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ABSTRACT

Due to its small geometrical structures and compatibility with CMOS technol-
ogy, the silicon photonic wire waveguide provides us a unique platform of integrated
optoelectronic devices. However, ways must be figured out to reduce the propagation
loss, coupling loss to external fibers and overcome the polarization dependence. Po-
larization dependence remains a serious obstacle to the practical applications of these

waveguides.

In the work presented, the design of a polarization splitter and rotator (PSR) is
improved and made fabrication tolerant. Alternate structures and design parameters
for the PSR are discussed. The PSR structure is formed by joining an adiabatic taper
with a Y junction and MMI coupler. Alternate designs that can be used instead of
extra path length for achieving a 90 degree phase difference are discussed. A 2x2 MMI
is optimized to achieve maximum efficiency. All the simulations for the optimization
of the design are done using the Lumerical FDTD simulation tool. The output of the
polarization splitter and rotator will always be T'F polarized which is independent of
input polarization state (1I'E or T'M). This PSR structure is simulated for SOI platform
with silicon thickness being 250 nm and buried Si0O; being 3 ym. The total device
length is around 230 pm. The output efficiency of this device for T'E input state is 96.3

percent and for 7'M input state it is 100 percent.
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CHAPTER 1

Introduction

1.1 Background

As the geometries of VLSI chips become smaller and denser, and as compu-
tations become faster and more complex, the capacity of electric circuits is being out-
stripped. The connections simply cannot handle electric signals fast enough and process
them. Exploiting the fact that light travels faster than electronic signals, we can connect
circuits by light as a medium for data flow instead of electrical signals. Optical inter-
connects offer an excellent alternative in the form of on-chip waveguide, with the added
advantage of higher bandwidth and lower power dissipation. Due to its transparency in
the range of optical wavelengths, silicon can be used for making these optical intercon-
nects which offer smaller delay and better resistance to electromagnetic interference

than conventional electronic interconnects [[1]].

Silicon photonics, the emerging technology is associated with signal generation,
processing, transmission and detection where the signal is carried by light in silicon-
based components. Perhaps the greatest benefit of Silicon photonics is the cost effec-
tiveness, in addition to the performance gain via integrating different types of optical
devices onto a single silicon platform together with the already existing integrated elec-

tronics.

Waveguides are the most fundamental component for all of the silicon photonic
devices. These devices, work on Silicon-on-insulator (SOI) platform [2]. The sili-
con layer is sandwiched between the buried insulator and top cladding of air. As the
refractive indices of these claddings are lower than that of silicon, propagation of elec-

tromagnetic waves in the waveguides is possible on the basis of total internal reflection.

In a typical waveguide (see Fig 1.1), light is confined in two directions, in both x
and y direction and is guided along the propagation direction z. Pure TE and TM modes
do not exist in these waveguides, instead we have hybrid modes called TE like modes

(£ and H, dominate) and TM like modes (£, and H, dominate).



Figure 1.1: Structure of a Photonic wire waveguide

Photonic wire waveguides can confine light strongly due to the large refractive-
index difference between Si and SiOy (An = 2). This difference in refractive index
allows us to make core sizes in the order of submicron dimensions, which can provide
single-mode propagation at a wavelength of 1.55 ym. Moreover, strong confinement
allows sharp bends (loss with strong confinement is low) with radii of just a couple of
micrometers [3]. Therefore, Si wire waveguides enable us to make optical circuits that

are compact in size.

1.2 Guided modes and birefringence

Polarization is a property of electromagnetic waves that describes the orientation
of the electric and magnetic field oscillations. A lightwave of arbitrary polarization can
be represented as the linear superposition of two orthogonally polarized modes, Trans-
verse electric (T'E, electric field parallel to the wafer plane in a planar waveguide) and
Transverse magnetic (7'M ) modes. Polarization dependent losses in silicon waveguides

is mainly due to scattering from the waveguide core-cladding interfaces.

As light is composed of both electrical and magnetic components, the velocity
of light through a substance is partially dependent upon the electrical conductivity of
the material. The relative speed at which electric signals travel through the material
varies with the type of signal and its interaction with the structure, and is determined by
the dielectric constant of that material. Dielectric constant intern depends on refractive

index of the material as € = n?

