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Deutsche Zusammenfassung
Optische Modulatoren gehören zu den wichtigsten Bauteilen der integrierten Optik. Sie ermöglichen die Steuerung der optischen Phase. Eine
solche Steuerung kann durch elektrische oder optische Anregung erfolgen.
Die mögliche Phasenverschiebung, die Bandbereite, der Stromverbrauch und
die geometrischen Abmessungen des Modulators sind die wichtigsten Kennzahlen optischer Modulatoren. Üblicherweise sind die Effizienz der Phasenverschiebung und die elektrische Bandbreite die wichtigsten Parameter der
Telekomindustrie.
In dieser Arbeit geht es um Entwurf, Fabrikation und Charakterisierung
sehr effizienter, elektro-optischer Modulatoren auf der Basis von integrierten
optischen Schaltkreisen auf Silizium. Die hier konzipierten Modulatorprinzipien sollen die Anforderungen einer optischen Phasen-Array-Antenne erfüllen.
Eine optische Phasen-Array-Antenne ermöglicht Laserstrahlablenkung auf
der Basis von Festkörpertechnologie. Dies ist von besonderem Interesse in
der Automobilindustrie, Smart-Wearables-Industrie, hochpräzisen Messtechnik und Wetterkunde.
Im Gegensatz zu Anwendungen in der Telekommunikationstechnik, ist
eine elektrische Bandbreite bis hin zu mehreren hundert Gigahertz nicht
von höchster Priorität. Stattdessen rücken in dieser Arbeit die Effizienz der
Phasenverschiebung und der Stromverbrauch in den Vordergrund. In einer
optischen Phasen-Array-Antenne ist der Stromverbrauch entscheidend, denn
es handelt sich um eine große Anzahl von Modulatoren, dabei könnte die
erhöhte Leistungsdichte erhebliche thermische Auswirkungen auf das System
haben.
Entwerfen von neuartigen optischen Modulatoren ist das Hauptziel dieser
Arbeit. Die Herstellung und Vermessung der entworfenen Designs stellt das
weitere Ziel dar. Die siliziumphotonische Materialplattform greift auf standardisierte CMOS Fabrikationsprozesse der Mikroelektronik zurück und erlaubt kostengünstige Massenfertigung mit hoher Reproduzierbarkeit. Die Arbeit gliedert sich in zwei Themenfelder: Opto-mechanische Modulatoren werden im ersten Teil dieser Dissertation behandelt. Der zweite Teil beschäftigt
xv

xvi
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sich mit elektro-optischen Modulatoren.
Die im Rahmen dieser Arbeit behandelten opto-mechanischen Modulatoren fordern freigestellte optische Wellenleiter. Klassische siliziumphotonische Herstellungstechnologie verfügt nicht über die entsprechenden Freistellungsverfahren. Die notwendige Entwicklung eines Ätzprozesses von photonischen Chips zur Herstellung von freigestellten Wellenleitern wird in dieser
Arbeit beschrieben.
Im Gegensatz zu opto-mechanischen Strukturen basiert die Herstellung
von elektro-optischen Modulatoren auf gewöhnlicher Photolithographie und
kommt ohne weitere Postfabrikationsschritte aus. Im Rahmen dieser Arbeit wird das neuartige Konzept eines elektro-optischen DoppelsperrschichtModulators vorgestellt und Demonstratoren basierend auf diesem Prinzip
werden entworfen, hergestellt und charakterisiert. Ein DoppelsperrschichtModulator enthält zwei PN-Übergänge, im Gegensatz zum konventionellen
PN-Modulator mit einem PN-Übergang. Das Dotierungsprofil dieses neuartigen Modulators weist Parallelen zu einem klassischen Bipolartransistor auf
und ist in einem optischen Wellenleiter integriert.
Der Doppelsperrschicht-Modulator kann je nach Anordnung der Dotierbereiche in den zwei grundlegenden Ausführungen PNP oder NPN aufgebaut sein. In Charakterisierungsmessungen weisen die hier hergestellten
Modulatoren eine zweifach höhere Effizienz als konventionelle laterale PNModulatoren auf und übertreffen damit selbst Modulatoren mit longitudinal
verzahnten PN-Übergängen. Weitere Effizienzsteigerungen sind durch optimierte optische Pfadführung zu erwarten.
Die hier gezeigten Doppelsperrschicht-Modulatoren kommen mit deutlich
unter 1 nA Sperrstrom aus und bieten eine Modulationsbandbereite von bis
zu 2 MHz. Effiziente Modulatoren stellen eine Schlüsselkomponente für viele
siliziumphotonische Anwendungen wie optische Phasen-Array-Antennen dar.

Abstract
Optical modulators are one of the critical components of integrated photonics. Modulators enable control of light phase through an external excitation.
This excitation can take different forms, including mechanical or electrical
excitation. The maximum phaseshift, the bandwidth, power consumption
as well as area footprint of the modulator are the most important key performance parameters of optical modulators. Bandwidth and phaseshifting
efficiency are common to be of top priority in the telecom industry.
This thesis focuses on the realization of highly efficient optical modulators
in a silicon photonic open access platform. The modulators discussed within
this work aim at achieving specific key performance indicators for application
in an optical phased antenna array.
An optical phased antenna array allows for full solid state laser beam
steering. Its applications cover a diverse set of solutions within mobility,
smart wearables, high precision measurement and meteorology industries.
Unlike modulators for the telecom industry, an optical phased antenna array does not require a high operation bandwidth. As such an array involves a
large number of optical modulators. Power consumption is a critical parameter. This is implied by ensuring a low power density to prevent unwanted
thermal effects.
In this thesis, design and proposal as well as the experimental realization
of novel concepts of integrated optical modulators is pursued. Fabrication of
proposed designs is primarily done using an open access standard technology. The term open access refers to a standard industrial process, that is
available to use publicly, under specific conditions, and usually for paying a
considerable participation fee. However, such technologies largely ensure reproducibility and mass-producible industrially compatible designs. The work
focuses on two approaches. The first is the optomechanical modulation, and
the second is the electro-optic modulation.
The optomechanical modulator poses a larger fabrication challenge, due
to requiring free-standing nanophotonic waveguides to function. This, in
turn, requires developing a releasing process, which is heavily discussed in
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this work.
The electro-optic modulators in this work are realized by direct fabrication in an open access technology without further processing. In the
framework of this thesis, a fundamentally novel electro-optic modulator was
proposed. This is the bi-junction electro-optic modulator. This modulator
implements an implant profile, that is almost identical to the implant profile
commonly found in a bipolar junction transistor, however, implemented in
an optical waveguide.
The phaseshifting performance of these modulators significantly exceeds
the reported phaseshifting performance of the commonly reported lateral
and interleaved modulators. Also, in some cases, the bi-junction modulators
achieve lower or slightly higher optical losses. The phaseshift/optical loss
figure of merits are calculated from experimental measurements.
The NPN polarity of the bi-junction modulator achieves more than 200 %
increase over the stander PN-lateral modulator and 8.3 % increase over the
interleaved modulator. Interestingly, in this run, the losses were limited by
employing a specific electrical contacts layout that added 1 dB of optical
losses to the bi-junction modulators. Removal of such lossy elements can
improve the performance gains to 50 % and 300 % more than interleaved and
lateral modulators respectively.
The bi-junction electro-optic modulator achieves these performance indicators under an operation bandwidth of almost 2 MHz and an electrical
power consumption of less than 1 nW. These modulators are thought to become disruptive modulation devices for optical phased antenna arrays, which
are currently a very hot topic in silicon photonics.

Chapter 1
Introduction
This work deals with an industrial problem. The problem stems from the
need for small footprint, highly efficient Mach-Zehnder Interferometer (MZI)
based electro-optic phase modulators. Solid state beam steering using Optical Phased Antenna Arrays (OPAs) is the major motivating application
for this work. OPAs utilize the same concept implemented for decades in
microwave RADAR to form and direct beams using electrical control but in
optical wavelengths.
Recent works have demonstrated successful implementation of OPAs in
silicon photonic platforms [1, 2, 3, 4]. The OPA itself is not the scope of
this work. For OPA related information, it is advised to refer to the cited
works. This thesis focuses on the OPA fundamental building block, which is
the electro-optic modulator. An electro-optic modulator changes the effective
refractive index of an integrated waveguide as a response to external electrical
stimulation.
This work specially deals with the efficiency of the modulator. Efficiency
in this work refers to three aspects. The first is the electro-optic phaseshift,
the second is the optical losses, and the third is the electric power consumption.
Area footprint and operation bandwidth are of secondary priority to an
OPA. An OPA is an array of electro-optic modulators. The OPA objective is
changing relative phaseshifts along different optical paths leading to optical
antennas. These relative phases eventually shape the emitted beam with a
specific directional angle.
OPAs can be used, for example, in 3D environment perception in a mobile
phone or an autonomous vehicle. They are set to provide key technology
enabling solutions to the industries of autonomous driving [5], free-space
communication [6], augmented reality and 3D visible light Holography [7, 8].
OPAs do not essentially need very small response times. For example,
1
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an operation bandwidth of more than 100 kHz is enough for a theoretical
steering response time of 10 µs. Area is another aspect that may help with
yield or cost of production. Generally, a highly efficient modulator occupies
less chip area.

1.1

The ideal modulator for an OPA

In an OPA, each modulator ideally achieves a full 360° of optical phaseshift.
Not satisfying this condition lowers the Signal to Noise Ratio (SNR) of the
system [1]. Optical loss poses an additional critical challenge to the SNR. Increasing laser power to compensate for high optical losses may have spurious
temperature effects on the system performance [9].
The ideal modulator for an OPA is compact, robust to temperature and
fabrication tolerances, consumes very little electrical power [3] and experiences the least optical loss [10]. The only relaxed factor in comparison to a
high speed telecom modulator is the device operation bandwidth.
Ring resonator based modulators namely fulfil these criteria, but they are
sensitive to environmental conditions, especially the temperature [11]. Their
performance is reported to be stable only within a limited temperature range.
The work [12] reports a ring resonator exceptionally suitable for a wide range
of temperatures within only a delta of 15 °C.
Recent industrial focus on integrating lasers within photonic chips sets
temperature stability as an important future industrial requirement. Moreover, resonators require a large radius, and are not suitable for the large scale
array arrangement mandated by an OPA [3]. This thesis scope is thus limited to non-resonant based modulators, and specifically modulators employing Mach-Zehnder interferometers, which can perform more robustly under
varying temperature conditions [13].
A MZI based modulator achieving phaseshift close to 360° and experiencing low optical loss regardless of bandwidth performance is the major
objective of this work. The thesis focuses on satisfying these criteria in a
specific open access technology. An open access technology refers to a standard fabrication process, that is possible to publicly utilize under specific
conditions [14]. An approach that is strongly industrially compatible and
ensures reproducibility.

1.2. EXPERIMENTAL METHODOLOGY

1.2

3

Experimental methodology

IMEC ISIPP50GTM [15] is the technology used for fabrication and realization
of the modulators. Some experiments involve post processing of the chips.
The choice to limit experimental work to a mature open access technology
ensures industrial applicability of developed methods within this work. The
technology is pre-specified by industrial aspects, including maturity and easy
access within a European framework of collaboration.
The realization of proposed concepts is then largely limited by the implementation technology. Some key details of the technology are not shared
in full with customers by IMEC, including implantation types and concentrations as well as their vertical and horizontal profiles. This is a typical
industrial challenge.
The proposed approaches are then experimentally realized as proof of concepts and critically compared with standard architectures fabricated in the
same technology. Enhancements for further performance optimization with
this technology to achieve least footprint with highest modulation efficiency
are eventually proposed.
In addition to high fabrication costs, another noteworthy challenge is the
fabrication time. A single fabrication run may last up to 14 months. This
strongly shaped the design and testing methodology of this work. Functionality and ability to prove the concept is prioritized over achieving top notch
key performance indicators.
Structures of earlier fabrication runs are also employed to understand
technology parameters. Finally, testing is tailored to the fabricated design
layouts. Layout area and layers are shared resources among other researchers.
These imply some trade-offs that would be discussed in detail within the
thesis.

1.3

Thesis structure

Part I of this thesis reviews Photonic Integrated Circuits (PICs) and introduces the target modulation parameter which is the effective refractive index.
Later, two major methods of effective refractive index modulation in silicon
are closely studied within this thesis.
Part II deals with modulators based on gradient optomechanical forces.
In optomechanical modulation, the optical power mediates coupling of mechanical modes of nanophotonic silicon beams closely placed next to each
other. The optical pump power that modulates the mechanical beams can
be electrically controlled. On the other hand, the optical probe signal is fully
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optically modulated.
Proposals to realize such devices using the passive version of ISIPP50G
technology are proposed. A multi-step Vapor HF process is introduced for
oxide etching of optomechanical modulators. In addition, an interesting operation mode is theoretically studied which is known as Spontaneous Parametric Down-Conversion (SPDC).
Part III discusses free-carrier depletion electro-optic modulation. The
approach is identified as a very promising candidate for efficient electro-optic
modulation. The concept objectives diverge from common industry focus on
telecommunication, which mainly pushed research to optimize modulators
for high speed operation.
In chapters 7 and 8 of part III, a novel modulator architecture, fundamentally different from commonly reported free-carrier depletion modulators, is
proposed, implemented, and tested. Finally, chapter 9 summarizes the work
presented in the thesis and introduces some suggestions for future work.

