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In the past year, there has been an advancement in the development of optical active
and passive Silicon-On-Insulator for Photonic Integrated Circuits (PICs) applications.
Following the continuous miniaturisation trend in this technology the study of the loss
performance of these devices also become an attractive subject. Among the many com-
ponents silicon based optical modulators are specifically important for low loss and high
bandwidth short reach interconnects. The general aim of this thesis is to design and
computationally investigate the performance of a multilayer hybrid silicon modulator.
The design involves a heterojunction structure that operates based on plasma dispersion
effect taking the effect of surface roughness and scattering loss into account. For this
purpose a novel numerical approach is developed to estimate scattering loss due to the
roughness in general waveguide structures and also the proposed silicon based optical
waveguide modulator in this work. The applicability can be however extended towards
wider range of optical waveguide based devices including multilayer configurations. The
method is based on 2D Fourier transform technique that is widely used in Magneto

Resonance Imaging technique.

Firstly, the effect of three forms of roughness is investigated in a general strip waveguide
structure; isotropic, anisotropic and the mixture of isotropic and anisotropic. In each
case the generated sidewall roughness is implemented in various SOI high contrast re-
fractive index waveguides. The waveguide dimensions have been chosen to cover a large
variety of waveguide sizes to evaluate the accuracy of the modelling technique. Two SOI
waveguide samples have been fabricated. The first sample is 100 nm, 1200 nm and 1400
nm in width and 500 nm in height which are single mode in Mid Infra Red (MIR) region.
The second sample contains waveguide with 220 nm height and 330 nm widths that is
single mode in Near Infra Read (NIR) wavelength. Other dimensions are chosen from
several published works. The calculated losses using FDTD show good agreement with
all measured fabricated waveguide and the referred experimental works in the literature.
The three dimensional model successfully explains the scattering loss dependence on the
width of a high aspect ratio waveguide when the result is compared with a published
work. While the measurement shows the loss reduces from 32 dB/cm to 0.8 dB/cm, the
simulation results varies from 44 dB/cm to 1 dB/cm. The interdependence of scattering
loss is also investigated against other theoretical approaches when the correlation length
varies from 0 to 1000 nm. The relatively low aspect ratio waveguide is chosen to have

a fixed dimension of 220 nm by 330 nm and 5 nm value.

In order to study the scattering loss caused by roughness the roughness model is applied
in the proposed modulator structure. The design involves a multimode strip like p doped
silicon material wrapped by transparent ZnO as a naturally n doped active material.
This forms a pn heterojunction that is implemented in one arm of a Mach Zehnder
interferometer. The switch is designed to operate at 1.55 um and in depletion mode
to avoid minority carrier life time effect in switching speed. The calculated capacitance

switching speed of a pulse were less than 1 pf/cm and 90 ps respectively. The resistivity



is higher compared to a general form of heterojunction due to the relativity larger ZnO/Si
contact area of the device. The phase shifter is implemented in Mach Zehnder structure
to change from phase modulation to amplitude modulation using a MMI structure. The
calculated extinction ratio was as high as 23.7 dB with the insertion loss of 2.5 dB.
Further simulation results shows that the 100 nm change in the ZnO thickness can alter
the effective index of refraction and loss performance of the devices. In an ideal situation,
as the thickness increases from 50 nm to 150 nm the loss changes from 2 to 8 dB/cm
for TE mode. The involvement of sidewall roughness results higher insertion loss by at
least by 0.2 dB when the rms of the sidewall roughness increases by 7 nm. As the ZnO

coating thickness increases, the roughness effect is counterbalanced by almost 50 %.
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Chapter 1

Introduction

1.1 Photonic Integrated Circuits

Within the last decade, there has been a continuing strong interest in Photonic Inte-
grated Circuits (PICs) research. This is due to the need for low power consumption,
reliability and high density integration. It is also believed by many researchers, that the
next technological step towards high bandwidth optical communication systems can be

achieved through successful miniaturisation of optical integrated device.

Photonic integration can be either hybrid or monolithic. In monolithic integration many
optical devices are consolidated into a single photonic material. The devices are built
into a common substrate. However, all-optical technologies at the current stage are
more expensive, more complex, or inefficient in comparison with electronic IC. Unlike
electronics where transistors are defined as the elementary component, there is not such
a dominant device at photonic level. Hence, the compatibility of optical networks with
electronic components that are purely relegated to the edges of network can maximise
system functionality and service flexibility. This is normally realised by considering
hybrid integration where multiple optical devices are assembled into a single package
with associated electronic devices that are interconnected to each other by electronic

and/or optical links.

For instance, among the rapid technological development the need for high-bandwidth
interconnects is a highlighted topic to enhance computing capability. Interconnects in
current microelectronic industries are conventionally fabricated from copper [1]. As the
demand for high density integration increases, the physical limitation of the low cost
electrical interconnects starts to emerge. In particular for higher bandwidth where large
amount of data is transferred, current electrical interconnects experience a high cross-
talk effect [2]. The cross talk in interconnects happened when the transmitted signal

in one part of the network creates an undesired effect in another part. The problem
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is more significant in high density integrated circuits. Hence other alternatives have to
be utilized. Optical interconnect is a potential candidate as it can provide dispersion
free communications and minimum cross talk effects within enormous bandwidth. The
key component of such optical interconnect is the optical modulator. The performance
of integrated optical modulators has been improved dramatically in recent years; in
particular the bandwidth has increased from MHz to the multi GHz regime within half
a decade. However the demand of optical interconnect is significant, and there are
yet many unanswered questions. Minimising some of the performance metrics such as
the energy per bit and device footprint are as important as maximising some of the
others such as bandwidth and modulation depth. All these have to be achieved having
an acceptable thermal stability, optical spectral width and using CMOS compatible
fabrication processes. Cost effective technologies will therefore be required in order
to adopt the integration of optical modulators in electronic industry. To meet future
technology targets, there are however other fundamental concerns in the integration of
optical interconnects and relevant components such as modulators in a chip either with

or without electronic devices which can be categorised as follows.

1.2 Major Concerns

1.2.1 Power Consumption

High power consumption is still a problem (97 fJ by 2015) for electrical interconnects.
Nevertheless it is argued that the high power consumption can be compensated by
many advantages that optical interconnects and other photonic devices may offer [2]. In
addition, the power consumption of current electrical interconnects are already higher
by at least more than 5 times, which can justify the applicability of optical interconnects

in current technologies.

1.2.2 Size Reduction

Optical structures have been conventionally used as the discrete building blocks of long
distance telecommunications. Clearly using such discrete components are not feasible
for high density integrated chips. As well as the continuous shrinking of electronic
devices in a chip, the photonic devices should also be scaled down towards submicron
region to provide comparable density requirements. Good level of integrations have
already been demonstrated using silica on silicon and silicon oxy-nitride technology [3].
Further improvement in scaling photonic devices is possible with silicon-on-insulator
(SOI) technology, where high contrast waveguides can be shrunk down to a submicron

cross sections. Following the miniaturization trend, there would be limitations arisen by
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physical waveguide parameters which can not be negligible any more and can be very

significant at nanoscales.

One of the most fundamental restrictions facing photonic devices is optical propagating
loss, as the size is reduced with respect to wavelength. The increased propagation
losses are due to waveguide roughness and insertion losses. The finite resolution of the
lithography may result additional coupling issues between waveguide gaps [1]. The loss

penalty would be even higher for the high contrast waveguide.

Among of all, there have been several theoretical and experimental studies showing that
surface roughness is the main source for high propagation losses. Furthermore, surface
roughness is also responsible for high bending losses that is measured to be 1 dB per 90
degree bend which itself limits the applicability for high density PICs [4-6].

1.2.3 Compatibility With CMOS Technology

CMOS has been known as the most successful technology in electronics industry. Any
technology that can be considered in highly compact hybrid or monolithic photonic
circuit integration must be compatible with CMOS technology.

1.3 Silicon Photonics: A Promising Solution

The leading candidate technology for optical modulators is silicon photonics at rela-
tively wide wavelengths from 1300 nm to 1630 nm. Silicon photonics is a relatively new
platform in optoelectronic industry that attracts many attentions by offering optimum
solutions for the mentioned concerns. The technology can perform functions which were
previously preferred to be done by employing expensive materials based on III-V semi-
conductors. There are several factors that make silicon more attractive in comparison
with traditional III-V materials. Due to the relatively high refractive index of silicon
at NIR and MIR wavelength range, light confinement can be achieved in submicron
dimensions. The low cost nature of silicon is another advantage; Silicon has a dominant
presence in microelectronic industry and CMOS technology which brings its potential

in electronics and photonics integration into attention.

However, Si is inherently considered as an optically passive material. It can only be used
for active application if it is doped. The penalty would be more absorption loss caused by
implanted free carriers. In order to resolve this issue and extend the functionality of Si
waveguide devices complimentary materials should be involved to reform new material
systems that are able to work appropriately with Si. The employment of these cost
effective and technologically compatible materials such as ZnO and GaAs with silicon

in the structure of optical modulators can fulfil the functionality of interconnects. ZnO
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as a Si friendly material can be integrated into silicon photonics using different methods
such as Atomic Layer Deposition [1]. The refractive index is 1.9 which is similar to
that provided by Si0O2 and ZnO is transparent at NIR wavelengths. Furthermore, it is

naturally n-doped and hence does not need a complex ion implantation.

Si also shows a low absorptive behaviour at NIR wavelengths. The roughness of the Si
surface is however very much fabrication dependent. Recent technological advances allow
to avoid the top surface irregularities in certain waveguides and geometries, but not yet
appropriately on sidewall surfaces [7]. Several successful studies show different oxidation
process of rough Si surfaces can be used to smooth the sidewalls [8-10]. However, this
method effectively reduced the Si waveguide dimensions, which is inappropriate for PIC
design. Laser annealing also applied for certain materials such as ZnO waveguides.
Nevertheless the applicability of this method is very limited and prohibitive. Hence the
roughness is still considered as an important topic to be further studied in photonic
devices and IPCs.

The development of various low loss silicon based optical interconnect components such
as laser light source, waveguides, modulator and optical detector is on-going. In par-
ticular, there is still much to explore regarding loss performance caused by scattering
with roughness in devices such as fast optical switches and multiplexers. The optimum
goal is to achieve compact integration of these building blocks either in a hybrid form or
monolithically in a single chip by shrinking down the size of these components towards

nanoscale dimensions.

1.4 Objective of Research

The aim of this thesis is to develop and computationally investigate novel silicon based
optical modulator design with the contribution of ZnO as an active complementary ma-
terial. A comprehensive modelling technique is also introduced to accurately estimate
roughness effect in the performance of the proposed optical modulator and more gener-
ally in wide range of other structures, from simple waveguides to more complex devices.

The adoption of this technique will also lead to study of:
1. The loss performance of the proposed modulator structure, any general waveguide
and other waveguide based photonic devices.

2. The validity of possible solutions which have been or may be later offered to reduce

the scattering loss in the modulator and possibly other waveguide based devices.

3. The geometrical effect of roughness on polarization issues.

This approach is developed based on a technique used in Magneto Resonance Imaging

which applies two dimension Fourier transform to model roughness from the provided
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statistical data. In MRI, the magnetic resonance signals contain the information about
the amount of the contribution of the frequencies within a certain range that corre-
sponds to the unknown object. The inspiration of using this approach in the case of
roughness is arising from the fact that in MRI the actual detailed image of unknown
and invisible object can be figured out from the frequency properties of the MR signals.
Similarly the roughness as a random and unknown property can be derived if there is
enough information about the frequencies correspond to the roughness. The roughness
model is then applied to the optical modulator that is a heterojunction Si based diode
utilizing ZnO as a transparent metal oxide material. This provides the possibility of

computationally investigating roughness effect on the loss performance of the device.

1.5 Outline of This Report

The outline of this thesis is managed in the following fashion.

Chapter 2 delivers a historical literature review of the main optical modulation methods.
The applicability of these approaches in silicon photonic integration will be discussed.
Furthermore recent advances in silicon based photonic modulators are also referred, in

particular for free carrier plasma dispersion based silicon modulators.

Chapter 3 focuses on the term loss in optical waveguides and provide essential back-

ground which was used by the author to follow his research.

Chapter 4 explains how the roughness model is developed and evaluated in comparison
with experimental and theoretical results and also a number of other published works.
The method enables researchers to extend their knowledge of loss performance for optical

integrated devices.

Chapter 5 a proposed optical modulator design will be introduced and will be analytically
discussed using different simulation software. The effect of scattering loss in the design

performance will be also evaluated at the end.

Chapter 6 a conclusion of the research covered in this report is given with a summary

of achievements. Ideas for future work will also be discussed.






Chapter 2

Optical Modulation Overview

2.1 Terminology

Modulators have a wide variety of applications include wideband analog optical commu-
nication systems, signal processing, beam deflection, frequency stabilization, Q-switching
of lasers, and other integrated optical systems [11]. More importantly optical modulation
is one of the fundamental functionalities required in a photonic circuit for any intercon-
nect solution. Optical modulation in a waveguide is a process that the fundamental
characteristics of light(amplitude, phase or polarization) are modulated by external or
internal actuation of waveguide. Implementing semiconductor nanoscales waveguides in
the modulator structure can boost the efficiency, leads to higher stability, speed response,

and highly compact system [11].

In the system level, there are three fundamental schemes of optical modulations. It
can be continuous that is normally called intensity modulation in optics and is similar
to analogue modulation, with the only difference is in the nature of the optical carrier
signal. The other alternatives are digital (discrete) and pulse width (discrete). The
modulated signal is composed of a series of pulses with constant amplitude. While
in pulse width modulation, the generated pulses have different pulse width in order
to emphasize the modulation, in discrete modulation all pulses have the same width
and switching between the two sates represents the modulation. The study of these
schemes in system level is however beyond the scope of this thesis. Modulation is most
notably attractive in silicon photonics, as the leading candidate because of the unique
combination of potential low cost, performance enhancements due to the prospect of both
photonic, and electronic/photonic integration, as well as compatibility with the world’s
most successful electronic technology, CMOS. However, whilst various silicon modulators
design continue to be developed, other solutions include hybrid combinations of different

materials to fulfil the functions that silicon on its own is, as yet, unable to deliver.
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The general performance metrics of a modulator device are generally assessed based on

several specifications as summarized in the next section.

2.2 Modulation Specifications

Table 2.1 shows the key performance metrics of typical optical modulator or switch.
There are clear trade-offs between these specifications. For example in Mach Zehnder
configuration (discussed in 5), reducing the effective length of a modulator also reduces
its power consumption and on chip losses, but it also reduces the depth of the modulation
as the two waves are not fully anti-phase. Therefore in order to achieve the most
appropriate outcome that optimistically serves certain application, it is important to

carefully optimize the modulator performance.

Specification Definition State of the art
requirement
Modulation speed The rate at which the data can be carried High>10 GHz
by a modulator
Modulation The frequency at which the modulation is reduce
Bandwidth to 50% of its maximum value. Wide
Depth of The intensity ratio of the maximum transmission
Modulation state to the minimum transmission state. Large>7 dB

Extinction ratio

Optical The useful operational wavelength range
Bandwidth of the modulator. Wide>9 nm

The optical power that is lost when the modulator

Loss is added to a photonic circuit, consisting Low<4 dB

reflection, absorption and scattering.

Length Efficiency The required effective length of the modulator
(footprint) for a complete transition between a maximum Small<2000 pm

and minimum of the optical transmission.

Power The energy expended in producing

Consumption each bit of data (energy/power per bit). Low< 10 £J/bit

Table 2.1: Modulator General Specifications

2.3 Modulation Methods in Silicon Photonics

The easiest way to obtain modulation of a light beam is direct modulation which the
intensity of light is modulated through varying the current driving the light source itself.
This causes the refractive index of the cavity to change. Because the lasing wavelength is
determined from the feedback condition in the lasing cavity, the change of the refractive
index also results broadening the emitting frequency (chirping effect). Although most

optical detectors respond to this sort of modulation, it is normally avoided for laser
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diodes where narrow linewidth is required due to a high bandwidth chirping effect [12].
In contrast, external light modulators become more attractive since they are universally
applicable to a large variety of materials. In addition modulation speeds can be higher
in external modulations and direct phase modulation is also possible. Furthermore,
individual modulators can be used to feed the generated light by a single light source
into multiple channels and hence the total power budget of the system can be reduced
[13]. Also optical isolation and wavelength stabilization (which is required to overcome
wavelength drift due to the temperature changes) can be only performed once for the

whole system [13].

External optical modulators can be realized by varying one or more fundamental prop-
erties of an optical wave. These include power, irradiance, amplitude, frequency (wave-
length), phase and polarization. At optical frequencies however, not all of these pos-
sibilities are equally suitable and their applicability strongly depends on the detection
procedure [12].

External modulators can be classified in two major groups according to the change
in a parameter of the optical beam being modulated. These are electro-absorptive
modulators and electro-refractive modulators. The alterations may be performed by
inducing certain changes in the properties of the participating materials that are used in
the waveguide structure. In absorptive modulators absorption coefficient of the material
is changed while in refractive modulators, manipulation of the light beam is based on
the change that occurs in refractive index of the material, normally in accordance of
an external electric field. Absorptive modulator techniques can be realized using Franz-
Keldysh [14] or Quantum Confined Stark effect [15].

Franz-Keldysh effect usually requires massive applied voltage which is limiting its ap-
plication in conventional electronics [16]. The QCSE has stronger changes in absorption
coefficient compared to Franz Keldysh effect by shifting the absorption edge to lower
photon energies ( > 0.1eV'). However, using these effects in specifically silicon platform
devices requires the introduction of a new material(s), which may complicate device
designs. In the literature, I17-V semiconductor materials such as GaAs with AlGaAs
barriers or InGaAs with InP barriers are among the most being studied combinations
so far [15].

In electro-refractive modulators the refractive index change is normally produced through
the change in applied external electric field (voltage). This is a preferred way of imple-
menting modulation because it has little or no current flow (and hence low power) and
a fast response time. Changes as high as...in refractive index are reported in the liter-
ature. Unlike electro-absorptive modulators which tend to change the light amplitude,
the immediate effect of all refractive based modulator operation is change of the phase
of a light beam. This can be converted into amplitude modulation using different mech-

anism. The most common approach is to use a Mach Zehnder Interferometer (MZI) and
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destructive superposition of the light beams progressing through each wing. The MZI
can be configured in symmetric or asymmetric arrangement depending on the required
wavelength and integration conditions (Figure 2.1). Other alternative approach is to
convert phase modulation to intensity modulation through using a resonance structure,

such as ring resonator.

Amplitude modulated Signal

Passive Wing

Original Signal Phase Shifter Wing

Figure 2.1: Basic layout of a symmetric Mach Zehnder interferometer structure.

wy, Typically an effective index change of at least in the order of 107 is required to make
the device viable at reasonable dimensions [17]. Refractive modulation techniques can
be achieved by taking any of electro-optic [11], magneto optic [11], acousto-optic [18]

and thermo-optic [17] effects into account.

Although electro-optical modulation has been demonstrated using silicon in inappropri-
ately large structures (micro or mili scales), modulation is inefficient due to the centro-
symmetric crystal structure and poor electro-optical features of silicon [19,20]. The
magneto-optical modulators also have considerably limited applications, since electric
field is easier to generate [11]. In the literature, silicon has been highlighted as a material
with the highest thermo-optic characteristics among the other common thermo-optical
materials [21]. Nevertheless the application of this effect in communications and elec-
tronics is also restricted due to the slow response time and narrow provided bandwidth.
Commonly the application is investigated in in-line optical variable attenuator, where
the required response time is in the order of kilohertz, as well as in sensors technol-
ogy [21]. Several piezoelectric materials such as lead zirconium titanate (PZT), zinc
oxide (Zn0), polyalkene/polyvinylidene fluoride(PVF2), and vinylidene difluoridetriflu-
oroethylene (VDF-RFE) have been investigated to realize acousto optic modulation in
various silicon based configurations (cylinder, clip-on, and resonators) [17,22]. These
modulators could reach the bandwidth as high as 1GHz which is still far away from the

current state of the art plasma dispersion based modulators.

