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ABSTRACT

Silicon-on-Insulator (SOI) is well established platform for MEMS and CMOS devices.

It is also found to be an excellent platform for demonstrating photonic devices inte-

grated with CMOS electronics. Integrated optical Mach-Zehnder Interferometer (MZI)

is an important building block used not only for CMOS optical interconnects but also

for wavelength filtering/switching applications in passive/active optical networks. How-

ever, the performance of SOI based MZI is limited by the waveguide dispersion and

polarization dependencies, which can be minimized by proper choice of waveguide ge-

ometry and dimensions.

In this work, we present the design and experimental demonstration of a compact

2×2 integrated optical MZI in SOI platform (device layer - 2 µm, BOX - 1 µm,

substrate - 500 µm) that shows a nearly dispersion-free response and polarization-

independent extinction over a wide wavelength range (C+L optical band). The entire

device footprint is ∼ 0.8 mm × 5.2 mm (W×L); which is comprised of optimally de-

signed single-mode waveguides (for input/output and interferometer arms) and a pair

of multi-mode interference (MMI) based 3-dB power splitters. To monitor the wave-

length dependent performance, unbalanced arm lengths (L ∼ 3037 µm, L+∆L ∼ 3450

µm) were introduced to construct the MZI. The differential arm length (∆L∼ 412 µm)

has been specifically chosen to provide alternate ITU channels (spaced by 100 GHz)

transmission peaks at both the output ports alternatively. Using these design parame-

ters, devices were fabricated by photo-lithographic definition and subsequent reactive

ion etching process. Finally, the waveguide end-facets were polished carefully for opti-

cal characterizations. As expected, the characterization results show that all the devices

could separate alternate ITU channels into two output ports. We also observe a uni-

form channel extinction of ∼ 15 dB with a 3-dB bandwidth of ∼ 100 GHz for both

polarizations at the output ports over the wavelength range of 1520 nm to 1600 nm.
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CHAPTER 1

Introduction

In this introductory chapter, we first discuss about the motivation in carrying out the re-

search investigation on integrated optical Mach-Zehnder interferometer (MZI) in silicon-

on-insulator (SOI) platform. Afterwards, the major objectives of this work have been

discussed in brief. Finally, the organization of entire thesis has been outlined.

1.1 Motivation

The advancement of SOI based CMOS technology has led to reduction in size of tran-

sistors and thereby increasing both speed and on-chip device density. This has ensured

Moore’s law to be valid even today. However, various studies show that increased in-

terconnect delay due to various fringing effects is a major limiting factor for over-all

performance [1, 2]. This has been explained nicely using the plot shown in Fig. 1.1 [3].

The black line in the plot represents the gate delay, which is monotonically decreasing

as the technology node moves towards 100 nm. This reduction in gate delay translates

into improvement in speed of the transistor. The dashed pink line, shows Aluminum

(Al) interconnect delay. The sum of Al & SiO2 based interconnect delay and gate delay

is represented by pink line, which shows that beyond 250 nm technology node the total

delay increases with the advancement of technology. This is because, scaling of inter-

connects leads to increase in resistance (R) and capacitance (C) between the metal lines

as the technology node reduces. In order to improve the conductivity of the intercon-

nects, researchers have replaced Al with Copper (Cu),which has higher conductivity and

SiO2 with Low-K dielectric, for isolation between the metal lines to reduce the capaci-

tance which has in turn reduced the interconnect delay slightly (dashed blue). However,

beyond 180 nm technology node even with Cu & Low-K dielectric based interconnect,

the total delay has surpassed the gate delay and hence cannot be used to achieve high

speed devices [2]. This bottle-neck of interconnect delay has been a hot area of re-

search during past decades [4, 5]. Many R&D labs including semiconductor giants like



Figure 1.1: Various interconnect delays with the advancement towards higher techno-
logical nodes [3]

IBM and Intel have been actively engaged in developing CMOS compatible high-speed

photonic devices in SOI platform in order to replace electrical interconnect with the

broadband optical interconnect [6, 7, 8]. Devices such as Raman lasers [14, 15], Si-Ge

photo-detectors [16, 17, 18], modulators [19], ring-resonators [20, 21], grating cou-

plers, star couplers [22, 23], switches [24, 25], add/drop multiplexers [26, 27] etc., have

been demonstrated in SOI platform by various groups. There is a world-wide attention

to optimize the design and fabrication of above mentioned components/devices to be

integrated with CMOS electronics.

The IBM Inc. has recently proposed a solution to overcome interconnect bottle-neck

using 3-D Processor by making use of optical interconnects as an alternative to copper

interconnects [9]. Incorporation of optical interconnects could solve many physical

problems of interconnects and provide precise clock distribution, system synchroniza-

tion, improved bandwidth and reduction in power dissipation [2, 4].

The proposed architecture of 3-D processor is shown in Fig. 1.2: the bottom layer
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is the processor layer that consists of processor cores over which the memory layer

is present, above the memory layer there is a photonics layer which consists of mod-

ulators, switches, WDMs and photo-detectors used for core to core communication.

Communication between two different cores (say Core 1 to Core N) in such a processor

takes place as follows : At the transmitter-end, data from Core 1 is passed through a se-

rializer which converts serial data into parallel data, each of this parallel data is given to

a CMOS driver which generates a voltage signal to modulate the light coming from an

off-chip laser source. The modulated channels are then multiplexed using wavelength

division multiplexer (WDM) and the switches route the signal to its designated paths.

At the receiver end there is a de-multiplexer whose output is detected using an on-chip

photo-detector, the current from the detector is given to CMOS amplifier. This amplifier

output is then given to the CMOS serializer where the data is converted into the serial

data and given to the core N of the processor.

Electrical to 
Optical Optical to 

Electrical 

Figure 1.2: IBM proposal of 3-D processor using optical interconnects [9].

Silicon-on-insulator is found to be an excellent platform for optical interconnects

because of the following reasons :
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• Silicon is transparent at telecommunication wavelengths (λ ∼ 1.55µm) [10].

• Higher refractive index contrast in SOI results tighter confinement, there by al-
lowing compact structures with sharp bends [11].

• Electro-optic and Thermo-optic tuning in silicon allows demonstration of active
devices.

• Commercial availability of optical grade wafer allows fabrication of photonic de-
vices with low-loss [12].

• Well established CMOS fabrication technology can be used to fabricate photonic
devices [11, 13].

Very recently, IBM inc. in connection to their proposed 3-D processor, has demon-

strated a silicon nanophotonic chip [13] which consists of CMOS electronics and pho-

tonics devices integrated on same chip. Modulator, Si-Ge photo-detector, gratings and

WDM filters along with cascaded amplifiers are integrated on SOI platform using 90-

nm CMOS technology. The 4-channel WDM filter having a number of cascaded asym-

metric Mach-Zehnder Interferometer (MZI) is shown in Fig. 1.3 (a). Top-view of a

single asymmetric directional coupler (DC) based MZI present on the nanophotonic

chip is shown in Fig. 1.3 (b), where the blue lines represent the waveguides with metal

lines (yellow) acting as an heater.

4 Channel WDM Filter 
( 850 GHz spacing)

(a) (b)

Figure 1.3: (a) Cascaded asymmetric MZIs used for 4-channel WDM filter in CMOS
nanophotonic chip, (b) close view of a single asymmetric MZI (blue) along
with resistive heaters (yellow) [13].

Besides WDM channel filter, MZIs are also used in add-drop multiplexers [26, 27]

and high-speed modulators[28]. Hence, there is a need to demonstrate an compact, dis-

4



persion free and polarization independent MZI for DWDM applications. Our earlier

studies here at IIT Madras show that, MZIs demonstrated with photonic wire (PhW)

or photonic wire rib waveguides (PhWRW) are very compact in size, but are highly

polarization dependent and also prone to waveguide dispersion[29]. Hence, PhW and

PhWRW are notsuitable for on-chip filtering applications over a wide range of wave-

lengths. We have previously demonstrated an MZI using large cross-section rib waveg-

uides (LCRW), where the device layer is ∼ 5 µm, which showed a nearly dispersion

free response. However, because of the large waveguide dimensions the foot-print of

the device increases(3 cms), such an MZI based interleaver may be useful for off-chip

filtering applications but un-suitable for cascading two or more interleavers for on-chip

filtering applications.