Part I
Fundamental concepts

5

Chapter 2
Photonic integrated circuits
Photonics is a term that refers to the fusion of electronics and optics [16]. Silicon Photonic Integrated Circuits (PICs) emerged as the next fabless silicon
industry in the 1990s, almost two decades following the historical introduction of electronic Integrated Circuits (ICs) [17]. Fundamental questions in
silicon photonics were explored in the 1990s [18]. These included fiber coupling methods from and to chips, low loss on-chip propagation as well as
modulation techniques.
Currently, many fabrication facilities offer large volume production of
PICs [14]. Silicon Nitride (SiN) is also increasingly becoming available. The
major difference between SiN compared to Si is its transparency in mid-IR
and visible light wavelengths. Additionally, the possibility to chemically deposit SiN offers fabrication flexibility in comparison to etch processes required
to pattern waveguides in Silicon On Insulator (SOI) wafers [19].
Both Si and SiN offer limited possibilities to directly influence their optical
properties through the direct application of an external electric field. In
contrast, direct electro-optic effects are common in group III-V materials like
gallium arsenide. Industrial adoption of these materials is limited by cost
and processing techniques. Carrier absorption and refraction modulation
techniques, as well as integration with III-V materials, can overcome such
limitations for silicon [20, 21].
Classically, Maxwell’s field equations govern radiation as well as freespace and guided propagation of electromagnetic waves. In photonics, an
approach that mixes field theory with ray-optics is commonly applied to
interpret and model photonic devices [22]. The refractive index is the major
quantity employed in such models.
In this chapter, the complex refractive index origin in field equations is
reviewed. Later, the historical emergence of silicon as a photonic material
is discussed. Eventually, fundamental components of PICs that deal with
7
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coupling of light from and to a PIC and light propagation on-chip are briefly
reviewed.

2.1

Optical refractive index

The time domain representation of electric and magnetic fields of an electromagnetic wave propagating along the z-direction reads
E = E0 ei(−βz±ωt) ,

(2.1)

H = H0 ei(−βz±ωt) ,

(2.2)

where E and H are electric and magnetic field components. Here, β is the
wave propagation constant. The phase and its rate of change with respect
to time and propagation axis are formulated in
φ = −βz ± ωt,

(2.3)

∂φ
= ω,
∂t

(2.4)

∂φ
= β.
∂z

(2.5)

In free-space β = β0 = 2π/λ. The refractive index is the ratio of the propagation constant of a propagating electromagnetic wave in a specific medium
to the free-space propagation constant and is thus defined as n = β/β0 . This
means that in an optical material, the speed of the electromagnetic wave is
proportionate to the refractive index [23]. Essentially, a material with a lower
refractive index slows light waves along the propagation direction, with freespace propagation with n = 1 allowing electromagnetic wave to propagate
through vacuum at the maximum speed of light c [24].
The refractive index is a property of materials that governs wave propagation. Its application is more common within geometric optics. The historical
review paper [25] and the technical review [26] include a thorough review of
the history of ray-optics and its relationship with field theory.
Generally, geometric- or ray-optics can be considered as the mathematical
limit of the field equation as the wavelength approaches values much lower
than millimeter and meter ranges of radio waves, a condition satisfied in the
optical wavelengths in the range of (400 nm-2000 nm).
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In simple ray-optics models, lossless propagation is assumed. An electromagnetic wave does not merely experience losses through its propagation, as
the wave travels from vacuum to another medium, its travelling velocity also
decreases by a factor dependent on the medium. This factor is the refractive
index n.
In a lossless material only refraction coefficient is regarded when dealing
with the refractive index. The complex refractive index n̄ governs both the
refraction and absorption in lossy materials, and it reads
n̄ = n + ik,

(2.6)

where n is the refractive index and k is the absorption or extinction coefficient.
Three fundamental processes govern n̄ of an optical material. These are 1)
Free-carrier absorption, 2) Lattice vibrations, 3) Electronic transitions [24].
Their contribution to the refractive index can be generalized as a function of
wavelength λ, field intensity I, free-carrier concentration N , and temperature
T . In silicon, the field intensity is not highly relevant at low field intensities
[16]. Thus, geometry, free-carrier concentration, and temperature are the
dominant refractive index influencing parameters in silicon.

2.2

Silicon as a material for photonics

From an industrial point of view, silicon is the preferred material for monolithic integration of integrated circuits [14, 19]. This sparked intensive research in taming silicon for photonics on industrial scale. For example, contribution of IntelTM to early silicon photonic modulators research is evident
in the literature [27, 28, 29, 30].
Silicon has two unfavourable properties from an optics point of view.
First, silicon lacks a direct band-gap transition. This prevents building efficient lasers in intrinsic silicon. Second, the electro-optic effects are negligible.
Also, modulation of refractive index in intrinsic silicon by only applying an
electric field is very impractical [24, 31].
High speed interconnects mainly drove the above mentioned research efforts [16]. The term silicon photonics developed as silicon matured for optical
applications involving electronic circuitry. Several fabrication platforms followed with intensive research focusing on bringing photonic applications to
silicon. These platforms offer Process Design Kits (PDKs) to design and
fabricate complex silicon photonic components.
Guiding of light waves on a chip is an essential functionality required
by any photonic platform. The following section describes the theory of

10
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propagating modes in an optical waveguide.

2.2.1

Optical waveguides

Total internal reflection is a phenomenon that governs optical waveguiding
in dielectrics. A planar waveguide, as depicted in Figure 2.1, can be used in
conjunction with Snell’s law to explain the basics of this phenomena. Snell’s
law governs refraction of light at the boundaries of dielectric materials. In
the case of a planar waveguide, the dielectric materials are named core and
cladding. Snell’s law reads
ncore sin(θ) = ncladding sin(Ψ),

(2.7)

where θ is the angle of light incidence with respect to the normal to the
boundary and Ψ is the angle of light refraction in the cladding with respect
to the normal to the boundary.

Figure 2.1: Schematic illustration of a planar waveguide.
sin(θ)
sin(θ)
If the condition nncore
= 1 is satisfied, then Ψ = 0°. For nncore
> 1,
cladding
cladding
Ψ assumes a purely imaginary value and the optical power is completely
reflected into the cladding after it acquires a phaseshift φTE given by the
Fresnel formula for a Transverse Electric (TE) mode
q
clad 2
sin2 (θ) − ( nncore
)
−1
φTE = 2 tan
.
(2.8)
cos(θ)

The propagation constant of a guided wave in a planar waveguide is given
by β = ncore β0 . The vectorial form of the propagation constant reads
β~ = βy ây + βz âz ,

(2.9)
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where βy = aβ cos(θ) and βz = aβ sin(θ), while ây and âz are the unit
vectors for the y and z directions respectively. The acquired phaseshift for
round-trip propagation across the waveguide thickness a from the propagation constant φround-trip = 2βy . Additionally, there is a phaseshift acquired
due to reflection at the boundaries. For a non-diminishing propagating wave,
the total phaseshift for the round-trip is then governed by
2aβ cos(θ) − φTE,upper-boundary − φTE,lower-boundary = 2m0 π,

(2.10)

where a is the core width, m0 is an integer value, φTE,upper-boundary and
φTE,lower-boundary are the phaseshifts acquired at the upper and lower boundaries of the core-cladding interfaces.
Equation 2.10 implies that only incidence angles satisfying this condition would excite a propagating wave through the waveguide. Moreover, a
waveguide may support several TE and TM propagating modes.
The optical mode field distribution may assume one of two linear polarizations, either a TE or a Transverse Magnetic (TM) polarization. It is
also possible for hybrid modes to be excited. These modes would have their
field amplitudes resolved in both TE and TM polarizations. Equation 2.8
was defined for TE Modes. There are corresponding formulas for TM modes
that are detailed in [23]. For a geometrically non-symmetric waveguide, TE
and TM modes are not identically supported and experience different optical
losses [32].

2.2.2

Effective refractive index

An excited mode having the incidence angles satisfying the round-trip condition in eq. 2.10 would zig-zig back and forth between the cladding-core
boundaries. This phenomenon is known as Total Internal Reflection (TIR).
An effective mode index representing a straight optical path equivalent to
the zig-zagged optical path may be defined using [23]
neff = ncore sin(θ)

(2.11)

Previously β was introduced as the non-guided optical wave propagation
constant along the propagation direction. For an optical wave guided through
an optical waveguide along the z-axis, the guided propagation constant is
given by
β = βz = neff β0 = β0 ncore sin(θ).

(2.12)
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This implies that βmax = β0 ncore . The lowest value that β may assume
to satisfy TIR corresponds to βmin = β0 ncore (ncladding /ncore ) = β0 ncladding . By
deduction, the effective refractive index in an optical waveguide falls within
the following range
ncore ≥ neff ≥ ncladding .

(2.13)

Any mode satisfying equation 2.13 is a guided mode. On the other hand,
modes not satisfying this condition are leaky modes. It is possible to design
the waveguide such that there is only one possible guided neff that governs
guided light at a specific wavelength. Such a waveguide falls under the category of single-mode waveguides (SM). By contrast, a waveguide supporting
more than a guided mode is referred to as multi-mode waveguide (MM).

2.2.3

Optical losses in photonic waveguides

There are three sources of optical losses that are relevant in optical SOI
waveguides.
Radiation losses
The simple total internal reflection model predicts complete conservation of
the optical power inside the waveguide. Electromagnetic field theory boundary conditions imply a continuous waveform for wave propagation at the
cladding-core boundary. Hence, a propagating mode comprises two essential
components: 1) The guided mode component, which the geometric optics
model predicts. This part is also largely confined to the core. 2) An evanescent component, which takes an exponential decaying form in the cladding
as the distance to the core-cladding boundary increases.
For strongly confined single-mode waveguides, radiation loss is almost
negligible. The evanescent portion of the guided wave may couple into close
structures that support optical modes. Thus, a thin buried oxide thickness
below the SOI layer may result in coupling of the optical power from the
waveguide into the substrate. A buried oxide thickness of ≈ 3 µm is common
in 200 nm SOI wafers. This buried oxide thickness dampens coupling to
substrate to a negligible percentage of less than 1 % of the coupled power
[32].
Absorption losses
The intrinsic bandgap of silicon of 1.1 eV allows for inter-band transitions in
the wavelength range λ ≤ 1115 nm. Wavelengths below this limit experience
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severe losses as the incident photons are absorbed and lead to the generation
of electron-hole pairs. Intrinsic silicon is transparent in the wavelength range
λ ≥ 1150 nm. The absorption loss of undoped silicon at 1550 nm is almost
negligible [33, 22].
Nevertheless, absorption losses in silicon transparent window are present
in highly doped silicon where acceptors or donors concentrations exceed
1 × 1017 cm−3 . The absorption loss shows a proportional relationship with
carrier-concentrations. The dependence of optical absorption and its fundamental relation with optical refraction on free-carrier concentration is a
key enabling physical phenomenon for silicon electro-optic modulators. This
comes at the expense of higher optical losses [33]. At a donor concentration
of 5 × 1017 cm−3 , the optical absorption losses are dominated by the freecarrier loss and is approximately equal to 5.4 dB cm−1 [33]. This is discussed
in detail further in chapter 3.
Scattering losses
Scattering losses are the dominant source of optical losses in intrinsic and
lightly doped silicon optical waveguides. They are largely governed by optical
light scattering off the waveguide surface. This is due to imperfect etching
processes. The surface roughness of waveguide sidewalls scatters light off
the cladding-core boundary. Eventually, the guided optical power leaks out
of the core. Generally, wider waveguides decrease the guided optical mode
interaction with the waveguide sidewalls and are reported to experience less
scattering losses [22].
A numerical solution does not reflect the practical surface roughness of
the waveguide walls due to the etching processes. Realistic modelling of
this type of losses using surface roughness is possible using some empirical
methods. Ideally, scattering losses represent a characteristic property of a
specific photonic technology [34].

2.3

Key enabling photonic components

A simple PIC contains at least input/output coupling and waveguide propagation elements. Additionally, spectral patterns of resonators and MachZehnder Interferometers (MZI) are sensitive to variation in the refractive
index. These refractive index-sensitive blocks are often used to sense environmental stimuli as temperature. They are also fundamental to create
optical phase-sensitive circuits, which are essential in building optical modulators.
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2.3.1

SOI integrated photonic waveguides

An essential function of a PIC is to guide light on chip. This is achieved
using integrated optical waveguides. Figure 2.2 shows cross-sections of the
strip-waveguide and the rib-waveguide, commonly employed in SOI photonic
platforms [34]. These are further discussed in the sub-sections below.

Figure 2.2: Common silicon photonic waveguides A) Strip-waveguide. B)
Rib-waveguide.

