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ABSTRACT

KEYWORDS: Silicon Photonics, Distributed Bragg Reflectors, Silicon

Waveguides, Integrated Optical Filters, Higher Order Grat-

ings, Silicon On Insulator

Grating structures are widely used for developing integrated optical devices

like couplers, filters, (de-) multiplexers, interleavers, Distributed Bragg Reflector

(DBR) cavities, laser sources, etc. Because of the huge prospects of CMOS com-

patible photonic devices in silicon-on-insulator (SOI) platform, there have been

great interest to develop efficient DBR structures with single-mode silicon waveg-

uides. In order to realize first order DBRs, a periodicity of ∼ 224 nm (smallest

feature size ∼ 112 nm) is required to obtain a reflection peak at 1550 nm. The

fabrication of such sub-micron grating structures requires stringent process con-

trol.

In this work, we have demonstrated grating structures with a feature size

∼ 1.3 µm (2.4 µm ≤ Λ ≤ 2.6 µm) to be used as integrated optical DBRs with

λBragg ∼ 1550 nm. The fabrication was carried out in two-step RIE process

using two different masks, respectively. The first mask was used to define DBR

structures (duty cycle: 50%, corrugation depth: ∼ 250 nm), whereas the second

mask was to define single-mode rib waveguides (rib height: 5 µm, slab height:

3.8 µm, width: 3.0 µm ≤ W ≤ 5.5 µm). After fabrication, the waveguide

end-facets were polished to a roughness of < 200 nm before they were taken for

characterizations in our end-fire waveguide coupling set-up. The characterization

results of the fabricated DBRs show a reflection of > 90% and FWHM ∼ 3.3 nm

(estimated from transmission spectrum) for a grating length of 5.2 mm for TE

polarization.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

The progress in the area of photonics over the past few decades have opened a

wide range of possibilities in the development of communication [1, 2] and sens-

ing [3, 4] devices. Many of these devices are based on fiber optic and integrated

optic components because these components offer high sensitivity and lower foot-

print at cheaper costs [5, 6]. Recently, there have been huge investments in the

development and production of integrated optical components [7, 8, 9]. Periodic

structures or gratings (especially, distributed Bragg reflectors) play major role in

the realization of many of these devices.

In general, an optical grating or a periodic structure has periodic variation

of refractive index in the medium, causing diffraction of waves interacting with

them. As diffraction is a wavelength dependent phenomenon, the gratings have

a wavelength dependent reflection and transmission spectra. This has led to a

wide usage of such structures in communication, spectroscopy and sensing appli-

cations. Grating structures inscribed in fibers and waveguides (integrated optics)

are widely used as distributed Bragg reflector (DBR) for wavelength selective op-

erations. Fig 1.1 shows the schematic of a typical DBR grating structure. In

DBR structures, the grating periodicity is typically chosen such that diffraction of

electromagnetic waves in a band of wavelength (around λB) results in reflection.

The Bragg wavelength, λB is defined by,

λB =
2neffΛ

m
(1.1)

where neff is the effective index of a guided mode in the waveguide, Λ is the period

of the grating and m is the order of diffraction.



Besides filtering [10], DBRs are also used as an integrated optical component

to develop laser cavity, resonator, in-line delay, add-drop multiplexer, distributed

feedback elements [11], wavelength switches [12] and chemical sensors [13]. Re-

cently, they are also used in applications such as optical signal processing [14], and

generation of slow light [15].

Figure 1.1: Schematic diagram of a distributed Bragg reflector (DBR). The peri-
odic refractive index variation results in the reflection of the phase-
matched wavelength (λB). Λ is the period of the DBR. Here, refractive
indices n1 and n2 are used alternatively to represent the DBR struc-
ture.

Among various platforms for the fabrication of DBR, Silicon-on-Insulator (SOI)

is adopted in the present work. The SOI platform has advantages like compatibility

with well-established CMOS technologies and prospects of optical interconnects in

place of conventional electrical interconnects. Besides, some SOI based integrated

optical devices like straight and bend waveguides [16], directional couplers [17],

MMI based power splitters [18], polarizers [19], interleavers [20], ring resonators

and modulators [21] have been demonstrated by our integrated optoelectronics

group. Considering the advantages of SOI based devices and the familiarity with

the processes involved in the fabrication of SOI based devices, we have been moti-

vated to design and fabricate integrated optical DBR structures in SOI platform.

DBRs in SOI platform were demonstrated in the past in four different geome-

tries as shown in Fig. 1.2. The method that was initially developed and used most

commonly is to make surface corrugations on top of the waveguides [22]. In order

to allow more tolerance in the lateral misalignment between waveguide and grat-

ings, Heimala et.al. [23] have demonstrated grating structures with corrugations

2



(a) (b) (c) (d)

Figure 1.2: Various geometries of DBRs in SOI platform: (a) Surface corrugation
in rib structure, (b) Surface corrugations in rib and slab, (c) Sidewall
corrugations, (d) Implantation of oxide or defect inside the volume of
the waveguide.

both in the top of the rib and in the slabs adjacent to them. There were also DBRs

realized with periodically corrugated sidewalls [24]. This method requires only a

single mask process for the realization of DBRs as well as waveguides. Another

method for the realization of DBRs is by the periodic ion implantation of oxygen

or silicon [25]. Unlike the other fabrication methods, this method maintains the

planarity of the wafer surface which makes it easier for further processing. Typical

values of maximum reflectivity, propagation loss and 3-dB bandwidth of a typi-

cal DBR structure (as in [26] fabricated using deep UV technology) are 12 dB,

0.28 dB/mm and 0.7 nm respectively.

Most of the DBRs demonstrated so far in SOI platform were designed with 1st

order grating diffraction. However, eqn. 1.1 suggests that a period in the range of

224 nm is required for these devices to operate in C+L band (1520 nm to 1620 nm)

when first order (m = 1) diffraction is used. Usually sophisticated techniques like

electron beam lithography, deep UV lithography, focused ion-beam milling and

ion implantation are used for the fabrication of such structures. These techniques

require stringent fabrication control and result in low levels of yields.

The above mentioned limitations can be overcome by an appropriately de-

signed higher order grating structure. Referring to eqn. 1.1, a choice of larger m

would result in a larger required value of Λ for a reflection band in the C+L band.

This principle can also be explained based on the Fourier decomposition of the

refractive index profile. According to this, a sinusoidal gratings has only a single
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Figure 1.3: Schematic representation of phase matching due to higher order
diffraction in a DBR. Solid black lines in the left side indicate the
spatial distribution of refractive index in one of the periods of a hypo-
thetical rectangular-grating. Solid red lines in the left side indicate the
electric field distribution of an arbitrary input signal. Dashed black
lines in the right side are the spatial harmonic components of the rect-
angular grating and the dashed red lines in the right side are the the
components of the signal which are phase matched and reflected due
to the corresponding grating harmonic.

component in its spatial harmonics and its reflection peak is around a single wave-

length (λB = 2neffΛ) [27]. Abrupt and periodic refractive index variations in a

waveguiding medium has higher order spatial harmonics. The strength of the mth

harmonic depends on the shape of the fabricated structure and is proportional to

the mth coefficient in the Fourier series expansion of the periodic structure. These

higher order spatial harmonics could be considered as sinusoidal refractive index

variations with periods smaller than that of the fundamental period. Hence, they

can be used to phase match wavelengths, smaller than those phase matched with

the fundamental period.

As shown in Fig. 1.3, the refractive index profile in a DBR structure can
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be considered as a combination of different spatial frequencies with appropriate

weights, depending on the exact shape of the grating. The shape of a rectangular

grating and its harmonic components are shown as solid black lines and dashed

black lines, respectively. The frequency component of the input signal which gets

phase matched to a given Fourier component of the grating gets reflected. Hence,

for that frequency component of the input signal, the grating acts as a reflector.

An arbitrary input signal and its Fourier components that are phase matched with

the grating harmonics in case of Bragg reflection are shown as solid red lines and

dashed red lines, respectively. By designing the grating to work at an appropriate

higher order, we can avoid the requirement of smaller feature size.

1.2 Research Objective

Initially, the single mode waveguides as well as Bragg gratings have to be designed.

While designing the devices, minimum feature size have to be chosen such that

they are realizable with the facilities commonly available in microelectronics lab-

oratories. The constraints of i-line (365 nm) photolithography and other fabrica-

tion processes limits the resolution of fabrication to feature sizes larger than 1 µm.

Hence, the objective of this work is to design, fabricate and characterize Bragg

grating structures in single mode waveguides with periodicities > 2 µm (smallest

feature size > 1 µm) for acting as an efficient wavelength filter at ∼1.55 µm.

1.3 Thesis Organization

Chapter 2 explores the theory and design aspects of single mode waveguide and

Bragg reflectors. The conditions required for phase matching are explained based

on phase diagrams. This chapter also provides an overview of the effect of various

parameters of waveguide and gratings on the performance of Bragg reflectors. In

the end, the optimized design parameters are summarized.

Chapter 3 presents the fabrication process and characterization of the DBRs.
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Various processes involved in the fabrication and their optimized parameters are

also discussed. Surface profiles of the fabricated structures and results of optical

characterizations are analyzed in this chapter. The detailed description of the

working devices are enlisted at the end of this chapter.