Waveguide birefringence is defined as the difference between the effective indices



of polarized T'E mode and polarized 7'M mode. The electric field distributions of
the T'E and T'M modes satisfy the boundary conditions at the interface between two
different material layers. When surface electric charge and current density are absent,
the tangential field components and the normal components of the electric displacement
D = €F and the magnetic induction B = pH are continuous across the boundary
interface. The high index contrast of the core and cladding layer on a SOI platform
presents a large discontinuity in € at the interface layer for the propagating light. [4]].
Ly = Fo, Hyy = Ho (Tangential)

D1, = D,,, By, = By, (Normal)

The propagating light must satisfy the boundary conditions imposed by the waveg-
uide (symmetric in x direction with air on both sides and assymetric in y direction with
air on top and Si0; on the bottom). Thus T'FE and T'M properties are no longer the
same, leading to a non-zero birefringence. Birefringence in SOI waveguides is gov-

erned by the waveguide cross-section and stress in the silicon core.

When light travels in a dielectric waveguide, the phase velocity v is reduced to
v = ﬁ, where n.ss is the effective index of the waveguide and c is the speed of
light in free space. Waveguide birefringence describes the anisotropy with respect to
polarization in the propagation constant (or the effective index) of the optical modes.
Light waves with different polarization states travel at different speeds when a waveg-
uide is birefringent. In such waveguides [35], the electric and magnetic oscillations are

no longer perpendicular to the direction of travel, but have an appreciable amount of

field component in the direction of propagation.

Polarization dependence of waveguides presents one of the most difficult chal-

lenges in the design of planar waveguide components.

1.3 Polarization Diversity circuits

Silicon waveguide that have large structural birefringence causes polarization
mode dispersion and polarization dependent loss [6]. Some optoelectronic devices like
ring resonators [[7], raman lasers [8]], filters [9] are optimized for a single polarization
either T'E or T'M. Therefore, polarization dependence remains a serious obstacle to

the efficient functioning of these circuits [[10].To make a photonic circuit polarization

3



independent, the simplest way is to use a square core waveguide (same cladding sur-
rounding the core). Owing to the fact that a silicon waveguide has a high-index-contrast,

fabrication errors of just a couple of nanometers are critical and result in birefringence.

Another way of eliminating polarization dependence is stress [I1] engineer-
ing(see Fig 1.2). Stress distribution in a waveguide depends on the core and cladding
material constants and the waveguide geometry. This stress causes the material refrac-
tive indices to change accordingly [12]]. Thus, we can make stress engineering efficient
for changing the silicon waveguide birefringence. Depending on the specific value of
the geometrical birefringence, we can adjust the total modal birefringence to be zero for

achieving polarization independent performance of a device.

BSi0:
BSi (device layer)

=51 (substrate)

Figure 1.2: Stress induced by the top cladding

However, we have an easier way out, by implementing polarization diversity
circuit (see Fig 1.3). This circuit consists of polarization splitters, polarization rotators,
and a ring-resonator wavelength filter. The incident light is initially separated into T'E
and T'M polarization components by a polarization splitter [6]. The 7' E-polarized light
from the splitter is directly guided into the ring resonator, which passes only the desired
wavelengths. On the other hand, 7'M -polarized light from the splitter is guided first to
a polarization rotator, where it is converted into 7'F/-polarized light, and into the ring
resonator from the opposite direction to that of the original T'E-polarized light. Since
the 7'M -polarized light from the splitter has been converted into 7' E-polarized light,
the ring can also work as a wavelength filter for this light. Thus, in the rest of the

circuit, only one polarization needs to be processed.

The basic block diagram representation of the polarization diversity circuit can

be seen as depicted in Fig 1.3. Input light that is launched, is finally converted to a



ring resonator combiner = splitter

1=

™ rotator

splitter

Figure 1.3: A Polarization Diversity Circuit [6]

particular polarization be it 7' or T'M at the output port.

____________________________________________________________________________

' | Inputlight < § ™

' | Inputlight < TE
| ™ § Rotate by 90° f

-
m
W

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Polarization Splitter Polarization Rotator

Figure 1.4: Block diagram representation of a PSR

Directional coupler based : A PSR can be made by combining an adiabatic taper and
an asymmetrical directional coupler [13]]. The adiabatic taper structure is designed such
that it is single mode at the input end and becomes multimode at the other end. When
light propagates along the adiabatic taper structure, the TM fundamental mode launched
at the input is efficiently converted to 7'F; mode at the wide end because of the mode
coupling between them. Now we split the 7'y mode into two T'Fy modes by using an
asymmetrical directional coupler that has two adjacent waveguides with different core
widths (see Fig 1.5). When the input is T'F polarization, it goes through the taper region
unchanged. In directional coupler region, the 7'E, mode is not coupled to the adjacent

narrow waveguide because of phase mismatch. The entire length of the device is less



than 100 pm. This design can be fabricated with a single mask process.

