CENTRAL LIBRARY

| TEZPUR UNIVERSITY
~TLMS

Accession No.

% D'a'te L\‘\\\\(}




Design and Development of Compact Two
Mode Interference and Multimode Interference
Couplers for Photonic Integrated Devices

A thesis submitted in part fulfillment of the requirements for
award of the degree of Doctor of Philosophy

BIDYUT DEKA
Regn. No: 012/2009

School of Engineering
Department of Electronics & Communication Engineering
Tezpur University



This thesis is dedicated to Beloved Parents,
Family and Teachers

el

In the memory of Nuruddin Ahmed sir



ABSTRACT

In recent years, optical network has grown tremendously to fulfill the enormous demand
of bandwidth requirements due to remarkable increase of network users and services in
nationwide network backbone consisting of nodes. The key devices of network nodes are
photonics matrix switch, wavelength division multiplexer/demultiplexer, adaptive
equalizer, add/drop multiplexer etc. Traditionally, these devices consisted of bulky and
heavy components that require careful alignments, protection against vibrations, moisture
and temperature drift. In order to make them compatible with the modern technology,
Photonic Integrated Circuits (PIC) based on planar waveguide was first coined by S. E.
Miller in 1969 for implementation of these devices. The introduction of Photonic
Integrated Devices (PID) for applications in high speed optical networks providing
multiple services to more number of users is indispensable as this requires large scale
integration (LSI) and the miniaturization of PID device components remains a very
challenging task. |

The basic components of PID are planar waveguide technology based directional
coupler (DC), Two-Mode Interference (TMI) coupler and Multimode Interference (MMI)
coupler. For PID, it is required to select the components on the basis of issues such as
compactness, higher fabrication tolerance, polarization independence and lower power
loss. In this thesis, study is carried out on these device components with their new
proposed structures considering the above issues.

The introduction of DC, Multimode Interference (MMI) principle and Two Mode
Interference (TMI) principle in PID are made in 1969, 1973 and 1977 respectively.
Optical Directional Coupler (DC) consists of two dielectric waveguides placed in close
proximity to each other for coupling of guided power based on phase difference of two
guided modes— even mode and odd mode. On the other hand, the MMI couplers are
based on selt-imaging principle which is a property by which an input field profile is
reproduced in single or multiple images at periodic intervals along the propagation
direction of the guide. It consists of a multimode central waveguide section (excitation of
more than two modes) with input and output single mode access waveguides. TMI
coupler consists of central waveguide (TMI section) with zero waveguide separation gap

connected to two input and output single mode access waveguides and power transferred
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to the output waveguides depends on the phase difference between two excited modes —
fundamental and first order. In optical networks, DC, MMI coupler and TMI coupler
based integrated optic devices, such as Waveguide Division Multiplexer (WDM),
add/drop multiplexer, optical switches have been used.

Extensive studies have been made for implementation of such device components
using a variety of materials such as Lithium Niobate, polymers, 1II-V semiconductors and
silicon based materials. Out of these materials Silicon (Si) based materials have the
potential to allow strong confinement of light with moderately low propagation losses,
high index contrast, low material cost and its compatibility with well known conventional
silicon based IC technology. The Si based waveguide materials are Silicon-On-Insulator
(SOI) (silicon core), Si0,/Si0,-GeO; (Core) and SiO-/Silicon Oxynitride (SiON) core.
Among these materials Silicon Oxynitride (SiON) as core and SiO, as cladding is
considered as a promising material for PID as it offers the wide range of refractive index
in between 1.45 (Si0O;) to 2.0 (Si3Ng) providing the auxiliary advantage for high index
contrast designs and due to the property of optical transparence from 210 nm to beyond
2000 nm. This optical property has permitted to develop low loss waveguides for long
range applications such as nationwide networks, optical waveguide sensor and integrated
quantum optical circuits etc.

Apart from the materials, previous authors have reported on studies of different
geometries such as tapered geometry (parabolic tapered, linearly tapered at middle,
parabolic tapered at middle) and periodic grating structure with different shape for DC,
TMI couplers and MMI couplers for more compactness, higher fabrication tolerances etc.
Recently, T. Sai er al. have shown tooth shaped grating assisted TMI coupler for
wavelength division multiplexing.

Within this frame it is seen that very few studies are made for comparative study
of DC, TMI coupler and MMI coupler. M. Rajarajan ef al. in 1999, reported a simulation
study for performance comparison between DC and MMI coupler using vector finite
element and least square boundary residual numerical tools. Further, S. Y. Lee et al. in
2004 has presented a comparison of ridge-type DC and MMI coupler in terms of

transformation relationship and coupling characteristics. From the best of our knowledge,
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no exisiyi?{g literature has been found stating comparative study on conventional couplers
such as DC with TMI coupler and DC with TMI as well as MMI couplers.

As discussed earlier, development of passive optical compact components (such
as DC, TMI coupler and MMI coupler etc.) for large scale integration (LSI) with low
insertion loss, low polarization dependent structures so as to reduce polarization
dependent loss and higher fabrication tolerance with low crosstalk is very much required.
In this Ph. D. work, all these aspects of DC, TMI and MMI based devices have been

studied and the prime objectives of this thesis are considered as follows:

I. To develop a mathematical model using Simple Effective Index Method (SEIM)
based on sinusoidal modes for accurate estimation of coupling power in directional
coupler (DC), Two Mode Interference (TMI) coupler, Multimode Interference
(MMI) coupler and find a transformation relationship of DC with TMI coupler and

MMI coupler with silica waveguides using silicon oxynitride as a core material.

II. To design a compact TMI coupler using tooth shaped grating assisted geometry for
Photonic Integrated Devices. Also design and propose tooth shaped grating assisted

Directional Coupler and MMI coupler for compactness.

OI. To design double S-bend structures for compact TMI coupler and proposed MMI
coupler for PID.

IV. To fabricate the designed DC, TMI coupler and MMI coupler using silica
waveguides with silicon oxynitride as a core and characterize it for performance

analysis.

In this research effort, a mathematical model using simple effective index method
(SEIM), based on sinusoidal mode has been developed for accurate estimation of
coupling power in the DC, TMI and MMI couplers. The results obtained using SEIM are
found to be accurate and comparable with the other reported results and commercially
available simulation tool such as optiBPM. A transformation relationship has been
established among these couplers and in addition, the conventional structures of these

couplers were fabricated and their experimental results were compared in order to verify
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with the theoretical predictions. Further, tooth shaped grating assisted (GA) geometry
have been incorporated in the coupling region of these couplers for reduction of coupling
length.

Although it is found that GA-TMI coupler has the shorter beat length than the
other two types of optical couplers (GA-DC and GA-MMI), the total device length of
GA-MMI coupler is most compact. The beat length of grating assisted couplers are ~50%
compact than that of the conventional couplers. In the proceeding chapter of the thesis,
double S-bend (DS) structure of TMI and MMI couplers has been studied. The coupling
characteristics of DS-TMI coupler and DS-MMI coupler are compared theoretically and

experimentally with their conventional geometries. Finally, at the end of thesis work,

future scopes and possible application of the current study have been discussed.
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Fig-2.18(d): Loss coefficient versus R for An =0.0025, 0.0045, 0.0075 and 0.015.
Fig-2.19 (a): Nation wide optical backbone: NSFNET T1 [67]-[68].

Fig-2.19 (b): Nation wide optical back bone: Indian network [67]-[68].

Fig-2.19(c): Schematic block diagram of reconfigurable node consisting of 3x3 TOSW,
W-MUX and W-DMUX.

Fig-2.20: (a) Lay out of 8x8 optical matrix switch demonstrated by Kasahara et. al [10]
using Si0,/Si0,-GeO, waveguide.(b) Arrangement of eight switching units in each stage

giving 64 units for eight stages (c) single TOMZ unit.



Fig-2.20(d): Architecture of SOI 4x4 optical matrix switch demonstrated by Z. Wang et.
al {44] (Lp= length of input /output waveguide, L=length of 3dB coupler, Lyz=MZ
section length=Ly=heater length, Ls=length of 4x4 optical matrix switch).

Fig-2.20(e): 4 channel cascaded multiplexer/demultiplexer.

Fig-2.21: (a) Two wavelength channel 2x2 TMI coupler based W-MUX (b) coupling
characteristics of W-MUX.

Fig-2.22: (a) Polarization independent thermooptic add/drop multiplexer and (b)
Transmission characteristics.

Fig-2.23: (a) Polarization independent thermooptic MZ device and (b) Coupling

characteristics.

CHAPTER-3
Fig-3.1: Schematic 3D view of 2x2 conventional directional coupler (a) device layout
and (b) waveguide layer.
Fig-3.2: Schematic directional coupler with coupling gap, h and coupling length L (a) 2D
top view (b) Cross sectional view along line AA.
Fig-3.3 (a): Effective index method solving a single slab for effective refractive index ny
and resulting in an array of two slabs with refractive index, n,.
Fig-3.3 (b): Cross sectional view of SEIM applies to the directional coupler consisting of
two parallel rectangular waveguide cores.
Fig-3.4: Basic Optical Waveguide Structure with three layers: Cladding layer,
Waveguide Core layer (thickness T) and Substrate layer of refractive indices n,, n; and n,
respectively.
Fig-3.5: Coupling characteristics of DC using SEIM with n3=1.45, 1.47, 1.49, 1.4945
with a=b=1.5 pm, n;=1.5, n;=1.45 and An=5%.
Fig-3.6: Normalized coupled power versus beat length for DC with coupling gap h~0.5
um, a=b=1.5 um, n;=1.45, An=5 % and }=1.55 pym.
Fig-3.7: Beat length (L;) vs coupling gap (h) for directional coupler with n3=1.45, 1.47
and 1.49 with n,=1.45, a=b=1.5 um, An =5 % and A=1.55 pm.
Fig-3.8: Beat length (L;) versus index contrast (An) of conventional DC with h=1 pm,
0.5 pm, 0.2 pm with a=b=1.5 um, An =5 %, n»=1.45 and »=1.55 pm.



Fig-3.9: Coupling characteristics of DC using SEIM and Marcuse theory for n3=1.45,
1.47, 1.49, 1.4945 with a=b=1.5 pm, n;=1.5, n)=1.45 and An =5 %.

Fig-3.10: Normalized coupled power versus beat length for DC with coupling gap h~0.5
pm, ny=1.45, An =5 %, A=1.55 pm respectively and the BPM output results at
beatlength~91 pm and 3 dB coupling length ~ 45 pm respectively.

Fig-3.11 : BPM results of Conventional Directional Coupler for (a) Layout structure (b)
Cross state (c) 3-dB coupler and (c) bar state.

Fig-3.12: Power imbalance characteristics versus width tolerance (+dw) of conventional
directional coupler with cladding index~1.45, index contrast ~5 %, a=b=1.5 pm and
wavelength~1.55 pm.

Fig-3.13: Power Imbalance characteristics versus wavelength variation for conventional
directional coupler with a=1.5 pm, b=1.5 pm, index contrast ~5 % and cladding
index~1.45.

Fig-3.14: Normalized coupling power distribution of conventional directional coupler for
both TE-mode (solid line) and TM-mode (dashed line) with h=0.5 pm, a=1.5 pm, b=1.5
um, cladding index~1.45, An = 5 % and A~1.55 pm respectively.

Fig-3.15: 3D Schematic view of TMI coupler (h=0 um) based general interference.
Fig-3.16: 2D schematic cross-sectional view of TMI coupler.

Fig-3.17: Normalized coupled power versus beat length with An=5 % for two mode
interference (TMI) coupler with coupling gap h~0 pm, 2a=3 pm.

Fig-3.18: Beat length versus index contrast (An) of two mode interference (TMI) coupler
with a=b=1.5 um, n,=1.45 and A~1.55 pm.

Fig-3.19: Normalized coupled power versus beat length with An=5 % for two mode
interference (TMI) coupler with coupling gap h~0.5 pm, 2a=3 pm.

Fig-3.20 : BPM results of Conventional Two-Mode Interference (TMI) Coupler for (a)
Layout structure (b) Cross state (c) 3-dB coupler and (d) bar state.

Fig-3.21: Power imbalance characteristics versus width tolerance (+dw) of conventional
3-dB TMI coupler with cladding index~1.45, index contrast ~ 5 %, a=b=1.5 pm and
wavelength~ 1.55 pm.

Fig-3.22: Power Imbalance characteristics versus wavelength variation for conventional

TMI coupler with a=b=1.5 pm, index contrast ~5 % and cladding index~1.45.



Fig-3.23: Normalized coupling power distribution of conventional TMI coupler for both
TE-mode (solid line) and TM-mode (dashed line) with h=0 pm, a=1.5 pm, b=1.5 pm,
cladding index~1.45, An=5 % and A~1.55 pm respectively.

Fig-3.24: 3D schematic view of 2x2 MMI coupler based general interference.

Fig-3.25: 2D schematic view of 2x2 MMI coupler based general interference.

Fig-3.26: Normalized coupled power versus beat length with An=5 % for MMI coupler
with h~4 pm.

Fig-3.27: Beat length versus coupling gap of MMI coupler with a=b=1.5 pm and An=5 %
respectively.

Fig-3.28: Beat length versus coupling gap of directional coupler (dashed lines) with
n3=1.45, 1.49, 1.4945 and MMI coupler (solid line) with a=b=1.5 pm and An =5 %.
Fig-3.29: Beat length (L;) versus index contrast (An) of conventional MMI coupler

with a=b=1.5 pm, h=4 pm, n,=1.45 and An =5 % respectively.

Fig-3.30: Normalized coupled power versus beat length with An=5 % for multimode
interference (MMI) coupler with coupling gap h~4 pm.

Fig-3.31 : BPM results of Conventional Multimode Interference (MMI) Coupler for (a)
Layout structure (b) Cross state (c) 3-dB coupler and (d) bar state.

Fig-3.32: Power Imbalance characteristics versus width tolerances (dw) for conventional
MMI coupler with index contrast ~5 %, cladding index~1.45, h~4.0 pm, a=1.5 pm, b=1.5
um and A~1.55 pm.

Fig-3.33: Power Imbalance characteristics versus wavelength variation for conventional
MMI coupler with a=b=1.5 pm, h~4.0 pm, An ~5 % and n,~1.45.

Fig-3.34: Normalized coupling power distribution of conventional MMI coupler for both
TE-mode (solid line) and TM-mode (dashed line) with h=4.0 pm, a=1.5 pm, b=1.5 pm,
cladding index~1.45, An=5 % and A~1.55 pm respectively.

Fig-3.35: Schematic of TMI coupler (h=0) based general interference.

Fig-3.36: Beat length (L,) versus index contrast (An) of DC (dashed line) with h=1 pm,
0.5 pm, 0.2 pm, 0.02 pm and TMI coupler (h=0 pm, solid line) respectively.

Fig-3.37: Beat length versus coupling gap of DC (dashed line) with n3=1.45, 1.49, 1.4945
and MMI coupler (solid line) with a=b=1.5 pm and An=5 % respectively.

Fig-3.38: Schematic of 2x2 MMI coupler based general interference.



Fig-3.39: Normalized coupled power versus beat length with An=5 % for DC with
coupling gap h~0.5 pm (solid line), TMI coupler (dotted line) with h~0 um and MMI
coupler (dashed line) with h~4 pm.

CHAPTER-4
Fig-4.1: 3D Schematic of 2x2 tooth shaped grating-assisted directional coupler.
Fig-4.2: Schematic 2D cross-sectional view of tooth shaped grating-assisted directional
coupler (GA-DC) .
Fig-4.3: Normalized coupling power distribution of tooth shaped grating assisted
structures of directional coupler with AW=0.25 pm, An=5 % and A~1.55 pm.
Fig-4.4: Beat length (L;) versus index contrast (An) for tooth shaped GA-DC couplers
(AW=0.25 pm) and conventional directional coupler (AW=0 pm).
Fig-4.5: Beat length (L;) versus An (%) for GA-DC with different coupling gaps, h=0.04
pm, 0.5 pm, 1.0 pm, 3.0 pm and AW=0.25 pm respectively.
Fig-4.6: Normalized coupled power versus beat length of GA-DC and the BPM output
results (cross state and 3 dB state) with coupling gap h~0.5 pm, n,=1.45, An=5 % and
wavelength~1.55 pm respectively.
Fig-4.7: BPM results of grating assisted directional coupler (GA-DC) (a) Layout
structure (b) Cross state and (c) 3-dB coupler.
Fig-4.8: Power Imbalance characteristics versus width tolerances (dw) for tooth shaped
grating assisted directional coupler (dashed line) and conventional directional coupler
(solid line) with index contrast ~5%, cladding index~1.45, h~0.5 um, a=1.5 pm, b=1.5
um and A~1.55 pum respectively.
Fig-4.9: Power Imbalance characteristics versus wavelength variation for tooth shaped
grating assisted DC (dashed line) and conventional DC (solid line) with a=1.5 pm, b=1.5
pum, h~0.5 um, index contrast ~5% and cladding index~1.45 respectively.
Fig-4.10: Normalized coupling power distribution of tooth shaped GA-DC for TE mode
(solid line) and TM mode (dashed line) with a=b=1.5 pum, h~0.5 pm, An~5% and
cladding index~1.45 respectively.
Fig-4.11: Schematic 3D diagram of GA-TMI coupler.
Fig-4.11: Schematic 3D diagram of GA-TMI coupler.



Fig-4.12: Schematic diagram of tooth shaped grating assisted two-mode interference
(GA-TMI) coupler with waveguide parameters.

Fig-4.13: Normalized coupling power distribution of tooth shaped GA-TMI coupler with
Wip=3.0 pm, a=b=1.5 pm, An=5%, A ~1.55 pm for AW=0.05 pm (solid line) and
AW=0.25 um (dashed line) respectively.

Fig-4.14: Normalized coupling power vs. number of grating period (N) for GA-TMI
coupler with An=5 %, AW=0.25 um, a=1.5 pm, b=1.5 pm, 1=, ~0.27 um, n;=1.5,
np=1.45 and A~1.55 pm respectively.

Fig-4.15: Schematic ray diagram showing the multiple reflections occur in the tooth
shaped grating structures.

Fig-4.16: Beat length versus index contrast of tooth shaped grating assisted two mode
interference (GA-TMI) coupler with AW=0.05 pm (solid line), 0.25 um (dotted line) and
conventional TMI coupler (AW=0 um, dashed line) respectively.

Fig-4.17: Normalized coupling power distribution of tooth shaped grating assisted two
mode interference (GA-TMI) coupler with W;=3.0 um, a=1.5 pm, b=1.5 pm, An=5 %,
A ~1.55 um, AW= 0.25 pm and the BPM output results at the cross and 3 dB state
obtained by using optiBPM software respectively.

Fig-4.18: BPM results of grating assisted TMI (GA-TMI) coupler for (a) Layout
structure (b) Cross state (¢) 3-dB coupler.

Fig-4.19: Power imbalance characteristics versus width tolerance (dw) of tooth shaped
grating assisted TMI coupler (dotted line) and conventional TMI coupler (solid line), 3-
dB TMI coupler with cladding index~1.45, index contrast ~5 % , a=1.5 um and
wavelength~ 1.55 pm.

Fig-4.20: Power Imbalance characteristics versus wavelength variation for tooth shaped
grating assisted TMI coupler (dashed line) and conventional TMI coupler (solid line)
with a=1.5 um, b=1.5 pm, index contrast ~5% and cladding index~1.45.

Fig-4.21: Normalized coupling power distribution of GA-TMI coupler for both TE-mode
(solid line) and TM-mode (dotted line) with AW=0.25 pm, h=0 pm, a=b=1.5 pm,
cladding index~1.45, An=5 % and A~1.55 pm respectively.



Fig-4.22: Normalized coupling power vs. number of grating period (N) for GA-DC
(dashed line) and GA-TMI coupler (solid line) with An=5 %, AW=0.25 pm and A~1.55
pm respectively.

Fig-4.23: Beat length versus index contrast of tooth shaped grating assisted geometry for
directional coupler (GA-DC), two mode interference (GA-TMI) coupler with AW=0.25
pm and conventional structure of directional coupler, TMI coupler with AW=0 pm
respectively.

Fig-4.24: Beat length (L) versus An (%) for GA-DC (dashed lines) with different gap
(h#0) and GA-TMI coupler (h=0, solid line) with AW=0.25 um.

CHAPTER-5
Fig-5.1: Schematic 3D diagram of 2x2 tooth shaped grating assisted multimode
interference (GA-MMI) coupler.
Fig-5.2: Schematic diagram of tooth shaped grating assisted multimode interference
(GA-MMI) coupler (a) 3D view (b) 2D cross sectional view with x and z axis.
Fig-5.3: Schematic ray diagram showing the multiple reflections occur in the tooth
shaped grating structures.
Fig-5.4: Normalized coupling power distribution of tooth shaped grating assisted
geometry of two mode interference (GA-TMI) coupler with coupling gap, h=0.0 um
(solid line) and multimode interference (GA-MMI) couplers (dashed lines) for h=3.0 pum,
4.0 pm, 5.0 um, 6.0 um with AW=0.25 pm, a=1.5 pm, b=1.5 pm, cladding index~1.45,
An=5 % and A~1.55 pm respectively.
Fig-5.5: Beat length (L;) versus index contrast (An) of tooth shaped grating assisted
multimode interference (MMI) couplers (dashed lines) with AW=0.05 pm, 0.1 pm, 0.25
pum, h=4 pm and conventional MMI coupler (AW=0 pm, h=4 pm) (solid line).
Fig-5.6: Beat length (L;) versus index contrast (An) of tooth shaped grating assisted
multimode interference (MMI) couplers (dashed line) for waveguide separation gaps, h~4
pm with AW=0.25 um and conventional MMI coupler (AW=0 pm), h=4 pum (solid line)
respectively.
Fig-5.7: Normalized coupling power distribution of tooth shaped GA-MMI coupler for
h=4.0 pm with AW=0.25 pm, a=b=1.5 um, An=5 % and A~1.55 pm respectively.



Fig-5.8: BPM results of grating assisted MMI (GA-MMI) coupler for (a) Layout with
tooth shaped grating geometry, (b) Cross coupling state of beatlength~40.1 pm and (c) 3-
dB coupler of beatlength~20.2 pm.

Fig-5.9: Power Imbalance characteristics versus width tolerances (dw) for tooth shaped
grating assisted MMI coupler (solid line), tooth shaped grating assisted TMI coupler
(dashed line) and conventional MMI coupler (dotted line) with index contrast ~5 %,
cladding index~1.45, h~4.0 um, a=b=1.5 pm and A~1.55 pum respectively.

Fig-5.10: Power Imbalance characteristics versus wavelength variation for tooth shaped
grating assisted MMI coupler (solid line), tooth shaped grating assisted TMI coupler
(dashed line) and conventional MMI coupler (dotted line) with a=1.5 pm, b=1.5 pm,
h~4.0 pm, index contrast ~5% and cladding index~1.45.

Fig-5.11: Normalized coupling power distribution of tooth shaped GA-MMI coupler for
both TE-mode (solid line) and TM-mode (dashed line) with h=4.0 um, AW=0.25 um,
a=1.5 um, b=1.5 pm, cladding index~1.45, An=5% and A~1.55 pm respectively.
Fig-5.12: Transition length (Lt) and Beat length (Ly) versus waveguide separation gap
(h) variation of tooth shaped grating assisted MMI coupler (solid line) and conventional
MMI coupler (dotted line) with a=1.5 pm, b=1.5 pum, index contrast ~5% and cladding
index~1.45.

Fig-5.13: Bending loss (Ts) and Beat length (L,) versus waveguide separation gap (h)
variation for tooth shaped grating assisted MMI coupler with a=1.5 pm, b=1.5 pum, index

contrast ~5 % and cladding index~1.45.

CHAPTER-6
Fig-6.1(a): Detail scheme for fabrication of channel waveguide structure.
Fig-6.1(b): Detail scheme for fabrication of channel waveguide structure.
Fig-6.1(c): Detail scheme for fabrication of channel waveguide structure.
Fig-6.2. Chemical Wet Bench.
Fig-6.3: RCA-1 Cleaning Process.
Fig-6.4: RCA-2 Cleaning Process.
Fig-6.5: (a) HF solution dipped Wafer.
Fig-6.5(b): Blow dry with Nitrogen.



Fig.-6.7: Schematic diagram of an oxidation furnace.

Fig-6.8: Digital temperature controller.

Fig-6.9: (i) Oxidation Furnace, (ii) Front view of the furnace chamber (iii) Back view
along with bubbler and gas (Installed at CeNSE, IISc.).

Fig.-6.10: Bubbler.

Fig.-6.11: Unloaded Si-wafer after oxidation.

Fig.-6.12(a): Ellipsometer Measurement System (Model: XL.S100) (Installed at CeNSE,
IISc., Bangalore).

Fig.-6.12(b): Schematic of Ellipsometer.

Fig.-6.13: Measured thickness of SiO; layer ~1 pm deposited using thermal oxidation.
Fig-6.14: PECVD system (Oxford PlasmalLabSystem100) (Installed at CeNSE, IISc.)
Fig-6.15: Process parameters for deposition of SiO; layer using PECVD.

Fig.-6.16: Measured thickness of Si0, layer ~2 pm deposited using PECVD.

Fig.-6.17: PECVD technology (courtesy: Oxford Instrument System).

Fig-6.18: Process parameters for deposition of SiON layer using PECVD.

Fig.-6.19: Measured thickness of SiON layer ~1.5 um deposited using PECVD.
Fig.-6.21: Microtech LW 405A Laser Writer used for Mask Preparation (Installed at
CeNSE, I1Sc.).

Fig.-6.22: Patterned Mask for Photolithography.

Fig.-6.23: First Nano Drive-in Furnace (Installed at CeNSE, IISc.).

Fig.-6.24: FTIR analysis of SiON layer (1: Si-O-H, 2: -Si-H, 3: -N-H; and 4: Si-O-H, -Si-
H bonds).

Fig-6.25: Photoresist on the sample (a) before spinning (b) after spinning.

Fig-6.26: Wet Bench and Spin coater (Installed at CeNSE, I1Sc.).

Fig-6.27: EVG 620 Mask Aligner Photolithography Set-up (CeNSE, 1ISc.).

Fig.-6.28: Photolithography steps.

Fig.-6.29(a): Positive Photolithography.

Fig.-6.29(b): Positive Photolithography (www.me.ccny.cuny.edu).

Fig.-6.30: RF sputtering unit (Installed at CeNSE, IISc.).

Fig-6.31: Process parameters used for Cr metallization.

Fig-6.32: Optical Microscope (Model: Leika DFC290 at CeNSE, TISc.).



Fig-6.33: Microphotograph of successful lift-off structures (a) DC, (b) TMI coupler and
(c) MMI coupler.

Fig-6.34: Microphotograph of failed lift-off structures (a) DC, (b) TMI coupler and (c)
MMI coupler.

Fig.-6.35: RIE Set-up-F based (PlasmalLabSys-Oxford Instrument System), CeNSE.
Fig.-6.36: Dektak Set-up for step height measurement (CeNSE, IISc.).

Fig-6.37: Step height measurement after RIE of SiON layer using Dektak system
(depth~1.71 pm).

Fig-6.38: SEM images of fabricated (a) Directional Coupler (DC), (b) Two Mode
Interference (TMI) coupler and (c) Multimode Interference (MMI) coupler.

Fig-6.39: Flow chart of fabrication process steps.

Fig-6.40: Schematic block diagram of a Power loss measurement set-up.

Fi=-6.41: Power loss measurement set-up.

Fig-6.42: Normalized coupled power versus beat length with experimental measured
results for DC of coupling gap h~0.5 pm, ny=1.45, An =5% and A=1.55 ym.

Fig-6.43: Normalized coupled power versus beat length with An=5% for two mode.
Fig-6.44: Normalized coupled power versus beat length with An=5% for multimode
interference (MMI) coupler with coupling gap h~4 pm.

Fig-6.45: Power Imbalance characteristics versus width tolerances (dw) for conventional
directional coupler (h~0.5 pum), conventional TMI coupler (h~0 pm) and conventional
MMI coupler (h~4.0 pm), with index contrast ~5 %, cladding index~1.45, a=1.5 pm,
b=1.5 pm and A~1.55 pm respectively.

CHAPTER-7

Fig.-7.1: 2x2 double S-bend MMI coupler with bending angle A, width Wy, access
waveguide width a and thickness b (a) 3D view (b) 2D MMI structure containing x and z
axis.

Fig.-7.2: Normalized Coupling Power characteristics vs Longitudinal Beat Length of
double S-bend multimode interference coupler (dashed lines) with bending angle A=22°,
260, 30” and conventional MMI coupler (A:OO, dotted line) for h=4 pm, a=b=1.5 pum,
wavelength~1.55 um, cladding index~1.45 and An~5% respectively.



Fig-7.3: Beam propagation results of DB-MMI coupler with Wm=7 pm, a=b=1.5 um,
A=1.55 pm, n;=1.45 and An=5 % for (a) conventional (A=0"), (b) A=22°, (c) A=26° and
(d) A=30" respectively.

Fig.-7.4: Double S-Bend loss versus H of the proposed DB-MMI structure with bending
angle A=26" for h=4 pm, a=b=1.5 pm, cladding index~1.45 and An~5%.

Fig.-7.5. Power imbalance characteristics versus MMI width tolerance (6w) for
conventional (solid line), proposed structure and parabolic tapered (at the middle) 3dB
MMI coupler with cladding index~1.45, h~4 um, An~5%, a=b=1.5 pm and
wavelength~1.55 pm. (#)- experimental point of 3dB conventional MMI structure, (+)-
experimental point of the proposed 3dB DS-MMI coupler with A=26".

Fig-7.6: Power Imbalance characteristics versus wavelength variation for double band
assisted MMI coupler (dotted line), tooth shaped grating assisted MMI coupler (dashed
line) and conventional MMI coupler (solid line) with a=1.5 pm, b=1.5 ym, h~4.0 um,
A=26", index contrast ~5 % and cladding index~1.45.

Fig-7.7: Normalized coupling power distribution of DB-MMI coupler for both TE-mode
(solid line) and TM-mode (dashed line) with h=4.0 pum, A=260, a=b=1.5 pm, cladding
index~1.45, An=5% and A~1.55 um respectively.

Fig.-7.8: Dependence of h on longitudinal beat length and access transition length (Lt)
of the proposed DB-MMI structure with bending angle A=26" for h=4 pum, a=b=1.5 pm,
wavelength~1.55 pm, cladding index~ 1.45 and An~5 %. The cross sign represents Ly
and longitudinal beat length of fabricated DB-MMI coupler.

Fig-7.9: Power loss measurement set-up.

Fig.-7.10: Flow chart of fabrication process steps.

Fig-7.11: SEM images and corresponding beam spot measurements of (a), (¢)
conventional MMI coupler of longitudinal coupling length ~79.9 um, A=0° and (b), (d)
proposed DB-MMI coupler of longitudinal coupling length ~67.2 ym and A=26".
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B

BPM Beam Propagation Method

C

CCD Closed Circuit Camera

CMT Coupled Mode Theory

CAE Computer-Aided-Engineering
CeNSE Center of Excellence for Nano Science and Engineering
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D

DC Directional Coupler

DI De-Ionised
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G
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Chapter 1

For the last few years, optical network has grown tremendously to fulfill the
enormous demand of bandwidth requirements due to remarkable increase of network
users and services in nationwide optical backbone [1]. The flexible operation of
optical networks are performed by the nodes in which main devices are photonics
matrix switch [2]-[3], wavelength division multiplexer/demultiplexer [4]-[6],
add/drop multiplexer [7]-[8] etc. Traditionally, the basic designs of optical device
consisted of bulky and heavy components that require careful alignments, protection
against vibrations, moisture and temperature drift. In an effort to resume the problem
Photonic Integrated Circuits (PIC) based on planar waveguide was first coined by S.
E. Miller [9] in 1969 for implementation of these devices for optical networks.