Recently it was observed that reduced cross-section rib waveguide structures (RCRW),

with device layer thickness of ∼ 2 µm, are compact relative to LCRW structures and

provide nearly dispersion-free characteristics, which is useful in filtering applications

[30] . Moreover, by carefully designing the dimensions of the waveguide; polarization

independent waveguides can be achieved [31]. Some of the devices demonstrated with

RCRW are ring resonator [32], photo-detector [16], polarization splitter [33], multi-

plexer and de-multiplexer [30].

1.2 Research Objective

The major objective was to demonstrate a compact, dispersion-free and nearly polariza-

tion independent MZI structures in SOI platform with ∼ 2 µm device layer thickness.

The entire research work is sub-divided as described below.

• Design of single-mode reduced cross section rib-waveguide (with device layer
∼ 2 µm)

• Design of polarization and wavelength independent MMI based 3-dB coupler

• Optimizing various design parameters for realizing MMI based MZI for ITU
channel interleaver.

• Fabrication and characterization of 2×2 MZI based Interleaver on SOI.
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1.3 Thesis Organization

The entire thesis work has been discussed in five chapters. At first, the working prin-

ciple of MZI, its theoretical analysis, various design parameters and related simulation

results are discussed in Chapter 2. This is followed by mask design and device fabrica-

tion process in Chapter 3. The characterization results of MMI, MZI are presented in

Chapter 4. Finally, the whole thesis work is summarized in Chapter 5.
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CHAPTER 2

Design and Simulations

In this chapter we will discuss about design of a compact, dispersion free and nearly

polarization independent MZI in SOI platform. Background theory has been discussed

in Section 2.1. The basic building blocks of MZI i.e., single-mode waveguides and

MMI couplers have been discussed in Sections 2.2 and 2.3, respectively. Finally, overall

design and performance of an MZI has been presented in Section 2.4.

2.1 Background Theory

A schematic top view of an MZI with asymmetric arms has been shown in Fig. 2.1.

It is a bidirectional device that has two input and two output ports. The signal power

launched at one of the two input ports is equally split by the input 3-dB splitter and

independently guided into two arms of the MZI. Depending on the phase relationship

between the signal in two arms of the interferometric arms, they interfere at the sec-

ond 3-dB coupler (which acts as a combiner) and accordingly the signal powers are

distributed between Port 3 and Port 4, respectively.

Port 2 Port 4

Port 1 Port 3
E11

E21

E12

E22

E13

E23

E14

E24

L+ ΔL
2

L- ΔL
2

MMIMMI

λλλi , λi+1 λi

λi + 1

Figure 2.1: Schematic top view of an unbalanced MZI. Various symbols are used for
mathematical modeling (see text).



The working principle of the MZI can be understood using transfer matrix approach

[34]. As shown in Fig. 2.1, we have annotated the electric field amplitudes associated

with the guided modes at different points in the device: E1i (E2j) are the electric fields

at different locations in upper (lower) arm of the Mach-Zehnder Interferometer. The

transfer matrices corresponding to the first 3-dB coupler, the unbalanced arms and the

second 3-dB coupler can be written as:

E12

E22

 =

 1√
2
−j 1√

2

−j 1√
2

1√
2

 ·
E11

E21

 (2.1)

E13

E23

 = e−jβL

exp(−jφ) 0

0 exp(jφ)

 ·
E12

E22

 (2.2)

E14

E24

 =

 1√
2
−j 1√

2

−j 1√
2

1√
2

 ·
E13

E23

 (2.3)

It has been assumed that the length of two arms of MZI between the MMI couplers

are L + ∆L
2

and L − ∆L
2

, respectively. It is also assumed that both the waveguides are

single-mode guiding and identical, having propagation constants of β =
2πneff

λ
, where

neff is the effective index of the guided mode at wavelength λ. Thus, the acquired

phase difference due to the unbalanced arms of MZI is φ = β∆L. Moreover, the 3-dB

MMI coupler introduces a phase of π
2

at the cross port w.r.t the bar port of the 3-dB

MMI coupler. When E21 = 0, it can be shown that the powers in Port 3 and Port 4 of

MZI are proportional to cos2 φ and sin2 φ, respectively (see Appendix A.1 ). Since φ is

function of λ, the response of the device is a periodic function of wavelength in either

ports. If βi∆L = (2m + 1)π and βi+1∆L = 2mπ are satisfied (m, is an integer), an

incoming wavelength λi would appear in Port 3 and neighboring channel λi+1 would

appear in Port 4, respectively. Therefore, to extend the design of MZI for interleaving

applications with desired channel spacing ( ∆λ = |λi+1 − λi|), ∆L serves as the main

determining factor. The path length difference ∆L (see Appendix A.1 for derivation)

between the two arms of the MZI can then be expressed as [35]:
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∆L =
c

2ng∆ν
(2.4)

where, ∆ν = −c.∆λ
λ2

, and group index ng is defined by

ng = neff − λ
dneff
dλ

(2.5)

It is evident from Eq. 2.4 that for designing Mach-Zehnder Interferometer to sep-

arate DWDM channels uniformly with desired channel spacing ∆ν, the required ∆L

depends on the group refractive index (ng) of the guided mode. Therefore, in order

to obtain better device characteristics, dispersion-free waveguide structure (ng is con-

stant w.r.t wavelength) with single-mode guiding, accurate design of MMI couplers

with wavelength independent 3-dB power splitting and low-loss s-bend waveguides are

desired. Each of these will be discussed separately in following sections.

2.2 Single-mode Waveguide with 2- µm SOI

Typical cross-sectional view of a silicon rib waveguide has been shown in Fig. 2.2.

Four different single-mode waveguides cross-sections namely photonic wire waveguide

(PhWW), photonic wire rib waveguide (PhWRW), reduced cross-section rib waveguide

(RCRW) and large cross-section rib waveguide (LCRW) were initially studied. The

cross sectional geometries of these waveguide structures are obtained by scaling the

waveguide width W , height H and slab height h in the structure shown in Fig. 2.2.

The dimensions (see Table 2.1) were carefully chosen from the published literature’s

demonstrating various functional silicon photonic devices [36, 37, 38, 39].

Table 2.1: Classification of SOI waveguides based on cross-sectional dimension.

Waveguide Parameters [µm] Reference
PhWW W = 0.50, H = 0.22, h = 0.00 [38, 40]
PhWRW W = 0.50, H = 0.22, h = 0.05 [41, 42]
RCRW W = 1.30, H = 2.00, h = 0.84 [14, 36]
LCRW W = 5.00, H = 5.00, h = 3.20 [37, 39]

9



W

H

BOX
Si Substrate

hSOI

y

xz

Figure 2.2: Schematic cross-sectional view of a typical silicon rib waveguide structure.
The controlling parameters for single-mode guiding are waveguide width
W , height H and slab height h. The bottom and top claddings are consid-
ered to be buried oxide (SiO2) and air, respectively.

Wavelength dependent group index variation for guided fundamental modes have

been presented in Fig. 2.3. Clearly, the photonic wire waveguide structures are highly

dispersive, while RCRW and LCRW are less dispersive. The group index disper-

sion
(
dng

dλ

)
at λ = 1550 nm for TE polarizations are estimated to be −10−5 /nm

and −3.5 × 10−6 /nm for RCRW and LCRW, respectively (see Table 2.2). These

calculations were carried out considering material dispersion characteristics of sili-

con using Sellmeir’s coefficients [43]. The group index variation for bulk silicon is

−3 × 10−6 /nm, clearly suggesting that the waveguide dispersion is negligible for

LCRW structures and total dispersion is dominated by material properties of silicon.

It is worth to mention here that the group index dispersion’s for TM polarization also

show a similar trend for all four waveguide geometries. Moreover, the waveguide bire-

fringence of SOI based structures can result in different values of ∆L for TE and TM

polarizations, and consequently affect the device response. Calculated waveguide bire-

fringence (nTE
eff -nTM

eff ) and guided fundamental mode sizes for TE polarization are given

in Table 2.2. Clearly, the sub-micron structures are strongly polarization dependent

while the RCRW and LCRW structures are relatively less polarization sensitive.

Hence, initially LCRW structures were used to demonstrate the DWDM channel

Mach-Zehnder Interferometer. However, because of the large waveguide dimensions,

the foot-print of the device was large ( ∼ 3 cms). This makes the device difficult to cas-
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cade with other structure. Therefore, RCRW structures were taken up as an alternative

to the LCRW in order to design a compact MZI structure for filtering applications.
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Figure 2.3: Group index as a function of wavelength for various single-mode waveguide
structures in SOI platform [29].

Table 2.2: Group index dispersion slopes, waveguide birefringence and, mode-size for
various waveguide structures at λ = 1550 nm.