Y splitter and MMI based : The PSR is made by combining an adiabatic taper and
a Y splitter. (See Fig 1.6) The outputs from the Y splitter are combined together with
the help of a 2x2 MultiMode Interference (MMI) coupler that offers more robustness
to the PSR design [14]. In this device, an adiabatically tapered waveguide first converts
the 7'M, to the T'E'; mode, while also preserving the T'Ey mode. A 2x2 MMI coupler,
which is well known for its large fabrication tolerance has been utilized for wide band-
width polarization splitting/combining. It is introduced afterward to effectively couple
the T'Ey and T F; modes at the end of the T'M, — T E; mode converter to two distinct

T Ej outputs. It can be fabricated in a single lithography and etching step.

1.4 Research Objective

Optoelectronic circuits are optimized for a single polarization either 7'F or T'M.
Therefore, polarization dependence remains a serious obstacle to the efficient function-
ing of these circuits. So, the primary concern is to overcome the problem of polarization
dependence. Many PSR structures have been proposed to eliminate this problem, but
each design had its own shortcoming. The stress engineering based polarization in-
dependence is difficult to monitor and control. Though waveguide-type polarization
splitters and polarization rotators are desired, it is not a simple task to realize them in
practice. To rotate the optical axis of a planar waveguide, one has to introduce some spe-
cific asymmetrical structures. In case of the directional coupler based PSR, we are able
to achieve efficient polarization rotation. However, the directional couplers have low
tolerance to fabrication and need high precision in design parameters [15]. These PSR
structures usually accompany complicated and difficult fabrication techniques. One has
to go for a device that is more robust in terms of fabrication and at the same time offer
high efficiency. Therefore, the Y splitter and MMI based PSR seems like a more reli-
able solution. Though this structure seems very attractive in all respects, not all details
of the design parameters are discussed. This gives us more space to explore and work

on alternate designs and improve fabrication tolerance and efficiency.



1.5 Thesis Organization

This thesis summarizes my understanding of the topic of polarization in photonic
wire waveguides. As seen already, Chapter 1 introduces the term polarization and its
effects on optical circuits. A few well established designs of PSR have been briefly
discussed. Chapter 2 explores the single mode conditions of the waveguides and 7.
for T'"E and T'M modes for various widths to study the concept of mode hybridization
and also apply the same in designing an adiabatic taper that allows mode conversion
from T M, to T'E;. Due to the robustness and fabrication friendliness of the MMI, we
chose to delve deeper into the understanding of the PSR structure that has an adiabatic
taper followed by a 2x2 MMI in Chapter 3. Working principles and design aspects of
the same are also discussed. Tolerance analysis of the Y splitter is studied. Chapter
4 concludes the thesis with the summary and work outcome. Future work that can be

done with this design is discussed.



CHAPTER 2

Allowed modes in a SOI waveguide

The number of allowed modes in a waveguide depends on its geometical expanse.
By properly designing the dimensions of the waveguide, we can allow only a certain
number modes to propagate in it. In this chapter, we will see how the allowed modes in

a SOI waveguide are put to use for designing a polarization rotator.

2.1 Single mode condition

In most applications, waveguides are required to support a single mode i.e., low-
est order orthogonally polarized T'F and T'M waves, which means only the fundamen-

tal mode is allowed to propagate in the waveguide [4].

The single mode region is governed by two distinct conditions, the upper limit
being 7'F; and the lower limit being 7'M, due to the differing mode shapes of different
polarizations [16]. T'E polarization has a more stringent criterion due to the fact that it
has two close boundaries where the tangential E field must be met. If the boundaries of
the 7'M, and T'E; cutoffs are rigorously fitted, we can obtain the single mode condition

at the wavelength of 1550 nm.

