeated in
opposite direction at the output end, as shown in Fig 3.1. All these segments
in all structures have been made on SiO, layer (n=1.44) with height hgjo,= 2
um. Furthermore, some of the SOI devices are uncoated and some of them

coated with Polyimide (PI) polymer layer (n=1.7) with height hp= 0.5 um.
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Fig. 3.1. (a) The layout of the slot device from the input grating coupler to the output one
and cross sections for the structure at different points (b) geometry of strip-slot taper
coupler

Several of SOI ridge devices, with size 0.45x0.22 pm® and different
lengths, are designed, as shown in Fig. 3.2, fabricated and tested. These
ridge devices have been tested using the grating couplers waveguides
configuration same as slot devices. The size of the ridge waveguide were
made in order to keep the single-mode guiding through it without radiation
and with loss as low as possible. The measurements of these devices were
used to de-embedding the influence of the grating coupler, as will be shown
In a later section. As in slot devices, there are coated ridge devices, with

polymer.
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Fig. 3.2. The layout of the ridge device from the input grating coupler to the output one
and cross sections for the structure at different points.

3.3 Fabrication

All slots and ridges devices used in this study are fabricated on a 200-
mm-diameter SOl wafer with an IMEC 193 nm deep ultra-violet (UV)
lithography process. The functional layers of the wafer are comprised of a
220 (x3.5) nm crystalline silicon layer on top of a 2 um buried silicon oxide
layer. The silicon oxide layer is sufficiently thick to reduce optical leakage
through the substrate. A 500 nm polymer coating is deposited after the wafer
is fabricated. The polymer used is a photo-definable polyimide (HD-8820)
from MicroSystems. Scanning electron microscopic (SEM) images of
sections of fabricated devices are shown in Fig. 3.3. As can be seen in this
figure, a little roughness appears on the sidewalls of each Si rib whatever its
width is. Their sizes are estimated about 5 nm. The roughness sizes are small
compared to slot dimensions; but its effects on guiding properties and

propagation loss might be significant.
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Fig 3.3 SEM images for (a) the strip-slot taper coupling region (b) a tip of taper in face of
a slot waveguide (c) a slot waveguide (d) a ridge waveguide

3.4 Measuring setup

All the device measurements were carried out in-house using the
apparatus depicted in Fig. 3.4. The system employs a broadband SLED light
source whose wavelength range is 1500-1600 nm. The photonic chip is
placed on a temperature controlled sample stage. A single mode fiber
delivers the light signal to the photonic chip where light is coupled into
device through a grating coupler located at one end of each device. The
grating coupler is optimized for passing TE modes where E-field is parallel

to the grating grooves.
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Fig 3.4 Schematic of the in-house measurement setup. The setup is comprised of a SLED
light source, an optical spectrum analyzer, two single mode fibers that couple light to and
from the photonic chips, two sub-micron accurate 3D motion controllers, a visible camera
that monitors the fiber movement and a temperature controlled sample stage.

After passing through the device, light is coupled out through another TE-
mode grating coupler into an optical spectrum analyzer (OSA) via the
second single mode fiber. The maximum resolution of the OSA is 80 pm
throughout the wavelength range of 600-1700 nm. The fiber movements are
precisely controlled by two 3D motion controllers which are capable of sub-
micrometer adjustment. A visible camera is used to monitor the movement
of the two fiber tips. Two probes are used to apply electrical signals to the
photonic chip where necessary. Figures 3.5 and 3.6 display the physical
image of the setup in the lab. All 200 slot devices with varied slot width, slot
length, taper length, and overlap length were tested. Measurements were
taken with polymer coatings and without. Calibration ridge waveguides were
used to de-embed the effect of the grating coupler and ridge sections from

the slot section measurements.
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Fig. 3.5 Image of the experimental setup.
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Fig. 3.6 An image of the experimental setup with more focus on the sample stage,
coupling fibers, and monitor camera.
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3.5 De-embedding Measurements

The transmission light, at a given wavelength and polarization,
through the whole device in Fig. 3.1 suffers losses which can be contributed
by three regions; grating couplers regions, tapered coupler regions, and a slot
waveguide region. The effect of grating couplers and mode convertors is de-
embedded experimentally by compare the transmission of each slot device
with the transmission of an ultra-low losses ridge device with identical
grating couplers and tapered mode convertors with slot devices as shown in
Fig. 3.7.

u
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Taper Conv. loss Taper Conv. loss

Ridge loss
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Fig. 3.7 Losses regions along slot (up) and ridge (down) devices.