Waveguide
(
dng

dλ

)
nTE
eff -nTM

eff Mode-size
[nm−1], (TE) [µm × µm], (TE)

PhWW −9.48× 10−4 0.7 0.30× 0.22
PhWRW −6.38× 10−4 0.8 0.32× 0.22
RCRW −2.27× 10−5 −6× 10−6 1.3× 1.5
LCRW −3.48× 10−6 −2× 10−4 6.2× 4.2

Earlier, the waveguide dimensions for RCRW structures (W = 1.3 µm, H = 2 µm

and h = 0.84 µm) was chosen after numerous simulations for zero-birefringence us-

ing mode-solver [29]. The birefringence at this dimension was found to be highly

fabrication-sensitive. Hence, we re-designed the waveguide dimensions (H = 2 µm)

using mode-solver. Single-mode condition of waveguide with H = 2 µm, for both the

polarizations as a function of waveguide width (W) and slab height (h) is shown in Fig.

2.4
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Figure 2.4: Single-mode region in W-h plane for RCRW in SOI for H = 2 µm at λ ∼
1550 nm, where W is the width of the rib waveguide and h is the slab height
as shown in Fig. 2.2.

However, the commercially procured SOI wafer (H = 2 µm) usually has varia-

tions in device layer thickness (i.e., H = 2 ± 0.5 µm). This variations in device layer

thickness will result in birefringence change, which affects the device performance sig-

nificantly. We have optimized the waveguide dimension, to make the device tolerant

to such variations in device layer thickness. We have computed the birefringence for

different device layer thickness i.e., H = 1.6 µm toH = 2.4 µm as a function of width

(W) for a fixed value of r = 0.5 which is shown in Fig. 2.5. This plot allows us to

choose a value of width (W), such that the variations in device layer thickness will have

negligible effect on the birefringence of the waveguide.
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Figure 2.6: (a) Birefringence and difference in waveguide mode-size (1/e horizontal
spread at λ ∼ 1550 nm ) for two different polarizations as a function of r =
(h/H) for a device layer thickness of 2 µm, (b) group index as a function
of wavelength for the optimized waveguide parameters (H = 2 µm, W =
2 µm and r = 0.475 ) for both polarizations of guided mode.
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It was observed that, as the device layer thickness increases (for fixed W) the bire-

fringence reduces (see Fig. 2.5). Also, as the waveguide width increases (for fixed H)

the birefringence was reducing. This shows that larger dimension of waveguide leads to

relatively lower birefringence. Moreover, the change in birefringence for different H (at

given W) was decreasing as a function of width (W). Hence, in order to maximize the

thickness dependent tolerance in birefringence, the waveguide width should be as large

as possible. The difference in birefringence value, at single-mode cutoff (W ∼ 2 µm

) is found to be in the order of ∼ 10−5, for a variation in device layer thickness of

∆H = ±0.4 µm (at H = 2 µm ).

Next, we try to optimize a value of r (= h
H

), an important parameter in the design

of single-mode rib waveguide. While designing our waveguide we select the value

of r, in order to obtain identical guided mode-size, and there by achieving identical

coupling/scattering losses for TE and TM polarizations, respectively. We have plotted

birefringence & horizontal mode-size difference for both polarizations (see Fig. 2.6(a)

) as a function of r. The difference in horizontal mode-size for both polarizations (see

from Fig. 2.6(a)) is nearly zero at r = 0.475. Using waveguide parameters as H =

W = 2 µm and r = 0.475, group-index (ng) for a wavelength range of 1500 nm to 1600

nm was calculated for both polarizations and plotted in Fig. 2.6(b). It can be seen that

group index for both polarizations is nearly equal and almost constant ; this is essential

to ensure a dispersion-free response of an MZI as Interleaver over a broad range of

wavelengths.

2.3 MMI based 3-dB Power Splitter

As mentioned in Section 2.1, the proposed Mach-Zehnder structure has two identical

couplers (3-dB power splitters). A power splitter or 3-dB coupler is an essential com-

ponent of the MZI. While designing a 3-dB coupler we must ensure that the device

satisfies the following requirements

• Compact size

• Tolerant to fabrication errors

• Broadband and Polarization independent response.
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One can use either a directional coupler (DC) based or multi-mode interference

(MMI) based 3-dB splitter for MZI operation. Our simulations show that DC based

3-dB coupler is relatively longer, having low fabrication tolerance as well as polariza-

tion and wavelength dependent [29], which will not allow us to design a compact MZI

for broadband operation. Whereas, MMI based 3-dB couplers are found to be more

compact, fabrication tolerant as well as polarization and wavelength independent.

The optimization of MMI coupler was carried out using R-Soft beam propagation

method (BPM) tool [44]. A schematic diagram of 2×2 MMI coupler, and the BPM

simulation for power splitting characteristics of MMI coupler have been shown in Fig.

2.7. We have considered the excitation of symmetric modes for our MMI coupler by

placing the inputs at ±Wmmi

6
from the center of the MMI region, in order to achieve

a compact structure [45]. The waveguide dimensions of W = 2 µm, H = 2 µm,

r = 0.475 and a gap (G) = 2 µm between the input and output taper waveguides of the

MMI coupler were chosen in our MMI design. The width of MMI structure was fixed

at Wmmi = 15 µm, to accommodate tappering lengths and separation of input/output

waveguides.

Optimization of MMI coupler was carried in following sequence:

• Keeping the input/output taper width fixed at 2 µm, simulation was carried out
to find the length of MMI region (Lmmi), where we get two distinct spots. The
value of Lmmi was found to be about 354 µm from the first simulation.

• Fixing Lmmi = 354 µm, we varied the input taper width from 2 µm to 4 µm
keeping the input/output taper length (Lit) at 15 µm. By introducing the taper,
the output power of MMI at both ports was gradually increasing up to a maximum
value and then reducing beyond certain value Wmmi, as shown in Fig. 2.8(a). We
fixed the input taper width (Wit) as 3 µm, as it is the smallest width providing
nearly uniform power in both ports.

• Using the above values of Wit and Lmmi, we varied the taper length Lit from
8 µm to 24 µm and found that the power was uniform and maximum at Lit =
18 µm.

• Using the above mentioned value of Lit, we re-ran the simulation by varying
Lmmi from 334 µm to 364 µm in order to fine tune the image positions at the
output of MMI region. We can see from Fig. 2.8(b) that as length of the MMI
changes, the power in two output ports varies depending on the interference of
excited modes in MMI; the power at two output ports as a function of Lmmi do
not match - however at Lmmi = 346 µm the powers in both ports was equal.
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Figure 2.7: (a) Schematic 3-D view of 2×2 MMI coupler. Inset: cross-sectional view of
SOI rib waveguide showing width W, height H and slab-height h , (b) BPM
simulation showing power splitting characteristics of an MMI structure with
optimized design parameters showing 3-dB power splitting at λ = 1550 nm
for TE-polarization. - Wmmi is width of MMI region, Lmmi is the length of
the MMI region, Wit is the width of the taper, Lit is the length of taper and
G is the gap between access waveguides of MMI at input and output side.
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• Now we again varied Lit from 10 µm to 20 µm, and found that for Lit = 14 µm,
the power at both ports are maximum and nearly equal with an insertion loss of
0.16 dB (for TE pol.) & 0.13 dB (for TM pol.).

The polarization and wavelength dependent splitting ratio of our optimized MMI

splitter are shown in the Fig. 2.9(a). Splitting ratio is defined as fraction of power in

bar port (or cross port) to the total transmitted power in both the output ports (bar port

and cross port). For our optimized MMI splitter the splitting ratio is found to be nearly

uniform for both polarizations over a wavelength range of 1500 nm to 1600 nm. The

transmitted power as a function of r (within the range of single-mode guiding) for each

port shows almost no variation for either polarizations (see Fig. 2.9(b)). This in turn

improves the fabrication tolerance of proposed MMI based MZI structures.

2.4 MMI Based 2×2 MZI Structure

Using the nearly polarization & wavelength independent design of MMI coupler we

simulated a symmetric MZI, comprised of an input 2×2 MMI coupler (3-dB) followed

by two identical straight waveguides (Length Lmzi = 49 µm) and an output 2×2 MMI

coupler (3-dB) - so that the input power is transferred into the cross-port (port 4) (see in

Fig. 2.10 (a)) and it is observed to be independent of the input polarizations and MZI

length; Further the power could be switched into bar port by providing a π− phase shift

in one of the MZI arms; this can be achieved either passively (by modifying waveg-

uide parameters) or actively (by electro-optic or thermo-optic tuning). For example,

by reducing the waveguide width (Wm = 1.3 µm) in one of the MZI arms, we could

observe the input power to be switched completely into the bar port (port 3) for both the

polarizations (see Fig. 2.10 (b)).