The plasma dispersion effect (free carrier concentration changes) is a common technique
for both refractive and absorptive modulation. The method is one of the widely used

techniques in particular for materials such as silicon. Silicon has a weak electro-optic
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effect because of its centro-symmetric crystal structure. Therefore free carrier plasma
dispersion effect is a preferred method to use in Si based modulators. However, in
silicon, the optical absorption due to the plasma dispersion effect is relatively weak
[23]. Consequently, electro-absorptive modulators, constructed from these materials
may require an impractically long active waveguide. Therefore electro-refractive based
modulation using plasma dispersion effect can provide higher efficiency in materials such

as Si.

2.3.1 Plasma Dispersion Effect

Free carriers that can move freely in a conduction band absorb the energy of photons and
jump from a filled region band below the Fermi level to an unoccupied region above the
Fermi level (in the same band) [24]. As mentioned before, this is different from intra band
absorption in semiconductors where the absorption is due to the electron that is being
raised from a valence band to a conduction band. If the concentration of free carrier in
a semiconductor is therefore changed the absorption characteristic consequently differs
from its nominal state. The amount of variation is however very much dependent on

material properties and may be considerably different from one to another.

Carrier concentrations in a semiconductor or dielectric waveguides can be controlled by
injection, depletion or accumulation of free electrons/holes due to an external applied
voltage and its resulting electric field. For silicon waveguides, relatively high amount
of free carrier density variations are required to cause an effective change in absorption
coefficients. However this can be optimized against the interaction length of the modu-
lator which is the length required for the propagating wave to interact with the newly
distributed carriers. Hence normally the carrier density change has a parallel effect in
refractive indices of different materials as well as their absorptive behaviour. This is
described by the Drude-Lorentz equations that relate the concentration of electrons and
holes to the absorption coefficient (A«) and refractive index (An) [7,24]:

63)\% AN@ ANh
An = Am2c3egn [Me(mze)g - uh(m;‘h)2] 2
232
Ag— —° Ay | ANe AN, (2.2)
8m2c3eon [ (mk)  (my,)

where c¢ is the velocity of light in vacuum, Aq is free space wavelengtheq is permittivity
of free space, . is the electron mobility,uy, is the hole mobility, m.y, is the effective mass
of holes , me. is the effective mass of electrons, AN, and AN}, are the change of free

electrons concentration and the change of free holes concentration respectively.
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2.3.2 Dispersion Effect in Silicon Based Modulators

In this work the study of the effectiveness of Si and compatible materials is particularly
desired because of the unique advantages that Si and Si technology offer. Soref and
Bennett explained that the relative efficiency of the electric Kerr effect and the Franz-
Keldysh effect are small in Si and the Pockels effect is almost negligible [13]. They
concluded that the only remaining candidate for high speed modulation through using
Plasma dispersion effect in Si. In particular, they focused on the communications wave-
lengths of 1.3 um and 1.55 um and worked out the following empirical expressions which

were in a good agreement with Drude- Lorenz model [13].

For 1.55 um:

An = Ang + Anj, = 8.8 x 10722AN, + 8.5 x 1078 (AN,,)® (2.3)

Aa = Aae + Aay, = 8.5 x 107BAN, + 6.0 x 1078 (ANy,) (2.4)

And for 1.3 um:

An = Ane + Anj, = 6.2 x 10022AN, + 6.0 x 107 18(AN,)"® (2.5)

Aa = Aae + Aay, = 6.0 x 107BAN, + 4.0 x 10718(ANy,) (2.6)

Once again from Equations 2.3, 2.4, 2.5 and 2.6 it can be seen that any changes in free
carrier density of the waveguide can cause a change in both refractive and absorptive
characteristics of the waveguide. In these expression it can be also observed that the
effect of hole concentration change refractive index of Si is much higher than its effect
caused by electron concentration change. The reason is because the effective mass of hole
is larger than electron. Also Electron mobility is higher than hole. However electron and
hole concentration change both have comparable effects on absorption behaviour of Si.
It is also important to remember for a functional modulator it is desired that only one
feature (either refractive or absorptive) of the waveguide effectively changes at a time.
If the electro refractive modulation is used for example the carrier concentration should
be chosen appropriately so that the absorptive behaviour ideally remains unaffected or
is altered minimally. Otherwise extra losses are added due to carrier absorption which
can significantly disorder phase modulation process. In addition, it will undesirably
distract the purposed destructive combination of phase shifted wave and original wave,
hence lower modulation depth is achieved. It is therefore critically important to clearly
decide whether the modulator should operate as a phase modulator (electro refractive)
implemented by refractive index change or as an intensity modulator (electro-absorptive)

realized by the variation in absorption coefficient. Based on that, the best trade off and
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optimization of carrier distribution parameters has to be made in order to reach the

requirements of the quality modulation.

2.4 Plasma Dispersion effect in literature

Based on the three mechanisms, modulation in Si waveguide has been demonstrated in
a large variety of structures. In this section, I will summarize the most successful works

that are widely reported and referred in the literature.

2.4.1 Phase modulators based on carrier injection

Carrier injection can be realized by applying forward bias across either a p-n junction
or through using highly doped p and n regions that are separated by an intrinsic or
a lightly doped n region. Applying forward bias voltage across the device causes free
electrons and holes to be injected into the waveguide region. The drawback in such a
mechanism is the diminished switching speed due to carrier recombination in intrinsic

region of the waveguide [13].

The first free carrier injection based modulator in Si was proposed by Soref and Bennett
[25]. A pTnn™ Si rib single mode waveguide was realised which can induce a 7 radian
phase shift is less than 1 pum length. In the first approximation it has been reported by

the authors that the modulator is polarization independent [25].

The first theoretically analyzed phase modulators using dual gated metal-oxide semicon-
ductor field-effect transistors is reported in the late 1980s [20,26]. The injected charge
is controlled by the junction field effect where the depletion width controls the effective

cross-sectional area of the conducting channel.

Another Si phase modulator is realized through implying Mach-Zehnder interferometer
configuration by Treyz at IBM research division as shown in Figure 2.2 [27]. The oper-
ation is multimode and characterized at the wavelength of 1.3 um based on the carrier

injection into the p type guiding area by applying a forward bias.

-
R
g
p-type Silicon

n* Silicon Substrate

Figure 2.2: Schematic diagram of Treys model [28]
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The device has relatively small response time (of about 50 ns), but experiences a high
loss in comparison with Soref and Bennetts design, due to the rather weak optical con-
finement in the vertical direction [7]. The resulting absorption of the guided modes by
n doped Si substrate is however eliminated as the fabrication of SOI based structures
advanced. The vertical fabrication remained challenging, since substrate contacts could
not be included [7]. Based on Treyz demonstration several more efficient vertical struc-
tures have been reported [27,29,30]. Works carried out by considering three terminal
structures as suggested firstly by Reed at the University of Surrey [31,32]. Three termi-
nal modulator geometry in general contains a rib waveguide which is configured in a form
of a p-i-n diode as shown in Figure 2.3. This device operates in injection mode. One
positive terminal is connected to the highly p doped region on top of the rib waveguide
surface while the other two negative (or zero biased) terminals are configured on the
horizontal surfaces of etched regions on both sides of the rib. Application a forward-bias
voltage to the p-i-n structure leads to dual injection of both holes and electrons into the

central region of the waveguide.

Silicon

Figure 2.3: General form of a three terminal modulator structure

Several similar topologies have been theoretically and experimentally investigated in
different dimensions where their design differently engineered to observe the structural

effects on the performance. [33-37].

For example in 1997 a three- terminal modulator is reported by Cutolo using single
mode low-loss SOI waveguide [33]. The author has however concluded that the three-
terminal electronic structure is significantly more efficient than two-terminal pin diode
based modulators which are also predicted previously by Reed and Tang in [31,32]. Two
years later, this design has been developed by Hewitt and Reed to achieve the lowest
predicted (for such a large structure) current at that time to achieve 7 phase shift [34,35].
They have shown that the three-terminal devices require less current (2.8 mA versus 8
mA) and are relatively faster (29 ns vs. 39 ns) than two-terminal designs for the same
injection concentration [35]. This is clearly due to the more efficient carrier injection
in three-terminal devices in comparison with general two terminal models. In contrast

however, the three-terminal devices can suffer from extra optical attenuation caused by
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the added doping contact at the top of the waveguide. This drawback could be resolved
if an alternative is used, such as indium tin oxide, aluminium zinc oxide and zinc oxide

that exhibit a better transparency.

Hewitt and Reed also add a new feature to their p-i-n phase modulator design [35] in
order to improve the carrier confinement in the waveguide area. They have successfully
applied trench isolation and report if this extends laterally on either side of a modulator it
can improve both the DC characteristics by up to 74% and transient device performances
by up to 18% [38]. This is shown in Figure 2.4a. An alternative method represented in
Figure 2.4b was established by Day [36].

A Cathode

5.5 pum

3.0 pm
e

Silicon Substrae iy

Figure 2.4: Days three terminal modulator. The regions A and B that are
illustrated here are etched trenches in the intrinsic silicon [38]. b) Introduction
of deep diode etch over standard doped structure by Day [36]

The argument here is to keep all injected carriers in the Si in the region between the side
doped contacts for better carrier confinement. This is unlike the case where the doped
regions are located in the surface of the slab region on either side of the waveguide [36].
They could improve both DC and transient performance in the order of magnitudes,
although the size of waveguide was relatively large (4 pwm in height) [36]. By reducing
the waveguide dimensions that is shown in Figure 2.4b, Whiteman purposed to reduce
the physical extent of the optical mode [37]. This allows the doping contact regions
to be closer before an overlap with the optical mode occurs [37]. Hence the carriers

will be injected and depleted from the optical region at higher speed. The effect has
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comprehensively improved the performance from 85 mW to 50 mW power consumption
and 1.7 M Hz to 10 M H z bandwidth [36,37].

In 2004, a low-loss single-mode optical phase modulator based on SOI was modelled by
Png and Reed [39]. Although the reported work is purely theoretical, the bandwidth
extends to the GHz region due to the size reduction of the device and optimized dop-
ing profile in the n+ regions to maximize injection efficiency (Figure 2.5). However a
further slight improvement has been illustrated (3%) if the edges of the rib waveguide
are rounded. This may occur within the fabrication process and helps to improve the

carrier distribution profile.

3 Anode ¥ b Anode ¥
= Elnm - I ',-" —= 0.5 pm -—
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Figure 2.5: Theoretical model of a three terminal modulator design by Png and
Reed [39].

Both the length and cross section of three terminal devices cannot be reduced indefinitely
since this reduction posed excessive insertion loss greater cost and power consumption.
Having additional metal contact in three terminal structures can induce further absorp-
tion loss or may require more complicated fabrication steps. Furthermore as discussed
earlier the free carrier density and refractive index cannot be varied quite generously
since it may cause the excessive absorptive characteristic to change too. With three
terminal structures the effective confinement of the carrier is also challenging. Conse-
quently the speed, length and the size of such modulator has been restricted so far [26].
However in 2005 Xu offered a new configuration to overcome this difficulty by using
micro-ring resonant structures [19]. The schematic of this layout is illustrated in Fig-
ure 2.6. The authors introduced a p-i-n diode based carrier injection scheme into sub-
micrometer waveguide based ring resonator structures, and achieved an initial data rate
of 1.5 Gbits'. The rings had diameters of 12 um, providing the device size much smaller
than any MZI-based modulator reported so far. The authors later reported improved
results of 16 Gbits' with an extinction ratio of 8 dB using a pre-emphasis driving sig-
nal [40]. This method of modulation was also used by Green et al for a MZI based
modulator, which achieved a data rate of 10 Gbits! for a device length of 200 um [41].

The use of pre-emphasis drive signals in silicon modulator was first proposed by Ping
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and Reed in 2004 [39]. This involves manipulation of the drive signal shape to reduce

state transition times [39].
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Figure 2.6: Schematic of the ring resonator-based modulator designed by Xu.
The inset shows the cross-section of the ring [19].

Although significant length is saved with resonant devices, the resulting bandwidth is
often reduced from more than 20 nm in the case of an MZI-based device to around 100
pm in the case of ring resonators [19]. Furthermore micro-rings are very temperature

dependent and therefore temperature stabilization may be required [13].

2.4.2 Phase Modulators Based on Carrier accumulation

Carrier injection based demodulators in general, suffered from recombination of elec-
tron and holes in p-n/p-i-n junctions that inappropriately limits the switching speed
narrowing the bandwidth of the device. More recently carrier accumulation has been
investigated where thin insulating layer(s) of dielectric used in the waveguide structure
in order to split the waveguide into capacitor(s), forms inversion layer on the sides of

dielectric due to the applied external voltage.

The major milestone in Si modulators that has attracted huge media attentions was
established by Liu, Intel Corp [42]. This work reports an experimental demonstration
of a silicon phase modulator with a bandwidth that exceeds 1 Ghz for the first time.
The device operates by free carrier plasma effect but based on carrier accumulation

mechanism. The schematic of this device is illustrated in Figure 2.7.
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Figure 2.7: Schematic of the a MOS capacitor waveguide phase modulator using
SOI technology [42]

The device structure consists a n-type crystalline at the bottom and p-type polysilicon
rib layer on top that are separated by a thin insulating oxide layer. Once a positive
voltage is applied to the p-type polysilicon, charge carriers accumulate at the oxide
interface. This will then cause an effective change in the refractive index distribution

that in turn shifts the phase of propagating wave through the device.

The bandwidth of the device faithfully exceeds 1 GHz. However, the effective length
of the device is large (single 2.5 mm long phase modulator) and the reported on-chip
loss is very high at 6.7 dB. Furthermore the device is highly polarization dependent
because of the horizontal gate oxide. Phase modulation efficiency for TE polarization is
larger than TM polarization by a factor of seven has been demonstrated [42]. Therefore

all measurements reported were based on TE polarization.

Further to the Intel Corp model that predicts the device can be scaled to operate at 10
GH z, other carrier-accumulation based device was later demonstrated with such a high
bandwidth. One successfully work has been demonstrated with an modulation depth of
3.8 dB [43]. Another accumulation-based modulator has been reported by Lightwire,
which also achieved 10 GHz with an improved modulation depth of 9 dB [44]. The device
is considerably efficient compared with Liaos model since it benefits from a significant

reduction of active length from 3.45 mm for Liaos model to 480 pm [44].

Unlike carrier injection modulators, in carrier-accumulation mechanism, the modulation
is not affected by the relatively long minority carrier lifetime in silicon, but is instead

restricted by the device resistance and capacitance [13].

2.4.3 Phase modulators based on carrier Depletion

To avoid the speed limitation caused by the recombination of carrier, carrier depletion
operation is proposed. In carrier depletion method one possibility is to form lightly

doped p- and n-type regions adjoined in the waveguide to obtain a pn diode reverse bias
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voltage causes the depletion area of to extend towards the edges and hence to deplete
carriers from the waveguide area. Carrier depletion devices operate by allowing the
propagating light to interact with the created depletion layer at a junction of reverse

biased p-n diode and hence altering the initial refractive index.

A modulator with a bandwidth of 50 GHz was theoretically demonstrated by Gardes
as the first carrier depletion based modulator in 2005 [45]. Intel has realized a similar
three terminal device with two p-n diodes by Liu with a rate of 40 Gbits~! [46]. The

schematic of this device shown in Figure 2.8.
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Figure 2.8: The schematic diagram of the theoretically studied of the optical
phase modulator based on carrier dispersion effect [46].

The 50 Gbits~! silicon based modulator has been realized by Thomson and Gardes
in 2012 as the fastest reported device [47]. This is shown in Figure 2.9. The device
is incorporated in a Mach-Zehnder asymmetric interferometer structure. The reported
extinction ratio is relatively low due to higher propagating losses. The authors expressed
that small segment of the loss is due to the two multimode interference structures used
to split and recombine the light from the two MZI wings. The remaining loss which
has resulted a limited extinction ratio is the due to the scattering and impurities [47].
Optimisation of the fabrication process has been offered by the authors to result a lower
loss device [47].
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Buried oxide

Figure 2.9: The schematic diagram of the fastest reported phase modulator
implemented in a MZI structre based on free carrier depletion effect [47].

Carrier depletion approach has been studied in resonant-structure-based modulators.
Successful works with the speed as high as 10 Gbits' have been demonstrated. The
fastest ring resonator carrier-depletion-based structure reported so far operates at a
bandwidth as high as 5 GHz [48].

It can be concluded, high modulation efficiency using an injection or an accumulation
based modulator is achievable, but only at the expense of modulation speed as high as 10
GH z. However the depletion devices, in which higher modulation speeds can be reached,
with longer effective length and higher power consumption. Therefore a challenge still
remains to improve efficiency while maintaining other performance specifications such

as propagating loss.

2.5 Loss Metrics Consideration

The overall propagating loss of a modulator is one of the fundamental metrics of the
specifications mentioned in Table 2.1. In particular for nanoscale structures where the
overall loss increases mainly as a result of coupling and greater modal interaction with
sidewall roughness. As a result of additional loss the modulator performance is restricted

due to the increased power consumption and smaller modulation depth.

Within the works reported in the last decade, there has been a promising improvement
in the switching speed of Si modulators mainly as a result of considering the device
operating in depletion mode. However, the loss applied to all referred works above,
even the fastest reported one [47], has been considered as an issue which limits the
performance of the modulator. Also the loss performance has not been very much
investigated due to several reasons. The random nature of some of loss origins (such
as scattering loss, which will be discussed later), the complication of the geometry and
various absorptive characteristics that different materials may have are among the main

reasons.
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Possible solutions may be offered to boost the loss performance of the device if an
accurate estimation of loss can be achieved. In some of the reported works, there have
been efforts to minimize the propagating loss mainly by adjusting the parameters which
directly affect the absorption behaviour of the devices. However, the influence of the
other components of loss origins such as side wall roughness has yet to be individually
studied and analysed. This will help to achieve an accurate comprehension of the loss
effect in the modulation performance and consider the effective solutions. Such work

has not been yet reported in any literature to the best of the my knowledge.

Also, it is clear that producing all building blocks of a modulator from Si as a monolithic
structure can be challenging, and commercial success depends on the device performance
and demands. So far, in order to improve modulation performance metrics, only few
attempts have been made to investigate the effect of the presence of other material(s)
that are potentially compatible with Si. Although the plasma dispersion materials still
continue to be developed, introducing new materials to silicon based device and hybrid
combinations can help improvement in two ways. The addition of new materials can fulfil
the functions (such as electro-optic, acousto-optics effects) that silicon alone is currently
unable to deliver because of its natural poor optical characteristics. At the same time,
they can also help to efficiently in free carrier distribution in the waveguide. As one
of the main focus of this research, this reasoning leads to investigate hybrid structures
that benefit from addition of potential materials, specifically ZnO and SiOs together
with silicon itself. It can participate in modulation based on acousto optic effect, that
has been successfully demonstrated in optical fibers [18,22]. More importantly, since
ZnO is naturally n-doped material, it can contribute in free carrier transitions without
adding any additional loss due to its transparency at relatively wide wavelength range
(700 nm to more than 1600 nm). At the same time it can be practically useful to reduce
the effect of scattering loss due to sidewall roughness if purposely applied. This effect
can be investigated by introducing a novel roughness model discussed in Chapter 4 into
the purposely designed hybrid modulator structure as one of the original motivations
of this work. Hence reliable evolution of possible improvement that effective solutions
may serve in a loss performance of the modulator can be studied. This discussion will
be later followed in Chapter 5 in detail after reviewing the essential background of loss

in general.