Finally, Chapter 4 summarizes the results of this research work and presents

some of the future perspective of DBRs.
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CHAPTER 2

BACKGROUND THEORY AND DESIGN

In this chapter, we present theoretical background and design parameters for DBR

structures to be inscribed in single-mode rib waveguides in Silicon-on-Insulator

(SOI) platform. The design parameters are optimized in accordance with the

fabrication facilities commonly available in microelectronics laboratories. The

effect of various parameters of waveguides and gratings on the performance of

Bragg reflectors are analyzed. Finally, the desired dimensions of the waveguides

and gratings are summarized.

2.1 Waveguide and Guided Modes

Waveguides are the fundamental components for integrated optical devices. In

this work, waveguides are fabricated on the device layer of SOI wafers. The

waveguides are chosen to be of rib geometry and large cross-section because of

its lower coupling loss with the fiber [16]. Before moving on to the design of single

mode rib waveguides in SOI platform, we start with a discussion of waveguiding

in planar waveguides. Concept of phase diagrams is used to understand guided

modes and condition for single-mode guiding. In the subsequent sections this

concept is extended to explain phase matching and distributed Bragg reflection.

2.1.1 Phase Diagram of Planar SOI Waveguide

A monochromatic electromagnetic wave in free-space can be characterized by its

phase vector which represents the direction of propagation and the magnitude of

the phase constant. The the phase constant, k0 is given by:

k0 =
2π

λ0

(2.1)



where λ0 is the free space wavelength.

Figure 2.1: Phase diagram of a monochromatic wave with a wavelength λ0 prop-
agating in bulk silicon (with refractive index nSi).

Inside a medium, wavelength is reduced by a factor n, where n is the refractive

index of the medium. Correspondingly, the phase constant will have an increased

magnitude, k given by

k = k0n =
2πn

λ0

(2.2)

In free space as well as in any unbounded medium, the wave can propagate in

all the directions keeping the wavelength constant. This is equivalent in saying

that within a medium, the phase vectors can be in any direction keeping its length

constant. Hence, as shown in Fig. 2.1, in bulk silicon (with refractive index nSi)

the tips of the phase vectors of length k0nSi form a circle. The upper semicircle is

not shown because of its redundancy.

The top part of Fig. 2.2 shows the cross section of a multimode slab waveguide

in SOI platform. In this structure, the electromagnetic waves are confined to

propagate in z direction. In contrast with the propagation in a bulk medium,

inside a waveguide, waves can propagate only in discrete angles, θq satisfying the

vertical standing wave relation [28] given by

2k0nSitsinθq − φu − φl = 2qπ; q = 0, 1, 2, ... (2.3)
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Figure 2.2: Phase diagram of a monochromatic wave with a wavelength λ0 prop-
agating in a multimode planar waveguide in SOI substrate.

where k0 is the phase constant of the wave in freespace, nSi is the refractive

index of Si (hence k0nSi forms the phase constant inside Si). t is the thickness

of the waveguide, θq is the angle of propagation.φu and φl are the phase changes

introduced by the upper and lower waveguide boundaries on the reflected wave.

In case of TE polarization, it is given by

φu,l = 2 tan−1

√
cos2 θq −

(
nclad
nSi

)2

cos θq
(2.4)

where nclad is the refractive index of the cladding layer. Here, it takes the

values 1 or nSiO2 (refractive index of the bottom SiO2 layer) depending on the

reflection at upper and lower interfaces, respectively. A detailed derivation can be

obtained in [28] .

Hence, as shown in Fig. 2.2, in a multimode waveguide the phase vectors can

have only discrete angles with respect to z axis. Each of these angles corresponds

to a mode of this planar waveguide. We define the effective index of the qth mode

as neff(q) where k0neff(q)(= k0nSicosθq) is the projection of the qth phase vector
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along the waveguide axis. Consequently, this sets the upper limit of the effective

index, as neff(q) < nSi, which in physical sense is the limitation by the material

medium of the waveguide core.

The lower limit of the the effective index of a propagating mode is set by the

medium of the waveguide cladding. Propagation, if any, in the top air cladding

and bottom SiO2 cladding will be similar to bulk propagation. Hence, similar to

Fig. 2.1, the tips of phase vectors in air and SiO2 claddings form continuous circles.

They are represented by the light green and dark green semicircles, respectively

in Fig. 2.3. Hence, they will have an z component in the segment B-B’. As soon

as the z-component of a mode reaches this limit, propagation through cladding is

possible and the mode leaks out . This sets the minimum value for effective index

as, neff(q) > nSiO2 . Similarly, if we are able to make the z-component of a mode to

lie in the A-A’ segment, the wave leaks out to both SiO2 and air substrates [29].

Figure 2.3: Phase diagram of a monochromatic wave with a wavelength λ0 propa-
gating in a single mode straight waveguide. neff is the effective index
of the guided mode in the waveguide. k0 is the phase constant in
freespace. Hence, k0nSiO2 , k0nSi and k0neff are the phase constants
in the SiO2, Si and Si singlemode waveguide.

Further, restricting the dimensions of the waveguides to satisfy single mode

condition results in supporting only a unique angle, θ0 for the phase vectors with
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respect to the waveguide axis. Thus, as shown in Fig. 2.3, in a single mode

waveguide only two counter propagating modes with the same effective index are

possible. They both have the same effective index, and is represneted as neff .

In case of a planar waveguide formed on a specific substrate, the single mode

condition at a wavelength is obtained by restricting the height, t of the waveguide

within a maximum value tmax that can be derived from eqn. 2.3. In case of a rib

waveguide, the confinement is two dimensional and the single mode condition is

obtained by simultaneous design of all the lateral dimensions of the waveguide.

2.1.2 Design of Single Mode Rib Waveguides

Fig. 2.4 shows the schematic of a typical rib waveguide fabricated on a SOI wafer.

Waveguiding in this structure is by the material and structural properties. The

buried oxide layer at the bottom and air at the top act as the claddings for these

waveguides. As the refractive index of these claddings are lower than that of

silicon, light is confined in the x direction due to total internal reflection at the

interfaces of these claddings. Along the the y direction, confinement is due to the

effective index change arising from the rib structure.

Figure 2.4: Schematic view of a large cross-section rib waveguide. Typical values
for single mode waveguiding: H = 5 µm, h ∼ 3.8 µm, W ∼ 5 µm.
Fundamental mode size is comparable to standard single mode fiber.

In this current work, as we are interested in the operation of our device at

C+L bands of communication wavelengths, we chose to design our single mode

waveguides at around 1550 nm. The design and analysis of rib structures includes
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the calculation of their effective index, single mode dimensions and mode profiles

at the wavelengths of interest. These analysis are done exactly by solving the

Maxwell’s equations. However, it is challenging to obtain analytical solutions, ex-

cept for some standard waveguide geometries. Hence a series of approximations

and simplified approaches are being followed. One of the popular approximation is

by neglecting the field components in the propagation direction and reducing the

vector Maxwell’s equation into two independent sets of scalar equations. The solu-

tions of these sets of equations can be classified as the TE modes and TM modes,

depending upon the orientation of major field components. With reference to

Fig. 2.4 these modes have the electric field along y and x directions, respectively.

As these two modes satisfy different sets of equations and can be treated indepen-

dently, we chose to concentrate our design for TE polarization. The design of a

rib geometry as shown in Fig. 2.4 constitutes the specification of the rib height,

H, the slab height, h and the width, W of the waveguide.

As the SOI wafers are procured commercially, they are obtained with standard

device layer thicknesses. A device layer thickness of 5 µm is usually used for

the fabrication of large cross section devices. Accordingly, the rib height, H was

chosen to be 5 µm. With this as the initial criterion, the design of the waveguides

are done by considering single mode operation, fabrication limitations and losses,

in the following sequence.

1) Choice of waveguide parameters for single-mode guiding:

After the realization of waveguides, DBRs have to be incorporated onto them.

Hence, single mode condition have to be maintained in the waveguide design in

order to avoid cluttered multiple peaks in the DBR response. In case of multimode

waveguides, the multiple peaks occur in the DBR response because of the closely

spaced effective indices of the modes. It can be shown using eqn. 1.1 that, in a

multimode waveguide, closely spaced multiple wavelengths will get reflected.

There have been many approaches for obtaining the single mode condition in a

rib structure. This include both analytical approaches like effective index [30, 31]
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and weighted index methods as well as numerical methods like finite element [32]

and finite difference analysis [33]. In this work, the effective index method is

used because this method is quite accurate for our case of large slab height [34].

Moreover, the error in effective index method is positive, keeping the single mode

limit safer in case of fabrication tolerances. Using effective index method, the rib

structure is analyzed by decomposing it into three planar waveguiding structures.

The possible dimensions of waveguide width, W and slab height h, for a rib height,

H = 5 µm to ensure single mode operation are calculated using the effective index

method. As shown in Fig. 2.5, these dimensions are demarcated using the solid

line and the hatched region below it. The detailed analysis of this approach is

given in [28, 35].