An incremental path length (∆L) was added by introducing bends in one arm of the

MZI section (see Fig. 2.11) in order to monitor the wavelength dependent performance

of MZI as an interleaver. The value of differential path length ∆L = c
2ng∆ν

is obtained

from the transfer function of MZI [35]. In our MZI design the value of ∆L was cho-

sen as ∼ 412 µm in order to separate alternate ITU channels in two output ports of

MZI ( to see it’s performance as interleaver for 100 GHz channel spacing). for both
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as a function of (a) Wit and (b) Lmmi
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Figure 2.10: Simulated results of 2×2 MZI showing output only at the cross port for
balanced arms (a), and only at the bar port for π−phase shifted unbal-
anced arms (b): W− waveguide width,Wm− width of asymmetric waveg-
uide, Wmmi- width of the MMI region, Lmmi− length of the MMI region,
Wit−width of the input and output access waveguides of the MMI, Lit−
length of input taper, G− gap between the two input/output waveguides of
the MMI, Lmzi− length of MZI arm for π− phase shift (see Table .2.3 for
optimized design parameters).

polarizations. The schematic diagram of our asymmetric 2×2 MZI showing its various

design parameters is shown in Fig. 2.11, and their optimized values are given in Table

2.3. The simulated transmission characteristics of the designed 2×2 asymmetric MZI

shows an uniform inter channel extinction ratio at both output ports and is > 25 dB for

a wide-band (1520 - 1600 nm) which is shown in Fig. 2.12. In our simulation, we have

assumed that the waveguides are loss-less. However, scattering/insertion losses due to

non-ideal adiabatic tapering and MMI junctions are inherently included in 3-D BPM

simulator.

The response of the MZI at both the output ports as a function of wavelength is

shown in Fig. 2.13(a). The simulated response shows a channel spacing of 0.8 nm (100

GHz) between bar and cross port and a 3-dB bandwidth of 100 GHz. Due to the slight

polarization dependency of the single-mode RCRW structures. The simulated transmis-

sion characteristics of RCRW based interleaver show a polarization dependence. The

polarization dependent response can be obtained using transmission matrix theory (see
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Figure 2.11: Schematic diagram of an 2×2 MZI based interleaver structure showing
various design parameters of the MMI and waveguides W− waveguide
width, Wmmi− width of MMI region, Lmmi− length of MMI region,
Lmzi− length of MZI arm , R is radius of the bend waveguide, ∆L is
the length of differential arm of interleaver. Inset: (a) cross-sectional view
of SOI rib waveguide showing widthW and etch-depth, (b) top-view of
bend used to separate the two MZI inputs/outputs where R- radius of the
bend

Section 2.1) and incorporating the variation in effective index.

The Mach-Zehnder characteristics for single-mode RCRW based structure though

dispersion-free are slightly polarization dependent as expected from the prior analy-

sis. Wavelength dependent transmission characteristics of RCRW based MZI around

λ = 1550 nm is shown in Fig. 2.13(b) for TE and TM polarization. The shift in

resonance peaks at the two output ports for TE and TM polarization, is due to waveg-

uide birefringence (nTE
eff − nTM

eff ∼ 10−3). It can be shown from Eq. 2.4, that waveg-

uide birefringence affects the position of resonance peaks for different polarizations

(δλ = λTE
r − λTM

r ).

This shift in peak position can be tuned by controlling the waveguide dimensions

or by incorporating active element such as a PIN modulator (for variable tuning) or

heater element (for permanent tuning) in one of the arm of the MZI. Feasibility of

incorporating such an element for correction in the peak position is being under study

at our lab.

Bend waveguide structures are used in the asymmetric arm of the MZI to provide
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Figure 2.13: (a) Wavelength dependent characteristics for TM polarization and (b) Po-
larization dependent characteristics of an un-balanced 2×2 MMI based
MZI structure

the differential path length as well as to separate the input and output waveguides in

order to avoid launching of power into both ports at input and coupling at output ends.

To fix the optimum value of bending radius we have calculated the bend loss of 90◦

bend waveguide (see Fig. 2.14), as a function of bending radius using Eigen mode

solver [46].

Bend loss is a combination of mode mis-match loss between straight waveguide and

bend region, and propagation loss in the bend region. However, the dominant factor is

the mode mis-match loss, which is calculated by taking the overlap integral between

computed mode profiles of the straight and the bend section. It is clear from the plot

(see Fig. 2.14) that, as the radius of the bend increases the transmission loss decreases.
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Figure 2.14: (a) Calculated transmission loss of a 90◦ bend waveguide structure (see Ta-
ble 2.3 for waveguide parameters) as a function of bend radius for both TE
and TM polarizations; (b) and (c) show the guided mode-field distributions
for 100 µm, and 1000 µm bending radii, respectively for TE-pol.

Table 2.3: Optimized design parameters for single-mode waveguides, 3-dB MMI split-
ter and MZI based Interleaver structure

W = 2 µm Wmmi = 15 µm
h = 0.95 µm Lmmi = 346 µm
Bending Radius (R) = 1000 µm ∆L = 412 µm
Device Length = ∼ 5.2 mm Operation Band = C and L

The bending radius of R = 2 mm or more provides almost loss-less bends. However,

the dimension of the device increases. With R ≤ 1 mm, the design can be compact

but at an expense of higher bend loss. In order to demonstrate a compact device we

have chosen a bend radius of R = 1000 µm in our design by compromising slightly on

bend-loss. A typical mode-profile for a bend waveguide with radius of 0.1 mm (see Fig.

2.14(b)) is less confined and tend to leak into the slab region leading to higher bend

waveguide loss, while the mode-profile for a bend waveguide with a radius of 1 mm

(see Fig. 2.14(c)) is found to be well confined within the rib and hence provides low

bend induced loss.

The final design of MZI (interleaver) is made by considering the above discussed

and optimized waveguide parameters. The final design parameters are tabulated in Table

2.3. The MZI based Interleaver designed in this work is for interleaving ITU channels

in 100 GHz DWDM grid, which was used while considering the design of ∆L using
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Eq. 2.4. We have kept the output waveguides are kept 250 µm apart in order to allow

efficient fiber pig-tailing of our device in future with standard SMF.

2.5 Conclusions

Theory and design of multi-mode interference based MZI has been discussed in this

section . Dimensions for single-mode RCRW waveguides and MMI structure for po-

larization and wavelength independent splitting was optimized. Finally an MZI based

interleaver structure on single-mode RCRW structures (W = 2 µm, h = 0.95 µm and

H = 2 µm) in SOI were designed, which resulted in a nearly dispersion-free response

in the desired optical communication band (C+L). The MZI response was slightly po-

larization dependent (shift in peak position) which can be solved either by controlling

the waveguide dimensions or by thermo/electro-optic tuning.
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CHAPTER 3

Photomask and Device Fabrication

Using our optimized design parameters of RCRW single-mode waveguides, MMI split-

ter and MZI as discussed in Chapter 2, devices were fabricated for experimental investi-

gations. Suitable masks were designed and fabricated for defining the device structures;

details of which have been discussed in Section 3.1. The device fabrication steps have

been presented in Section 3.2. Finally, experimentally obtained properties (losses and

mode-profiles) of reference waveguides are presented in Section 3.3.

3.1 Mask Design and Fabrication

As mentioned in the previous chapter, the design parameters were chosen such that

they can be defined/fabricated using conventional photolithography process. The mask

layouts were designed using commercial R-soft CAD tool. A single module of mask

consists of two Mach-Zehnder Interferometers, two straight waveguides, two meander

bends and an MMI splitter which is shown in Fig. 3.1. Here, (Wg3, Wg4), (Wg7,

Wg8) etc., form the MZIs, while the other reference structures are namely, meander-

bend waveguides (Wg2, Wg9), MMI couplers (Wg5, Wg6), straight waveguides (Wg1,

Wg10). These reference structures have been included to study various parameters like

waveguide loss (straight waveguide), bend-induced losses, power splitting ratio and

insertion loss (MMI coupler). There are three such sets (S1, S2, S3) in entire mask

layout. These sets have MZI structures with same value of ∆L, but they differ by the

length of MMI coupler (Lmmi = 346 µm, 353.5 µm, and 361 µm). The different lengths

of MMI coupler ( Lmmi, Lmmi + ∆Lmmi, Lmmi + 2∆Lmmi) , was choosen by taking into

account the fabrication errors in width. The overall dimension of the mask layout is

2.5 cm (width)× 2 cm (length).