Both of slot and ridge are passive devices and there is no gain energy can be
obtained by the propagation through them [57]. Therefore, the output power
of the slot devices in Fig. 3.1 can be estimated as

Pout [dBm]= I:)in [dBm]_ (Zo/érating [dB]+Jélot[dB]) (3'1)



where Pj, is the incident power on the grating coupler from a single-mode
fiber, fgraiing 1S all losses at each grating coupler, and /g is all losses along

the slot waveguide region. While the output power of the ridge device is

P’out [dBM]= Pin [ABM]— (2 /grating [AB]+ fridge[dB]) (3-2)

where frigge is the loss along the ridge waveguide that can be estimated by
finding the propagation losses through the ridge which is expected to be very
low, it is about 1- 2 (dB/cm) [20]. According to that, Eqg.(3-1) and (3-2) can
be solved instantaneously and the loss of the slot waveguide region can be
obtained. Furthermore, transmission measurements for many ridge devices
with different ridge length (L) is compared in order to evaluate the ridge
loss and if it may add some values. Figure 3.8 shows the measured
transmission of three ridge devices with three different lengths over spectral
width 100 nm.

0
_101500 1510 1520 1530 1540 1550 1560 1570 1580 1590 1600

-20 -
-30 -/

£
[a1]
T
S
S
s
-40 -
[2)
EE -50 - ! ! ! ! !
©
= 0 \
° ,—-———-—-—'ﬂf----——7
& 70 = i . .
5 -8
..g' 90 amnr=1900 um Lr=2400 um  ===Lr=1500 um
@]

-100

Wavelength (nm)

Fig. 3.8 The measured output optical power of three ridge waveguide devices with cross
section 0.45x0.22 pm? and ridge length L,= 1500 (blue), 1900 (red), and 2400 pm
(green).
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The slot waveguide losses involve the coupling loss and the propagation
loss. Whereas the coupling loss represents the fraction of the total power in
the fundamental mode which is not coupled into (or out of) the slot
waveguide, the propagation loss is resulted from the absorbed, scattered or

radiated power through the slot waveguide.

3.5 Simulation method

In the simulation part, a commercial software program, FimmWave ™
(from PhotonDesign, UK) has been used to simulate each of the structures
that was included in the 200 devices test. The simulation was done for each
of the structures as strip-slot-strip waveguides without involving the grating
couplers. The impossibility of simulating the whole structure results from
incompatibility of 2D simulation, which is required for grating couplers,
with 3D one which is used for the waveguides devices. For this reason the
measurement results were calibrated by using transmission results of ridge
waveguides. This tool aims to solve modes across any section of the slot or
ridge device, as well as to simulate the optical wave propagation in
waveguides. In all simulation cases, whether it is mode solving or optical

propagation, the wavelength is set at 1550 nm with a quasi-TE polarization.

3.5.1 Mode Solving

This tool is using a fully vectorial solver based on the Film Mode
Matching (FMM) analysis, which is perfect solver for both slot and ridge
waveguide with rectangular geometry. The FMM method models an

arbitrary waveguide by a list of vertical slices, each uniform laterally, but
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composed vertically of a number of layers. FMM solver is used to find the
modes of a polarization-independent structure. The mode profiles for the

fundamental quasi-TE and quasi-TM modes are plotted below in Fig. 3.9.
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Fig. 3.9 The electric field profile of (a) the fundamental quasi-TE mode (b) the
fundamental quasi-TM mode across SOI slot waveguide with ws=0.13um, h=0.22um,
w,=0.2um at 1550 nm.