The number of allowed modes in a waveguide depends on its dimensions. As the
waveguide dimensions vary, the &/, I, I, and H,, H,, H fields also vary accordingly
giving rise to different modes. Depending on the weight factor in each field component,
these modes can be classified as T'E, T'M or mixed modes. (See Fig 1.1) To find out
the polarization type of the given mode, T'E fractions (represented as ¢) is defined.
The T'E polarization fraction £, for the propagation along x direction is defined by the

following equation:

b= JIELdady
S(Ey[2+|E:[?)dzdy

where the denominator corresponds to ]Epamuel|2 since we are considering the po-

larization of the modes, we only consider the fields parallel to the mode cross section.



This definition helps us in determining the polarization of the mode. If the value

of the T'F polarization fraction is greater than 50, we can conclude that the mode is T'F,

if the value is less than 50, we say 7'M mode. If the value is exactly 50, we cannot pre-

cisely conclude what mode it might be. For a height of 250 nm and 57O thickness of 3

pm (see Fig 1.1), we vary the width of the silicon photonic wire waveguide, to find out

the number of allowed modes. (See Table 2.1) Width of the waveguide is varied to ob-

serve how the effective index is increasing as the width of the waveguide is increasing.

Also the type of polarization is determined from the value of ¢. The wavelength used

is 1550 nm for the steady state simulationse performed using lumerical mode solver.

Table 2.1: Exclusive single moded waveguides

Width(nm) | No of allowed Neff Different modes | ¢ | Polarization
modes effective indices |E| type
400 mode 1 2.2333 . 96 TE
mode 2 1.7084 . 7 TM
450 mode 1 2.3870 . 98 TE
mode 2 1.7743 . 7 M
500 mode 1 2.4957 . 98 TE
mode 2 1.8314 . 6 M
550 mode 1 2.5730 . 99 TE
mode 2 1.8768 . 6 TM




Table 2.2: Waveguide dimensions that allow 3 modes

Width(nm) | No of allowed Neff Different modes | ¢ | Polarization
modes effective indices | £l type
600 mode 1 2.6317 . 99 TE
mode 2 1.9163 . 6 TM
mode 3 1.5768 n 81 TE
650 mode 1 2.6762 . 99 TE
mode 2 1.9490 ' 7 TM
mode 3 1.7825 . 86 TE
700 mode 1 2.7116 . 100 TE
mode 2 1.9912 ' 36 TM
mode 3 1.9445 n 46 M
750 mode 1 2.7396 . 100 TE
mode 2 2.1054 . 93 TE
mode 3 1.9906 . 6 TM
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Table 2.3: Waveguide dimensions that allow upto 4 modes with completely evolved

TE; mode
Width(nm) | No of allowed Neff Different modes | ¢ | Polarization
modes effective indices |E| type
800 mode 1 2.7626 . 100 TE
mode 2 2.2155 n 97 TE
mode 3 2.0119 . 4 TM
850 mode 1 2.7814 . 100 TE
mode 2 2.3036 ' 98 TE
mode 3 2.0286 . 4 TM
mode 4 1.6128 ' 23 TM
900 mode 1 2.7973 . 100 TE
mode 2 2.3772 n 98 TE
mode 3 2.0432 . 4 TM
e
mode 4 1.6646 23 TM

11




From the tables 2.2 and 2.3, it can be noted that 7'F; mode starts evolving after the

width of 700 nm. Also note that the n.¢; of 7'M, and T'E, are almost the same.

2.2 TM,-TE, hybridization

Plotting the effective index vs the waveguide width for the photonic wire, we
obtain the graph shown in Fig 2.1. As seen from the figure, the plots for 7' and
T M are almost touching each other at around 700 nm. At this critical width of 700 nm
(circled in blue), 7'M, and T'E'; modes have almost the same effective index. Therefore,
a chance of mode hybridization is highly possible if we design a waveguide appropiately
to make this transistion happen. A Polarization splitter and rotator can be designed by

exploiting this fact.

27 m TEo
x m TMo
T 25
£ ETEx
2 23 B TM:
i
= 21
1)
[~
o 19
2
]
o 17
“Nl: /
Ll
1.5

0.4 0.5 0.6 0.7 0.8 0.9
Waveguide Width (microns)

Figure 2.1: Effective Index for different modes as a function of varying width where
the blue circle shows the critical point that allows mode conversion between
TMO and TE1

2.3 Design of an adiabatic taper structure

As seen in table 2.1, the single mode width for the waveguide ranges from 400
nm to 550 nm. And the critical width for the conversion of T' M, to T'E; is around 700
nm. For converting the single moded waveguide to a multi moded waveguide, we need
to use a taper section whose width varies from single mode region to multi mode region.