The mask layout is transferred over a commercially acquired Cr coated (∼ 50 nm)

mask plate (4" × 4" glass plate) having a thin layer (∼ 540 nm) of photoresist (AZP-
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Figure 3.1: Schematic top view of one of the five sets in the interleaver mask. a = 2 µm,
b = 250 µm and c = 346 µm, Wset = 2300 µm and L= 2.8 cm.

1350). Pattern is directly written over the photoresist using UV laser writer (DWL -

66, Heidelberg Instruments GmbH, He-Cd laser source λ = 442 nm). The exposed

PPR is then developed using a 0.1 molar NaOH developer solution (7 pallets NaOH in

250 ml water). The photoresist pattern is later transferred to the Cr film using Ammo-

nium Cerric Nitrate and Acetic Acid based etchant solution (see Appendix A.2). The

undeveloped photoresist is finally removed by acetone cleaning.

3.2 Device Fabrication

The devices are fabricated on optical grade SOI wafers (Ultrasil Inc., USA). Detailed

specifications of these wafers are listed below:

• Handle wafer thickness: 500 µm ± 50 µm

• Device layer thickness: 2 µm ± 0.5 µm

• Buried oxide thickness: 1 µm

• Device layer resistivity: > 5000 Ω/cm
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• Crystal orientation: < 100 >

• Wafer diameter: ∼ 100 mm

Sequential device fabrication steps are: (i) wafer cleaning,(ii) photolithography for

waveguide definition , (iii) reactive ion etching, and (iv) end-facet preparation. These

fabrication process steps are schematically shown in Fig. 3.2. Each of these process

steps have been discussed separately below. Towards the end of this section, a detailed

summary of fabricated MZI samples is mentioned.
Cross-sectional view Top view

Wafer Cleaning

Spin coating & 
Patterning

Reactive ion 
etching

(a) (b) (c)

Process flow

Figure 3.2: (a) Fabrication process steps, (b) Cross sectional view of of the sample SOI
wafer, (c) Top section view of the sample SOI wafer.

(i) Wafer Cleaning

The SOI wafer with above mentioned specifications are diced/cleaved into smaller rect-

angular pieces (∼ 1.5 cm × 2 cm) to nearly accommodate the mask layout discussed

in previous section as well as to fit to the dimension of sample-holder in our charac-

terization setup. At first, samples are rigorously treated for removing any kind of or-

ganic/inorganic impurities. The organic impurities have been removed using trichloroethy-
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lene (TCE) and acetone cleaning procedures, respectively. Wafer samples are immersed

in TCE and the solvent is boiled (∼ 55 oC) in a beaker for 2-5 min. Afterwards, the

samples are cleaned by immersing them in acetone with ultrasonic agitation, followed

by thorough rinsing with DI water. Later, the inorganic impurities are cleaned using

conc. Nitric Acid (HNO3). In this case, samples are immersed in HNO3 and boiled

at ∼ 55 oC for 5 min. Cleaning with HNO3 not only removes (dissolves) inorganic

impurities but also grows a of thin oxide layer (< 5 nm) on top of silicon wafer. The

growth of oxide-film can be verified by hydrophilic nature of wafer surface. This oxide

is removed by immersing the wafer in dil. HF solution (1:10 :: HF:H2O) for ∼ 30 s.

Since the growth of oxide consumes silicon from the wafer, removal of oxide exposes

a fresh wafer surface suited for fabrication of devices.

(iii) Photolithography

The mask pattern has been photolithographically transferred on the PPR-coated sam-

ples. At first, a thin layer (∼ 1.5 µm) of positive photoresist (S1813-G) over sample

surface is obtained using spin coating technique (spinning speed: 5000 rpm and, angu-

lar acceleration: 600 rpm/s). The positive photoresist (PPR) coated samples are then

pre-baked at 80 oC for 17 min in an oven. This is done in order to harden the PPR layer

as well as to evaporate humidity content and organic solvents.

The device mask is then aligned over the sample and exposed to 365 nm UV radi-

ation (i-line) for ∼ 13 sec using a 306 Watt UV lamp (Mask Aligner: BA6/MA6 Suss

MicroTech). The exposure to UV radiation tends to break inter-molecular bonds of the

photoresist, thereby making it soft to be removed using a NaOH based developer solu-

tion (0.1 molar NaOH). After exposure the sample is subjected to a post exposure bake

at 120 oC for 5 to 10 minutes in an oven. This helps us to avoid over-developing of

sample in developer solution. Typically, the optimized developing time is ∼ 38− 40 s

at 25 oC temperature and, 50 % humidity for a sample exposed with UV intensity of

5.2 mW/cm2. A sample was fabricated without post exposure bake resulted in over

developing of the device and showed a wavy nature (see in Fig.3.3) where as a sam-

ple with post exposure bake and optimized parameters gave nearly uniform waveguides

(see Fig. 3.4). The developed samples are later post-baked at 120 oC for ∼ 35 min.
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Baking for longer time can induce cracks in the hardened PPR which can not effectively

work as mask resulting in discontinuous waveguides.

(a) (b)

Figure 3.3: SEM images of a sample (IOL-UK 1) without post exposure bake: (a)
straight waveguide (b) MMI coupler section in SOI.

(iv) Reactive Ion Etching

The rib structures are realized by etching un-masked silicon using OXFORD Plasma

80 Plus RIE system. As it can be seen in Fig. 3.2, the patterned PPR acts as mask for

(a) (b)

Figure 3.4: SEM images of sample (IOL-UK2) with post exposure bake: (a) straight
waveguide (b) MMI coupler section.
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realizing rib structure. Here, it is necessary to have anisotropic etching of silicon with

better selectivity over the PPR mask. The etching chemistry optimized earlier is used

for the present work [37, 47].

Inset (a) Inset (b)

Figure 3.5: Typical SEM images of different sections of a fabricated interleaver. Inset
(a) & Inset (b) : Confocal microscope images of MZI. The images corre-
spond to sample IOL-UK 2

In this process, the sample is initially loaded into the chamber which is evacuated

to obtain a base pressure of 3 × 10−7 mTorr. Then a mixture of SF6 and Ar is passed,

each at a flow rate of 20 sccm to achieve a constant chamber pressure of 200 mTorr.

The oscillating electric field (RF freq: 13.56 MHz, RF power: 150 W) applied across

the two electrodes inside the chamber, ionizes the gas (Ar) by stripping the electron

and thereby creating plasma which eventually disintegrates SF6 that etches silicon and

releases SiF4. Our previous devices etched using the same recipe (SF6: Ar:: 20:20

sccm, 200 mTorr, RF Power: 150 W) showed a surface roughness of∼ 40 nm [37]. As

mentioned earlier the RIE is carried out using patterned PPR acting as a mask over the

sample surface, which is removed from top of rib structure after completion of etching

process using acetone. Typical SEM images of different sections of MZI fabricated

using PPR mask along with optimized process parameters discussed earlier are shown

in Fig. 3.5.

As mentioned earlier, the RIE is carried out using patterned PPR acting as a mask

over the sample surface, which is removed from top of the rib structure after completion
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of etching process using acetone .

(vi) End-facet Preparation

The end facet of the fabricated samples have to be polished, to allow effective coupling

of light into the waveguides and avoid scattering of light. The samples are mechanically

polished using ULTRAPOL polishing Machine, Ultra-Tec Inc., USA. The end facet of

the sample were initially polished using abrasive (diamond coated) films with particle

size 30 µm. Subsequently, the abrasive films with smaller particle size (15 µm, 9 µm,

BOX

Rib
SOI

Si

Figure 3.6: Polished end-facet of SOI based rib-waveguide cross -section H = 2 µm,
BOX = 1 µm and W = ∼ 2 µm

6 µm, 3 µm, 1 µm, 0.5 µm, and 0.1 µm) were used and finally the end facet roughness

of ∼ 0.1 µm was achieved. The Fig. 3.6 shows the polished end-facets of a typical

RCRW rib waveguide.

Note: IOL-UK 4 was fabricated using a different mask which had an equal MMI

length of 353.5 µm.