The basic components of Photonic Integrated Devices (PID) are directional
coupler (DC) [10-11], Two-Mode Interference (TMI) coupler [12-14] and Multimode
Interference (MMI) coupler [15-16]. The large scale integration of PID for optical
networks accommodating more numbers of users requires compactness and higher
fabrication tolerances. In this thesis, the study has been made for these components
delivering these issues. For PID, it is required to select the components on the basis
of issues such as compactness, higher fabrication tolerance, polarization
independence and lower power loss. In this thesis, study is carried out on these
device components with improved performance considering the above issues.

The introduction of DC, Multimode Interference (MMI) principle and Two
Mode Interference (TMI) principle in PID are made in 1969 [17], 1973 [18] and
1977 [19] respectively. The Directional Coupler (DC) consists of two dielectric
waveguides placed in close proximity to each other for coupling of guided power
based on phase difference of two guided modes— even mode and odd mode. On the
other hand, the MMI couplers are based on seli-imaging principle which is a
property by which an input field profile is reproduced in single or multiple images at
periodic intervals along the propagation direction of the guide. It consists of a
multimode central waveguide section (with excitation of more than two modes) with

input and output access waveguides. TMI coupler consists of central waveguide
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(TMI section) with zero waveguide separation gap connected to two input and output
access waveguides and power transferred to the output waveguides depends on the
phase difference between two excited modes-fundamental and first order. In this
thesis, effort has been made to study the compact structure for their device

components.

1.1. Present State-of-Art

Extensive studies have been made for implementation of such device
components using a variety of materials such as Lithium Niobate [20]-[22], polymers
{23]-[25], HI-V semiconductors [26]-[27] and silicon based materials [28]-[31]. Out
of these materials, Silicon (Si) based materials provides strong confinement of light
with moderately low propagation losses, low material cost and compatibility with
well known conventional silicon based IC technology. These Si based materials are
Silicon-On-Insulator (SOI) (silicon core), Si0,/Si0,-GeO, (Core) and Si0,/Silicon
Oxynitride (SiON) core. Among these materials SiO,/SiON is considered as a
promising material for PID as it offers the wide range of refractive index in between
1.45 (Si0y) to 2.0 (SizN,) providing the auxiliary advantage for high index contrast
designs and due to the property of optical transparence from 210 nm to beyond 2000
nm [32]-[33]. This optical property has permitted to develop low loss waveguides for
long range applications such as nationwide networks, optical waveguide sensor and
integrated quantum optical circuits etc.

Apart from the materials, previous authors [16],[33] have reported on studies of
different geometries such as tapered geometry (parabolic tapered [16], linearly
tapered at middle [34], parabolic tapered at middle [35]) and periodic grating
structure with ditterent shape |36]-[3/], tooth shaped graung assisted geometry for
TMI [5],[38] and MMI couplers.

It is seen that till now no study has been made to establish transformational
relationship between conventional directional coupler, TMI coupler and MMI

coupler. From the transformational relationship, coupling power transferred to the
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access waveguides can be determined by using simple effective index method. From
the existing work in the relevant literature it is found that no such report is available
to develop an accurate model for determination of coupling power distribution for
tooth shaped grating assisted structures of directional coupler, TMI coupler and MMI
coupler. In this direction therefore, an effort has been made for a comparative study
on conventional couplers such as DC with TMI coupler and DC with TMI as well as
MMI couplers.

1.2. Motivation

Owing to the high demand of large scale integration of PID for optical
networks, small device dimensions along with better fabrication tolerances are
mandatory in order to reduce process costs with better performances, and contribute
to PID production as the market demand. In the recent years, it is seen that photonic
integrated devices based on TMI and MMI effects fulfils the above requirements
giving low loss, compactness and good performances [2]-[3],[31]. The excellent
properties such as coupling compatibility with optical transmission fiber and easy
fabrication have led to their brisk incorporation in more complex PID’s. It is also
required to find compact geometry for DC, TMI, and MMI coupler which should be

suitable for large scale integrated photonic devices with mass production.

1.3. Aims and Objectives

As discussed earlier, the development of passive optical compact components
(such as DC, TMI coupler and MMI coupler etc.) for large scale integration (LSI)
with low insertion loss, low polarization dependent structures so as to reduce
polarization dependent loss and higher fabrication tolerance with low crosstalk is
very much required. In this Ph. D. work, all these aspects of DC, TMI and MMI
based devices have been studied and the prime objectives of this thesis are

considered as follows:
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L

II1.

14.

To develop a mathematical model using Simple Effective Index Method
(SEIM) based on sinusoidal modes for accurate estimation of coupling power
in directional coupler (DC), Two Mode Interference (TMI) coupler, Multimode
Interference (MMI) coupler and find a transformation relationship of DC with
TMI coupler and MMI coupler with silica waveguides using silicon oxynitride

as a core material.

To design a compact TMI coupler using tooth shaped grating assisted geometry
for Photonic Integrated Devices. Also design and propose tooth shaped grating
assisted geometry for Directional Coupler and MMI coupler in order to get

compactness.

To design double S-bend structures for compact TMI coupler and proposed
MMI coupler for PID.

To fabricate the designed DC, TMI coupler and MMI coupler using silica
waveguides with silicon oxynitride as a core and characterize it for

performance analysis.

Methodology adopted

The most accepted argument in favour of this research work is based on small

device dimension and better fabrication tolerance for TMI and MMI based

waveguide coupler for reduction of process costs and contribution of large-scale PID

components production. the scope of the present research work has tocused

specifically on:

1.

Proper selection of materials for fabrication of waveguide core, cladding

and the substrate.
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. Analytical modeling, simulation and fabrication of low loss waveguides structure
based on Simple Effective Index Method (SEIM) with compact device
dimensions and better fabrication tolerance in an endeavor to achieve

process costs reduction.

. Determination of the coupling length and study of coupling characterisitics/
behaviour of the design structures as a function of the designed waveguide

dimension, waveguide gap and effective index difference.

. Development of compact photonic components using silicon oxynitride material

with low crosstalk, polarization independent and low insertion loss.

. Measurement and characterization of the realized device for the performance

evaluation.

1.5. Research achievement

In this research effort, a mathematical model using Simple Effective Index

Method (SEIM) [41]-[43], based on sinusoidal modes has been developed for

accurate estimation of coupling power in the DC, TMI coupler and MMI coupler.

The results obtained by using SEIM are found to be accurate (which has been shown

in our work), as these results are more close to the experimental results.

The prime contributions are as given below:

1. Design and realization of conventional DC, TMI coupler and MMI coupler
using Si0,/SiON material and derivation of a transformation relationship
between DC, TMI coupler and MMI coupler for accurate analysis of coupling
characterization. It has been found that TMI coupler (having higher
fabrication tolerance) is more compact compared to the other two couplers.

2. Tooth shaped grating assisted TMI (GA-TMI) coupler has been studied and
compared with tooth shaped grating assisted DC. It has been found that
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GA-TMI coupler is two times compact in comparison to conventional TMI
coupler and 4.5 times compact in comparison to conventional DC.

3. Tooth shaped grating assisted geometry for MMI (GA-MMI) coupler has
been proposed and studied. It is found that the overall device length
(including waveguide length and coupling length) of GA-MMI is less than
that of GA-TMI coupler.

4. Double S-bend structures for multimode interference couplers have been
studied using the same material platform and compared with double S-bend
assisted two mode interference. It is observed that the overall length of
DB-MMI coupler is 9 % less than that of conventional MMI coupler, but
compactness is less than that of GA-TMI coupler and GA-MMI coupler.

1.6. Thesis organization

The overall thesis is outlined into eight chapters and the summary of each
chapters are as follows:

In Chapter-1 an overview of general introduction on the thesis work including
the idea, problem definition, prime objectives and adopted methodologies are
presented highlighting the motivation behind the development of compact PID
components.

Since in this thesis, basic PID components such as DC, TMI coupler and MMI
coupler have been studied, Chapter-2 provides a review study on PID components
based on different material platform. The chapter starts with planar wave equation
and reviews on different numerical tools such as SEIM, Marcuse’s method, FEM,
FDTD and BPM briefly for the analysis of planar waveguide. The basic coupling
behaviors ot convenuonal DC, I Ml coupler, MMI coupler and its related previous
works have been mentioned. Since tooth shaped grating assisted geometry for MMI
coupler have been proposed in the third objective, the grating assisted geometry and
its related previous works has also been discussed. As the bent access waveguides of

TMI and MMI coupler have been designed for reduction of total device length, the
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basic theory of single bending and S-bending and it’s related previous works have
been discussed. Since, the fourth and final objective covers the fabrication of these
components using Si0,/SiON waveguide material; it is indispensable to present a
comparative study with other waveguide materials such as SOI, Si0,/S10,-GeO,, Ti:
LiNbO3, GaAsInP/InP and polymeric materials. Finally, in this chapter, the
motivation for the use of Si0,/SiON material over other mentioned materials in PID
have been discussed.

For high speed optical networks having large number of nodes, LSI is required
in PID where the uses of compact, high fabrication tolerance and polarization
insensitive device are key components. In Chapter-3, the basic components (as
mentioned earlier) in terms of compactness, fabrication tolerances and polarization
independent characteristics have been compared before its use in PID. In order to
study the above, a simple effective index model based on sinusoidal modes has been
developed for accurate estimation of coupling power. A transformation relationship
between DC, TMI and MMI couplers has been established for formulation of
coupling behavior of TMI and MMI coupler. It has been seen that the beat length
(defined as coupling length for full cross coupling/to achieve m phase between
guided modes) of conventional DC, TMI coupler and MMI coupler with index
contrast (An) = 5% and cladding index~1.45 and wavelength~ 1.55 pm are 91 pum, 45
um and 80 pm respectively. The beat length of TMI coupler has been found to be two
times shorter than DC and 1.5 times shorter than MMI coupler. The fabrication
tolerance of TMI coupler has been found to be higher than that of MMI coupler and
DC due to having less number of designed parameters. It has also been observed that
the polarization insensitiveness of TMI coupler is almost close to that of MMI
coupler but found to be less than that of DC. Finally, the results obtained using SEIM
have been compared with that using Beam Propagation Method (BPM) results
(obtained with optiBPM software (V 9.0)).

Further as the basic requirement of PID components is compactness, our study
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in Chapter-4 concentrates on the inclusion of compact structure for these
components. In this direction, tooth shaped grating assisted geometry for Directional
Coupler (DC) and Two Mode Interference (TMI) coupler has been used. At first, the
coupling behavior of these structures has been formulated using Simple Effective
Index Method (SEIM), based on sinusoidal modes for its accurate analysis. The
coupling characteristics, beat length and fabrication tolerances of Grating Assisted
Two Mode Interference (GA-TMI) coupler with Grating Assisted Directional
Coupler (GA-DC), conventional TMI coupler and conventional DC have been
compared. It has been found that the beat length of GA-TMI coupler is 22.3 pym
which is ~more than two times less that of GA-DC and ~4.5 times less than
conventional DC. Although the fabrication tolerance of GA-TMI is less than that of
conventional TMI, it is more than that of conventional DC.

As discussed in Chapter-4, reduction of the total device length (sum of beat
length and access waveguide length having S-bend) has not been studied. For the
reduction of total device length it is required to study the longitudinal access
waveguide length (known as transition length) for TMI coupler and MMI coupler. In
Chapter-5, tooth shaped Grating Assisted Geometry of MMI coupler for reduction of
total device length has been proposed. Initially, the coupling behavior of Grating
Assisted MMI (GA-MMI) coupler, using Simple Effective Index Method (SEIM)
based on sinusoidal modes have been analyzed theoretically and the coupling
characteristics, beat length and fabrication tolerances for GA-MMI coupler with
GA-DC and GA-TMI coupler have been compared. It has been found that, although
beat length of GA-TMI coupler with grating width (AW) = 0.25 um is ~ 1.6 times
less than that of GA-MMI coupler with grating width (AW) = 0.25 pm, but the total
device length oi GA-MMI coupler by inclusion ol access waveguide length with
permissible bending loss of 0.01 dB is ~ 7.5 % less than GA-TMI coupler. A
transformation relationship of GA-DC, GA-TMI coupler and GA-MMI coupler has
also been established to formulate coupling behavior of these devices. These results

have also been verified with Beam Propagation Method (BPM) results obtained by
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using optiBPM software (V 9.0).

Subsequent to the design of two mode interference (TMI) coupler, multimode
interference (MMI) coupler and directional coupler (DC), the fabrication of these
device components using Si0,/S10N materials with An=5 % and cladding index ~
1.45 have been discussed in Chapter-6. The TMI waveguide width (2a) ~3 pm,
access waveguide width (a) ~1.5 pm and transition length (Lt) ~130 um have been
kept and in case of MMI coupler, MMI waveguide width (2a+h)~7 pm, access
waveguide width (a)~1.5 pm and transition length (Lt) ~117 pm respectively. The
lower cladding of SiO; layer of 3 um thickness on Si substrate has been deposited
using Plasma Enhanced Chemical Vapour Deposition (PECVD) technique. Then
after, Silicon Oxynitride (SiON) layer of thickness ~1.5 ym and refractive index ~1.5
on the top of SiO; layer have been deposited using PECVD by controlling the flow
rate of N;O, NHj3, and Silane precursor gases. SION waveguide core has been made
using photolithography with chrome MASK written with the help of laser writer and
Reactive Ton Etching (RIE) by controlling flow of SF, and Ar'" gases respectively.
Finally the top cladding SiO; layer of thickness 3 um has been deposited using
PECVD technique. It has been found that the beat length obtained experimentally for
TMI coupler, MMI coupler and Directional Coupler are ~ 45.1 um, 79.9 um and 91.2
um respectively, which are almost close to that obtained theoretically using SEIM
based on sinusoidal modes. Although the tooth shaped grating assisted DC, TMI
coupler and MMI coupler have been designed, the fabrication of tooth shaped grating
assisted structures of grating width (AW)~0.25 pm with permissible propagation loss
~0.15 dB/cm is challenging using standard photolithography technique and
fabrication process steps.

As discussed 1 Chapter-6, stead of fabricaung graung assisted structures, 1l
has been shown theoretically that the tooth shaped grating assisted geometry
certainly reduces the device length as mentioned in chapter-4 and chapter-5. In the
Chapter-7, double S-bend MMI (DB-MMI) coupler has been studied both

theoretically and experimentally using the same waveguide materials (as discussed
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earlier) and Simple Effective Index Method (SEIM) based on sinusoidal modes for
compactness of photonic integrated devices. The DBMMI coupler has been
fabricated using the same fabrication process steps as mentioned in chapter-6. It is
found that the device length of DB-MMI coupler is 193 pm which is almost close to
that obtained theoretically (~209 pm). The device length is 10 % less than that of
conventional MMI coupler, but it is less compact in comparison to GA-MMI coupler.

Finally, in Chapter-8, a general conclusion of the research is summarized with

key contributions of this research work. The contributions are as given below:

1. Design and realization of conventional DC, TMI coupler and MMI coupler
using Si0O,/SiON material and a transformation relationship between DC,
TMI coupler and MMI coupler has been derived. It has been found that TMI
coupler (having higher fabrication tolerance) is more compact compared to
the other two couplers.

2. Tooth shaped grating assisted TMI (GA-TMI) coupler has been studied and
compared with tooth shaped grating assisted DC. It has been found that
GA-TMI coupler is two times compact in comparison to conventional TMI
coupler and 4.5 times compact in comparison to conventional DC.

3. Tooth shaped grating assisted geometry for MMI (GA-MMI) coupler has
been proposed and studied. It is found that the total device length of
GA-MMl is less than that of GA-TMI coupler.

4. Double S-bend structures for two mode interference and multimode
interference couplers have been studied using the same material platform. It
is observed that the device length of DB-MMI coupler is 10 % less than that
of conventional MMT coupler. biit compactness is Jese than that of GA-TMT
coupler and GA-MMI coupler.

As future prospects an attempt can be made to fabricate these GA-TMI coupler and

GA-MMI coupler with AW~0.25 pm, higher index contrast (i.e. An>5%) and
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permissible propagation loss of ~0.15 dB/cm in order to use these components in
large scale integrated optic devices such as wavelength division multiplexer [8] [42]-
[43], add/drop multiplexer {20]-[21] and photonic matrix switches [10] [46] for high
speed optical networks. Although the reduction of total device length of the designed
devices is studied with increase of index contrast (An) but SiO,/SiON material has
been used with An maximum up to 5% only for time limitations and other constraints
in fabrication of these compact device components. Moreover, insertion loss

increases with increase of An, due to having more fiber to device coupling losses.
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2.1. Introduction

Photonic integrated devices with SiO,/SiON waveguides is one of the
promising devices because of its substantial advantages including high performances
levels, high productivity and long term stability for optical networks. The basic
components of these devices are Directional Coupler (DC), Two Mode Interference
(TMT) coupler, Multimode Interference (MMI) coupler and Mach-Zender structures
for optical switches. In this chapter, these basic components are reviewed using
Si0,/SiON [1]-[7], [28] and these components have also been considered using
S10,/8i0,-GeO, [8]-[12], [29], InP/GaAsInP [13]-[17], LiNbOs; [18]-[25] and
polymer materials [26]-[27] for comparison. At the first, rectangular waveguide with
its field distribution for TE mode and TM mode are discussed and then different
numerical techniques are used for their analysis. In section 2.3, theoretical analysis of
coupling characteristics of DC is discussed and the coupling coefficients derived by
Digonnet et al. [31] and Marcuse [30] are compared. The results as demonstrated by
other authors for directional coupler are shown in Table-2.1. In section-2.4,
theoretical analysis for coupling characteristics of MMI coupler is mentioned and the
results of MMI coupler as reported by different authors are reviewed. Section-2.5
describes TMI couplers and the results as demonstrated by other authors. It is found
that the TMI coupler provides the lower coupling length than the other two couplers.
In section-2.6, we have discussed different grating assisted geometries and its
comparison for DC and tooth shaped grating assisted geometry for TMI coupler. It is
seen from the studies of grating assisted geometry by previous authors that DC and
TMI coupler has not been studied considering compactness, polarization
independence and fabrication tolerances. As the bending of waveguide in photonic
integrated devices (PID) is an important part which changes the direction of signals
inside PID, we have reviewed bending losses of the waveguide determined by
different authors in section-2.8. In section-2.9, motivation and advantages of
waveguide material Si0,/SiON over other materials such as SOI, Si0,/Si0;-GeO»,
InP/GaAsInP, Ti:LiNbO3 and polymeric materials have been discussed. A brief
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review of key devices such as wavelength division multiplexer/de-multiplexer,
optical matrix switch and add/drop multiplexer for optical networks have been
mentioned in section-2.10. For these devices it is seen that the basic components are
DC, TMI and MMI coupler. It is required to make these basic components more
compact and polarization independent to accommodate more number of users in

optical networks for large scale integration of PID.

2.2. Planar Waveguide

Fig-2.1(a) shows a rectangular waveguide of core width w and thickness t. The
refractive index of core and surrounding cladding are n, and n, respectively. In the
figure, the width and thickness of the waveguide are considered along x-axis and
y-axis respectively, whereas the wave is propagating along the z-direction. From
Maxwell’s equations, the various components of electric field and magnetic fields
(Hy, Ex, Hy and Ey) of the wave are expressed in terms of z-component of electric

field E, and magnetic field H, in the waveguide core and are written as [ 18],

jwe jBdH, JBOE, jowudH,
x = 7 2 ’ x :—_—2' + 5 s (21)
k k* ox k* ox k* 9y
_JBOH, _jwe OE, E:j(quaHz_léaE:
'k 9y kP ox Yk ox kP oy

where m=angular frequency, P=propagation constant, k’=-f8’+m’cu,
e=permittivity and p=permeability. For easy analysis of propagation characteristics
for three dimensional (3D) structures, normally planar 2D waveguide structure is

used for which the equation (2.1) reduces to
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JB oH, JBOE, )
HX:_T y Ex:_-T_
k® ox k® ox
} 2.2)
__JwedE o _jeuodH,
Y k> ox’ Yokt ox )

Y{L /"Z
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A Cladding n,

v
>

Fig-2.1(a): A rectangular waveguide of core width w and thickness t

Fig-2.1(b) shows planar waveguide (2D) structure of core width, w and core index,
n,. From the above equations, it is observed that there must be existence of one
z-component field either E, or H,, otherwise all the components of the fields would
be zero and as a result, there would be no fields at all in the region considered. So we
may consider a transverse electric field (TE) wave for which E,=0 and a transverse
magnetic (TM) wave for which H,=0. For TE wave, the electric fields and magnetic
fields following Maxwell’s equations can be written as [18]

JE
H, :__l__y’ H, :__/B_E ,
jey ox o
(2.3)

2

ox’

~+ (kg n* = B*)E, =0
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Fig-2.1(b): Planar waveguide of core width w and index n, and cladding index n;,

For TM wave, we get [18]
1 OH, \
jowen® Ax

E, =

E-bB g f (2.4)
°H,
a 2

The field solutions and boundary conditions at the interface of the rectangular

——+(kyn* - p*)H =0,

waveguide of core width, w leads to the following dispersion equations that
determine the propagation constant f3 for TE wave and TM wave [18].

For TE wave, the dispersion equation is written as [18],

Vyl=b, =(g+1)r—2tan” l;bE (2.5)

E

where, q is an integer, bg=normalized guide index=(n, —n})/(n; —n}) and V=

normalized frequency =kow+/(n, —n}) , ko= 21/A and neg =B/Ko.

For TM mode, the dispersion equation can be written as [18],

1-b
V g (n,/n)\1-b, =(g+1)r—2tan™ —b—M (2.6a)
M
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2

n n’ n’ —nl) ;
where g, =—ZL +—L 1 and b, g Zm)f m, (2.6b)

2 2 2 2
1 n, (n; —ny) \ q.n

The two dimensional (2D) structure is converted into 3D structure using the same
dispersion equations by well known Effective Index method [18]. For propagation of
single mode (i.e. only fundamental mode) in the waveguide, the normalized
frequency is chosen V< 2.4. The six electric field components for TE,; mode i.e.

fundamental mode are written as

Ez=10, TE requirement (2.7a)
E, = Asin ¢
w , (2.7b)
Ex=0, (2.7¢)
H, = Bcos—e P+
w , (2.7d)
H, =0, (2.7e)

H =CsinZ e
w .76)

where A, B and C are constants which are determined from the boundary conditions
at the interface of the waveguide cores. The variations of these field components of
TEy as a function of z are portrayed in figures-2.2(a), (b) and (c) respectively. Fig-
2.2(a) shows the variations of electric field component Ey; along z direction,
following the equation (2.7b). In the figure, intensity of electric field E, is maxima at
z=0 and its maximum and minimum values changes alternatively along z direction.
Fig-2.2(b) shows the variation of magnetic field component H, as a function of z,
following the equation (2.7d). In the figure, the magnetic field H, is maximum at
edges and minimum at center of the waveguide. Fig-2.2(c) shows the field
distribution of all the components of electric and magnetic field propagated along z-
direction inside rectangular waveguide core. The width and thickness of the

waveguide is considered along x-axis and y-axis respectively, whereas the wave is
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propagated along the z-direction. The electric field component E, (indicated by solid
line) and magnetic field component Hy (indicated by dashed line) are maximum at
x=w/2 and minimum at x=0 and w whereas magnetic field component H,
(represented by dashed line) is maximum at x=0 and w and minimum at x=w/2. So
the intensity of both electric field and magnetic field is maximum at x=w/2 i.e. at the
center of the waveguide.

The six electric field components for TM;y mode i.e. fundamental mode are

written as

Hz=0, TM requirement (2.8a)
H, = Dsin = ¢

w , (2.8b)
H,.=0, (2.8¢)
E, = Ecos—e¢ #*

w , (2.8d)
E, =0, (2.8¢e)

E, =Fsin e
w (2.80)

where D, E and F are constants which are determined from the boundary conditions

at the interface of the waveguide cores.
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Fig-2.2: Variation of all field components of TE;, mode as a function of z
(a) Electric field component E, along z (b) Magnetic field Component along

z (c) field distribution of all components along z

2.7
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The variations of these field components of TM;, mode as a function of z are
portrayed in Fig.-2.3(a). In the figure, electric field component Hy (indicated by the
dashed line) and magnetic field component E, (indicated by the solid line) are
maximum at x=w/2 and minimum at edges along x-axis whereas magnetic field
component H, (indicated by dashed line) is maximum at x=0 and w and minimum at
x=w/2. Like TE mode, here, the intensity at the center of waveguide core is

maximum and minimum at the edges of the waveguide.

Fig-2.3(a): Field distribution of electric and magnetic field components of TM
mode along z-direction of rectangular waveguide
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2.2.1 Effective Index Method

Marcatili’s method (Marcatili, 1969) [89] was extended by Knox and Toulios
(1970) [90] who proposed the effective index (EI) method, which soon after became
one of the most popular methods for the analysis of optical waveguides. Unlike
numerical methods, this EI method is considered as semi-analytical methods, which
make certain approximation to the structure under consideration and then solve the
resulting simplified problem analytically. The popularity of the EI method is due to
its simplicity, which comes from the fact that it reduces the three dimensional wave
guiding structures to an equivalent two-dimensional structure.

This method is one of the simplest approximate methods for obtaining the
modal fields and the propagation constant analysis for calculating the propagation
modes of channel waveguides. It applies the tools developed for planar waveguides
to solve the problem of two-dimensional structures in channel waveguides having
arbitrary geometry and index profiles. It consists of solving the problem in one
dimension, described by the x coordinate, in such a way that the other coordinate (the
y-coordinate) acts as a parameter. In this way, one obtains a y-dependent effective
index profile; this generated index profile is treated once again as a one-dimensional
problem from which the effective index of the propagating mode is finally obtained.
The propagation constants supported by a 2D channel waveguide having a refractive
index profile which depends on two coordinates n=n(x, y) are then calculated by
solving the propagation modes for two 1D planar waveguides. The EIM treats the
channel waveguide as the superimposition of two 1D waveguides: planar
waveguide-I confines light in the x-direction, while planar waveguide-II traps light in
the y-direction [as shown in Fig.-2.3(b)]. For propagating modes polarized mainly
along the x-direction (E f "), where that the major field components are E,, Hy and E,.

The propagation of these polarized modes is similar to the TM modes in a 1D planar
waveguide, and their solutions will correspond to the effective indices Ni. Further,

the second planar waveguide (waveguide-II) is considered to be built from a guiding
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film of refractive index Ny, which has previously been calculated. The modes for the
second planar waveguide are TE polarized, with E,, H, and H, as non-vanishing

components, because the light is mainly polarized along the x-direction.

)
'

'

1

1

t e n
T . ¢
'

'

Nsub (a) 3D Waveguide-1

nf iI:T (b) 2D Waveguide-1

/[; vy | m Ni n, (c) 2D Waveguide-I1

Fig-2.3(b): Analytical model of effective index method for 3D
waveguide geometry [56]

In the Fig-2.3(b), an analytical model of simple effective index method (SEIM) for
three dimensional (3D) waveguide geometry has been shown, where

Ni = Effective refractive index of 2D waveguide-I

n, =n, =Refractive index of upper cladding and lower cladding

nyp =Refractive index of substrate

T = Thickness of 2D waveguide-I and

W =Width of 2D waveguide-II
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The Effective Index calculation procedure for three dimensional (3D) waveguide

geometry can be summed up as follows [56]:

(i) The two dimensional optical waveguide is replaced with a combination of two
one dimensional optical waveguides.

(i) For each one dimensional waveguide, the effective is calculated index along
y-axis.

(itii) The waveguide is modeled by using the effective index calculated in step (2)
along x-axis.

(iv) The effective index is to be obtained by solving the model in step-3 along

X-axis.

In the analysis of practical optical waveguides, analytical methods such as effective
index method (EIM), Marcatili’s methods etc. are slightly less accurate than Finite
Difference Time Domain (FDTD) and Beam Propagation Method (BPM) [79]. In
spite of the lower accuracy, inability to put in fabricated index profile, these methods
have become popular waveguide design tools because of their simplicity, easier to
use, requires lesser numerical calculations since SEIM solves the reduced vector
wave equation instead of the full vector wave equation that governs the modes. The
ability to convert a two dimensional problem into a one dimensional one is the main
feature and advantage of this method [56]. Based on the above feature and advantage
of simple effective index method, we have tried to implement for detail study of
mode propagation and a comparison of beat length for the basic photonic integrated
devices (PID) components such as directional coupler, two mode interference coupler

and multimode interference coupler in the proceeding chapters of the thesis.

2.2.2 Marcuse Method
In 1987, Dietrich Marcuse {30] has illustrated the directional couplers made of

non-identical asymmetric slab waveguides for the TE and TM mode. An approximate
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expressions are provided for the coupling coefficients of synchronous (no grating)
couplers and their accuracy is checked by comparison with exact solutions that are
based on solving the guided mode problem of the total structure consisting of the two

slabs considered to be a single waveguide.

X
n; v
SLAB 1 { n; d, \
n; Nvoo2s, z
SLAB2{ n, dy A
ns N

Fig.-2.4(a): Schematic of slab directional coupler

The directional coupler consisting of two asymmetric slab waveguides placed
in close proximity to each other is schematically shown in Fig-2.4(a). The two slabs
have dielectric core regions of thickness d, and d4 with refractive index n; and ny4. It
1s assumed that n, > nj, n3 and n4 > n3, ng where the spacing between the slab cores is
2S3. Marcuse described TE and TM modes of the compound structure consisting of
the five dielectric media by introducing a field function F which represents the E,
component of the electric field for TE modes and the Hy component of the magnetic

field for TM modes. In the five regions of space, F is defined as follows,

F=Aep[-7,(x-5,-4d,)] Lfor x> 8, +d,
= A, cos Kz[x—Sx—d—z) + A,sin | K, x—S3—d—2],
2 2
Jor S,+d,>2x2>S§, 2.9)
= A,exp (- ¥ x)+ A exp (7,x) s for =S, £ x< S,

= A, cos |:K4(x+ S, +%“—-J}+ A, sin {K4[x+ S, +d74j}
<x=

for — §,
=Asexp[}"(x+Sx+d4)]. , for xS—(Sq+d4)
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2.2.3 Finite Element Method (FEM)

The finite-element method uses a variational formulation for solution of
waveguide problems. For dielectric waveguides, the usual approach is to use all three
components of the H or the E vector. The advantage of using the three components of
the field is that no boundary conditions need to be set except at the exterior boundary.
From Maxwell’s equations,

Vxe (VxH)=kH (2.10)
Taking the inner product of this equation with H’ leads to a functional of the form

F=[[(vxr) e (vxH)-iZH.H laxdy 2.11)
S

If the trial function coefficients are a;, then requiring 0F/da, = 0 provides the
equations for the matrix eigen value problem. The trial functions must span the
whole domain and satisfy the exterior boundary conditions, and this becomes
difficult for arbitrary shapes. Thus, the finite-element method discretizes the domain
into a set of adjoining triangles, and the trial functions are defined within each
triangle with unknown coefficients. In the nodal element scheme, the trial functions
are expressed in the non-orthogonal area coordinates {;, and linear and higher order
trial functions in terms of the {; can be used. Further, the integrations of the
functional can be performed for each triangle before the matrix equation is
assembled. The problem with the functional in (2.11) is that, spurtous eigen value
modal solutions occur. Furthermore, the formulation requires that B be specified, and
the corresponding frequency @ in kg is obtained. Since the divergence equation has
not been specifically set in this functional, inclusion of this equation in the functional
with a summation parameter o mitigates this. While this approach does not eliminate
the spurious modes, it pushes them to the higher order modes depending on the
choice of . Some check needs to be made to ensure that the spurious modes are
eliminated from the solutions by running the code with different values of a. Using

this technique, Rahman and Davies {81] have obtained results on a ridge guide that
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remain the benchmark against which all other methods are compared. This method
has also been used by other groups [82] for modal solutions. An improvement on the
three component field method was suggested by Cendes [83], in which the transverse
fields are defined by edge elements and the longitudinal field is defined by the usual

nodal elements. An edge element between the triangle vertices is defined by,

W=V, -¢ v, (2.11a)
where (; is the area coordinate defined above and 1;, 1s the length of the edge between
these vertices.