A wide range of parameters can be calculated for each mode,
including the effective index, group index, mode dispersion and confinement
factor. All these parameters can be scanned with varying geometry of the
waveguide, allowing fine-tuning the design of the SOI devices for specific
purposes. Mode profiles can be taken across any section along any simulated
SOI device, as shown in Fig. 3.10, thus coupling and propagating modes can
be monitored along the slot device. Also, 1D plots of quasi-TE modes across
ridge and slot waveguides, which represent profiles for the set equations
which were presented in Chapter Two, can be done by the simulation and
they can be used to analyze the single mode condition and the relation
between the confinement factor and device dimensions, as shown in Fig.
3.11.
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Fig. 3.10 The electric field norm profile of a quasi-TE mode along a strip-slot coupling
regions at 1550 nm wavelength.
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Fig. 3.11 Electric field norm, of quasi-TE mode, distribution along width of the structure

across strip-slot coupling regions at 1550 nm.
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3.5.2 Optical wave propagation

On the other hand, the same software program is used for simulating
the optical propagation in waveguides devices in 3D and it is fully integrated
with the mode solver where it relies on the Eigen Mode Expansion (EME)
which is a rigorous and highly efficient method [67, 68]. The transmission
loss of any simulated device which is reported by simulation includes the
inherent loss along the device and the insertion, or coupling loss, at the input
and output of the slot assuming ideal smooth surfaces. Figure 3.13 shows a
simulated optical propagation via an SOI slot device. In case of optical
propagation under effect of the surface roughness, the scattering loss, which
Is caused by surface roughness, is estimated by Eq(2-63 ) and involved in
the simulation. Notice that the scattering loss is estimated for surface
roughness magnitude about 5nm whereas the required effective indices are
found by FMM solver. As an example, Fig. 3.12 shows the optical
propagation of the electric field norm of quasi-TE mode through a slot
device with different slot width wg= 0.13, 0.2, and 0.25 pum and Si rib width
w,= 0.2 um at 1550 nm wavelength.

(@)
Fig. 3.12 to be continued
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Fig. 3.12 (a) A general structure of a slot waveguide device with the simulation of the

optical wave propagation through it at different slot width ws; (b)0.13, (¢)0.2, and (d)0.25
um, at 1550 nm wavelength and TE polarization.
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Chapter Four

Measurements, Results, and Discussion

4.1 Introduction

In this chapter, the room temperature measurements of the transmission
of slot devices are presented. Analysis of these measurements and their
simulated counterparts indicates that the transmission of a slot waveguide is
controlled by; how much light will be coupled and uncoupled into and from
a slot waveguide, or coupling loss, and how much light will be lost through
it, or propagation loss. Regarding the coupling loss, although the high
coupling efficiency of the strip-slot inverted taper coupler, that is used in this
work, and beside the effected factors which were reported in [8], important
roles may be played by other factors like; the slot waveguide geometry and
the coating layer where they could affect the performance of the slot. On the
other hand, due to the low absorption of Si strip and ribs [20] and the
straight geometry of the slot device, the interface scattering loss is
dominating the propagation loss more than the absorption and bending
radiation losses. So several effective factors control the transmission losses,

coupling and propagation, of the slot such as; the coating layer, slot
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geometry, as well as the length of the taper coupler and the width of the
taper width [8]. Here each of these factors will be discussed as an attempt to
put a comprehensive analysis that explains the amount of effect of each
these factors, and paves the way to an optimum design for a slot device

whether as a guiding device or a functional device; modulator or switch.

4.2 Effects of The Coating Layer

As mentioned before, some chips were coated by a thin polymer layer
with about 500 nm thickness whereas other chips were kept without coating.
Experimentally, the transmission of each device has been measured as a
grating coupler waveguide, as shown in Fig. 3.1, using measuring setup
which was shown in Chapter 3, Fig.3.4 and 3.5. Each device has been tested
over spectral width between 1500 and 1600 nm. Figure 4.1 shows the
measured out optical power of coated and uncoated identical slot
waveguides. Although that the coupling efficiency of the strip-slot taper
coupler is wavelength independent [8] and same approach was reported
regarding the out power of the slot waveguide in [3], an observed variation
in the measured transmission with the operating wavelength is caused by the
effect of the grating couplers where the measurements accuracy is limited
mainly by fabrication non-uniformities of the grating couplers. Comparison
the measurements of the devices with each other one shows that the coating

layer enhanced the transmission by about 20+0.5dB at 1550 nm wavelength.
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Fig. 4.1 The measured output optical power over 100 nm spectral width of coated (red)
and uncoated (green), slot devices with 100 pum slot length, 0.12 pum slot width, and 0.12
pm each of Si ribs width

Theoretically, the propagation and coupling losses have been
calculated by Eq. (2-62, 63, and 68) respectively. The FMM analysis based
Fimmwave simulation was used for; (1) solve the quasi-TE mode, (2) find
the effective index of this mode, and (3) the profile of its electric field
component. The simulation and calculations found that the polymer coating
layer enhanced the transmission of the tested slot devices by mainly
decreasing the coupling loss and an observed change in the propagation
losses, as shown in Fig. 4.2. The coupling loss decrease by 14.8 dB whereas
the propagation loss decrease by 4.7 dB, at 1550 nm wavelength.