Strip-waveguide
The strip-waveguide is a simple rectangular silicon slab above the buried
oxide layer. In the fabrication runs in this work, all waveguides were also
covered with oxide grown using chemical vapor deposition. However, it is
possible to create an asymmetric waveguide by not covering the top of the
waveguide with an oxide layer. Figure 2.3 shows the normalized electric field
distribution of a strip-waveguide of 450 nm width and a height of 220 nm obtained from the optical simulation package Lumerical ModeTM . The average
reported loss for the strip-waveguide with the above dimensions in the PDK
is 1.89 dB cm−1 at 1550 nm [15].
Rib-waveguide
The rib-waveguide is commonly used for building electro-optic modulators.
This waveguide geometry allows for electrical contacting without distorting
the propagating wave. It comprises two sections. The first is the rib, where
most of the optical mode propagates. The second is the slab which generally
has a height lower than the rib height and a width larger than the rib width.
Figure 2.4 shows the normalized electric field amplitude distribution of a
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Figure 2.3: Fundamental electric field distribution of an SOI stripwaveguide. The red dashed line represents the waveguide boundaries.
rib-waveguide of rib width of 450 nm, rib height of 220 nm and slab height of
60 nm. The electric field distribution is obtained from the optical simulation
package Lumerical ModeTM . The average reported optical loss for this ribwaveguide in the IMEC PDK is 1.2 dB cm−1 at 1550 nm [15].
Rib-waveguides possess more complex geometries than strip-waveguides,
that are fabricated through two etch steps. However, rib-waveguides may
be electrically contacted by placing electrical contacts far enough from the
guided mode in the rib at the slab surface. This is a key enabling approach
for creating silicon optical modulators [35].

2.3.2

Optical grating couplers

For a photonic integrated circuit to function, it is essential to have a coherent
light source that can excite guided modes in the on-chip integrated waveguides. On-chip lasers are not an option in silicon photonics without resorting
to III-V integration, which is currently a very hot research topic in silicon
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Figure 2.4: Fundamental electric field distribution of an SOI rib-waveguide.
The red dashed line represents the waveguide boundaries.
photonics.
Current technologies resort to coupling light from an external laser source
through optical fibers in and out of the chip using on-chip grating couplers.
These optical fibers can either be single fibers or arranged in a fiber array.
Thorough research in the field concluded ready-to-use grating couplers
with a high level of maturity. Additionally, their operation limits and losses
are relatively highly understood and possible to simulate with good accuracy
using Finite Difference Time Domain (FDTD) tools like Lumerical FDTDTM .
For a comprehensive overview of silicon photonic grating couplers, it is advised to refer to this work [36].
A grating coupler is governed by Bragg’s diffraction condition for a grating of the period Λ, an incidence angle θ, a grating width of Wgr and grating
height of tetch . Bragg’s condition ideally holds for infinite structures at a
specific single wavelength and solely for an exact geometrical arrangement.
For finite structures, there is a finite bandwidth for which the coupling efficiency decreases from the optimum value [36]. This is why we observe a
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Figure 2.5: Illustration of fiber-grating coupling.

roll-off of the coupled optical power around the maximum coupling power
against fiber position or coupling angle or wavelength. Figure 2.5 illustrates
a grating coupler with fibers inclined to it.
Figure 2.6 shows the simulated optical transmission of the PDK grating
coupler geometry using Lumerical FDTDTM . In this Figure, two coupling
cases are studied. In the first case, both input and output grating couplers
are coupled at the positive coupling angle of θ = 11°. The black curve
represents this. In this case, the theoretical coupling losses through the
input and output grating couplers is almost 6 dB.
In the second case, one of the couplers is coupled at the negative angle
θ = −11° while the other is coupled at the positive angle. The later coupling
would be referred to as the negative coupling scheme in this work. Negative
coupling drastically decreases the output measured coupled power. Theoretically, losses of around 20 dB are expected. The negative angle coupling, used
in some measurements in this thesis, is also depicted to show the contrast
against the positive angle coupling in Figure 2.5.
In chapter 8, resorting to the method of negative angle coupling was
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Figure 2.6: Efficiencies of different optical coupling schemes. ”+ve/-ve coupling” and ”+ve/+ve coupling” are the short forms of ”positive/negative
coupling” and ”positive/positive coupling” schemes discussed in the text,
respectively. These shorter forms are adopted in the figure to minimize the
legend area.

mandated to circumvent the need for an expensive alignment of fiber arrays
in order to perform electro-optic measurements, while maximizing chip area
utilization. This will be discussed in detail in section 2.3.3, to measure modulation parameters, it is possible to rely on spectral measurements solely.
For relative spectral shifts, the negative coupling is sufficient as long as the
optical detector can read the resulting range of optical powers.
Absolute losses in this work are measured using a high precision active
aligner. Ideally, an optical adhesive would be applied to the aligned fiber array after the alignment procedure to preserve the optical fiber array position
for further measurements.
This approach has two downsides. First, the cost, as for statistical measurements, several fiber arrays and chips would be consumed for a single experiment. The second downside is the challenging reproducibility of manual
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Figure 2.7: Coupling schemes A) Positive to positive coupling using cleaved
optical fibers. B) Positive to positive coupling using fiber arrays. C) Positive to negative coupling using cleaved optical fibers.

adhesive application, as well as, the fiber arrays facets non-idealities, which
might bring additional uncertainties to the measured values in contrast to
using the same fiber array for all measurements.
Figure 2.7 shows the different coupling schemes employed in this work.
Coupling method A is usually employed for smaller test structures. Coupling
methods B and C are advantageous to save chip area by placing grating
couplers as close as possible to each other. Method B couples from fibers in
a fiber array at the positive coupling angle. Method C involves using single
fibers, the input fiber is coupled at the positive angle, and the output fiber
is coupled at the negative angle. In this work, method B is used to measure
absolute losses, while method C is reserved for measurements of spectral
shifts.
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2.3.3

Optical Mach-Zehnder interferometers

Figure 2.8: Schematic of a Mach-Zehnder interferometer.
Optical interferometry is a widely employed technique for high precision
measurements. In photonic integrated circuits, they are employed as phasesensitive circuits to build the MZI modulator. This thesis deals with MZI
modulators, so focus is given to understanding the physics of the MZI in this
section.
Figure 2.8 shows an illustration of a MZI. For a generalized field theory
analysis of the MZI, The effective refractive index is defined to include an
imaginary lossy part in neff = neff,r − ikeff . The effective refractive index in
one MZI arm is assumed to be a constant geometric dependent value. The
effective refractive index in the other MZI arm is spatially dependent on
η(Z). Here, η(z) represents an external stimulus that influences the optical
refractive index in the unbalanced arm of the MZI. This generalized formulation serves later in the analysis of the optomechanical modulator. There is
a geometrical imbalance of length δ between the two arms.
We start by expressing the field equation at the side of the MZI without
the optical imbalance using
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2πL
E0
E1 = √ e−i λ neff1 ,
2
The field on the other side is formulated as
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(2.14)

R
2π L+2δ
E0
E2 = √ e−i λ 0 neff2 (η(z))dz ,
2

(2.15)

Where neff1 and neff2 (0) are the passive effective refractive indices of both
MZI arms. Passive in this context refers to the initial state where no external
input is applied to change the effective refractive index. A general formulation assumes that this external stimulus is spatially dependent. It is then
possible to write E3 = √12 (E1 + E2 ) to yield
E0 −i 2π neff1 L E0 −i 2π R L+2δ neff2 (η(z))dz
e λ
+
e λ 0
.
(2.16)
2
2
At this point, some interesting cases leverage different physical and mathematical assumptions, and they are discussed below.
E3 =

Assumption 1: neff1 = neff2 , δ = 0
Assuming identical refractive indices in both arms of the MZI, the output
field may be represented as
2π
2π
E0
E0
E3 = √ e−i λ neff1 L + √ e−i λ neff1 (L+2δ) .
(2.17)
2
2
At this point we decompose neff1 into the real neff1,r and imaginary loss
terms keff1 . For a zero optical imbalance δ = 0, the field equation converges
to
2π

E3 = E0 e−i λ neff1,r L ei

2 2π k L
λ eff

.

(2.18)

By taking the absolute square of both equation sides to calculate the
optical power
2π

|E3 |2 = |E0 |2 e−i λ nef f 1,r L

2

2π

e− λ kef f L

2

(2.19)

The absolute output power then reads
4π

P3 = P0 e− λ kef f L .

(2.20)

The above expression matches the expression of the output power after propagating a distance L of a waveguide. This means that in an ideal
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case, an unbalanced MZI interferometer would behave like a simple optical
waveguide. Practically this is never the case due to fabrication tolerances
between both MZI arms. However, this analysis shows that an unbalanced
MZI theoretically converges to an optical waveguide.
Assumption 2: neff1 6= neff2 , keff → 0
For the general case where neff1 6= neff2 it is possible to formulate the output
electric field E3 using

2π
E0  2π
E3 = √ e−i λ neff1 L + e−i λ neff2 (L+2δ) .
2

(2.21)

A common assumption in the literature is to ignore the optical losses for
expressing the spectral pattern in an unbalanced MZI [22]. With keff = 0, it
is possible to see that any environmental or external stimuli affecting neff1 or
neff2 will directly affect the measured optical power which can be calculated
by squaring equation 2.21 and then simplifying to come at
P0
P3 =
2




1 + cos


2π
(neff1 L − neff2 (L + 2δ))
.
λ

(2.22)

A periodic beat pattern as a function of the wavelength is then
 expected
for values satisfying the condition cos 2π
(n
L
−
n
(L
+
2δ))
= −1.
eff1
eff2
λ
This analysis under the assumption that Keff → 0 serves as the basis
of phaseshift measurements using spectral shifts in a MZI modulator. This
method and the underlying assumption are widely employed in the literature
of silicon photonic modulators to measure phaseshift of MZI modulators.
Assumption 3: neff1 = neff2 , keff → 0, δ 6= 0
To complete the analysis of the MZI, it is important to mention the Free
Spectral Range (FSR). The FSR is a characteristic of the MZI and is defined
as the spectral period of the MZI sinusoid. The FSR for an imbalanced MZI
with reads
F SR =

λ2
,
ng δ

(2.23)

where the group index can be related to the effective refractive index by
ng (λ) = neff (λ) − λ

neff
[22].
λ

(2.24)
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Figure 2.9: MZI spectral beat pattern with P = 0 dBm, L = 1 mm and
δ = 100 µm.
Spectral patterns are sensitive to variations in the refractive index and
environmental conditions like the temperature. This makes MZI interferometers a prevalent choice for building an optical modulator. An exemplar
spectral pattern is plotted in Figure 2.9.

2.4

Design using process design kits

Process Design Kits (PDKs) are design libraries commonly employed in fabless IC industry. The concept is to separate technology development from
design and characterization. This is generally very successful in the IC industry. However, in photonics, neither PDK maturity nor simulation tools
are comparable to electronic IC simulation tools. This can be explained by
the larger number of design parameters and the diverse component portfolio
[22].
The 220 nm thick SOI wafer is a common thickness in silicon photonic
[14]. Interestingly, rigorous analysis of optical figure of merits show that
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this thickness is non-ideal to any of the common passive optical components
[37]. However, the common availability of 220 nm SOI wafers and the relatively good performance, yet non-ideal, for most components set 220 nm SOI
thickness as a common choice for silicon photonics [14].
In this work, the IMEC ISIPP50G platform is adopted for fabrication.
The designs are designed in the hand of the PDK of this specific technology.
Two relevant limitations are briefly discussed.
1. Etch depth
The technology uses 220 nm SOI wafers. There are three possible etch depths
that can be realized. The shallow etch : 70 nm, the deep etch : 160 nm, and
the full etch : 220 nm.
2. Implant conditions and windows
One of the major challenges in this work was complete lack of access to
reliable doping information for the IMEC ISIPP50G platform under investigation. This fundamentally shaped the academic strategies pursued in this
work, either by seeking optomechanical solutions or by seeking optimization
methods with lower dependence on absolute doping concentration.
There are generally eight levels of implants. Four levels are N-implants,
and the other four are P-implants. It is possible to predict their relative concentration through the provided square resistance values. Implant types are
also not shared in the PDK. Besides, doping windows are limited to a minimum width of 300 nm. Each implant level is defined in separate mask layers.
Hence, no design rules are limiting the offset between different implantation
windows.