The result of this definition is that the edge element is a trial function that is
along the edge ij. The functional used here is given in (2.11), and the preferred field
set is the components of E. Wilth this choice of trial functions, the spurious modes are
eliminated. Use of second-order edge elements has given excellent results. Recent

work in the finite-element area has focused on the use of edge elements.

2.2.4 Finite Difference Time Domain (FDTD) method

The FDTD technique represents a widely used propagation solution technique
in integrated optics, especially in photonic band gap device computations where the
beam propagation solutions are inadequate, or cannot cope with the geometry. The
major limitation is that the three-dimensional version requires large storage and
extremely long computation times. The basic technique has been outlined in several
papers and books devoted to the technique, for example, [84] and [85]. The solution
of the wave propagation is by direct integration in the time domain of the Maxwell

curl equations in discretized form. For example, the component of the curl equation

is given by,
0H, oH. oD
Y — S =t 2.11b
ox  dy ot ( )

Discretizing via central differences in time and space gives,
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e E'(x,y,2)- E(x, y,2)
At

_ [H;+A"2(x+Ax/2,y,z)—H;*A’/z(x—Ax/Z,y,z):l
Ax

(2.12)

_{H;*A”z(x,)wAy/2,z)—HfA”2(x,y—Ay/2,z)}

Ay

The grid is staggered in time and space (the so-called Yee mesh following [3]), and
the equations for the other field components follow this form. With a given excitation
at the input either in CW or pulsed form, the excitation may be propagated through
the structure by time stepping through the entire grid repeatedly. This first-order
difference formulation is second-order accurate. In the interest of time and
computational speed, most of the computations in the integrated optics area are in
two dimensions. Higher order formulations are also available but the overhead that is
carried slows down the marching algorithm, while improving accuracy for a specific
grid size. The integrated form of the curl equations leads to a finite volume
formulation. Again, a marching algorithm is developed on a split grid, as above. A
recent two-dimensional alternative to the above first-order formulation, as applied to
optical guides, is the higher order compact algorithm based on the split operator
technique of Strang [86] and Shang [87]. In this approach, two fields, for example, E,
and By, are combined to define a Riemann time invariant variable, and the
propagation of this variable uses the piecewise parabolic approximation suggested by
Woodward and Colella [88]. Since the algorithm is two-dimensional the run times
are smaller, and because of the parabolic approximation, higher order accuracy is

obtained without the overhead of the higher order formulation.

2.2.5 Beam Propagation Method
One of the fundamental aspects in integrated optics is the analysis and

simulation of electromagnetic wave propagation in photonics devices based on
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waveguide geometries, including optical waveguides. The problem is to be solved
such as for a given arbitrary distribution of refractive index n(x,y,z), and for a given
wave field distribution at the input plane at z=0, E(x, y, z = 0), the spatial distribution
of light E(x, y, z) at a generic point z must to be found. In this case, the distribution
of the refractive index is known, which defines the optical circuit. When a light beam
is injected at z=0, the problem is to determine the light intensity distribution at the
exit, and in particular, what will be the output light intensity in each of the output
branches.

The “Beam Propagation Method” (BPM) is useful to the study of light
propagation in integrated photonics devices based on optical waveguides with the
help of a paraxial form of the Helmholtz relation, known as the Fresnel equation.
This relation is valid for paraxial propagation in slowly varying optical structures,
which is the starting point to develop BPM algorithms.

The solution to the Helmholtz equation or the Fresnel equation applied to
optical propagation in waveguides is known as the Beam Propagation Method (BPM)
[79]. Two numerical schemes have been used to solve the Fresnel equation. In one
numerical scheme, optical propagation is modeled as a plane wave spectrum in the
spatial frequency domain, and the effect of the medium in homogeneity is interpreted
as a correction of the phase in the spatial domain at each propagation step. The use of
the fast Fourier techniques connects the spatial and spectral domains, and this
method is therefore called Fast Fourier transform BPM (FFT-BPM). The propagation
of EM waves in inhomogeneous media can also be described directly in the spatial
domain by a finite difference (FD) scheme [79]. This technique allows the simulation
of strong guiding structures, and also of structures that vary in the propagation
direction. The beam propagation method which solves the paraxial form of the scalar
wave equation in an inhomogeneous medium using the finite difference method is
called FD-BPM. Also methods based on finite differences which solve the vector
wave equation, called FDVBPM, have been developed. There is an intermediate

approximation, which starts from the wave equation but ignores coupling terms
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between the transversal components of the fields, and for that reason this method 15
usually referred to as semi-vector (FD-SVBPM)

The BPM 1s one of the commonly used numerical tools for modelling structures
that are non uniform 1n propagation direction for ttme harmonic optical signals Since
the optical carnier frequency 1s usually very large compared to the signal bandwidth
modelling with a monochromatic wave 1s sufficiently accurate for many devices
Commercialized computer aided design software (e.g OptiWave, RSoft, BBV) based
on this technique 1s available and their capabilities concerning wide angle problems,
bidirectional propagation and anisotropy are steadily improved

Since the BPM algorithm based on fintte differences in general has superior
performance than that of the BPM based on the fast Fournier transform method, 1t has
been used with the help of optiBPM software (V 9 0) (commercialized by OptiWave)
for the simulation study and verifications of our theoretical and experimental results

for the light wave propagation 1n designed ntegrated optical elements

2.3 Directional Coupler
Fig-2 4(b) shows 3D view of a typical asymmetric directional waveguide

coupler consisting of two rectangular wavegudes: waveguide-1 of width, w; and

thickness t; and waveguide-2 of width w, and thickness t; [, and f, are the
propagation constants 1n wave guides | and 2 without coupling, respectively The
refractive indices of spacing 1n coupling region, core-1, core-2 and their surroundings
are m3, ny, ng and n; respectively The gap between two waveguides in coupling
region 1s h The input power P, and P; are incident in waveguide-1 and waveguide-2,
respectively when the output powers P; and P4 are obtained in waveguide-1 and
wavegude-2, respectively after coupling. The coupling takes place in the O< z < L
region 1 which the even and odd modes can propagate with propagation constants 3,

and B,
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The phase shift between the even and odd modes becomes 7, when the propagation
distance Ly is given by [18],
La= 1/(Be-Bo) (2.13)

Py

B
\ ni ‘4?
Pyt “V"

Y \
Wavegnide- | \/
n
B \ ‘
oW Coupling
Waveguide-2 t2 region (L)

P,

Fig-2.4(b): 3D view of asymmetric directional coupler of coupling length L

consisting of waveguide-1 and waveguide-2.

In a symmetrical directional coupler where t;=t,, n,=n4 and wi=w; i.e. §,=f.,
considerable coupling occurs in the h<8 um range [18]. On the other hand, in an
asymmetrical directional coupler where t,#t;, mp#ns and w; # w, and, hence, 3, #{-,
the coupling is not noticeable unless h is less than 5 um [18]. The power transfer due
to mode coupling is generally characterized by a phase mismatch (8, -3,) between
the two waveguides and the coupling coefficient is determined by [18]

k = Va(Be - Bo) (2.14)

To study the mathematical analysis of directional coupler, coupled mode theory

is required which is discussed in the next section.
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2.3.1 Coupled Mode Theory

Coupled mode theory is a powerful tool for studying optical waveguide
coupling behavior. The concept of coupled mode theory is based on two-mode
coupling theory. It is seen that when the energy is incident on one of the waveguide,
then there is a periodie exchange between two waveguides— | and 2. To explain the
coupling behavior, we should know the coupled mode equations, which describe the
variation of amplitude of the modes propagating in each individual waveguide of the

coupler.

The coupled mode equations may be written as [23]

da

44 _ _iBa(z)~ jk,b(2) (2.15)
dz
B o iBb(2)~ jhpa(z) (2.16)
dz

where ki, and k; represent strength of coupling between two modes and are also
called as coupling coefficient. In absence of coupling, ki>=k,=0. The coupling
coefficients depend on the waveguide parameters, separation between the

waveguides in coupling region h and wavelength.

2.3.2. Power transferred between two waveguides due to coupling
In order to solve the coupled mode equations we have considered the trial
solutions of the equations (2.15) and (2.16) as follows [14],
a(z) = a e "

b(z) = bye "™ (2.17)

Substituting a(z) and b(z) in the equations (2.15) and (2.16), we get,
ay(B=P) kb, =0 (2.18)
by(B— )~ kya,=0 (2.19)
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So, we can write from the equations (2.18) and (2.19),

B’ _ﬂ(ﬁl+ﬁ2)+(ﬂlﬁ2—k2):0 (2.20)
Thus, f,, = %(/”1 + ﬁz)ir[%(ﬁl -5 +k*]"? (2.21)
where k = /k,k,, (2.22)

In the coupling region, there are two independent modes called as even and odd
modes propagating with propagation constant 3. and 3, respectively The suffixes e
and o represent even and odd mode respectively. The general solutions are written as
[14],

-iBz

a(z)=a,e + a,e P (2.23)

by =((B, - B kplae™™ +(B, =B ky)a e (2.24)
where a. and ap are amplitudes of even and odd mode, respectively. The equations
(2.23) and (2.24) are coupled wave fields in waveguide-1 and 2 respectively. The
behavior of the coupled waves can be determined by obtaining propagation
constants. Since the waves in two waveguides are propagated in same direction in
case of directional coupler, the propagation constants, 3;>0 and [3,>0 respectively.

The solutions of the coupled mode equations are given by [23]

B 2, 582 2 2
VK2 Bz + a,e’ k2 +88 Z)e.’/guuz (2.25)

¢

a(z)=(a,e

b(2) =B, - B) ko Ya,e V4 (B~ B) I kyy bage VP ae P (2.26)

where, 208 =, -5, and 28, = S, + f,. The constants a, and a,for even and

odd mode are determined by boundary conditions. We assume that at z=0, the mode
is launched in waveguide-1 with unit power and there is no power in waveguide-2.
By considering boundary conditions, the power flows in waveguide-2 and | are

given by
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2

P/R=|A®) =l fc?ﬂ sin’[(k* + 8B°)""? 2 (2.27)
P /P =[B(z) = f&ﬁ sin*[(k* +88°)""* 2] (2.28)

where, k = \/k,k,,
The powers of waves propagating along two guides vary periodically. The maximum

power transfer occurs at a distance Ly is obtained as

I

P /P=— 2.29
4, max 1 l+(§ﬁ/k)2 ( )

¥4
where, L =

Tk + 8B
As, 803 — 0, the maximum power transfer increases. At 8 =0 there is a complete

power transfer between two waveguides. This is called as Synchronous or symmetric

directional coupler (DC) (5, = f3,) .

2.3.3. Coupling Coefficient
The coupling coefficient of asymmeitric directional coupler with gap h between
the coupling waveguides (2D model) derived by Marcuse [30] is written as,
Kereane =] & | = 2R -
ko Bl — ), —m))(w, + 1 7+ Uy ) w, + 1 7+ 1 7))

(2.30)

172

where, K, =./n; k2 - B, (2.31)

K,= nfkg —,52 , (2.32)
Vo= B*=n 2ko2

—n2k2 2.33)
ko=21/A. (2.34)
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The coupling coefficient in the equation (2.30) is rewritten as follows

— —hy.
kmercuve_ Cmercuse(An’ w, ﬂ’) e (2.35)
where,
2K, K
CrersdWA) = oo 2247 —  (2.36)
ko SU(n, —n))(n, —n))ow + 1 9 +1 ) w, + Uy + 1 )
C, e (A0, w, A)depends on  waveguide parameters and wavelength. It is

independent of spacing, h between two waveguides in coupling region.
The coupling co-efficient between two coupled wave guides derived by
Digonnet [31] is given as follows

A u' K,0HId)

. 2.37)
2m, d*V? Kl () (

[kl = k,, =

where d = w/2 = half width of the wave guide,
H= gap between two waveguide axes =h + w

Ko, K= modified Bessel function of second kind and order 0, | respectively,
u=dy\kin: - B° 2.38(a)
V= d\)ﬁz —k(?nzz

V = normalized frequency = (27w/A)Viny’ - ni’) (2.38b)

and n,, n3 = core and cladding refractive index respectively.

The coupling coefficient in the equation (3.33) can be rewritten as

Ky = Cy (An,w, A) ky(vH 1 d) (2.39)
2
where, C, (An,w, A= 4] (2.40)
2m, dV° K (v)
The C, (An,w,A) depends on waveguide parameters and wavelength. It is

independent of gap between central axes of waveguides, H in coupling region.
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2.3.4. Numerical Calculation

For numerical calculation, we have taken the following waveguide parameters

[31],
m=m=1.4551, np =ns=1.458, t;= tr=w;=w;= w=6 um and A=1.15 um.
The normalized frequency, V obtained from the equation (2.38b) is 3.0116. We have
calculated the propagation constant 3= 7.95143 using effective index method. So we,
have calculated u and v using the equation (2.38a) as follows,
u=1.2274 and v = 0.8723

The modified Bessel functions Ko(vH /d) and K, (v) are approximately written in

asymptotic form as follows,

OENCZR a4
K, (vH Id)= /”%vH expl —(8vH /d—1)/8]

Using the equation (2.33), we have calculated K, and K, as follows,
K, (v)=0.3854

(2.41)

Putting the value of K, (v)and other waveguide parameters in the equation (2.40), we

have calculated C,, (An,w, A) for wavelength, A=1.15 um as follows,
C 4, (An,w, 1)=0.015608

For calculation of C (An,w,A) we have determined Kk, and y; using the

equations (2.31) and (2.33) as follows,
ko = 0.40911 and y3 = 0.290782
The C

mercuse

(An,w,A) for wavelength A=1.15 pum is obtained using the equations

(2.31)-(2.36) as follows
C (An,w, 1)~ 0.0037

mercuse

Using same method, we have calculated C (An,w,A) and C, (An,w,A) for

mercuse die

other wavelengths A =0.7 um, and 1.55 um.
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By knowing these C (An,w,A) andC,, (An,w,A), we have calculated the

variation of coupling coefficient with H for other wavelength 0.7 pm and 1.55 pm

respectively. For calculation of k,,, we have determined modified Bessel function,

k,(vH / d) for different H values. For H = 6 um,

K,(vH /d)= 7&'%vH exp|— (8vH /d —1)/8] = 0.1877876

So the kq,q is determined by using the equation (2.39) as follows
ky, = Cy(An,w, Ak, (vH /d)=0.00293
Whereas the Kmercuie calculated using the equation (2.35) as follows

k =C

mercuse merune(

An,w,A)e”"” =0.0037
where, ¥3=0.40911 and h=H-w=0. Similarly, we have calculated the variation of

Kmercuse and Ka,q With increase of H for wavelength A= 0.7 pm, 1.15um and 1.55 um.

0.005

0.004

o
(=]
o
w

0.002 |°

Coupling coefﬁcent(p,m)’1

0.001

6 7 8 9 10 11 12
H(pm)

Fig-2.4(c): Variation of kg, (solid line) and Kmercuse (dashed line) with H for
A=1.55 pm, 1.15 um and 0.7 pum respectively.
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Fig-2.4(c) compares the variation of coupling coefficient with H at wavelengths 0.7
pum, 1.15 um and 1.55 pm respectively. In the figure, the solid line represents plot of
Digonnet’s coupling coefficient versus H, whereas the dashed line represents plot of
Mercuse’s coupling coefficient, Kyercuse versus H. It is evident from the figure that for
lower wavelength there is little difference between two coupling coefficients and this
difference increases with increase of wavelength.

The propagation constants for even and odd modes are given by

B.=B+k }
Bo=F~-k (2.42)
2.3.5. Directional couplers reported by previous authors

Table-2.1 shows results of directional couplers demonstrated by different
authors. In this section, only DC with different An and coupling gap are mentioned as
demonstrated by different authors. The table also shows TMI coupler and MMI
coupler which are discussed later in this chapter. The figures, Fig-2.5(a), 2.5(b) and
2.5(c) show the different waveguide structures used by different authors as
mentioned in the table. It is found that most of the authors have used embedded and
rib waveguide for demonstration of DC, TMI and MMI couplers.

R. Kasahara et al. [10] demonstrated directional coupler with embedded
waveguide of core size~7x7 (um)2 using Si0,/S10,-GeO, material with An=0.75 %
for the application of thermooptic MZ switch of 22 mm. The propagation constant is
determined by using dispersion equation [1] as 5.8909 (um)"' and the coupling
coefficient Kmercuse Of DC with coupling gap h=2 pim is obtained by using the
equation (2.35)-(2.36) as 0.0016 (um)". The detail of calculation of Kmercuse 18
described in section-2.3.4. The 3 dB coupling length is calculated as

L =1t/4K mescuse= 481.6 pm
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Table-2.1: DC, TMI and MMI couplers (MZI=Mach Zehnder Interferometer, DC=
Directional Coupler, TOMZ=Thermooptic Mach Zehnder, DOS=Digital Optical

Switch and TMI=Two Mode Interference)

OTezpur University

Material An taken Device Beat Device Application
by Structure length length
different /width
authors (mm)
SiON// SiO, 3.3%[1] DC(Embedded)*** | ...... ~7515.6 Add/drop mux
Index range~ 0.46% DC(Embedded) 1960 um ~50/0.25 Add/drop mux
(1.45-1.98) [2] MMI** 1920 ym | - 3dB coupler
Available 1.92% MMI (Rib)**** 74.1 pm 0.667mm Wavelength
An ~53% [31 TMI (Embedded)* 74.5 pm Demux
10.1% MMI(Rib)**** 467 pm WDM
[4] MMI(Embedded)* 23 um 145 pm Power coupler
10 % [5] * Demux
5.42%
[6]
10.3%
7]
GeO, -Si0y/ Si0, | 1% [8] MMI(Embedded) 1000um Smm TOMZ switch
Index range~ 0.45%[9] DC (Embedded) | ... | ... WDM
(1.45-147) 0.75%[10] | DC(Embedded) | ..... 22/0.5 TOMZ switch
Available 0.7%[11] DC(Embedded) | ... ~80/25 EDFA gain
An ~2% 1.5 % [12] | DC (Embedded) | .. .. 40/0.25 equalizer
TOMZ switch
InP/GaAsInP 16.7%(13] | MMIT (Ridge) 35 um ~105um Power splitter
Index range~ 15% [14] | MMI(Embedded) | 4) pm 20.5um 3dB coupler
(3.13-3.5) 16.7%[15] | DC &MMI(Ridge) 35um Mode filter
Available 13%[16] MMI( Ridge) 432um 1296pm MMI Switch
An ~33% 15%[17) MMI(buried) 400um ~200um 50:50 splitter
2.26
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Table-2.1(Continue):

DC, TMI and MMI couplers

(MZI=Mach Zehnder

Interferometer, DC=Directional Coupler, TOMZ=Thermooptic Mach Zehnder,
DOS=Digital Optical Switch and TMI=Two Mode Interference)

Material An taken | Device Beat Device Application
by Structure length length
different /width (mm)
authors
Ty LiNbO; 1% 19} TMI (Embedded) 135um Smm Optical
Index range~ 0 6%[20] TMI(Embedded) 139um 6mm bifurcation
(215-221) 06%[22] | Y junction Wavelength
Available 06%[25] | DC (Embedded) Mux
An ~6% 1% [21] DC(Embedded) 135um DOS
Photonic
switch
Optical DC
Polymer 2 54%[26] | DC 256 um TOMZ switch
Index range~
(144-165)
Available 03%[27] | DC ~30mm TOMZ switch
An ~21%
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***Embedded waveguide Foragrt e
o RS IR
E .
W
< ni
+++¥Rib waveguide ne e |§ 9 g D
" h
e p o
D 1 Wieve 2eetele e
****Ridge waveguide -
* TMI coupler . VAL
\ Coupler\
—Wem_ —

Fig-2.5: Different device structures (a) cross section of DC with embedded
rectangular waveguide (b) DC with Rib waveguide (c) DC with Ridge
waveguide (d) TMI coupler (¢) MMI coupler

B. J. Offrein et al. [I] has demonstrated directional coupler with embedded
waveguide using Si0»/SiON material with An=3.3 % for the application of Add/drop
multiplexer of device length of 75 mm. Y. Hida et al. [9] demonstrated directional
coupler with embedded waveguide using Si0,/S10,-GeO, material with An=0.45 %
for the application of wavelength division multiplexer. Scilipf et al. [11]
demonstrated directional coupler with embedded waveguide using SiO,/Si0,-GeO;
material with An=0.7 % for the application of EDFA gain equalizer of length~80
mm. Sohma et al. [12] demonstrated directional coupler with embedded waveguide
using Si02/Si0,-GeO, material with An=1.5 % for the application of thermooptic

MZ switch. M.K. Chin et al. [13] has demonstrated directional coupler of very small
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gap h=0.2 pm with ridge waveguide using InP/GaAsInP waveguide for wavelength
and power splitting. D. Mercuse [30] has reported directional coupler with small gap
h=0.5 pum using InP/GaAsInP with index contrast (An) of 10 %.

M. Papuchan et al. [19] has demonstrated optical directional coupler of
coupling gap h=2 um and 3 pm with corresponding coupling length 0.5 mm and
Imm using Ti:LiNbO; material with index contrast of 0.5% for switching of
wavelength 514.2 nm. H. A. Haus et al. {21] has reported optical directional coupler
using Ti: LiNbOs; waveguide with index contrast of 1% and has tapered the same
with maximum and minimum coupling gap of 3.54 um and 2.97 um for elimination
of crosstalk. H. S. Hinton [25] has reported directional coupler using Ti:LiNbO;
waveguide for photonic switching. Y. Hida et al. [27] reported polymeric directional
coupler with An=0.3 % for demonstration of TOMZ switch of device length ~30 mm.
M. Digonnet et al. [31] has demonstrated single mode fiber coupler of core center to
center spacing (H), 4.75 um with index contrast of ~0.75% for wavelength
multiplexer with channel separation of 35 nm. E. A. J. Marcatali [32] has reported
rectangular waveguide directional coupler of coupling gap h~I pm and coupling
length ~149 um with index contrast of ~1.5% for 3 dB coupling of wavelength, 1.13
wm. So most of previous authqrs have investigated directional coupler with coupling
spacing h>1 um. In our works discussed in chapter-4, we have studied directional

coupler with coupling gap both h >1 pm and h<1 pm

2. 4. MMI Coupler

Fig-2.6(a) shows the schematic diagram of MMI device in which the central
structure is a multimode waveguide designed to support a large number of modes
(typically>3). In order to launch light into and recover light from the multimode
waveguide, a number of access waveguides (usually single mode waveguides) are
placed at its beginning and end of central structure of width W, and thickness t

respectively. Such devices are generally called as MxM MMI couplers where, M is
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the number of input/out put access waveguides The refractive index of MMI core
and cladding are considered as n; and n; respectively

The principle of operation of MMI 1s based on self 1maging by which the input
field 1s reproduced in single or multiple tmages at periodic intervals along the
propagation direction of the waveguide There are number of methods to describe the
self 1maging phenomena—ray optics approach [33], hybrid methods [34], gmded
mode propagation analysts [35] etc The guided mode propagation analysis 1s
probably most comprehensive method to analyze the self imaging in multimode
waveguide because 1t not only supplies basis for the numerical modeling and design

but 1t also explains the mechanism of multimode interference

Z

., con ”‘f%”'
12 % g

]

M

__,,,.-”'

My
Fig.-2.6(a): 3D view of MxM MMI coupler
In MMI waveguide for wide width, the electric filed 1s present along Y direction 1n
TE mode and for TM mode the electric field 1s present along X direction [15] This

follows the field distnbution of TE and TM mode in Fig-2 2(c) and Fig-2 3(a)

respectively
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2.4.1 Guided mode propagation analysis

The self imaging phenomenon of 3D MxM multimode structure is analyzed as
shown in the Fig-2.6(a). As the lateral dimensions are much larger than the transverse
dimensions, it is justified to assume that the modes have same transverse behavior
everywhere in the waveguide. So the problem can be analyzed using two
dimensional (lateral and longitudinal) structures, as shown in Fig-2.6(b). The
analysis based on 2D representation of the multimode waveguide can be obtained

from the actual 3D physical multimode waveguide by effective index method.

Weumi — 3 7
2 -——I [: 2
Core n —
L =
ny
wg
— == — M

Yol 77~ ]——
M —» Z

0

Fig-2.6(b): 2D representation of MxM MMI coupler

The input field profile H(y, 0) incident on MMI coupler is summation of mode field

distribution of all modes in 2D approximation as follows,
H(,0)=) bH,(y) (2.43)

where b, is mode field excitation coefficient which can be estimated using overlap
integrals based on the field orthogonal relations and Hi(y)= mode field distribution of
i" mode.

The composite mode field profile at a distance, z inside multimode coupler can

be represented in 2D representation as a superposition of all the guided modes:

m-1

H(y,z) =) bH (y)explj(f,~ f)z] (2.44)

1=0
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where, m is total number of guided modes and f is the propagation constant of i

mode. For high index contrast, it is approximately written as [35]

+1)*7A
B, =kgn, - TA (2.45)
4n, w;
where, w, =w, . +w, = equivalent width or effective width (2.46)
Wmm = physical width of MMI coupler
/1 20
w, = _(_"LJ (nf -n )_”2 = lateral penetration depth related to Goos-
T\ n,
Hahnchen shift (2.47)

n, is effective index of the MMI core, Wym is width of multimode wave guide, n; is
the refractive index of multimode wave guide cladding, A is the wavelength and
ko=27t/A. 6 =0 for TE mode and o=1 for TM mode. Defining L, as the beat length of
the two lowest order modes, it is given in [35]
T 4n,w’

BB 34

where [3, =propagation constant of fundamental mode and [, =propagation constant

(2.48)

of 1" order mode.

As for example, Ridder et al. [3] reported device parameters, n;=1.45, An
=0.0192, Wp=35 um, w=3 um A=1.55 pm and for these parameters, penetration
depth is obtained by using the equations (2.46)-(2.47) for TE mode as,

w, =35+ ;—'?—2(1 4559° —1.45%)""* = 35+3.76=38.76 um

Using dispersion equation n, is calculated as 1.4559.

The beat length is calculated as,

I - 4x1.4559x38.76°

~]1880 um
g 3%1.55 H

The estimated value of L, proves good agreement of experimental value which
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is shown later on in Fig-2.10(a). The estimated value of L; proves good agreement of
experimental value which is shown in Fig-2.10(a). Rajarajan et al. [6] reported
device parameters, n;=1.45, An=0.0542, wy,»,=18 um, w=3 pm A=1.55 um and for
these parameters, penetration depth is obtained by using the equations (2.46)-(2.47)
for TE mode as,

w, = 18+%(I 496> —1.45% )" = 18+1.3=19.3 pm

Using dispersion equation n, for TE mode is calculated as 1.496.

The beat length is calculated as,

_ 4x1.496x19.3°

Ll[
3x1.55

~ 479 um

Darmawan et al. [15] reported device parameters, n,=3.17, An =0.167, Wqmm=3.5 pm,
w=1.5 um, A=1.55 pm and for these parameters, penetration depth is obtained by
using the equation (2.46)-(2.47) for TE mode as,

w, = 3.5Jr;—'5]—i(3.22212 ~3.17°)"* = 3.55 um

Using dispersion equation n, for TE mode is calculated as ~ 3.222.

The beat length is calculated as,

_ 4x3.222%3.55

Llf
3x1.55

~34.9 um

Z. Wang et al. [44] reported device parameters, n=1.45, An=2 %, Wyn= 20 um, w=4
pm, A=1.55 pm and for these parameters, penetration depth is obtained by using the
equations (2.46)-(2.47) for TE mode as,

w, = 20+;%(3.3172 ~1.45%)""* = 20+0.165=20.165 pm

Using dispersion equation n, for TE mode is calculated as 1.496.

The beat length is calculated as,

L _ 4x3.317%20.165
¥ 3x1.55

= 2300 pm
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Table-2.2: Comparison between Calculated and other author’s reported value of Ly

L
Author’s An | Wi W % of w, n, " Ly
Materials (Calcula
Name (%) | (um) | (Calculated) inw, |(reported) N (reported)
te
Ridder 1880 1881
Si0,/SiON 1.92 35 38.76 uym 10.7% 1.4559
etal. [3] pm pm
Rajarajan
Si0,/SiON 5.42 18 19.3 pm 7.2% 1.496 479 um | 467 pm
et al. [6]
Dharmawan 349
InP/GaAsInP 16.7 | 3.5 3.55 pm 1.4% 3.222 35 um
etal. [15) gm

Table-2.2 compares beat length L, calculated using the equation (2.48) and that
reported by other authors. It is seen that L, values are almost same for all An values
mentioned in the table. The table also shows that as An increases, penetration depth
w) decreases. For An=16.7 %, w,~ w,,,; which agrees with the result demonstrated by
Darmawan et al. [15].
The propagation spacing can be written as
B,— B = i+2)r

2.49
3L (2.49)

The phase of i"™ mode with respect to mode 0 (fundamental mode) at the end of MMI

section of Iength, L is given by,

i(i+2)7l
3L

4

@, =(f,~-p)L= (2.50)

So the composite mode field profile in simplified form at a distance z=L, is written
as
& i(i +2)7L

H(y,z)=) bH, (y)explj

2.51
2. 3L ] (2.51)

¥4
where b; =mode field excitation coefficient which can be estimated from sinusoidal

mode analysis {36].
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2. 4. 2. Power transferred to the output waveguides

At the end of the MMI section, optical power is either transferred to the output
waveguide or lost out at the end of multimode waveguide. Again the mode field at
the access waveguide of same width, w is assumed to be mode, 0. Each mode of the
MMI coupler contributes to the mode 0 at the output access waveguide. The mode
field of the output waveguide is the sum of the contribution of all the modes guided
in MMI section. So, the mode field at M™ waveguide can be written as

Ml (i + 2)7l
Hy (D) =Y ¢y H,(yexpl j Lt 2L

2.52
Z, a1 ] (2.52)

4

where c,, , =measure of field contribution of i"" mode to M™ output waveguide. The
¢y, 18 evaluated from simple sinusoidal mode analysis [36].

In MMI coupler, there are two types of interference—general interference and
restricted interference. In case of general interference, the self imaging mechanism is
independent of modal excitation and the single image is formed at a distance

L=p@3L,) (2.53)
where p=even for direct image and p=odd for mirror image. The multiple images are

formed at
_ P
L= —2—(3Lﬂ) (2.54)

where,p=1,3,5...........

In case of restricted interference, there is a restriction of excitation of some
selected modes. There are two types of restricted interference— paired and symmetric.
In case of paired interference [37],

b, =0, fori=2,5,8....... 2.55)
and N fold images are formed at a distance, L = %(L,,) where p=0 and N>1 are

integers having no common divisor. In case of symmetric interference,

b, =0, fori=1,3,5....... (2.56)
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and N fold images are formed at a distance, L = —]%(3Lﬂ /4) where p=0 and N>1 are

integers having no common divisor. The N images are formed with equal spacing of
Wami/N. The N-way splitter can be realized in this principle [36]. The transition from
DC structure to MMI structure with Ridge structure by reducing etches depth in

between two coupling waveguides of DC are reported by Darmawan et al. [15].