Figure 2.5: Graphical representation of choosing waveguide parameters for a SOI
device layer thickness of 5 µm. The dimensions satisfying single mode
condition (at wavelength, λ ∼ 1550 nm.)are demarcated using the solid
black line and the hatched region below it. Dimensions with larger slab
heights (red) are avoided due to increased bend losses. Waveguide
widths in the blue region are preferred for efficient fiber-chip coupling.
The allowed dimensions are indicated in green colour.
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2) Restrictions to minimize the fiber-to-chip coupling loss:

Integrated optical devices are usually coupled with optical fibers in order to trans-

fer light into and out of these devices. Hence, the modes of the fiber and the

device must be similar in order to have a minimum coupling loss. As the waveg-

uide height, H is 5 µm, the waveguide width, W has to be ∼ 5 µm in order to

match with the circular symmetry of the fiber mode profile. Thus the waveguide

width was chosen such that 3.5 µm< W < 5.5 µm. Correspondingly, the desired

regions are shown in blue in Fig. 2.5.

3) Further restricting the dimensions considering the application re-

lated criteria:

Larger slab heights results in lesser confinement of light in the rib region and

it results in the increased bend losses. This is relevant because in most of the

potential applications, DBRs are incorporated in structures having many bends.

The region to be avoided is shown in red. Thus the allowed dimensions that satisfy

all the above constraints are indicated by green, in Fig. 2.5.

Figure 2.6: Effective index of TE modes in the rib waveguide with H = 5 µm,
h = 3.8 µm for λ = 1550 nm.

According to the above considerations, the waveguide widths of the fabricated

devices are varied from 3.5 µm to 5.5 µm in steps on 0.5 µm while keeping rib

height, H as 5 µm and slab height, h as 3.8 µm.
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(a) (b)

Figure 2.7: The typical mode profiles for (a) W=3 µm and (b) W=6 µm for
TE polarization obtained using RSOFT MODE SolutionsTM. As the
waveguide width increases, the mode gets more confined in the rib
region.

Using a commercial simulator RSOFT MODE SolutionsTM, mode profiles as

well as the effective refractive index in the waveguiding structures are obtained. It

is a full-vectorial mode solver based on finite element algorithm [36]. The effective

indices as a function of waveguide width, W is shown in Fig. 2.6. The effective

index is required in estimating the phase matched wavelength (eqn. 1.1). The

mode profiles for two of the waveguide widths, W = 3 µm and W = 6 µm are

show in Fig. 2.7. The mode profiles of the gratings are important to calculate the

grating efficiency as in Section. 2.2.2. With the understanding of phase diagrams

as well as with the single mode dimensions, mode profiles and effective refractive

indices of the waveguides, we moved on to the design of DBR structures.

2.2 DBRs in Single Mode Rib Waveguides

In this section, the Bragg reflectors on a planar single mode waveguide is analysed

in terms of phase diagrams. This gives a qualitative background of phase matching.

The exact quantitative formula using coupled mode theory is discussed in the

further subsections. This is used for the the calculation of reflection spectrum of

DBRs in a rib structure.
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2.2.1 Phase Diagram of DBR in Single Mode Planar Waveg-

uide

In this section, the phase matching in DBRs is discussed, based on the phase

diagrams. The variations in phase diagrams of a single mode slab waveguide

(section. 2.1.1) upon the introduction of DBRs is discussed. The concept of grating

vector and phase mismatching due to DBRs are also introduced in this section.

Figure 2.8: Phase diagram of a monochromatic wave with a wavelength λ0 prop-
agating in a single mode waveguide (see Fig. 2.3) with gratings.

Discontinuities in a waveguide causes reflection of the electromagnetic waves.

If there are multiple discontinuities, the different components of the wave reflected

from the different discontinuities interfere depending on the phase relations be-

tween them. The phase relations in turn depend on the path difference between

the components. In case of a grating, the discontinuities are periodic and hence

the path difference between successive reflections are same. The scattered wave

components have a constant phase difference and they interfere with each other,

changing the component of the phase vector along the direction of periodicity

(along z axis). This is indicated as the addition and subtraction of grating vector,
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G defined as

G = m
2π

Λ
(2.5)

from the z component of the phase vector on the waveguide mode. A detailed

derivation of this is given in [37].

Figure 2.9: Phase diagram of a monochromatic wave with a wavelength λ0 prop-
agating in a single mode waveguide with DBRs. The wavelength λ0 is
phase matched with period of the DBR structure.

Fig. 2.8 shows a planar single mode waveguide with DBRs incorporated on

them and corresponding phase diagram. Here, the grating vectors are added and

subtracted with the z-component of the phase vector of the forward propagating

mode. In this particular case, as the resultant vectors formed by the guided wave

and grating vectors do not coincide with any allowed mode in the waveguide,

they will not exist. But if we choose the period of the grating, Λ such that

G = 2k0neff , one of the resultant vectors coincide with the backward propagating

mode as shown in Fig. 2.9. DBRs are such carefully designed gratings which

reflects back the forward propagating mode.

For a fixed grating period, complete phase matching occurs at unique wave-

length, λ0. But for any other wavelength, λ′ and corresponding free space wave
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Figure 2.10: Phase diagram of a monochromatic wave with a wavelength λ′ prop-
agating in a single mode waveguide with DBRs. The wavelength λ′

is not phase matched with period of the DBR structure.

vector k′0, the same grating structure will have a phase mismatch given by

∆β = 2k′0neff −G (2.6)

Fig. 2.10 shows the phase diagram of monochromatic waves with wavelengths

λ′ 6= λ0. Corresponding to non-zero phase mismatch, the reflectivity gets reduced

from the maximum possible value and the exact reflectivity, as a function of phase

mismatch is given in the subsequent section.

2.2.2 Rib Waveguides with Higher Order DBR Structures

The design of DBR structure realized by the surface corrugation in large cross-

section rib waveguides is carried out for TE Polarization, following the coupled

mode analysis as proposed by Yariv [27].

Fig. 2.11 shows the structure used for the analysis. A comprehensive analysis of

this structure is given in APPENDIX. A.1. The reflectance, R and transmittance,
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Figure 2.11: Schematic view of DBR structures on a large cross-section rib waveg-
uide (H = 5 µm, h ∼ 3.8 µm, W ∼ 5 µm)

T of such a structure for TE polarization is given by

R =
|κm|2 sinh2(sL)

s2 cosh2(sL) + (∆β
2

)
2

sinh2(sL)
(2.7)

T =
s2

s2 cosh2(sL) + (∆β
2

)
2

sinh2(sL)
(2.8)

Here ∆β is the phase mismatch factor. s is defined as s =

√
|κm|2 −

(
∆β
2

)2

and κm is the mth order coupling coefficient between the forward and backward

propagating modes in the waveguide, given by

κm = CmI (2.9)

where Cm is obtained from terms of mth Fourier coefficient in the Fourier series

expansion of the periodic structure. For DBRs with rectangular grooves, Cm is

given by the expression

Cm =
ω

4
ε0(n2

eff − 1)
sin(mπ

2
)

mπ
e
imπ

2 (2.10)

where ω is the angular frequency corresponding to the wavelength considered and

neff is the effective index of the waveguiding structure for TE polarization. A

more detailed analysis is presented in APPENDIX A.1.
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Figure 2.12: The mode profile (TE polarization) of a waveguide with the typ-
ical dimensions as given in Fig. 2.11 caption. Parts of the mode
profile overlapped with etched grating structure is demarcated by
hatching. XG1, XG2, YG1 and YG2 are the coordinates defining the
limits of integration in the evaluation of overlap integral. The re-
gions of integration are: (1) XG1 < x < ∞, 0 < y < YG1, (2)
XG2 < x <∞, YG1 < y < YG2 and (3) XG1 < x <∞, YG2 < y <∞.

I given in eqn. 2.9 is the overlap integral between the normalized mode pro-

files of the forward propagating and backward propagating modes in the grating

region. In case of the single mode waveguide, they are identical. The integrals are

numerically evaluated from the mode profile, E(x, y) of the waveguide obtained

using RSOFTTM Mode solver. The profile, E(x, y) is first normalized to En(x, y)

using the relation,

En(x, y) =
E(x, y)√∫∞

−∞

∫∞
−∞E(x, y)dxdy

(2.11)

Using the normalized mode profile, for shallow-etched grating on a single mode

waveguide, I is evaluated as

I =

∫ ∞
XG1

∫ YG1

0

|En(x, y)|2dxdy +

∫ ∞
XG2

∫ YG2

YG1

|En(x, y)|2dxdy

+

∫ ∞
XG1

∫ ∞
YG2

|En(x, y)|2dxdy
(2.12)

The extracted mode profile with the limits of integration is shown in Fig. 2.12.

Waveguide parameters and the etch depth of gratings affect the DBR reflectiv-
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Figure 2.13: The variation of total overlap integral (blue) as a function of waveg-
uide width, W . Overlap integral due to gratings in slab (black) and
rib (red) regions are indicated separately.

ity because of the change in the overlap integral (I) in eqn. 2.12. A larger overlap

integral corresponds to a larger coupling coefficient and hence a larger reflectiv-

ity. The variation of overlap integral as a function of waveguide width is shown

in Fig. 2.13. The change in waveguide parameters changes the integrand i.e the

mode profile E(x, y); where as change in grating etch depth changes the limits of

integration - XG1, XG2, YG1 and YG2. Thus, for a given waveguide parameters, the

coupling coefficient generally increases with the grating etch depth whereas the

variation is not monotonous with respect to other waveguide parameters.