Chapter 3
Electro-optic modulation
3.1

Refractive index in intrinsic silicon

In a balanced MZI modulator of a geometrical length L, it is possible to
substitute in equation 2.21 and simplify to come at the following expression
for the optical phaseshift difference between the output and input ports of
the MZI
2πL
∆neff ,
(3.1)
λ
where ∆neff denotes the difference in effective refractive indicies between
both arms. To actively modulate the phaseshift in a silicon photonic MZI,
it is essential to control ∆neff . Ideally, direct electric field application would
change the refractive index of silicon. Unfortunately, this is not straightforward in silicon.
Generally, optical nonlinearity refers to material optical dependence on
the applied external electric field. This can be deduced from the polarization
of material dipoles which reads
∆φ =



P̃ (t) = 0 χ1 Ẽ 1 (t) + χ2 Ẽ 2 (t) + χ3 Ẽ 3 (t) + ... ,

(3.2)

where Ẽ(t) is the time-domain electric field, 0 is the permittivity of freespace, χ1 is the linear susceptibility, χ2 , and χ3 are the second- and thirdorder non-linear susceptibilities. Condensed matter presents χ1 of almost 1
[38]. For centro-symmetric materials χ2 is fundamentally equal to zero, as
in the case for silicon, on the other hand χ2 is very large for GaAs [38]. The
third order non-linearity χ3 is commonly referred to as the optical Kerr nonlinearity in non-centro-symmetric materials. It possesses typical values that
are much smaller than χ2 [39].
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This is theoretical argument for the very low dependence of silicon optical properties on applied electrical fields. Such an inherent property prevents
direct electro-optic modulation in silicon. In other words, as the direct application of voltage to a silicon slab does not lead to significant changes in
its optical refractive index or optical absorption. However, Refractive index
properties in silicon show a stronger temperature dependence. Besides, the
complex refractive index is a direct function of the free-carrier concentration
[22, 31, 33].
To put this in a numerical context, a numerical example is presented.
The example presents the contribution of the Kerr non-linearity to the optical refractive index. Literature reports Kerr non-linearity in silicon of
≈ 4.5 × 10−14 cm W−2 in the wavelength range of 1300 nm − 1500 nm.
In a MZI modulator of 1 cm length, a full 180° phaseshift requires a
∆n = 0.77 × 10−4 at wavelength of 1550 nm. Assuming sole contribution
of the Kerr non-linearity to the change of the refractive index, this requires
a field intensity of ≈ 1.7 × 109 W cm−2 . Such a high intensity on the order
of GW cm−2 limits practical application of direct electro-optical modulation
in silicon using external field intensity.
Engineers and physicists utilize thermo-optic effects, free-carrier refraction and free-carrier absorption to implement electro-optic modulators in
silicon. In this chapter, these effects are briefly reviewed, followed by a state
of the art review focusing on modulators utilizing free-carrier refraction.

3.2

Free-carrier effects in silicon

The permittivity of materials is given by  = 0 +i00 , where the Drude’s model
governs the real and imaginary components of the electrical permittivity [40]
ωp2

0

 = 1−
ωτ2



1+

ωp2

 =
ωτ ω 1 +

ω2
ωτ2

00

ρr =

ω2
ωτ2

ωτ
.
0 ωp2

 ,

 ,

(3.3)

(3.4)

(3.5)

Here, ωτ = 1/τ , where τ is the Drude’s response relaxation time, ρr is
the electrical resistivity and ωp is the bulk plasma frequency.
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The optical refractive index as a function of the permittivity and the
permeability of a material reads
r
µ
n=
.
(3.6)
µ0 0
Here, µ and  are the permeability and permittivity of the material.
The above equation implies that direct influencing of the material resistivity through doping will influence the optical refractive index n, regardless
of the dependence of n on the external field intensity. However, this comes
at the cost of influencing Im{n}. Practically, this leads to optical losses
in silicon due to the high implant concentration required to achieve tangible free-carrier refraction. Nevertheless, specifics of this approach are being
intensively studied in silicon since the 1980s.
Soref and Benett experimentally inferred the free-carrier refraction and
absorption coefficients in silicon [31] in 1987 for the wavelength of 1550 nm
and 1330 nm. Later the coefficients were adjusted to cover the transparent
optical spectrum in silicon [33] using the equations
q(λ)

− ∆n(λ) = p(λ)∆Nh

b(λ)

∆α(λ) = a(λ)∆Nh

+ r(λ)∆Nes(λ) ,

+ c(λ)∆Ned(λ) .

(3.7)
(3.8)

Where, ∆α is the optical absorption across the length. The coefficients
a,b,c, and d are the wavelength dependent carrier refraction, while p,q,r, and
s are the wave length dependent carrier absorption coefficients respectively.

3.3

Optical modulators

As presented in chapter 2, the spectral response of a MZI is sensitive to
changes in the refractive index. MZI interferometers are then typical optical
modulators. An optically phase-sensitive circuit may also be achieved by
embedding the phaseshifting method within an optical resonator, as highlighted in the introduction. This thesis focuses on MZI interferometers. This
is driven by the industrial requirement of stability along a wide span of
temperatures, which can be challenging to control in optical resonators [41].
It is important to clarify the nomenclature used further in the this work,
the word modulator refers to a MZI with two arms. In at least one arm
there is a phaseshifter. This phaseshifter is controlled through an external
stimulus. The modulator has several parameters. These are the phaseshift
performance, losses, electrical power consumption, electro-optic bandwidth,
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and area footprint. The phaseshift performance refers to the phaseshift difference ∆φ induced between both arms of the MZI for a specific voltage.
A common figure used in describing electro-optic modulators is the Vπ figure. This corresponds to the voltage at which a modulator of a given length
achieves a full optical phaseshift of 180° or π, hence, the nomenclature Vπ .
To compare modulators of different lengths, the definition is often extended
to be Vπ Lπ . A modulator having Vπ Lπ = 1 V cm means that the modulator
would hit the 180° optical phaseshift mark at a voltage of 1 V, if the modulator has a length of 1 cm. This is only valid under the assumption of a linear
response of the electro-optic modulator. Another important figure is the optical loss α of the optical modulator. The relation between the phaseshift
and the losses is significant in defining a figure of merit for an electro-optic
modulator. This relationship of phaseshift and losses will be discussed in
detail in chapter 7 for the sake of coherency and presentation. In the following brief literature review, focus is given to the comparison of optical
losses and electrical power consumption. An optical phased antenna array
requires densely packed electro-optic modulators. Low power consumption is
essentially a deciding criterion when choosing which modulator architecture
to study further.

3.4. STATE OF THE ART OF SILICON PHOTONIC
MODULATORS

3.4
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State of the art of silicon photonic modulators

Common silicon photonic modulation techniques employ thermal heaters or
carrier-injection/depletion to alter the silicon refractive index [42, 43]. The
employed method of choice dictates response time, power consumption and
optical losses. Forward biased PIN junctions and micro heaters typically
require a high constant current flow to keep a specific state in comparison
to reverse biased junctions [44, 45, 46]. The low power consumption and
large electro-optic bandwidth motivated the wide application of the carrier
depletion approach [46]. In this work carrier-depletion and carrier-injection
modulators are refereed to as electro-optic modulators. Figure 3.1 shows
typical performance parameters from such design approaches.

Figure 3.1: Typical performance indicators of silicon photonic modulators.
In addition to electro-optic and thermal MZI modulation, recent works
discussed optomechanical approaches to modulate effective refractive index
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in silicon photonic applications. This is the topic of chapter 4. In this section,
electro-optic modulation schemes are briefly reviewed.

3.4.1

Thermal modulators

Applying an electric field to a microheater to increase the waveguide temperature and alter its refractive index is relatively straightforward to realize.
Not only does such an approach avoids the need for diffusion or implantation
of impurities, but also the optical losses do not increase with the temperature. The low optical loss comes at the expense of the high electrical power
consumption required to heat the microheater going into the order of few
milliwatts [44]. The transient time of microheaters is generally limited by
the thermal resistance to few microseconds [44]. Optical thermal modulation
using electric microheaters of refractive index in silicon has been the focus
of several published works as highlighted in literature reviews and textbooks
[13, 16, 22]. It does generally consume several milliwatts of power per modulator. This renders such modulators inadequate for large scale low power
OPAs. They are thus not included in the scope of this work.

3.4.2

Field effect modulators

The Drude’s model presented in section 3 implies a dependence of optical
refractive index in a given material on free-carrier concentration. Exploiting
this dependence by either injecting or depleting free-carriers in or out of
an optical waveguide enables electro-optic modulation in silicon. Doping
patterns and electrodes placement relative to the waveguide are among the
focus points of the literature on this topic.
Early demonstrated silicon photonic modulators implemented Field-EffectTransistors-like (FET-like) structures. An example is a carrier accumulation
device, where the drain and source are situated above and below the waveguide, with a two-terminal gate neighbouring the sidewalls of the waveguide
[27]. Notably, it is one of the early three-terminal devices implemented for
silicon photonic modulation. Additionally, it belongs to the first reported
GHz modulating electro-optic modulators in the literature.
Complex realization might be one of the reasons for the limited further
adoption in the literature of such FET-like structures. Nevertheless, the
optical losses induced by injecting charges through the channel and resulting
high electric power consumption [47] can explain shifting of literature focus to
the less power consuming free-carrier depletion or even the relatively simpler
to realize, still, power-hungry PIN free-carrier injection modulators.

3.4. STATE OF THE ART OF SILICON PHOTONIC
MODULATORS

3.4.3
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Free-carrier depletion and injection

Current non-thermal methods largely employ injection or depletion of freecarriers in an optical waveguide. Figure 3.2A illustrates the simple lateral
junction approach. In forward operation mode, charges are injected into the
waveguide center and lead to a change in the refractive index. By contrast
in depletion driven junctions, free-carriers are pushed out of the waveguide,
inducing a change in the refractive index.
Both reverse and forward operated junctions commonly employ an intrinsic region. In reverse operated junctions, this intrinsic region is in the range
of 100 nm or less. Hence, these modulators are referred to as PN modulators [48]. While for the forward operated modulators, a larger width of the
intrinsic region is common. This width can go up to several hundred nanometers. Hence, they are referred to as PIN modulators [49]. The free-carriers
are often called plasma. Thus, the two modes of operation are commonly
referred to as plasma depletion and plasma injection modulation [13]. The
performance indicators of both PN and PIN modulators are shown in Figure
3.1.
The power consumption of free-carrier injection is typically in the range
of few milliwatts [50, 49]. Optical losses increase as the number of charges
within the waveguide increases [48]. For GHz speeds and low electric power
electro-optic modulation, free-carrier depletion modulators fill in the void of
the top contender with power consumption in the range of nanowatts or even
picowatts. This comes however at the expense of optical losses [46].
Optical mode overlap with the electronically displaceable free-charges in
the depletion zone of a PN junction governs the efficiency of a free-carrier
depletion modulator [51]. A high optical mode confinement enhances overlap
with the changes in the depletion zone. Practically, graded junctions contact
low doped areas within the waveguide, which are then connected to electrical
vias [48]. Higher concentrations of the implants increase the achieved optical
phaseshift on expense of optical losses [52]. For GHz operation common
concentrations are reported in the range of 1 × 1017 cm−3 to 1 × 1018 cm−3
[46], while a waveguide width of 450 nm to 500 nm ensures maximum mode
confinement in a common 220 nm SOI technology [37].
The junction capacitance and resistance limit the bandwidth of the modulator. The junction capacitance dependence on voltage is a direct function
of the implants concentration. The reverse leakage current is a function of
the implants concentrations and their profile in the junction.
The junction capacitance is much lower in reverse operation compared
to forward operation [53]. This can yield RC time constants in the range
of picoseconds allowing for GHz speed operation in reverse bias. This is the
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major reason for prevalence of depletion type phaseshifters in high speed
modulation applications.

Figure 3.2: Schematic illustration of different methods presented in literature employing single junction free-carrier depletion. A) Lateral junction.
B) Vertical junction. C) U-shaped junction.
In addition to common lateral junction approaches, some works focused
on technology level alteration of the doping profiles to increase the spatial
area in which the optical mode overlaps with displaced free-carriers due to
voltage applications. Vertical junctions [54], depicted in Figure 3.2B, enriching free-carriers within the waveguide [55], and u-shaped junctions [56],
depicted in Figure 3.2C, are among reported methods to maximize junction
overlap with the optical mode.
However, these non-lateral approaches are not compatible with open access silicon photonic platforms and require special fabrication technologies.
Such platforms promise accessibility to silicon photonic tape-outs within affordable multi-project wafer runs [14, 57, 58].
Generally, an open access platform offers a PDK with a diverse portfolio of
building blocks. These blocks may be connected and placed to build custom
photonic circuits. Custom components design is also possible by adhering
to specific layout design rules. The discussed lateral PN, PIN and thermal
modulators can be present in such a PDK. There, a depletion type modulator
offers the highest operation bandwidth and least power consumption, yet it
presents the highest optical losses in comparison to the carrier injection and
thermal modulators [15].

Chapter 4
Optomechanical modulation
This section is based on the pre print publication M. Ashour, J. N.
Caspers, E. M. Weig, and P. Degenfeld-Schonburg submitted to Physical
Reviews A in January 2020
As the publication is original work and has explicitly been written by the
author, the following section contains reprinted figures and text. The coauthors contributed to this publication in terms of verification and discussion of the theoretical results. All results of this section are printed under
permission of all authors.
In the 1970s, Arthur Ashkin and colleagues observed that strong electromagnetic field gradients in close vicinity to dielectric materials induce
mechanical forces that result in measurable nanometer-scale displacements.
This observation ultimately led to the conceptual development of what is
known today as optical tweezers, which have been awarded the Noble prize
in 2018 [59] and inspired optical trapping experiments [60, 61]. Since then,
optically induced gradient forces were widely used to manipulate microparticles, and therefore opened the door to a multitude of applications in biology;
especially in manipulating living cells [62, 63, 64, 65, 66].
The same effect has often been exploited in physics and engineering to
enable accurate levitation, actuation and assembly of particles and nanostructures [67, 68, 69, 70, 71], and opened the door to the field of optical
binding, where microparticles bind to form arrays under the influence of a
laser pump [72, 73, 74]. Optically induced gradient forces also enabled fundamental cavity optomechanical experiments [75] cooling levitated microparticles to sub- and millikelvin temperatures [76, 77, 78]. Even more, electrically
induced gradient forces have been employed to actuate and control nanoelectromechanical systems [79, 80, 81, 82, 83]. In the field of silicon photonics,
optically induced gradient forces in slot waveguides promise a broad range
33
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of technological applications [84, 85, 86, 87] ranging from optical-modulators
[88, 89, 90] to optically-tunable mechanical Kerr coefficients [91], and alloptical switches [92].