2.4.3 MMI couplers demonstrated by previous authors

Although, Table-2.1 mentions MMI and TMI couplers as demonstrated by
different authors, for more details we have used Table-2.3 in which waveguide
parameters and Af of these couplers are also mentioned. In Table-2.3, we have
considered only Ti:LiNbQO;, InP/InGaAsP and SiO,/SiON materials because very
limited literature for TMI and MMI couplers using Si0,/Si0,-GeO: and polymeric
materials are available. Moreover, large index contrast waveguides can be made
using InP/InGaAsP and SiO,/SiON waveguide materials for compactness of these
components. For comparisgn, we have included Ti:LiNbOs; material in the table.
Leuhold et al. [38] has reported MMI coupler of An~13% and wny, of 1.3 pm
(Wmmi=width of MMI coupler) using InP/GaAsInP waveguide for tunable power
splitter respectively. Levy et al. {39] has demonstrated 2x2 MMI coupler using same
material with An~13 % and wWqm; of 9.3 um for 3dB power splitting. M. Yagi et al.
[16] has reported 3x3 MMI coupler of beat length L;~432 um using InP/GaAsInP
with An~16.7 % for versatile switching with partial index modulation. Yong Ma et al.
[14) has demonstrated MMI coupler with coupling length~20.5 um and An~13 %
using InP/GaAsInP waveguide for 3 dB coupler. Darmawan et al.[15] has reported
MMI coupler of lower L; ~35 pm using same material with An~16.7 % for mode
filtering. M. Rajaranjan er al.[6] has reported MMI coupler of wWgymi~18 um and beat
length L;~467 pum using SiON/SiO; technology with An~5.42 %. Janz et. al. |7} and

Paiam er al.[4], have reported MMI coupler of same material with An~10 % and
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different Wy, values. MMI coupler using same material with An~10 % reported by

Janz er al. [7] has lower L; than that with same An and higher wym, reported by

Paiam er al. [4) and former is bent waveguide device. Ridder et al. [3] has reported

MMI coupler of L,~1881 um using SiON/SiO, waveguide with An~1.92 % and

higher Wy, From the studies of the above authors, it is seen that for higher index

contrast and lower wp,,,,, the beat length is reduced.

Table-2.3: Different TMI/MMI based devices with device length

Wam = Width of Mulitmode region, AB=difference between propagation constant,

L= /AP, L.= coupling length, A= wavelength. P=number of modes

Waveguide parameters

Materials (h=0) Devices
. Author’s A Ap L L.
& available (type)
name An Wi | D/DAWIT | (um) | (um) ' (m)
range of An
=ny-n; |(Um)/P (pm)
A. Neyer
[20] Wavelength
w=1.35
(Embedded 27 431, |multiplexer
o 0.6% T=1.35 0.58 | 0.0226 | ~139
Ti: LiNbO; | structure) P=2 ~6mm (TMD*
(index (Fig-3.5)
range M.
~2.15-2.21) | Papucahon
Optical
etal.
(9] 1% 4 w =2 0.514 | 0.0232 | ~135 371, |Bifurcation
P=2 T=2 ~5mm (TMD)
(Embedded
structure)
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Waveguide parameters

Materials & (h=0) Devices
i Author’s A AP L. L.
available \ (type)
name An Wmnm D/D/W/IT (um) (l“lm)- (um)
range of An
=m-ny |(pm)/P (um)
D. S. Levy
et al. [39] w=2 3dB
(Rib 13% d=1 L./2~ coupler
9.3 1.55 | 0.01136 | 277
structure) D=0.5 138 | (MMD**
(Fig-3.5)
M. Yegi
etal.[16]
w=1 .
(Ridge 13% 12 3L, ~ Switch
d=1 1.55 | 0.00727 | ~432
structure) 1296 1 | (MMI)
) D=0.53
(Fig-3.5)
Darmawan
InP/GaAsIn
etal. D=1
P
) [15] 35 D=0.5 Power
(index ) 16.7%
(Ridge =3 w=1.5 3L, ~ splitter
range 1.55 0.089 ~35
structure) 105um (MM
~3.17-3.5)
(Fig-3.5)
Leuthold et
al.
50:50
(371 L./2~
] w=1.3 splitter
(Buried 15% 11.3 200um
T=0.26 1.55 | 0.00787 | ~400
hetero
(MMI)
structure)
Yong Ma et
al. [14] L./2 3dB
W =04
(Embedded | 15% 3.2 ~ coupler
T=0.65
structure) 1.55 | 0.0768 ~41 20.5u (MMD)
(Fig-3.5)
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Waveguide parameters

Materials & (h=0) Devices
) Author’s A AP L, L
available (type)
name An W | D/D/WIT | (um) | (um)' | (um) | (um)
range of An
=m-n, |[(um)/P (um)
M.
Rajaranjan ~479
etal.
w =3
f6l 18
5.42% d=2 1.55 | 0.00655 | ~479 (MMI)
(Rib P~20
D=1
structure)
(Fig-3.5)
~40
Janz We3
= (C n
etal. [7] d
d=3 3.55b) Demultiplex
Si0,/SiON | (Embedded
10.3% | 6 1.55 0.0785 ~63 ~145 (TMD)
Technology | structure)
. (egn
(index (Fig-3.5)
3.44)
range
Ridder et al.
~1.45-1.98) 3 =3 3dB
1.92% | 35 T=2.5 1.55 | 0.00167 | 1881 940 coupler
(Embedded
(MMD)
structure)
Paiam et al. Ww=2.8 Wavelength
(Rib)[4] 10.1% | 6.5 d=0.35 1.55 | 0.04237 | 74.1 667 [Demultiplex
(Fig-3.5) D=1.2 (MMD)
WDM
Tzong et al.
w=0.5 (TMI
(Embedded 1.538
1 w=1.1 based on
structure) 10% & 75.4
p=2 T=0.5 tooth-
(51 1.578
. shaped
(Fig-3.5)
grating))
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2.5. TMI coupler

Pu\ a
RS S e

L
Single mode

w Two mode region

\ region

\ Single mode
region

Fig-2.7: Schematic diagram of a TMI coupler of coupling length L

Fig-2.7 shows the schematic diagram of TMI coupler consisting of two single mode
entrances of core width w and thickness, t and exit waveguides of same size and TMI
core of width 2w and length L. The operating principle of the TMI coupler is based
on two-mode interference (TMI) in coupling region. When the light is launched into
one of the input waveguides, only fundamental and first order mode with propagation
constants oy and Py, respectively, are excited in the coupling region [19]-[20].
These two modes interfere with each other while propagating along the direction of

propagation. Depending on the relative phase differences A¢ at the end of the

coupling region, the light powers are coupled into the two output waveguides.

2.5.1. Power transferred to output waveguides

Like DC, in case of TMI directional coupler, we have to use the same coupled
mode equations for the calculation of power transfer to the out put waveguides. So,
the powers coupled into two single mode identical waveguides of TMI coupler are

approximately given by [20],
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B _ginragr2) (2.57a)
A
4 =cos*(A@/2) (2.57b)
A
where, Ag = AfS.L, L= length of multimode region and AS = 8, — [, (2.58)

The coupling length for maximum power transfer from waveguide-1 to waveguide-2
is written as,

Loo=m/AB =nL, (2.59a)

where n is odd integer and L,=w/AfS (2.59b)

2.5.2. Numerical calculation

We have taken the following waveguide parameters (which are taken by Neyer
et al. [20]) for verification of our numerical calculation, n;=n3=2.15, n, =2.156, 2w=
width of coupling region=2.7 pm, An =0.6 % and A =0.58 pm.

The normalized frequency, Vi obtained from the equation (3.34b) is V=

27T (w)
A

fundamental mode oo and propagation constant of first order mode B, are calculated

Jn, —n} =2.35. Knowing Vi, we have calculated propagation constant of

using effective index method (18] as follows

Boo_calculation of TE polarization:

For the fundamental mode, mode indices p=0 and q=0, we have calculated by from

the following dispersion equation {18],

V,\J1-b, =(p+1)r —2tan" ];b' (2.60)

)

where ai=0 because symmetric waveguide.
by ~ 0.525

Putting by in the following equation Ny is calculated as follows
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N, = +b,(n; - n}) (261)
N, =2.15315

Therefore V, = 2= (jw) JNZ=n? =3.404 (2.62)

We have calculated by from the following dispersion equation [18]

1-b
v, J1-b, =(g+1)r—2tan"’ ; 1 (2.63)

I

by =0.6778
Putting by in the following equation, we have calculated effective index for

fundamental mode, N ., as follows,

ff 0

N = \/an2 + bn(N/Z - "12) (2.64)

N ., =2.15226

eff O

So, B, = 3/;—[ N, =23.3024

Boy_calculation of TE polarization:

For the first order mode, mode indices p=0 and q=1, we have calculated by using the
equation (2.60)

by = 0.525
Putting by in the equation (2.53), N is calculated as follows

N, =2.15315
Therefore, Vii=3.405 [using the equation (2.62)]
We have calculated by, for the first order mode using the equation (2.63)

b = 0.0145

Putting by in the following equation, we have calculated effective index for

fundamental mode, qu as follows,

N, =+n?+b, (N} =n?) (2.65)
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27
Ny =2.15004587 So, B, = TNE"' = 23.2798

The propagation constant difference, Af is calculated as follows

AB L, - ﬁno —ﬁm =0.0226

Therefore, L, is calculated as follows,

y/a
L =——— ~139um
ag N

T

In similar way, we have calculated propagation constant of the fundamental and first
order mode for wavelength 0.59um as follows

Boo ~ 22.906879 and By, ~ 22.884804
The AP of the wavelength 0.59 um is given by

Ap Iu 59 1800 —ﬁ(n: 0.022075

So, the required coupling length for separating two wavelengths 0.58 pum and 0.59

pum is given by [20]

z 3.14
L = = ~ 6mm
AB|,. —AB|,,, 0.000515

Knowing Af using above methods, we have calculated coupled power (P4/P)) for

the wavelength varying for 0.57 pm to 0.59 um using the equation (2.57a). Fig-2.8
shows variation of P4/P; with wavelength for coupling length of ~6 mm, n\=n;=2.15,
n; =2.156 and 2w=2.7 um respectively. The solid line represents theoretical curve.
The black dots represent the experimental points of cross state power demonstrated

by A. Neyer [20], showing good agreement with the theoretical results.

©Tezpur University 2.43



Chapter 2

0.8

=S =
E-N N

Nor malized Coulpled power, P 4/P,
©
N

—

o

0.569 0.574 0.579 0.584 0.589
Wavelength (um)
Fig-2.8: Variation of P4/P, with wavelength for coupling length of ~6 mm,
m=n3=2.15, n,=2.156 and 2w = 2.7 um respectively.

Beat length calculation of TMI coupler

Janz et al. reported TMI coupler with n;=1.459, n,=1.562, 2w=width of
coupling region=6 pm, An=10.3 % and A =1.55 um. Using the equations (2.60)-
(2.64) (applying effective index method), we get Bg and Boy of TE polarization as
6.2355 and 6.314 (um)'l respectively and corresponding AB=0.0785 (um)’I and the
beat length is calculated as

L= n/AB =3.14/ 0.0785 ~40 pm

However, beat length is calculated by using the equation (2.48) as follows:

w =641 (1 5497 —1 450?)
3.14

—~1/2

= 6+0.94 = 6.94 ym

2
[, = dnwl A1 S49x69%69 _ (.
32 3x1.55

The difference of Ly values is due to assuming beat length of TMI coupler as beat

length of MMI coupler.
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TM polarization (using effective index method):

For n=1.459, n,=1.562, 2w=width of coupling region=6 pm, An=10.3 % and
wavelength, A=1.55 um.

Vi=6.78

For fundamental mode, p=0 and q=0

Dispersion equation for TM polarization is given by

V,(\/—(;anln,),/l—bM =(p+)r—2tan” lbe (2.65a)

M

where a=0 because symmetric waveguide.
Ny-=n' Y n, i
bM = 2 2
h, —n mq,
N; N
g, =| =3+ 5|1
n, ny

From the above dispersion equation by is calculated as ~ 0.88.

Putting by in the following equation Nj is calculated as follows

Ny =+n? +b,, (n} —n?) (2.65b)
N, =155
27(6) 2 2
Therefore, V,, =——/1—,/NM -n;, =12.72 (2.65¢)

We have calculated by from the following dispersion equation 18]

v, (g N, 1n, Wi=b,, =(g+1)7~2tan" I;—I’M—' (2.654)

Ml

bwmi = 1.0225

Putting By in the following equation, we have calculated effective index for

fundamental mode, N, as follows,

N0 =n +by (N2 —n?) (2.65¢)
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N, =1.5494

2r ]
So, B, = Z Ny = 6.2775 (um)”’

Similarly we can get N, ., =1.5335 for first order mode (Bo;) of TM polarization by

eff |
taking p=0, g=1 and By for TM polarization as 6.21342 (um)"' and corresponding
AB=0.06408 (um)". The beat length is calculated as
L= n/AB =3.14/ 0.06408 =49 pum
The difference between beat lengths of TE and TM for TMI coupler with
An=10.3% is 9 pm.

2.5.3. TMI couplers demonstrated by different authors

In the table-2.3, we have mentioned TMI couplers (coupling length<<l mm)
reported by previous authors [7], [19]-[20]. A. Nayer et al. [20] has reported TMI
coupler with coupling length ~6 mm, An~0.6% and w,i~2.7 uwm using Ti:LINbOs
technology for wavelength multiplexer/demultiplexer device with wavelength range
0.57 pm-0.59 pm. M. Papuchon et al. {19] has implemented TMI coupler of coupling
length ~5 mm, An~0.6 % and wm,mi~2.7 um using Ti:LiNbO; technology for optical
bifurcation device with operating wavelength~ 0.5145 um. Veerman et al.[40] has
demonstrated passive TMI coupler using silica waveguide with An=0.23 for 3dB
coupling with 0.5 dB loss at wavelength 1550 nm. Tzong et. al {5] has reported ultra
short TMI coupler based on toothed grating structure using Si0,/SiON material with
An~10 %.

2.6 Grating Assisted Geometry

The schematic diagram of the grating assisted (GA) structure {72] is shown in
Fig.-2.9. A periodic perturbation, having period A and length L and arbitrary index

profile, is placed on the slab waveguide, being the depth and the length direction.

©Tezpur University 2.46



Chapter 2

X
4 n, overlay
A grating
4 dy df ¢
n nf N r t
=~ fi 7
7
slab2 n2 \’Z‘tz N
n
s L substrate —l

Fig-2.9: Grating assisted geometry
The refractive index parameters of GA structure are overlay n,, grating n,, under
layer ng, slab n, substrate n, refraction indices, whereas the profile thickness of GA
are upper slab t;, gap t,, grating t.=t, under layer t;, lower slab t, and thicknesses d;,
d,, ds, ds. Each layer of the structure is assumed isotropic, homogeneous, lossless and
two dimensional. In the figure, the d;=ds=0 and d,#d4#0 corresponds to rectangular
GA structure, the di=d3=0 and d,=d4#0 corresponds to square GA structure and the d,
#0, d3=0, d, = d4 = O corresponds to saw tooth shaped GA structure and the d;=d;#0

and d,=d4=0 corresponds to triangular GA structure.

2.6.1 Analysis of Grating Assisted Directional Coupler (GADC)

Fig-2.10 shows grating assisted directional coupler [{72] consisting of two slab
waveguide in which the grating assisted structure is attached with lower waveguide.
The refractive index parameters of GA structure are overlay n,, upper slab n;, gap n,,
grating n,, under layer ng, lower slab nj, substrate n, refraction indices, whereas the
profile thickness of GA are upper slab t;, gap t,, grating t=t, under layer tg, lower
slab t, and thicknesses d,, da, d3, ds. Each layer of the structure is assumed isotropic,

homogeneous, lossless and two dimensional.
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X

A ng overlay
slabl m 4

A ratin
gap n, tg 4 g
n 1y, & dy dy t t
e~ T &
vd Z
slab2 n2 N §‘t2
ng L
substrate

Fig-2.10: Schematic diagram of the GADC structure with arbitrary profile. GADC
parameters: overlay n,, upper slab ny, gap n,, grating n., under layer n,, lower slab n,,
substrate n, refraction indices, and upper slab t;, gap t,, grating t=t, under layer g,
lower slab t,, thicknesses d,, da, d3, d4 are the profile parameters, A the grating period

and L is the grating length.

The scalar wave equation of the GADC is given by [72],

d’F(x,z)/dx* + d*F(x,2)/d2” + ke, (x,2)F(x,2) =0 (2.66)
where F, is the appropriate electric or magnetic field y-component ( i.e., F, = E, for
transverse electric (TE) and F, = H, for transverse magnetic (TM) polarization), k0 is
the free space wave number, i designates the generic homogeneous layer, i=
0,1,g,rfr,3,s, and €x,z) is the relevant permittivity. The permittivity function is
periodical along only in the grating region, i.e., €(X, z) and it can be written
according to the Fourier series expansion as

£,(x,2)=3 e, (x)exp(j2mz/A) (2.67)

where n denotes the n-th space harmonic, and
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A2
e {x)=W/A) Ie(x, z)exp(— j2mz/A)dz  ; 0<x<t, (2.68)

-A/2
is the nth series coefficient. Thus, the solution of (2.66) in the grating region,

according to the Floquet space harmonics expansion [73], is

Z f. (x)expl jk,, z) 0<x<1, (2.69)

where f,(x) is the r-th space harmonic amplitude function and k,, is the component
along of the relevant propagation vector. It is well known that the nth component is
related to the fundamental harmonic (n=0) by the Floquet phase relationship {73], i.e.
k.n=k.0+2mn/A, where k,q refers to the zero™-order mode of the perturbed structure.
Therefore, the field in the grating region assumes the form of a superposition of
space harmonics. In order to completely describe the electromagnetic field in the
GADOC structure, we denote as the z—component of the e. m. field (G,-H, for TE and
G,-E, for TM polarization, respectively). Similarly to (2.69), it results in the grating
region

G,(x, z)—Zg,, x)exp(jk,,z) 0<x<t, (2.70)

Where g.(x) is the relevant nth harmonic amplitude function. Moreover, the
relationships between the fy(x) and g,(x) field component amplitudes have been

determined by using the Maxwell equations

df,(x)/dx =3 q,,8,(x)

(2.70a)
dg,(x)/dx =Y p,.f.(x)

where qp and p.m are elements of two squared matrices, each one depending on the
permittivity coefficients. In case of TE polarization, we have
8 (x) =—jau,o,,
Punl)= e, [k, /R, 8, .., ()]

being 8,m , Om Kronecker’s delta functions, and €, (x) the appropriate coefficient of

(2.70b)

Floquet series expansion. The solution of (2.70), together with the continuity
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conditions applied to each longitudinal interface between different layers, allows
finding the propagation constants and the field distributions of all the field space
harmonics retained in the analysis. In particular, the continuity conditions can be

summarized for TE-polarized mode [72] as

df, (0)dx+ jli-r Y+ e 2 k7 £ (0)=0 2.71)

xn

df, (¢, )dx— jk'9 7, - r' explj2e e W+ ) expljoetse }=0  272)

where x= t=t is the grating thickness, K™, kyn® are the nth harmonic X-components
of the wave vector in the layers f; and g, respectively, and the coefficients rn‘m,
depend on the propagation constant components in the same layers. It must be noted
that the condition (2.70b) includes a dependence of the solutions in the grating region

on the equivalent permittivity

£,(0)=k,/k )2, ~£,.(x)

which is a function of both the space harmonic order and the grating profile. This has

"

important consequences, as it will be better clarified in the following. From the
equation system (2.71) it is clear that an arbitrary but finite number of harmonics, say
2N+1 , has to be taken for numerical integration, having the complex wave-number
of the GADC composite guided mode as unknown variable, where a>0 is the mode
amplitude attenuation coefficient (leakage factor). In other words, the LMP approach
explains the radiating effect produced by the grating in terms of leaky modes, having
field space harmonics which radiate power in the semi-infinite regions. In order to
numerically integrate the system (2.70a), a four order Runge—Kutta algorithm has
been used, which gives accurate results also for large grating depths when a large
enough number of iterations is used (up to 50 iterations have been used for 0.15 m).
Moreover, the complex eigenvalue k,, has been found by the Muller’s method. After
finding k,,, the amplitude coefficients of each space harmonic and K,,, ke, £,(0),

fa(t)have been determined. Details of numerical procedure can be found in [80].

Strong attention must be paid to the choice of the starting point, i.e., the
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approximated propagation constant, in order to avoid double roots. The problem is

well described in [72].

Grating resonance condition

The GADC structure already presented by Marcuse [74] and considered by Sun
et al. {75] has been largely investigated. It consists in a InP-In, Ga,x AsP-InP-
In,Ga,.xAsP-InyGa ,.,AsP-InP multilayered structure, having parameters n,=3.18,

n,=3.282, n=3.18, n;=3.282, n=3.18, ,=0.2 pm, and t+t+t=2 pm. The mono
modal condition 2f,,/n; —3.18> +0.8119 = 4, allows obtaining as a function of,

being the free-space optical wavelength. The choice to have only two ideal
composite modes is similar to the TMM approach, in which only two local normal
modes are considered at each grating section [12]. As a first step, we have calculated

the composite modes of the same structure as above, but unperturbed (t;=1.5 pm,

t=0, tz=0.5 pm, m=3.45, ,=0.257 pm) at Lp=1.5 pm. Results give n ~ 3.2974545

and n 5; ~ 3.1906012, being mode A (even) mainly confined in the lower slab and B

(odd) in the upper one. )

Then, a similar structure with a grating depth of t=t=0.1 pm (t,=1.45 pm,
tz=0.45 um) has been investigated. It is well known that the grating period, needed to
have a high-efficiency power transfer between the ideal composite modes of the
structure, depends on the effective index difference between the two guided modes
exchanging power along z. The conventional CMT method determines the grating

period in an approximated form
A= dyflnle —pri | = 14,038 (2.73)

The TMM approach [72] gives in this case (strongly asymmetric) a much more

approximated value of the grating period

A=A +A = oflal) — 20|y Jo/|nllwe) _ 20 )= 40258 ym (2.74)
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being “inf and “sup” the local sections of the grating period. In the LMP approach,

the optimal grating period is found at the resonance condition [75], i.e., when the

deviation 6=/ — 52 — K from the exact synchronization condition between the
modes and B, i.e., § = B — B} — K is minimized, being the grating wave vector and
B, BS, the real parts of the fundamental (zeroth-order) harmonic propagation

constants of mode and , respectively. Since S/ = B — K, where [f'|is the real part

of -1 harmonic propagation constant of mode A, the resonance condition implies also
that the electromagnetic field distribution of -1 harmonic of mode is more similar to
that of 0 harmonic of mode or, in other words, the difference of their phase velocities
is minimal. The resulting coupling length, allowing the maximum power transfer

between the lower and upper slabs, is given by the well-known formulation
L == (2.75)

which is used in the CMT approach, too [72]. The presence of the grating in the
GADC structure causes three fundamental effects. The first is that each guided mode
generates infinite space harmonics (with n<-1 for mode A and n<0 for mode B),
radiating power in the substrate and in the overlay. The second is that only two space
harmonics (“fundamental”) carry significant guided power in the upper and lower
slabs (with n= -1 and n=0 for mode A and n=0, n=1 for mode B). The third effect
implies that the electromagnetic fields of space harmonics having g,(x)>0 are
confined in the grating region (here in after “spurious” harmonics). This
circumstance occurs for the harmonics having n>0 (mode A) or n>1 (mode B) for the
structures considered in this paper. These confinements depends on the permittivity
coefficients of the Fourier series expansion of the grating profile, which are
contained in €.4(X), and cause a distortion of electromagnetic field distribution of
fundamental harmonics from “ideal” condition in absence of grating, i.e., 5=0. As a
consequence, at the resonance the influence of spurious harmonics is minimal since

their amplitudes, depending on the equivalent permittivity, are globally minimized.
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The amplitudes of spurious harmonics have been calculated at the resonance and
near the resonance for different profiles (D=saw tooth, S=sinusoidal, T=triangular,
Q=squared, TR=trapezoidal) Table-2 4 summarizes these amplitudes for both modes
A and B for saw tooth profile at 14 029 pm and 14 031 um respectively; and also
shows the percentage difference of the amplitudes of other profiles with respect to
the saw tooth D, as calculated at 14 029 pm The alternating signs 1n some cases are
due to the relevant coefficients of Fourier senes expansion of grating profile

In case of sinusoidal profile, the amplitudes of the real part of field component
of spurtous harmonics for n=1 (mode A) and (mode B) are dominant (in absolute
value) with respect to the other harmonics, and are at least two orders of magnitude
lower than the amplitudes of fundamental harmonics In fact, when n=1 (mode A)
and (mode B), the equivalent permittivity assumes a mimmum value because the
sinusoidal profile admits only one spatial frequency, 1.e., €,>0, €,=0, n#0 Therefore,
the guided spurious harmonics are weaker in the grating region for n=0 than n>0,
giving stronger gmding, less coupling with the two slabs and much lower amplitudes
with wncreasing n. In a similar way, the resonance condition (A=14 031 um) for saw
tooth profile arises when the spurious harmonics in the grating region have minimum
amplitudes This can be seen 1n Table 2 4 by comparing the amplitudes for saw tooth
profile calculated at 14 029 pum and 14 031 pm

Since the Fourier series expansion of saw tooth profile has its permittivity
components 1n rigorously decreasing order, the space harmonic amplitudes are n
decreasing order with increasing n , too (Table 2.4) This can be clearly seen from the
amplitudes of space harmonics for mode A and mode B, as changed with respect to
those of sawtooth profile (Table 2 4 [72]) Amphtudes larger than those occurring 1n
saw tooth, sinusoidal, triangular or trapezoidal profile have been obtained Therefore,

the resonance condition occurs with a larger deviation wave number
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Table-2.4: Amplitudes of spurious harmonics for various profiles [72]

n | GADC with #; =3.45,t=0.1 pym Made A
) M ®) (TR) Q D)
14.029 um) (14.031 pm)
1 +29.3% +4.18% 0.01746 -99.5% -266% 0.01726
2 -120.7% -79.4% 0.006837 -60.1% -41.1% 0.006738
3 ~97.5% -67.6% 0.003792 -33.6% -248.6% 0.003732
4 ~102.2% -86% 0.002444 -75.5% -33% 0.002403
) -99 8% -80.2% 0.001716 -89 6% -244.2% 0.001687
6 -99.9% -89% 0.001275 -86.8% -29 9% 0.001253
7 -99.9% -85.5% 0.0009857 -68.6% -242.3% 0.0009682
8 -99.9% -90.8% 0.0007847 -83.8% ~-28.4% 0.0007706
9 -99.9% -88.3% 0.0006387 -99. 7% ~242.1% 0.0006271
Mode B
) (M @) (TR) @ I
2 -230.6% -197.2% 0.06504 +64.7% +111.6% 0.06086
3 -77.1% -74.8% 0.02357 -65.5% -147.8% 0.02211
4 -102.8% -134.2% 0.01270 -152.9% +104.2% 0.01195
s -99 6% -83.3% 0.008103 -99 9% -155% 0.007624
6 -100.2% -121.2% 0.005654 -64.5% +99.3% 0.005322
7 -99.9% -87.2% 0.004182 -88.3% -158.1% 0.003938
8 -100.1% -115.7% 0.003224 -125% +96.8% 0.003037
9 -100% -89.3% 0.002566 -99.9% -161.2% 0.002417

Fig.-2.11 shows the coupling length obtained for different grating profiles at
(quasi-symmetric GADC) with groove depth ranging from 0.01 to 0.15 pm. The

curves have been determined by evaluating the resonance condition versus the
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groove depth by using the sinusoidal profile. The symmetric profiles exhibit higher
efficiency with respect to the asymmetric ones with increasing the groove depth, but
the best condition (lowest coupling length) is obtained again with the optimized

rectangular profile (42%),

10

Coupling length (mm)
L)

0 - 1 i 1 i i
0 002 0.04 0.06 0.08 0.1 012 014
Groave depth (um)

Fig.-2.11: Coupling length (mm) versus grating depth (im) [72] for different index
profiles, +++: sawtooth, XXX: symmetric tritangular, 000: sinusoidal. GADC
parameters: n,=3.18, m;=3.282, ng=3.18, n=n;=3.282, n.=3.18, ;=0.2 pm, ,=0.4238
pm, t,=1.5-t, /2 pm, tg = 0.5-, /2 um, t ranging from 0.01 to 0.15 pm.

It is seen from the figure that the lower coupling length is obtained at
rectangular grating geometry and the same of rectangular grating assisted structure is
almost close to that of square grating assisted structure. This is due to having more
number of reflections in rectangular or square grating assisted structure than other
structures and multiple refection increases phase difference between excited modes

in these structures. It is also seen that the coupling length slowly varied with groove
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depth at groove depth ~0.04 um. This rectangular grating assisted structure is also
called as tooth shaped grating assisted structure. Fig-2.12 shows the coupling
efficiency obtained for rectangular, square and saw tooth grating assisted structures

of GADC with groove depth ranging from 0.01 to 0.15 pm.

100,

!

Coupling efficiency (%)
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0.02 0.04 0.08 0.08 0.1 0.12 0.14

Groove depth (um)

Fig-2.12: Coupling efficiency (%) versus grating depth (m) for different index
profiles, ***: squared (50%), +++: sawtooth, boxes: optimized rectangular (42%).
GADC [72] parameters: ng = 3.18, ny=3.282, n,=3.18, n=n=3.282, n,=3.18, (,=0.2
um, ,=0.4238 um, t; =1.5-t/2 um, t=0.5- t/2 pum, t, ranging from 0.01 to 0.15 pm.

It is seen that the coupling efficiency for rectangular structure is almost close to that
of the square structure but it is grater than that of saw tooth structure. So it is
confirmed from the curve of coupling efficiency and coupling length that the
rectangular or square grating assisted structure performs better than other structures.

So we have chosen same tooth shaped grating assisted structure for DC, TMI coupler
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and MMI coupler, as studied in chapter-4 and 5 for compactness of photonic

integrated device (PID).

2.6.2 Tooth shaped grating assisted TMI coupler

As discussed in section-2.6.2, tooth shaped grating assisted geometry has
already been studied by previous authors [76]-[77] for compactness of two mode
interference coupler. Fig-2.13 shows a 2x2 two-mode-interference multiplexer using

a tooth-shaped grating structure.

grating penods
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Fig-2.13: Schematic design of an ultra compact TMI wavelength division

multiplexer using a tooth shaped grating structure [76}-[77].

The two-moded waveguide where TMI occurs had a width Wy, and a width of the
grating W,. The lengths of the alternating sections of the grating were I, and 1, n,
and n, were the refractive indexes of the cladding and waveguides, respectively.
Observation points O; and O; were located at (x=0, z=0) and (x=Wn/4, z=0),
respectively, for detecting the mode-related reflection spectrum of the grating. Two
observations points O3 and Os were located at the lower and upper single-mode

output waveguides, respectively, to detect the transmission spectra. The widths of the
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single-moded input and output waveguides were W, and Wy

£
g
E o, < ¢— The first-order-mode reflection band g 08 ‘
g o Transmission at O,
5 @
& -
. The fundamental-mode reflection band 8
3 0 ~ &
3 g 04-
:
g2
Transmssion at (k
150 L 110 DO e
(@) Wavelength (m) (b) Wavelength (jim)

Fig- 2.14: Mode-dependent E-field spectra of the toothed-grating TMI multiplexer.
(a) The bold line was detected at the observation point O,(x=0, z=0) and the thin one

at O,(x=W /4, z=0). (b) The bold line was detected at O; and the thin one at O,.