Chapter 3

Scattering Loss in Optical
Waveguides

3.1 Introduction

It is mentioned in Chapter 2 that the loss performance is an important metric to consider
in the design of an optical modulator operating based on plasma dispersion effect. In
order to establish a well detailed insight of the role of the loss in the performance of such
an optical modulator it is necessary to study the meaning of optical loss. In addition, the
major sources of optical losses that contribute to the operation of the modulators have
to be assigned accurately. In this Chapter a brief introduction to these potential sources
will be given. The effect of sidewall surface roughness in the quality of propagation will
be highlighted as one of the main sources of loss in state of the art optical modulator
designs. Most successful experimental and analytical approaches to estimate scattering

loss due to the waveguide roughness will also be reviewed.

3.2 Optical Loss Terminology

In different photonics devices various properties of propagating light may be altered
either purposely or unintentionally. Once the light is generated and starting to propa-
gate from a source into a waveguide it is manipulated and can be expanded, reflected,
polarized, observed, refracted, scattered, condensed, filtered and so on as a result of a
specified process. Sometimes these manipulations are purposely done in order to serve
a particular application. In some other cases they result from the limitations imposed
by physical characteristics of the light and optical properties of the interactive sub-
stances(i.e. dispersion). Some of these manipulations are appropriately manageable. In

some other cases they cannot be fully brought under control and hence are considered

23
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to be unavoidable constraints. Within last decades many efforts have been made to
control the light characteristics when interacting with real medium [49]. In particular in
the applications where the light intensity is weakened as it propagates in a real medium
due to propagation characteristics and losses. This loss may be very small in specific

dielectric materials for instance, but it cannot be zero at any time.

The interpretation of optical loss is different for each individual device, system or appli-
cation. It entirely depends on the overall purpose of that device, system or application.
For example in sensing application, the amount of measured optical loss along an optical
fibre can be used to sense particular change in core/cladding interface properties [50].
Nevertheless in data transmission and relevant devices the optical loss in optical waveg-
uide may not be desirable. While in some applications the scattering, absorption, re-
fraction, and reflection are useful properties, in others are considered to be the main

source of undesirable attenuations.

Optical loss in different type of optical waveguides from photonic nanowires and waveg-
uides to optical fibres, have been always contemplated as an important parameter that
can affect device/system performance. Advances in optical waveguide technology allow
the integration of optical devices for high-performance operations such as communica-
tions [1]. Semiconductor and dielectric optical waveguides are dominantly considered
as the basic building block of complex optical integrated circuits. In comparison with
optical fibres that are used in telecommunication applications, optical waveguides for in-
tegrated optical devices usually exhibit higher losses due to their smaller sizes and errors
occurred in the fabrication process. Therefore extensive studies have been in progress to
explain successful techniques to quantify and consequently treat optical losses in optical
waveguides [6,51,52]. For instance advances in material researches could dramatically
reduce optical loss in waveguides [9,10]. Vast number of researches are still going on
to provide possible solutions in order to efficiently reduce optical loss as the waveguides

scale down toward nano regime.

In order to serve a reliable estimation and treatment of optical loss it is necessary to
have a realistic perception of the origins that causes optical loss in optical waveguides.
This chapter briefly emphasise the mechanism of optical losses in optical waveguides in

two categories; Extrinsic and Intrinsic losses.

3.3 Optical Loss Mechanisms in Optical Waveguides

3.3.1 Extrinsic Sources

Extrinsic losses correspond to geometrical specification of an optical waveguide rather
than the material and imperfections that occur within the fabrication and processing in

the construction of the waveguide.
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3.3.1.1 Coupling Loss

This limitation usually arises either when the light is coupled into the waveguide from
the light source or another photonic component, or associated with the coupling of the
output of one waveguide to the input of another one or photonic component. There are

several causes which may result coupling losses in waveguides.

1. Optical Source Radiance
When the light is coupled from the light sources, if the launched rays are outside the

right angle range, only excites dissipative radiation modes. Using objective lenses
and suitable focusing arrangement can realise more efficient coupling between the
light source and the waveguide [53]. The amount of power launched from a source
into a waveguide depends on the optical properties of both the source and the
waveguide. It depends on the radiance of the optical source which is the amount
of optical power emitted in a specific direction per unit time by a unit area of
emitting surface [53]. For most types of optical sources, only a fraction of the

power emitted by the source is launched into the waveguide.

2. Fresnel Loss

When the light needs to couple form either a light source or one waveguide to an-
other, optical power may be reflected back into the source or the source waveguide.
This reflected power is lost. This initial facet loss is called Fresnel losses that are
due to reflections at the entrance aperture. In other word, Fresnel reflection is
caused by a step change in the refractive index that occurs at the waveguide joint.
This step change in refractive index is usually caused by a small air gap between
the facets of waveguide. The ratio R in equation 3.1 approximates the portion
of incident light (light of normal incidence)that is reflected back into the source

waveguide [54].

2
R= (”1_”“> (3.1)
ny +ng
Here n; is the refractive index of the waveguide and ng is the refractive index
of the medium between the two waveguides. Loss from Fresnel reflection may
be significant. They become particularly more considerable if the waveguide and
source are air coupled. A substantially better coupling can be therefore achieved by
utilizing index matching materials [53]. Index matching materials help to reduce
the step change in the refractive index at the waveguide joint, reducing Fresnel

reflection.

3. Waveguide misalignments

Coupling loss can be also significant in where two waveguides or waveguide based

components having lateral, longitudinal or angular misaligned centres. Most of
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these alignment errors are caused by mechanical imperfections introduced by waveg-
uide or fiber jointing techniques. Longitudinal misalignments or waveguide sepa-
ration occur when there is air gap between the facets of two joining waveguide. It
becomes lateral misalignment if there are offsets between the two joining waveg-
uide centres rather than a gap. Angular misalignment happens when their axis is
tilted and hence the two waveguides are no longer parallel. Figure 3.1 illustrates

these three typical form of misalignments.

c
Figure 3.1: Different types of misalignment; a)Longitudinal b)lateral and
c¢)angular

Coupling loss caused by lateral and angular misalignment typically is greater than
the loss caused by longitudinal misalignments due to the relative ease in limiting
the distance of waveguide separation. Coupling losses due to misalignment also
depend on waveguide type and structures, the cross section size and the distribu-
tion of optical power among propagating modes. Waveguides with large Numerical
Apertures (NAs reduce loss from angular misalignment and increase loss from lon-
gitudinal misalignments. Single mode waveguides are more sensitive to alignment
errors than multimode waveguides because of their smaller cross sectional size.
However, alignment errors in multimode waveguides joint may disturb the distri-

bution of optical power in the propagating modes, increasing coupling loss [54].

. Poor Facet Preparation

The coupling loss increases as a result of poor facet finishes of the waveguides.
The facets must be flat, smooth and perpendicular to the waveguide axis to ensure
proper connection. If there are considerable imperfections at these facets the light
will be scattered. In most cases the waveguide imperfections introduced on the
facets during the sample cleaving process which will require to be polished in order

to immunise the side effects. This is graphically shown in Figure 3.2.
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Figure 3.2: Poor facet preparation which causes that causes coupling loss

5. Waveguide Mismatches

Coupling loss can arise independent of the waveguide jointing techniques, from
the differences (or mismatch) in the inherent waveguide characteristics of the two
connecting waveguides. There are three main types of mismatches in waveguide
connections; waveguide cross sectional (geometry) mismatches, numerical aperture
mismatch and refractive index profile difference between two waveguides. Cross
sectional mismatches include the geometrical difference between the size or shape
of the cross section and thickness of the core and cladding. This is graphically
shown in 3.3. Numerical aperture (NA) mismatches result only if the launching
waveguide has a higher NA than the receiving waveguide. Likewise coupling loss
from refractive index profile difference is a case only if the launching waveguide
has a larger profile parameter (real and imaginary refractive indices) compared to

the receiver waveguide [54].

Figure 3.3: Mismatch between the cross sections of two connecting waveguides

In general, coupling loss is a parameter and can be broadly vary for different geometries
and sizes. For example a reasonably designed and optimised waveguide with larger
aperture may provide a more efficient coupling compared to a waveguide with tighter
opening. Hence various input and output waveguide coupling mechanisms have been

developed to enhance coupling efficiency [55].
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3.3.1.2 Bending Loss

The light is distorted when the waveguide is deformed from the ideal straight config-
uration to include a bend in the propagation path. Any bend has an inner and outer
radius. In order to maintain all power of the light when it propagates along a bend,
the wavefront on the outer radius must travel faster than the part of the smaller inner
radius. This is obviously not achievable and hence a portion of the power must be radi-
ated away. The bending loss is different in different waveguide types such as rib, ridge

or wire. It is also much greater in sharp bends in comparison with smoother bends.

3.3.2 Intrinsic Sources

Intrinsic losses are those associated with the materials that are applied in the structure
of the waveguide. Unlike extrinsic losses, the total intrinsic loss is proportional to length
L. Once the light is launched inside a waveguide, it is persistently attenuated as a result
of the primary causes of the loss; absorption in the waveguide materials and scattering

by surface roughness and material inhomogeneities.

3.3.2.1 Absorption Loss

In optical waveguides attenuation happens due to the interaction of photons with atoms,
molecules and carrier charges of the medium itself or any additional impurities present in
the medium. The energy that is lost in this way is usually converted to heat or acoustic

waves.

Optical absorption is totally independent of the geometrical properties of the waveguide
and quantified by attenuation coefficient. When the attenuation coefficient is large the
light beam quickly decays as it progress through the waveguide. When it is small it means
that the waveguide material is relatively transparent to propagating light. Absorption

losses can widely differ from material to material and from wavelength to wavelength.

In many dielectric and semiconductor optical waveguide devices, band edge absorption
and free carriers are considered as two main causes of absorption loss [56]. Absorption
edge introduces an absorption discontinuity in the absorption spectrum of a substance.
This discontinuity occurs at wavelengths where the energy of photon corresponds to an
electric transaction between the two bands 3.4. In another world, an edge absorption
happens when a photon is absorbed with energy greater than the band gap to excite
electrons from the valence band. Note that when the quantum energy is smaller than
the required work to eject an electron from one state the photon is not absorbed. Mini-
mum absorption level can be obtained by selecting a wavelength that is longer than the

absorption edge wavelength of the material. The optical absorption caused in this way
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is an inherent loss mechanism that exists in all materials and tends to be an exponential

function of length.

Conduction Band

E=hc/A

Energy

Valence Band

>
Momentum

Figure 3.4: Example of interband absorption in a direct band gap semiconductor

The concentration of free carriers in semiconductor waveguides can significantly affect
the absorption loss amount. Free carrier effects will be explained in more details in
Chapter Four. This effect is generally explained according to Drude-Lorenz equation
which describes how the variation in the concentration of electrons and hole can change

absorption characteristic of a material [1].

3.3.2.2 Scattering Loss

e Scattering In General Mediums:

Light scattering in general is a phenomenon in which the energy of light is scattered
due to the interaction of light with matter. The primary sign of scattering is the
deflection of the light ray from straight path. Scattering is inelastic if it involves
transfer from one energy form to another. The two types inelastic scattering are
Brillouin scattering and Raman scattering. The light is scattered with acoustic
phonons (vibration of quanta of lattice vibrations in solids and elastic waves in
liquids) in Brillouin scattering and with optical phonons (predominantly intra-

molecular vibrations and rotation) in Raman scattering [57].

On the other hand, elastic scattering occurs when there is only negligible energy
transfer. Elastic scattering can be divided into three domains that are Geometric,
Mie and Rayleigh scattering. This classification is based on a dimensionless size

parameter o = wD,/\ where mD),, is the circumference of a particle [57].

Rayleigh scattering is a broad class of elastic scattering where the electromagnetic
radiation is caused by particles much smaller than the wavelength of incident light
(o << 1). Tt occurs when light penetrates gaseous, liquid, or solid phases of

matter. It results from electric polarizability of the particles that may be as small
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as atoms or molecules. The electric field of the incident light wave acts on the
charges within these particles causing them to move at the same frequency of the
light. The particles therefore become small radiation dipoles whose radiations from
the scattered light. The intensity of scattered light is inversely proportional to the
fourth power of the wavelength of light in accordance to the following expression

for single small particle [57]:

20 d n? -1

2
= —— 2
“ 3 )\4(112—1—2) (3:2)

where n is the substance refractive index, d is the of the particle and A is the
wavelength of the incident light. It can be seen from the expression that that the
shorter wavelength in visible are scattered stronger than the longer wavelengths.
Rayleigh scattering is normally considered as the main cause of signal loss in optical

waveguides.

Mie scattering is a form of light scattering by mainly spherical particles of any
diameter. In general, the amount of scattering is not strongly dependent on the
wavelength, but is sensitive to the size of the particle. Mie scattering can cor-
respond to Rayleigh scattering if the diameter of the particles are much smaller
than the wavelength of the light. At this limit the shape of the particles no longer
matters. Hence, Mie scattering are more meaningful when the particles are about
the same size of the wavelength of the light (o = 1). Mie scattering intensity for

large particles is proportional to the square of the particle diameter [57].

Geometric scattering Restrictedly happens for particles much larger than the wave-
length of light (a >> 1).

Scattering In Waveguides:

When the light is scattered in a dielectric or semiconductor waveguide, the guided
mode may be converted to the radiation mode, other guided modes, or the same
guided mode propagating in the opposite direction. Scattering loss in the waveg-

uides can occur in two levels:

Subsurface scattering is due to the presence of molecular level inhomogeneities in
the waveguide core medium. Inhomogeneities in waveguide material can be either
structural or compositional. It is structural when the medium has disordered
basic molecular structure and varying density in nature. It can be compositional
when there are compositional fluctuations in the medium of the waveguide. These
density fluctuations are unavoidably generated in the dielectric waveguide during
fabrication and composition and by anisotropy of polarizability. In either case the
effect can be observed as a variation in refractive index. As these fluctuations are
generally small compared to the wavelength, the subsurface scattering is considered
as a form a Rayleigh scattering. It can be a process dependent parameter and

does not depend on the size and geometry of the waveguide but on the material
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properties. It is inversely proportional to the fourth power of wavelength and hence

short wavelength are scattered more than long wavelengths as stated before [53].

Surface scattering is due to surface roughness, sidewall roughness and waveguide
geometry irregularities at the core/cladding interface of the waveguide. Light
propagates inside a waveguide in accordance to total internal reflection when the
wavefront interact with the core/cladding interface. The propagating light will be
distorted by scattering if the interface is not ideal and has roughness or irregular-
ities on the surface. Hence a portion of the light power is radiated away leading
additional losses in the waveguide. The surface scattering loss is proportional to
the length and hence as the light propagate in the waveguide it decays with higher
amount. The extent of distortion depends on a number of factors including rough-
ness properties, wavelength, mode polarization state and geometry. For example,
the scattering is more considerable when the optical path is long and also for small

and high index contrast waveguides [52].

3.4 Surface Roughness As a Major Source For Scattering

Loss

As an intrinsic source of loss the surface scattering can be quite distinct from other loss

origins in optical waveguides because of several reasons:

Unlike subsurface scattering, absorption and extrinsic losses, surface scattering originates
from roughness that is a technological process dependent factor. Roughness may be
reduced or minimized by improving the fabrication process and treatment, but cannot
be fully eliminated. Regardless of the materials and the geometry a certain amount of
roughness, even small, always exists anywhere in a waveguide and any optical waveguide-

based device.

In addition, as the size shrinks down toward nanoscale, some physical waveguide pa-
rameters become significant and uncontrollable, hence limits the range of operation. In
particular the effect of roughness becomes even more important in smaller waveguides
where there is less capacity to control physical parameters in processing and fabrication

levels.

The random nature of roughness is another feature which makes surface scattering a
unique phenomenon amongst other origins of loss. The generation of roughness is very
much dependent on the fabrication process. Therefore, certain type of approaches may
be needed in order to precisely estimate the scattering loss. There have been major
methods developed to either experimentally measure or analytically estimate scattering
loss. Here I briefly review the most common techniques that are widely referred in

literature.
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3.5 Optical Waveguide Scattering Loss Measurement Tech-

niques

Over the last two decades many methods have been developed for loss measurements
in optical waveguide. There are also various techniques to split the total measured loss
into its two main components, scattering and absorption, particularly for materials with
high absorption characteristics or large number of impurities [58]. Here, among all loss
measurement methods the most common techniques will be referred, having in mind
that the scattering loss defines the ultimate lower limit on propagation loss in dielectric

and low absorptive waveguides.

Traditionally optical propagation loss is extracted through measuring the transmitted
power as a function of waveguide length [59]. One of the initial techniques using this
approach was cutback method originally implemented for fiber optic measurements [53].
In this method the transmitted power through a longer fiber (P; of length L; is compared
to the transmitted power through a shorted piece of the same fiber (P of the length of
Ls. The total attenuation per unit of length is then calculated as follows [53]:

10log%

Attenuation =

This method is later applied to waveguides on substrate [60,61]. It involves comparison
of power transmitted through waveguides of different lengths assuming identical sidewall
and surface roughness. In addition, in order to obtain accurate results fixed coupling
conditions must be applied to all waveguides over multiple measurements. Hence the
method may suffer from lack of accuracy as the reproducibility of identical coupling
conditions may become difficult over multiple measurements. In order to resolve this
problem other methods are also developed that retain a high coupling efficiency and
therefore are extensively used for propagating loss measurements. The most common
are sliding prism and three prism techniques. In these methods prism couplers are used
to couple substantial fraction of the light into the waveguide. Hence there would be no

such a requirement of cutting the waveguide and polishing the faces.

Weber et al. used two prisms, one to couple light into the waveguide and the other one
was a sliding output prism [62]. The input prism is pushed against the waveguide with
a constant pressure. In practice, it is difficult to measure the input coupling efficiency.
More accurate results can be obtained by coupling the light out of the waveguide into
the detector at different position of the waveguide. Here is where s sliding prism can be
used. The precisely adjusted output sliding prism is connected to the waveguide using
an index matching liquid. Using such a liquid helps to maintain coupling conditions
while there would be no need to press output prism against the waveguide. It is however

important that a constant fraction of the intensity of the guided light is detected by the
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detector. Weber et al. claimed by having sufficiently long contact length of the prism
along the waveguide can provide a coupling efficiency of 100% [62]. The output light
needs to be 100 percent collected by the detector and has to be not deflected or scattered
otherwise [62].

The three prisms method is established by Y. H. Won et al. as an alternative which is
independent of input and output coupling efficiencies, and also applicable to all planner
waveguides [63]. Figure 3.5 presents the schematic experimental setup. Prism 1 and 3

are fixed while prism 2 can slide along the waveguide. The light is launched and coupled

to the waveguide through Prism 1.

= Detect@
<\ Laser
\‘\\ 5 Detector 2

= e r = y
“Prism 1 Prism2 -~ Prism3 -~

'\\ = -

Figure 3.5: Three prisms measurement configuration.