Figure 4.1: Dipoles accelerated as a result of gradient forces in an inhomogeneous electromagnetic field.

Qualitatively, the optically induced gradient force on a dielectric slab
exposed to an inhomogeneous electromagnetic field arises from unbalanced
forces acting on the oppositely charged ends of induced dipoles [93]. Figure 4.1 illustrates how dipoles are accelerated towards strong field gradient
regions. A suspended dielectric nanobeam will thus be mechanically deflected.
In essence, the resulting optomechanical gradient force mutually couples
the mechanical deflection and the optical excitation. It effectively produces
an optical element, that responds to changes in optical pump parameters.
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Figure 4.2: Mach-Zehnder interferometer with one of its sides having the
proposed optomechanical system of the WG and the NS.

4.1

Optomechanical modulator

Early works proposing using optomechanical gradient forces for optical modulation were the works by Povinelli [90, 91]. Later there were several modelling attempts [94, 95]. The work [88] modelled and proposed the system
illustrated in Figure 4.2, which is the focus of optomechanical modulation in
this work.
The system utilizes a MZI. In one arm of the MZI, a passive non-released
fixed optical waveguide is embedded. In the other arm, there are two beams.
The wider of these beams supports optical mode propagation and is connected to the input and output optical path. This wider beam is referred to
as the waveguide (WG). A thinner nanostring (NS) is parallel-placed close
to the wider WG. The NS does not support optical mode propagation. The
WG and the NS are released to be free-standing. The distance between the
WG and NS is referred to as the gap and is denoted by g. The initial value
of the gap is G0 .
Exciting an optical mode through the WG would, in turn, mediate evanescent interaction with the NS. The optomechanical gradient force arises from
this interaction. The gap is eventually modulated as a function of the optical
power excited in the WG. In turn, the effective refractive index of the WG
and the NS is modulated as a function of the optical power as a result of
power-dependent geometric changes.
The gap in between the WG and NS is in the order of 130 nm to 180 nm.
The WG and NS can have lengths from 3 µm to several 100 micrometers. This
depends on the material stress and releasing processes. Typically a smaller
gap and a longer beam require less optical power to yield more gradient forces
and obtain efficient optical modulation or switching response.
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Chapter 5 deals with an approximate analytical model to predict required
optical power for a full 180° phaseshift for a 220 nm SOI technology using
100 µm long WG and NS separated at a gap of 130 nm. In this example,
the WG width is 450 nm, and the NS width is 220 nm. The optical power
required to achieve a 60° phaseshift is around 5 mW. For shorter beams
lengths or larger gaps, this power increases non-linearly and can go up to
more than 450 mW for a length of 100 µm and a gap of 180 nm. Ideally, the
length would be as long as possible and the gap as small as possible to yield
the maximum phaseshift at the lowest possible optical input power.
Fulfilling such requirements in fabrication is a challenging process. Releasing such closely placed thin silicon beams of such a long length is a complicated process. Chapter 6 proposes a releasing process for such a system
of beams.

4.2

State of the art of optomechanical gradient forces in PICs

The literature presents some works demonstrating successful experimental
realization of systems in silicon and silicon nitride employing optomechanical gradient forces. Figure 4.3 summarizes some layouts of such systems in
silicon. As will be illustrated in the following subsections, there is a tendency
of employing silicon nitride for optomechanical applications. Not only the
easier processing mentioned in chapter 2 is the key motivation for this, but
also the relative simplicity of releasing long silicon nitride beam is lucrative.

4.2.1

Optical couplers

The first devices to completely demonstrate full optical switching, in a system
closely resembling the system proposed in Figure 4.2 in silicon, were recently
demonstrated with gaps around 150 nm and lengths of up to 20 µm [86, 87,
96]. These works however employed an optical coupler approach for switching
of optical power rather than a fully optomechanical optical modulator with
a WG and a NS.
In such a case there is no NS but rather two closely suspended WG
beams, where both beams support optical propagation. The same concept
was also demonstrated in silicon nitride [97] with waveguide lengths going
up to 400 µm. Figure 4.3A illustrates this approach.
Some earlier systems achieved a similar result by employing electro-static
actuation in silicon nitride and silicon [98, 99].

4.2. STATE OF THE ART OF OPTOMECHANICAL
GRADIENT FORCES IN PICS
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Figure 4.3: Different approaches of reported optomechanical systems.

4.2.2

Electrical/Optical actuation based modulators

The work in [100] reported a suspended bridge above a silicon nitride fixed
waveguide and an actuating control electrode next to the waveguide. Applying potential to the electrode would deform the bridge and eventually, the
effective refractive index of the waveguide. This is made possible by the very
small gap between the bridge and the waveguide of around 230 nm, which
can decrease to 30 nm by voltage application, resulting in significant changes
in the effective index of the waveguide as a function of applied voltage.
A system employing a WG and NS employed an electrical approach for
actuation of the NS was reported in [89] with short silicon beams of length
less than 3 µm at gaps down to 100 nm. In such an approach, the electrical
actuation induces geometrical change.
Most works that demonstrated full optical actuation and optical response
harnessing used long silicon nitride waveguides [101]. Figure 4.3B illustrates
this approach. An interesting work reported an optical actuator generating
67 nm of displacement in an SOI wafer. The released waveguide was 50 µm
long and of dimensions of 320 nm x 220 nm [102].

4.2.3

Single beam-substrate optomechanical interaction

Another approach coupled light between the waveguide and the substrate
directly without employing a nanostring in silicon [84]. The illustration in
Figure 4.3C resembles this approach. The purpose of this experiment was
the fundamental observation of theoretical gradient optomechanical force in
a nanophotonic waveguide rather than realizing specific applications.
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4.3

Theory and derivation

There are several reported methods to derive the optomechanical gradient
force for a suspended nanophotonic waveguide [90, 103, 104]. The general
formulation for the optical force based on Maxwell’s stress tensor was formulated in [104] and is defined for a volume of δV by
Z D
E
¯
hFOMG i =
T̄ (r, T ) · n(r)ds,
(4.1)
δV

where T̄¯(r, t) is the Maxwell’s stress tensor, whose components are given
by
Tij = 0 (Ei Ej − δij E 2 /2) + µµ0 (Bi Bj − δij B 2 /2),

(4.2)

where , and 0 are the dielectric constant of the material and free-space
permittivity, respectively, µ and µ0 are the permeabilities of the material
and free-space, respectively. Here, E, Ei , Ej denote the electric field and its
components. B, Bi , Bj denote the magnetic field and its components. Finally
δij is the Kronecker delta.
Maxwell’s stress tensor represents the master equation for any general
analysis involving optical gradient forces. In this section, the method highlighted in [90] is briefly introduced. The method relies on energy conservation
argument and is sufficient for further analysis of the system present in this
work. For a full analysis of Maxwell’s stress tensor, it is advised to refer to
the textbook [105].
We refer to a system of two parallel silicon strip-waveguides of a square
dimension of w separated by a distance g. Solving the optical eigenmodes for
the system of the waveguides yields two distinct (degenerate) optical modes.
As the waveguides move closer to each other, the degeneracy of the optical
modes begins to break, and a slot mode is observed. Figure 4.4 illustrates
this.
The energy of the optical mode coupled into the system may be denoted
by U and reads
U = Np h̄ω,

(4.3)

where Np is the number of the coupled photons, ω is the optical radial
frequency. A small adiabatic change ∆g will result in a shift of the eigenmode
frequency by ∆ω. This, in turn, results in a mechanical force. This force may
be defined in terms of the optical force as the energy gradient with respect to
the gap and further simplification yields the following expression for a given
optical mode
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Figure 4.4: Degenerate TE optical modes in strip-waveguides for g = 3a
the degeneracy begins to break as g approaches a. Finally, for g = a/2
there is a slot mode observed.

∂U
,
(4.4)
∂g
The guided wave group velocity in a non-dispersive lossless optical material is defined by vg = ncg . Thus, the total optical power P coupled into the
system corresponds to the rate of energy transfer through the length of the
system of WG and NS and reads
F =−

P =U

c
ng L

(4.5)

Equation 4.4 can then be reformulated in terms of the optical power using
P L ∂ng
.
(4.6)
c ∂g
For this analysis a non-dispersive medium is assumed, so it is possible
to neglect the wavelength dependence of the effective index in equation 2.24
F =−
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and replace the group index with the effective index to come at
F =−

P L ∂nef f
.
c ∂g

(4.7)

This equation serves as the basis for modelling of optomechanical interaction in the WG and NS system. Interestingly, the effective refractive index is
a function of geometry. In this case, the dominant geometrical parameter is
the gap. However, in this system, the effective refractive index influences the
mechanical force between the NS and the WG. In turn, this force modulates
the gap.
There is a bi-directional coupling of the optical refractive index and the
gap. This coupling is linearly dependent on the optical power. This requires
thorough modelling, which is the topic of chapter 5.

4.4

Optomechanical MZI modulator

An electro-optic modulator can be characterized by observing the spectral
shifts. It is important to put the optomechanical modulator in the context
of an experiment. This section proposes an experimental method relying on
optical power to characterize the optomechanical MZI modulator.
For further analysis we assume an input power of Pin . We also assume
E0 as the amplitude of the input optical power to the MZI, and neff0,1 is
the refractive index of the optical waveguide in a silicon slab within silicon
dioxide. With the trivial term of neff2,0 L − neff2,0 L in the exponents, the
output electric field is written using

E3 =

RL
E0 −i 2π
E0 −i 2π
e λ ( 0 neff0,2 (z)dz+neff0,2 L−neff0,2 L) +
e λ (neff0,1 L+neff0,2 L−neff0,2 L) .
2
2
(4.8)

neff2,0 is the total effective index at the initial gap in the arm of the MZI
with the optomechanical system. L is the coupling length between WG and
NS, which is also identical to the length of the other side of the MZI.
In addition to the quantity ∆φ representing the optical phaseshift between
both sides of the interferometer, the other relevant quantity here is the initial
phaseshift acquired by a propagating mode through the system of the WG
and the NS which is formulated using
φ0 =

2π
neff0,2 L.
λ

(4.9)
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The notation δimbalance denotes the phaseshift imbalance between both
arms of the MZI at the initial gap and is defined as
2π
(neff0,2 − neff0,1 )L.
(4.10)
λ
We then obtain the total electric field at the output port of the MZI using
δimbalance =

E0 −i(∆φ(P )+φ0 ) E0 −i(φ0 +δimbalance )
e
+
e
.
(4.11)
2
2
By substitution of equations 4.9, and 4.10 into equation 4.8, we simplify
further to arrive at the form
E3 =

E0 −i(φ0 +δimbalance )
e
(1 + e-i (∆φ − δimbalance ) ).
(4.12)
2
Next we obtain the output transmission at the output port using
E3 =

E3
T =
E0

2

=

1 −i(φ0 +δimbalance )
e
4

2

2

1 + e-i (∆φ − δimbalance ) ,

(4.13)

which is further simplified to
E3
T (Pin ) =
E0

2

=

1
|1 + cos(∆φ(Pin ) − δimbalance ) + i sin(∆φ(Pin ) − δimbalance )|2 .
4
(4.14)

Finally the transmission reduces to
E3
T (Pin ) =
E0

2

=

1
(1 + cos (∆φ(Pin ) − δimbalance )) .
2

(4.15)

We then multiply the transmission by the input power to get the following
nonlinear response of the system
1
Pout = Pin (1 + cos (∆φ(Pin ) − δimbalance )) .
(4.16)
2
Therefore, the output of the MZI presents the optically tuned phase and
the transmission response of the waveguide. This was experimentally verified
for a silicon nitride-based system having a WG and a NS suspended parallel
to each other [97]. The work targeted and demonstrated optical phase measurements, thus showing the possibility of a tunable optical device based on
optomechanical gradient forces in such a system.
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Figure 4.5: Simulated optical transmission of an optomechanical modulator. The phaseshift is calculated from an optomechanical modulator with a
fixed-fixed beam NS of 100 µm length.
We propose to exploit the same idea to read out the mechanical response
of the waveguide system: Both the WG and the NS are suspended parallel
to each other in one arm of the MZI as shown in Fig. 4.2. The optical
phase-dependence of the output optical signal as a function of the input
optical power is recorded. By formulating the optical transmission in terms
of the optical phaseshift, we directly correlate the mechanical deflection to the
optical phaseshift and transmission signals to provide a read-out method for
the proposed excitation schemes. Figure 4.5 shows an example of simulated
optical transmission from an optomechanical modulator.
Note that there is an initial optical imbalance between the two optical
paths of the MZI due to the possibly different initial optical refractive indices;
we denote this imbalance by δimbalance , which we set to zero in our analysis for
simplicity. Non-zero values of this parameter might change the profile of the
optical transmission against the optical power, yet the general dependence
of the optical transmission on the optical power is preserved.