Table 4.1 shows the measured output optical power, the simulated scattering
loss, and the simulated coupling loss of both coated and uncoated devices at

1550 nm wavelength.
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Fig. 4.2 The simulated scattering losses (Dashed), and coupling losses (Solid), for coated
(red) and uncoated (blue) slot devices over 100 nm spectral width, 100 um slot length,
0.12 pm slot width, and 0.12 um each of Si ribs width.

Table 4.1 The measured output optical power, simulated coupling, and simulated
scattering loss for coated and uncoated slot devices in Figs. 2.1 and 2, at 1550 nm

wavelength.
Measured Output | Simulated Scattering | Simulated Coupling
Optical Power Loss (dB) Loss (dB)
(dBm)
Coated Slot -51+0.3 1.3 1.2
Uncoated Slot -70+0.8 6 16

The propagation losses in optical waveguides include; the absorption
loss, the interface scattering loss, and the bending radiation loss [43]. Both
of the straight structure of the slot and the low absorption of coefficients of
Si and Polymer [4] limit the bending and absorption losses while the
scattering loss by the roughness of the sidewalls of the ribs becomes more
dominated. According to Eq. (2-62), the scattering attenuation coefficient of
a slot waveguide which is proportional with the square of the surface
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roughness, the square of the difference between refractive indices of high
and low-index regions, and the normalized electric field intensity at the
waveguide sidewalls [54]. Increasing the index-contrast interfaces between
the slot and ribs (as in case of air coated device) leads to increase the
transverse electric field component, which is normal on the sidewalls,
according to the discontinuity principle [3], as shown in Fig. 4.3a. This
increasing means increase the normalized electric field intensity at

interfaces, as shown in Fig. 4.3b, then increase the scattering loss

coefficient.
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Fig. 4.3 The normalized (a) transverse electric field component (b) electric field intensity
of the quasi-TE fundamental mode, for coated (red) and uncoated (blue) slot devices with
slot width, ws=0.12 um and Si rib width, w,=0.12 um, at 1550 nm wavelength.
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It's clear from Eq. (2-62) that the scattering loss is decreased with long
operation wavelengths in both case; coated and uncoated slots, where the
surface roughness be less effect when its size amount be small compare with
the operating wavelength. In the same time, the wavelength has other effect
on the scattering coefficient through the effective index. Where the
coefficient is increased with decreasing the effective index, also according to
Eqg. (2-62), as a result of increase the operation wavelength, according to
Egs. (2-60 &61) as shown in Fig. 4.4. So the variation of scattering loss with

the operation wavelength is very low.
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Fig. 4.4 The effective index of the quasi-TE fundamental mode vs. operation wavelength
in slot waveguide with slot width, ws=0.2 pum, Si rib width, w,=0.25 um and thin film of
polymer.

On the coupling side, though the increasing of the electric field inside
the slot compare with Si ribs a large amount of this component will be gone
outside the waveguide structure. Beside that and according to Egs.(2-54,
56,and 58) the magnetic field component varies very slowly across the

waveguide and parallel to the interfaces. With uncoated device, the magnetic
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field dissipated in all waveguide regions so it will be decreased in the

waveguide cross section as shown in Fig. 4.5.
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Fig. 4.5 The normalized magnetic field normal component of the quasi-TE fundamental
mode, for coated (red) and uncoated (blue) slot devices with slot width, ws=0.12 pum and
Si rib width, w,=0.12 pm, at 1550 nm wavelength.