Two symmetric S-bend output waveguides of radius R located at the end of the TMI
waveguide are not shown in the figure. It was assumed that the transverse guided
dimension (y-axis) was much smaller than the lateral and longitudinal ones (x and z)
such that all the EM guided modes discussed here were uniformly single-mode in the
y dimension. Thus, TMI wavelength (de)multiplexing could be reasonably analyzed
and discussed using two-dimensional (2-D) FDTD simulation. The structural factors
were designed as: Wp=1 pm, We=1.1 pm, W,,=0.25 pm, n. =1, n=1.5, 1,=0.347 pm
and 1;=0.334 uym. The number of grating periods was 100. The mode-dependent
forbidden bands contributed by the toothed grating were obtained using an ultra short
TE-mode pulsed excitation of FWHM 1x10™"° second and central wavelength .55
pm, followed by taking Fourier transform of the temporal responses. Fig.-2.14(a)
shows two reflection spectra that were detected at the observation points O, and O,

and are represented by a bold line and a thin one, respectively. Because of the
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location of O, the bold line only corresponds to the reflection spectrum of the
fundamental (even) mode, indicating that the reflection band over 1.5-1.6 m was
mainly for the first-order guided mode. The central wavelength of the first-order-

mode reflection band was arranged to be [76] at 1550 nm by setting the values of 1,

A
and 1, tobe [ = A and I, =———, where A, = 1550 nm, n;,, and n;, were
4xn_’v'" ‘ 4><nln§’

the effective indexes of the j™ order guided modes of Ay (here j™ is first) in the
guiding widths W, and W, , respectively. The central wavelength of the band gap Ay

is determined by 4, :2(lm xn,, +1, ng,). If the sum of 1, and 1, is a constant,

which should be achievable in manufacture, the shift of the central wavelength &)

caused by the conjugate variations of Al,, and Al,; can be obtained by {76],

Oy My "M AL, (2.76)
/10 n},g + n;,m lm

The wavelengths of 1538 and 1572 nm, which were the first zero-reflection

points near the reflection band, were chosen for the WDM demonstration, because of
the relatively low reflection losses and high dispersion. Notice that wavelength
demultiplexing of 1538 nm and 1572 nm could also be implemented using the
fundamental-mode reflection band blue-shifted from 1.88 to 1.55 pm by replacing
effective indexes nom and ng,. Nevertheless, using the first-order mode reflection
band for wavelength demultiplexing always contributed stronger dispersion effects, a
shorter coupler length of wavelength multiplexing and narrower add—drop channel
widths than using the fundamental mode one. The reason was that the effective index
of the first-order guided mode was more sensitive to the variation of guiding width.
That is to say, with the fixed W, and Wy, (n; ;- ny ;) was larger than (ng,-ng ). Thus,
the first-order mode reflection band had a wider bandwidth and stronger dispersion
effect than the fundamental mode. In addition, the reflection bandwidths were related
to the difference between and which could be slightly adjusted in a range where only

two modes could be guided. The second or higher order modes excited in a large
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would contribute higher scattering losses and degradation of channel contrasts.
Fig.-2.14(b) shows two transmission spectra of electrical fields that were detected at
the observation points and are represented by a bold line and a thin one, respectively.
Clearly the wavelengths near the first-order reflection band were separated by the
grating dispersion. The band gap dispersion decreases quickly for the wavelengths
away from the band gap, giving rise to narrow add-drop channel widths. The
corresponding channel contrasts could be evaluated by squaring the E-field
transmission values. For contrast values larger than 10 dB, the add-drop channel
widths were about 5-10 nm. Notice that there are a variety of three-dimensional (3D)
waveguide structures whose performances could be quite different. For the
waveguides of low index contrast between the guides and claddings, the difference
between the effective indices and could be much smaller than that in the 2-D case
analyzed here. It is expected that the band gap widths and the add-drop channel
widths are narrower and the device lengths are longer in these 3D cases than the 2-D

analyzed results.

Analysis of GA-TMI Coupling

A guided mode Bj, in the grating-assisted TMI waveguide actually having
periodic variation of its effective refractive index when propagating in alternating
guiding widths W, and W,. The situation could be considered as a plane wave
normally incident upon a periodic multilayered medium. For a given wavelength Ay,
the effective permittivity tensor in a tooth-shaped grating illustrated in Fig.-2.13 can

be defined by,

(2.77)

2 ’11)

where nj(z) is the effective index of the j™ order guided mode, alternating between

g,(z):gonf(z)=go[ ﬂf“)jz

njm and n;, in the guiding widths W, and Wy, respectively. The quantity €, is the
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permittivity in vacuum. The permittivity in the waveguide as a function of distance

€,(z) can be further expressed in terms of Fourier coefficients as [76]

£,(2)=2 &, expljpGy2) (2.78)
r

where Go=2n/A, and A is the grating period, equal to the sum of I, and I, The
symbol £ ]f , denotes the corresponding plh Fourier coefficient of €(z). Assuming that

the difference between W, and Wy, is very small, the fundamental and first order
propagation modes would mainly retain their guided lateral shapes while propagating
in the grating. Therefore, the electrical field of guided waves in the grating could be

modeled by the Bloch wave equation, modified as [76]

A

E (=e. gj(x,y) uJ‘K(z) exp(iKlz)

where g(x,y) presents the lateral guided form of the j'h order guided mode; u,x a
function of z of the period A; K, the guided Bloch wave number. When the grating is
removed (i.e., W,=Wy), both u,x and €] are constants and K, becomes the guided
propagation constant f3,. The s is the propagation constants in the TMI waveguide of
no grating. The f3,, and P, are transformed to Bloch wave numbers K, ; and K, »,
both equal to K=1/A. The beat lengths 1, increases and I > decreases. The coupling
length is shortened to be

L == (2.79)

' CBU.Z —:30.1)

where, 1, < K <(0W/A)< K<, in most cases. Besides, because a grating of
infinite periods is ideally assumed in the Bloch theorem, such an ideal value is
difficult to achieve with a grating of finite periods. The theory tells us at what length
the wavelengths are separated inside an infinite grating. In practice, the grating
length should be only long enough to separate the wavelengths right after the grating.
Then the grating dispersion is limited by the optimal gating length. Nonetheless, as

shown in the later simulation, L. was still be significantly shortened by such a
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dispersion effect of the grating. The corresponding frequencies ®, and @, on the

band gap edges are mainly related to the first two Fourier coefficients e'j"(,and el

and can be approximated by [76],

/A

o = A (2.80a)
ule!ly + )gjf ,i

0, =20 (2.80b)
H g,f.() _‘g,f,l’

1
Because Sf , in most cases is much smaller than £ , the band gap width AX of the
central wavelength Ay could be further simplified as [76],

e

J
7.1
AL~

70
With a given constant W,=1 pm and a few sets of variables 1, 1, and W,, some
forbidden band gap widths were calculated and listed in Table-1. The bandwidths
Al 1550 and Ak gs0 were from the original design discussed above and were the
first-order mode and zero order mode reflection bandwidths located at 1550 and
1880 nm, respectively. The bandwidth was blue-shifted to be Al 550 (from 1880 to
1550 nm) by adjusting the factors I, and 1,. Furthermore, the blue-shifted AL ;ss0

was broadened to be A 4 55, by increasing W, from 1 to 1.3 pm. Note that there are
still two guided modes in a guiding width of 1.3 pum. The bandwidths AA1 1550 and
A A} 155, (the first column and the last one in Table-2.5) were the first-order mode and

fundamental mode reflection bands of the central wavelengths located at 1550 nm.
They will be used to separate the wavelengths of 1538 nm and 1572 nm in the later

simulation for purposes of comparison.
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Table-2.5: Designed parameters used for grating assisted TMI multiplexer by [76]

W=1.1, 1,=0.347, 1,=0.334 W=1.1, 1,,=0.276, W,=1.3,1,,=0.276,
(a) 1,=0.274 (b) 1,=0.268 (c)
Nim 1.116 Ny 1.035 Ng,1n 1.403 Ny, 1.403
Ny, 1.16 Noy 1.073 Ng, 1415 N, 1.433
Alpisso | 37.8 nm [ Akyiggo | 134 nm | Akysso 8.4 nm Aﬂ'{usso 20.9 nm

Using the set (a) of schematic factors designed in the Table-2.5, continuous TE
waves of 1538 nm and 1572 nm that were single-moded in the input waveguide
entered and excited the two-moded waveguide at z=0. Their individual TMI patterns
are shown in Fig.-2.15(a), respectively. By comparing the TMI patterns inside and
after the grating, the results showed that the 1572 nm imaging period was
significantly broadened and the 1538 nm one was on the contrary slightly shortened
in the grating. Both wavelengths were nearly separated after the 68 um long grating.
The best z position for locating the output waveguides could be accurately
determined by plotting the intensity contrast defined by [76].

[5.(z)dx
Contrast =10 log | +—ow—— (dB)

0

jS_,(z).dx

(2.81)

where S, is the Poynting vector propagating in the z direction. The contrasts of 1538
nm and 1572 nm are shown in Fig.-2.15(b), by a bold line and a thin one,
respectively. After passing through the grating region, the maximum contrast
difference occurred at z=75.4 pm, indicating the optimum position of the output
waveguides for wavelength separation. For 1572 nm (X)) and 1538 nm (L)
propagating in a 2-D waveguide of I ym width and no grating, the propagation
constants Bo2, Bo.1, Bi2 and By ; were 5.74x10°, 5.6x10°, 4.58x10%nd 4.44x 10° (unit:

rad/m), respectively. By (2.79), AB was 2.88x10* (rad/m) giving rise to a required L.
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about 1.1 mm, which is about fourteen times the L. obtained above for the tooth-
shaped grating. The theoretical optimum (shortest) L. predicted is about 22.4 pm.
The ideal value is obtained based on the assumption that both A, and A, are right on

the edges of the forbidden bandgap contributed by a grating of infinite periods.
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Fig-2.15(a): Mode independent Fig-2.15(b): Intensity contrasts of
patterns of 1538 nm and 1572 nm in 1538 nm and 1572 nm in GA-TMI
GA-TMI coupler. coupler.

The insertion loss is an important factor to be considered, defined as [76],

[s.(z)ax
Insertion loss = —10 log | ——* (dB)
[$.(z=0,1=0)ax

(2.82)

where S,(z=0, t=0) is the initial input before the waves are reflected by the grating.
The corresponding insertion losses of 1572 nm and 1538 nm are shown in Fig.-2.16.
In the FDTD software (optiFDTD produced by the Optiwave Corp.), the input source
could be embedded right on the interface between the single moded input waveguide
and the two-moded waveguide. The input coupling losses were neglected in the
simulation. Then the initial losses of about 0.2 dB at z=0 indicate the reflection

losses caused by the grating. The major losses are the scattering losses mainly caused
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by the toothed structure of the grating. The insertion losses are slightly increased by

the S-bend output waveguides.

30- o 1538 om
@ 1572 mm
25+
— Toothed grating region N
a 20, % A S-bend fan-out
g ena—
-E ' ¥
1
| []
i Scattering loss
:
$ ,
0.0 2 eremberiscicnmcen e e " . Regmoﬂ “* ]
"0 p. o] L] 60 80 100 120

Position in the TM] wavelength multiplexer (z, pm)
Fig-2.16: Insertion loss of 1538 nm and 1572 nm
wavelengths in GA-TMI coupler

Although intensity contrast and insertion loss of tooth shaped grating assisted
structure of TMI coupler has been studied by previous authors, for accurate design
of GA-TMI coupler, it is required to study accurate estimation of coupling power
along with polarization dependence property and fabrication tolerance. The FDTD
method has some limitation to study the above performance analysis accurately. In
this direction, the simple effective index method is useful to study the above
performance accurately. So we have attempted in chapter-4 to design GA-TMI
coupler with detail analysis of polarization fabrication tolerance and coupling

behavior by using simple effective index method based sinusoidal modes.

2.7 Bend Waveguide Structure

Waveguide bends are important parts of integrated waveguide type devices
because they are used to obtain directional changes in the devices such as
Mach-Zehnder Interferometer (MZI) type device, Directional coupler, ring lasers,

modulators etc. Such waveguide bends are also widely used in arrayed waveguide
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filters and optical delay lines and to interconnect different photonic devices within
integrated optic circuit (IOC). The small radius or sharp bends are essential to
achieve a higher packaging density of optical components in integrated optical circuit
to improve their functionality and reliability in optical networks. Mass production at
an economic cost and reduction of overall device size is a key parameter. In this
direction, considerations of sharp bends are most important. These waveguide bends
are inherently lossy and increase the overall loss which is also dependent on
waveguide parameters. The radiation loss suffered at a bend can be reduced by
increasing the modal confinement in the plane of the bending. Many authors have
studied the waveguide bend of the device with different waveguide parameters as
shown in table-2.6 [57]-[67]. D. Marcuse has studied theoretically the bending of the
waveguide and derived the formula for loss coefficient of the bending [57]. T. Kitoh
et al. [58] has demonstrated PLC (planar lightwave circuit) type directional coupler
(DC) with An~0.25% and Si0,/Ge0,-Si0O, waveguide by taking bending radius of 15
mm and 40 mm with bending loss of 0.32 dB and 0.05 dB respectively and reduced
the bending loss using lateral offset. M. Kawachi et al. [61] has reported DC with
An~0.25%, 0.45%, 0.75%, and 1.5% using bending radius of 25 mm, 15 mm, Smm
and 2 mm respectively with bending loss of ~ 0.1 dB.

From these studies by previous authors, it is clear that bending loss can be
reduced with either increase of bending radius or index contrast. But the requirement
of compactness of TIOC is small radius bends. Keeping bending loss within 0.1
dB/90°, some of the previous authors [5]-[7] have reduced bending radius up to 2
mm by taking An~1.5% and 2 % with Si0,/GeQ,-Si0; material. Si02/GeO:-810:
waveguide has maximum available An of ~2%. Using with Si0Q,/SiON material, E.
Fluck et al. [8] and B. J. Offrein et al. [66]-[67] have reduced bending radius to 1.5
mm with An~3.3 % for thermo optical space switch, wavelength tunable add after

drop filter and adaptive gain equalizer devices.
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2.7.1. Single Bending Loss

D. Marcuse has derived bending loss coefficient formula of slab dielectric
waveguide using cylindrical polar coordinate system [57]. Fig.-2.17(a) shows the
wave front, transverse amplitude distribution and pointing vector of the fundamental
modes in straight and 90" arc bent waveguide of radius of curvature, R. The
refractive index of waveguide core and cladding are n. and n;, respectively. At the
straight waveguide, the centre of gravity of the light distribution in the beam
coincides with the waveguide axis and at the curved waveguide, the beam axis shifts
in the plane of the curvature to the outside of the bend. The phase velocity inner side
of the bend is smaller than that of outside of the beam axis. So, the wave fronts are
retarded on the inner side of the bend, while following the curved path and on outer

side of the bend, the wave fronts are split and radiated from the waveguide.

Povnting Amplitude Wave front
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Fig-2.17(a): Amplitude distribution, wave fronts, time averaged poynting vector of

fundamental mode on a straight and a bent waveguide section

To find the bending loss, it is required to know the mode field outside the bent
waveguide. The mode field outside the bent waveguide can be expressed by the
solution of the Maxwell’s equations in the region R+ w/2 < r < o (where R= radius of
curvature). The mode field at (r,¢) coordinate from the center of the curvature is
given by [57]

E = BH,Z(n,kOr)exp(—jm) (2.83)
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where, H},2 (n; ko r) = Henkel function of the second kind of order, ¥
B=propagation constant, ko=2m/A, (2.84)
z=R.¢ (2.85)
Considering approximate Hankel function for R >> A and substituting the same in the

equation (2.83), we can write the radiated field as follows [57],

E,= B.V[2/(mn kor)}exp(-jn; kor) .exp{j(2y+1)704). exp(-jz) (2.86)

where,
B = 2jK exp(vd). V[(7/2)aptoP. .R/ { B(2d+2/v) (K)* + U')}].exp(-U/2)  (2.87)
v=V( B - (niko)’} (2.884)
Ki = V{( noko)* ( B’ (2.88b)
U=(2/3). (V/ B .R (2.89)

P= input power of the bent waveguide.
The radiated power is calculated by poynting vector which is given by
S, = Yoo &/ o). JE,
= Yony. W&o/ o). |B I {2/(mn, kor)) (2.90)
Putting S, and B from the equations (2.90), the power loss coefficient of bending is

written as [78],

o= (r/R). S,/ P
= (1/R) €/ to). /B [ (1/ky) (1/P)
= 0. K/ exp(20d). (exp(-U) /{f(d.v +1) (K)> + V)}] (2.91)
a= C;exp(-CaR) (2.92)
where, C; = U/ . K)> exp(2vd). /{Bd.v+1)(K/ + V')}] (2.93)
Cy = (2/3). (V/P) (2.94)

The constants C, and C, depend mainly on index contrast (An) and wavelength (A).

The attenuation of the waveguide is usually expressed as

AN (2.95a)
= = .95a
P

1
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where P,=out put power, Pi= input power, 0Ot =0 + 0y, 0 =bending loss coefficient
and ap=propagation loss coefficient. In bent waveguide, o >> 0p. So, O+ = 0.

Loss in dB can be expressed as

P 10
T, =—10log| = |= az (2.95b)
’ g( P j In10
0°x R
For 90° arc bent waveguide, z = —%FX—: 1.57R (2.95¢)
So loss in dB for 90 arc bent waveguide can be expressed as
T (90) = 4.343ax1.57R (2.96)

Considering the experimental value of Tg (90) of less than 0.1 dB, reported in [60] at
R =25 mm and A=1.55um for An = 0.0025, a is obtained using the equation (4.14) as
0.56 x10°® (um)'. C, and C, are determined by using the equation (2.92) as follows

C, =2 x10” (um)"

C,=14.3 x10° (um)”’
T. Kitoh et al. [58] has reported measured values of C; and C; for An = 0.0025 at
wavelength A=1.55 pm. These values are ~2.032 x1073 (um)'I and 7.033 x107 (um)‘I
for TE mode, proving good agreement with the above values of C; and C, estimated
from the experimental resuits in [60]. Fig-2.17(b) shows the plot of Tg versus R at
wavelength A=1.3 pm and 1.55 pm for An =0.0025. In the figure, the solid line is
drawn by using the above values of C, and C; from experimental results in [60] for
wavelength A=1.55 pm and the equations (4.10) and (4.14). The dashed lines
represent the BPM results reported in [58] for A=1.3 pm and 1.55 um. The difference
between two results at A=1.55 um shown in the figure may be due to difference in
waveguide parameters such as core width (w). As R increases, the bending loss
decreases. The figure also shows that the bending loss at A =1.3 um is lower than that

at A =1.55 um. So bending loss, Ty depends on wavelength. In this thesis work, we
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have taken A=1.55 um which is mainly used in optical communication due to lower

propagation loss.
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Fig-2.17(b): Ty versus R for An=0.0025 at A=1.3 pm and 1.55 pm

2.7.2 S-bending loss

S-bend is one of fundamental components of the planar waveguide device such
as Mach Zehnder (MZ) type devices. The transition region of MZ device can be

represented by two S-bends with intersection angle, 2A as shown in Fig-2.18(a).

Fig-2.18(a): Transition region TOMZ switch-(a) Transition region (b) Singie S-bend
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Fig-2.17(b) shows single S-bend waveguide of bending radius, R. Ly 18
transition length of the MZ device and arc length of S-bend is S. The radius of
curvature of the bending (R) depends on Ly and separation of the waveguides in MZ
section, W..

The S-bend arc length is considered as,

S=(Ly + 4L) (2.97a)
where 4L = small difference between Lt and S.
From Fig-2.17(a), we can write approximately

S°=(Lr+AL)% = (W/2)? + L7 (2.97b)

From the equation (2.97b), AL can be approximately written as

AL= W} /8Ly (2.98)
where, AL << L.

From the geometry of Fig-2.17(b),

S§=2 R¢. (2.99)
Cos (¢) =(R-W /4)/ R = (1 - W /4R)
o= Cos™' (1-W,/2R) (2.100)
Substituting ¢ in the equation (2.99), S can be written as
S= 2R Cos '[1- Ws /(4 R)] (2.101)
The S-bend loss in dB is given by
Ti=-101In [exp {-f(0ds)]] (2.102a)
=4.343 a§

The equation (2.100) can be written approximately by using Taylor’s series as

follows
1-#72 ...~ [1-W, /(4R)] (2.102b)
Putting the value of ¢ from the equation (2.99) in the equation (2.102b), we get
R=S/2 W,
= (Lr+ AL 2 W,
= (Li+ W) /8Ly )72 W, (2.103)
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The intersection angle between two S-bends denoted by 2A is obtained from the
geometry of Fig-2.17(a) as given below:

2A=28in” (W,/28) (2.104)
Substituting S in the equation (2.104), we get A as follows

Sin A= W,/4R Cos”'[1- Ws /(4R)] (2.105)
Transition length, Lt is an important parameter in controlling chip area in which chip
area reduces with decrease of Ly. Lr is determined by the following equation,
knowing W, and intersection angle 2A.

Lr= W, (2.106)
2 tan

T. Kitoh et al. [58] has reported S-bend of radius 15 mm and 40 mm with W, =50

pm. The half intersection angle is calculated as follows:

For R= 40 mm and W =50 pm [58]

SinA = 20 = = 0.02042
4x40000xcos'(1——————)
4% 40000
A=0.716",
2A=1.432°,
w
s >0 =20004m

T"2anA  2xtan 0716
For R=15 mm and W= 50 pm [58]

SinA= >0 30 =0.0125
4%15000xcos ' (1 - ———)

4x 15000

A=1.17°, 2A=2.34"
w 50

5

LT= - =
2tanA  2Xtan 1.17

=1224um

The above estimated values of A and Lt shows that lower R values make the

waveguide device compact.
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Loss coefficient versus R for different values of An:

In order to find out loss coefficient with C,; and C; for different values of An we
had the experimental results reported by M. Kawachi [60] as mentioned in table-2.6.
Using measured values of C, and C, reported by T. Kitoh et al.[58] and M. Kawachi
[60] for An=0.0025 at A=1.55 um, Tg(90) for different values of R are determined
by using the equations (2.92) and (2.96) and plotted by solid curve in Fig-2.18(b). M.
Kawachi [60] reported that Ty of less than 0.1dB for An=0.0025, 0.0045, 0.0075 and
0.015 are obtained experimentally at R=25 mm, 15 mm, 5 mm and 2 mm
respectively and represented by crossed points (x) in the figure. The dotted line (B) is
made parallel to R axis passing the crossed point on the solid curve at R= 25 mm and
Ty of 0.098 dB for An=0.0025. The experimental point for An=0.0045 [60] is found
at R=15 mm on the dotted line (B) and made the dotted curve (Tg (90) versus R) of
similar nature passing through this point. In order to find C; and C, for An=0.0045,
we have chosen two points at R = 15 mm and 20 mm on the dotted lines. Taking Ty
(90) at R=15 mm and 20 mm, we have determined loss coefficients as 0.97x10°°
(m) " and 0.208x10°° (um) ! respectively.

Ci exp(-C2x 15000) = 0.97x10®

C; exp(-C» x20000) = 0.208x10°®
Using the above equations, we have estimated C; and C; as follows

C;=10x107 (um)™

C,=30.9x10" (um) '
Similarly, we have drawn the curves of same nature passing through crossed points at
R =5 mm and 2 mm for An 0.0075 and 0.015 respectively. Taking Ty (90) at R=5
mm and 10 mm for An=0.0075 we have determined loss coefficients as 2.9x10®
(um) " and 0.025x10°® (um) "' respectively.

C exp(-Cax 5000) = 2.9x10°

C, exp(-C; x10000) = 0.025x 10

Using the above equations, we have estimated C, and C, as follows
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Ci =35x107 (um)

Co=95x107 (um) ™!
Loss coefficients at R=2 mm and 5 mm for An=0.015 are found to be 7.2x10°® (um)‘i
and 0.0075x10°® (um)”' respectively and estimated values of C, and C, are 70x10”
(um) " and 229x10°° (um)™".

0.75
& Expt( others)
0.6
3
o 045 | An=0.0045
3 \ An=0.015"., [60]
]
=03 / /;n=0.0025
AR /
015 | J% 1 Z[m]
_X,'bﬂ?}gf ......... o
0 b e ' SRRREERE
0 5 10 15 20 25 30

Fig-2.18(b): Ts (90) vs R for An=0.0025, 0.0045, 0.0075 and 0.015 at
A=1.55 um

The calculated values of C; and C, for An =0.0025, 0.0045, 0.0075 and 0.015 are
tabulated in table-2.6. From the figure and table-4.2, it is seen that considering
permissible value of 90° arc bend loss Ty of 0.1 dB as used by different authors [10],

[60], [79] radius of bending can be reduced with increase of An.
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Table-2.6: C, and C; for different An values for the experiments {60]

V= normalized frequency=2.4, Wavelength A=1.55 pm

Minimum . Bending
I . IntersectlmJ .
Material Bending W, Loss in o C, G
An . angle A o 4
used Radius (pm) dB for (nm) (pm) (pm)
(%) 24) A
R(mm) 90" arc
50
l 8()
(assumed) 5
25 mm (Calculated) <0 1dB . s 14x 10
30 058x 10 2x 10
025 (reported) 14" (reported) (Calculated)
(assumed) (Calculated) | (Calculated)
(Calculated)
234"
50 .
15 mm (Calculated) <01 dB . . 309x 10
(assumed) 097x 10 10x 10
045 (reported) 18" (reported) (Calculated)
30 (Calculated) | (Calculated)
@] (Calculated)
177} assumed
Q
3 5 mm 404" <01dB 95x 10 °
= 50 29x 10° 35x 10°
< 075 (reported) (Calculated) (reported) (Caiculated)
n 3140 (assumed) (Calculated) | (Calculated)
30
{Calculated)
(assumed
229% 10°
72x10° 70x10°
2 mm 64" <0 1dB (Calculated)
50 (Calculated) | (Calculated)
15 (reported) (Calculated) (reported)
(assumed)
496"
30
(Calculated)
(assumed)

The experimental results demonstrated by other authors [10], [60], [79] using same

material are shown n Fig-2.18(a) proving good agreement with these fitted curves.

The half intersection angle are determined for W=30 pm and 50 pum by using the

equation (4.23) and tabulated.

In order to determine C, and C, for other An values at V~2.4, we have plotted

C, and C, versus An as shown in Fig-2.18(c). In the figure, black rectangle and black

dots represent the experimental points of C, and C, respectively. The solid line

indicates the curve passing through these experimental points of C; with minimum
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deviation whereas the dashed line represents the curve passing through experimental
points of Cp. It is seen from the figure that both the curves of C, and C; are
approximately linear. From these linear curves we can express C; and C; in terms of
An as follows,

Ci=mAn +p, (2.107a)

Co= mpAn+p; (2.107b)
where, fitted values of my, p;, m; and p; calculated from the linear curves are given
below:

m,=0.04, pi=- 8x 10>, my=0.0835 and p. = - 6.775 x10™.

001 = - - -

0.008
H
& 0 006 Co
P’é‘ 0 004 /
3
4)

0 002

0
0 0 ot 002 003 0 04 005 006

AN

Fig-2.18(c): C, and C; versus index contrast (An) for V ~2.4

Fig-2.18(d) show the plot of Loss coefficient () versus R obtained using equation
(2.96) and (2.92) for different An values. It is seen from the figure that bending loss
coefficient decreases with An and it also decreases with R for all values of An. In the
figure, the rectangle shows the experimental points demonstrated by previous

authors, proving good agreement with the curves in the figure.
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0.75 \\ m Bxpt( others)

5
% 0.45
€
g
3§ 03
[*]
']
@ 015
o |

0

2 7 12 17 22 27
R(mm)
Fig-2.18(d): Loss coefficient versus R for An =0.0025, 0.0045, 0.0075
and 0.015

As discussed in sections-2.3, 2.4, 2.5 and 2.6, we have seen that one of
important part of DC, TMI and MMI coupler is bent input and output access
waveguides. The bending portion of access waveguides plays an important role for
change of direction of signal propagation in PID. The compact design of PID
requires proper design of the bending portion. In our work, we have studied the
compact design of the bent access waveguides to reduce total device length, as

mentioned in Chapter-5.

2.8. Motivation and Advantages of Si0Q,/SiON Material as a Waveguide Material

Table-2.7 mentions the optical properties and processing steps of different
waveguide materials used for fabrication of PID’s. These materials are compared in
terms of advantages and disadvantages. It is seen form the table that the fabrication
steps of waveguide devices used for silicon based materials are as same as those used
for conventional IC technology but those are not the same for other waveguide
materials as mentioned in the table. The fabrication steps of silicon based materials

can easily be adapted in mass production which is commercially viable. Since
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InP/GaAsInP waveguide materials uses Molecular Beam Epitaxial (MBE) growth
technique, the fabrication cost of InP/GaAsInP waveguide is more than other
materials. The basic fabrication steps for polymeric waveguide materials is LASER
writing which is cheaper therefore, it is difficult to use the same technology for mass
production. Moreover LASER writing technique is time consuming.

The table shows that high index contrast are available in SiO./SiON,
InP/GaAsInP, SOI and Polymeric waveguide materials to compact waveguide device
components, compared to Ti:LiNbOs; and Si0,/Si0,-GeO; materials having lower
index contrast. In addition, these materials show polarization insensitive property in
comparison to Ti:LiNbO; material because of crystal structure. Actually, polymeric
and silicon based materials show thermo optic properties. Although, polymeric
materials have higher thermo optic coefficient and easy processing of devices, but
silicon based materials are highly stable and compatible to conventional IC
processing technology. In our work, we have studied thermo optic device structures,
as available for the fabrication of some optical devices which are studied in
Chapter-6 and Chapter-7 respectively.

Although SOI has higher index contrast of fixed value~2, but wide variation of
the index contrast (maximum up to 0.53) can be achieved by varying nitrogen and
oxygen content in SiON material. In case of SOI waveguide device, the reported
propagation losses of SOI waveguides is 0.1 dB/cm [59] and the fiber to chip
coupling loss are of the order of 2-5 dB/facet [59], whereas in case of SiO,/SiON, the
propagation losses are same as SOI materials but fiber to chip coupling loss (order of
1 dB per facet) is lower than that of SOI material [59]. The SiO,/SiON material also
shows more chemical inertness property than SOI material. More over, the
processing system of SiO,/SiION waveguide device is available with us for
fabrication of waveguide devices. Because of the above reasons, we have chosen
Si0,/SiON material in which SION material is used as waveguide core and SiO, as
waveguide cladding for fabrication of DC with small gap and TMI coupler in section

-5.7.
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Table-2.7: Optical properties of some materials for waveguide type integrated

devices
Materials Properties
An Thermooptic Material
with range P Electro- Polarization
An takenby | _ iticient Basic Steps of cost/
of -optic | Stabiht | sensitivity
(max) previous fabrication processing
refractive dn coeff y /Biretringenc
authors _ cost
index - dT () e
1) Formation of S10»
lower cladding layer
on S1-Substrate
n)Formation of
S10-/S10
SION layer on $10»
N 0033
Polanzation layer
Index n High Mode-rate/
~053 10°/°C 1541 Insensitive 1) Fabrication of
range~ 0103 - [54] High
[541/10° SION
(145- N
core with
198)
photolithography
1v) Formation of
Top cladding Si0»
layer
1) Formation of 510,
lower cladding layer
on Si-Substrate
inFormation of
GeO, $10,-GeO» layer on
$10+/ $105 00075 S10, layer
Polarization
Index [10] High i) Fabrication of Moderate/
. - Tnsensitive
range~ ~002 00025 10°/°C |54} [54] (541110 s 510,-GeO» core High
1
(145~ [551 with
147) photolithography
and RIE
1v) Formation of
Top cladding S10»
layer
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1) Formation of SOI
waler by using
Bond and etch back

method or Separated

Silicon on by 1mplanted
Polarization
nsulator 184x 10 High oxygen method Made rate/
2026 - - nsensitive
(Son IC [54] [54] o 1) Fabrication of Si High
(34767 core with
photohthography
and RIE
u) Formation of Top
cladding Si0- layer
1) Formation of Tt
LiNbO; using
Ti
thermal Ti diffusion
LiNbO, 0006
Polarization 1) Fabrication ol
Index 201 308 High
- sensitive[S6] | waveguide core High/high
range~ ~0 06 001 pm/V [56]
no? with
(2 15- (191 [56] hotolth n
otolithogra|
221) p graphy
and etching
1) Formation of
GaAsInP
layer by using
013 molecular beam
InP/GaAs f16} epitaxial growth
InP 0167 Polarization (MBF)
Tndex ~0133 f151 Stable Insensitive 1) Formation of InP High/
range~ 015 - - [16} [16] layer by using High
313- [14], /2 5x10* MBE
35) 37 1) Fabrication of
waveguide core
with
photohithography
and etching
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1) Fabrication of

polymer Jayers by

Polymer using chemicai
Index 00 Polanization processing
range~ 10-200] Low Insensitive polymerization Low/low
~021 (01 107 £C [47 L
(144 - (471 pm/V /10°-10 1) Fabrication of
1 69) polymeric

waveguide by using

LASFR wniting

2.9 Previously Reported TMI, MMI Coupler Based Photonic Integrated Devices
for Applications in Optical Networks
Optical networks have become essential to fulfill the huge demands of
bandwidth required for skyrocketed increase of number of users and services in
present day’s communication networks. In fact, Nation wide communication
networks requires optical backbone in USA, India etc, In this direction, USA already
has optical backbone named as NSFNET T1 backbone [67] as shown in Fig-2.19(a)
whereas Indian optical back bone connecting major cities of India has been reported
and studied by previous authors [67]-[68] as shown in Fig-2.19(b). In these networks,
flexible operation such as routing, restoration and reconfiguration are provided by
the nodes where wavelength division multiplexer (WDM)/de-multiplexer, optical
matrix switches and add/drop multiplexer are key devices. Fig-2.19(c) shows 3x3
node architecture having three incoming and out going fiber links. It consists of three
4x4 wavelengths Multiplexer (W-MUX) and de-multiplexer (W-DMUX), add/drop
multiplexer and 3x3 Thermo Optic Mach Zehnder (TOMZ) switch. In the figure,
after de multiplexing of wavelength channels A, X,.... Ay , these wavelength are
switched to particular out going fiber as per routing block and finally wavelength
channels are multiplexer by W-MUX .
These devices are implemented by using photonic integrated device (PID)
technology due to having immunity to vibration, electromagnetic interference, low

transmission loss, small size and light weight. In this section, we have reviewed these
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devices (based on PID) using basic components such as DC, TMI and MMI coupler.