Part II
Optomechanical modulator
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Chapter 5
Optomechanical modulation
theoretical model
This section is based on the pre print publication M. Ashour, J. N.
Caspers, E. M. Weig, and P. Degenfeld-Schonburg submitted to Physical
Reviews A in January 2020
As the publication is original work and has explicitly been written by the
author, the following section contains reprinted figures and text. The coauthors contributed to this publication in terms of verification and discussion of the theoretical results. All results of this section are printed under
the permission of all authors.

5.1

Optomechanical model

The optomechanical gradient force is defined as highlighted before in eq. 4.7
using [90]
LP (t) ∂neff
,
(5.1)
c
∂g
where P is the optical power, which can be in general time-dependent, neff
is the total effective refractive index of a guided propagating optical mode
promoting the gradient field through its evanescent tail, L is the length of
the dielectric nanostring exposed to the evanescent field, c is the speed of
light in vacuum, and g is the z-dependent distance from boundary Γ1 of the
waveguide to boundary Γ2 of the nanostring, see also Figure 5.1.
The deflection resulting from a gradient optomechanical force in a system
of a suspended NS parallel to a suspended WG is governed by coupling
the optomechanical Euler-Bernoulli beam equation [106, 107, 108] with the
optomechanical gradient force introduced in equation 5.1. This yields
FOMG (t) = −
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Figure 5.1: The WG and the NS in an optomechanical modulator.

FOMG
(G0 − (uWG (z, t) + uNS (z, t))) =
L


Y Ai Wi 2 0000
T0 ∆Tb,i
00
ui (z, t) −
+
ρAi üi (z, t) + di u̇i (z, t) +
ui (z, t), (5.2)
4
2
2
12L
L
L
where ρ represents the material’s density, Ai the cross-sectional area of
either the WG or the NS, di the mechanical damping per length, Y the
Young’s modulus, h and L the height and the length of the beam, respectively,
while T0 is initial bending tension, ∆Tb,i is the bending tension, and ui (z, t) is
the time-dependent absolute spatial deflection of the beams along the z-axis,
where i={WG, NS}.
We have introduced equation 5.2 such that the coordinate z ∈ [0, 1] denotes the dimensionless length and the dot and prime denote the derivative
with respect to time and the dimensionless length z, respectively. Moreover, we consider the case of clamped-clamped boundary conditions with
0
0
ui (0, t) = ui (0, t) = ui (L, t) = ui (L, t) = 0. In equation 5.2 we keep the
sign of the force positive for both the WG and the NS. The attractive na-
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ture of this force is accounted for by using the time dependent gap definition
g(z, t) = G0 − (uWG (z, t) + uNS (z, t)), which reflects a decreasing gap value
as the optical power increases.
It is essential to note that the term ∆Tb representing the bending tension
is the main source of geometric nonlinearity (GNL) with

∆Tb,i

Y Ai
=
2L2

Z

1



2
0
ui (z, t) dx.

(5.3)

0

We also consider an initial stress-free material with T0 = 0 in our analysis.
Relaxing this assumption, however, will not have an impact on the following
proposal.
The full transient deflection described by equation 5.2 can be numerically
solved. However, this approach is computationally expensive and the essential physics remains mostly elusive. In this work, we rewrite the equations
of motion in the basis of the linear normal modes of the beams [109] and
approximate the overall mechanical deflections by the fundamental modes of
the WG and NS only. Within our approximation, we are, however, still able
to account for the relevant non-linearities.
In the following subsections, we will perform 1) A static solution, that
sweeps across time-invariant optical power values to obtain the deflection of
the WG and the NS from the time-invariant optomechanical Euler-Bernoulli
equation. This static solution allows us to define the regions of stable device
operation and determine the bias points, which ultimately define the coupling
strength of the beams induced by the OMG forces. Regions of stability in
this context refers to the values of optical powers, that would not lead to
collapsing of the NS and WG into each other.
We show that our modal reduction scheme can accurately determine the
instability point of the non-linear system by verifying the results with nonlinear finite element static simulations. 2) A dynamic analysis around the
static deflection point of the beams. Here, we illustrate how our system
resembles the well-known model of degenerate optical parametric oscillators [110, 111] with a tunable 3-wave coupling strength between the fundamental modes of the waveguide and nanostring.
In this chapter, focus is given to the theoretical model that investigates
the optomechanical gradient force behaviour in the system we describe here.
The model presented in this chapter is used to simulate the achievable phaseshift under practical considerations of the fabrication technology and the
results of this simulation are presented with the fabrication flow of the optomechanical phaseshifter in chapter 6.
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Gap-dependent refractive index

The first step of our analysis is to determine the optomechanical gradient
force as a function of the gap. Therefore, we obtain the total effective refractive index comprising the effective optical mode of the guided part in the
WG and the evanescent component interacting with the NS from an optical
mode simulator. The obtained refractive index is then fitted against the gap
between the NS and the WG. We found that the gap dependent refractive
index function can be well fitted to
neff (G0 − Ut (z)) = ao e(bo (Go −Ut (z))) + co e(do (Go −Ut (z))) ,

(5.4)

where the fitting parameters a0 , b0 , c0 and d0 are dependent on the width
and the height of the NS and the WG, but they are independent of the
waveguide length or the input optical power, and Ut (z) = uWG (z) + uNS (z)
as the total deflection magnitude of both the WG and the NS. For obtaining
these parameters the c-band center wavelength of 1550 nm was used, and we
employed Lumerical ModeTM - a commercial software for obtaining refractive
indices and profiles of optical modes - to obtain the refractive index for the
specific geometry summarized in table 5.1.
Table 5.1: Geometric parameters of the WG and the NS.
L(µm) G0 (nm) WWG (nm) WNS (nm) h(nm)
100
130
450
225
220

Within our fit function, the parameters a0 , b0 , c0 and d0 are found to
be 0.2744,−4.6814 × 107 ,2.2458, and −2.8552 × 104 , respectively. The fact
that the parameters a0 , and c0 are positive constants, while the parameters
b0 , and d0 are negative constants, reflects a negative slope of the fit function
as the gap value decreases, or as the deflection of the waveguide and the
nanostring increases due to their mutual attraction.

5.1.2

Modal projection

The field variable ui (z, t) in the optomechanical Euler-Bernoulli equation
denotes the deflection at every material point of the WG and NS and therefore
varies along the z-direction due to the clamped boundaries and the WG and
the NS being subjected to a lateral optomechanical force. In the following, we
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will determine the dimensionless modal shape functions Si,n (z) with i={WG,
NS} which form an orthonormal basis and therefore allow us to introduce
the modal representation of the deflection, given by
ui (z, t) =

∞
X

qi,n (t)Si,n (z).

(5.5)

The modal amplitudes are formally defined by
Z 1
def
Si,n (z)ui (z, t)dz.
qi,n =

(5.6)

n

0

The shape functions, for which we use the convention that SWG,n (z) =
−SNS,n (z), since they are identical for the WG and the NS but of opposite
sign, are determined by the eigenvalue problem
Y Ai Wi 2 0000
2
S (z) = ωi,n
ρAi Si,n (z),
(5.7)
12L4 i,n
0
0
with the boundary conditions Si,n (1) = Si,n (0) = Si,n (1) = Si,n (0) = 0
for the clamped-clamped case for all values of n.
q The integer n denotes the
Y
2 Wi
for n ∈ {1, 2, 3, ...} the
mode number and the eigenvalues ωi,n = rn 2πL2 12ρ
corresponding angular resonance frequencies of the modes, with the roots rn
determined from the transcendental equation cosh(rn ) cos(rn ) − 1 = 0. The
roots and consequently the angular frequencies are monotonically increasing
with r1 ≈ 4.7, r2 ≈ 7.9, r3 ≈ 11, ... .
The closed-form of the modal shape functions is specified in Appendix A.
Note that the angular frequencies scale linearly with the width of the beams
in the bending direction, and therefore in the ideal design case we have
ωWG,1 = 2ωNS,1 .
To rewrite the Euler Bernoulli equation, equation 5.2, into its modal representation for the n-th modal amplitude qi,n (t), employ a procedure referred
to as modal projection: We insert equation 5.5 into equation 5.2, multiply
by the linear normal mode shape Sn (z)
R 1and then integrate the equation over
the length of the beams according to 0 Ldz. We find
i
FOMG,n
(qWG,n , qNS,n ) = mi,n q̈i,n (t) + di,n q̇i,n (t) + Ki,n qi,n (t)+
∞
X
i,GNL
βn,m,l,k
qi,m (t)qi,l (t)qi,k (t),

(5.8)

m,l,k=1

with the modal mass, modal damping, modal stiffness, modal amplitude
dependent modal optomechanical gradient force, and modal 4-wave couplings
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i
induced by the geometric non-linearity denoted by mi,n , di,n , Ki,n , FOMG,n
,
i,GNL
and βn,m,l,k , respectively. The exact definitions of these quantities can be
found in Appendix A. The modal stiffness relates to the angular frequency
2
and modal mass as Ki,n = mi,n ωi,n
.
The modal representation of the optomechanical Euler-Bernoulli equation is exact. However, it requires to solve an ordinary differential equation for infinitely many modal amplitudes if no further approximations are
made. In contrast to the optomechanical Euler-Bernoulli equation in its
continuous form, equation 5.2, the modal representation allows us to perform a drastic complexity reduction by approximating the dynamics only
with the fundamental modes of the beams. Thus, we set qi,n (t) = 0 for all
n > 1 and therefore simplify the deflection by ui (z, t) ≈ qi,1 (t)S1 (z). This
ultimately reduces the complexity to an ordinary differential equation with
only two variables. Moreover, the optomechanical gradient force reduces to
i
NS
WG
(qWG,1 +
(qWG,1 + qNS,1 , t), where FOMG,1
(qWG,1 + qNS,1 , t) = −FOMG,1
FOMG,1
qNS,1 ) is the time-dependent modal projection of the optomechanical gradient
force in the modal domain using the fundamental mode of the optomechanical Euler-Bernoulli clamped-clamped beam. The derivation of the static
i
form of FOMG,1
and the need of a modal force representation is detailed in
the following section.

5.1.3

Static analysis

As we will elaborate on in the following, one of the key ingredients of our
proposal is the tunable 3-wave coupling strength between the two beams.
In fact, the 3-wave coupling is linearly proportional to the static input laser
power Pdc . However, the input power is upper bounded by a certain threshold at which our system will collapse due to the attractive nature of the
optomechanical gradient force. The goal of this section is to determine this
threshold, i.e. the snapping power and snapping deflection to identify the
regime of safe device operation.
One possibility to find the snapping power is to substitute equation 5.4
into equation 5.1 and solve for the static spatial deflection with u̇(z, t) =
ü(z, t) = 0 according to the static optomechanical Euler-Bernoulli equation

Pdc
Y Ai h2 ∂ 4 ui (z)
(bo (Go −Ut (z)))
(do (Go −Ut (z)))
=
·
a
b
e
+
c
d
e
.
o
o
o
o
12L4 ∂z 4
c

(5.9)

The exponentials on the right hand side of equation 5.9 render the equation as a partial differential equation of infinite order. This hinders obtaining
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an analytic solution without further approximations. One possible approximation involves the linearization of the exponential around a gap value of
interest [90, 88]. For large beam deflections or rather large input powers,
however, fully numerical approaches based on the Finite Element Models
(FEM) have been proposed [94]. The next section describes an FEM to
verify the modal approximation [112].
Within the modal approximation, we can fit the optomechanical gradient
force to

i
FOM
G,1 (qtot ) = −


LPdc
c1 ec2 (G0 −qtot ) + c3 ec4 (G0 −qtot )
c

(5.10)

with width and height dependent negative fit coefficients c1 , c2 , c3 , and c4 ,
and the total modal amplitude qtot = qN S,1 + qW G,1 . The modal equations,
see equation 5.10, simplify to

i,GN L 3
i
FOM
G,1 (qtot ) = Ki,1 qi,1 + β1,1,1,1 qi,1

(5.11)

Finite element modelling
To verify the effectiveness of the modal approximation, we implement a 2D
FEM to simulate the static deflection of the beams in the system of the WG
and the NS under static optical pumping. We compare our static deflection
obtained from the simulation to the modal approach.
To address the need for the input power-dependent gap between the WG
and the NS each two opposite mesh points in boundaries (Γ1 , Γ2 ) in (Figure 5.1) are treated as dependent variables rather than independent inputs.
As a highly nonlinear problem arises from this setting, a single iteration will
only converge if the restoration forces across the waveguides have completely
balanced the optical force in a specific iteration. The solution will be stable
as long as this condition is achieved. Once a case occurs where the restoration
forces are unable to balance the increasing optical force, the beams would
collapse, and the minimum gap between the two waveguides would be higher
than the initial gap between them.
We used COMSOL Multiphysics as it provides boundary coupling and
the desired solver parameters. The maximum number of iterations per power
value was set to 500 to avoid pre-mature divergence while allowing enough
iterations to reach a stable solution. The numerical damping factor of the
values used in the nonlinear solver from iteration to iteration was set to 10−9 .
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Maximum nonlinear static deflection
We define the physically meaningful static stability by the maximum deflection values corresponding to Pdc where the mechanical restoration forces
can balance the attractive optically induced mechanical force. This can be
represented by defining an effective stiffness matrix of the whole mechanical
system including the WG, the NS, and the optical gradient force using
Kstiffness = KGNL − KOMG ,