According to all that the coupled mode from the strip to the slot
extend to oscillate in all regions of the waveguide structure results what is
called substrate radiation mode [40]. The resultant effective index is between
air and substrate refractive indices, so non-small fractions of the quasi-TE
mode dissipates in the substrate and air. Figure 4.6 shows the coupling
process of the optical power intensity of the quasi-TE mode via strip-slot
taper coupler for both coated and uncoated cases, at 1550 nm wavelength.
Also the coupling loss can be estimated at each side of the slot waveguide by
Eq. (2-69). The difference of the coupled energy into coated and uncoated
slot devices can be noticed in Fig. 4.7 that shows the optical power intensity
distribution of the quasi-TE mode along device width, before and after

coating.
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Fig. 4.6 The optical power intensity (W/um?) of quasi-TE mode, at 1550 nm wavelength,
through a strip-slot taper coupler between a strip waveguide, 0.45x0.22um?, and a slot
waveguide, 0.22x(0.12+0.12+0.12) um?, in both (a) coated, and (b) uncoated cases.
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Fig. 4.7 The input and output optical power intensity distribution of the quasi-TE mode at
1550 nm wavelength along the width of (a) coated strip-slot coupler device, and (b)
uncoated strip-slot coupler device.

It can be said that increasing the refractive index of the cladding
layer, or coating layer, will lead to an increase in the effective index. That
takes the propagating mode to oscillate in the guiding region and decrease
the dissipated energy through the air or substrate regions. At same time it
decreases the ratio of the electric field intensity at the interfaces surface and
the electric field intensity over whole structure.

Finally all that can explain why almost the uncoated devices have failed in
test, especially those with long slot lengths where they suffer from high

scattering loss as well as the high coupling loss.
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4.3 Effects of The Slot Width

The width of the slot region, or the low index region between two
high index regions, has clear effect on the transmission of the slot device as
a result of its effect on the scattering and coupling losses. Experimentally
slot devices with three different slot widths, ws = 0.13, 0.2, 0.25 um were
tested. The transmission spectra of these devices have been compared with
the transmission spectrum of a ridge waveguide for de-embedding issues, as
stated in Chapter Three. Figure 4.8 shows the measured output optical
power of three slot devices with three different slot widths and the
transmission of a ridge waveguide over 100 nm spectral width (from 1500
nm to 1600 nm).
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Fig. 4.8 The measured output optical power of slot devices with different slot width, ws=
0.13, 0.2, and 0.25 um, with Si rib width, w,=0.2 um, slot length Ls=1868 um and taper
length, Lt=5 um, all slots are coated with 500 nm thickness of polymer (n=1.7). Also the
measured output optical power of ridge waveguide 0.45x0.22 um? and 1868 um length.

It can be seen that the transmission is increased, over the given spectral
width, when the slot width is increased from 0.13 um to 0.2um whereas it is
very close between 0.2 and 0.25 um slot width. So it's expected that this

increasing in slot width reflects on the propagation and coupling losses.

74




Theoretically, and as in previous section (3.2), the scattering and
coupling losses were calculated by Egs. (2-62, 63, and 68) with simulation
assisting in mode solving. Figure 4.9 shows the measured de-embedded
transmission of the three slot devices with the calculated scattering and

coupling losses of the simulation of these devices.
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Fig. 4.9 The measured de-embedded losses of the three slot devices in (4.8) and the
simulated losses of these devices, which include; coupling loss and scattering loss, at
1550 nm wavelength.

It can be noticed that the total losses is decreased when the slot width is
increased. In fact, the influence of the slot width almost appears in the
scattering loss clearly more than the coupling loss, especially when it is
changed from very tight widths (less than 0.1 um) up to 0.2um. The coupling
loss varies very slow with the slot width and it is kept less than 1 dB for the
three different slot widths. For more clearance, Table 4.2 shows the variation
in the losses values when the slot width is changed in three values. Again
these values under operation wavelength 1550 nm, quasi-TE polarization,
0.2um rib width, and 1854 um as slot length.
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Table 4.2 The measured de-embedded loss and simulated coupling and scattering loss of
the three slot devices in Fig. 4.9 with different slot width, at 1550 nm wavelength

Slot Width | Measured Loss (dB) | Simulated Calculated Scattering
(um) Coupling loss (dB) | Loss (dB)

0.13 17.58%0.05 0.54 17.4

0.2 7.25+0.05 0.915 7.4

0.25 4.8+0.05 1.2 5.12

So for scattering loss, the parameter that has been effected by the slot width
and effects on the scattering loss is the effective index. Figure 4.10 shows
how the effective index of the fundamental mode is decreased when the slot

width becomes more wider.
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Fig. 4.10 The effective index of the quasi-TE fundamental mode vs. the slot width with
Si rib width, w,=0.2um at 1550 nm wavelength.