Table-2.8 shows these devices reported by previous authors.

NSFNET T1 Network 1991

Ehmvaabwu-‘

H
| Rangadors 12
1
1

Lochin

k]
g

Fig-2.19 (b): Nation wide optical back bone: Indian network [67]-[68]
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' P e 2 ~\ X
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3 7\.,, 2‘3....)\44 \ 3X3 S / ‘ »
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Wavelengt
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Fig-2.19(c): Schematic block diagram of reconfigurable node consisting of 3x3

TOSW, W-MUX and W-DMUX

R. Kasahara et al. [10] demonstrated silica based thermooptic mach zehnder (TOMZ)
switch having DC as one of basic component with power consumption of 90 mW and
response time of 4.9 to achieve a core temperature change of 15" C for switching
(10].

Fig-2.20(a) shows layout of 8x8 optical matrix of chip area of 85x85 (mm)”
demonstrated by Kasahara et al. {10]. In the figure, there are eight switching stages
and each stage consists of eight switching unit arranged in eight rows, as shown in
Fig-2.20(b), giving 64 switching units. Fig-2.20(c) shows the length of each TOMZ

switching unit is determined from the layout of the matrix switch, as ~22.3 um. Z.

©Tezpur University 2.83



Chapter 2

Wang et al. [44] reported SOI thermooptic MZ switch based MMI coupler with

power consumption of 330 mW and response time ~30 usZ.

85 mm

g"o'ca._.:

(@) (b)

(c)

Fig-2.20(a): Lay out of 8x8 optical matrix switch demonstrated by Kasahara et. al
[10] using Si0/S10,-GeO; waveguide.(b) Arrangement of eight switching units in

each stage giving 64 units for eight stages (c) single TOMZ unit.

Wang et al. [44] has also demonstrated 4x4 SOI thermo-optic MZ switching matrix
based MMI coupler with arrangement of five switches, as shown in Fig-2.21. Total
length (Ls) of matrix switch is 50 mm and the length of each TOMZ switching unit is
estimated as,
Ly =50/3 =16.67 mm.

The length of TOMZ switch unit based on DC structure demonstrated by
Kasahara et.al is higher than that reported by Z. Wang et al. Firstly it is due to higher
heater length of 5 mm used by Kasahara et al. in comparison to that used by Z. Wang

et al. Secondly it is due to higher An used by Z. Wang et al. in comparison to that by
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R. Kasahara et al.[10]. We have considered both TOMZ device (DC) demonstrated
by Kasahara et al. and TOMZ device (MMI coupler) by Z. Wang et al.

[

Al S A2
B1 B2

- ~——

L Lp
Mz

ci c2
D+ D2

< —u T

Fig-2.20(d): Architecture of SOI 4x4 optical matrix switch demonstrated by Z. Wang
et. al [44] (Lp= length of input /output waveguide, L=length of 3dB coupler,
Lmz=MZ section length=Ly=heater length, Ls=length of 4x4 optical matrix switch)

(c)
h— 2L— C —
AAz,  As,
Aq

Single mode
regron

Two mode
region

NOrmainzeq cross siate power

Single mode (a)
regon

Coupling length{pm})
Fig-2.21: (a) Two wavelength channel 2x2 TMI coupler based W-MUX (b) coupling

characteristics of W-MUX
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A. Neyer [20] reported 4 wavelength channel wavelength multiplexer/de-
multiplexer based TMI coupler using Ti:LiNbOs; with device length ~6 mm as shown
in Fig-2.20(¢). Sahu [69] has demonstrated Compact W-MUX and W-DMUX based
on TMI coupler using SOI waveguide as shown in Fig-2.21 and from its transmission
characteristics the coupling length for multiplexing wavelengths 1540 nm and 1550
nm was obtained as 86 pm.

B. J. Offrein et al. [47] has demonstrated Adaptive EDFA gain equalizer based
on Delay line coupler with DC using Si0,/SiON material with thermooptic heater
which has phase shift response time of less than 1ms and sensitivity of 21 rad./440
mW/heater. Compact Add/drop multiplexer using delay line based on TMI coupler
has been reported [70] with device length ~3 mm as shown in Fig-2.22 and from

transmission characteristics it confirms polarization independence.

/ Delay ling section

TMI coupler

161 1521 1541 1561 1,581 16
Wavelength(pm)

Fig-2.22: (a) Polarization independent thermooptic add/drop multiplexer and

(b) Transmission characteristics

Thermooptic MZ device based on TMI coupler has been reported by previous
author [71] using SiO»/SiION waveguide having fast response time of 180 ps and
from Fig-2.23(b), it is confirmed that for getting bar state the heating power is

required as ~ 180 mW
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Fig-2.23: (a) Polarization independent thermooptic MZ device and

(b) Coupling characteristics

R. L. Espinola et al. [43] has reported DC based TOMZ switch using SOI with
less switching power consumption of 50mW, less switching time of 35 ps and higher
fiber to chip loss of 32 dB and insertion loss of 4dB for device operation. Z. Wang et
al. [44] reported SOI thermooptic MZ switch based on MMI coupler with power
consumption of 330 mW and switching time~30 ps. A. Sugita et al. [50] has
demonstrated silica based bridge-suspended structure for TOMZ switch with lower
heating power of 45 mW resulting longer response time. B. J. Offrein et al.[42] has
demonstrated DC based TOMZ switch using SiO,/SiON material with switching
power of 220 mW and response rime<100 ps. M. Okuno et al. [53] has reported
TOMZ switch using Si0,/Si0,-GeO; material with switching power of 45 mW and
response rime of 3ms. Q. Lai et al. [52] has demonstrated 2x2 TOMZ switch based
on MMI coupler using Silica on silicon geometry with switching power of 110 mW
and response rime of~180 ps. R. Kasahara et al. [51] has reported TOMZ switch
based on DC using Si0,/Si0,-GeO, material with switching power of 134 mW and
response rime<2 ms. M.C. Oh et al. [44] has demonstrated X-junction polymeric

TOMZ switch with power consumption of ~10 mW and response time of 2 ms
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respectively for switching operation. The lower value of heating power requirement

is due to larger value of thermooptic coefficient of polymeric material.

Table-2.8: Characteristics of DC, TMI and MMI based device reported by different

authors.
Author’s An Type of Coupling Core stze Device Heating Respon | Loss per | Application
Name/ (%) Structure length (um)*and length power se time M7
matertal used cladding (mW) switch
used width(um)
R MZbased | L,/2= 223 90 mW 49 ms 15dB TOMZ7
Kasahara 075 [ onDC 963 2 um 7x7 (um)? mm (proposed) switch
et al [10] % (Fig-3 11) /60pm 360 mW
$10,/GeO (convention
810> al)
Z Wang MZbased | L/2= 1x4 (um)? 16 67 330 mW 30us 313dB TOM/
et al[44] | 200 on MMI 2400 /60pum mm Swittch
So1 % Coupler pm
(Fig-
3 13(d)
BJ M7 with 1 3x3 (um)’ 75mm | 440 mW / <l ms 2dB EDFA
Offrein 33 Unegqual heater for Gam
etal [47] % Arms 2n phase equahz er
S10,/S1I0N based on shaft
DC
R L MZbased | - 026x0 6 50 mW RRIITY 32dB TOM7
Fspinhola | 200 | on DC (um)? switch
et al [43] %o (Fig-3 11) 12 26um
Sol
PP Sahu | 5% | TMI L.=45 w=15um ~3mm | 53 mW per 180 ps Thermoop
[701] coupler pm t=15um delay line e Add
S10-/S1ON based }=155pum fdrop
Add/drop MUX
multiplex
er
A Sugita Bridge 7x7(wm)’ 40 mW > Sms 15dB TOM?7
et al[50] 075 suspended Switch
GeO,- % MZ on
$10:/810, DC
(Fig 3 11)
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BJ MZ based 2x3 (um)> 200 mW <100 2dB TOMZ
Offrein 33 On DC us switch
et al [42] % (Fig-3 [1)
S105/SION
Q La MZ based | Ly= 1000 | 45x45 5 mm 110 mW 180 us 1dB TOM7
et al {52] 1% on MMI | pm (um)* Switch
silica on coupler /60pm
Silcon (Fig-13(d)
P P Sahu | ~ T™MI L= 86 w=1S5um ~92 -- -- ~7dB 2 wave
[69] coupler pm t=15um pm length
SOl based A=155pum channel

MUX MUX/DM

Ux
R MZ L./2 = 7x7 (m)? 223 134 mW <2ms 15dB
Kasahara | 075 | based on | 9632 pum | /60um mm
etal [51] Y% DC
GeO»-
Si0,
PP Sahu | ~5 T™MI L.=45 Wim=3 pm 985 177 mW 180 ps TOM?7
[71 %o based MZ | pm w=1S5pm mm device
S10>/SiION device t=15um
A=155pum
M Yeg ~ 16 | MMI L,=432 Wam=12pm | ~ 13 MMI
etal [16] % coupler pm w=lpm mm based
InP/GaAs t=[pm switch
InP }=155um
A Neyer 06 TMI L.=139 Wim=27pm [ 6 mm -- 4 wavele
[20] % coupler pm w=135pum ngth
Tt based t=135um W-MUX
LiNbO, device »=058 um W-
DMUX

From Table-2.8, it is

seen that for TOMZ device, W-MUX/DMUX, Add/drop

multiplexer reported by previous authors [20], [69]-[70] it is confirmed that basic

components of these devices are DC, MMI and TMI coupler. It is also seen that these

devices using SOI waveguides are more compact than the devices using other

material mentioned in the table. But SOI based devices has more fiber to chip loss

than devices using other materials shown in the table. As mentioned in section-2.7,

The Si0,/SiON waveguide materials has more advantages such chemical inertness,
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variable index contrast, low propagation loss etc. Because of the above, we have
chosen Si0,/SiON materials. For large scale integration of PID devices for optical
networks, it is required to design and implement compact device components for
these devices. In this work, we tried to design and propose compact geometry for

these devices as reported in chapter-4 and 5.

2.10. Conclusion

In this chapter, we have reviewed directional couplet/MMI couplers/TMI
couplers and Mach-Zender type devices demonstrated by different authors. It is seen
that the coupling length required for full transfer of the power for TMI coupler is
smaller than that of directional coupler and MMI coupler. We have also mentioned
grating 'assisted geometries for compactness of the above devices. We have discussed
of advantages of waveguide material SiO,/SiON over other materials such as SOI,
Si0,/810,-Ge0,, InP/GaAsInP, Ti: LiNbO3 and polymeric materials. The brief
review of key devices such as wavelength division multiplexer/de-multiplexer,
optical matrix switch and add/drop multiplexer for optical networks have been
mentioned. It is found that for the basic components of these devices are DC, TMI
and MMI coupler. For large scale integration of PID in optical networks, it 1s

required to make these basic components more compact.
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3.1. Introduction

As reviewed in chapter -1 and -2, the Photonic Integrated Devices (PID) have
become essential devices in application of all optical networks due to its reliability,
immunity to vibration and electromagnetic interference, low loss transmission, small
size, light weight and low power consumption. Further, in comparison to fiber
devices, PID’s are more compact and of low cost due to its capability of mass
production. The basic components of these PIDs are Directional Coupler (DC) [1]-
[4], Two Mode Interference (TMI) coupler [5]-[8], Multimode Interference (MMI)
coupler [9]-[12], X-branches [13], Y-branches [13] and Mach-Zhender (MZ)
structure [13]-[14] etc. Further, directional coupler [15]-[16], MMI coupler [17]-[19]
and TMI coupler [20]-[21] based devices have been widely used in the applications
of optical networks due to its attractive properties such as compactness, tolerance to
a range of fabrication parameters, an inherent balance and low optical loss.

In this chapter, a mathematical model using Simple Effective Index Method
(SEIM) [3][4],[22]-[25] based on sinusoidal modes have been developed for
theoretical analysis of coupling characteristics of directional coupler, TMI coupler
and MMI coupler with embedded rectangular core waveguide. In section-3.2,
coupling behavior of DC and its coupling characteristics has been discussed using
SEIM. Further, theoretical analysis of coupling characteristics of TMI coupler using
the SEIM based numerical model is mentioned and the results of TMI coupler
reported by different authors are also reviewed. Section-3.4 describes the
mathematical model based on SEIM, coupling characteristics of MMI coupler and
results demonstrated by previous authors. The coupling characteristics of DC, TMI
couplers and MMI couplers are also compared. It is found that the TMI coupler
provides the lower coupling length than the other two couplers. The normalized
coupling power at the cross state and bar state of TE polarized light for these devices
are also discussed and analyzed. Finally, the SEIM based results are compared with
the other numerical techniques such as Marcuse theory [26] and Beam Propagation

Method (BPM) [27]-[28] results obtained by using commercially available software
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based on finite difference time domain method (FDTD).

3.2. Directional Coupler (DC)

Directional Coupler (DC) consists of two dielectric waveguides placed in close
proximity to each other for coupling of guided power based on phase difference of
two guided modes— even mode and odd mode. As discussed in the chapter-2, the
basic principle of a directional coupler is based on the coupled mode theory which
describes the coupling of evanescent lightwave that occurs between two adjacent
parallel waveguides through the overlapping of the evanescent waves of the
propagating modes. In order to study the above, a mathematical model has been
derived using Simple Effective Index Method (SEIM) based on sinusoidal modes for
accurate estimation of coupling power. The Effective Index Method (EIM) is used to
find approximate solutions for the propagation constants of three dimensional

waveguides as details are discussed in following sections.

3.2.1 Mathematical Model Based on SEIM for DC

Fig-3.1 shows the schematic three dimensional (3D) view of a 2x2
conventional directional coupler with coupling gap ~h consisting of a coupling
region of length L, two single mode input access waveguides and two single mode
output access waveguides. The coupling region consists of two parallel identical
waveguides of core width ‘a’ and thickness ‘b’ placed close to each other showing
small coupling separation gap ‘h’. The separation between center of cores is 2d
(where 2d=a+h) and n; nj are the refractive indices of the core and coupling gap’s
cladding region respectively whereas n; is refractive index of cladding region other
than coupling gap cladding region. The input single mode field of propagation
constant B, incident through the access waveguide-2 excites even and odd modes in
coupling region where these modes propagate with propagation constants B, and B,
(where B.=p+C, Bo,=P~C, C=coupling coefficient). P is the input incident power in

waveguide-2 and output power for output access waveguide-3 and waveguide-4 are
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Pz and P, respectively.

Silicon Subsirate

()

(b)

Fig-3.1: Schematic 3D view of 2x2 conventional directional coupler (a) device

layout and (b) waveguide layer

If the coupling takes place in the region 0<z< L, in which the even mode and
odd mode are propagate with propagation constants Pe and [3, respectively. When the
phase shift between the even and odd modes become 180° (or 7), the propagation

distance Ly (also known as the beat length) is defined by [14],
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Fig-3.2: Schematic directional coupler with coupling gap, h and coupling length L

(a) 2D top view (b) Cross sectional view along line AA/

Fig-3.2(a) shows the two dimensional (2D) schematic top view of guiding
(core) layer as shown in Fig-3.1 of a conventional directional coupler with coupling
gap ~h, whereas Fig-3.2(b) shows the cross sectional view along line AA’ with core
and cladding refractive indices respectively.

As reviewed in section-2.2.1 of previous chapter-2, the basic idea of the simple
effective index method (SEIM) is to approximate a 2D waveguide by a one

dimensional one with an effective index profile of the original structure. Considering
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effective index method, 3D waveguides of DC is divided in to two 2D waveguides:
firstly with light confinement along x axis and then 2D waveguides with light

confinement along y-axis as shown in Fig-3.3(a).

np?
b fy = ne?
ng ¢
a a
< R mnsusesssuanns
nz 2 1o 2 ns 2 ny 2 nz 2
X
le— h ——.1

«a— 2d —»

Fig-3.3 (a): Effective index method solving a single slab for effective refractive

index ny and resulting in an array of two slabs with refractive index, ny

a a
ey A3
n2? - (ne2-n2?) ng? n2? - (e 2-n3%) ng? n2°2 - (e %-n2%)
2 2 2 2 2 2 2 2
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net - e 2 ) 2 2m? n2 2% - (202
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Fig-3.3 (b): Cross sectional view of SEIM applies to the directional coupler

consisting of two parallel rectangular waveguide cores
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In order to approximate a non-separable mode field of the original structure of
the DC into separable mode field along different axis, there must be existence of a
separate refractive index profile. Such separable refractive index profile can be
defined by using the simple effective index method (SEIM-X) along x-direction to
the original structure as shown in Fig-3.3(a). Fig-3.3(b) shows a cross sectional view
of SEIM-X applies to the directional coupler along with the refractive index profile.

The refractive index in the cladding region at both sides of the waveguide cores is

increased by an amount of (nf—nf) whereas at the corner region of both

waveguides, it is decreased by an amount of (n?—n?). Considering asymptotic

approximation [3], the mode field (based on sinusoidal) of a single rectangular core

waveguide can be defined in terms of the function ¥, (x, y) for the core and different

cladding region as

Cladding Region:
T - B
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Sin exp | -V, 2 2 2 2
2aV, b b
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Core Region:

2 b a, a b, b
Tix+ — T y+ — L a d—_ 14 33
w,(x,y)= Sin —(.‘1—2) Sin (—2) 2<x<2 an 2()’<2 (3.3)

where V|, = gk(nl2 _n22)1/2’ V,= %k(nlz —-n32)1/2

3.2.2 Coupling Coefficient of Directional Coupler
According to the coupled mode theory, the normalized coupling coefficient can

be defined as [26]{29]-[30],

V[ Jwolx+d,y)y,(x—d, y)dxdy
_/ _a
£_ 2 (3.4)

G 2| [w'(x y)dxdy

—00—00

where V = gk(nmm2 _ndaa‘z)llz

Applying coupled mode theory for directional coupler (as shown in Fig-3.3(b)); the
Eq. (3.4) can be express as,

by 3 v 4
Vi [ [wolc+d yhwo(x-d.ylxdy V, [ [wo(x+d, ywy(x—d, ykixdy
C a-2 % a-2
— = 2 + o (3.5)
’ 2 [wo’ (x, y)dxdy 2{ [’ (x. y)dxdy
_ b 2 2\1/2 _ b 2 2\1/2
where V| = ;k(n1 -n,)' " and V, —;k(n1 -n,) (3.6)

Applying the boundary conditions from Eq. (3.2) and Eq. (3.3) in the Eq. (3.5) and
taking integration with respect to different boundary limits, finally we obtain,
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yd+—
"o f I% x+d, y,(x—d, y)dxdy+—><f [wolx+d, ylwy(x—d, ykixdy
4] /24_\
2

where the resultant integrand values of the denominator is I I v, (x,y)dxdy = ab .
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From the Fig.-3.3(b), substituting 2d=a + h = h=2d-a, we have
233 _ - _
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644a’V, b b
C 7’ -2V, h 2V,a ~2V,a
= 5 |Xexp X| expy———p —exp
C, \64a’v, b b b
+ z*pb’ < ex -2V,h | — ex 2V,a ex -2V,a
64a°V} P17 P17s S

Thus, using the asymptotic analysis of SEIM model of DC [shown in Fig-3.3(a)] and

equation (3.4), the normalized coupling coefficient is approximated as

—l—ex (—2‘/' ) ex ——zv‘aj—ex (——2V,aJ
c zp|vi b Pl Pl
C, 64a’ PRI (—2v2 )ex (2V2“J—ex (—2V2a
TR P\ ™%

Considering a=b for square embedded channel waveguide and substituting the values

of Vi, V3 from Eqn. (3.6) in Eqn. (3.7) we obtain,

3.7
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, exg— e Ky nd)’
cor S e ) ol ke ]

G o @zk (2 -r2)

R p[(b) 2(’11 g oy e S|

C
—C—=@k—2(ﬁem£hk Ny nz)y[exp{ﬂm nz)y} exprknl ra)y}]
0

(3.8)

+mﬂ—jm)e><p£ il —n )yz[cxp{ok(nf —ni)yz}— exp{-bk(nf —n;)yzﬂ

2 2 2 2
n o —n Hne -n
04 b SN ) 2 :for TE mode  (3.9)

where C, =

(1+0.2n) 5
n (n2 —n} )W+
e 1 3
7 k \/neﬂ(n) n:
n?—n? ) /nz —n?
L= 04 n LAM)IN e TM) 2 : for TM mode  (3.10)
(1+0.2n)

2

2 2
Moy am) (n, —n )W+ ——~——2
k \/”eﬁ(rm

A
Ryaey = Bre ('2;)

A
oy amy = B (Z_n,“) (3.11)

where g, 5, are the propagation constants of TE and TM mode respectively that
are determined from dispersive relations as discussed in section-2.3.2 of chapter-2.
In this directions, the propagation constants .., g, for TE or TM modes as

discussed above, are estimated using dispersion relations {14] of a 3D waveguide
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(shown in Fig-3.4) as follows:

Cladding Layer (n2) 1

T $ Waveguide Layer (ny) ,,"

Substrate (n;)

Fig-3.4: Basic Optical Waveguide Structure with three layers: Cladding layer,
Waveguide Core layer (thickness T) and Substrate layer of refractive indices ny, n;

and n, respectively.

The dispersion equation of TE modes for a two dimensional asymmetric step

index planar waveguide along x-axis as shown in Fig-3.4, can be written as

1_ —
V,\J1-b, = (m+1)r — tan™ b _ tan™' 175
b, b, +a,

(3.12)

where m is an integer, a; asymmetric factor for the waveguide structure with

normalized guide index, b, =(N*—n’)/(n’~n?) and normalized frequency,

V, = k,T+/(n; —n?) with k,=27/A.

The above dispersion equation (3.12) for a two dimensional symmetric step

index planar waveguide reduces to,

1-—-
V,1-b, =(m+1)r-2tan ,b' (3.13)
D!

where m is an integer and a;=0 for symmetric waveguide and normalized frequency,

V, =k T\ —n?), ky=27/A.
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Now, substituting the values of by that satisfying the equation (3.13) in the following

equation, Ny is calculated as follows
N,=\[n12+b,(n§—n12) (3.14)

The dispersion equation for the 2D waveguide as shown in Fig-3.4 along y-axis, can

be written as,

V,J1-b, =(n+1)r—2tan™ L;ﬂ (3.15)

1
where n is an integer, normalized guide index, b, =(n) —n;)/(N;-n}) and
normalized frequency, V,, = koby/(N} —nl) ; k, = 2—;[— respectively.

Further, substituting the values of by that satisfying the equation (3.15) in the

following equation, ns is calculated.

ng =n2 +b, (N> —n?) (3.16)

Thus by calculating effective refractive index (n.) using simple effective index

method for a three dimensional waveguide, the propagation constant is estimated as,

2
B= kOneﬂ (TE) = (7) Mo ey 3.17)

Similarly for TM modes, nes (tm) can be estimated from dispersion equation of TM

mode [14] and propagation constant can be estimated as,

2z
B = konyy au, = (7) Mg (m) (3.18)

Again, the coupling takes place in the O<z< L region of directional coupler in
which the even and odd modes are propagated with propagation constants {3, and .
The phase shift between the even and odd modes becomes © when the propagation

distance Ly is given by

L = = (3.19)
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The coupling coefficients (C) for the SEIM model of directional coupler are

estimated using equation (3.8)-(3.18) for both TE/TM polarizations.

3.2.3 Coupling Characteristics of DC

035

03

Coupling Coefficient (um'l) °

o
-

005 {

0 0‘5 1 1'5 2 25 3
Coupling Gap (jum)

Fig-3.5: Coupling characteristics of DC using SEIM with n;=1.45, 1.47, 1.49, 1.4945

with a=b=1.5 um, n;=1.5, n,=1.45 and An=5%

Fig-3.5 shows the coupling characteristics versus coupling gap ~h of directional
coupler (DC) obtained by using simple effective index method (SEIM) based on
sinusoidal mode for different coupling gap refractive indices n3=1.45, 1.47, 1.49,
1.4945 with a=b=1.5 pum, n;=1.5, n;=1.45 and An=5% respectively. It is found that

the coupling coefficient of DC decreases as the coupling gap increases and the rate of
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decrease of coupling coefficient with respect to h increases as coupling gap refractive
index nj3 increases. The cross point in the figure represents the experimental point
demonstrated by previous authors [31]-[32] with SiON/SiO; matching well with the

theoretical curves.

o

P3/Py)

e o o
LN B - - )
-

L

0.4
(Po/P1)

Normalized Coupling Power
[— I
th o

s o
N W
-

e
-
—

]

L L T T

20 40 60 80 100 120
Beat Length (L)

<

Fig-3.6: Normalized coupled power versus beat length for DC with coupling gap
h~0.5 pm, a=b=1.5 pm, n;=1.45, An=5 % and A=1.55 pm.

The coupled power to the output access waveguide of directional coupler can
be estimated using coupled mode theory [29] as discussed in Section-2.3.2 of

Chapter-2 which can be defined as,

% = cos*(CZ) (3.20)
1

L sin*(CZ) (3.21)

R

where P; and P4 are the output power in the bar state and cross state respectively

whereas P; is the incident power. The coupling coefficient (C) is determined by using
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the equation (3.8) and (3.11) where Z is the length along the direction of propagation.

Fig-3.6 shows the normalized coupled power for the bar coupling (P3/P;) state
and the cross coupling (P4/P;) state versus beat length (Ly) obtained by using the
equations (3.17)-(3.18), (3.20) and (3.21) for directional coupler with coupling gap,
h~0.5 pum, a=b=1.5 pm, n,=1.45 and An =5 % respectively. It is seen from the figure
that the peak cross-coupling power (P4/P;) is obtained at beat length ~91 pm for the

conventional directional coupler with n;=1.45, A=1.55 pm and An = 5 % respectively.

3.24 Beat Length of DC

900 .
800 a1 e
B g u=145
700 -
e [31]
~ 600 1 7 b3
5’ J P /‘;;1 47
§0500 [31] - //y 3=1.
= . P
= 400 - - -
- . -
) e -
MR 300 +° -
- n;=1.49
200 - ="~ [ _
100 T{.131_]___... ————— -
0 1 T T L — T L
2 22 2.4 26 2.8 3
Coupling Gap (um)

Fig-3.7: Beat length (L) vs coupling gap (h) for directional coupler with n3=1.45,
1.47 and 1.49 with n,=1.45, a=b=1.5 pm, An =5 % and A=1.55 pm.

Fig-3.7 shows the beat length (L.) vs coupling gap (h) of directional coupler for
different coupling gap refractive index n;=1.45, 1.47 and 1.49 with a=b=1.5 um,
m=1.45, An=5% and A=1.55 pm respectively. From the graph, it is seen that beat
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length increases as h increases. The cross signs in the figure indicates the previously
reported experimental results [31] that are matching well with the theoretical results

as discussed in section-3.2.2.

Beat Length (um)
n w I
(=] o o
o o o
"_ —
=
n
=
3

e

o

o
L

Fig-3.8: Beat length (L;) versus index contrast (An) of conventional DC with h=1
pm, 0.5 um, 0.2 pm with a=b=1.5 um, An =5 %, n,=1.45 and A=1.55 pm.

The Beat length (L,) versus index contrast (An) of directional coupler for
different waveguide separation gap h=1 pm, 0.5um, 0.2 pm with a=b=1.5 pm,
An=5%, n,=1.45 and A=1.55 pum is shown in the Fig-3.8. The cross points in the
figures indicate the experimental results of previous authors {31][33], which are
matching well with the curves that obtain by using simple effective index method
(SEIM) based on sinusoidal mode. It is seen from the figure that the beat length of
directional coupler for index contrast (An)~5 % with a=b=1.5 pum, n,=1.45, A=1.55
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um are obtained as 45 pm, 91 pm, and 140 um for different coupling gaps (h) of 0.2
pm, 0.5 pm and 1 pm respectively.

3.2.5 Comparison of Coupling Characteristics Obtained by SEIM and

Marcuse Theory
035
————— Marcuse Theory
03 | 131] — SEM

025 - n;=1.4945

o
N

n3=1 .49

Coupling <(Dioefficient (p,m'l)
o

o
-

005 1

-
..

0 05 1 15 2 25 3
Coupling Gap (um)

Fig-3.9: Coupling characteristics of DC using SEIM and Marcuse theory for

n3=1.45, 1.47,1.49, 1.4945 with a=b=1.5 pm, n1=1.5, n=1.45 and An =5 %.

Fig-3.9 shows the coupling coefficient versus coupling gap ~h for TE polarization of
DC obtained by using the equation (3.8)-(3.15) of SEIM and Marcuse theory [as
details are discussed in section-2.2.2 of chapter-2] for coupling gap refractive index,
n3=1.45, 1.47, 1.49 and 1.4945 with a=b=1.5 um, n;=1.5, n;=1.45 and An=5 %
(where An=n;-ny) are compared. It is evident from the figure that the coupling

coefficient of DC decreases as the coupling gap increases and the rate of decrease of
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coupling coefficient with respect to h increases as coupling gap refractive index n3
increases. The figure also shows that the curve obtained by SEIM is close to the same
obtained by using Marcuse relations as details are mentioned in chapter-2.

The cross point in the figure represents the experimental point demonstrated by
previous authors [31] with SiON/SiO;, matching well with the theoretical curves.
The coupling coefficients of directional coupler obtain by using SEIM are compared
with Marcuse theory for different coupling gaps (h) ranges from 0 um to 3 um and
n3=1.45, 1.47, 1.49, 1.4945 with a=b=1.5 pum, n,=1.45 and An =5 % which is shown
in the Table-3.1.

Table-3.1: Comparison of Coupling Coefficients obtained by using SEIM and
Marcuse theory

Coupling Calculated Coupling Coefficient Experimental results
gap, h (um™) for An=5 % reported by previous
(pm) SEIM Marcuse theory authors [31]
0 0.30152 0.291

0.5 0.2258 0.2106 0.4975 (An=3%)

1.0 0.14232 0.133] 0.07821 (An=1%)

1.5 0.08645 0.079

2.0 0.05387 0.048

25 0.034408 0.0314

3.0 0.0212 0.0209 0.03109 (An=5%)

3.2.6 Beam Propagation Method (BPM) Simulation Results of Directional
Coupler

From the above studies and as mentioned in the previous chapters, it is

necessary to study the lightwave beam propagation with the designed device

parameters before fabrication. In this direction, the design waveguide device

components are studied for beam propagation with the help of commercially

©Tezpur University 3.18



Chapter 3

available optiBPM software (version 9.0) which is based on beam propagation

method (BPM) and these results are compared with results obtained by SEIM.