(5.12)

with equations
(KOMG )i,j =

i
∂FOMG,1
∂qj,1

,

(5.13)

qtot =qsol (Pin )

and
3
Ki qi,1 + βNS qi,1
(KGNL )i,j =
∂qj,1

,

(5.14)

qtot =qsol (Pin )

representing the stiffness matrices of the optomechanical gradient force
and the geometric nonlinearity of the WG and the NS, respectively. Moreover, qsol is given by the solution of eqs. (5.10) and (5.11) for different optical
powers.
The eigenvalues of Kstiffness have negative values. They are non-physical
and represent unstable solutions. In other words, negative eigenvalues indicate an optically induced attraction force exceeding the mechanical stiffness
forces of the WG and the NS and which leads to the snapping of the waveguides. Consequently, the snapping power as well as the snapping deflections
are determined by the first appearance of a negative eigenvalue of the stiffness
matrix.
Static analysis results
Figure 5.2A plots the deflection of the WG and the NS as a function of the
input optical power Pdc , while Figure 5.2B displays the reachable optical
phaseshift.
The solid and dashed curves show a very good agreement between the
modal approach and the FE method, validating the description of the essential nonlinear behavior with the fundamental modes only. The deflection
calculated using FE has been evaluated at the node lying exactly in the middle of the beams to be comparable to the modal amplitudes qWG,1 , and qNS,1 .
However, we have also verified that the overall beam deflection shapes from
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the static FEM result coincide almost perfectly with the fundamental mode
shapes.
The non-analytic points, marked by a green asterisk, in Figure 5.2A mark
snap
the snapping power Pdc
≈ 5.8 mW and correspondingly the snapping amsnap
snap
plitudes qWG,1
≈ 5 nm and qNS,1
≈ 35 nm. The system will remain stable
below these points. Moreover, the modal approximation will accurately describe the system which we exploit further for the dynamic analysis in the
next section.

Figure 5.2: Simulated deflection and phaseshift of an optomechanical modulator A) Nanostring and waveguide deflections vs. constant input laser
power from the single-mode approach (SMA) shown by the solid red and
blue lines, respectively, and the FE analysis shown by the dashed red
and blue lines, respectively. B) Optical phaseshift vs constant input laser
snap
power. The snapping power is found to be at Pdc
≈ 5.8 mW. The green
asterisk marks the non-analytical points in both the SMA as well as the
FEM solutions. The gray vertical line at Pdc = 3 mW marks the bias laser
power around which we perform the dynamic analysis.

5.1.4

Dynamic analysis

Within our dynamic analysis, we first state the equations of motions in their
modal representation for both the waveguide and the nanostring in subsection 5.1.4. In subsection 5.2.1 we introduce a Taylor expansion of the exponential function in eq. (5.10) to account for nonlinearities up to the third
order of the optomechanical gradient force, and thus for the whole optomechanical system.
We then apply a rotating wave approximation to the equations of motions,
to illustrate the equivalence of our model to degenerate parametric oscillators,
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and calculate the critical points and loads for the dissipative phase transition
for the relevant parameter ranges of our system. The equation of motions
for the WG and NS are introduced in their modal representation to read
mWG,1 ωWG,1
q̇WG,1 +
QWG
WG,GNL 3
2
mWG,1 ωWG,1
qWG,1 + β1,1,1,1
qWG,1 ,

(5.15)

mNS,1 ωNS,1
q̇NS,1 +
QNS
NS,GNL 3
2
qNS,1 + β1,1,1,1
mNS,1 ωNS,1
qNS,1 ,

(5.16)

WG
FOMG,1
(qtot ) + Fvib = mWG,1 q̈WG,1 +

NS
(qtot ) = mNS,1 q̈NS,1 +
FOMG,1

where QWG and QNS denote the quality factors of the fundamental modes
of the WG and the NS, respectively. The external vibratory force at the drive
frequency ωd is denoted by Fvib , which we only include in the equation of the
WG since it is highly off-resonant for the NS.
We then use a Taylor expansion to expand the optomechanical force,
eq. 5.10, up to third order keeping only resonant terms, thus accounting for
3-wave, Kerr and cross-Kerr nonlinearities in
WG
FOMG,1
(qWG,1 , qNS,1 ) ≈ LPdc g0 + g1 qWG,1 (t)+

2
3
2
g2 qNS,1 (t) + g3 qWG,1
(t) + 3g3 qNS,1
(t)qWG,1 (t) ,

(5.17)

and
NS
FOMG,1
(qWG,1 , qNS,1 ) ≈ LPdc g0 + g1 qNS,1 (t)+

3
2
2g2 qNS,1 (t)qWG,1 (t) + g3 qNS,1
(t) + 3g3 qWG,1
(t)qNS,1 (t) ,

(5.18)

where the parameters g0 , g1 , g2 , and g3 represent the Taylor coefficients of
the projection of FOMG upon the fundamental mode shapes of the clampedclamped beams. The quantity Pdc Lg2 is of utter importance in this analysis, as it is the 3-wave coupling strength or rather the analog of the downconversion rate which induces spontaneous parametric down-conversion between the fundamental modes of the two beams. Once again, we stress that
the optomechanical gradient force mediates this coupling and as such depends on the geometry parameters of the system and most importantly it
scales linearly with the optical input power Pdc . Therefore, in contrast to
the down-conversion rate in nonlinear optics which is proportional to the
crystal’s nonlinear susceptibility, it is tunable via the bias optical power.

5.2. SPONTANEOUS PARAMETRIC
DOWN-CONVERSION

5.2
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Spontaneous parametric down-conversion
Rotating wave approximation

We use a rotating wave approximation to calculate the stationary or rather
steady state amplitudes of the WG and the NS. We start with defining the
modal amplitudes of oscillations in terms of complex normal coordinates aWG
and aNS and the drive angular frequency ωd , by [113]
s
qWG,1 =


h̄
aWG (t)e−iωd t + a∗WG (t)eiωd t ,
2ωWG,1 mWG,1
s

qNS,1 =



ωd
ωd
h̄
aNS (t)e−i 2 t + a*NS (t)ei 2 t .
2ωNS,1 mNS,1

(5.19)

(5.20)

Following standard steps [113], we derive the equations of motion for the
normal coordinates given by

αt
ȧWG = −iδWG − dRWA
aWG − i*d − i a2NS ,
WG
2

αt * 2
ȧ∗WG = iδWG − dRWA
a*WG + id + i
a
,
WG
2 NS

ȧNS = −iδNS − dRWA
aNS − iαt aWG a*NS ,
NS
 *
ȧ*NS = iδNS − dRWA
aNS + iαt a*WG aNS ,
NS

(5.21)
(5.22)
(5.23)
(5.24)

where the 3-wave coupling term αt of the NS and the WG promoted
by FOMG is found to be linearly proportional to the input optical power
amplitude as
√
−Pdc Lg2 h̄
.
(5.25)
αt := q
2
2
2ωWG,1 ωNS,1 mWG,1 mNS,1
The external excitation term d is defined in the case of an external vibratory excitation at angular frequency ωd as
i0.52ρLAWG avib
d = p
,
8h̄ωWG,1 mWG,1

(5.26)

and for an externally modulated optical power at the angular frequency
ωd as
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iPac Lg0
,
d = p
8h̄ωWG,1 mWG,1

(5.27)

where Pac denotes modulated optical power.
As we excite the WG either with a mechanical shaker or a modulated
optical input power of angular frequency ωd , the mechanical oscillations will
nonlinearly detune the frequencies of the fundamental modes of the WG and
the NS from the drive frequency and its half-wave component, respectively.
We model this detuning for the WG and the NS by
OMG
δWG := ωWG,1 − ωd + δωWG
+ δβ WG + δVNS ,

(5.28)

OMG
δNS := ωNS,1 − ωd /2 + δωNS
+ δβ NS + δVWG .

(5.29)

We account for three factors that contribute to the frequency detuning.
First, the linear frequency shift due to the optomechanical gradient force
power, that is independent of the oscillation amplitude. We denote this term
by
δωiOMG := −

Pdc Lg1
.
2ωi,1 mi,1

(5.30)

The second detuning component is nonlinearly proportional to the deflection amplitudes due to the Duffing or rather Kerr nonlinearity. In our system,
the geometric nonlinearities and FOMG both contribute to this Duffing term.
Both components are defined by


i,GNL
3h̄ β1,1,1,1
i,GNL,RWA
(5.31)
,
β1,1,1,1
:=
2
4 ωi,1
m2i,1
i,OMG,RWA
β1,1,1,1
:=

−3h̄(Pdc Lg3 )
 .
2
4 ωi,1
m2i,1

(5.32)

Both are eventually summed to yield the Duffing or rather Kerr nonlinearity contribution to the detuning according to


i,GNL,RWA
i,OMG,RWA
i
δβ := β1,1,1,1
+ β1,1,1,1
|ai |2 .
(5.33)
i,GNL
To avoid confusion with the non-scaled β1,1,1,1
, we add the superscript
(RWA) to denote that they are the coefficients after rescaling according to
eq. (5.31) and eq. (5.32).
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The third component contributing to the detuning is the cross-Kerr nonlinearity which also nonlinearly detunes the WG oscillation frequency as a
function of the NS oscillation deflection and vice-versa. However, unlike δβ i
it is solely promoted by FOMG and does not have a geometric nonlinearity
component. We formulate the cross-Kerr contribution to the detuning as
V OMG :=

−3h̄Pdc Lg3
,
2ωWG,1 ωNS,1 mWG,1 mNS,1

(5.34)

and rescale it for for the WG and the NS further in
δVWG := V OMG |aNS |2 ,

(5.35)

δVNS := V OMG |aWG |2 .

(5.36)

To complete the definitions used in eqs. (5.21)-(5.24) we finally define the
damping of the beams by
dRWA
=
i

ωi,1
.
2 · Qi

(5.37)

Overall, equations 5.21-5.24 reproduce the equations of the well-known
degenerate optical parametric oscillator (DOPO). The steady-state phase
diagram of the DOPO has been extensively studied [114, 115]. Most importantly, we differentiate between the trivial phase with aNS = 0 and the
non-trivial phase with aNS 6= 0. For parameter cases satisfying δWG δNS >
RWA
dRWA
WG dNS the steady state phase diagram shows bistability of the two phases.
RWA
RWA 2
+
Moreover, for parameter cases satisfying δWG δNS < −dRWA
WG dNS − (dWG
2
δWG )/2 the phase diagram exhibits regions with amplitude modulated stationary states or rather limit-cycles. In order to study such a rich phase
diagram on an actual physical device, it is essential to reach the so-called
critical point which separates the trivial and the non-trivial phases within
the operational ranges of the device. Therefore, we calculate the critical
steady state oscillation amplitude of the WG by setting the time-derivatives
in eqs. (5.21)-(5.24) to zero. At this point it makes most sense to state the
critical amplitude in terms of the actual oscillatory deflection AWG at angular
frequency ωd defined via qWG = AWG sin(ωd t). It is given by
q

ωNS mNS
cr
2
RWA
AWG = 2
δNS + dNS
.
(5.38)
g2 Pdc L
Further, it is possible to transform the critical amplitude into critical
cr
mechanical acceleration acr
vib and modulated optical power amplitudes Pac -
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which are considered as external excitation sources in the equations of motion
- using the following relations
acr
vib =

KWG,1
Acr ,
0.52ρAWG LQWG WG

(5.39)

KWG,1 cr
A .
g0 LQWG WG

(5.40)

cr
Pac
=

5.2.2

Dynamic analysis results

For all the results presented in this subsection, we use a constant biasing
optical power Pdc = 3 mW to set the system to an operating point where
a non-linear optical response is expected, yet, not too close to the collapse
point, as indicated by the gray line in Figure 5.2. This is essential to have a
measurable nonlinear optical phase or transmission responses modulated by
the optical input power or the external vibratory force.

Figure 5.3: Critical waveguide oscillation amplitude as a function of the NS
detuning δNS with Pdc = 3 mW for different quality factors QNS .
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The fundamental mode frequencies ωWG,1 , and ωNS,1 are calculated from
the optomechanical Euler-Bernoulli’s equation to be of 346 kHz and 173 kHz,
respectively. For dynamic excitation, the excitation pump frequency is assumed to match the waveguide fundamental mode frequency such that ωd =
ωWG,1 . Figure 5.3 shows the critical oscillation amplitude of the waveguide
against the detuning δNS following equation (5.38) at different quality factors. At zero detuning, the critical amplitude drops far below 1 nm, making
it easier to practically reach the SPDC regime. However, even away from
perfect resonance, i.e. δNS = 0, the critical amplitude remains below 1 nm,
thus well within reach of the stable operation regime as well as within the
validity of our approximate model.