As mentioned earlier, for efficient 7'M, — T'E; polarization conversion, a material that

12



is different from the buffer layer (SiO,) should be applied as top - cladding layer.
Generally air is chosen as the top cladding material. Compact devices are generally
prefered. Therefore, to decrease the tapering length of the structure, the T'M, — T'E}
converter is divided into three sections. The first section L; is from input single mode
silicon waveguide of width 450 nm to width 650 nm. This section does not have a
role to play in the mode conversion. Therefore, a short tapering length of 10 yum is
employed. L helps us in achieving large variation in width (Aw = 200 nm) in a short

span of length of only 10 ym.

0.45um 0.45um 0.65um 0.75pm  0.8um

15um 10pm 120pm 10pm

Figure 2.2: Detailed schematic of the taper section with design parameters

Knowing that the 7'M, and T'E; modes are phase matched around the width of
700 nm, we go for a gradual taper section in the Lo region. It extends from a width
of 650 nm to 750 nm over a span of 120 pum tapering length, that can guarantee an
efficient 7'My — T'E; conversion. The third section L3 varies from a width of 750 nm
to 800 nm over a short length of 10 pm to avoid coupling back to 7'M, and any further
mode interactions. The design is centered over maintaining A/ without disrupting the
interaction length to give proper coupling length and also to maintain the phase match-
ing condition. This structure is designed for a SOI platform with the SiO, thickness
being 3 ©m and the height of the device layer being 250 nm. Simulation of with these
parameters were performed to obtain the following results.
A

3=

L L R R LRI LI CEL L L EE AR L L T AR LT R L LR LI AL AL VAR R LR ARE L LA L T R LU IR DAL AR AT (]

IU.?

503

01

0 10 20 30 40 50 60 70 a0 90 100 110 120 130 140 150

Figure 2.3: FDTD simulated £, profile of the light wave when T is launched
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TE, input: When 7'F, mode is launched at the input, it is known that the output
mode should also be T'Ej. The simulation seen in Fig 2.3, shows the £, profile of the
light wave. The Fig 2.5(a) shows that the mode has expanded with the increase in the

width, but retained its profile and continues to be 1'F; mode.

T M, input: When 7'M, mode is launched at the input, it is known that the output
mode should change to T'F,. The following simulation as seen in Fig 2.4, shows the
magnitude profile of the light wave. The Fig 2.5(b) shows that the mode has changed to

T F, as the width is increased.

10 20 30 40 50 60 70 a0 90 100 110 120 130 140 150

Figure 2.4: FDTD simulated magnitude profile of the light wave when 7'M, is launched
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Figure 2.5: (a) FDTD simulated magnitude profile of the output mode at the end of the
taper when 7'Ej is launched, (b) FDTD simulated £, profile of the output
mode at the end of the taper when 7'M,
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CHAPTER 3

Design of polarization splitter and rotator

From the previous chapter, note that the mode conversion in the taper has taken
place successfully, T'Ej, outputs T'E and T'M, outputs T'E;. Now the next task is to
split the 7'FJ; mode into two Ty modes. Directional coupler based splitting of the T'E)
mode requires high precision in fabricating the required coupling length. Therefore, we

opt for a Y - splitter at the end of the taper section to split the 7'Fy and 7'E; modes.

3.1 Design of Y - Splitter

The Y - splitter is placed at the output end of the taper structure. This splitter
has an input base width of 800 nm that splits equally into two arms of width 400 nm
each. Loss due to bends is generally high. Bends, asymmetry, will induce some kind
of a polarization change to the input light if the structures have sharp bends. Therefore,
we prefer gradual bends so that light is still confined to the waveguides without getting
radiated as loss and also polarization of the input light is still maintained. The most
optimum results are seen if we use the x span of 10 ym and y span of 2 ym.

3
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Figure 3.1: Detailed schematic of the Y-Splitter with design parameters

The simulated results for the Y - splitter are shown below
TFE, input: When we launch T'E, mode at the input, we know that the output mode

should also be T'Ey. As pointed in Fig 3.2, light in the output ports travel with the



same phase (both mode profiles are red in color) The following simulation shows the

E, profile of the light wave while propagating through the splitter.
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Figure 3.2: FDTD simulated £, profile of the light wave when T is launched

T F, input: When we launch 7'M, mode at the input end of the taper, the output end of
the 7'M, — T'E); converter is split into two arms with each of its output being 7' Fy. As
pointed in Fig 3.3, light in the output ports travel with a phase difference of 7 (upper
arm output profile is blue, where as lower arm is red). The following simulation shows
the F, profile of the light wave and the output mode at the end of one of the arms of the

Y - splitter.