If the coupling efficiency of prism 2 and 3 are ~» and -3 respectively, the output power

of prism 2 and 3 can be calculated as:

Py = y21(Lo) (3.4)

P3 = 43[I(L2) — Poexp[—a(Ls — La)] (3.5)

where « is the attenuation of the waveguide, I(L;) is the intensity of the light in the
waveguide in the position of L; that the place where the prism is clamped. Two distinct
experiments are performed, In the first case 79 = 0. In the second case v # 0 and prism
2 is moved along the waveguide changing the collected power by A P;, Using Equation 3.5

twice leads to have:

I, = PPY/AP; (3.6)

where Pg is the power collected at prism 3. As can be seen this result is independent

of the coupling efficiencies 2 and 73 . In both sliding prisms and three prisms methods
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measurement of scattered light is performed from the top of the material along its length.
The accuracy can be therefore be restricted the quality of the top surface which may

not be appropriately smooth and light can be scattered at the interface consequently.

Another accurate method originally proposed by Regener and Sohler is based on Fabry-
Perot(FP) resonance which does not need the information of input coupling loss [64].
This method is one of the most extensively used techniques to measure waveguide prop-
agation loss, in particular within the last decade [61]. A cavity can be configured when
the facets of the waveguides are cleaved or polished as its input and output ends. A
tunable laser is coupled into the waveguide through its end facet. The power of the
output light is detected by a precisely tapered single mode fibre, for a constant power
of input light. The transmission has periodic resonance spectrum which is the mea-
sured transmitted power when wavelength is varying within the range of interest. The

propagation loss can be then calculated using the following Equation [65]:

I
max 1
Attenuation = ——(—=.~—) (3.7)
L R I’!VLG/Z'
Inaz 4

min

Where here L is the waveguide length, R is the facet reflectivity and I,,q. and I, is
the peak and bottom intensity of each resonance. Although the method can provide
a high accuracy, it requires the estimation of the facet reflectivity. Assuming ideally
polished facet one can estimate the reflectivity from effective modal simulations or index

measurements using the following Equation [64]:

e -1 2
Reflectivity = (nffH) (3.8)
Neff

Another common technique which can be particularly applied to measure propagation
loss in integrated optical waveguides and devices is commonly known as out of plane
measurement, utilising a video camera assisted microcomputer system as shown in Figure

3.6 [66].
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Figure 3.6: Video camera analysis system for measuring the propagation in
optical waveguides [66]

Once the light is generated a prism film coupler is used to excite only one desired guided
mode selectively. A video camera is set on top of the waveguide to observe the light
streak scattered out of the optical waveguide. The output video signal generated by the
camera is then sent to the controller and fed into both a video camera monitor and a
microcomputer through a video analogue to digital converter. Using the micro-controller
the steak light will be transversely scanned and hence the peak intensity variations
along the streak can be obtained. Repeating the same procedure along the streak 2D
information for intensity distribution can be worked out. The slope of the least mean
squares fit to a decreasing exponential of the longitudinal variation of the mode power
in the waveguide yields the power loss coefficient. The primary configuration of this
system was insensitive to small scattering. Accordingly an improvement was achieved
by employing the fluorescence of a dye to observe the optical field propagation in the
waveguide. The unguided fluorescence light enables one to measure a map of the guided
light intensity [66]. Also by separating the absorbed fluorescent light from the excited

light using sharply cut filter , the signal to noise ration can be increased.

There are other limitedly applicable methods that have been reported in the literature
where are rarely used mainly due to the instability and complexity issues. Hence, the
details are beyond our interest. These are pyro-electric absorption loss measurement [67],

and direct temperature measurement [68] methods.

3.6 Analytical Approaches to Calculate Scattering Loss in
Optical Waveguides

As the absorption losses in waveguide for example in silicon waveguide, have been signif-
icantly reduced for 1.3 um and 1.55 pm wavelengths, the propagation losses are mostly
the result of radiation loss due to scattering by surface irregularities of the waveguide

surface walls.
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Various experimental techniques have been developed to measure scattering loss and op-
tical waveguide roughness effect in light propagation. High instrumentations expenditure
of measurement devices and the long time for any loss measurements, lead researchers
to consider analytical approaches. Hence slightly earlier there have been attempts to
theoretically evaluate scattering loss in waveguide. In this section, the most successful
models used to estimate the waveguides scattering loss in the waveguide due to sidewall
roughness are explained. The positive and negative features of each of these methods

will be also discussed.

3.6.1 Marcuse Method

Marcuse formulated the scattering losses due to the irregularities on the waveguide walls
from calculating the energy perturbation introduced by such imperfections [51]. The
applicability of its model however, is limited for an infinite dielectric slab waveguide.
Marcuse started by considering an ideal dielectric waveguide case where the solutions
for Maxwell’s equations with the boundary condition of an ideal waveguide are a finite
number of discrete guided modes. The energy carried by these modes is concentrated
inside and near the waveguide. There is however additional continuum of radiation
modes that extend to infinite distances from the waveguide. For an ideal waveguide, no
energy conversion occurs between the propagating guided modes to other guided modes
or to radiation modes. However, any imperfection in the waveguide boundaries provides
a path for coupling energy between different modes, resulting in an energy loss. In this

way the energy is shifted from the guided modes to radiation modes [51].

Such imperfections can be described as a variation in the index of refraction and a de-
viation from the straight waveguide core/cladding interface as follows. The waveguide
wall irregularities are expressed by refractive index variation dn that has a spatial depen-
dence in the propagation direction and in the direction perpendicular to the propagation
direction. This is shown in Figure 3.7 where waveguide wall has dn that has x and z

dependence.

on(x,z) -
™,
N

Substrate

n(core)

Figure 3.7: A two dimensional random profile of the sample surface roughness.
The red and green arrows represents positive and negative distances of different
profile points from the mean level (dash line) respectively.
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In an ideal waveguide case, the propagation of light is described by Helmholtz equation.
Since there is sidewall imperfection on imperfect waveguide walls, the homogeneous
Helmholtz equation is modified by replacing n? with n? 4+ én(z,2)? that results in a

modified homogeneous Helmholtz equation.

(V2 + kg (n® + on(x,2)?) | E=0 (3.9)

2 2

on(z, z)? is either 0 or —n?, depending on the spatial position. n? + dn(z,2)? is n
inside the waveguide wall and 0 outside the waveguide wall in Figure 3.7. The field
distribution of TE modes that satisfy the modified Homogeneous Helmholtz equation

can be expressed as a summation of all guided and radiation modes as follows:

By =Y Cuelen+ [ alp.2elpdp (3.10)

The expression consists of two parts. The summation part which extends over all guided
modes of the discrete spectrum and the integration part that extends to infinity to cover
the radiation modes of the continuum spectrum. e,, and €(p) describe the guided discrete
and radiation continuum modes respectively. Cp,(z) and g(p,z) are the normalised
coefficients for different modes. Substituting Equation 3.10 into Equation 3.9 and
rearranging to a set of two inhomogeneous differential equations for C,,(z) and g(p, z),

the solutions for these differential equations can be derived as [51]:

Cpm=C/+0C,, (3.11)

and

9(p,z) = glp,2)" +g(p,z)” (3.12)

The positive sign indicates the coefficient, which waves travelling in positive z direction,

while negative indicates the waves travelling in negative z direction.

Considering that the imperfect waveguide is connected to perfect waveguides at 0 and
at z=L, the power loss ratio for the fundamental MODE (M=0), AP/P, can be given

as follows:

S S [l + enof] + /0 Tl DF +la 0] d (313)

m=1
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Equation 3.13 calculates the total power lost by mode conversion from the fundamen-
tal mode to all modes travelling in the positive z direction at z=L and to all modes
travelling in negative z direction at Z=0. However, C;\, C~ g" and g~ can be only
solved approximately due the complicated algebra involved. First order perturbation
theory is employed by Marcuse to obtain approximate solutions in this approach. The

attenuation coefficient, a, can be easily obtained from AP/P [51].

Due to complexity of this theory, only numerical solutions are feasible to calculate the
scattering power loss. In addition, this theory assumes that the cladding is air. A more
simplified model is desired to work out scattering in dielectric waveguide with non-air
cladding. Furthermore, this treatment is only applicable to single mode waveguide.
The work was then extended to cylindrical waveguides and experimentally evaluated by
the same author [69]. The more accurate results for cylindrical waveguide have been
later reported by Snyder and Love where the corrected version of Marcuse expression is
published [70].

The developed expression for radiation loss by Marcuse has a complete description of
both near and far fields, while the discussion of power loss requires an expression for
only the far field [6]. Hence the expression is quite complex, not easily physically un-
derstood and includes many irrelevant parameters. This complexity makes it difficult to
evaluate the possible effects of the variation of more general waveguide parameters such

as refractive indices, optical wavelength and waveguide thickness.

Payne and Lacey developed a simplified expression by excluding the unnecessary near
field term [6]. This expression is hence less complex and includes waveguide physical
parameters. It is also commonly accepted as an analytical description for 2D planar
waveguides and widely referred in the literature for comparison with experimental results
[52,71]. There were also attempts to extend Payne and Lacey’s model into 3D structures
[52,72,73].

However, for all analytical approaches, it is necessary to access the roughness statistical
data of the waveguides in spite of the faster and cost effective features of these methods.
Furthermore, most of these methods were originally developed for 2D /3D optical rectan-
gular waveguides only neglecting the possible surface roughness on top of the waveguide.
In fact they only consider sidewall roughness of different type of rectangular waveguides.
This may be referred as an accurate approximation considering current advanced fab-
rication processes, but still may cause certain limitations in specific applications where

the top surface is not perfectly smooth.

Here below Payne and Lacey method is briefly reviewed as one of the most common and
successful analytical methods which are widely applied to estimate scattering loss due

to the roughness.
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3.6.2 Payne and Lacey Analytical Method for 2D
3.6.2.1 General Overview of The Method

In order to overcome the complexity of the Marcuse’s model, Payne and Lacey formulated
simpler expression from the far field pattern only. The waveguide sidewall roughness in
their model is considered to create an equivalent current that acts as source of radiation
from the waveguide. They modified the Helmholtz equation differently from Marcuse’s
approach. By using an approximation, the resulting electric field from the current gen-
erated by surface roughness in the imperfect waveguide can be expressed as a function
of the electric field for an ideally smooth waveguide. Solving the Helmholtz equations

in these conditions leads to the scattering loss coefficient expression.

3.6.2.2 Mathematical Description of The Method

The dielectric waveguide in Payne and Lacey analysis can be either air or non-air
cladding waveguide. Hence the modified homogeneous Helmholtz expression that Mar-

cuse derived in equation 3.9, n? + én(z, 2)? are replaced by

n? =n? + (n2 +nHUd+ f(2) — |z] (3.14)

Where n; and ng indicates cladding and core respectively, [ is the half width of the
waveguide, and f(Z) is the roughness function as shown in Figure 3.8. Here Uld +

f(2) — |x|] is unit step function where

Uld+ f(z) — |z|] = 0, for d+ f(z) < |z (3.15)

and
Uld+ f(z) — |z|]] =1, for d+ f(z) > |x| (3.16)

n;

Figure 3.8: Top view of a 2D waveguide with random roughness on sidewalls. 3
is the light propagation constant, o is RMS roughness, d is half of the waveguide
width nq is refractive index of the waveguide and ns is the cladding refractive
index.
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The equation 3.14 describes the waveguide sidewall roughness where there is an index

step from ng to ny along the rough wall at = f(z),

n? =n?, for d+ f(z) < |z| (3.17)

and

n? =ng, for d+ f(z) > |z| (3.18)

The modified Helmholtz equation can be rewritten as:

(V2 + kgn})E = ki(nf — ng)Ud + f(2) — [2[]E (3.19)

Since there is no analytical solution for equation 3.16 further simplification is required
by approximation. In order to achieve this approximation the electric field of an ideal
waveguide, Fj;qeq1, with no roughness can be obtained from solving the ideal homogeneous

Helmholtz equation 3.17.

(V2 +w?ue)E =0 (3.20)

Since U[d + f(z) — |z|] is 0 outside the waveguide core, the right hand side of equation
3.19 only depends on the field inside the waveguide. The field inside the waveguide can
be approximated to be similar to that of an ideal waveguide, F;deal. This approximation
method can be found in [74]. With this approximation Equation 3.19 can be rewritten

as:

(V2 + k2 E = k3 (n? —nd)U[d + f(2) — |z|] Eidear (3.21)

Payne and Lacey explained that Equation 3.21, can be better viewed by considering
the antenna theory [6]. The terms on the right hand side, which is the product of
a random function and the known electric field, describes the current created by the
random roughness on the waveguide sidewall. This current acts a source of radiation
from the waveguide. E on the left hand side represents the resulting electric field in space
due this current. Since only radiation field in space is the only concern, the far field
solution is considered in solving equation 3.21. The far field solution is superposition
of monochromatic plane waves. Assuming that the roughness is much smaller that the
waveguide dimension (f(z) < d) the radiation field can be obtained following lengthy

algebra. It should be noted that E is the sum of radiated plane waves and hence the
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radiated power, P,.q, is related to the ensemble average of the radiated field intensity,

< |E|? >. The resulting attenuation coefficient will be then obtained as:

Proq/(2L)
= — 3.22
o=ty (3:22)
where 2L is the waveguide total length, P,.,;/(2L) is the radiated power per unit length
of the waveguide, and P, is the total guided power. Finally, the scattering loss coefficient

due to the roughness effect, o, qgiation, can be derived as [6]:

3 T

Cradiation = $(d)(nE — n§)24’;§1“ x /0 R(B — nakocost)dd (3.23)

Where ng and ny are refractive indices of core and cladding respectively, 3 is propagation
constant, ko is the wavenumber in free space, o is root mean square deviation from the
flat surface, and ¢(d) is the modal field evaluated at the waveguide surface. This can
be calculated either using simulation tools or theoretically as will be shortly noted. 0 is

the incident angle which relates to the propagation mode number.

R(Q) is the spectral density function of the sidewall roughness which is used to describe
the random nature of the roughness function f(z). The spectral density function is
related to the autocorrelation function, R(z), of the sidewall roughness through the

Fourier transform as will explained in the next section.

3.6.2.3 Spectral Density Function and Autocorrelation Function

Sidewall roughness has a random nature whose details are very much dependent on the
fabrication process. In order for the roughness to be analytically modelled it should
be considered as random process. As a random process it can be characterised by the
spectral density function R(Q) The spectral density is a function of frequency which
described how a random value is related to the frequency. The spectral density function
is related to the autocorrelation function(ACF'). The correlation function explains how
two random variables are related and ACF describes how a random variable is related
to itself. The following example will reveals the relation between a random function

(sidewall roughness for an instance) to the autocorrelation function.

Consider that the following 2D profile shown in Figure 3.9 A is extracted from the edge
the waveguide (f(2)).
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Figure 3.9: A) Random 2D profile generated using Matlab B) The corresponding
ACF of the 2D random profile in A

The corresponding normalised autocorrelation function is calculated using Matlab as
shown in Figure 3.9B. The ACF here is a measure of similarity of a random process such
as the above roughness profile to itself when a space-lag applied to it. There the ACF is
defined as a function of space or displacement. When the profile has zero space lag with
respect to itself the ACF is maximum and equals to 1. As the lag starts to increase a
larger mismatch occurs and hence the correlation function begins to fall from its peek.
The largest mismatch occurs when the correlation function approaches zero level. From
that point the ACF will be constantly oscillating in small range around the zero level, no
matter how big the lag is. This point defines the correlation length. This explanation is
however true for non periodic signals and random profiles. Hence the correlation length
is in fact a measure of the minimum length required to achieve the highest mismatch
between the profile and itself when a certain lag is applied to it. Figure 3.10 shows the
ACF and the filtered curve. The correlation length is approximately 60 nm.
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Figure 3.10: The ACF of the 2D profile and its filtered curve (red)

The correlation length is necessary to explain the variation in the vertical as a function of
horizontal position. It illustrates the horizontal length which is needed so it fully covers
one ’average’ bump. The correlation length value however cannot fully explain the
roughness statistics on its own. In fact, the ACF of random roughness is characterised
by correlation length L., and mean square deviation 02 = R(0) from a flat surface

without irregularity.

RMS stands for the Root Mean Square deviation of a surface. Considering the 2D
profile of a surface called S in Figure 3.9B (also in Figure 3.7), for any point on the
profile, there is a distance (deviation) from the mean level. All distances above the mean
level are positive and distances below the mean are negative. The mean is the value
where superposition of all distances equals zero. The RMS is in fact the Root Mean
Squared distances (positive values) and can be found for a 3D surface from the following

expression;

o=\ 1 D0 e uy) (3.24)

7j=11i=1

Where M is a number of points per profile (scan line), N indicate indicates the number

of profiles and 7 is the amplitude at (z;,y;) point.

The spectral density function R(£2) of the surface roughness is related to AC'F through
the Fourier transform by Wiener’s hypothesis [6].

R(Q) = /00 R(2)exp(iQ2z)dz (3.25)

o0
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Hence the autocorrelation function of such a roughness profile is an important identity
that can be used to interpret the roughness behaviour. As the ACF can be obtained by
multiplying the signal by itself when it lags by a variable amount, it can reveals how the

points on this profile are related together.

3.6.2.4 Exponential and Gaussian Autocorrelation Functions

The most commonly used ACF for roughness are exponential and Gaussian AC'F which

are respectively represented as follows [6].

|l

REZ‘ponential(u) = 026xp(_f) (326)
u2
RGaussian(U) = U2€$p(—ﬁ) (327)

Here, the lateral surface correlation length of interest which is defined as the range where
two points are correlated together. Hence any point beyond this length is assumed to

be uncorrelated and acts independent to the original point.

Atomic Force Microscopy (AFM) measurements of silicon waveguide surface roughness
have demonstrated that an Gaussian ACF is a realistic model for the statistics of surface

roughness of a variety of waveguides [75]. Hence in this work I only used Gaussian ACF.

Substituting the exponential and Gaussian ACFs in Equation 3.26 and 3.27 into Equa-
tion 3.23 result the relevant radiation loss coefficients to be respectively worked out

as:

k3 g 202120
2 2 2\2 0 c
radiation,exp — d - df 3.28
radiationcrp = 9"(d)(ny = 1) 4mng X/O 1+ L2(B — nakocosh)? (3.28)

3
2k0

41,

—L%(B — nakocost)?

X / 02Le\/T X exp [ £ 1 df
0

(3.29)

Qradiation,Gaus = ¢2(d) (ng - n%)

These expressions are then simplified and rearranged to include normalized v the fre-
quency, U and W, the normalized wavenumber in core and cladding of a two dimensional

planer waveguide [6].

0.2

Qradiation = mgf (330)
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The function g is purely determined by the waveguide geometry (u and w) that is:

U2 V2

V) ===17w

(3.31)

Where U, V and W, the normalized waveguide parameters are:

U = dy/n2k2 — 2 (3.32)
W = dy/B2 — n2k2 (3.33)
V = kody\/n? — n3 (3.34)

The function f is obtained according to the ACF' (exponential or Gaussian) where the

relevant L. also contributes in addition to U and W.

In addition, the modal field in equation 3.23 can be theoretically calculated from the

following equation.

62(d) = 2kod+/n3 — n3(1 —b) (3.35)
@ [kodv/ng = nf +1/V5|

3.6.3 Effective Index Method For 3D Structure

The above analytical approach is derived for a 2D dielectric slab waveguide where the
light is only confined horizontally. In order to consider 3D structures the expression in
Equation 3.30 is modified using effective index method. The detail description of this
method can be found in the book by Gupta et al [76].

The propagating mode travels in a waveguide with propagating constant 5, which can

be related to effective index nqyrs by:

2w
8= )\—Oneff (3.36)
Since % = K, the above Equation can be written as

s
Pess = 2o (3.37)
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From equation 3.37 one can obtain n.ss of any waveguide structure wen (3 can be

calculated.