2.2.3 Choice of Diffraction Order, Periodicity and Length

The criteria for deciding the period and order are:

1. The overall resolution for fabrication (minimum possible feature size 1 µm
and correspondingly a grating period, Λ > 2 µm).

2. The operation of the device in the C+L band (1530 nm to 1620 nm).

Fig. 2.14(a) shows the variation of reflection as a function of phase matching.

It is observed that the maximum reflection, Rmax for a given DBR occurs at a

wavelength corresponding to zero phase mismatch. For the design of order and

period, phase mismatch for various orders of diffraction for Λ > 2 µm is considered.
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(a) (b)

Figure 2.14: (a) Reflection spectrum as a function of phase matching, ∆β for some
typical values of κ and a grating length of 2 mm. (b) Variation of
∆β(λ) = 2β1 − m2π

Λ
as a function of λ. The zero phase mismatch

and hence the reflection peak for 11th order diffraction occurs at λB ∼
1560 nm for a grating period, Λ = 2.5 µm.

It is apparent from eqn. 1.1 that, in the designed dimensions of the waveguide

(neff ∼ 3.47), the minimum value of m is 11 in order to obtain Λ > 2 µm. For

m = 11, the zero phase mismatch occurs in the C+L-band (λB ∼ 1560 nm) for

a grating period of Λ = 2.5 µm. This is shown in Fig. 2.14(b) by zero phase

mismatch for m = 11 at λ ∼ 1560 nm for Λ = 2.5 µm.

Figure 2.15: The variation of peak reflectivity as a function of grating length for
various waveguide widths.
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The peak reflectivity, Rmax of a grating increases with the grating length. The

typical variation of peak reflectivity as a function of grating length for various

waveguide widths and 300 nm grating etch depth is given in Fig. 2.15. Accordingly

a grating length of 3 mm is chosen so as to obtain a peak reflectivity > 0.9.

2.2.4 Fabrication Tolerance to Design Parameters

The grooves of the gratings are typically modeled to have vertical walls. However,

in a fabricated structure, perfect vertical nature may not be maintained. An

extreme case of this is a triangular structure corresponding to an over-etched

case. However, a typical possibility is that in which the rectangular regions in the

gratings get deformed to trapezoidal structures with an inclination of 10◦. The

reflectivity for various orders for 50% duty cycle for rectangular profile, symmetric

triangular profile and trapezoidal profile is depicted in Fig. 2.16. A comprehensive

analysis of these structures as well as the dependence of reflectivity on shape of

the grating are given in APPENDIX. A.1. It can also be seen from Fig. 2.16 that

a 9th order grating will have a higher reflectivity and 13th order grating has a

lower reflectivity, compared to 11th order grating.

Figure 2.16: Normalized reflectivity corresponding to various diffraction orders for
(i) rectangular gratings, (ii) trapezoidal gratings with an inclination
10◦ and (iii) symmetric triangular gratings.

The change in duty cycle can also change the reflectivity. This is attributed

23



Figure 2.17: The variation of reflectivity for first order and 11th order rectangular
gratings as a function of duty cycle (p). The reflectivities are in turn
normalized to the maximum reflectivity in the corresponding orders.

to the change in the corresponding harmonic component of the grating. Variation

of reflection coefficient as a function of dutycycle, p for a rectangular grating is

shown in Fig. 2.17. It is evident from the graph that in a first order grating, the

reflection coefficient drops down monotonically as the duty cycle deviates from 0.5.

But in an 11th order gratings, the design is highly stringent.Maximum reflection is

obtained when the duty cycle satisfies the condition p = 2n+1
22

where n = 0, 1, 2, ..

upto 10. A variation of 9.1 % in the duty cycle would result in a change of 100 % in

the reflectivity, for m = 11. Similar to the above arguments, a 9th order grating,

which require a smaller feature size (better fabrication resolution) will have a

better fabrication tolerance whereas, a 13th order grating, which requires only a

larger feature size will have a worse tolerance. Thus, there is a trade off between

the smallest feature size and the achievable design tolerance in reflectivity.

2.2.5 Optimized Parameters

The important parameters for single-mode guiding and the DBR operating at

λ ∼ 1550 nm have been optimized based on coupled mode theory as discussed in

previous section. In the theoretical analyses, it is assumed that the guided eigen
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mode is weakly perturbed by the surface corrugated periodic structure with its 11th

order Fourier coefficient. The final parameters (see Table 2.1) were optimized such

that the device could be fabricated using conventional microelectronics fabrication

facilities (1 µm technology).

Table 2.1: Optimized design parameters for integrated optical DBR structure with
large cross-section rib waveguide structure.

Parameter Symbol Designed Value

Rib height H 5.0 µm
Slab height h ∼3.8 µm
Waveguide width W ∼3.5 µm

Diffraction Order m 11
Grating Period Λ ∼2.5 µm
Duty Cycle p 0.5
Grating Length L ∼3 mm
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CHAPTER 3

FABRICATION AND CHARACTERIZATIONS

This chapter starts with an outline of the design and fabrication of optical masks.

Then device fabrication processes and their optimized parameters are enlisted.

Finally, the characterization procedure is discussed along with the results in loss

measurement, mode profile and spectral response.

3.1 Optical Mask Design and Fabrication

Our fabrication approach for DBRs used photolithography and subsequent de-

velopment and RIE to transfer the patterns onto the substrate. As two different

levels of etching were required, two optical masks were used for the construction of

DBRs. The first mask was used to defined the DBR patterns whereas the second

mask was used to define the waveguide structure.

The mask layouts were created using R-softTM CAD tool [38]. The layout

consisted of large number ( > 104) of structural elements. In order to take into

account the fabrication tolerances involved in the mask and device fabrication,

the waveguide and grating parameters were required to be varied systematically

around the designed values. Hence C programming code was used to generate the

RSOFT scripts defining the mask structure. The RSOFT format for a typical mask

element and c-codes used in the mask generation are given in APPENDIX. B.1

and APPENDIX. B.2, respectively.

The layout of the different masks are given in Fig. 3.1. The first mask consisted

of grating patterns of five different periods - 2.3 µm, 2.4 µm, 2.5 µm, 2.6 µm

and 2.7 µm - and a few completely masked regions. Each of the grating periods

constituted a block in the first mask and were wide enough to accommodate 5

straight waveguides of varying widths -3.5 µm, 4.0 µm, 4.5 µm, 5.0 µm and 5.5 µm



Figure 3.1: Mask layouts used for the fabrication of integrated optical DBR struc-
tures in SOI. Regions in the first mask (red), the second mask (violet)
and both (green) are shown in different colors. The structures marked
in the layout are (1) slab, (2) alignment markers and (3) polishing
markers.

- in the second mask. The completely masked regions in the first mask were used

to fabricate reference straight waveguides in the second mask.

In addition to the designed devices, slabs, alignment markers and polishing

markers were included in the masks for various practical reasons.

1) Slabs: It is easier to couple light into and out of slab regions compared

to the waveguides and other devices. Hence slabs were helpful in the alignment

of samples during characterization. Also measurement of depth and verticality of
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etching was easier in the slabs.

2) Alignment Markers: Angular as well as lateral alignment of the sec-

ond mask with respect to the first mask was achieved by cross-shaped alignment

markers. After the fabrication with the first mask, the alignment markers will be

present in the sample. For the alignment of the second mask, the markers in the

second mask were adjusted to overlap with the markers in the sample. For better

accuracy, the alignment markers were made such that half of them were larger

compared to the other half. Larger marks provided the initial alignment where as

the precise alignment was achieved by the smaller marks.

3) Polishing markers: Polishing markers were included perpendicular to the

waveguides. This was to provide a convenient method for polishing the sample

edges perpendicular to the waveguides. The sample edges were made perpendic-

ular to the waveguides by polishing the edges parallel to these polishing markers.

The patterns created in the RSOFT were converted to the current standard

photomask plotting format, Graphic Database System 2 (GDS2) format. The

patterns were then transferred to the photoresist coating on the mask plate using

our DWL66 1 writer. Specifications of the mask plate are given in Table. 3.1

Table 3.1: Specifications of the mask plate.

Transparent layer : fused silica
Absorbing layer : Chromium (∼ 50 nm thick)
Photoresist : AZP-1350 (∼ 0.5 µm thick)

Direct writing of the pattern was done and then the photoresist was developed

using NaOH solution. Chromium development was done using the chrome etchent.

Finally the remaining PPR was removed by cleaning with acetone and Piranha.

The details of the chemistry are reported in APPENDIX C.

1manufacturer: Heidelberg Instruments GmbHTM, laser source: He-Cd laser of λ = 442 nm
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3.2 Process Optimization

It takes several iterations to perfect the fabrication sequence. Hence, initially the

fabrication was carried out in silicon wafer which was cheaper than SOI. The spec-

ifications of the silicon and SOI wafers used are given in Table. 3.2 and Table. 3.3,

respectively.

Table 3.2: Specifications of the silicon wafer used for optimizing the fabrication
processes.