Mathematically and according to Eq. (2-62), it looks that any increasing in
the effective index will decrease the scattering loss. But numerically the
effective index changes very slightly so its mathematical influence on Eq.

(2-62) is very low.
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This slow variation of the effective index has clear effect on the strength of
the electric field intensity inside the slot. So increase the effective index with
decreasing the slot width and constant ribs width leads to increase the
normalized electric field intensity at the interfaces walls, as shown in Fig.

4.11 a and b, then increase the scattering loss.
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Fig. 4.11 (a) Electric field, transverse-component of the TE-quasi mode across coated
slot waveguide with three different slot width, ws=0.13(red), 0.2(green), and 0.25
um(blue), rib width w,=0.2 um and (b) intensity profiles.
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On the other hand, the magnetic field normal component which is
parallel with the waveguide sidewalls varies very slot across the whole
section. Decreasing the slot width with constant ribs width will increase the
effective index of the fundamental guided mode in the slot to be more close
to the refractive index of the ribs. So the magnetic field which is continuous
between the slot and ribs will be very close in these regions. While
increasing the slot width will increase the ratio between the magnetic fields
in slot and ribs regions where it will be decreased in the slot compare to ribs,
as shown in Fig. 4.12 a. This variation of the normal component of the
magnetic field with the slot and the increasing of the electric field transverse
component inside the slot with tight widths and keeping it constant inside
ribs lead to very close coupled intensities at different slot widths with slight
increasing at the tight widths as shown in Fig. 4.12 b.

For more explanation, Fig. 4.13 shows the optical intensity across the strip-

slot taper couplers in three slot widths, 0.13, 0.2, and 0.25 um.
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Fig.4.12 to be continued
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quasi mode across coated slot waveguide with three different slot width, ws=0.13(red),
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Fig. 4.13 to be continued
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Fig. 4.13 The simulated strip-slot coupler structures with different slot width, ws; a) 0.25
um, b) 0.2 um, and c) 0.13 um with Si rib width, w,=0.2 um and taper length Lt= 5um, at
1550 nm wavelength and TE-polarization.
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It's clear now, that the variation of the slot width, with constant ribs
width, manages the transmission of slot devices via the scattering loss more
than the coupling loss. According to experimental measurements, the
minimum slot width that had a response was 0.13 um, with 0.2 um ribs
width and 2414 um slot length. The output power of this coated device was
755 dBm over 60 nm spectral width (1520-1580 nm). All the devices with

same characteristics and longer than this, failed in the test.

4.4 Effects of Si Ribs Width

The variation of the width of the Si rib, with constant slot width, plays
an important role by controlling the effective index of the fundamental
guided mode. This relation between the effective index and the width of Si
rib makes the last the main parameter that controls the distribution of the
energy across the whole waveguide, or what is called "Confinement factor",
Eq.(2-52). Figure 4.14 shows the effective index of the fundamental guided
mode in slot devices with different slot widths as a function of Si ribs width.
So with constant slot width, when the rib width is very narrow the effective
index of the fundamental mode will be less than the refractive index of the
slot. That makes light propagate out the waveguide structure and results in
high coupling loss. When this narrow ribs width starts increase, with
constant slot width, the effective index is increased to be close to the
refractive index of the slot. At this range of increasing of the effective index
light tries to be more guided in the slot and propagates at the center of the
slot region. Here there is an optimum width for the rib to get more close

effective index to the slot region refractive index.
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Fig. 4.14 Effective Index vs. Si rib width for three different slot width; 0.13, 0.2, and 0.25
um. Electric field profile for quasi-TE mode at 1550 wavelength for three different rib
width; 0.1, 0.2, and 0.3 um and slot width 0.13 um.

When ribs width continues with increasing, the effective index goes away
from the slot toward the ribs refractive index. This shifting in the effective
index means that light will travel close to the interfaces between slot and
ribs. With increasing the electric field intensity at the interfaces walls, the
scattering interface loss via the surface roughness will be increased.

It can be seen that the variation of the effective index with the Si rib
width is more than its variation with slot width, so the rib has very clear
effect on the transmission of the slot device. Figure 4.15 shows the measured
output optical power of slot devices with a certain slot width and different

ribs widths.
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Fig. 4.15 The measured output optical power of two coated slot devices with different rib
widths; w,= 0.2 um (green), and 0.13 um (red), slot width ws=0.2 um, slot length
Ls=1854 pm, and height h=0.22 pm.