In Effective Index Method the following argument is used; When n.f; can be calculated
the number of dimension of the a particular waveguide can be reduced. For example
consider a slab waveguide which the optical mode is confined in two dimensions restricted
in heights and width. The confinement in either height or width can be eliminated by
constructing a slab waveguide in the perpendicular dimension. the core index has to be

however replaced by ncsy, that is the confinement in the removed dimension [76].

The method is graphically shows in Figure 3.11. The value of 8 and n.f; can be
accurately calculated using numerical methods such as Finite Element or Finite different
Time Domain Methods.

Besides the Effective index methods other analytical methods have been reported in

literature, such as Volume Control and Poulton semi-analytical method [52,77].
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Figure 3.11: Graphical representation of Effective Index Method

3.7 Roughness Parameter Extraction

As mentioned earlier analytical estimation of roughness requires roughness statistical
data of the top and sidewall of the waveguide including correlation length and RMS
roughness. These data can be quantitatively extracted from given samples using two
fundamental approaches. Regardless of the applied method the main remaining challenge
is to access the sidewall surfaces, as the top surface data can be easily scanned. The

most common instruments to characterise roughness are as follows.



Chapter 3 Scattering Loss in Optical Waveguides 47

3.7.1 Scanning Electron Microscopy (SEM)

This method was originally applied to etched sidewall profile. The instrument has four
electron detectors which are positioned facing each other. The surface roughness at
electron beam incident point is obtained by measuring the four output signals of the
four detectors. The complete roughness profile can be found by scanning the sample in
xy plane. Since SEM measurement is performed in a noncontact manner the sample will
retained undamaged in this measurement process. The scanning resolution is however
limited to 1 nm [78].

3.7.2 Atomic Force Microscopy (AFM)

Atomic force microscopy or AFM utilizes a cantilever probe tip to detect weak forces on
a sample. The instrument is designed to scan the sample horizontally in xy direction and
detect extremely small repulsion forces detected by the probe. These forces are due to
the vertical displacement of the pointed end of the cantilevered probe following the shape
of the scanned area surface. The pointed end of the cantilevered either make contact
or function in noncontact mode with the scanned area. The surface data is collected by
lasers, piezo electric sensors or photoelectric sensors. The piezo electric sensor realise
the surface image by sending the generated voltage due to movement of the cantilever
to a transducer. The photoelectric sensor however measures movement based on the
variation in the incident angel caused by movement of the cantilever. Laser also works
based on the same principle that photoelectric sensors operate. This configuration is

shown in Figure 3.12.

Laser PhOtO‘lede
Piezo

Cantilever
Feedback

Scanner

Image

Figure 3.12: Sidewall roughness scanning configuration using AFM

The AFM has better sensitivity in characterising planer surface morphology than SEM
and TEM, but is difficult to use for measuring the vertical surfaces such as sidewalls in

3D structure. This limitation has been recognised over the past 25 years, in particular for
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submicron geometries. There have been three main solutions developed for full imaging

sidewall and submicron measurements.

1. Use special high aspect ratio boot shaped AFM tip which is mounted in a AFM
system with 2D servo control system which the details can be found in [79]. Precise
results have been obtained using this approach, but the scanning area was limited

by the length of the special AFM tip as well as the resolution of the scanned image.

2. Mount a sample at a title angle. The details are reported [80]. This method needs
a complex calibration in order to obtain correct results, especially for deep etched

optical waveguides.

3. Cleaving a sample in an appropriate way where a good segment of a waveguide is
placed very close to the cleaved wafer edge [81]. This method may need a specially
designed line pattern of waveguide in a sample. In addition it requires applying

serious damage into the sample that certainly restricts its use in many applications.

A complete realisation of sidewall roughness is an advantage and can provide various
data of the property of sidewall irregularities. In many case however all of these data are
not required. For this work it may not be required to fully recover the complete image of
a sidewall roughness. As I will discuss later, I only need certain statistics of roughness,
since the roughness extraction process does not fully map the image of the sidewall.
These are RMS roughness and correlation length which can fulfil all of our requirements
in order to model sidewall roughness having identical roughness statistics and data. In
this case a large enough scanning area in horizontal direction at the optimum edge of a
waveguide can provide enough information to characterise the roughness in all over of
the sidewalls. This approximation is valid as long as we have identical correlation length

and RMS roughness in vertical direction of sidewall.

The theoretical models discussed here are either complex and/or very limitedly appli-
cable. The experimental techniques are weak to differentiate between scattering losses
and other source of loss such as absorption. In addition, they cannot directly explain
the relation between roughness statistics and the scattering loss. In the next chapter a
novel approach will be introduced and discussed which is applicable to a wider range of
geometries and can provide a well presented illustration of the interdependence between

scattering loss and statistical roughness data.



Chapter 4

Scattering Loss Estimation Using

a New Approach

4.1 Introduction

In the previous chapter, a number of the most successful analytical and accurate ex-
perimental techniques to estimate scattering loss were briefly reviewed. Despite of the
advantageous that each of these methods offers, they have various limitations. For
example, in order to use loss experimental measurement techniques real waveguide sam-
ples are needed. The fabrication process of waveguide samples may require expensive
clean room instrumentations and time consuming steps. On the other hand analytical
methods can be faster, but their applicability is limited because of the approximations
used in these methods. For an instance Payne and Lacey’s method was originally de-
veloped for 2D waveguides, and the effective index method can only exhibit accurate
results in waveguides with high aspect ratio cross sections [52]. There are also other
methods reported in the literature, such as Volume control and Poulton semi-analytical
method [52,77]. The early representation of volume current method is only accurate
for low index contrast waveguides with small refractive index difference and may be
not applicable in strongly guiding structures [82]. The method has been revised and
corrected by Johnson et al [83] for high index contrast waveguides. Nevertheless these
methods have been only developed for certain waveguide geometry mainly rectangular
or circular. In addition, the corrected version of volume current method has been origi-
nally developed for periodic structures such as the photonic crystal where the waveguide
scattering loss performance is not characterised by pure random roughness. Hence it
does not provide a clear explanation of the relation between the roughness statistical

data and the resulting scattering loss [83].

49
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In this section the development of a simulation based method is explained which esti-
mates scattering loss due to numerically and randomly generated 3D waveguide rough-
ness. The method to deduce roughness is developed based on an inspiration from the
fundamentals of Magnetic Resonance Imaging (MRI) technique [84]. The later result
shows that the model has a comparable accuracy to the commonly used scattering loss
estimation technique developed by others, in particular Payne and Lacey’s [6]. De-
pending on the fabrication process optical waveguides that can have either isotropic or
anisotropic sidewall roughness [61]. Using this approach one can study 3D structures
with roughness that are anisotropic, isotropic and mixture of isotropic and anisotropic
roughness. It can also be implemented on arbitrary high/low index contrast waveguide
shapes such as cylindrical, triangular geometries and multilayer structures. In order to
extend its applicability to wider applications using this model, roughness can be induced
on top surface of the waveguide if it is required. In addition the model can be widely used
in any commercial software using Finite Difference Time Domain algorithm in order to
estimate the effect of scattering loss for various photonic devices and applications. The
method will also make one able to study the scattering effects independently from other
source of losses such as absorption. The method provides a useful tool to optimise fab-
rication process before initiating, since it gives an accurate estimation of the scattering
loss based on the roughness statistical parameters. The accuracy can be improved by
using a cluster with more available memory space, where it requires, in order to provide

finer mesh settings.

In summary, the model uses two main parameters, which characterize the roughness as
mentioned in Chapter two, the correlation, L. length and the root mean square (RMS)
roughness o, which is given by a standard deviation from the averaged flat surface.
The image is considered as a two-dimension signal where its frequency spectrum can
be represented using two-dimensional Fourier transform. The 2D Frequency spectrum
contains horizontal and vertical spatial frequencies, which is a simplification model of
k-space in MRI. A randomly generated spatial frequency spectrum is virtually created
in commercial software, Lumerical script environment, which can also be independently
executed in any scripting environment such as Matlab. It is then filtered according to
the real roughness data extracted from AFM (Atomic Force Microscopy) images, and
the actual surface is realized by applying the Inverse Fourier Transform (FT) on the
filtered spatial frequency spectrum (k-space). The generated surface roughness is then
implemented as sidewalls of the optical waveguide, although can be also applied on top
surface of the waveguide if it is required. With this technique, anisotropic and isotropic
sidewall roughness features can be accurately modelled based on surface data extracted
from AFM. I use 3D FDTD technique to estimate the induced loss due to the sidewall
roughness of the optical waveguide structure. The accuracy of the loss model is also

dependent on the mesh resolution in FDTD.
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4.2 Generation of random roughness on rectangular opti-

cal waveguide sidewalls

The method used to model roughness is based on Fourier analysis approach used in
magnetic resonance imaging (MRI) technique [84,85]. The roughness of a flat surface
can be considered as a two dimensional image where each point (pixel) has different
random correlated intensities. The correlation of these distributed random intensities in
the image is defined by a suitable Auto Correlation Function (ACF). The ACF explains
how random variables are related statistically. The ACF of a random roughness is
characterised by correlation length, L., and mean square deviation, o2, from a flat
surface without irregularities. The most commonly used ACFs for process dependant
roughness are exponential and Gaussian [6]. AFM measurements on silicon optical
waveguide surface roughness have demonstrated that Gaussian ACF is a realistic model
for the statistics of surface roughness of a variety of waveguides [6]. The Gaussian ACF

is expressed as:

R(u) = o%exp(——) (4.1)

Here the image is treated as a random two-dimensional signal. The 2D Fourier spectrum
of this signal is generally represented in a different coordinate so called k-space. K-space
is a 2D Fourier transform of the original image in real space as illustrated in Figure 4.1.
Each point in k-space is a number where its horizontal and vertical spatial frequencies
are obtained in horizontal and vertical axis respectively. Hence, it contains all required
spatial frequency and corresponding amplitude information of the image (all signals
forming a 2D image) in real space. This is shown in Figure 4.1 for only one of the many
2D signals in real space. The created k-space typically has the same number of rows and
columns as the original image. Low frequency components (long wavelengths) are stored
around and at the middle and high frequencies components (short wavelengths) near
the periphery region. Low spatial frequencies produce only waves with long wavelength
characteristics in the original image. These waves only provide contrast information and
give little data for the edges. On the other hand high spatial frequencies eliminate many
contrast information in the resultant image, since contrast data is mainly formed by
waves only with long wavelength characteristics. Image features that change in intensity
over short image distances are high frequency component. Those image features that

change in intensity over long image distance are low frequency component.
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Ky

K-Space Real Space

Figure 4.1: The real and K-space relation according to Fourier analysis; in the
K-space we express the magnitude and the wavelength of all signals that exist
in the real image. Here as an example, the Fourier spectrum of a 2D signal in
the real space is expressed as a dark point in k-space. The brightness of the
point expresses its amplitude and its position in K-space represents horizontal
and vertical spatial frequencies. Note that the direction of a 2D signal in real
space matched to the direction of position vector of its Fourier equivalent in
K-space.

The general important properties of 2D spatial frequency spectrum is as follows:

1. One element in the spectrum contains information about all pixels of the real

image.

2. The size of the 2D spatial frequency spectrum is the same as the size of the real

image signal as defined by the 2D discrete Fourier transform 4.4;

3. In order to include all statistics of the roughness, the image and hence the frequency
spectrum size has to be chosen appropriately large, so it is always grater than the

selected correlation length.

The above argument for two dimensional signal is also valid for a one dimensional signal.
It is therefore helpful to initially consider a simplified scenario dealing with a one dimen-
sional signal before going through the details of how a two dimensional random signal
can be generated through accessing its spatial frequency properties. This will more
clarify how changing the spatial frequency properties of the signal through applying the
Fourier representation (PSD) of ACF in frequency spectrum can modify the original
signal properties in real space. Assume that we have been given a discrete number of
one dimensional random constituent periodic waves of this signal are shown in Figure
4.2.
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Figure 4.2: Random constituent periodic waves

The constituent periodic waves differ from each other according to their specific spatial
frequencies and perhaps the relating amplitudes (or phase). Based on Fourier analysis,
the superposition of these constituent waves will form a periodic one dimensional that
is shown in Figure 4.3. Note that for non-periodic signals the Fourier spectrum can be

continuous containing a range of frequencies.
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Figure 4.3: The constructed one dimensional signal created from the superpo-
sition of its constituent elements

Figure 4.4 illustrates the relating Fourier representation of this one dimensional sig-
nal. The graph includes information about the amplitude corresponds to each spatial
frequency component (real values only). This Fourier representation of one dimensional

signal is the equivalent for of the k-space representation of two dimensional signals.
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Figure 4.4: Frequency domain representation of the original signal

As can be seen in Figure 4.4 contains both high and low spatial frequency components.
However, in Figure 4.5 a and b we can see how the signal in real space is modified when
a few of high frequency components are removed from the Fourier spectrum. As can
be clearly seen the eliminating these components removes the abrupt changes in space
domain leaving the signal with more gentle and smoother osculations, pretty much like
a simple sine wave. Contrariwise removing low frequency components from the Fourier
spectrum results vanishing the contrast information from the original signal leaving the

signal to more severely and abruptly change in the space domain.
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Figure 4.5: a) Frequency domain representation of the manually filtered signal
b) Manually filtered signal in real space

In Figure 4.5 the high spatial frequency component have been removed manually. Sim-
ilarly frequency response of the Gaussian ACF acts as a low pass filter which removes
the high spatial frequency components taking the roughness statistical data into account

(the mean square root and correlation length). Figure 4.6a shows how the 1D frequency
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response of the Gaussian ACF filters the high frequencies from the Fourier spectrum of
the signal. The signal in space domain is also generated using Inverse Fourier Transform

of the response. This is shown in Figure 4.6b.
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Figure 4.6: a) Frequency domain representation of the manually filtered signal
using Gaussian ACF b) its equivalent in real space

As can be seen in Figure 4.6b, the edges become smoother now (high frequencies
component) and the sampled points on the signal is more correlated together. As will
be shortly explained the same concept is used for a two dimensional signal (an Image) to
generate a realistic roughness based on the ACF defined in Equation 4.1. Figure 4.7 is
the flow cart diagram explaining the steps have been taken to produce two dimensional

random roughness model.

Creation of unoccupied FFT Creation of unoccupied
real space k-space space
Filtering the k-space using the frequency Filling k-space with
response of the Gaussian ACF random values
bl Creating the space Mapping the image as to
domain representation the wall of waveguide

Figure 4.7: Flowchart diagram of generating roughness model

treat the a 3D roughness as a 2D image signal. Firstly, the sidewall roughness is im-
plemented in a rectangular waveguide. Hence the roughness can be initially generated
on a flat surface S that is later mapped onto the sidewalls. In order to assign position

to different points of the surface S, it has to be mapped in to the real space. At this

025
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stage the surface is considered to be completely flat without having roughness. This
means the intensity of all points in the surface is initiated to be zero and hence we call
it unoccupied real space. In order to expresses our proposed surface S as an unoccupied
real space, the surface S is represented by an n by m matrix. The matrix represents
surface S is denoted as S.. The entries of the matrix S. expresses the position of the
associated element in the surface S while the values of the entries express the height
level in the surface S. The roughness will be generated above the surface by assigning

correlated intensities to the elements of the matrix S,.

The discrete real space is virtually created by defining two position matrices X and
Y that has the same dimension as matrix S.. This is shown in Figure 4.8. They
respectively represent x and y components of the position vector of each element (point)
in the matrix S. (surface). Hence any element (intensity) in matrix S, has an equivalent

element in X and Y that specify its position in x and y coordinate of the real space.

n number of elements
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Figure 4.8: The creation of discrete real space that contains n x m elements. X
and Y respectively store the x and y coordinates of all elements in the surface
Se.

In this case:

T11 = T21 =+ = Tml
(4.2)

Tip = Top =+ = Tmn

since X only represent the x components of the position vector and y represents the y

components of the position vector;

Yi1 = Y12 = - = UYin

Yml = Ym2 = " = Ymn
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Once the real space is created the relevant k-space can be also formed. Considering
Equations 4.5 and 4.6 , the required spatial wavevectors K, and K, of an unfilled
k-space associated with a Fourier transform of a function of the elements of X and Y is

generated based on the 2D discrete Fourier transform relation;

n m

WKy, Ky) =y Y Bt i (2, y) (4.4)

z=0 y=0

Using equation 4.5 and 4.6. the corresponding k-space is generated which is graphically

shown in Figure 4.9a.

2T
Ky = ——xnm 4.
dz.n” (45)
2
Ky = —Yum 4.6
v d:n.ny (4.6)

Here dx represents the spacing between the values of the input z, n and m denote the
length of x and y respectively. In addition, both z and y domain is extended from
negative to positive values and therefore the generated k-space includes both negative
and positive frequencies and phases. When the k-space is constructed, it is filled by
uniform random numbers Figure 4.9b. Each point in k-space has now a random value,
which expresses the amplitude of a trigonometric signal at specific frequency and phase.
These randomly generated data are stored in a new n by m matrix that is called Z. The
matrix Z is used to express the k-space of the matrix S..It contains the intensity values
correspond to K, and K. According to Fourier theory the superposition of all of these
signals will form the final surface S.. This is where the ACF is used. Applying ACF
to the matrix Z provides a low pass filter that removes high frequency components in
the k-space, such that the resultant image does not have much of the edge information
which are defined by high spatial frequency components. This removes the edge details
of previously generated uncorrelated random heights. According to Equation 4.1 the
Gaussian ACF is related to the correlation length L., and mean square deviation o2.

Here sigma o is defined as:

SEN 2 m) W

o=2Z(n,m) v

However the Gaussian autocorrelation function cannot be directly applied in the 2D
spatial frequency spectrum in order to filter out high frequency components. In fact the
Fourier representation of Gaussian ACF, the power spectral density (PSD), has to be
used. The PSD of the Gaussian ACF can be simply calculated using 3.25. The filtered

data is then stored in a matrix called Z t;jsereq-
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n m Z
Ziltered = Z(n,m)? x exp — (/K2 + KyQ/LC)a = Z(n,m) — 20 20 Z(n,m) (4.8)

nXxXm

Hence a certain point at 7 position in k-space /K2 + KyQCan be correlated with a
point at r + o using Equation 4.8. The resultant K-space, is shown in Figure 4.9c.
The resulting values in Figure 4.93 c are then transformed back to real space, as can

be seen in Figure 4.9 d;

a c d SEEEEEY
e |

S o, UL ‘et

+ 1. )‘ 1.

.\"'J- .-}'--a-,"

i : SR o

i B AN TN

r"k-\-' "ﬁ‘: -'

Figure 4.9: The procedure of roughness generation: a) Creation of unoccupied
k-space, a coordinate showing all available wavelengths for the signals in real
image b) k-space with randomly generated elements, to include magnitude of
each signal c) Filtered k-space to remove the edge information d) the resulting
roughness in real space.

Figure 4.9 d shows the roughness in real space is completely random and characterised
to retain the isotropic behaviour. Two different randomly generated S, surfaces can be
imported on both sidewalls of 3D planar waveguide for further studies on propagation
loss characteristics of optical waveguides. Isotropic sidewall roughness and loss analysis
has been previously reported in [61]. Accurate AFM/SEM images show even on sidewalls
with anisotropic roughness, there is still a degree of isotropic roughness features. The
difference is illustrated in Figure 4.10. Such a characteristic is often ignored in scattering

loss evaluations and mathematically reported roughness models.

Figure 4.10: Different type of roughnesses, a) Isotropic b) anisotropic, ¢) mixture
of isotropic and anisotropic roughness

Isotropic roughness is simply achievable, once the roughness surface in real space is
created. In order to generate anisotropic roughness the following steps are performed.