Doping : P-type
Resistivity : 1− 10 Ω-cm
Crystal Orientation : < 100 >
Wafer thickness : 500 µm

Table 3.3: Specifications of the SOI wafer used for fabricating the devices.

Doping : P-type
Resistivity : ∼5 kΩ-cm
Crystal Orientation : < 100 >
Device Layer Thickness : 5 µm ± 0.5 µm
Box layer thickness : 1 µm
Handle wafer thickness : ∼ 500 µm

As the waveguides were realized by deeper etching, these structures caused

physical obstruction in the flow of PPR, resulting in incomplete coverage and

non-uniformity. Hence the fabrication steps were chosen so that the coating of

PPR is avoided after the realization of waveguides. Accordingly, gratings were

realized first and then the waveguides. The process flow for this method is shown

in Fig. 3.2. The major fabrication steps involved in each of the two mask processes

were - cleaning, photoresist coating, photolithography, development and reactive

ion etching.

Initially, the substrates were cleaned following the standard cleaning proce-

dures with chemicals Trichloroethylene, Acetone, Isopropyl Alcohol, DI water,

Piranha (APPENDIX C.3) and Hydrofluoric acid. This was done to remove the

organic and inorganic contaminants present in the SOI surfaces. Then positive

photoresist (PPR) - MicropositTM S1813 G22 was spin-coated onto the substrate.

2manufacturer: Rohm and Haas
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Thus layer of thickness ∼ 2 µm was obtained on the SOI surfaces. The corre-

sponding parameters used for the coating are given in Table. 3.4.

Table 3.4: Parameters used for the spin coating of PPR.

Speed : 6000 rpm.
Acceleration : 500 rpm/sec.
Time : 60 sec.

Figure 3.2: Fabrication process flow of DBR grating structure with large cross-
section single-mode rib waveguides.

PPR was then hardened by pre-baking the sample in an 80◦C oven for ∼
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20 minutes. This was to avoid the sticking of PPR in the maskplate during

contact photolithography. Using the MA6/BA6 mask aligner3, the samples were

aligned with the photomask having the grating patterns and were exposed to UV

(λ=365 nm (i-line); intensity ∼3.7 mW/cm2). The samples were then subjected

to post exposure bake in order to minimize the concentration gradient created

during the exposure [39]. This process is important to avoid scalloping in the

device edges and to improve the resolution of the resist patterns.

Development of the PPR was done using 0.1M NaOH solution (APPENDIX. C.1).

The process steps were iterated by systematically varying the time for - prebake,

exposure, post-exposure bake and development. Each time, the developed samples

were visually inspected under microscope. The optimized timing which gave the

best results are tabulated in Table. 3.5

Table 3.5: Optimized timings for prebake, exposure, post-exposure bake and de-
velopment. The temperatures used and the typical lab ambient condi-
tions measured during the process are also given.

Prebake : 17 min. inside 80◦C oven
at ∼25◦C, ∼45% humidity

Exposure : 13 s λ=365 nm (i-line)
intensity ∼3.7 mW/cm2

Postexposure bake : 5 min inside 120◦C oven
Development : 50 to 55 sec using 0.1M NaOH soln.

After development, the samples were post-baked at 120◦C for ∼40 min. to

harden the PPR. Then the PPR patterns were transferred to the substrate by

reactive ion etching (RIE). The etching chemistry was obtained from [40] and was

optimized for our lab conditions. The corresponding values are given in Table. 3.6.

The O2:SF6:CHF3 chemistry gave good verticality. However, the surface rough-

ness was higher compared to SF6:Ar chemistry (Recipe2). Fig. 3.3(a) and Fig. 3.3(b)

are the scanning electron microscopic images of slab and gratings respectively af-

ter the RIE using Recipe1. The figures shows the verticality as well as the surface

roughness resulted from the RIE process.

It was also observed that the top layer of PPR got removed during the etching.

3manufacturer: Suss MicroTec / Karl Suss
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Table 3.6: Recipe used for RIE in the realization of gratings (Recipe1).

Gas flow rate : O2:SF6:CHF3::15:25:10 sccm
Temperature : 12◦C
Pressure : 50 mTorr
DC bias : 335 V
RF power : 150 W
Etch rate : ∼0.2 µm/min
Color of the plasma : Bluish grey

(a) (b)

Figure 3.3: Scanning electron microscopic image of (a) slab and (b) gratings after
RIE using Recipe1. The figures show the verticality of the sidewalls
as well as the surface roughness introduced in the etched region.

Hence it was found that Recipe1 was not ideal for higher etch depths. But in case

of the realization of gratings, as the etch depth required was only ∼300 nm, PPR

masks were continued in order to avoid the cost and delay involved in metallization.

But, metal masks were also explored and were found unsuitable due to high aspect

ratio of the grating teeth (∼ 1 µm×550µm). The microscopic image in Fig. 3.4(a),

shows the metal strips getting removed and displaced from the sample surface

during development. Fig. 3.4(b) shows a the microscopic image of PPR mask on

silicon substrate showing a good adhesion between them.

In the second step, the same procedures were carried out until RIE using the

mask for waveguides. As we were using PPR masks and the etch depth required
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(a)

(b)

Figure 3.4: Microscopic image of (a) metal mask and (b) PPR mask after develop-
ment. Due to high aspect ratio of the metal strips (∼ 1 µm×550 µm)
they got removed and displaced from the sample surface during devel-
opment in sample 5.

in defining waveguides is ∼ 1.2 µm, we switched to SF6:Ar chemistry in order to

avoid the reaction with the PPR mask. The recipe used is given in Table. 3.7.

Fig. 3.5 shows the reconstructed image of the slab using confocal microscopy.

The red plane in the top image shows the vertical observation plane and the bottom

figure shows the etch profile in that plane. A small lateral misalignment between

the first and second mask processes is evident from the kink in the vertical edges
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Figure 3.5: Reconstructed image of slab region using confocal microscopy. The
red plane in the top image shows the vertical observation plane and
the bottom figure shows the etch profile in that plane. A small lateral
misalignment between the first and second mask processes is evident
from the kink in the vertical edges of profile.

Table 3.7: Recipe used for RIE in the realization of waveguides (Recipe2).

Gas flow rate : SF6:Ar::20:20 sccm
Temperature : 17◦C
Pressure : 200 mTorr
DC bias : 35 V
RF power : 150 W
Etch rate : ∼0.35 µm/min
Color of the plasma : Pink

of profile. This is due to a slight shift of the second mask towards the left side.

This lateral shift (∼ 1 µm) was well within the specifications of the aligner. As

the gratings were designed to be wider than the waveguides, this misalignment

did not effect the device performance.

For comparing the etch rates for Recipe1 and Recipe2, silicon samples were

subjected to etching for different time duration using both the recipes. Fig. 3.6
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Figure 3.6: Comparison of the etch rates of Recipe1 and Recipe2. The etch rates
were calibrated by 6 runs of RIE using each of the two recipes. The
etch rates were found to be constant. The etch rates of Recipe1 and
Recipe2 are ∼ 0.2 µm/min. and ∼ 0.35 µm/min., respectively.

Figure 3.7: A typical scanning electron microscopic image zoomed in the grating
regions for precise measurement of duty cycle.

compares the etch rates of the recipes. The etch rates were found to be constant-

∼ 0.2 µm/min. and ∼ 0.35 µm/min. for Recipe1 and Recipe2, respectively.
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Figure 3.8: The confocal microscopic image showing the uniformity of the fabri-
cated device. The figure in the inset is a reconstructed image from the
depth measurements using the confocal microscope.

With the optimized parameters, the working devices were made in optical grade

SOI wafers. The scanning electron microscopic image of the fabricated structure is

shown in Fig. 3.7. Even though the period remained unchanged, the duty cycle of

the gratings showed variations from the designed values due to over development

(∼100 nm). The duty cycle in the rib regions was found to be 0.4 which results

in high reflectivity (see Fig. 2.17). The etching in the slab region during the

realization of rib structure caused an additional maskless-etching of the gratings

in the slab. The nonverticality of this etching process resulted in a lower duty

cycle (∼ 15%) for gratings in the slab region. Fig. 3.8 is a confocal microscopic

image of the gratings at a lower magnification. Uniformity and verticality of the

final structure can be seen in this image.

After the fabrication, the end facets of the devices were polished suitably to

optical flatness. Typical microscopic images of the SOI edges after various grades
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Figure 3.9: Typical microscopic images of the SOI edges after various grades of
polishing. The roughness of the polishing film is gradually reduced
from 30 µm to 100 nm. Correspondingly, the roughness in the edges
also reduces. The rib and slab edges are clearly visible after the pol-
ishing with the 100 nm rough films.

of polishing are shown in Fig. 3.9. The polishing was done starting with a film

of roughness 30 µm. It was continued until the cleaved edges become flat and

perpendicular to the waveguides. Polishing was continued with films of decreasing

roughness upto a 100 nm rough film. Correspondingly, the roughness in the end

facet also got reduced. The rib and slab edges were clearly visible after polishing

with 100 nm rough films.
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3.3 List of Fabricated Devices

Si samples were used for optimizing the fabrication parameters. As there is no

vertical confinement for waveguiding in silicon samples, they were used only for

studying the surface profiles. SOI samples were used for both structural and

optical characterizations. The list of some of the devices on Si and SOI substrate

are enlisted in Table. 3.8 and Table. 3.9, respectively.