Summary of Fabricated Devices

A list of fabricated samples is shown in Table 3.1. The width of the devices were

varying depending on the etch-depth due to lateral etching (∼ 15%). Some of the

devices samples were damaged due to various issues in fabrication process like over-

developing, discontinuous waveguides after RIE due to cuts in photo-resist pattern, edge
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Table 3.1: List of fabricated samples. The etch-depth and working waveguides in each
set (Si[n]) are shown. Also see Fig. 3.1 for reference.

Sample
Number

Etch
Depth
[µm]

Device Sets:
Uniform
Waveguides

Remarks

IOL-UK1 ∼ 0.95 Devices were non-uniform showing
wavy nature. None of the devices
on the sample showed output re-
sponse during optical characteriza-
tion.

IOL-UK2 ∼ 0.98 S1:Wg3-Wg10;
S2:Wg1-Wg4;
S2:Wg7-Wg10;
S3:Wg1,Wg2

Set 1 MMI coupler showed about
35:65 splitting whose MZI showed
an extinction of about 6 dB for
TM pol., Set 2 MMI was dam-
aged during fabrication however
MZI showed an extinction of 10
dB for TM pol.

IOL-UK3 ∼ 1.07 Devices were discontinuous as the
mask was damaged hence a new
mask was fabricated

IOL-UK4 ∼ 1.1 S1:Wg5-Wg10;
S2:Wg1-Wg10;
S3:Wg1-Wg6

Reference MMI coupler showed
nearly 3-dB power splitting. MZI
was showing an extinction of 10
dB for both pol.

damage and sample breaking during dicing/polishing, high surface roughness after RIE

due to previous process residue, etc.

3.3 Waveguide Properties: Experimental Results

The waveguide loss measurement was carried out using low-finesee loss measurement

technique, in the optical characterization setup available at our lab. A schematic of the

end-fire coupling setup is shown in Fig. 3.7.

An external cavity tunable semiconductor laser source (1520 nm < λ < 1600 nm)

with a line width of∼ 0.8 pm and minimum tuning step of 1 pm is used to characterize

the fabricated devices. The light output from the source is passed through a polarization

controller using a single mode fiber. The polarization controller induces stress on the

single mode fiber due to which the power can be varied among the two orthogonal
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P

PC
Computer

Laser 
Source

L1 L2 DL3SMF

DUT

Figure 3.7: Schematic of the experimental setup used for characterization of integrated
optical interleaver. PC-Polarization Controller, SMF-single mode fiber, L-
Lens, P-Polarizer, DUT-Device Under Test, D-Detector (IR Camera/PIN
detector).

polarizations. The light beam is then collimated using a lens setup and allowed to

pass through a Glan-Thompson polarizer. The polarized light beam is then focused

on the polished end facet of the rib waveguide. The transmitted light from the device

is collected using another lens and focused on the detector/IR camera for measuring

the power/intensity profiles. The data-logging from detector/IR camera and wavelength

tuning at the laser source are synchronized using a LABVIEW program.

The single-mode straight waveguides fabricated along side interleaver were studied

for waveguide loss and polarization dependency. These waveguides were ∼ 1.5 cm

long with W = 1.6 µm and h = 1.1 µm. The captured intensity profiles for TE and

TM polarization are shown in Fig. 3.9. The measured (1/e2) mode size for TE (TM)

polarization is found to be ∼ 3.3 µm× 2.2 µm (∼ 2.7 µm× 2.3 µm). Our theoretical

simulations show a mode-size of ∼ 1.55 µm × 1.62 µm (∼ 1.52 µm × 1.55 µm) for

TE(TM) polarizations, respectively. A deviation in experimental results compared to

theoretical simulations is expected to be due to non-vertical side wall and errors during

mode-profile measurements (see Fig. 3.6).

The waveguide width and etch-depth of the waveguides of the two working samples

were obtained using confocal microscope and tabulated in the Table 3.2 below:

Waveguide loss was measured using Fabry-perot method that can then be derived

using Eq. 3.1 [48, 49].
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y

x

ωx=  3.3 µm; ωy= 2.2 µm ωx=  2.7 µm; ωy= 2.3 µm

(a) (b)

Figure 3.8: Captured intensity profiles for TE (a), and TM (b) polarizations, respec-
tively. ωx is the mode spread in horizontal direction and ωy is the mode
spread in vertical direction. Results correspond to set S3 of sample IOL-
UK4.

Table 3.2: Waveguide dimensions and calculated birefringence in different samples

Device Waveguide
width [µm]

Etch-depth [µm] Estimated
Birefringence

IOL-UK2 ∼ 1.73 0.98 1.748× 10−3

IOL-UK4 ∼ 1.64 1.1 8.66× 10−4

α =
1

L
ln

(
1

R

√
ζ − 1√
ζ + 1

)
(3.1)

where, α is the loss, ζ = Imax

Imin
, L is the sample length and R is reflectivity at the

end-facet. The values of Imax and Imin, the maximum and minimum values of the

intensities respectively and reflectivity is given by R =
(
neff−1

neff−1

)2

. Where neff is the

effective index of the waveguide at λ ∼ 1550 nm.

The best of the measured waveguide loss for TE (TM) polarization using the above

equation is 0.46 dB/mm (0.42 dB/mm). This waveguide loss accounts for material

absorption characteristics and scattering loss due waveguide side-wall roughness. The

waveguide losses are higher in case of TE polarized light as the dominant electric field

component normal to the rib side wall experiences higher scattering.

The 1.4 cm-long meander bends replicating the top arm of the MZI were also char-

acterized for its insertion loss. These meander bend structures showed an overall wave-
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Figure 3.9: Fabry-Perot response recorded for a RCRW for TE (a),and TM (b) polar-
izations, respectively.

length independent insertion loss of ∼ 15.6 dB(∼ 13.7 dB) for TE(TM) polarizations.

These structures contain four s-bend structures of 1 mm bending radius. Deducting the

measured waveguide loss for such a ∼ 1.4 cm long straight waveguide, a total bend

induced loss of ∼ 9 dB(∼ 7.8 dB) (with 4 s-bends) is estimated for TE(TM) polariza-

tions.

3.4 Conclusions

Mask design and Fabrication was carried out to realize 2-µm waveguide structures on

SOI platform. End-facets were prepared for optical characterization of the devices.

Waveguide loss and mode-size were measured using our end-fire coupling technique.

The loss of the waveguide was observed to be ∼ 4 dB/cm for both polarizations. The

higher loss is expected due to side-wall roughness, which can be reduced by using ICP-

RIE.
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CHAPTER 4

Device Characterizations

The fabricated MMI couplers and asymmetric MZIs (interleavers) were characterized in

terms of insertion loss, wavelength & polarization dependencies, and inter-channel ex-

tinctions. The experimental setup shown in Fig. 3.7, has been modified accordingly. At

first, characterization results of MMI couplers will be presented. Later, the interleaver

characteristics of asymmetric MZIs have been presented and discussed.

4.1 MMI Coupler

The 2× 2 reference MMI couplers adjacent to the MZI were characterized for insertion

loss, polarization and wavelength dependent throughput. Transmitted powers and in-

tensity profiles measured at two output ports indicates uniform power splitting of MMI

couplers (see Fig. 4.1). The splitting of the MMI coupler was then recorded over the

entire λ = 1520 nm to 1600 nm band. As expected from our theoretical predictions,

MMI couplers showed a polarization independent and uniform power splitting across

the entire C+L band (see Fig. 4.2) [29].

Input
Lmmi

1

2

3

4

Wmmi
g

Figure 4.1: Captured intensity profiles at the two output ports of a MMI coupler show-
ing uniform power splitting at bar (Port 3) and cross (Port 4) port. The
profiles are recorded at λ = 1550 nm for TE polarization from MMI cou-
pler in set S2 of IOL-UK4.
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Figure 4.2: Wavelength dependent throughput fraction of power in bar port of MMI
couplers with (a) Lmmi = 346 µm, and (b) Lmmi = 353.5 µm. Note the
difference in splitting ratio for MMI lengths. These results are recorded
from MMI couplers in set S1 of IOL-UK2 and set S2 of IOL-UK4, respec-
tively.

In our actual design, MMI length was fixed as Lmmi = 346 µm. Experimental

results showed an power splitting ratio of 35:65 at bar and cross ports respectively

for the designed MMI. We have used a correction factor for length of MMI (δLmmi),

using an analytic expression [45]. This correction factor is chosen to overcome the

fabrication error and obtain the expected response. The correction factor was chosen as

δLmmi = 7.5 µm, based on our calculations. Hence, apart from the actual design value

of Lmmi, we have placed two other MZI structures with MMI lengths of Lmmi + δLmmi

and Lmmi + 2δLmmi, respectively on our mask. Our experimental results show that

MMI coupler having an corrected length of Lmmi + δLmmi, shows a nearly polarization

and wavelength independent 3-dB power splitting (see Fig. 4.2).