A one dimensional random roughness profile can be configured by accessing a random
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row of the matrix that expresses surface S.. When such a profile is repeated in y
direction, a new matrix with identical row will be formed. This newly constructed

matrix, Sanisotropic 15 used to represent the completely anisotropic surface.

The integration of S. and Sgnisotropic anisotropic will form the optimal sidewall roughness
model that is anisotropic in y direction, but will still have a level of isotropic behaviour.

This procedure is shown in Equation 4.9.

T11 ' Tin T11 - Tin T11 + 211 Tin + T1in
+ = (4.9)

Tml - Tmn 11 Tlin Tml + T11 Tmn + T1n

The mixture is formed by superimposing a random Sgnisotropic matrix to a random S..
The matrices Sqnisotropic and S can have either different or identical roughness properties
if required. All three types of roughnesses from Figure 4.10 are fully attainable using the
same modelling technique. This makes the model reliable and applicable for roughness
studies in arbitrary waveguide devices. In addition the isotropic roughness can be applied

on top surface of the waveguide if required.

4.3 Simulation

The sidewall roughness parameters of the waveguides are extracted from its AFM mea-
surements and imported to the roughness model in order to demonstrate the capability
of this technique to estimate total scattering loss. In addition to fabricated waveguides
explained above, various waveguides with obtainable roughness features can also be used

for the same purpose as will be explained later.

The roughness model has been successfully configured in FDTD Lumerical software
package and MATLAB environment. However, in order to run scattering loss simula-
tions of the waveguides, it is preferred to use FDTD Lumerical package, because of its

particular functionality and supportive features.

The fundamental TE mode is launched into the Si waveguides at a certain wavelength
range from 1550 nm to 3800 nm. The two power monitors record the power transmis-
sion data through the waveguide. The first monitor is adjusted at the entry point of
the optical waveguide to collect all transmission power information before the light is
scattered with generated sidewall roughness. The second one stores these data after 10

um length.

The calculation of loss using such a method becomes complicated since the problem is
numerically very large. A very fine mesh setting is necessary in order to resolve the

features on the 3D waveguide sidewalls. This substantially increases the computational
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time. In addition, the time-step must be reduced in order to keep within the Courant
limit which makes the calculation time even longer [88]. The Courant is a parameter
that has to be satisfied in order to ensure stability of the simulation. It is given as
c% where c is to 1/,/f0g0, At is the time step and Az is the grid size. In order to
satisfy the Courant limit for three dimension structures the following condition has to

be considered:

ci—i <1/V3 (4.10)

Although this problem seems to be the major issue to achieve accurate results, tradeoffs

in mesh settings can be applied to obtain reasonably accurate results.

4.4 Measurement of Fabricated Silicon Waveguide

Ton bombardment in the dry etch process is considered to be one of the major origins
of sidewall roughness. This kind of roughness can be significantly reduced using a
low gas pressure and a low radio-frequency power [86,87]. Pattern transfer during the
etch process is also considered as one of the origins of sidewall roughness [87]. Several
waveguide structures from two different wafers were used to obtain experimental data.
Firstly, Si strip waveguide structures were fabricated using 500 nm thick SOI and 2 um
thick buried oxide (BOX) layer. The other sample contains 220 nm width waveguides
on top of the 3 ym BOX layer.

The waveguide dimensions in the first sample are 1000 nm, 1200 nm and 1400 nm in
width and 500 nm in height where the waveguide can be single mode in the MIR. In the
second sample waveguides have 220 nm height and 330 nm width which are even single
mode at lower wavelengths around 1.3 and 1.55 um. The SEM image of the fabricated
waveguide is shown in Figure 4.11. These wavelengths have been chosen to show the
applicability of this method at both NIR and MRI wavelengths.

1lum

Figure 4.11: a) SEM image of the fabricated waveguide, b) 3D AFM view of the
fabricated waveguide. The waveguide has 500 nm height and 1000 nm width.
The roughness parameters are extracted from the sidewall of this waveguide.
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Once the samples are prepared, Atomic Force Microscopic system with special high
aspect ratio probe is used to generate multiple AFM images of the optical waveguide.
The tip length of the probe is 2 ym and tip radius 10 nm. Figure 4.11b shows a sample
3D view of the AFM image of the silicon optical waveguides we have fabricated together
with their SEM images. The two main roughness parameters, RMS and correlation

length is extracted from the edge of sidewalls in AFM image.
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Figure 4.12: The Roughness Profile extracted form the edge of the waveguides
for a) 1000 nm (width) x 500 nm (hight), b) 330 nm X 220 nm and their
relevant ACF
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The RMS is extracted directly from the profile and the correlation length is found from
the Autocorrelation function of the profile as explained in previous chapter 3. The value
of L. equals to the minimum length that makes the normalized autocorrelation minimum

(= zero). Figure 4.12 a and b shows the extracted profiles and the corresponding AC'F's

of two samples of these waveguides.

Reproducible RMS of 5 nm and of L. 45 nm were obtained from multiple samples
for 1000 nm (width) x 500 nm (height) waveguides. RMS and L. for 330 nm x 220
nm waveguides are approximately the same since the same fabrication process is used.
Once these parameters are extracted from the sidewall of the waveguide they can be

implemented into the simulation model to estimate the scattering loss.

The propagation losses of the waveguides are experimentally measured using Fabry-Perot
techniques and cut back method in Southampton and the university of Surrey with the
collaboration of Milosevic at. al. Figure 4.13 illustrates Fabry-Perot resonance response
for 1000 nm x 500 nm waveguide at the 1550-1551 nm wavelength. Considering an
ideally polished facet Si waveguide the reflectivity can be approximated as 0.303.
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Figure 4.13: Fabry-Perot resonance in waveguides having a dimension of 1000
nm (width) x 500 nm (height)

Using the extracted values of I,,,;, and I, from 4.13 and equation 3.7 the propagation
loss can be calculated. Having 0.25 cm long device the loss is worked as 1.2 dB/cm.
The laser output power used in all measurement was 3.98 mW. A significant amount of
power is lost within the coupling at the facet. The resonant spacing also confirms that

the resonant peaks are generated by the facets.

The same procedure is repeated for different Si waveguides at different wavelengths.

Hence one can observe the propagation loss characteristics of these waveguides as shown

in Figure 4.14.
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Figure 4.14: Loss measurements compared with the simulation results for waveg-
uide ranging from 1000 nm to 1400 nm width.

4.5 Discussion

The scattering loss were obtained in dB per unit of length from simulations as shown in
Figure 4.14. Figure 4.14 also shows a good agreement of simulation and measurement

results that are obtained using Fabry-Perot method previously.

I demonstrate the scattering loss by simulating the propagation of light in optical waveg-
uides with the isotropic and anisotropic roughness. In addition to fabricated waveguides
explained above, various waveguides with obtainable roughness features can also be used
for the same purpose. The simulation of the sidewall roughness model shows comparable
results with other analytical models and a number of published results. However, the
comparison with reported results in literature is difficult since there are various physi-
cal parameters that affect the losses. These parameters are mainly related to the cross
section of the optical waveguide, the wavelength of light for given dimensions and also

the statistical properties of the sidewall roughness.

I therefore investigate the effect of the reduction in waveguide dimensions on the trans-
mission loss. The transmission loss is calculated in three optical waveguides with dif-
ferent sidewall roughness styles. The SOI waveguides have a 200 nm fixed height and
width varying from 400 nm to 4.5 um. These dimensions provides high aspect ratio

guide that can help to compare results with estimations obtained by Payne and Lacey’s
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2D model [6]. The roughness parameters that are used are L.=50 nm and ¢=9 nm.

These are the values measured from identical waveguides in [89].
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Figure 4.15: Comparison of scattering loss of Si waveguides with different widths
obtained from reference [89], Payne and Lacey, and the model for a) SOI waveg-
uide with a 1 um deposited layer of SiO2 added on top of the 0.2 um. b) SOI
waveguide with no additional Si0; layer on top. In both cases here Lc is 50 nm
and o is 9 nm.

I consider the waveguide in two different situations. Firstly a deposited 1 pum layer
of Si05 is added on top of the 0.2 um SOI waveguide for an accurate comparison to
the experimental results obtained in [89].In the other case the additional SiOs layer is
not applied. The effect of size reduction on propagation loss is shown for both cases in
Figure 4.15 a and 4.15 b respectively. Here waveguides have anisotropic rough sidewalls
with a level of isotropic behavior. The isotropic statistical components are considered
to be 5 times larger than anisotropic statistical component. Having fully anisotropic
sidewall roughness gives identical values to those shown in Figure 4.15 a and b. The loss
is as low as 2 dB/cm for waveguide width above 2.5 um, indicating low scattering losses
at the core - cladding interface. However, losses rapidly increase for widths below 2.5 um
and are as high as 44 dB/cm for 300 nm wide waveguides due to increased interaction
between the mode propagating in the waveguide and the sidewalls. Clearly from the

Figure 4.15 a, this is again in excellent agreement with the results reported in [89].

In order to estimate scattering loss based on [6] approach for the above 3D structure,

the effective index method has to be implied in Equation 4.11.

o2

\/ik‘od‘lnlg.f (4.11)

Qradiation =

where we therefore have:

5
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The calculated scattering loss based on this approach is also shown in Figure 4.15 a
and b. As can be seen the trend of the simulation results is in an excellent agreement
with experimental measurements obtained by Lee et al. [89] and theoretically estimated
by Payne and Lacey. The validity of this trend is completely retained for uncovered
SOI waveguide in Figure 4.15 b and still stays in a good agreement with Payne and
Lacey calculated results. This result shows that when the roughness data is fixed and
unchanged (RMS and correlation length) and varying geometrical parameter (width or
height), comparable estimations can be obtained using either Payne and lacey [6] or the

approach that is used in this work.

From Figure 4.15, the interaction of the mode with the sidewalls is strongly enhanced
when the waveguide cross-section is decreased. Therefore an accurate comparison can
only be possible for optical waveguides with comparable cross-sections (comparable prop-

agation constants) and geometry.

Loss(dB/cm)- Simulations

Dimension  Correlation =~ RMS Loss Isotropic  Anisotropic  Mixed
Work nmxnm Length(nm) (nm) (dB/cm)

(WxH) measured
The First 330%220 4545 5+1 33 36.43 29.84 28.65
model
(at 1500nm)
The second 1000500 45+5 5+1 10.2 11.06 10.04 10.53
model
(at 3800nm)
(1550nm) 445x650 225 5 2.1£0.6 2.6 1.72 1.79
[61](1550nm) 445220 50 2 3.6+1 5.2 45 4.2
[89](1550nm)  500x200 50 9 33 47.32 36.3 36.1
[71](1550nm) 800x1800 225 5 1.141 3.30 2.71 2.34
[71](1550nm) 1000x1800 180 9 2.2540.1 4.2 3.65 3.32
[71](1550nm) 1000x1800 160 13.5  6.5£1.5 9.63 8.94 8.16

Table 4.1: Comparison of the results obtained from the purposed model with
a number of experimental or calculated models. The first row corresponds to
the waveguide that is shown in Figure 4.11 where the data is directly extracted
from the AFM image and imported into the Lumerical.
the result for a waveguide with arbitrary dimensions. The other results that
are shown here, prove the validity of the discussed model as it matches other
reported experimental work.

The second row is
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In table 4.1 the scattering loss simulation results, using the three roughness models,
are compared to several published experimental results. I again use the two waveguide
samples with two different cross section sizes (220nmx330 nm and 1000 nmx500 nm in
height and width respectively). These dimensions make the cross section of the optical
waveguide more identical to other reported works in the literature that I am referring

to. The wavelength is again fixed at 1550 nm.

In the second work I simulate a large waveguide shown in Figure 4.16 in MIR wavelength
range at 3.8 um where the waveguides operates in single mode. All other dimensions
are ranged between 300 nm to 650 nm in height and 300 nm to 1000 nm in width. The
statistical parameters (RMS and L.) are process dependent factors and therefore they
vary in a wider range. From Table 4.1 it can be seen that the simulation results stay in
a good agreement with experimental reported data. It is also important to remember
that the loss is measured applying different measurement techniques such as Fabry-
Perot or the cut-back. Our AFM measurements show that the anisotropic behaviour
of the sidewall roughness is more enhanced compared to the isotropic characteristics.
In all our samples the RMS we have measured for anisotropic roughness is at least 7
times larger than that for the isotropic roughness of the sidewall surface. This makes
the anisotropic component dominant in the mixed case as can be seen in Table 4.1.
Furthermore, from the data it seems that anisotropic roughnesses and the mixed isotropic
and anisotropic roughnesses more realistically represents the form of actual sidewall

roughness, as confirmed by direct measurement of the sidewall roughness.
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Figure 4.16: Propagation loss against the correlation length of the sidewall
roughness the estimated results is compared with Payn and Lacey’s model [4]
and the experimental result.
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Based on the data comparison in Table 4.1 and the discussion on the relationship
between the waveguide dimension and the loss, the model can be extended to show
the dependence of loss on sidewall roughness parameters for given waveguides. Figure
4.16 graphically illustrates the scattering loss dependence on the variation of correlation
length when o is 5 nm. Here we used a SOI waveguide that is 220 nm by 330 nm in

height and width respectively. This waveguide has relatively low aspect ratio.

Figure 4.16 shows that the FDTD simulations in comparison with the predicted re-
sults obtained by Payne and Lacey’s model [6]. The simulation results show the validity
of the experimental data. However for this relatively low aspect ratio waveguide the
Payne and Lacy estimations does not appropriately match to the FDTD simulations.
As expected from the theory [6], when the correlation length of the sidewall roughness
is longer than the effective wavelength the scattering loss is reduced. This is because
the variation along the direction of propagation is much larger than the effective wave-
length. However, having a very short correlation length causes the waveguide boundary
to change very fast. Therefore the propagating mode cannot determine the details of the
sidewall and consequently the scattering loss is reduced again. The interaction between
the propagating mode and sidewall roughness is maximized when the correlation length

is not very short and very long compared to the effective wavelength.

In general, all above results shows that the model has a comparable accuracy to the
commonly used scattering loss estimation technique developed by Payne and Lacey [6]
and others [52]. Nevertheless one important obstacle in using this model is the constraint
caused by finite available memory space. The limited memory space can restrict the
applicability of this approach for certain 3D structures; in particular for those structures
where the dimensions are large in comparison with the extracted roughness statistical
data; for example for a large dimension waveguide with very delicate sidewall surface
fluctuations. The effect of roughness in such a large structure can be only obtained
by having impractically large number of fine meshes and a huge indicated memory
space. Such a requirement may be only realized by having a computer cluster facilities.
Otherwise it is essential to precisely tune the mesh settings against the required memory
space. To overcome this problem, there are mainly two possible solutions which can help

to efficiently adjust the mesh settings:

1. Conformal and none uniform meshing can be applied in some cases in which the
surface roughness is localised, for example on sidewalls (i.e. the top surface is
considered to be ideally smooth).This can significantly reduce the required memory

space. In other cased if the structure has symmetric boundaries

2. Symmetric boundary conditions are used when the user is interested in a problem
that exhibits one or more planes of symmetry. Both the structure and source must
be symmetric. Symmetric boundaries are mirrors for the electric field, and anti-

mirrors for the magnetic field. Careful consideration must be given to whether
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symmetric or asymmetric boundary conditions are required, given the vector sym-
metry of the desired solution. For meaningful results, the sources used must have

the same symmetry as the boundary conditions.

Taking the limited available memory space in to account, the method can serve much
better accuracy for smaller structures and nanoscale devices that have relatively more
enhanced roughness data. The model can be however implemented in any commercial
software using other FDTD and other numerical mesh-bases algorithm, in despite of
the memory concern. Furthermore there are various unique advantageous correspond to
this model which justify its prevailing suitability, especially in more complex structures.
It has been shown using this model the effect of anisotropic, isotropic and mixture
of isotropic and anisotropic sidewall roughness can be individually and independently
studied. Moreover the implementation of roughness can be deduced on top surface of the
waveguide if it is required. The roughness effect and scattering loss can be also studied
in arbitrary waveguide shapes such as the one shown in Figure 4.17, heterostructure and
multilayer configurations. This unique compatibility feature of the presented method
which cannot be achieved in other analytical techniques such as Payne and Lacey and
effective index approaches. In addition, using this model one can estimate the fraction
of the total propagating loss corresponds to the scattering loss in in highly absorbent
waveguides and devices. The works and results in this chapter have been accepted for

publication in IEEE photonics Journal [90].

Figure 4.17: A rough circular waveguide layout.

4.6 Summary

These features together can expand the use of this model in much wider applications
including more complicated waveguide based structures and photonic devices. In order
to truly approve the extendable potentials of the model, it has to be therefore developed
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in more advanced structures. One of the cases where the scattering loss may influ-
ence on the optimum device performance and its efficient operation is integrated carrier
dispersion based optical switches. As one of the major building blocks of all optical
integrated circuits , they can be realized using silicon photonic wires [42,91,92]. They
have been extensively studied in the past few years. In order to meet the future high
performance computation requirements, it is desirable to have a fast modulation and
qualitative data transmission capabilities. Therefore there has been continuous trend
for such an integrated modulator and other photonic components in silicon chips toward
smaller scales. In contrast of this move the overall loss increases mainly as a result of
coupling and greater modal interaction with sidewall fluctuations. This additional loss
can undesirably reduce the final modulation depth for optical modulators for example.
To have a proper analysis of performance in such devices it is extremely important to
have an accurate estimation of scattering loss. Therefore in the following chapters, the
performance of a novel integrated silicon modulator design operating based on carrier

dispersion effect will be evaluated taking the effect of the roughness model into account.






Chapter 5

The Loss performance of a

Heterojunction Optical
Modulator

In this chapter the loss performance of the designed a single crystalline silicon/Amor-
phous zinc oxide heterojunction optical switch will be investigated. Hence, the primary
aim of this design is to develop a functional model in which the effect of roughness on
the device loss performance can be accurately investigated using the roughness model
discussed in chapter 4. The device is purposely designed and analysed to serve low opti-
cal loss, high extinction ratio and comparable overall footprint and switching speed with
recent reported works. The full design procedure is explained in details in Appendix.
However more improvement in the performance may be possible by further optimization

on structural aspects of the device.

5.1 General overview of the Si/ZnO pn heterojunction struc-

ture

Figure 5.1 shows the original configuration of the hybrid structure that is demonstrated.

71
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Figure 5.1: General overview of the proposed Si/ZnO rectangular heterojunc-
tion.

The two terminal configuration tends to be a part of optical integrated chip and designed
as an all-wire component. It can be implemented in any specific part of the chip on
extended photonic wire(s) and therefore delivers lower insertion loss. The strip like wire
(waveguide) contains a p doped Si core with a naturally n-doped ZnO deposited all
around. The motivation of ZnO deposition on all over the p-type Si core arises from a
potential advantage; Wrapping the waveguide area with a low absorptive material may
help to minimize the scattering loss caused by sidewall roughness of Si core. Using such
a multilayer device simply provide a test platform to validate the new roughness model
and investigate its effect on the overall loss performance of a device. It will show how the

new modelling method can be successfully applied to a real and more advanced device.

The structure can be realized on top of SiOy wafer (SOI) as shown in Figure 5.1.
The ZnO and p-doped Si pads on sides of the waveguide are used to create ohmic
contacts with deposited aluminium, forming cathode and anode terminals respectively.
The interface between metallic contacts and semiconductor region have to have higher
doping concentration to reduce resistance between electrodes and semiconductor and
optimum carrier transfers. In order to avoid additional insertion loss caused by metal
contacts, the tails should be made long enough to isolate the metal contacts form the
core waveguide. The heights of tails should be appropriately optimized. It should be
narrow enough to retain both symmetry of the structure and wide enough for carriers

to be easily transported into the anode terminal.