Ey profile

‘Width of the Y Splitter (microns)
.-
-
.-
-
-
-
- -
-

-
-
-
-
-
-
-
-
-
-
-
-
-
- -
-
-
-
.-
-
.-
-
-
-
-
-
-
-
=

-06

e e A B e
15 17 19

7 9 1 13
Length of the Y Splitter (microns)

Figure 3.3: FDTD simulated £, profile of the light wave when T'E; is launched

The output mode at the end of one of the arms of the Y - splitter for any input 7'E or

T' My is the same as shown below in Fig 3.4.
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Figure 3.4: (a)Simulated £, mode profile of the light wave at the end of the splitter,
when T'Ej, (b)Simulated £, mode profile of the light wave at the end of the

splitter, when or T'M,, is launched

3.2 Combining the adiabatic taper and the Y - splitter

After combining the taper section with the Y - splitter, we obtain the required

polarization splitter and rotator. The output in both the arms of the Y - splitter is 7' Ej.

The following simulations show the propagation of light through this structure.
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Figure 3.5: Simulated £, profile of the light wave when T'Ej is launched
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Figure 3.6: Simulated magnitude profile of the light wave when 7'M, is launched

17



3.3 MMI Design

Though the polarization splitter and rotator has been designed, as seen in Fig 3.5
and Fig 3.6, the total output does not exit from the same port. There are two arms of the
Y - splitter which output 7'Ej, in each arm. Now the next step to take is to combine both
the arms of the Y - splitter and output the total light from a single output port. The best

and robust structure that we can use for combining light is by using an MMI coupler.

Figure 3.7: 3D view of the PSR structure

A 2x2 MMI coupler, which is well known for its large fabrication tolerance[17],
is introduced to effectively couple the T'Fy and 7'E; modes at the end of the T'M, - T'F;
mode converter to two distinct 7'Ej, outputs. When the input launched is T'E, the Y -
splitter splits it into two T'F, beams with the same phase difference. Therefore at the
MMI input, the two beams will have a phase difference of 90 degrees. Light will output
from the lower arm with a little crosstalk in the upper arm. On the other hand, when
the input launched is 7'M, the Y - splitter, the light converted to 7T'E; mode will split
into two T'Ey beams with 180 degree phase difference. Therefore at the MMI input, the
two beams will have a phase difference -90 degrees and light will output from the upper

arm with crosstalk in the lower arm.

The 2x2 MMI is designed to be of the symmetric type. We can excite the MMI
at either - or . If we employ the % excitation, the length needed for the MMI is very
long. Moreover, efficiency of the MMI for 90 degree phase difference is lower com-
pared to ¢ excitation. A restricted type MMI (excited at ¢), could efficiently decrease
the length of the MMI. However, at the same time we have to increase the width of the

MMI in order to sufficiently separate the two output waveguides.

Going for a restricted type MMI, values like 3 pym, 3.6 um, 4.2 um can be taken
for the width, so that ¢ is not an irrational number. For the two input ports, we choose

a tapering length of 10 pm starting from 400 nm to 1000 nm. We simulate the structure
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with an open end to precisely locate the required self-imaging points[[18]]. Thus, we

place our output ports accordingly.

(b)

Figure 3.8: (a)Simulation of a 3 ym width MMI structure with O degree phase differ-
ence between the two sources, (b)Simulation of a 3 ym width MMI structure
with 90 degree phase difference between the two sources

From Fig 3.8(a), it can be noted that all the modes are not completely evolved. Two
images cannot be identified precisely as the modes are little dispersed. Therefore higher
widths are prefered. Simulations have been performed for width like 3.6 pm, 4.2 ym
and 4.8 um. The width of 3.6 um also does not let all the modes evolve and precisely
identifying two images would still be difficult. Though the width of 4.8 ym lets the
modes evolve and also allows precise identification of two images, the length of the
structure becomes very large. Therefore the optimum width of 4.2 um is chosen as it

allows precise identification of two images, also the length of the structure is reasonable.