The overall insertion loss of the MMI based coupler Lmmi = 353.5 µm was es-

timated to be ∼ 13.2 dB (nearly polarization independent). This includes waveguide

losses, total bending losses and, insertion loss of coupler.
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4.2 Mach-Zehnder Interferometer

The transmitted mode profiles at the two output ports were captured using IR-camera

in the near field. Fig. 4.3 shows the transmitted profiles for TE polarizations at two

consecutive wavelengths with 100 GHz channel spacing [50].
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ss

 P
or

t

λ ~ 1550 nm λ ~ 1550.8 nm

Figure 4.3: Transmitted intensity profiles measured at bar and cross ports for two dif-
ferent wavelengths: (a) λ = 1550 nm and (b) λ = 1550.8 nm for TE polar-
ization, respectively.

It is clearly evident that when one of the channel retains power in a particular port,

the same channel in other port is completely diminished. The interleavers were charac-

terized for wavelength dependency across the entire optical C+L band. Fig. 4.4 shows

the device response over entire optical C band recorded using LAB VIEW with a tuning
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Figure 4.4: Transmission characteristics of an asymmetric MZI interleaver over entire
optical C band (set S2 of the sample IOL-UK2). The experimentally mea-
sured value of channel spacing ∆λ = 0.8 nm and inter-channel extinction
δex_ch ∼ 10 dB. The green color correspond to response at Port 3 (Bar)
and, the red color correspond to response at Port 4 (cross). Laser wave-
length tuning steps = 80 pm.
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step of 80 pm.
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Figure 4.5: Measured transmission characteristics for TM polarization. Lines in green
correspond to response at Port 3 (Bar) and, lines in red correspond to re-
sponse at Port 4 (cross). Results correspond to interleaver in set S2 of IOL-
UK2.

Uniformity of the response in terms of inter-channel extinction and insertion loss at

the channel peak is clearly evident from Fig 4.4. It is worth to mention here that the

two MMI couplers in this particular structure response shown here were having a length

of 353.5 µm. Two small bands (1530 nm - 1540 nm and 1580 nm - 1590 nm) of the

complete characteristics is represented in Fig. 4.5 to show that the response is nearly

uniform with the value of channel spacing ∆λ = 0.8 nm and inter-channel extinction

δex_ch ∼ 10 dB at both the output ports of the MZI.
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Figure 4.6: Measured transmission characteristics for TM polarization (a) and, polar-
ization dependent characteristics (b), respectively. The reference MMI cou-
plers show nearly uniform power splitting (Lmmi = 353.5 µm and etch
depth ∼ 1 µm). Note that the resonance peaks for both polarizations are
over-lapping, the results correspond to set 4 of sample IOL-UK2.
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Four different samples have been fabricated, among which two samples (IOL-UK2

and IOL-UK4) have working MZIs. The MZI having a MMI length of 353.5 µm

showed an inter-channel extinction δex_ch ∼ 10 dB at both the output ports of the

MZI for TM polarization(see Fig.4.6(a) and Fig. 4.7(b)). For TE polarization, de-

vices in sample IOL-UK2 and sample IOL-UK4 showed an inter-channel extinction

δex_ch ∼ 6 dB (see Fig. 4.6(b)) and δex_ch ∼ 10 dB(see Fig. 4.7(b)), respectively. The

polarization dependent characteristics of the MZI show the resonance peak shift due to

the birefringence of the waveguide as expected from our simulations. Birefringence in

sample IOL-UK2 (refer Table. 3.2) leads to a resonance peak shift of 0.8 nm for TE

polarization w.r.t TM polarization in MZI response. This leads to the overlap of TE and

TM response (see Fig. 4.6(b)). In case of sample IOL-UK4 the birefringence ( given

in Table. 3.2) leads to a resonance peak shift of ∼ 0.4 nm for TE polarization w.r.t TM

polarization which is clearly evident from the response in Fig. 4.7(b)
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Figure 4.7: (a) Experimentally measured transmission characteristics for TM polariza-
tion ,(b) polarization dependent characteristics of asymmetric MZI in IOL-
UK4 . The reference MMI couplers show nearly uniform power splitting
(Lmmi = 353.5 µm and etchdepth ∼ 1 µm). Note the shift in resonance
peaks for both polarizations , the results correspond to set 2 of sample IOL-
UK4.

The low inter-channel extinction in MZI (see Fig. 4.4(a)) is due to resolution error

caused by high wavelength tuning step (∼ 80 pm). For better wavelength characteris-

tics we have recorded the response of the MZI using optical spectrum analyzer, with

the setup shown in Fig. 4.8. The MZI response in OSA (see Fig. 4.9(b)) showed an

inter channel extinction of ∼ 15 dB (at a tuning resolution of 0.8 pm) when excited

by a broadband source. An external broadband LED source (1310 nm < λ < 1620 nm)

with a output power of 2 mW (for λ ∼ 1550 nm ) is connected to the EDFA (wave-
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Figure 4.8: Schematic of the experimental setup used for characterization of integrated
optical interleaver. PC-Polarization Controller, SMF-single mode fiber, L-
Lens, P-Polarizer, DUT-Device Under Test, EDFA-Erbium Doped Fiber
Amplifier, OSA- Optical Spectrum Analyzer).

length range: 1535-1565nm,pump wavelength: 971nm, max output power : 2 Watt).

The light output from the EDFA is taken through a polarization controller using a sin-

gle mode fiber. The light beam is then collimated using a lens setup and allowed to

pass through a Glan-Thompson polarizer. The polarized light beam is then focused on

the polished end facet of the rib waveguide. The transmitted light from the device is

collected using another lens and coupled to the single-mode fiber, which is then fed into

the OSA (wavelength measurement range: 1520 nm - 1630 nm, tuning step: ∼ 0.8 pm),

minimum detectable power: -70 dBm) for recording the device response.

Calculations from transmitted characteristics shows that the fabricated MZI indeed

separates incoming ITU channels with 100 GHz spacing at the two output ports (see

in Fig. 4.9 (a)). The MZIs were also characterized for insertion loss. The overall

insertion loss of ∼ 15 dB was measured at the channel pass band. This high insertion

loss accounts for waveguide losses (∼ 4 dB/cm), bend induced losses (∼ 8 dB) and

insertion loss of two MMI couplers (∼ 3 dB).

The MZI were also characterized for insertion loss. The overall insertion loss of

∼ 15 dB was measured at the channel pass band. This high insertion loss accounts for

waveguide losses (∼ 4 dB/cm), bend induced losses (∼ 8 dB) and insertion loss of

two MMI couplers (∼ 3 dB).
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Figure 4.9: (a) ITU channels and experimental resonant frequencies observed at cross
port of MZI (set 4 of sample IOL-UK2) for TM polarization, (b) measured
wavelength dependent characteristics of MZI (set 2 of sample IOL-UK4)
using high-resolution OSA for broadband input (λ = 1535 to 1565 nm)
showing an inter-channel extinction of ∼ 15 dB for TM polarization
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4.3 Conclusions

A compact multi-mode interference coupler based 2× 2 Mach-Zehnder interferometer

for interleaver applications has been successfully fabricated in SOI platform with re-

duced cross-section single-mode rib waveguide structures. The characterization results

show an inter-channel extinction of ∼ 15 dB at bar and cross ports with an interleaved

channel spacing of ∼ 200 GHz.
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CHAPTER 5

Conclusions

5.1 Summary

This thesis deals with a design, fabrication and characterization of MMI based devices

like power splitter and DWDM channel interleaver. In this chapter, the summary of

research outcome has been discussed and it has been followed by an outlook. Var-

ious design parameters for single-mode straight waveguides, bend waveguides and,

MMI couplers have been optimized for compact, dispersion-free Mach-Zehnder Inter-

ferometer for wavelength filtering applications. Afterwards, an integrated optical MMI

based compact MZI on reduced cross-section SOI rib waveguides has been successfully

demonstrated.