The interface between naturally n-doped ZnO and p-doped Si forms a heterostructure
pn junction. Transparent ZnO cladding at proposed wavelength (1500 nm) where the
attenuation is minimum for Si, helps to avoid any additional absorption loss. ZnO
transparency feature can be maintained unchanged even at doping concentration of
4.8 x 10Y%em =3 [99]. The doping concentration can even go beyond this level if AZO or
Aluminium doped ZnO is used which slightly alters its transparency [100].
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Since the structure tends to operate in depletion mode, only one carrier may be involved
in the process of modulation and no recombination occurs offering a faster switching
speed. The modulation is executed by applying zero and revered biased voltage intervals
across the terminals. The carrier profile in p-doped Si can widely vary depending on
the original doping concentration and reverse applied biased voltage. The wider the
depletion inside the Si the higher real and imaginary refractive indices changes are

induced.

When there is no bias voltage applied, the structure is assumed to be in OFF state and
light interacts with holes in p-doped Si. At this condition, the company of uniformly
distributed free carriers in Si and ZnO cover changes both refractive and absorptive
behaviour of the wire. If the Si and ZnO are appropriately doped (> 10'7e¢m™3), then the
refractive (or absorptive) characteristic could be sufficiently affected for the propagating
light to shift its original phase (or weaken its initial amplitude) when passes through the

doped area.

At ON state, once the reverse biased is applied, depletion region at the interface of pn
heterojunction begins to advance towards deep into the Si and ZnO. As a result the
refractive and absorptive behaviour of the wire becomes more identical to undoped Si
where the light can propagated with minimum interaction with free carriers. The more
reverse biased voltage applied, the more free carriers deplete the wire area and hence

allows the light to propagate with its intensity remains unaffected.

In order to retain the symmetry of the structure as a slab-like waveguide, the initial
height of the pad connected to p-Si core was set to be as short as 50 nm. Under reverse
biased conditions where the devices turns to ON state the depletion expands within the
height of pad. This results a pinch to happen which obstructs the carrier free path and

hence holes transportation will be affected.

The solution is to add 50 nm thin layer of SiOs on only top of the Si pad before the ZnO
coating deposition on top of the p-doped Si core. This will isolate the ZnO and p-doped
Si from each other and destroy the PN junction in that particular area and hence avoid

pinch of in the region.

The physical, electrical and optical properties of the active material used in this work is

summarized in Table A.1 at operating wavelength of 1550 nm [97,98].

Operational wavelength has to be chosen so that all accompanied materials serve the
lowest possible absorption. This is 1330 nm and 1500 nm for Si in which ZnO also has

a transparent behaviour.

As explained in Chapter 2 the applicability of optical modulators can be limited if the
the device doesn’t serve a large modulation depth and high extinction ratio. One of
the main factor which may limit the modulation depth is scattering loss. This is the

initial motivation of choosing an optical modulator as a test platform to evaluate the
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Material Properteis Zinc Oxide Silicon
Dielectric constant 8.5 11.7
Electron effective mass 0.23 me 1.18 me
Hole effective mass 0.54 m. 0.8098 m.
work function 4.5 eV 4.2 eV

Band gap 3.35 eV 1.11 eV

E lattice scattering mobility 200 cm?/V.S 1471 em?/V.S
H lattice scattering mobility 180 cm?/V.S  470.5 cm?/V.S

E Velocity saturation 1x10" em/s  1x10" cm/s
H Velocity saturation 1x10" em/s 1x 107 em/s
E life time 8x 1077 s 3.3x107° s
H life time 8x 1077 s 4x10° s
refractive index 1.92 3.47
Absorption coefficient 0 0

Table 5.1: Si and ZnO electrical and optical properties

roughness model. In addition, the modulator designs that operate based on plasma
dispersion effect can have a wide verity and be very complicated if the hybrid structure
is considered. Due to this complication it is quite difficult or even impossible to estimate

the roughness effect using experimental and theoretical approaches.

Furthermore, the surface roughness on nanoscale, leads to a higher contact resistance
at the junctions, an important issue to high power and a reason to limit the high speed
application of this device. Although the study of roughness effect on electrical character-
istics of this device is beyond the scope of this thesis but is recommended as a potential

future work.

This design is chosen to explain the several advantageous that the roughness model can
offer. The model can be used to estimate the scattering loss in complicated multilayer
devices where accessing the roughness data is almost impossible. The provided informa-
tion on the overall loss can be also used to improve the device design further before it
goes to the expensive fabrication processes and hence saves money and time. Using the
information provided by applying this model can be used as a feedback data to optimise
the fabrication processes regularly in order to achieve the most efficient and functional
device. Furthermore, it can be used in the device characterisation process to analyse the
overall performance of the device. For example it can be used to explain the amount
of loss related to the roughness contribution and scattering loss and distinguish it form

other sources of loss such as absorption and bending losses.

5.1.0.1 Optical response

The resulting change in refractive index due to the depletion of carrier at ON state causes

almost 0.001 change in the effective index of the waveguide structure consequently. The
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required length to have a 7 phase shift is worked out Using (L = A\/2An.s), which is
775 pm.

Figure 5.2 explains the loss performance of the p-Si/n-ZnO structure, when the voltages

is reversed from 0 to 07 V.

(a) p-Si/n-ZnO TE and TM mode loss
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Figure 5.2: Loss performance for p-Si/n-ZnO TE mode as the reverse voltage
varies from 0 to 7 V.

As TE and TM modes experience different degrees of optical confinement, the light has
different powers at the waveguide core/cladding interfaces. Furthermore the propagation
angles are different and therefore one mode will have more reflections at the interface
than the other. Consequently the loss at the interfaces will be also different for TE and

TM modes as can be seen in the Figure A.22.

Figure A.22 shows at zero biased voltage, when the device is in OFF state, the absorption
loss is almost 9.3031 dB/cm. The loss is reduced by 7.33 dB/cm when the device turns
to ON state by reversing the bias voltage to -7 V. Hence the change of carrier absorption
loss from OFF to ON state is 7.33 d B/cm which is lower than the theoretically estimated
absorption loss induced by ~ 5 x 1077cm ™3 holes carrier change(8.86 dB/cm). Such a
difference arises from the following issue: In theoretical calculations it has been assumed
that the whole waveguide area is depleted from both electrons and holes. However in
reality there are still free electron carriers at the interface of the pn heterojunction. This
is shown in Figure A.23. Furthermore, there is an additional loss of 0.635 dB/cm related

to the highly doped region under the aluminium contacts and free holes in the pad area.
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Figure 5.3: Electron carrier distribution effect at 7 V
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Once the phase shifter is designed it can be implemented into the arm of MZI to convert
the resulting phase change to the desired amplitude change. The MZI is designed to use
MMI in order to efficiently couple the light into the arms and split it again. The detailed
design of MZI and MMI coupler is explained in Appendix A. FDTD solution is applied
to model the 3D MMI structure. The calculated effective index is 2.8 and having 6 um
width gives the length of 33.56 for the MMI region. The reflection into the fundamental
mode of input waveguide is calculated to be 0.474 % (compared to the ideal detached
waveguide). The transmission into the fundamental mode of output waveguide 1 and 2
are calculated to be 28.6245 % and 28.5923 % respectively. These two modes are then
imported and propagate through the MZI arms. It can be also seen that the transmitted
power into the output ports is reasonably balanced. The overall loss of the MMI region
has been calculated as 0.8 dB which results in  83% of the input power transmitted to
the output waveguides. Therefore the overall loss induced by coupler and splitter can
be estimated as 1.6 dB.

Figure A.25 shows the scaled MZI structure under investigation. The input light is
divided into two light beams propagating in the two arms of the MZI. The phase shifter
is added in one arm. An identical structure can be also inserted into the other arm
but must not be driven during modulation and therefore it will only balance the loss in
both arms. To stay within the limit of the available memory space for simulating the

structure, here the Mach Zehnder is only implemented into one arm.

Figure 5.4: a)2D scaled MZI structure layout b) 3D scaled MZI structure. Note
that the Phase shifter has been inserted into only one arm.
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5.1.1 Modulation Response

Taking the calculated effective index into account the modulation response of the MZI

structure can be approximated as shown in Figure A.26. Note that the transmission

power ((%)2) is normalized to the range between 0 and 1.
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Figure 5.5: Modulation response of the Mach Zehnder.

Figure A.26 shows the MZI will have a 7 phase shift at 3 volts as expected when the
length chosen to be 0.775 um. The waveguide arms insertion loss and extinction ratio
of the modulator is also shown in Figure A.26. This corresponds to 2.5 and 23.7 dB
respectively. The insertion loss is defined as the amount of loss that the MZI have when
no voltage is applied. The calculated insertion loss here include 1.6 dB of the MMI, and
absorption loss caused by free carrier in off state. Furthermore the On chip insertion
loss may be also taken into account which has to be added on top for practical cases.
The on-chip loss associated with the entire MZI device. This on chip insertion losses
in practical cases includes waveguide transmission losses caused by scattering, tapers
and access waveguide losses, the losses induced by the splitter/coupler and finally the
absorption losses due to free carrier plasma effect in the phase shifter. However, no
tapered waveguide has been used within the MZI structure and hence tapers and access
losses are not concern of this work at this stage and will be neglected. Among of other
the scattering loss due to the roughness is considered for the phase shifter in the next

section.

5.1.2 Scattering Loss Effects

By extracting the data from SILVACO and feeding the carrier profile changes into a
mode solver in FDTD solution the transient time of the change of the effective index of
optical mode can be obtained. This is shown in Figure 5.6 for TE mode where the DC

simulation and characterization of optical rise time is illustrated . This is the response
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to a square pulse with a voltage varying from 0 to -3 volts with a rise time of 10 ps. The

voltage will stay at -3 V for 50 ps and decreases with 10 ps fall time to 0 volts.
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Figure 5.6: Optical effective index transient response

As can be seen the device shows a relatively slower switching speed (/185 ps) compared
to the currently reported fast switching modulators [47,112]. The reason can be find
by referring back to Figure A.9 where it can be seen the capacitance of the device is
relatively high compared to these works. The additional capacitance is inserted by the
top and left side p-Si/n-ZnO interface. However,the main motivation behind of this
decision was to reduce the loss due the roughness which may be unavoidably generated

during the etching process.

In order to demonstrate the roughness effect on the modulation performance, the gen-
erated roughness model in Chapter 4 has to be induced on the side walls of the Si
waveguide at the interface with ZnO coating. Hence as well as the ideally smooth
waveguide a number rough waveguides can be created with the RMS ranging from 5 to
12 nm and a fixed 100 nm correlation length that is large enough to have minimal effect

on the loss behaviour.

Using the roughness model the scattering loss has been initially calculated for a passive

device with different ZnO coating as expressed in Table 5.2.

- 0 nm 50 nm 100 nm 150 nm

- thickness  thickness  thickness  thickness
5nm RMS  94dB/em  51dB/cm 4.8 dB/cm 4.6 dB/cm
7nm RMS 13.1dB/ecm 7.3 dB/ecm 7.1 dB/cm 7 dB/cm
12 nm RMS 24.1dB/em 16.7dB/cm  16.2 dB/ecm  15.9 dB/cm

Table 5.2: Scattering loss simulation for Si waveguide with different ZnO coating
thickness for a passive condition

As can be seen substantially reduced the loss was introduced in to structure. Further

increasing of ZnO coating will still reduce the amount of propagating loss. Even though
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in this case the effect is not large enough to compensate the carrier absorption loss which
is also a direct consequence of increasing the thickness of ZnO coating as discussed in

previous section.

Once the refractive index data from Maltlab is imported to FDTD solutions it can be
easily mapped from the 2D surface to a 3D surface that is the generated sidewalls rough-
ness. Using the mode solver in FDTD solution shows that the waveguide absorption loss
is not affected as the roughness introduced as expected. However the case is different

for refractive index illustrated in Figure 5.7.
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Figure 5.7: Effective index change for different sidewall roughness

The effective index is clearly varied for different roughness properties as it is shown in
Figure 5.7b. However, as can be seen in Figure b5.7a, there is not a sensible change
in the variation amount of effective index when the voltage is swept from 0 to 7 V.

Although the effective index change in ON and OFF state is negligible, but the value of
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Negfr1 — Neyp2 differs from the case where the waveguide is ideally smooth as each arm of
MZI has its own roughness characteristics. Since ners1 — negro is different the transfer

function also responds differently.

5.1.3 ZnO Coating Thickness Effect on The Modulation response

Figure 5.8 illustrates the condition when the transfer function is effected by sidewall

roughness variations and ZnO coating thickness.
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Figure 5.8: Modulation response to a) variation of rms roughness of the Si
waveguide. b) variation of the coating ZnO

As shown in Figure 5.8a as the RMS of the sidewall roughness increase by 7 nm, the
insertion loss also increases by 0.2 dB and extinction ratio is slightly reduced due to
the additional losses. This explains how the roughness can limit the extinction ratio
and hence the applicability of this device. It also agrees with theoretical expectations.
The sidewall roughness in one arm of MZI destroy the balance between signals power

propagating in two arms of MZI. As a result when the imbalanced and out of phase light
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waves are combined a full destructive superposition will not be achieved resulting to a

lower modulation depth.

However when the ZnO coating starts increasing it counterbalance the effect of roughness
by almost 50 %. Hence the device experience a lower scattering loss. In contrast as
explained in the last section, when the ZnO thickness increases the overall absorption loss
caused by free carriers also increases. Therefore, although there is a slight improvement
in the loss performance of the modulator, increasing the ZnO can not very effectively

solve the scattering loss effect in the modulators.

5.2 Summary and Conclusion

In this chapter a the performance of a potential optical modulator design is investigated
against the roughness effect. The roughness model has been successfully implemented
to the structure to study the scattering in the modulator and its influence in the perfor-
mance against changing roughness parameters and ZnO coating thickness. The results
shows that the extinction ratio of the modulator can be limited by almost 0.2 dB if the
roughness RMS changes from 5 to 12 nm. This information can be used in order to

preciosity chose appropriate processing steps to achieve a low scattering loss operation.

Furthermore, it shows that increasing the ZnO coating width can not significantly im-
prove the extinction ratio of the design. Hence it helps to bypass the need for fabrication
of several samples and test steps leading to save money and time during device design

cycle.






Chapter 6

Summary, Conclusions and
Future Works

The aim of this chapter is to discuss the key findings of this research in a summary; the

conclusions that may be traced from them and an extension to further works.

6.1 Summary

This project has been constructively useful to the author by extending the knowledge
of scattering loss effects using the novel method introduced in Chapter 3. This project

has been followed in two major parts

In this part, the roughness model have been developed based on an inspiration from the
technique that is excessively used in MRI field. A randomly filled K-space is generated
by a general random generator function. The resulting k-space will then be filtered
based on the Autocorrelation function that is mainly defined by two key components;
rms and correlation length. The filtered k-space will then be transferred back to real

space using inverse Fourier transform module.

The results have shown a good agreement with experimental results obtained from two
different samples having a size of 1000 x 500nm, 1200 x 500nm, 1400 x 500nm, at 3.47
pm and 330 x 220nm at 3.47 pum wavelength. In addition the results obtained using
this model are compared with results by Payne and Lacey model and several other

experimental published works in which all were in a good agreement.

In the second part in optical modulator is designed where later used as a case study
for the roughness model. The modulator is designed to operate based on carrier plasma
effect where the carrier concentration change can result a change in refractive index and

absorption coefficient. It has been shown that the device can work in depletion mode

83
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and be used a phase shifter when an appropriately large enough change in the carrier
concentration causes the refractive index to vary. The device shows a refractive index
change of 0.0001 in 0.775 pum length with less than 4 dB insertion loss. The transient
response is yet a remaining issue in comparison with the current fast switching speed

modulators that can be considered for further optimisation.

The initiative of this project leads to a parallel fabrication work of the device which is
still in the progress by T. B. Masoud. The device is slightly modified as the SiO2 could
not be perfectly aligned with the waveguide sidewall. The devise has promisingly shown

a switching in injection mode and forward biased conditions.

Scattering Loss Estimation Using 2-D Fourier Analysis and Modelling of Sidewall Rough-
ness on Optical Waveguides [90].

The research in this project has led to produce 6 Publications as follows.

e Scattering loss estimation using 2D Fourier analysis and modelling of sidewall

roughness on optical waveguides [90].

e Submicron silicon waveguides and optical splitters for mid-infrared applications
[113].

e Silicon electro-optic switch based on n-ZnO/p-Si heterojunction structure [114].

e Compact Fabry-Perot electro-optic switch based on n-ZnO/p-Si heterojunction
structure [115].

e Silicon waveguides and devices for the mid-infrared [116].

e Broadband plasmonic couplers for light trapping and waveguiding [117].

Also the following article is submitted for a publication pending for decisions in Optics

Letter and IEEE photonics Journal respectively.

e Hot-Wire Polysilicon Waveguides with Low Deposition Temperature.

e Computational Studies of Si/ZnO Depletion Mode Heterojunction Optical Modu-
lator and The Effect of sidewall Roughness.

6.2 Conclusions

The involvedness of roughness effect and its accrue estimation on the loss performance

in modeling any optical device from waveguides to more complex hybrid structures can
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be very adventurous in a number of ways. Among of all the very two important ones

are as follows:

It can provide a more realistic characteristic of the proposed structure before the device
enters to the fabrication process that may need substantial funds to spend and as well

as more time.

The scattering loss in many devices can be trade off against the performance merit a
particular device. Proving accurate predictions of its effect will therefore can help one

to precisely adjust these merits to serve a certain applications

6.3 Future Works

The following is suggested as the highlighted plan to proceed for the future:

e The structure design of the initial switch has to be optimized to operate in single
mode conditions; in addition the geometry has to be preciously modified to provide
birefringence free operation. Some of these works have been partially done but not
included as they were yet incomplete. Further engineering in geometrics aspects

are also necessary in order to make the device feasible for fabrication.

e The effect of sidewall roughness on electrical and optical behaviour of the device,
in terms of carrier profiles, transient response and dispersion characteristics are

still remained as part of the this project future works.

e The fabrication and characterization of the device to compare loss measurement

results with predicted results provided by the model.

e To investigate the effect of sidewall roughness on the eye diagram of the proposed
optimized device that can provide the overall bit rate of the modulator and the

maximum bandwidth it can offer.

e Sidewall roughness can be implemented in wider range of structures and geome-
tries. One potential possibility is its effect in photonic crystal structures that is

very little investigated
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Appendix A

The Design and Development of
Hybrid Heterojunction Optical
Modulator

A.1 The Design Strategy

The design and simulation strategy of this work is based on the flow chart diagram in
Figure A.l.

Identification of Device Performance Specifications

¥

Development of Initial Design

¥ v

Analysis of Electrical Analysis of Optical
Behavior of the Device Behavior of the Device
using Numerical Tools using Numerical Tools

v v

Further Optimization of the Original Device

¥

Demonstration of Second Order Approximation

(sidewall roughness) on Device Performance

¥

Conclusion

Figure A.1: Design Strategy flow chart diagram
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There are several preferred priorities of the performance merits which have been con-
sidered in the preliminary design of this work. The electrical and optical behavior of
the proposed device in ON and OFF state will be explored using numerical simulation
tools. By analysing these primary results, further optimizations are carried out in order
to boost device performance. Correspondingly, further details (in particular side wall
roughness) which has been independently studied and modelled is implemented in to
the structure to demonstrate its possible effects on the performance of the device. As-
suming to have promising results, the device can be considered for fabrication and final

characterization.