The Fig 3.9(a) shows the light propagation when the phase difference between
the two sources is 0 degrees. Fig 3.9(b) is when the phase difference is 90 degrees.

simulation is performed with an open end launching 7'Ej at both the inputs.
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Figure 3.9: (a)Simulation of a 4.2 ym width MMI structure with O degree phase dif-
ference between the two sources, (b)Simulation of a 4.2 ym width MMI
structure with 90 degree phase difference between the two sources

We see that at approximately 20.5 pm we can see that the images for both the
simulations coincide. Therefore we place the output ports at that length to obtain max-

imum efficiency. The final design parameters for the MMI structure can be seen in the

following Fig 3.10
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Figure 3.10: MMI design parameters

3.4 90 degree Phase shift

The two arms of the Y - splitter are designed to have a phase difference of 90
degrees. To employ the same we can use several methods to obtain the 90-degree phase
shift. Adding a suitable extra path length in one of the arms will give us a phase of
90 degrees. However, it would be difficult to implement in practice as the extra path
length has to be given in the bend regions by maintaining symmetry so that polarization

rotation does not take place.

Sum A¢=]’[/2

10_.5;;1'“ ;
:$0.4pm

Figure 3.11: Schematic of the 90 degree phase difference using width variation

—>
S5pum

We can implement another method by playing around with the width of the arms
to obtain the 90-degree phase shift. The n.s is a function of width of the waveguide.
Exploiting this fact, we can increase the width of the arms of Y splitter from 400 nm
to some higher value and adjust the length accordingly to obtain the 90-degree phase

difference.

We know that 3(AL) = m7
From table we know the values of
nes¢ for 400nm = 2.233371
nes¢ for 450nm = 2.387055
nefs for 500nm = 2.495724

Ne £ £450—n¢ £ £400
2L7T( eff = ef£400) —mr

2
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Solving for the value of L we obtain the extra path length needed to attain the 90 degree

phase shift. The following is the simulation result when we combine the Y splitter, the

90-degree phase difference and the MMI

Width (microns)

-60 -50 -40 -30 20 -10 0 10 20 30
Length (microns)

Figure 3.12: Simulated structure of device using width variation for 90 degree phase

difference

We must also keep in mind that the taper section used for increasing the width

from 400 nm, might not be adiabatic if the change is too abrupt. The taper region must

be long enough to not excite higher order modes. Also we need to keep the device as

compact as possible, therefore we need to choose wisely.

If we opt for 400 nm to 500 nm width change, the possible values of L for different

values of odd integer m are 1.477um, 4.431pm, 7.385m and so on.

If we opt for 400 nm to 450 nm width change, the possible values of L for different

values of odd integer m are 2.521pm, 7.563um, 12.605,m and so on.

10pm

[lum

10pm

10.8pm

Figure 3.13: Schematic of the 90 degree phase difference using taper length variation

We can also implement using another method by playing around with one of the

tapering lengths of the MMI input ports to obtain the 90-degree phase shift (see Fig
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3.15). Retaining the same old parameters for the lower input port, we vary the length of

the upper port to obtain the phase difference.

After simulations, we see that in the upper port, the original tapering length of
10 pm starting from 400 nm to 1000 nm is increased to 10.8 xm to obtain the required

90-degree phase difference.

Width (rnicrons)

-50 -40 -30 -20 0 10 20 30

-10
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Figure 3.14: Simulated structure of device using taper length variation for 90 degree
phase difference

We see that both the methods give us the same efficiency but the second method of
varying the taper length is more compact by offering the same results with an advantage

of reducing the length by 10um.

3.5 Principle and working of the PSR

When the upper cladding is same as the buffer layer (5i0), the SOI nanowire is
vertically symmetrical and therefore the modes in this waveguide are purely polarized.
If on the other hand, the upper cladding index is not equal to that of the buffer layer
(S10,), the mode properties become more complicated and one cannot distinguish the
polarization of some eigenmodes because of the mode hybridization. Such mode hy-
bridization will introduce a mode conversion when light propagates along an adiabatic
taper structure. Using this principle we can design taper structure of varying core width
such that mode conversion takes place between the 7'M, fundamental mode and the

first higher order mode of T'E' polarization.
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The polarization splitter and rotator consists of a taper that is single moded at the
input end while it becomes multimode at the other end. When light propagates along the
taper structure, the 7'M, fundamental mode launched at the narrow end is converted to
the first higher order 7' mode at the wide end because of the mode coupling between
them. On the other hand, the input 7'E polarization keeps the same polarization state

when it goes through the taper structure.