The characterized device samples showed an inter-channel extinction of≥ 10 dB at

both ports with an interleaved channel spacing of∼ 200 GHz. The devices are found be

fabrication sensitive which changes the birefringence of the waveguide and lead to shift

in resonance peaks of TE and TM polarizations. The characterized waveguides showed

a relatively high loss of ∼ 4.6 dB/cm(∼ 4.2 dB/cm) for TE(TM) polarization, this is

because of the higher surface roughness due to reactive ion etching. Use of ICP-RIE, for

etching may reduce the surface roughness and hence can lead to lower waveguide loss

and device insertion loss. The Insertion loss of the meander bend structure (includes 4

S-bends with bending radius of 1 mm) is found to be ∼ 9.1 dB/cm(∼ 7.8 dB/cm) for

TE(TM) polarization. MMI coupler showed an insertion loss of∼ 13.2 dB for both the

polarizations which includes bend and waveguide loss.

The length of the 2×2 MMI based 3-dB power splitter was about∼ 353.5 µm, while

the length of overall MMI based MZI is about 5.2 mm. The fabricated MZI showed

an overall insertion loss of ∼ 15 dB at the channel resonance peak. This includes,

waveguide loss (∼ 4.2 dB), bend-induced losses (∼ 2.25 dB/bend) and insertion loss

of ∼ 3 dB for each MMI couplers.



The fabricated MZI were found to be slightly polarization sensitive due to the asym-

metric cross-sectional geometry of reduced cross-section rib waveguides. As a result,

the resonance peaks in transmission characteristics of interleaver when operated for two

different polarization (TE and TM) were found to be shifted. One of the fabricated MZI

response has been recorded using an OSA. The response showed an inter-channel ex-

tinction of > 15 dB (at a resolution of 0.8 pm) at either of the ports with an insertion

loss of ∼ 15 dB at channel resonance peaks.

5.2 Outlook

4th Aug 2011

(b)
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Figure 5.1: (a) MZI integrated with PIN structure, and (b) Higher order 3- stage lattice
type filter using MZI to achieve band flattening. κi is the coupling ratio
of the MMI coupler, which is a crucial parameter in the higher order filter
design.

Integrating a ring structure with an RCRW based MZI, may be carried out to achieve

flat-band response. Alternatively, such interleavers can be designed with RCRW-based

asymmetric MZI. RCRW based devices can provide improved polarization and inter

channel extinctions compared to LCRW, with smaller foot-prints due to tighter confine-

ment of the guided mode. Moreover, re-configurable interleavers can be demonstrated

by having an external heating element integrated with the package or an on-chip NiCr

heater. Reconfigurability can also be achieved by integrated electro-optic element(PIN-

structure). PIN structure can be integrated in one of the arm of the MZI (see Fig. 5.1(a)),
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refractive index in one arm can be tuned by applying voltage to the PIN structure.

The response of a single MZI is sinusoidal, which results in a narrow pass band.

Hence, most of the available spectrum remains unused. Ideally, rectangular response is

desired but cannot be achieved because of causality. One approach for achieving flat-

top response is by integrating a ring-resonator with the MZI structure [51]. Another

approach to achieve a nearly ideal response is by using resonant couplers or multi-stage

lattice filters (as shown in Fig. 5.1(b)). The basic lattice element of such an higher order

filter is an asymmetric 2×2 MZI. One may further investigate on the MMI coupler by

changing the design parameters and achieve compact structure.
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APPENDIX A

Appendix

A.1 Asymmetric MZI Based Interleaver

Transfer Function of Asymmetric MZI

Considering Fig. 2.1, the electric field at different points in upper (lower) arm of MZI

are marked as E1i (E1j). Consider M3−dB, Mφ and M3−dB are the transfer matrix of

first 3-dB coupler, the unbalanced arms and second 3-dB coupler, respectively (see Fig.

2.1). Then the transfer matrix solution for the MZI can be derived as below.

M3−dB =

E12

E22

 =

 1√
2
−j 1√

2

−j 1√
2

1√
2

 ·
E11

E21

 (A.1)

Mφ =

E13

E23

 = e−jβL

exp(−jφ) 0

0 exp(jφ)

 ·
E12

E22

 (A.2)

M3−dB =

E14

E24

 =

 1√
2
−j 1√

2

−j 1√
2

1√
2

 ·
E13

E23

 (A.3)

Let M be the transfer matrix of asymmetric MZI based interleaver then, M =

M3−dB ·Mφ ·M3−dB. Now, considering M̂ = Mφ ·M3−dB then

E13

E23

 = e−jβL

 1√
2
−j 1√

2

−j 1√
2

1√
2

 ·
exp(−jφ) 0

0 exp(jφ)

 ·
E11

E21

 (A.4)



M̂ =
e−jβL√

2

 exp−jΦ −j exp jΦ

−j exp−jΦ exp jΦ)

 ·
exp(−jφ) 0

0 exp(jφ)

 (A.5)

M̂ = e−jβL

2j sinφ 2j cosφ

2j cosφ −2j sinφ

 (A.6)

Now, for M = M3−dB · M̂ then

M̂ =
e−jβL√

2

 0.707 −0.707j

0.707j 0.707

 ·
 exp−jΦ −j exp jΦ

−j exp−jΦ exp jΦ)

 (A.7)

E14 = exp(−jβL)(E11 · sinφ+ E21 · cosφ)j (A.8)

E24 = exp(−jβL)(E11 · cosφ+ jE21 · sinφ)j (A.9)

The power can then be given as,

P14 = (E2
11 · sin2 φ+ E21 · E11 · sin(2φ) + (E2

21 · cos2 φ) (A.10)

P14 = (E2
11 · cos2 φ+ E21 · E11 · sin(2φ) + (E2

21 · sin2 φ) (A.11)

Here, the 2φ terms in Eq. A.10 and A.11 correspond to the harmonics with wave-

length λ
2
. In our case, we are considering the wavelengths in optical band λ = 1520 −

1600 nm. The λ
2

wavelengths produced as a result of beating of two signals with differ-

ent phase are absorbed due to optical properties of silicon.
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Interleaver Channel Spacing

The schematic of Mach-Zehnder Interferometer for interleaver application is shown in

Fig. 2.1. Assume that the two consecutive WDM channels (λ1 and λ2) are given at

its input. The effective refractive index of two channel wavelengths is n1 and n2. The

phase accumulated by channel λ1 while propagating in two arms can be given as below.

λ1φ1 =
2πn1L1

λ1

(A.12)

λ1φ2 =
2πn1L2

λ1

+
(π

2

)
MMI1

+
(π

2

)
MMI2

(A.13)

Similarly, for channel λ2

λ2φ1 =
2πn2L1

λ2

(A.14)

λ2φ2 =
2πn2L2

λ2

+
(π

2

)
MMI1

+
(π

2

)
MMI2

(A.15)

It is required that λ1 exists in Port 3 only and hence from A.12, A.13,

λ1φ =λ1 φ1 −λ1 φ2 = 2lπ (A.16)

⇒ 2πn1L1

λ1

− 2πn1L2

λ1

+ π = 2lπ (A.17)

⇒ 2πn1∆L

λ1

+ π = 2lπ (A.18)

Similarly,
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λ2φ =λ2 φ1 −λ2 φ2 = (2m− 1)π (A.19)

⇒ 2πn2L1

λ2

− 2πn2L2

λ2

+ π = 2lπ (A.20)

⇒ 2πn2∆L

λ2

+ π = (2l − 1)π (A.21)

here, l and m are integers. If λ1 exists in only Port 3 and λ2 only in Port 4, then,

λ1φ−λ2 φ = π (A.22)

⇒ 2πn1∆L

λ1

+ π − 2πn2∆L

λ2

+ π = π (A.23)

⇒ 2π∆L

(
n2

λ2

− n1

λ1

)
= π (A.24)

⇒ ∆L =
λ1 · λ2

2∆λng
(A.25)

In order to design an MZI for interleaver applications we need to maintain the chan-

nel spacing (∆ν) constant. Hence we replace ∆λ by ∆ν, the above equation (Eq. A.25)

can be written as

∆L =
c

2∆νng
(A.26)

Where c is the velocity of light in free space and ng is the group-index of the waveg-

uide. This equation Eq. A.26 was used to choose the value of ∆L for the design of MZI.
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A.2 Recipes for etching

Recipes used for etching of various materials during the fabrication process are men-

tioned below.

Dry etching of Silicon

The dry etching of Si has been done using conventional RIE technique.

Recipe: Ar/SF6:: 20/20 sccm

Chamber Pressure: 200 mTorr

RF Power: 150 W

PPR Ashing

PPR ashing is often carried using conventional RIE technique. This is done to remove

residual PPR on top of wafer, which could not be removed by acetone.

Recipe: O2:: 35 sccm

Chamber Pressure: 250 mTorr

RF Power: 150 W
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