Table 3.8: List of some of the important silicon samples. These samples were
used for optimizing the fabrication processes as well as for studying the
surface profiles.

Sample SWG etch Grating Remarks
No. depth etch depth

01 1.5 µm - Overdeveloped. The waveguide widths
were reduced.

02 1.2 µm - White patches even after agi-
tation, heating and chemical treatment.

03 1.2 µm Good straight waveguides
of length 1.5 cm

04 1.2 µm Good straight waveguides
Total length 2 cm

05 - - Metal mask was peeling
off. Not proceeded for etching

06 1.5 µm 200 nm Overdeveloped
(lower duty cycle)

07 1.4 µm 340 nm Reasonably good.
Grating lengths 3 mm, 5 mm,
7 mm. Total length 13 mm.

08 1.2 µm 310 nm Nonuniform development.
Total length 15 mm.

09 1.2 µm 270 nm Good. Grating length 1 mm, 3 mm,
5 mm. Total length 11 mm.

10 1.2 µm 270 nm Good. Grating length 2 mm, 4 mm
6 mm. Total length 9 mm.
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Table 3.9: List of some of the important SOI samples. These samples were used
for both optical characterizations as well as for studying the surface
profiles.

Sample SWG etch Grating Remark
No. depth etch depth

11 1.5 µm - Dust and white precipitates

12 1.2 µm - Good.
Total Length 8 mm.

13 1.5 µm 250 nm No guiding.
Rough and lossy.

14 1.5 µm 200 nm Very low refelctivity.

15 1.2 µm 250 nm Good. Grating lengths 0.6 mm,
2.6 mm. Total length 8 mm. 4 devices.

16 1.2 µm 260 nm Good. Grating length 5.2 mm.
Total length 9.3 mm. 15 devices.

3.4 Experimental Results and Discussions

After polishing, the devices were characterized, measuring their loss, mode profile

and spectral response. Each of them are presented in following subsections.

3.4.1 Waveguide Loss and Mode Profile

The devices were characterized using the setup shown in Fig. 3.10. The light

from the laser was first directed through a polarization controller to a fiber mount

from which the light diverges. As the input fiber used in this experiment was

not polarization-maintaining, the fiber path from the laser source to the fiber

mount was clamped to the table to prevent the alteration of polarization state

due to unintentional fiber deformations. A lens assembly consisting of an input

collimator and a focusing lens were used to couple the laser into the input side

of the device under test (DUT). A Glan-Thompson polarizer was used after the

collimator in order to fix the polarization axis. The polarization controller was

adjusted so as to maximize the input power in the selected polarization. From

the output of the DUT, the light was again focused into the fiber leading to OSA

using a similar collimator-focusing lens assembly. Further, an iris was used to
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spatially filter the collimated light at the output. This prevented substrate-guided

radiation and stray light from entering into the fiber.

Figure 3.10: Schematic of the setup for measuring the transmission character-
istics of the fabricated devices: TLS-Tunable Laser Source, PC-
Polarization Controller, FM-Fiber Mount, LC-Collimating Lens, P-
Polarizer, LF-Focusing Lens, DUT-Device Under Test, I-Iris, OSA-
Optical Spectrum Analyser.

Figure 3.11: Photograph of the setup for measuring the transmission characteris-
tics of the fabricated devices: TLS-Tunable Laser Source, FM-Fiber
Mount, LC-Collimating Lens, P-Polarizer, LF-Focusing Lens, DUT-
Device Under Test, I-Iris, OSA-Optical Spectrum Analyser.

Initially, the transmission characteristics of the waveguides were taken and

the loss was estimated using Fabry-Perot loss measurement technique [16]. In

this technique we consider the waveguides as lossy Fabry-Perot cavities with Si-
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air interface at the two end faces acting as reflectors. Assuming vertical and

smooth endfaces, the internal reflectivity of the waveguide end facets, RFP can be

calculated from the index contrast using the formula

RFP =

∣∣∣∣neff − 1

neff + 1

∣∣∣∣2 (3.1)

where neff is the effective index of the waveguides. Thus for the waveguides we

have fabricated, RFP was estimated to be ∼ 30%. Typical to Fabry-Perot cavities,

constructive and destructive interference occur for wavelengths λc =
2Lneff
m

and

λd =
4Lneff
2m+1

respectively where L is the length of the waveguide. Hence the

transmission characteristics (around the wavelength λ) will have alternate maxima

and minima with a free spectral range, FSR given by

FSR =
λ2

2neffL
(3.2)

Figure 3.12: Normalized transmission spectrum for TE polarization through a rib
waveguide (H=5 µm, h=3.8 µm and W=3.5µm). The measured FSR
of 40 pm and the estimated value is 36 pm for a waveguide length of
∼ 9.3 mm.

Fig. 3.12 shows the transmission characteristics of one of the waveguide con-

sidered with peak output power normalized to 1 mW. The waveguide had a length
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of ∼ 9.3 mm. Value of FSR estimated from eqn. 3.2 was 36 pm and was found

to be close to the experimental value of 40 pm. The loss of the waveguides, α can

measured using the formula

α =
1

L
ln

(
ζ

RFP

)
(3.3)

where ζ is the contrast of the Fabry-Perot response, defined as

ζ =

√
Imax −

√
Imin√

Imax +
√
Imin

(3.4)

Imax and Imin are the maximum and minimum output intensities from the waveg-

uide. For the best waveguides, the propagation loss, α was estimated to be

∼ 0.24 dB/mm.

One of the advantages of the Fabry-Perot loss measurement as evident from

eqn. 3.3 is that the loss measurement is independent of the coupling efficiency

and other external losses. However, the loss estimate is highly dependent on the

reflectivity of the the end facets, RFP . Hence, misaligned, rough or non vertical

end facets can attribute to errors in this method of loss estimation.

Figure 3.13: Photograph of the setup for measuring the mode profile of the fab-
ricated devices: PC-Polarization Controller, FM-Fiber Mount, LC-
Collimating Lens, P-Polarizer, LF-Focusing Lens, DUT-Device Under
Test, Cam-Camera
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The mode profiles of the fabricated structures were obtain from the profile of

the output intensity distribution. Similar to the setup for measuring the trans-

mission characteristics, the mode profile measurement setup shown in Fig. 3.13

consisted of a tunable laser source, lens assembly, polarizer ans polarization con-

troller. But at the output section, the light emerging out of the DUT was focused

to a Charge Coupled Device (CCD) camera. The CCD camera was interfaced

with a computer through a camera frame-grabber card.

Figure 3.14: Observed mode profile for TE input polarization at λ ∼ 1530 nm for
waveguide width, W = 3.5 µm. This well confined mode confirms
the proper guiding of light through the rib structure. Comparing
this profile with the mode profile obtained from a standard single-
mode fiber, the size of the mode was estimated to be ∼8µm×15µm
(tolerance in measurement 2 µm).

The input and output focusing lenses were both mounted on a 3-axis stage (x,

y and z translation axes). The chip containing the DUT was also mounted on

a translation stage. The alignment stages were adjusted to maximize the power

coupled into and out of the device. This was made sure by measuring the power

just infront of the camera using a power meter. Then the input power was reduced

so that the output power is <0.1 mW. This was to reduce the intensity of the

output profile so as to keep the CCD array out of saturation. Later the power

meter was removed and the mode profile was focused into the CCD sensor array

of the camera. The mode profiles were taken using a camera frame-grabber and a

computer. A typical mode profiles for TE input polarization at λ ∼ 1530 nm for

waveguide width, W = 3.5 µm is shown in Fig. 3.14. Well confined modes at the

output section, confirms the proper guiding of light through the rib structure.
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3.4.2 Spectral Response

The optical characterization of the DBR structures were carried out in our free

space characterization setup as shown in Fig. 3.10. The input and output focusing

lenses were both mounted on a 3-axis stage (x, y and z translation axes). The chip

containing the DBRs were also mounted on a translational stage. The alignment

stages were adjusted to maximize the power coupled into the device as well the

power coupled into the output fiber. The alignment was done using a 20 mW

IR source where as the actual characterization was done using the inbuilt tunable

laser (tunability 0.8 pm) from the OSA.

Figure 3.15: Observed grating responses from the fabricated samples for TE po-
larization. The parameters of the fabricated device are: Λ = 2.6 µm,
e = 260 nm, L = 5.2 mm, H = 5 µm, h = 3.8 µm. The widht, W is
varied from 5.5 µm to 3.5 µm. The spectrum is normalized with the
transmission spectrum of waveguides and for a peak output power of
1 mW.

Fig. 3.15 shows the response from a set of 5 gratings for TE Polarization.

The response showed a peak reflectivity, R > 90% and full width at half maxima

∼ 4 nm for a waveguide width of 3.5 µm.
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3.4.3 Discussions

Waveguiding in the devices were assured by observing the output mode profile.

The propagation loss of waveguides were found to be ∼ 0.24 dB/mm. Comparing

the transmitted power from the DBRs and waveguides, the propagation loss in

DBRs were estimated to be 1.5 dB/mm.