1|
Ad = — MMI
Taper ¢ 2 pum—
e
]
Y- splitter

Figure 3.15: Topview of PSR with all the components

The other end of the taper structure diverges as a Y splitter. Before being injected
into the 2x2 MMI, an extra phase difference of 90 degrees is introduced between the
two beams. In case of T'E input, the mode will be preserved during the adiabatic taper
and split into two 7T'Fy beams with the same phase. Thus, at the MMI input, the two
beams will have a 90 degree phase difference. By appropriately designing the MMI,
light will output from the upper arm on the 7'E, mode with little crosstalk in the lower
arm. On the other hand, in case of 7'M input, the light is converted to the 7'E; mode
during the adiabatic tapering and split into two 7'F beams with a 7 phase shift. Thus
at the MMI input, the two beams will have a -90 degree phase difference, and light will
consequently output from the lower arm on the 7'Fy mode with little crosstalk in the

upper arm.

3.6 Tolerance analysis of Y - Splitter

Though we get very good results with the Y- splitter of the given dimensions, it is
very critical to fabricate the same. The minimum feature size of the device is the inner

corner of the Y-splitter.

To make the device fabrication friendly, we can add a taper region of length 10 ym
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Gap(nm) | Transmittance Total Transmittance Total
of TE) Transmittance of T'M, Transmittance
0 0.4815 0.9630 0.5000 1.0000
50 0.4671 0.9342 0.4994 0.9988
100 0.4200 0.8400 0.4969 0.9938

Table 3.1: Variation of efficiency with Y-spiltter gap.

with a width varying from 800 nm to 900 nm and introduce a gap of 100 nm between

the two arms of the Y - splitter and keep the rest of the device structure same. In this

way, we can make fabrication less complicated, but we are also losing on efficiency for

(T'Ey) input

Figure 3.16: Y - splitter with a gap of 100nm

10pm

i 0.4pum

2um

In case of T'E,, we know that the mode is more confined to the center of the

waveguide. When we introduce a gap of 100 nm in the center, some of the light is

leaked out here, giving us lesser efficiency.

However, when the input launched is 7'M, the efficiency of this structure is still

very high. In the taper region, the 7'M, mode is eventually converted into 7'E; mode.

From the mode profile of T'F/, we can see that there are two lobes that are concentrated

more towards the edges of the waveguide. Therefore there is no much loss seen even if

we introduce a gap of 100 nm in the Y splitter.
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3.7 Complete structure

Combining the taper region with the MMI maintaining the 90-degree phase dif-
ference, we obtain the complete structure of the Polarization splitter and rotator. The
total device length can vary between 220 um to 250 pm based on our requirements of
fabrication friendliness or higher efficiency. The box height used for the structure is 3
pm. The highest attainable efficiency for the device (with 100 nm gap) when T'M| is
launched is 98.92 percent. Whereas the lowest attainable efficiency for the device (with

100 nm gap) when T'Ej is launched is 82.67 percent.

y{microns)

120 140
x(microns)

Figure 3.17: Simulation of the complete PSR structure when 7'M, is launched
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Figure 3.18: Simulation of the complete PSR structure when 7'F is launched

26



CHAPTER 4

Summary and future work

4.1 Summary

A polarization splitter and rotator was designed and optimized to get T'Ej as the
output for both T'Ey and T'M,, inputs. Alternate structures and design parameters for
the PSR are discussed. Alternate designs that can be used instead of extra path length
for achieving a 90 degree phase difference are discussed. A 2x2 MMI is optimized
to achieve maximum efficiency for 90 degree phase difference at the output. All the
simulations for the optimization of the design are done using the Lumerical FDTD
simulation tool. This PSR structure is simulated for SOI platform with silicon thickness
being 250 nm and buried SiO; being 3 um. The total device length can vary between
220 pm and 250 pm based on our requirements of fabrication friendliness or higher
efficiency. Tolerance analysis for the Y - splitter was done to understand the fabrication

and efficiency limits.

4.2 Future work

The design and optimized structure now needs to be fabricated on the SOI plat-
form using a single step E beam lithography. This fabricated structure, then needs to be
characterized and tested. The device structure can be further improved by designing a
better splitter than the already existing Y - splitter to make it more fabrication friendly.
The minimum feature size of the device should be increased (for low loss, it had 0 gap)
to make it more tolerant to fabrication. The number of taper sections can be reduced to

get a more smooth structure. The device can be made more compact.
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