(o)

s o
o« o

s o 2
nm AN

0.4

Normalized Coupling Power

e 2 o
=N W

>

0 20 40 60 80 100 120
Beat Length (L,)

Fig-3.10: Normalized coupled power versus beat length for DC with coupling gap
h~0.5 pm, n,=1.45, An =5 %, A=1.55 pm respectively and the BPM output results at
beatlength~91 pm and 3 dB coupling length ~ 45 pm respectively.

Fig-3.10 shows normalized coupled power distribution for the bar coupling
(P5/P;) state and the cross coupling (Ps/P;) state versus beat length (L;) for
directional coupler with coupling gap, h~0.5 pm, a=b=1.5 pm, n,=1.45 and An=5 %
respectively as details are discussed in section-3.2.3. The figure also shows the
lightwave propagation at half coupling point (3 dB) and cross coupling point of
directional nnnplnr nhtained hy r\ph’RP\l coftware matching well with the resnlts
obtained by SEIM model. It is seen from the figure that the peak cross-coupling
power (P4/P;) is obtained at beat length ~91 pm whereas 3dB coupling power is
obtained at beat length ~45.1 um for the directional coupler with a=b=1.5 um, h=0.5
um, n,=1.45 An=5 % respectively.

©Tezpur University 3.19



Chapter 3

Fig-3.11 : BPM results of Conventional Directional Coupler for (a) Layout structure

(b) Cross state (c) 3-dB coupler and (c) bar state

The Beam Propagation Method (BPM) results of conventional directional
coupler (DC) obtained by using optiBPM software at the cross state, bar state and 3-
dB directional coupler are shown in Fig-3.11. From the BPM output results, it is
found that the beat length of conventional directional coupler at cross point~ 91.1
um, 3 dB state ~45.3 um and bar point~182 pm with a=b=1.5 pm, n,=1.45, h=0.5 pm
and An=5% respectively which are analogous with the theoretical results obtained by
SEIM.

3.2.7 Fabrication Tolerances and Polarization Dependence of Directional
Coupler
Since it may be difficult for precise fabrication of device structure with exact

designed parameters, it is necessary to study its performance degradation with small
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unwanted variation of waveguide parameters Therefore, the effect of fabrication
tolerances (dw) of DC width on power imbalance of directional coupler has been
studied Fig-3 12 shows plot for power imbalance [=10 logo (P3i/P4)] versus
fabrication tolerances (£0w) of DC width with cladding index~1 45, n,=1 45, index
contrast ~5 %, a=1 5 um and wavelength ~1 55 pm It 1s seen from the figure that
power 1mbalance increases almost symmetrically 1n both sides of mimmum power
imbalance obtained at dw~0 um as 3 dB directional coupler 1s designed for this The

rate of increase of power imbalance (dB) with respect to width tolerance for the

2
conventional directional couplers 1s approximately obtained as g, [Power

Imbalance (dB)] ~0 15 dB/pum respectively

005 ~
0045 | 5
)
004 ‘ 9
| §
© Conventional
o
£ directional
E coupler
ES
o
a
004 -002 0 002 004

Width tolerance (dw), um

Fig-3.12 Power imbalance characteristics versus width tolerance (+6w) of
conventional directional coupler with cladding index~1 45, index contrast ~5 %,

a=b=1 5 pm and wavelength~1 55 um

Fig-3 13 shows the dependence of power Imbalance on wavelength for 3 dB

conventional directtonal coupler with a=1 5 um, b=1 5 um, index contrast ~5 % and
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cladding index~1.45. It is seen from the graph that power imbalance increases almost
symmetrically in both sides of minimum power imbalance obtained at A~1.55 um as

3dB directional coupler is designed for this wavelength.

0.05

Conventional
directional
0.04 - coupler
)
z
® 0.031 \
Q
c
ks
3
g 0.02 4
®
3
a 0.01 1
0 T T T —
1.45 1.5 1.55 1.6 1.65
Wavelength (um)

Fig-3.13: Power Imbalance characteristics versus wavelength variation for
conventional directional coupler with a=1.5 um, b=1.5 um, index contrast ~5 % and

cladding index~1.45.

Further the polarization dependence of coupling characteristics are also studied
for conventional directional coupler. Fig-3.14 shows the normalized coupling power
distribution versus beat length of conventional directional coupler for both TE-mode
and TM-mode with h=0.5 pm, a=1.5 pm, b=1.5 pm, cladding index~1.45, An=5 %
and A~1.55 pm respectively. It is found that for TM-polarization the value of beat
length (L) is ~0.22 % more than that of the TE-polarization.
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Normalized Coupling Power

0 20 40 60 80 100 120
Beat Length (L,)

Fig-3.14: Normalized coupling power distribution of conventional directional
coupler for both TE-mode (solid line) and TM-mode (dashed line) with h=0.5 um,
a=1.5 um, b=1.5 um, cladding index~1.45, An = 5 % and A~1.55 pm respectively.

3.3. Two Mode Interference (TMI) Coupler

The Two Mode Interference (TMI) coupler is based on two mode interference
phenomena, where the input field excites two modes—fundamental and first order
modes and interfered with each other along the direction of propagation [31}. Two
mode interference (TMI) coupler are consist of two single mode waveguides placed
with zero separation gaps where due to the coupling and depending upon the phase
difference between two excited modes, light propagates along the direction of
propagation. Depending upon the phase difference at the end of coupling region,
light signal can be obtained at the cross state or bar state output access waveguides

respectively.
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3.3.1 Mathematical Model of TMI Coupler Using SEIM

Fig-3.15: 3D Schematic view of TMI coupler (h=0 pum) based general interference

Fig-3.15 shows the three dimensional (3D) schematic view of the basic
geometry of a two-mode interference (TMI) coupler with coupling gap (~h) zero. It
consists of two-mode coupling region of width 2a and coupling length L with four
single mode access waveguides of core width a and core thickness b. n; and n, are
the refractive index of the core and cladding region respectively, whereas the single
mode access waveguides— (Waveguide-1 & Waveguide-2) are attached to the input

portion of the TMI region and the other two access waveguides (Waveguide-3 &
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Waveguide-4) are attached to the output portion.

Waveguide-1 Wavegmde-4
\ //' Py
< a
-
2a
»
< »
P, m P,
Wavegude-2 Wavegude-3
< >« >« >
Input access Coupling region Output access
waveguide wavegude

Fig-3.16: 2D schematic cross-sectional view of TMI coupler

Fig-3.16 shows the two dimensional (2D) schematic view of a 2x2 two-mode
interference coupler as shown in Fig-3.15. When the input light signal is launch into
one of the input access waveguides, only fundamental and first order modes of
propagation constant Bgo and Po; respectively are excited in the coupling region [14].
At the end of the coupling region, depending upon relative phase differences between
these two excited modes, light power is either coupled into two output waveguides or
vanishes.

The beat length is obtained by introducing the = (or 180°) phase differences
between two modes (fundamental and first order mode) and it is written as

L =% 7 (3.22)

" BB 2C
where By, B1 are the propagation constants of fundamental and first order modes,
whereas coupling coefficient (C) for two-mode interference coupler (h~0 pm) can be
estimated using equation (3.8)-(3.11).
The normalized coupling coefficient for two-mode interference (TMI) coupler
can be derived using the following equation (3.23) of asymptotic analysis of SEIM

model of DC as already discussed in the previous section-3.2.1, with a consideration
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as coupling gap (h) tends to zero, we have

1 -2V, 2V, a -2V,a
exp| ——h [ exp — exp
73| Vi b b b

<. (3.23)
C, 64a’ R -2V, N 2V,a -2V,a
exp| — €X —€X
Vi P b P b P b

where V, =§k(n12 -n,2)"? and V, =§k("12 —n,")'"?

3.3.2 Coupling Coefficient of TMI Coupler

For TMI coupler (h—0), as h tends to zero the value of the exponential term
contains ‘h’ in equation (3.22) will be 1. Since there is no separation gap between the
two cores (n3 does not exist and n; = ns3), V, will be vanishes. Finally the equation

(3.22) for TMI coupler can be approximate as,

2,3 _
T
0

Similar to the directional coupler as mentioned in section-3.2.2, considering square

embedded channel waveguide (a=b, h—0) and substituting the values of V,, V, from

equation (3.2) and (3.3) in the above equation (3.24) we have,

c_zv ! 28 5 n? —n2)? | _expl— 225k z_z%}
C0_64a3x N xl:exp{bxzk(n1 r12) } ex;{ bxzk(n] nz) ]
(—) K} —n})

2
C._.r o~z J-expl- 6
—= x| exppkln? —n2)? [—exp} bkln —n2 )2 3.25
C, 16b2k2(n12—n;) [ p ( 1 2) p ( 1 2) ( )
04 (n|2 _neZﬂ'(TE) ”:ﬁ(TE) _"22
where C, = - ; for TE mode (3.26)
(1+0.2h)

2

2 2
ky Viepaey M

2 2
ne[f(rs)(nl —n, W+
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2 2 2 2
. 0t )«/”_—"“
0 (m FOMVN e ) 2 : for TM mode  (3.27)

C,= X
" (1+0.2h) )

2 2
neﬁ'(TM)(nl —n, W+k \/ﬁ
n —-n
oy eramy —
_ A
Ry 1) = P Z[_

A
Bogmy = Bru (5;{‘)

Bre» B, are the propagation constants of TE and TM mode respectively which can

be estimated for two mode interference coupler from dispersive relation as discussed

in section-3.2.2 of the current chapter.

3.3.3 Coupling Characteristics of TMI Coupler

For the calculation of power transfer to the output access waveguides of TMI
coupler, the same coupled mode relations to that of the directional coupler as
discussed in section-3.2.3 are used. The coupled power into the single mode output

access waveguides of TMI coupler can be approximate as,

%z cos *(Ap/2) (3.28)
1
% =sin *(A@/2) (3.29)

1
where, Ag=AB.L andAS = B, — B, ; and B, Bo: are the propagation constant of

fundamental and first order modes respectively.

The coupling length for maximum power transfer (A ¢ = 1) can be defined as,

AB  AB
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Normalized Coupling Power
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Fig-3.17: Normalized coupled power versus beat length with An=5 % for two mode
interference (TMI) coupler with coupling gap h~0 pm, 2a=3 pm.

Fig-3.17 shows normalized coupled power (P3/P; and P4/P;) obtained by using the
equations (3.28) and (3.29) for two mode interference (TMI) coupler with coupling
gap, h~0 ym, 2a=3 pum, n;=1.45 and An=5 % respectively. It is seen that the
normalized coupled power of two mode interference (TMI) coupler is transferred to
the cross state at the beat length which can be determined using equation (3.30). It is
found that the beat length of the TMI coupler with An=5 %, h=0 pm, n,=1.45,

a=b=1.5 um are obtained as ~ 45 pm.

3.3.4 Beat Length of TMI Coupler
The Beat length (L) with respect to the index contrast (An) for TMI coupler
with a separation gap of h=0 pm and a=b=1.5 pm, An =5 %, n,=1.45, A=1.55 pm has
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been shown in the Fig-3.18. It is evident from the figure that the beat length of TMI
coupler decreased with the increase of index contrast (An). It is found that the beat
length of TMI coupler for index contrast (An)~5 % with a=b=1.5 pum, n;=1.45,
A=1.55 pum are obtained as ~45 pm. The results obtained by using simple effective
index method (SEIM) based on sinusoidal mode are also compared with beam

propagation method that is discussed later in this chapter.

350
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e
3 150 - \
..go A Y
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Fig-3.18: Beat length versus index contrast (An) of two mode interference (TMI)

coupler with a=b=1.5 pm, n,=1.45 and A~1.55 pm.

3.3.5 Beam Propagation Method (BPM) Simulation Results of TMI Coupler
The normalized coupled power (P3/P; and P4/P;) obtained by using the
equations (3.28) and (3.29) for SEIM based two mode interference (TMI) coupler
with coupling gap, h~0 um, 2a=3 um, n,=1.45 and An=5 % has been shown in Fig-
3.19. The figure also indicates the light wave propagation at half coupling point
(~22.3 um) and cross coupling point (~45 um) of TMI coupler obtained (by optiBPM
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version 9.0), matching well with the results obtained by SEIM model.
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Fig-3.19: Normalized coupled power versus beat length with An=5 % for two mode

interference (TMI) coupler with coupling gap h~0.5 pm, 2a=3 pm.

The beam propagation method (BPM) results of conventional Two-Mode
Interference (TMI) coupler obtained by using optiBPM software for cross state, bar
state and 3-dB TMI coupler have been shown in the Fig.-3.20. The results obtained
by SEIM based model of TMI coupler is matching well with the BPM results. From
the BPM simulation results, it is found that the beat lengths of conventional TMI
coupler at the cross point, 3 dB coupling point and bar point are obtained as ~45 um,

22.1 pm and 90.2 pm respectively.
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Fig-3.20 : BPM results of Conventional Two-Mode Interference (TMI) Coupler for
(a) Layout structure (b) Cross state (c¢) 3-dB coupler and (d) bar state

3.3.6 Fabrication Tolerances and Polarization Dependence of TMI Coupler

As already mentioned the necessity to study the performance degradation of
designed devices with small unwanted variation of waveguide parameters due to
difficulties in realization of precise fabrication of device structure with exact
designed parameters; the effect of fabrication tolerances (dw) of TMI width on power
imbalance of designed TMI coupler also has been studied. Fig-3.21 shows the plot
for power imbalance [=10 logo (P3/P4)] versus fabrication (olerances (zow) ol 1M1
width with cladding index~1.45, n,=1.45, index contrast ~5 %, a=b=1.5 pm and
wavelength ~ 1.55 um respectively.

The graph shows that the power imbalance is increases almost symmetrically in

both sides of minimum power imbalance obtained at dw~0 um as 3 dB TMI coupier
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is designed for this. The rate of increase of power imbalance (dB) with respect to

width tolerance for conventional TMI coupler is approximately obtained as 3(%,;

[Power Imbalance (dB)] ~0.18 dB/um respectively.
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Fig-3.21: Power imbalance characteristics versus width tolerance (+6w) of
conventional 3-dB TMI coupler with cladding index~1.45, index contrast ~ 5 %,

a=b=1.5 um and wavelength~ 1.55 pm.

The dependence of power imbalance on wavelength for 3 dB conventional TMI
coupler with a=1.5 pm, b=1.5 um, index contrast ~5 % and cladding index~1.45 also
have been studied which is shown in Fig-3.22. It is found that power imbalance
increases almost symmetrically in both sides of minimum power imbalance obtained
at A~1.55 pm as 3 dB TMI coupler is designed for this wavelength.

Fig-3.23 shows the normalized coupling power distribution versus beat length
of conventional TMI coupler for both TE-mode and TM-mode with h=0 um, a=1.5
pum, b=1.5 pm, cladding index~1.45, An=5 % and A~1.55 pm respectively. From this
polarization dependences plot, it is obtained that for TM-polarization the value of

beat length (Ly) is ~0.25 % more than that of the TE-polarization.
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Fig-3.22: Power Imbalance characteristics versus wavelength variation for
conventional TMI coupler with a=b=1.5 um, index contrast ~5 % and cladding

index~1.45.
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Fig-3.23: Normalized coupling power distribution of conventional TMI coupler for
both TE-mode (solid line) and TM-mode (dashed line) with h=0 pm, a=1.5 pm,
b=1.5 pum, cladding index~1.45, An=5 % and A~1.55 pm respectively.
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3.4. Multimode Interference (MMI) Coupler

The MMI coupler is based on self-imaging phenomena where the input excited
field profile is reproduced in single or multiple images of the exciting field at a
periodic interval along the direction of wave propagation. The MMI coupling length
depends on consideration of structure based on either restricted interference (where,
there is a restriction of excitation of some selected modes) or general interference
(where, self imaging mechanism is independent of modal excitation). The
conventional MMI structures based on general interference and restricted
interference has been studied by previous authors as details are reviewed in chapter-
2. In case of MMI coupler, the input field excites higher order modes in addition to
the fundamental mode and first order mode and interfered with each other along the
direction of propagation. Based on self imaging principles, there will multiple

images.

3.4.1 Mathematical Model of MMI Coupler Using SEIM

Multi mode interference (MMI) couplers are basically consisting of two single
mode waveguides placed with a gap and gap is filled with same core material. When
light is launched to one of the input waveguide, more than two modes are excited.
Due to the coupling and depending upon the phase difference between excited modes
propagated along the direction of propagation, at the end of coupling region light
signal can be obtain at the cross state or bar state output access waveguides

Fig-3.24 shows the three dimensional (3D) schematic view of the basic
geometry of a multimode interference (MMI) coupler that is consisting of multimode
coupling region of width (2a+h) and coupling length L with four single mode access
waveguides of core width a and core thickness b whereas h represents the coupling
waveguide separation gap. n; and n;, are the refractive index of the core and cladding
region respectively. A pair of single mode access waveguides is attached to the input
portion of the MMI region and the other pair of single mode access waveguides is

attached to the output portion.
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Fig-3.24: 3D schematic view of 2x2 MMI coupler based general interference

Fig-3.25 shows the two dimensional (2D) schematic view of multimode
interference coupler as shown in Fig-3.24. When the input signal light is launch into
one of the input access waveguides, higher order modes are excited in addition to the
fundamental and first order modes of propagation constant oo and [y respectively
are excited in the coupling region. At the end of the coupling region, depending upon
relative phase differcuces between dhiese eacited modes, light power is cither coupled

into two output waveguides or vanishes.
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Fig-3.25: 2D schematic view of 2x2 MMI coupler based general interference

The beat length (length required for © phase difference) of the MMI coupler is
written as

L =—% (3.31)

" :Bun - :801

where Boo, Bo1 =propagation constant of fundamental and first order mode that can be
obtained by using dispersion equations[14].

The normalized coupling coefficient for multimode interference (MMI) coupler
can be derived using the following relation (3.32) of asymptotic analysis of SEIM

model of DC with the assumption (a=b, n3;— n;) as discussed in previous section-

3.2.2,
1 eXp(—zv, ){exp[zv,a)_exp[—zv,a)}
26 | VA b b b (3.32)

64a’ L 2 h] o (2V2aj ~2V,a
— {—eX
vy, T - S

where V, :gk(n,2 -n,")"* and V, =§k("|2 -n,")"?.

< _
C()

3.4.2 Coupling Coefficient of MMI Coupler
The MMI coupler consists of two waveguides having a separation gap (h) of
refractive index (ns3) similar to that of the core refractive index (n;). As discussed in

the previous sections for a 2x2 directional coupler, the coupling gap between the
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access waveguides should be filled with same refractive index to that of the core
refractive index. As the coupling gap refractive index, n; tends to the waveguide’s
core refractive index, n; of a directional coupler as discussed in previous section; the

equation (3.32) can be approximated as follows.

213 _ -
£_»v ;p(ﬂh]{p(zv_jp( 2v.a) (3.33)
C, 64a’|{V? b b b

Similar to the directional coupler as mentioned in section-3.2.2, considering square

embedded channel waveguide for MMI coupler (a=b, n;— n,) and substituting the

values of Vi, V, from equation (3.2) and (3.3) in the above equation (3.33) we have,

ey b 4350 ]

2

C 7’ p{7 2 2 } [ &) 22 } L 2 2 ﬂ

—-—= xexphkln® —n; V2 [x| exppkin’ —n: V2 (—expkbkln’ —nZ Y2

G 166%k* nl2 —n,j k( 1 2)}/ Y k( ! 2)}/ p k(nl 2)}/
(334)

nl—n’ an —n}
04 n TIBN ) 2 : for TE mode (3.35)

(1+0.2n) 5

2 2
neﬁ'(TE)(nl -n  f W+ > >
ko \) Ryraey — M
0.4 (”12 - n:ﬁ’(TM) )\[ nezjf(TM) - n22
; for TM mode  (3.36)

C, = X
° (1+0.2n) 5

2 2
neﬁ’(TM)(nl —-ny fW+ 2 >
kO\[ oy my — Ny

A
Boyey = Bre ('271_']

A
Regomy = IBTM (5};)

Bye» B, = Propagation constants of TE and TM mode respectively which are

where C, =

determined from dispersive relations [14].
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3.4.3 Coupling Characteristics of MMI Coupler
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Fig-3.26: Normalized coupled power versus beat length with An=5 % for MMI
coupler with h~4 pm.

The normalized coupled power (Ps/P; and P4/P;) obtained by using the equations
(3.25) and (3.26) applying for conventional multimode interference (MMI) coupler
with coupling gap, h~4 pm, Wymi=7 pm, n2=1.45 and An=5 % is shown in the Fig-
3.26. It is observed that the normalized coupled power of MMI coupler is transferred
to the cross state at the beat length which can be determined using equation (3.31). It
is found that the beat length of the MMI coupler for TE-mode with An=5 % with h=4
um, n,=1.45, a=b=1.5 um are obtained as ~ 80 pum.

3.4.4 Beat Length of MMI Coupler

The beat length (L) for TE polarization obtained by using the equation (3.31)
for coupling gap (h) varying for 2 um to 3 pm of MMI coupler is shown in Fig-3.27.
For TM-polarization, the value of L, is estimated 0.6% more than that of TE-
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polarization. From the figure, it is seen that beat length increases with increase of
coupling separation gap due to the increase of excited modes. For h>3 pm (not

shown in the figure), it is seen that the beat length increases sharply with h.
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Coupling Gap (um)

Fig-3.27: Beat length versus coupling gap of MMI coupler with a=b=1.5 um and
An=5 % respectively.

Fig 3.28 shows the comparison of L, versus coupling gap for DC and MMI
coupler with An=5 %, a=b=1.5 pm. It is seen that beat length of DC with n;=1.45 is
much more than that of MMI coupler and the rate of increase of beat length is more
for n3=1.45. As n3 increases, the beat length of DC decreases and at n3=1.4945, the
beat of DC is almost close to that of MMI coupler. So DC with n3= 1.4945 behaves
as MMI coupler with An=5 %.

Fig-3.29 shows beat length (L;) versus index contrast (An) for conventional
MMI coupler with a=b=1.5 pm, h=4 pm, n;=1.45 and An =5 % respectively. It is
evident from the figure that the beat length decreases with increase of An and it
decreases slowly with An for An>5 %. So An=5 % is chosen for details study of MMI

coupler.
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Fig-3.28: Beat length versus coupling gap of directional coupler (dashed lines) with
ny=1.45, 1.49, 1.4945 and MMI coupler (solid line) with a=b=1.5 um and An =5 %.
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Fig-3.29: Beat length (L) versus index contrast (An) of conventional MMI coupler
with a=b=1.5 um, h=4 pm, n,=1.45 and An =5 % respectively.
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3.4.5 Beam Propagation Method (BPM) Simulation Results of MMI Coupler

Normalized Coupling Power
(P3/Py, Py/P4)

0 20 40 60 80 100 120
Beat Length (Lx)
Fig-3.30: Normalized coupled power versus beat length with An=5 % for multimode

interference (MMI) coupler with coupling gap h~4 um.

Fig-3.30 shows normalized coupled power (P,/P and P, /P, ) obtained by

using the equations (3.25) and (3.26) for multimode interference (MMI) coupler with
coupling gap, h~4 pm, n,=1.45 and An=5 %. The figure also shows light wave
propagation at half coupling point (39.9 um) and cross coupling point (80 pm) of
multimode interference (MMI) coupler obtained (by optiBPM version 9.0), matching
well with the results obtained by SEIM model.

Fig.-3.31 shows the beam propagation method (BPM) results of multimode
interference (MMI) coupler obtain by using optiBPM software for cross state, bar
state and 3-dB MMI coupler respectively. It is found that the beat length of
multimode interference (MMI) coupler at cross state, 3-dB MMI coupler and bar
state with h=4 pm, n,=1.45, An=5 % are obtained as ~80.1 pm, 40.2 pm and 160 pm

respectively.

OTezpur University 3.41



Chapter 3

10025

7125 220 563 254.00

Z
(c) (d)

Fig-3.31 : BPM results of Conventional Multimode Interference (MMI) Coupler for

(a) Layout structure (b) Cross state (c) 3-dB coupler and (d) bar state

3.4.6 Fabrication Tolerances and Polarization Dependence of MMI Coupler

In order to study the performance degradation of designed devices with a small
unwanted variation of waveguide parameters during fabrication process step; the
effect of fabrication tolerances (dw) of MMI width on power imbalance of
conventional MMI coupler has been estimated. Fig-3.32 shows plot for power
unbalance [=10 logio (P3/P4)] versus fabrication wolerances (£ow) ol Milvil width wiih
h~4.0 pm, a=1.5 pm, b=1.5 pum, index contrast~5 %, cladding index~1.45, and
A~1.55 um respectively. It is found that the power imbalance increases symmetrically

for both side of with £3w=0 pm. The rate of increase of power imbalance (dB) with
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respect to width tolerance for conventional MMI coupler is approximately obtained

as 3%] [Power Imbalance (dB)] ~0.13 dB/um respectively.
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Fig-3.32: Power Imbalance characteristics versus width tolerances (dw) for
conventional MMI coupler with index contrast ~5 %, cladding index~1.45,

h~4.0 pm, a=1.5 pm, b=1.5 pm and A~1.55 pm.

Since, it is also essential to study the dependence of power imbalance on wavelength;
the power imbalance versus wavelength characteristics for conventional MMI
coupler with a=b=1.5 pm, h~4.0 um, index contrast ~5 % and cladding index~1.45 is
shown in Fig-3.33. In the figure, the solid line indicates the curve for 3 dB
conventional MMI coupler of coupling length ~40.1 pm and the minimum power
imbalance is obtained at A~1.55 um. It is found that power imbalance is almost

symmetrically increased in both sides of A~1.55 pm.
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Fig-3.33: Power Imbalance characteristics versus wavelength variation for

conventional MMI coupler with a=b=1.5 um, h~4.0 pm, An ~5 % and ny~1.45.
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Fig-3.34: Normalized coupling power distribution of conventional MMI coupler for
both TE-mode (solid line) and TM-mode (dashed line) with h=4.0 um, a=1.5 um,
b=1.5 pm, cladding index~1.45, An=5 % and A~1.55 pum respectively.

©Tezpur University 3.44



Chapter 3

The polarization dependence characteristic for conventional MMI coupler is
shown in the Fig-3.34. The figures shows the normalized coupling power distribution
versus beat length of conventional MMI coupler for both TE-mode and TM-mode
with h=4 pm, a=1.5 pum, b=1.5 pm, cladding index~1.45, An=5 % and A~1.55 pm
respectively. It is found that for TM-polarization the value of beat length (Ly) is
~0.24 % more than that of the TE-polarization.

3.5. Transformation Relationship of DC, TMI Coupler and MMI Coupler

From the above studies, transformation relationships between directional
coupler, two-mode interference coupler and multimode interference coupler have
been observed and details are discussed in the following two sub-sections 3.5.1 and

3.5.2 respectively.
3.5.1 Transformation from DC to TMI Coupler

Wavegude-1 Wavegude-4

//" s
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2a :
le P3

Wavegude-2 Waveguide-3

< >« >« >

Input access Coupling region Output access
wavegude wavegude

Fig-3.35: Schematic of TMI coupler (h=0) based general interference

Fig-3.35 shows a 2x2 conventional TMI coupler that is consisting of a two-
mode coupling region of length L and width 2a (where h=0); and a pair of single
mode input access waveguides of width a and thickness b and another pair of single

mode output access waveguides of same size. Fig-3.36 shows beat length (L,) versus
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index contrast, An (%) of DC obtained by using equation (3.17)-(3.19) for different

values of coupling gap h=0.02 pm, 0.2 pm, 0.5 pum, fum and ny;=n;=1.45, a=b=1.5

um respectively. The cross points in the figure are the experimental results

demonstrated by previous authors [31], [33] matching well with theoretical curves. It

is found that as index contrast (An) increases, the beat length decreases and the rate

of decrease of L; with An becomes slower in lower values of h. As h becomes closer

to zero coupling gap (h=0), the curves become closer and closer. For An22%, the

decrease of beat length is smaller. It is obtained that the beat lengths of DC with

h<0.02 pm are almost same with those of TMI coupler.
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Fig-3.36: Beat length (L) versus index contrast (An) of DC (dashed line) with h=1

pm, 0.5 pm, 0.2 pm, 0.02 pm and TMI coupler (h=0 pm, solid line) respectively.

We have also estimated the beat length (L;) of conventional TMI coupler for index

contrast, An (%) varying from | to 10 obtained by using the equation (3.27) which is

shown by the solid line in Fig-3.36. It is evident from the graph that the curve for the
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TMI coupler is almost overlapped with that of DC with h=0.02 pm, showing the
equivalence of TMI coupler with DC having coupling gap h<0.02um. For An>10%
(not shown in figure), it is seen that L, decreases slowly with An. As h tends to zero,

the equation (3.7) is approximately written for TMI coupler as

c_mv {L {CXF{EZE)_CX‘{—ZV.G )H (3.37)
C, 64d’|V3 b b

Thus, as h tends to zero (<0.02 ym), DC is equivalence of TMI coupler. So the

coupling coefficient in the equation (3.37) estimated from the equation (3.7) is

approximately equal to coupling coefficient of TMI coupler.

3.5.2 Transformation from DC to MMI Coupler
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Fig-3.37: Beat length versus coupling gap of DC (dashed line) with n3=1.45, 1.49,
1.4945 and MMI coupler (solid line) with a=b=1.5 um and An=5 % respectively.

Fig-3.37 shows the beat length (L;) versus coupling gap h of DC obtained by
using the equation (3.27) for TE polarization with different values of ny;=1.45, 1.47,
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1.49, 1.4945 with An=5 %, a=b=1.5 pum respectively. It is found that as coupling gap
increases, the beat length increases and the rate of increase of L, with h becomes
slower in higher values of n3. As n3 becomes closer and closer to n;, the curves also
become closer and closer. We have also obtained (not shown in fig) that for
1.5>n3>1.45945, the curves are almost superposed. It is important to note that the
values of beat length for DC with n3 >1.4945 are almost same with those of MMI

coupler based on general inference as shown in Fig-3.37.
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Fig-3.38: Schematic of 2x2 MMI coupler based general interference

Fig-3.38 shows a 2x2 conventional MMI coupler consisting of a multimode coupling
region of length L and width (2a+h), thickness b; a pair of single mode input access
waveguides of width a and thickness b and another pair of single mode output access

waveguides of same dimensions. The beat length of the MMI coupler is written as

/4
L, =—r— (3.38)

:Boo - ﬂon

where Boo, Bo; =propagation constant of fundamental and first order mode obtained by
using dispersion equations. We have determined L, for TE polarization by using the
equation (3.35) for h varying for 2 pm to 3 um, as shown by the solid line in Fig-
3.37. For TM-polarization, the value of L, is estimated 0.6 % more than that of TE-
polarization. The cross point in the figure is the experimental result demonstrated by
previous authors [32], matching well with theoretical curves. The figure shows the

plot of the MMI coupler is almost overlapped with that of DC with n;~1.4945,
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showing the equivalence of MMI coupler with DC having nj close to core refractive
index. For h>3 pm (not shown in the figure), it is seen that the beat length increases

with h. As nj tends to n,, the equation (3) is approximated as follows.

273 _ —
<. Zr—bT -—lz—exp(—2ﬂ h){exp[gﬁ) - exp( 2Vla) (3.39)
C, 64d°| V3 b b b

From Fig-3.37, it is also shown that as n3 tends to n; (n;-n3<0.0055, which is ~

0.43%), DC is equivalent to MMI coupler. So the coupling coefficient for DC with n3
close to ny, satisfies also the coupling coefficient formula for MMI coupler. The beat

length of MMI coupler with An=5 % and width ~7 um is obtained as 80 um.