(a) (b)

(c) (d)

Figure 3.16: Observed mode profiles for TE and TM input polarizations for phase-
matched (λ = 1560 nm) and phasemismatched (λ = 1530 nm) wave-
lengths for waveguide width, W = 3.5 µm. The reduction in the
transmitted power for TE polarization for phasematched wavelength
is observed in the reduced intensity of the corresponding mode.

The mode profiles of the DBR structures for the same input power (after

polarizer) for TE and TM input polarizations for phasematched (λ = 1560 nm)

and phasemismatched (λ = 1530 nm) wavelengths are given in Fig. 3.16. It is

evident from the mode profiles that even after the introduction of DBR in the

waveguides, the modes were found to maintain transverse profile. It was also

observed that the output intensity of TE polarization was reduced significantly in

the phase matched wavelength whereas the output Intensity of TM polarization
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was almost wavelength independent.

Figure 3.17: Normalized transmission at phasematched wavelength as a function
of polarization angle. This figure shows the polarization dependence
of the device.

Eventhough the devices were designed for TE polarization, the polarization

dependence was studied by measuring the transmission at the phase matched

wavelength as the input polarization is systematically changed from TE (90◦) to

TM (0◦). The corresponding result is shown in Fig. 3.17. It shows that only TE

polarization had a -12 dB reduction in transmitted power at the phasematched

wavelength. Further, no transmission dips were found in the range 1530 nm to

1600 nm for TM polarization. This variation in the response of TE and TM

polarization is expected to be due to birefringence in Bragg structures as suggested

by Richter et.al.[41].

Another observation was the shift in the reflection peak from the understand-

ing of coupled mode theory described earlier. The period required for the phase-

matching at ∼ 1560 nm was ∼ 2.5 µm where as we obtained the reflection peak

at ∼ 1560 nm for a period of 2.6 µm. Similar observations were reported by

Giuntoni et.al. [42] after an extensive numerical survey on Bragg reflectors. The

analytic phase matching condition can only serve as a guide line for choosing the

grating period and as a function of grating depth and duty cycle, the reflectivity

shifts towards shorter wavelengths [42]. This is due to the reduction in average

fundamental modal index in a grating structure.
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The work presented in this chapter can be summarized as follows. The devices

were fabricated by lithography using i-line UV and subsequent RIE. A two step

fabrication process was used for this purpose. Exposure and baking parameters

were optimized for realization of small openings. RIE processes were calibrated for

two different chemistry. The surface profiles of the final structures were studied

while optimizing the parameters.

Figure 3.18: Histogram of peak reflectivity obtained from the final devices. In
total 19 devices were found to be having more than 50% reflectivity.

The fabricated devices were polished and were characterized in our free space

coupling setup. The initial devices were found to be very inefficient. With repe-

tition, the device performance got improved along with the improvement in fab-

rication skill. The reproducibility of these devices were checked by fabricating

multiple devices and measuring their reflectivity. The reflectivities obtained from

the fabricated samples is given as a histogram in Fig. 3.18. In total 19 devices

were found to be having more than 50% reflectivity. The dimensions of the final

fabricated devices are tabulated in Table. 3.10.

The final characterization results showed a peak-reflectivity Rmax > 90%,
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Table 3.10: Final parameters of the integrated optical DBR structure on large
cross-section rib waveguides after fabrication.

Parameter Symbol Value

Rib height H 5.0 µm
Slab height h 3.8 µm
Waveguide width W 3.5 µm to 5.5 µm

Grating Period Λ 2.6 µm
Duty Cycle p 0.4
Grating Length L 2.6 mm, 5.2 mm

FWHM = 3.3 nm (estimated from transmission spectrum). The propagation loss

of waveguides and DBRs were found to be ∼ 0.24 dB/mm and ∼ 1.5 dB/mm,

respectively.
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CHAPTER 4

CONCLUSIONS

4.1 Summary

Design, fabrication and characterization of integrated optical DBR structures have

been carried out under the scope of my MS research work.

First, the design of large cross section single mode rib waveguide was carried

out. Then the design of grating structures using coupled mode theory was done.

Considering the approximations of coupled mode theory and fabrication limita-

tions in the lab, suitable dimensions for waveguide and gratings were decided. Also

the influence of various grating and waveguide parameters on the grating response

were studied and the critical parameters were identified.

The mask design and mask fabrication were carrier out. Lithography using

i-line UV was carried out for the realization of the devices. The method of post

exposure baking was explored and was found to be useful in the realization of

small openings. RIE processes were calibrated using O2:SF6:CHF3 chemistry for

shallow etched, vertical grating structures. It was found to be not suitable for

deeper etching when PPR mask was used. A milder, SF6:Ar chemistry was used

for the realization of rib structures. The verticality of the etching as well as the

quality of the fabrication procedures were observed using confocal micrography,

scanning electron micrography and surface profiling.

The fabricated devices were polished to an optical flatness and were charac-

terized in our free space coupling setup. The final characterization results showed

a peak-reflectivity Rmax > 90%, FWHM = 3.3 nm (estimated from transmis-

sion spectrum). The propagation loss of waveguides and DBRs were found to be

∼ 0.24 dB/mm and ∼ 1.5 dB/mm respectively.



These higher order DBRs can provide a cost effective method for the fabrication

of discrete DBR-based optical devices. Also this method can provide a simpler

alternative for conventional grating structures in other integrated optoelectronic

devices. Unlike the first order DBRs the interaction length is longer in these

structures. Hence these structures are better suited for sensing applications.

4.2 Outlook

DBRs and gratings are very versatile devices and there are immense possibilities

for them which can be further investigated. Some of the possible improvements

and suggestions are listed below

1) Higher reflectivity and narrower grating response can be achieved by further

increasing the grating length.

2) The waveguide loss has been increased because of the surface roughness

during the RIE process for grating fabrication. It can be reduced by a subsequent

blanket RIE.

3) In this work, the reflection spectrum was not measured directly because

the coupling techniques used in this method produced unintentional back reflec-

tions. A modified device design which can measure the transmission and reflection

spectrum simultaneously is given in Fig. 4.1. Free space coupling can be used at

the input port (Pin) and butt coupling using ribbon fibers can be done at the

output ports (P2 and P3). The transmission and reflection spectrum of the DBR

can be obtained at P2 and P3 respectively. This can also be used as an add-drop

multiplexer at the wavelength λDBR.

4) A simulation tool has to be developed in order to analyse the structure with

a fewer pre-assumptions and approximations. It could be used for studying the

polarization dependent response and identifying the exact position of grating peak

and bandwidth. From the carried out literature survey, it was identified that finite

difference time domain method and bi-directional eigen mode expansion method

are widely used in the analysis of grating structure.
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Figure 4.1: Schematic of the modified design. DC: Directional Coupler, DBR:
Distributed Bragg Reflectors, Pin: Input Port, P1,2,3: Output Ports.

5) The possibilities of lower order DBRs have to be explored with the availabil-

ity of new fabrication facilities. Eventhough first order DBRs are fabricated with

different (deep UV or e-beam) lithography processes; theoretical analysis, RIE

parameters and characterization procedures can be similar to those mentioned in

this work. Also, other devices based on grating structures such as Fabry-Perot

etalons, dispersion compensators and add-drop multiplexers can also be realized

using gratings and DBRs.
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APPENDIX A

DERIVATIONS

A.1 Calculation of Coupling Coefficient

In this subsection, an outline of the derivation of coupled equations due to dielec-

tric perturbation in a single mode waveguide is given. Emphasis is given to the

calculation of coupling coefficient in a grating realized by periodic surface corruga-

tion of a rib waveguide. The dependence of the coupling coefficient and the shape

of the grating is derived in terms of the Fourier coefficients.

Maxwell’s equations are first order coupled differential equations in electric and

magnetic fields. They can be uncoupled into two separate second order equations

- wave equations - for electric and magnetic fields [43]. With a proper choice of

axes, a waveguide with a uniform cross section can be defined in terms of a two

dimensional dielectric function. The solution of wave equations in such a waveg-

uide can be expressed as a linear combination of discrete modes. These modes

are the (orthogonal) eigen solutions of Maxwell’s equation in that waveguide. In

a single mode waveguide, only a pair of counter propagating modes (with phase

constants β1 and −β1) with the same mode profile is possible. Hence the total

electric field in such waveguide reduces to a linear combination of two counter

propagating mode. The coupled equations relating their amplitudes A1 and A2

are given by:

dA1(z)

dz
= −jκA2(z)ej∆βz

dA2(z)

dz
= jκ∗A1(z)e−j∆βz

(A.1)

Here ∆β is the phase mismatch between the propagation constants of the two

modes and κm is the coupling coefficient between these two modes. In an unper-

turbed waveguide, as a consequence of the orthogonality of the counter propagat-



ing modes, κm is zero. However, the introduction of any non-uniformity in the

waveguides can be incorporated by an additional dielectric perturbation function

∆ε. In case of small perturbation, we assume that the mode profiles remain intact

as in the unperturbed waveguide. Then, the coupling coefficient κ is given by

κ =
ω

4

∫∫
E∗∆εE dx dy (A.2)

where E is the electric field distribution of the single mode. Even now, with a non-

zero coupling coefficient, there will not be any effective power transfer between the

modes because of large non-zero value of ∆β. In the specific case of gratings, the

analysis is carried out by expanding the perturbation in terms of Fourier series as

given by

∆ε =
∑
m

Fm[∆ε]e−jm
2π
Λ
z (A.3)

Here, we assumed that the perturbation is periodic in the z-direction with a fun-

damental period Λ. Fm[∆ε] is the mth coefficient in the Fourier series expansion

of the dielectric perturbation ∆ε. Thus the coupling coefficient due to the mth

Fourier coefficient of the dielectric perturbation is given by

κm = CmI (A.4)

Here, I is the overlap integral between the normalized modes in the grating region.