Figure 4.16 shows the confinement factors, according to Egs.(2-54, 56, and
58), versus the width of rib. It is clear from in this plot that the confinement
factor, which represents the ration between the power across the slot to the
power across the whole structure, is increased the rib width as long as it's
still smaller than 0.2 um. Also, along this range of rib widths, the
confinement factor is increased slightly by increasing the slot width. This is
exactly required when the slot device is used as a functional device depends
on how much power inside the slot like; electro-optic or all optical
modulators, and optical switch. Beyond 0.2 um rib width, the confinement
factor will be decreased as a result of the decrease of the energy in the slot

and increase in the ribs.

83



0.6

=$=\Ws=0.13

e | 1L ‘ | «®=Ws=0.2

0.4 «@=\\s=0.25

0.3

0.2

Confinementfactor

0.1

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45
Si Rails Widths (um)

Fig 4.16 The confinement factor vs. Si rib width for three different slot width; 0.13, 0.2,
and 0.25 um. Electric field profile for quasi-TE mode at 1550 wavelength for three
different rib width; 0.1, 0.2, and 0.3 um and slot width 0.13 um.

4.5 Effects of Taper Length

Basically, the length of the taper coupler effect on the coupling
efficiency only at each side of the waveguide. In[26], it's reported that the
coupling efficiency of the taper coupler is enhanced by increasing the taper
length up to 5 um and keep constant for any length more. This was at
operating wavelength 1475 nm. Here, this results are repeated for operating
wavelength 1550 nm, and comparing them with measurements of slot
devices with different taper length , Ly, as; 5, 10, and 20 um, as shown in Fig
4.17. According to Egs. (2-66, 67), increase the physical taper length will
decrease the taper angle, which depends on the change of the width of taper
to change of its length, and that leads to satisfy the condition for achieving

an adiabatic taper as shown in Chapter two.
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Fig 4.17 The measured and simulated transmission loss of slot devices with three
different taper length, Ly; 5, 10, and 20 um, and with a slot width, ws; 0.2 um at
wavelength 1550 nm and TE-polarization.

4.6 Conclusions

From all the measurements which were done in this work for several slot
devices with different specifications, and all the analysis which have been
formed depending on the theoretical background, simulation results, and

mathematical calculations the following conclusions are deduced;

1. The coupling efficiency of the strip-slot taper coupler is highly
depended on the refractive index of the coating layer of the coupling
region and slot waveguide where it can be enhanced by several dB(s)
according to coating layer and operation wavelength.

2. The scattering loss by the surface roughness of the waveguide
sidewalls is the dominated loss in slot waveguide compared with
absorption, radiation losses. Scattering loss can be reduced effectively

without an improvement in the surface roughness by decrease the
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electric field intensity at the sidewalls. This can be achieved primarily
by decreasing the index contrast between slot and ribs regions via
coating process, and by select the proper slot and rib widths where
best performance is noticed when the ratio between the rib width and
slot width, w,/wsbe unity or little bit more

. The confining light inside the slot, which is measured by confinement
factor, is fully depended on the effective index of the guided mode
which is mainly controlled by the width of the ribs waveguides. There
Is an optimum rib waveguides width for specified conditions where
there is no confinement below or above it..

. Most of the uncoated devices have failed in the test where they suffer

from high scattering and coupling losses.

4.7 Suggestions for Future Works

This work did deal with a common structure of the slot waveguide and

tried to measure and calculate the linear losses of this type of waveguide by

using SLED light source, with linear power range and 100 nm spectral width

around the 1550 nm as a central wavelength which is more suitable for

communication applications. Some suggestions for future works can be

expected as;

1. Present a new slot waveguide structure by changing the shape of ribs,

shape of slot, or thickness of coating layer attempting to overcome the

transmission losses.

2. Measuring and analyzing the response of the slot waveguide with

other operation wavelength, 1310 nm is recommended as it more

suitable for data communication.
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3. Measuring the nonlinear losses of the slot waveguide to study its
ability to work as an optical modulator or optical switch.

4. Connecting with no.3, using the slot waveguide to study the
nonlinearity of the organic material like polymer by founding ¥° and
measuring the two photon absorption of Si to know its influence on
the slot device's performance when it is required as functional device,

when can be used as an all optical modulator.
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