Thus form the above studies, the following two observations have notice:
(i) When the waveguide separation gap in DC decrease (<0.02 pm), DC shows
the coupling characteristics equivalent to TMI couplers.
(i) When the refractive index of the waveguide separation gap region of DC is
increases and almost equivalent [(n;-n3) ~0.005] to the refractive index of
the core region; the DC shows the coupling characteristics equivalent to

MMI couplers.

3.6. Comparison of Coupling Characteristics for DC, TMI Coupler and MMI

Coupler

A comparative normalized coupling characteristic of DC, TMI coupler and
MMI coupler is shown in the Fig-3.39. The figure shows the normalized coupled
power obtained by using the equations (3.20) and (3.21) for DC with coupling
gap~0.5 pm, An=5 %, TMI coupler with same An and 2a=3 pm; and MMI coupler
with h~4 pm and An=5% respectively. The figure also shows the light wave
propagation at half coupling points and cross coupling points of DC, TMI and MMI
coupler obtained (by optiBPM version 9.0), are matching well with the results
obtained by SEIM model. It is also found that the peak power of MMI coupler is
slightly more than that of DC and TMI coupler due to presence of bending loss of
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DC and TMI coupler at bent access waveguides.
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Fig-3.39: Normalized coupled power versus beat length with An=5 % for DC with
coupling gap h~0.5 pm (solid line), TMI coupler (dotted line) with h~0 pm and MMI
coupler (dashed line) with h~4 um.

Further, it is found that the beat length of TMI coupler (h=0 um) and MMI
coupler with h=4 pm, An=5 % are obtained as ~45 pm and ~80 pm respectively and
that for DC with h=0.5 pm and same An is ~91 pum respectively. The dot and star
signs in the normalized coupling characteristics graph indicate the respective cross
and 3 dB coupling point of DC, TMI coupler and MMI coupler respectively. The
design parameters for DC, TMI coupler and MMI coupler that are considered in the
above studies are summarized in the Table-3.2 as given below. The designed DC,
TMI coupler and MMI coupler with these waveguide parameters are then fabricated
and experimentally tested using SiON as the waveguide core material with SiO,

cladding layer. The detail fabrication process steps and experimental results are
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discussed later on in the chapter-6 of this thesis.

Table-3.2: Design parameters DC, TMI coupler and MMI coupler

Design Parameters | Directional MMI TMI
Coupler Coupler Coupler
Core waveguide width
1.5 1.5 1.5
(a), pm
Core waveguide
& 1.5 1.5 1.5
Thickness (b), pm
Index Contrast (An) 5% 5% 5%
Core RI (n)) , An=5% 1.5 1.5 1.5
Cladding RI (n,) 1.45 1.45 1.45
Coupling Ga
pang =ap 145 1.4945 -
Cladding RI (n3)
Coupling gap (h), pm 0.5 4 0
Wavelength (L), pm 1.55 1.55 1.55
Beat Length (L,), pm 91 80 45

3.7. Conclusion

In this chapter the coupling characteristics of DC, TMI and MMI are shown.
Polarization dependence property and fabrication tolerance of DC, TMI and MMI
couplers are discussed. For accurate estimation of these characteristics, a
mathematical model using simple effective index method (SEIM) based on
sinusoidal modes have been developed. Finally, a transformation relationship has
been established for DC with TMI coupler and DC with MMI coupler. From the
transformation relationship, it is observed that the beat length of TMI coupler is half
of that of DC and 0.65 of that of MMI coupler with h=4 pm. Further, this
transformation relationship of DC, TMI and MMI coupler have been used to estimate

the coupling characteristics for the proposed structures of directional coupler, two
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mode interference (TMI) and multi mode interference (MMI) couplers as discussed

in chapter 4, 5 and 7 respectively.
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Chapter 4

4.1. Introduction

As discussed in chapter-2, the compact waveguide device components have
become essential for implementation of large scale photonic integrated device (PID)
[1]-[6] to provide enormous bandwidth for skyrocketed increase of users in present
day’s communication. As mentioned in chapter-3, DC/TMI/MMI couplers with small
gap have been preferred because of compactness and easy fabrication. In this
direction, grating assisted geometry has growing interest and is thus introduced in
these couplers for further compactness which is very much obligatory for large scale
integration of PID. Apart from the above property, it has polarization insensitiveness
and higher fabrication tolerances. Previous works [7]-[9] on the coupling
characteristics of tooth shaped grating structure have used finite difference time
domain (FDTD) method offering little inside the analysis such as fabrication
tolerances and polarization insensitiveness.

In this chapter, mathematical analysis of tooth shaped grating assisted geometry
for compact directional coupler and two mode interference (TMI) coupler have been
carried out using a mathematical model based on sinusoidal mode simple effective
index method (SM-SEIM) [2],[10]-[12] for accurate analysis of modal power. The
dependence of access waveguide length on the gap between access waveguides with
fixed value of S-bending loss for grating assisted directional coupler (GA-DC) and
tooth shaped grating assisted two mode interference (GA-TMI) coupler are shown.
The coupling behavior for both DC and TMI coupler with grating geometry are
discussed and compared with conventional structures. The polarization dependence
property and fabrication tolerances of grating assisted structures of these couplers are

also discussed.

4.2. Tooth Shaped Grating Assisted Directional Coupler (GA-DC)
Fig-4.1 shows the three dimensional (3D) view of 2x2 tooth shaped grating
assisted directional coupler having tooth shaped grating assisted coupling region of

length L and coupling gap h, two input single mode access waveguides of core width
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a, thickness b (waveguide-1 and waveguide-2) and two output single mode access
waveguides of same core dimension (waveguide-3 and waveguide-4) respectively.
The grating assisted coupling region is consisting of two grating assisted waveguides
placed close to each other, where the guiding layer of width Wy=2a+h and grating
layer of width, W=W,+2AW (where AW= tooth width of grating) are placed
alternatively in the coupling region. As discussed and reviewed in the section-2.6 of
chapter-2, we have chosen rectangular tooth shaped grating geometry for more
compactness. The coupling region consists of N total numbers of grating period, A=
lm+ lg; where 1, and 1; are the length of guiding width (K=m) and grating width
(K=g) in each grating period respectively. The n; and n, are refractive index of core
and cladding region respectively, whereas nj3 is refractive index of the coupling
cladding region. When the input power P, is launched into lower most input S-bent
access waveguide, the output powers P; and P4 are obtained as bar state and cross

state respectively.

Waveguide-4

—--
-

-
-
-

Waveguide-3

Waveguide-2

Fig-4.1: 3D Schematic of 2x2 tooth shaped grating-assisted directional coupler.
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Fig-4.2 shows the two dimensional (2D) cross-sectional view of the tooth
shaped grating assisted directional coupler (GA-DC) signifying the waveguide

design parameters as shown in Fig-4.1.

™

R TR R AN N

Wavegude 4

i wF

Wavegude |

?

B, 5
Wavegude 2 " Wavegude 3
L v e s e ve e s i v ey e e
Input access oupling region (L, Output access
Wavegude Waveguide

Fig-4.2: Schematic 2D cross-sectional view of tooth shaped grating-assisted

directional coupler (GA-DC)

When the input signal mode field of propagation constant B,(A) is incident in
single mode S-bent access waveguide-2, two modes-(even and odd modes) are
excited in the grating assisted coupling region of the directional coupler. At the end
of grating assisted coupling region based on relative phase difference between these
two excited modes in both guided and grating region, the light power is either
coupled into the single mode S-bent output access waveguides (Waveguide-3 or
Waveguide-4) or vanishes. The beat length (defined as the length required for
7 phase shift) of the directional coupler assisted with total N numbers of grating

period is obtained as,

L =[v+1)1,+ M )= = ﬁ"”)f 7]

where 8", B and B2, Bf are the propagation constants of even and odd modes in the

(4.1)

guiding region (K=m) and grating region (K=g) respectively.
As the grating-assisted coupling region in transverse dimension (along Y-axis)

is smaller than the lateral dimension (along X-axis) and have the same transverse
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behavior in everywhere of GA-DC coupling region, it is justified to be assumed that
the waveguide structure is to be single mode in transverse dimension. So the mode
fields in the grating-assisted directional couplers can be represented in 2D. The input
field profile H (x, 0) launched into tooth shaped grating assisted directional coupler
(GA-DC) at z=0 is composed of mode field distribution of all modes excited in
grating assisted region and represented in terms of odd and even modes in 2D

approximation as
1
H(x,0)=) bH (x) (4.2)
1=0
where b, is field contribution coefficient of tooth shaped grating-assisted directional
coupler for i™ mode and H,(x) is mode field distribution of i mode at z=0 with i=0
corresponds to odd mode and i=1 corresponds to even mode respectively.
The composite field profile at a distance z inside GA-DC region can be

represented in 2D approximation as a summation of all the guided modes.

1

H(x,z)=) H,(x,2)= =z]: b H, (x)exp[j(ﬂOK - B¥ )z] (4.3)

=0
K=m,g

where i=0, 1 denotes the order of guided modes; B, is the propagation constant of

zero™ order (fundamental mode) and BX represents the propagation constant for i

mode respectively. b, is field contribution coefficient of tooth shaped GA-DC for i"™
mode and H,(x) is mode field distribution of i™ mode at z=0. The K=m and K=g
represent the guiding layer and grating layer of a grating period respectively.

Since the width of the access waveguide (a~1.5 pm) is required to be small for
single mode operation of the access waveguide by keeping the normalization
frequency V~2.3, the lateral penetration of the mode field outside the waveguide is
negligible for the lateral high index contrast. Thus input mode field profile H,(x) for
the i™ mode can be approximated for tooth shaped grating-assisted coupling region

as,
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H(x)= sin[(i + 1)%‘-] (4.4)

At the end of tooth shaped grating-assisted coupling section of GA-DC, optical
power is either transferred to the output S-bent access waveguide or lost out at the
end of tooth shaped grating assisted channel waveguide. The mode field of output
access waveguides is contributed by all guided modes propagated in grating assisted
coupling region. The mode fields at M™ S-bent access waveguide can be written as

- S ()= Yo, B Wealils -p k] @

=0
m,g K=m,g

!

where L=[(N+1)l+Nl,] and ¢, , =,/C,, , =the i™ mode’s contribution coefficient

(with K=m for guiding region and K=g for grating region) to the M-th access
waveguide (M=3 for 3™ output access waveguide and M=4 for 4" output access
waveguide), which can be determined by using the mathematical model (as discussed

in chapter-3) based on sinusoidal mode simple effective index method (SEIM) as,

K
Cg =16b2k27z;:2 - z)ex&hdné-"iw Jostit )}t )] “6)

W—)exp{fhk(n] —n? }[exp{bk('h Ak }—exF’L bkl ~r; Vz}]

where for TE mode,

2 2 2 2
n —n n —n
C, = %-X ( 1 eff (TE).K off (TE).K 2 4.7
Fe . 2
UP T o ("1 -ny W + > 5
kq e aerk — M2
30+0.2k)

4.8)

_B 5+185(8F - X )in
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A
Ry e vk = ﬂrfam(?ﬂ__) K =m, g 4.9)
Similarly, for TM mode,
c, = (;‘ix (n12 - nfﬂ(TM),K n:ﬂ(TM),K - n§ (4.10)
¢ 2

Py n)x (n12 _n§ WK + > 3

ko\/ Rygamyk — M
301+ 0.24) @11

“f35+185(8F - BF ) '
X A

Ry vk = B ) Er‘ ;K =m, g 4.12)

The contributed power to the M™ S-bent output access waveguide by i™ mode is

given by [13]-[14],
=[x, (L) 4.13)

Normalized power coupled to the M® output access waveguide for tooth shaped

grating assisted directional coupler can be approximated as,

2

Z M (x,L

Py (L) [, (4.14)
P, (x,0) :

El: HX(x,0
1=0

K=m g

~ ZC,E Z[ G.Coi,, H(0H (xjxco EII(NMK)(,Q* —B%| (4.15)

;=0 =+ 0,754
K=mg K=mg K-mg K=mg

where i, j = 0, 1 refers to even and odd modes provided j>i, gx = 0, 1 for grating

region (K=m) and guided region (K=g) respectively, N = Number of grating period
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and CY, , CX = contribution coefficients (measure of field contribution of i and j"

modes to lower output access waveguides) that are obtained using equations (4.6)-
(4.12), B,, B, = propagation constant for i™ and jth modes which are determined from
dispersive equations (as discussed in section-3.2.2 of chapter-3). The length of the
guiding width (In) and grating width (1) is determined by using the following
relation (4.16) [8-9],

A

eff (1.K)

Iy K=mg 4.16)

" 4n

Thus, the normalized power coupled to the 3 S-bent access waveguide by i mode

for tooth shaped GA-DC can be approximated as,

2

1
D Hy(xL
I)3,l (x’ L) . 1;0'—'%3
R(xo) | g
2 Hi(x0 4.17)
=0
K=mg

- Ykl Y SR/ HlnH o SN+rarka® -8

= 1=0, j=1+1
K=mg K=mg K=mg K=mg

2 o . : :
where C, = (cf,) and ¢ = the contribution coefficient of i mode (which can be

calculated by using a mathematical model based on SM-SEIM) for the 3" output
access Waveguide. Normalized power coupled to the output access waveguide-4 by

i"™ mode for tooth shaped GA-DC can be approximated as,
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inl(xL

B,x (x’ L) o I;g’":g

R0 | | :
> HE(x0 (4.18)
K=m,g
ch,Hz S 3 bJCECE H,(9H (xccos] S [N+a, kB - B, ]
J=l+ =0, =141
K—mg K—m,g K—mg K=m,g

2 I - . .
where C,, = (cf,) and c,,= the contribution coefficient of i" mode (which can be

calculated by using a mathematical model based on SM-SEIM) for the 4™ output

access Waveguide-4.

4.2.1. Coupling Characteristics of GA-DC

o> (PP IR
09 0: /F) AR
S 08- ‘. ’ X
& 0.7 . ’
£ 06 A GA-DC
=8 s
2 A 05 - '
|G ¢ N
- 04 |
_§ 5 PPy 4 \
T! 0.3 T Y \ .
Y4 A Y
g 0.2 , . p
z 0.1 N LY
0 L 'd \\,
0 50 100
Grating Number (N)

Fig-4.3: Normalized coupling power distribution of tooth shaped grating assisted
structures of directional coupler with AW=0.25 um, An=5 % and A~1.55 pm.
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Fig-4.3 shows the normalized coupling power distribution for bar coupling
(P3/Py) state and cross coupling (P4/P;) state versus number of grating (N) estimated
by using the equations (4.1) and (4.6)-(4.15) for the tooth shaped grating assisted
directional coupler (GA-DC) with AW=0.25 pm, h=0.5 pm, a=1.5 pm, b=1.5 pm,
1m~0.26 pm, 1,~0.26 um, An=5 %, cladding index~1.45 and wavelength (1) ~1.55 um
respectively. From the figure, it is seen that the peak cross coupling power (P4/P,) is
obtained at the beat length where N value is 86 for GA-DC respectively. So the beat
length of GA-DC obtained by using equation (4.1) is ~45 pum respectively which is
~50% less than that of conventional directional coupler (beat length~91 pm as
obtained in the chapter-3).

4.2.2. Beat Length of GA-DC

300

Conventional DC

250 1

— N

w o

S S
1

Beat Length (um)
)
[

W
o

o

[
()]
—
o

Fig-4.4: Beat length (L,) versus index contrast (An) for tooth shaped GA-DC

couplers (AW=0.25 ym) and conventional directional coupler (AW=0 pym).

Fig-4.4 shows the beat length (L) versus index contrast (An) of tooth shaped
grating assisted directional coupler (GA-DC) with AW=0.25 um and conventional
directional coupler (AW=0 pum) with a=1.5 um, b=1.5 um, h=0.5 pm, W, ~2a+h,
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W, ~W,+2AW, cladding index~1.45 and A~1.55 um respectively. It is observed from
the figure that as the index contrast (An) increases, the beat length decreases and for
An>5 %, it decreases slowly. It is also seen that the beat lengths of GA-DC (with
An=5 % and AW=0.25 um) and conventional DC (with An=5 % and AW=0 um) are
obtained as ~45 pm, 91 pm respectively. So the beat length of tooth shaped grating
assisted directional coupler is ~50 % lower than conventional directional coupler.
The lower beat lengths in GA-DC in comparison to the conventional DC are because

of multiple reflections that takes place in the tooth shaped grating geometry.

180
160 - \‘ h=3.0 um

140 4 \Y,

ey

N

(o]
L

100 -
80 -
60 1
40 -
20 1

0 T ,

0 5 10
An (%)

Beat Length (um)

Fig-4.5: Beat length (L) versus An (%) for GA-DC with different coupling gaps,
h=0.04 pm, 0.5 pm, 1.0 pm, 3.0 um and AW=0.25 pum respectively.

The beat length (L) versus index contrast (An) that is estimated from coupling
power distribution curves (as shown in Fig-4.3) using equations (4.1) and (4.6)-
(4.15) for tooth shaped GA-DC is shown in Fig-4.5 for different values of waveguide
separation gap, h=0.04 pm, 0.5 pm, 1.0 pm, 3.0 pm with AW=0.25 pm, a=1.5 pm,
b=1.5 um, n;=1.5, np=1.45 and wavelength ~1.55 um respectively. It is seen from the
graph that the beat lengths for GA-DC decreases as An (%) increases. The rate of

decrease of L, is smaller for An>5 % and lower values of h. It is also observed that as
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h becomes nearer to zero coupling gap (h=0), the curves become closer and at h<0.04
um, the curves for GA-DC almost coincides with the curve for GA-TMI coupler

(h=0 pm) [not shown in the figure], which is discussed latter in this chapter.

4.2.3. Beam Propagation Method (BPM) Simulation Results

From the above studies and as already mentioned in the previous chapters, it is
indispensable to study the light wave beam propagation with the designed device
parameters before fabrication. So, the designed waveguide device components are
studied for beam propagation with the help of commercially available optiBPM
software and then compared with the results obtained from simple effective index

method (SEIM).

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

(P3/Py, Py/Py)

Normalized Coupling Power

0 50 100
Grating Number (N)

Fig-4.6: Normalized coupled power versus beat length of GA-DC and the BPM
output results (cross state and 3 dB state) with coupling gap h~0.5 nm. n-=1.45.

An=5 % and wavelength~1.55 pm respectively.

Fig-4.6 shows the normalized coupled power distribution versus beat length

(Lr) for tooth shaped grating assisted directional coupler (GA-DC) with coupling
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gap, h~0.5 pm, a=b=1.5 pm, n,=1.45 and An=5 % respectively as details are
discussed in the section-4.2.1. The figure also shows the lightwave propagation at
half coupling point (3 dB) and cross coupling point of GA-DC obtained by optiBPM
software, is matching well with the results obtained by SEIM model. 1t is seen from
the figure that the peak cross-coupling power (P4/P;) is obtained at beat length ~45
um whereas 3dB coupling power is obtained at beat length ~22.3 pum for the grating
assisted directional coupler with a=b=1.5 pm, n,=1.45 An=5% respectively. The inset
figures shows the respective BPM output results at the beat length ~45 pm (cross

state) and 22.3 um (3 dB state) respectively.

02 319 63.6 953 127.0

(a) (c)

Fig-4.7: BPM results of grating assisted directional coupler (GA-DC) (a) Layout

structure (b) Cross state and (c) 3-dB coupler
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The Beam Propagation Method (BPM) results of GA-DC obtained by using optiBPM
software at the cross state and 3-dB directional coupler are shown in Fig-4.7. From
the BPM results, it is found that the beat length of tooth shaped grating assisted
directional coupler at cross state~ 45.1 pm, 3 dB state ~23 um with a=b=1.5 pm,
ny=1.45, h=0.5 pum and An=5 % respectively which are analogous with the theoretical

results obtained by using SEIM.

4.2.4. Fabrication Tolerances and Polarization Dependence

In order to study the performance degradation with a small unwanted deviation
of designed waveguide parameters during the fabrication process steps, the effect of
fabrication tolerances (dw) of grating assisted channel waveguide width on power
imbalance for tooth shaped grating assisted directional coupler and conventional

directional coupler (AW=0 um) has been studied.

0.05
. 0.045 g GA-DC
&, ’
“ 0.04 3 7
0.035 £
003 § .
E Conventional
0.025 5 directional
2 coupler
(o]
o
-0.04 -0.02 0 0.02 0.04

Width tolerance (dw)

Fig-4.8: Power Imbalance characteristics versus width tolerances (dw) for tooth
shaped grating assisted directional coupler (dashed line) and conventional directional
coupler (solid line) with index contrast ~5%, cladding index~1.45, h~0.5 pm, a=1.5

pm, b=1.5 um and A~1.55 um respectively.
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Fig-4.8 shows power imbalance [=10 logiq (P3/Ps)] versus fabrication
tolerances (+6w) of tooth shaped grating assisted MMI width and conventional DC
with h~0.5 pm, a=1.5 pm, b=1.5 pm and A~1.55 pm respectively. It is seen from the
figure that the power imbalance increases with 6w symmetrically for both the
structures and the increase of power imbalance for tooth shaped grating assisted
directional coupler is slightly more than that of conventional directional coupler due
to having more number of device parameters in tooth shaped grating assisted DC.

The rate of increase of power imbalance (dB) with respect to width tolerance for GA-

. . . . . J
DC and conventional directional couplers are approximately obtained as g

[Power Imbalance (dB)] ~0.13 dB/um and 0.15 dB/um respectively.
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Fig-4.9: Power Imbalance characteristics versus wavelength variation for tooth
shaped grating assisted DC (dashed line) and conventional DC (solid line) with a=1.5
um, b=1.5 pm, h~0.5 pm, index contrast ~5% and cladding index~1.45 respectively.

Fig-4.9 shows the power imbalance versus wavelength for a~1.5 um, b~1.5 um,

h~0.5 pum, index contrast ~5 % and cladding index~1.45. In the figure, the dashed
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line indicates the curve for 3 dB tooth shaped grating assisted directional coupler of
coupling length ~22.5 um and the solid line shows for 3 dB conventional directional
coupler of coupling length ~45.5 um respectively. It is seen from the plot that in both
cases minimum power imbalance is obtained at A~1.55 um and it is almost
symmetrically increased in both sides of A~1.55 pm. The increase of power
imbalance with wavelength for tooth shaped grating assisted DC is more than that of
conventional DC. So the dependence of power imbalance on fabrication tolerance
and wavelength for grating assisted geometry is slightly more as that for

conventional structure.

Normalized Coupling Power

0 20 40 60 80 100 120
Grating Number (N)

Fig-4.10: Normalized coupling power distribution of tooth shaped GA-DC for TE
mode (solid line) and TM mode (dashed line) with a=b=1.5 pm, h~0.5 um, An ~5%
and cladding index~1.45 respectively.

From the studies, it is also found that beat length of GA-DC for TE polarization
is ~0.24% more than that of the TM polarization which is shown in the Fig.-4.10.

The figure shows the normalized coupling power distribution versus grating number
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of both TE and TM polarization for GA-DC with a~1.5 um, b~1.5 pm, h~0.5 pm,
index contrast ~5 % and cladding index~1.45 respectively. It is seen that polarization
dependence of GA-DC is slightly more than that of the conventional directional
coupler as the number of waveguide parameters in tooth shaped grating structure is

more than that of the conventional DC.

4.3. Tooth Shaped Grating Assisted Two Mode Interference (GA-TMI) Coupler

The basic principle of grating assisted two mode interference (GA-TMI)
coupler is based on the principle of coupled mode theory that describes the coupling
of multiple reflected evanescent ligthwave occurs between the two adjoin grating
assisted waveguides, where basically two modes (fundamental and first order) are
excited through the overlapping of multiple reflected evanescent waves of the

propagating modes.

Py
P

Weaveguide-4

P3
—

Wavegude-1

Waveguide-3

Waveguide-2

Fig-4.11: Schematic 3D diagram of GA-TMI coupler

Fig-4.11 shows the three dimensional (3D) view of an ultra compact tooth
shaped grating assisted two-mode interference (GA-TMI) coupler consisting
coupling region of length L with alternating guiding layer of width (W,=2a) and
grating layer of width (Wg=W, +2AW). The coupling region consists of N total

numbers of grating period (A=l,+l;) where 1, and 1; are the length of guiding layer
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and grating layer in each grating period respectively. There are two single mode input
S-bent access waveguides (Waveguide-1 & Waveguide-2) and two single mode
output S-bent access waveguides (Waveguide-3 & Waveguide-4) of core width a and
thickness b in GA-TMI coupler. The n; and n; are the refractive indices of core and
cladding region respectively whereas AW [~(W,-W,,)] is the width of tooth shaped
grating. The input power P is incident in lower most input access waveguide when

the output powers P3 and P, are obtained as a bar state and cross state respectively.

Inputaccess  Coupling region (Lx)  Output access
Waveguide ¥Waveguide
Fig-4.12: Schematic diagram of tooth shaped grating assisted two-mode interference

(GA-TMI) coupler with waveguide parameters

Fig-4.12 shows the two dimensional (2D) cross-sectional view of tooth shaped
grating assisted waveguide geometry of TMI coupler as shown in Fig-4.11. The input
signal mode field of propagation constant f, (A) is launched through input single
mode S-bent access Waveguide-2, excites only the fundamental mode and first order
mode in the coupling region, where By, B, and BE, Bf are the propagation
constants of fundamental and first order modes in the guiding region and grating
region respectively. Based on relative phase difference between these modes, the
light power is coupled into two single mode S-bent output access waveguides,

Waveguide-3 and Waveguide-4. The beat length (defined as the length required for n
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phase shift) for the TMI couplers assisted with total N numbers of grating period is

written as,

l,,:[(N+1)lm+ng]=-[(ﬁ)g —ﬁ)?)f([ﬁ)— 7] (4.19)

From the device geometry, it is justified to assume that the waveguide structure is to
be single mode in transverse dimension as transverse dimension of GA-TMI
coupling region is smaller than that of the lateral dimension and have the same
transverse behavior in everywhere of GA-TMI coupling region. So the mode fields in
GA-TMI couplers can be expressed in 2D representation.

The input field profile H(x, 0) incident on tooth shaped grating assisted two-
mode interference (GA-TMI) coupler is composed of mode field distribution of all

modes and written as
1
H(x,0)=> bH,(x) (4.20)
=0

where b, is i mode field contribution coefficient of tooth shaped grating assisted
TMI coupler and H,(x) is mode field distribution of i™ mode at z=0.

The composite mode field profile at a distance z inside grating assisted TMI
region can be written in 2D approximation as a super position of all the guided

modes.
H(x,z)= Zl H, (x,z)= _Zl b,H ,(x)exp [j(ﬂOK -pk )z] 4.21)

where i=0, 1 denotes the order of guided modes; S, is the propagation constant of

zero™ order (fundamental mode) and B represents the propagation constant for i"

mode respectively. b, is field contribution coefficient of tooth shaped GA-TMI
coupler for i™ mode and H,(x) is mode field distribution of i" mode at z=0. The
guiding layer and grating layer of a grating period is denoted by K=m and K=g

respectively.
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Since the width of the access waveguide (a ~1.5 pm) is required to be small for
single mode operation of the access waveguide for the normalization frequency
V~2.3. The lateral penetration of the mode field outside the waveguide is negligible
for the lateral high index contrast. Thus input mode field profile for the i mode

H,(x) can be approximated for tooth shaped grating assisted TMI region as,

H (x)= sin l:(i+1);xJ (4.22)

s
At the end of tooth shaped GA-TMI coupling section, optical power is either
transferred to the output waveguide or lost out at the end of tooth shaped grating
assisted TMI waveguide. The mode field of output waveguide is sum of the
contribution of all guided modes in TMI section with grating. The mode field at M-th

output access waveguide can be define as

H, ZHﬁ, xL)= ZCM: (Dexelilgy -4 )i @.23)

K—mg K—mg

where L= [(N+1)l4+Nl;] and Cu, =\’ C/\,;,, is the i™ order mode’s contribution

coefficient (with K=m for guiding region and K=g for grating region) to the M-th
access waveguide (M=3 for 3" output access waveguide and M=4 for 4" output
access waveguide), which can be determined by using the mathematical model of
directional coupler based on sinusoidal modes and simple effective index method
(SEIM) as discussed in the previous section-4.2.1, with a consideration h—0 in the
equation (4.6); where h is the waveguide separation gap (for TMI coupler h=0 pm),

we have

ct,
L= [eXP{bkm "2)}/} exprkn. nz)y}] 4.24)

C 16b2k2

0

where for TE mode,
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c, = %ﬁx (n12 _nezjf(TE),K nesz(n:‘),x _n22 4.25)
¢ 2
R 1E) X (”12 _"; Wy +—2—‘—2—
k, Vegaerx ~ M
30+ 0.2Ah
F = ( . _) = 4.26)
13.5+185(8% - 8% )tn
X A _
Reg ek = .BTE(.) ﬁ ;K =m, g 4.27)
Similarly, for TM modes,
C, = %x LN PR (4.28)
¢ 2
Moy cm),x (n12 _n32 W, + > >
kO\/ Roymyk — M
1+0.2
F,.= 3 e P) = (4.29)
13.5+185 (85 - B* )
x A
Ny ok = B oy s ;K =m, g (4.30)

The contributed power to the M™ S-bent output access waveguide by i™ order mode

is given by,
Py =|HE (e L) (431)

Normalized power coupled to the M™ output access waveguide for tooth shaped

grating assisted TMI coupler can be approximated as,

2

1
z H;;J (x,L
Py, (x,L)= Kom g (4.32)
P, (x,0) 2

Zl H(x,0
8

=0
K=

m,
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::chj 4y Z[ CE.C HH kcod S N+a XA A% 433)

=0 = =0, j=H
K=mg K=mg K=mg K=mg

where i, j = 0, 1 refers to fundamental and first order modes provided j>i, qk= 0, 1
for grating region (K=m) and guided region (K=g) respectively, N= Number of
grating period and Cj, ,Cy ,=contribution coefficients (measure of field
contribution of i™ and j‘h modes to lower output access waveguides) that are obtained
using equations (4.24)-(4.30), 8%, 8" = propagation constants for i and j" modes
at the guided region (K=m) and grating region (K=g) which are determined from
dispersive equations (as discussed in section-3.2.2 of chapter-3). The lengths of the
guiding width (In) and grating width (I;) are determined by using the following
relation (4.34) [8-9],

A

eff (J.K)

l, = K=m,g (4.34)

4n

Thus, the contributed power to the 3™ S-bent access waveguide of GA-TMI coupler

by i order mode is given by,
2
P =’H3’j (x,LX (4.35)

Similarly, normalized power coupled to the 3™ S-bent access waveguide by i order

mode for tooth shaped GA-TMI coupler can be approximated as,

P, (x,0) 1 2
ZHE (x,O 4.36)
=0
K=m.g
1 1 1 1
= SR S Y RJCECT B (eos! SN +au )8 -85,
=0 =0 J=t+e =0, f=e+4
K=mg K=m.g K=mg K=m.g
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where CF = (cf )Z and ¢ = the contribution coefficient of i" mode (which can be

calculated by using a mathematical model based on SM-SEIM) for the 3" output

access Waveguide.
Normalized power coupled to the 4™ S-bent access waveguide of tooth shaped

GA-TMI coupler by i™ order mode can be approximated as,

2
1

ZHf, (x,L

P, (x, L) a ',?2,,,, ¢
B, (x,0) . 2
ZHII,(n (x0 4.3

1

~ icf,Hf(x)+ i Z[L/Cf_,Cf]H,(x)Hj(xycos zl:[(N+qK)(ﬂ,K—,Bf)lK]

1=0 =0 7=l 1=0, y=t+]
K=m,g K=m,g K=mg K=m,g

where CX =(cX)' and cf = contribution coefficient of i mode that is estimated by

using a mathematical model based on SM-SEIM for the 4™ output access waveguide.

4.3.1. Coupling Characteristics of GA-TMI Coupler

Fig-4.13 shows the normalized coupling power (P3/P; and P4/P;) versus number
of grating (N) estimated by using equation (4.20)-(4.38) with Wn(=2a)=3.0 um,
An=5