Its expression as well as the procedure for its calculation are given in sec. 2.2.2.

Cm is given by

Cm =
ω

4
Fm[∆ε] (A.5)

In case of the gratings realized by periodic etching of waveguides with air

cladding, Cm can be simplified as

Cm =
ω

4
ε0(n2

eff − 1)Fm[s(z)] (A.6)

where neff is the effective index of the waveguiding structure and s(z) is the
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function representing the shape of the grating. The expressions for s(z) for some

of the well known structures and the amplitudes of their mth Fourier coefficient

are given below:

Rectangular Grating (duty cycle = p)

s(z) =

 0,0 < z < p

1,p ≤ z < Λ
; |Fm[s(z)]| = sin(mpπ)

mπ

Square Grating (duty cycle = 0.5)

s(z) =


0,0 < z <

Λ

2

1,
Λ

2
≤ z < Λ

; |Fm[s(z)]| = sin(mπ/2)

mπ

Symmetric Triangular Grating

s(z) =


z, 0 < z <

Λ

2
Λ

2
− z, Λ

2
≤ z < Λ

; |Fm[s(z)]| = sin2(mπ/2)

(mπ)2

Gratings with Arbitrary Shape

The Fourier coefficient of any arbitrary shape can be found out numerically by

using Discrete Fourier Transform (DFT). For this procedure, the shape has to be

sampled at discrete points. For accurate results, the sampling must be done at suf-

ficiently large rates. Then standard Fast Fourier Transform (FFT) algorithms can

be used to obtain the Fourier coefficients. APPENDIX B.3 presents an example

MATLAB code for finding the DFT of a trapezoidal structure.
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APPENDIX B

PROGRAMMING

B.1 RSOFT Code Representing a Rectangular

Element

Fig. B.1 shows the graphical representation of a typical mask element (segment

5069) in the RSOFTTM CAD Tool. Equivalently this is also represented by a

segment of code using the format followed by RSOFT.

Figure B.1: Representation of a typical mask element (segment 5069) in the
RSOFT CAD tool. The beginning of the element is defined rela-
tive to the beginning position of the previous element (segment 5068)
where as the width (5×separation) and the thickness (period/2)
of the element are defined in terms of absolute lengths. period and
separation are variables defined at the beginning of the code

The attributes of this segment are:

- Segment 5069 has the same x co-ordinates as that of segment 5068

- It is one period away from segment 5068 in z direction. Numerical value of
the variable period is defined at the beginning of the code and is changed
as per the requirement (2.3 µm to 2.6 µm).

- It has a uniform width of 5×separation . Numerical value of the variable
separation is defined as 110 µm at the beginning of the code.



- Its span in the z-direction is period/2 which makes the duty cycle 50%.

RSOFT code

segment 5069

begin.x = 0 rel begin segment 5068

begin.z = period rel begin segment 5068

begin.width = 5*separation

end.x = 0 rel begin segment 5069

end.y = 0 rel begin segment 5069

end.z = period/2 rel begin segment 5069

end.width = 5*separation

end segment

B.2 C Code for Generating the RSOFT Elements

Sample C code

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% This c code generate the RSOFT code for 5000 grating elements %

% begining from 5069th element. The corresponding RSOFT code %

% will be in the file ’harish.txt’ in the same folder. %

% Include files required : stdio.h %

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

#include <stdio.h>

void main()

{

int i;

FILE *fff;

int starting = 5069; %count of the first element

int nu_of_gratings = 5000; %total number of elements
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%to be generated

int relative_to = 5068; %intial element to be related upon

int ending;

ending=starting+nu_of_gratings;

fff = fopen("harish.txt","w");

fprintf(fff,"segment %d\n",starting);

fprintf(fff,"\tbegin.x = 4*seperation

rel begin segment %d\n",relative_to);

fprintf(fff,"\tbegin.z = Length/2+200-glength1/2

rel begin segment %d\n",relative_to);

fprintf(fff,"\tbegin.width = 5*seperation\n");

fprintf(fff,"\tend.x = 0 rel begin segment %d\n",starting);

fprintf(fff,"\tend.y = 0 rel begin segment %d\n",starting);

fprintf(fff,"\tend.z = period1/2 rel begin segment %d\n"

,starting);

fprintf(fff,"\tend.width = 5*seperation\n");

fprintf(fff,"end segment\n");

for (i=starting+1;i<ending;i++)

{

fprintf(fff,"\nsegment %d\n",i);

fprintf(fff,"\tbegin.x = 0 rel begin segment %d\n",i-1);

fprintf(fff,"\tbegin.z = period2 rel begin segment %d\n",i-1);

fprintf(fff,"\tbegin.width = 5*seperation\n");

fprintf(fff,"\tend.x = 0 rel begin segment %d\n",i);

fprintf(fff,"\tend.y = 0 rel begin segment %d\n",i);

fprintf(fff,"\tend.z = period2/2 rel begin segment %d\n",i);

fprintf(fff,"\tend.width = 5*seperation\n");

fprintf(fff,"end segment\n");

}

}
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B.3 MATLAB Code for Computing the Fourier

Coefficients of a Trapezoidal Structure

The following MATLAB code is used to calculate the Fourier coefficients. In

this specific example, the structure considered is a trapezoid. This code can be

modified by replacing the matrix defined in the variable y (in the third block of

the code) with 2500 samples of the required shape function s(z) (as defined in

APPENDIX. A.1).

% Sample code to find the Fourier Coefficient of

% a general trapezoid

clc; clear all; close all;

%% Initialization of variables

max_count=2500; %Grating Period (in nm)

mmax=16; % Number of diffraction orders to be plotted

m=1:mmax;

angle_in_degree=90-10; %90 for perfect vertical

angle=angle_in_degree*pi/180; %angle in radians

etch_depth=300; %Grating etch depth(in nm)

%%Defining the Trapezoidal structure

y1=ceil(etch_depth/tan(angle)); %end of 1st slope of trapezoid

y2=max_count/2-ceil(etch_depth/tan(angle));

%begining of 2nd slope of trapezoid

for i=1:y1 y(i)=tan(angle)*i; end

for i=y1+1:y2 y(i)=etch_depth; end

for i=y2+1:max_count/2 y(i)=etch_depth-tan(angle)*(i-y2); end

for i=max_count/2+1:max_count y(i)=0; end

y_max=max(y); y=y/y_max; %Normalizing

%% Finding the FFT
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F=2*abs(fft(y))/max_count;

F=F/max(F);

%% Plotting the Fourier Coefficient

j=1; figure(j) ; stem(m-1,F(1:mmax))

grid on;

title(’Fourier Coefficient (Trapezoidal)

as a function of Order’,’fontsize’,14,’fontweight’,’bold’)

xlabel(’order - m’,’fontsize’,14,’fontweight’,’bold’)

ylabel(’Fourier Coefficient-Trapezoidal’,

’fontsize’,14,’fontweight’,’bold’)

saveas(gcf,’FourierCoefficient-Trapezoidal.jpg’)

saveas(gcf,’FourierCoefficient-Trapezoidal.fig’)

%% Plotting the Shape (for verification)

j=j+1; figure(j) ; stem(y)

title(’Shape-Trapezoidal’,’fontsize’,14,’fontweight’,’bold’)

xlabel(’n’,’fontsize’,14,’fontweight’,’bold’)

ylabel(’y(n)’,’fontsize’,14,’fontweight’,’bold’)

saveas(gcf,’Shape-Trapezoidal.jpg’)

saveas(gcf,’Shape-Trapezoidal.fig’)
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APPENDIX C

FABRICATION CHEMISTRY

C.1 Photoresist Developer

The photoresist developer is ∼ 0.1M NaOH solution. The steps for preparing the

developer solution for developing ∼5 samples:

• Take 200 ml DI water.

• Dissolve 4 pellets of NaOH (each pellet weighs ∼180 mg) in it.

• Stir well and wait for 5 min. until there are no particles left in the solution.

C.2 Chromium Etchent

Chromium etchent is a diluted stock solution of Ammonium Ceric Nitrate and

glacial Acetic Acid. The steps for preparing chromium etchent sufficient for de-

veloping a 10 cm×10 cm chromium mask is:

• Make the following two mixtures

– 8 g Ammonium Ceric Nitrate + 30 ml DI water

– 3 ml glacial Acetic Acid + 35 ml DI water

• Mix them together and dilute the mixture with DI water in the ratio - stock
solution:DI water::2:1

C.3 Piranha Solution

Piranha etch is a strong oxidizing agent which removes organic impurities as

well as forms a hydrophilic oxide layer on the Si substrate. Its composition is

H2SO4:H2O2::3:1.
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