In this work ATLAS by SILVACO is used for electronic demonstration together with
FDTD solutions by Lumerical for optical modelling. Matlab is also used to import the
required data from ATLAS to FDTD solutions as will be explained later.

A.2 Performance Merits

In Chapter 3 the tradeoff between the performance merits in designing a structure has
been explained. These performance specifications have to be prioritized based on their
relevant importance in order to serve the finest possible functionality and high efficiency
for a particular purpose. For example, if a low loss operation is important in a design of
a plasma dispersion modulator, the parameters has to be chosen in the most appropriate
way which optimally lead to a low loss performance, even though the cross section size
may become larger. In this work these merits are lined up based on their priority in the

following order:

1. Loss: A low loss performance can be only achieved by minimizing absorption and
scattering loss of the device. As one the main inspirations of this work, the loss
origins has to be deduced into the design for quantitative determination of their
effectiveness in device performance. More importantly the structure has to be
designed in such an appropriate way so that one can demonstrate the influence of
possible solutions which can eliminates or at least reduce the consequence of these

inserted losses.

2. Modulation depth: The depth of the modulation is increased as a direct result

of the reduced loss in a modulator.

3. Foot print (Effective length): Long effective length itself can result additional
loss in a modulator as the propagating light interacts longer with boundaries imper-

fections. It is therefore important to keep the effective length as short as possible.

4. Modulation speed: The modulation speed has to be feasible, practical and com-

parable with the many current reported modulators in the literature (> 10GH z),
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although the very fast operation is not intended as the key purpose of this work.
One clear solution that provides faster operation is to shrink the cross section size.
As the cross section size is reduced more and more the loss starts to increase,
since a larger portion of propagating mode interacts with the irregularities of the
waveguide boundaries. This tradeoff is the major drawback in many other designs

of optical devices based on wire waveguide approach.

A.3 Principle Design Consideration

In this section based on the above performance specification the principles of the pur-

posed design is introduced and discussed:

A.3.1 Plasma Dispersion Effect Phase Modulation

It is intended to apply plasma dispersion effect as the most efficient approach for optical
modulation in Si based configuration. To gain relatively high switching speed, the device
is decided to operate in depletion mode. Aiming to obtain direct amplitude modulation
through changing absorption coefficient in Si needs relatively large carrier distribution
variations though. Because otherwise the modulation length becomes unavoidably long
resulting further propagating loss. Phase modulation can be achieved within a shorter
length and hence it is generally more preferred. The phase modulation can then be

transformed to amplitude modulation by implementing in a MZI.

A.3.1.1 Hybrid structure
It has been explained that hybrid Si material integration can extend the capability of

Si or compensate the Si optical weaknesses in general. It is therefore decided to include

the advantage of such a hybrid design in the purposed structure.

A.3.1.2 Two terminal device

As mention in Chapter 2 two terminal devices may have lower absorptive behavior. Two

terminal configuration is therefore chosen in the initial design.

A.4 General Waveguide Selection Criteria

In order to figure out a highly optimized optical waveguide based design, it is important

to precisely select the waveguide criteria and specifications. For example, all losses in
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the waveguide correspond to the material and geometry of the waveguide. For a low
loss and efficient operation it is therefore essential to realize and select right waveguide
materials and accurate geometry. There are three fundamental design principles which
one should emphasise when selecting the material and geometry of the waveguide; Size,

performance and fabrication.

A.4.1 Size Parameters
A.4.1.1 Refractive Index Contrast

The refractive index contrast or delta An is the difference between the core and the
cladding of a dielectric waveguide. It is normally used to expresses how the quality
of the waveguide boundaries can affect the confinement of the electromagnetic wave.
High An results in very rigid boundaries and hence confining the wave strongly in the
waveguide. Low An results in the significant part of the light to propagate outside of
the waveguide boundaries. The confinement quality can be explained using confinement

factor.

The confinement factor is defined as the ratio of the optical power propagating inside of
the waveguide to the total propagating power [53]. The confinement factor is directly
related to extinction coefficient (the imaginary part of refractive index) which describes
the decay rate of the evanescent field from the core/cladding interface into the cladding

[53]. Therefore confinement factors scales monotonically with An.

A.4.1.2 Single mode cutoff dimension

The largest waveguide dimension in which only one mode (fundamental mode) exists in
the dielectric waveguide is called single mode cutoff. Single mode condition is varried
for different structures and geometries. The number of supported modes in dielectric

slab waveguide is worked out from [70]:

M= — (n% —n?) (A.1)

Which A is the free space wavelength, d is the waveguide width, ng and n; are the
refractive index of cladding and core respectively. By setting M = 1 the cutoff can be

calculated as :

Ao

dcutoff = T S5
2/(n§ — ni)

(A.2)
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Since n2 — n? = (ng +n1)(An), High An leads to large value of ng — n} and hence to a

smaller single mode cutoff dimension.

For rib and strip waveguides the cross section dimensions determine the number of
modes that can travel through the waveguide. This was firstly demonstrated by Soref.

et. al [93] for large waveguides.

For sub-micron applications the single mode conditions needs the use of complex com-
putational methods such as the finite difference methods, the beam propagation method
and the film mode matching method [94]. Recently full vector method is used to deter-
mine the single mode condition. Applying a fitting procedure, the authors formulated
an equation in which the single mode condition for both polarizations (TE and TM) at

1.55 um operating wavelength can be worked out [94];

w 55.679h2 — 45.46h, + 10.73
h V1— 12

+ 21.805h2 — 21.47h, + 5.69 (A.3)

—14.9h2 — 8.08h, + 0.
o 1490 — 808he + 058 | 99 0gh2 — 19.31h, + 4.16 (A.4)

V1—1r2

=&

where r = hg/h. < 0.5, w is the width of the waveguide, h. is the height and hg is the
pads height.

A.4.1.3 Dispersion

As the loss can significantly increase in nanoscale region the importance of precise selec-
tion of cross section size is considerably enhanced. The smallest size for a waveguide in
which at least one propagating mode can be supported is therefore an issue to consider
when one selects a suitable waveguide dimension in nano regime. One way to obtain
a minimum possible waveguide cross section size and also single cutoff dimension is
through defining a parameter that is called Dispersion. The dependence of propagation
constant on the frequency of propagation is called dispersion. The propagation constant

is defined as:

2
8= neff—)\ (A.5)
0

The relationship between the normalized frequency and normalized propagation con-
stant is referred as dispersion equation. The normalised frequency is a function of
waveguide dimension, wavelength and Numerical aperture according to the following

relation:
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2md
o (n§ —ni) (A.6)

v=Kdy/(n} —n?) =
Since there is a specific propagation constant corresponds to each propagating mode,
the dispersion equation can be graphically represented as a set of universal curves.
Each curve is related to a specific mode order that only exists for particular values
of normalized frequency which is larger than a certain amount. This amount however
varies for different modes. There is however an exception for the fundamental mode
which a value of v exists for all values of normalized propagation constant. Hence except
fundamental mode, other higher order modes have cut off point at specific normalized

frequency.

The normalised frequency is a function of waveguide dimension. Therefore according to
dispersion relation, the variation in propagation constant can be related to the variation
in dimension of the specific waveguide at specific wavelength. Based on this argument
one can replace the normalised frequency by waveguide dimension and generate disper-

sion curves for specific waveguides.

A.4.2 Performance Parameters
A.4.2.1 Bandgap

As expressed before, the optical bandgap of the waveguide material indicates the ab-
sorption edge. If the optical energy is greater than the bandgap significant absorption
occurs while optical energy lower than the bandgap shows minimum absorption. The
optical bandgap determines which wavelength is the most suitable one to be used in the
waveguide. Therefore for a given specific operational wavelength to be carried in the

waveguide, material selection depends on optical bandgap and vice versa.

A.4.2.2 Wavelength

The right range of the wavelengths in which the waveguide shows low band edge absorp-
tion and scattering loss is another factor to consider when selecting a material. Silicon

exhibit the lowest absorption behavior at around 1.3 um and 1.55 um wavelengths.

A.4.3 Fabrication Parameters

The materials which the waveguide is constructed from have to be compatible with
current state of the art processes, CMOS. It is generally accepted that silicon on insula-

tor (SOI) is the best platform to be used in the fabrication of silicon photonic devices.
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SOI wafers can provide significant advantageous because of their multilayer semiconduc-
tor/dielectric structures. Multilayer material systems with high refractive index contrast
can be realized using SOI process. Hence hybrid integration can be achieved more easily.
The composition of buried oxide and air with silicon, with respectively 1.44, 1 and 3.47
refractive indices leads to highly confined layers with high aspect ratio contrast within

the wavelength of interest.

Considering all above principles one can choose the right combination of geometry and

materials for low loss operation for the proposed modulator design.

A.5 Waveguide Material and Geometry

A.5.1 The Urgency of Silicon in Waveguide Structures

Silicon, as an inexpensive dominant semiconductor in electronics, provides the low cost
integration with electronics. Furthermore due to its unique compatibility, silicon is be-
ing the leading candidate for optical interconnect. It can provide performance enhance-
ments resulting from electronic/photonic integration, and compatibility with CMOS as
the most successful technology for producing electronics. These proven abilities to-
gether with the trend towards nanoscales integration for high speed operation and more
cost effective fabrication process have opened a wide research area. The desirability
is basically due to the unique combination of low fabrication costs of silicon, perfor-
mance enhancements resulting from electronic/photonic integration, and compatibility
with the worlds most successful electronics technology CMOS. Si in certain wavelength

ranges (1350-1550 nm) also shows a low absorption characteristic.

However, Si is inherently restricted as an optical material because its indirect band
gap gives inefficient light emission characteristics, the centrosymmetric crystal structure
of Si and poor electro-optical properties (Kerr and Pockels effect). Hence in order to
maintain the Si fundamental advantage, the in silicon must be carried out in other ways.
One possible solution that is considered within this work is to investigate potential
improvements of composite structures where Si and other compatible semiconductors
create a hybrid Si based configuration. The benefits of such a design arise from using
low cost electro-optical compound semiconductors that are appropriately compatible

with silicon photonic integration and technologies.

Together with Si as a well-studied, cheap, widely used material in electrical and optical
devices, the accompaniment of ZnO and SiO2 can have plenty to offer electronically and
optically. The potential properties of ZnO have been also studied to investigate their
use in waveguide based devices [31,33]. Its transparency behaviour at relatively wide
wavelength (700 nm to 1600 nm) leads to extend its applicability in optical and more

recently in electro-optical structures. Both ZnO and SiO2 have shown that are gratefully
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compatible with Si technology. The integration of both materials with Si can provide
high contrast refractive index structures and strongly confined waveguides. While ZnO
is naturally n-doped and hence can contribute efficiently in free carrier distribution in
a heterojunction diode, it is transparent at NIR region. Therefore there would be no

extra free carrier absorption added which is a very promising advantage.

The integration of ZnO in Si based devices is still very rarely referred in the literature.
The promise of hybrid Si/ZnO pn heterojunction structure as UV LED and photodetec-
tors have been demonstrated [95]. But for a similar device to operate as depletion mode
optical switch is still little explored. The nearest proposed device is an electro-absorptive
Si-metal structure operating based on Schottky diode configuration and shown to ex-
hibit efficient free carrier depletion theoretically [96]. The device has short modulation
length at the expense of very high insertion loss caused by the metal contact on top of it.
Further studies are still required for polarization dependence, propagation loss and free
carrier distribution profile in submicron scale waveguide, otherwise known as photonic
wire. In spite of that it is important for the heterojunction design to be practically

feasible for fabrication and characterization.

Hence Silicon CMOS process compatibility, high An and low absorption behaviour at
1500 nm wavelength can make the combination of SOI, SiO2 and ZnO an attractive

material system for such a structure and many other low loss waveguide applications.

The physical, electrical and optical properties of the active material used in this work is

summarized in Table A.1 at operating wavelength of 1550 nm [97,98].

Material Properteis Zinc Oxide Silicon
Dielectric constant 8.5 11.7
Electron effective mass 0.23 me 1.18 me
Hole effective mass 0.54 me 0.8098 me
work function 4.5 eV 4.2 eV

Band gap 3.35 eV 1.11 eV

E lattice scattering mobility 200 cm?/V.S 1471 em?/V.S
H lattice scattering mobility 180 cm?/V.S  470.5 cm?/V.S

E Velocity saturation 1x10" em/s 1% 107 cm/s
H Velocity saturation 1x10" em/s 1% 107 cm/s
E life time 8x 107" s 3.3x107° s
H life time 8x 1077 s 4x107% s
refractive index 1.92 3.47
Absorption coefficient 0 0

Table A.1: Si and ZnO electrical and optical properties

Operational wavelength has to be chosen so that all accompanied materials serve the
lowest possible absorption. This is 1330 nm and 1500 nm for Si in which ZnO also has

a transparent behaviour.
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A.5.2 Waveguide Geometry

All wire optical devices can provide lower insertion loss, making it suitable for high
compact optical integration. SOI wafers can serve a natural one dimensional wave
guiding material. However the applicability of planar waveguide is limited for particular
uses and therefore two-dimensional confinements is required. Three possible structures
can be considered in the design of the proposed hybrid modulator which can also serve

low loss operation in a 2D confined guiding configuration:

1. Cylindrical nanowires: Cylindrical waveguides in nanoscale such as photonic nanowires
exhibit a better confinement compared to the other geometries. In addition they
are polarization independent and hence can support hybrid modes which is a
unique advantage. Cylindrical nanowires tend to be fabricated horizontally. Al-
though recently reported studies show that cylindrical waveguides can be realised
quite smooth, the fabrication of cylindrical nanowire horizontally on silicon sub-

strate is a very challenging process.

2. Strip Waveguide: Nanosize rectangular slab waveguides are one of the most attrac-
tive geometries that can confine the light in 2 dimensions. the third dimension of
the structure provide the propagation path. They can be relatively easy fabricated
as SOI structures using etching process. Either air or materials with refractive in-
dex lower than that of the Si can be used as a cladding of the etched waveguide.
Nanosize rectangular slab waveguides are one of the most attractive geometries
that can confine the light in 2 dimensions. They can be relatively easy fabricated

as SOI structures using etching process.

3. Ridge or rib Waveguides: Likewise ridge waveguides can confine light in two di-
mensions, but has weaker horizontal confinement than a strip waveguide even with
the same core and cladding references. In other word the effective index difference
in the horizontal direction is higher for a strip waveguides. In comparison with
strip waveguides, the center of ridge and rib structures can be better isolated from

the metallic contacts and therefore provides a significantly reduced absorption loss.

The well developed fabrication process of strip, strip-like and ridge waveguides make
them the dominant geometries for most low loss silicon waveguide based devices. It is
therefore intended to use Strip-like waveguide (rib) where all wire devices with lower

insertion loss can be realised, making it suitable for high compact optical integration.

The propagating mode properties are directly related to the device geometry and the
materials. The propagating mode properties are discussed in section A.9.1 by inves-
tigating dispersion characteristics and polarization features of the proposed modulator

design.
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It is also important to note that in this work, it is aimed to initially begin with relatively
nanoscale large waveguide cross section that can operate in multimode condition. Once
the original structure is developed, the single mode condition can be considered by
investigating the effect of size reduction against any loss increase. In the literature there
has been a little interpretation of such an effect reported. The configuration can be
therefore further optimized to achieve the most functional cross section size that can

provide low loss as well as acceptable modulation speed.

A.6 Device Modelling Concept

Figure A.2 shows the modelling concept used to model to proposed modulator. Following

this this simple results a time efficient way to model the structure.
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Figure A.2: Flow chart of modelling procedure of the device
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SILVACO is a multipurpose semiconductor design and simulation tool. This suit consists
of a number of modules that perform a certain task to design model and analyse the

results.

1. Devedit is one of the three user graphic interface to define the initial structure in
2D or 3D. Materials, doping and electrodes are then specified. Once the structure
is defined a mesh can be applied with mesh generation and refinement module.
SILVACO uses triangular grid system and is important to define a very fine mesh
in abrupt changes in which is likely to have a relatively large parameter variations;
For example, at the interface of the boundaries, and regions of different doping
concentration or type. Once the structure is completely created, it is saved into a
structure file and can be imported to the next user graphic interface where ATLAS

commands are executed.

2. Deckbuild is a runtime environment for executing ATLAS commands. ATLAS is
a device simulator that can predict the device electrical behaviour under differ-
ent bias conditions based on the physics of the device. ATLAS has been previ-
ously used in order to analyse electro-optic modulators in SOI waveguides in other
works [101-103]. The software allows a complete statistical approach (Fermi-Dirac
statistics) when heavily doped regions are considered [101]. ATLAS numerically
approximates the operation of device onto a 2 or 3 dimension grid system which
is previously created in Devedit. Applying a set of differential equation into this
system one can simulate the transport characteristics of carriers through the entire
structure. These equations are Poissons equations relating the variation in electro-
static potential to local charge densities, the charge continuity equation for hole
and electrons and the transport equation which describes the way that electrons
and holes densities are altered as a result of transport processes, generation and
combination processes. ATLAS can be initiated in ATLAS by calling it in Deck-
built. Additional material properties information can also be defined in ATLAS
itself if required. Then depending on the imported device, ATLAS enables the
user to select specific physical modes. These models are generally classified into 5
groups that are carrier statistics, mobility, recombination, impact ionization and
tunnelling. The wide variety of available model is to ensure the relatively realistic
results of the electrical performance of the device can be obtained. The models
used in these projects are those standard SOI substrates models provided in AT-
LAS and are extensively used for the simulation of the pn junction relative active
devices. These are carrier statistics, mobility, carrier generation and recombina-
tion and band gap narrowing which is used here. Surface recombination model
is also used to take the semiconductor/insulator interface recombination into ac-
count. The numerical solving method has to be chosen after to solve these models.
Here Newton and Gummal method is chosen for DC and transient simulations.

Finally the user states what data need to be extracted from the simulations. DC ,
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AC and transient simulation results can be obtained. Depending on the specified
needed data, the extracted information will be then exported to specific files for
further analysis and or displaying in TONYPLOT module.

3. TONYPLOT: TONYPLOT is a visualization module in which every solution com-
puted by ATLAS can be analysed and displayed. This tool is very useful in partic-
ular for fast development of the initial structure. Once the device is electronically
investigated the data has to be transfer to MATLAB and Lumerical FDTD solu-

tions for optical modelling analysis.

A.7 Simple pn Heterojunction diode

The investigation was begun by considering the electrical functionality of simplified p-
Si/n-ZnO heterojunction in reverse biased situation. Although the device operates in
depletion mode, the carrier lifetime time has been chosen to be quite large in order to
show that is not playing a dominant role in the speed of the device when it operates in
depletion mode. The junction is assumed to be abrupt for simplicity [102]. Figure A.3

shows the schematics of a simplified pn heterojunction structure.

Contact

p-doped Si
n-doped ZnO
Buried Oxide

Figure A.3: Layout of a general configuration of Si/ZnO heterojunction

The waveguide structure contains a simple 0.4 um by 0.4 um horizontal pn heterojunc-
tion and is configured on thick buried oxide layer. Two 50 nm wide pads are used on
either side of the waveguide to connect the heterojunction diode to the highly doped
regions. The Aluminium contacts are deposited on top of the highly doped region. The

overall structure is covered by a thick layer of surface oxide.

A.7.1 Band Diagram

Figure A.4 shows the band gap diagram of such a configuration at different bias con-
ditions. Both Si and ZnO have 1 x 108e¢m ™2 primary dopant densities. The values

are chosen to be reasonably practical, especially for ZnO. These values however will be
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optimized in later stages to achieve the most effic