Figure 5.4: Steady state phase diagram of the nanostring and the waveguide for QNS = 103 . The abscissa shows the two proposed dynamic excitation conditions: Top axis) Mechanical shaker acceleration. 2) Lower axis)
Optical AC power. The marked points 1, and 2 represent the parameters
used further to plot optical phaseshift in Figure 5.5.
Next, we use equations (5.21)-(5.24) to determine the steady state amplitudes for the perfectly mode matched case, i.e. δWG = δNS = 0. Figure 5.4
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shows the results for the WG and the NS as a function of either the external
vibratory excitation avib or the modulated light power Pac .

Figure 5.5: Optical phaseshift under oscillatory excitation. Red: Before
SPDC, the oscillation is dominated by ωd , corresponding to point (1) on
the phase diagram (Figure 5.4). Black: After SPDC, the oscillation is dominated by ωd /2 and the full wave component ωd is observed as an envelope
at the peaks and troughs of the oscillation, corresponding to point (2) on
the steady state phase diagram (Figure 5.4).
The dissipative phase transition from the trivial to the nontrivial solution
occurs at the bifurcation point which scales as 1/α. For the given geometry,
−7
QWG Pdc 1 mW−1 . For a static input optical power Pdc =
αt /dWG ≈ 2×10
3
3 mW and a modulated optical power Pac = 1.2 µW, and for mechanical
WG and NS quality factors of 1 × 103 , the bifurcation point is reached at
an acceleration of 5 m s−2 . This corresponds to a critical amplitude only of
0.5 nm.
Finally, we plot the time-transient response of the optical phaseshift produced form the waveguide system under dynamic excitation in Figure 5.5.
Before the phase transition, the output optical phase oscillation is dominated
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by ωd , or the full wave component. However, after the phase transition, the
NS dominates the optical phaseshift response and we see that not only the
amplitude of the phase response increases but also the frequency drops to
the half wave component ωd /2. For a sufficiently large observable difference
between the phase response after the onset of the SPDC, and before, we
plot the case after SPDC with an oscillation amplitude of 3 nm occurring at
Pac = 8 µW or mechanical external vibration with an acceleration of 28 m s−1 ,
when QNS = 1 × 103 . In Figure 5.5, the x-axis is depicted in the terms of the
number of excitation periods Tdr = 2π/ωd .
Due to fabrication imperfections it is very difficult to reach the perfectly
mode matched situation (δWG = δNS = 0) in an experiment just from the
design conception of the beams. In addition, the effective resonance frequencies will also be influenced by the deflection amplitudes and laser powers.
These effects have to be considered to have full experimental control over
the detuning parameters which ultimately determine the dissipative phases
of our system. Therefore, we list the values of the different contributions to
the detuning parameters in Table 5.3.
Table 5.3: Detuning parameters.
Detuning component
WG
−1
Linear frequency shift from FOMG (Hz mW )
-722
−2
Duffing shift from to GNL (Hz nm )
0.46
Kerr shift from FOMG (mHz nm−2 mW−1 )
-14.5
Cross-Kerr shift from FOMG (mHz nm−2 mW−1 ) -29

NS
-2891
0.92
-58
-116.1

The largest contributing components to the detunings are the linear frequency shifts originating from the optomechanical gradient force. Remarkably, we find that with the optical bias power Pdc in the mW range, we
can shift the frequency on the order of kHz. In contrast, the deflectiondependent nonlinear frequency shifts (Duffing, Kerr, and cross-Kerr) are
negligible within our parameter ranges, thus the drive frequencies do not
necessarily need to be adjusted during a ramp-up of the oscillation amplitudes. While the WG detuning δWG can be adjusted by the external drive
frequency, the NS detuning is hard to control simultaneously. However, one
can imagine to use an electrode beneath the NS to electrostatically control
the resonance frequency of the NS [80].
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Chapter 6
Fabrication of optomechanical
modulator
Optomechanical modulators in silicon require long silicon beams to produce
tangible displacements and measurable phaseshifts. This was discussed in
detail in chapter 5. To the point of writing this thesis, and to the knowledge of the author, there are no reported fully MZI optomechanical optical
modulators employing a NS and a WG in silicon. optomechanical, in this
context, refers to full optical operation without electrical actuation. The
closest reported demonstration presented an optomechanical photonic coupler of 20 µm length [87, 86] in a silicon photonic platform. Another highly
interesting work reported a 50 µm released silicon nanophotonic waveguide
[102].
In this chapter, a process is proposed for releasing an optomechanical
modulator fabricated in an open access silicon photonic platform. The chapter commences with the designs and layouts in section 6.1. Sections 6.2 and
6.3 deal with the mask for the releasing process in hydrofluoric acid (HF).
Later HF in liquid-phase (wet) and vapor-phase etching attempts are illustrated in sections 6.4 and 6.5, respectively.
Eventually, a multi-step etching process involving both wet and vaporphase etching steps is proposed and implemented in section 6.5.3. The process demonstrates a proof of concept released optomechanical modulator of
8 µm length. Finally, challenges, as well as pain points and improvement
possibilities, are eventually laid out and discussed.
63
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Figure 6.1: Designs of optomechanical modulators. A) Single fixed-fixed
beam NS. B) Single cantilever beam NS. C) Double fixed-fixed beam NS.
D) Double cantilever beam NS.

6.1

Design and layout

Four sets of optomechanical modulators were designed. The sets had different
lengths and gaps, as shown in Figure 6.1. The gap combinations are 100, 130,
150, 180 nm, while the lengths combinations are 10, 20, 50, 75, 100 µm. Both
cantilever and fixed-fixed beam implementations of the NS are included. A
cantilever beam has less stiffness and thus undergoes more deflection under
the minute optical forces, and yields larger phaseshift at lower optical powers.
In addition, a double NS approach was laid out for experimentation purposes.
The concept of double NS is to exploit the higher effective refractive index
gradient when two instances of the NS are laid-out rather than a single NS.
This assumes ideal symmetric deformation of the WG. For the simulation
of this concept, it is important to note that the simulation model discussed
in chapter 5 is limited by the assumption that both sides of the WG would
deform and be attracted to the corresponding opposing NS. This might not
be the practical case and studying of this specific detail was not the scope
of this work, as this was merely an exploratory proposal. However, as the
NS deflection is the major contributor to the phaseshift, the same model
was used to predict the phaseshift of the the system with the double NS.
The phaseshift in this case is much higher than the case of the single NS,
as the effective index varies strongly at smaller gaps. Figure 6.2 shows the
simulated optomechanical phaseshift for a waveguide length of 130 µm and a
gap of 130 nm for all different designed groups.
The minimum recommended silicon to silicon gap allowed by the PDK
is 130 nm. The gaps were selected to reflect a sweep around this value.
The lengths were chosen based on finite element analysis results. Ideally,
full etching of the waveguide length will be practically achieved. However,
smaller etching windows may be used to decrease the etching length to suit
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Figure 6.2: Simulated optomechanical modulators from FEM model for a
waveguide length of 100 µm and a gap of 130 nm. The simulation limit is
determined by the maximum power that allows for a stable solution of the
deflection of the NS and the WG as defined in chapter 5.

the releasing process limitations.
The WG is laid out as a strip-waveguide with a width of 450 nm. The
WG input and output are connected to TE optimized grating couplers. The
NS is also a Strip-waveguide, however with a width of 220 nm. Hence, it does
not support optical mode propagation.
To avoid optical reflections at the interface between the input Stripwaveguide and the WG and the NS, a curved anchor shape was implemented.
FDTD simulations of the anchor design show a reflected optical power lower
than 0.5 % of input power at 1550 nm.
The designs were fabricated using IMEC open access passive ISIPP50G
technology. Figure 6.3 shows an SEM micrograph of a fabricated set of
optomechanical modulators. The micrograph is imaged without sputtering
a conductive layer on the chip. This was enabled by HitachiTM tabletop
Scanning Electron Microscope (SEM). This technique is often employed for
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non-destructive monitoring of process development in this chapter.

Figure 6.3: Overview of a fabricated set of optomechanical modulators.

6.2

HF resistant mask

The received chips were cleaned in a bath of Iso-Propyl-Alcohol (IPA) and
then a bath of ethyl alcohol. This was followed by cleaning in a mixture of
nitrogen and oxygen plasma.
Silicon carbide nitride (SiCN) was chosen as an HF resistant material.
The SiCN deposition process followed the steps highlighted in [116, 117].
SiCN presented very good resistance to HF vapor in the MEMS-StarTM system [118]. The MEMS-StarTM system is a commercial vapor HF etching
system. The control parameters are water flow and HF vapor flow. There
are also purging cycles that involve nitrogen dioxide, for more info, it is advised to refer to information from the manufacturer [119]. The SiCN layer
was found to be transparent in the optical window around 1550 nm with a
refractive index of 2.1 using optical ellipsometry.
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Figure 6.4: Microscopic pictures of PECVD SiCN layer grown on fabricated chips at 395 °C A) PECVD growth time of 2 minutes. B) PECVD
growth time of 10 minutes.
A significant presence of pinholes was visually observed upon deposition
of the SiCN layer on foundry fabricated chips. The SiCN layer grown for two
minutes shows a thickness of around 180 nm to 220 nm. It was not possible
to reproduce the pinholes on in house test chips. The root cause of this issue
remains an open question.
To decrease the number of pinholes in the SiCN mask, the deposited
mask growth time was increased to 10 min. There is a reported almost linear
relation between time and film thickness in the PECVD SiCN growth process.
[116]. Profilometry results suggested a height of 350 nm of the longer grown
layer. The visual inspection of the thicker layer suggested a lower number
of visual pinholes of diameter larger than 50 µm. The result of the visual
inspection of both short and longer growth times are shown in Figure 6.4.

6.3

Etching window

Direct laser writing offers fast mask-less patterning of photoresist. This motivated using Heidelburg instrumentsTM DWL2000 laser writer to pattern the
chips. The DWL2000 is a lithography system largely suited for industrial
prototyping and mask patterning. To adapt the machine for chips, a custom
deep-etched silicon holder with a housing exactly positioned in the center
of a 6 inch silicon wafer was fabricated. A ZetaTM microscope was used to
identify the exact dimensions of the chips.
The chips presented a height of around 750 µm. Nominally, the chips all
have dimensions of 5.5 mm by 5.5 mm. The observed dicing error was almost
± 50 µm. A deep trencher employing the BoschTM process patterned 1 mm
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thick silicon wafers with the measured dimensions. Insertion of the chip
in the housing without an adhesive resulted in spin-coating of photoresist
layers in a non-reproducible manner. This, in conjunction with the failure
of DWL2000 optical focus for small chip sizes, resulted in non-quantifiable
exposure doses and times for the etching windows.
Direct laser writing was then abandoned in favour of the SmartPrintTM
lithography system for rapid prototyping. The SmartPrintTM Lithography
system offers maskless lithography using a UV projector and an optical system. It is relatively easy to operate and is optimized for chip lithography, for
more info it is advised to refer to the manufacturer website [120]. A 800 nm
layer of MIR701 photoresist was spin-coated on the surface of the chip. The
MIR701 sustained physical etching in an Oxford InstrumentsTM physical ion
etcher at an etch ratio of resist to SiCN mask of 1 : 1 with an etch rate of
≈ 15 nm min−1 .

6.4

Wet HF etching

The first attempt to release optomechanical structures employed wet HF. All
silicon beams of width less than 2 µm experienced stiction. Figure 6.5 shows
the result of 9 min and 55 s etching in Buffered Oxide Etch (BOE) of test
structures.
At this point, a critical point dryer posed itself as an enhancing tool for
pursuing stiction-free releasing in wet HF. Vapor HF, however, completely
overcomes stiction by performing the etching processing fully in vapor phase.
Moreover, vapor phase etching is reported to be more successful in releasing
large aspect ratio structures. There are reported results of successful releasing
of silicon photonic waveguides with a 400 nm width and up to 15 µm length
in a silicon photonic SOI process [96]. Thus, vapor phase HF was preferred
to critical point drying.
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Figure 6.5: Stiction of test structures after etching in wet HF.

6.5

Vapor phase oxide etching

HF vapor etching processes are reported to be dependent on the target silicon
dioxide material quality. Thermal history, as well as oxide growth method
heavily influence the etch rate. The HF vapor etching process is catalysed
by water as governed by the chemical equations [121]
2HF + H2 O = HF−
2 + H3 O,

(6.1)

+
SiO2 + 2HF−
2 + 2H3 O = SiF4 + 4H2 O.

(6.2)

Generally, films that are grown using a Chemical Vapor Deposition (CVD)
process show much higher etch rates than thermally diffused oxides or annealed oxides [122]. As inferred from the PDK information, the buried oxide
is a thermally grown oxide, while the top oxide is a CVD grown oxide [15].
There is no precise data shared on pre-cursors or thermal history of the chips
for the ISIPP50G process.
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Single step continuous vapor phase etching

The first logical attempt was to etch the oxide in a single step of Vapor Phase
Etching (VPE). This, however, resulted in very destructive results. In some
extreme cases, a thin film was possible to extract using tweezers from the
top of the chip. Several etch regimes were tested, including water flow as
low as 2 mg min−1 and pressure of 6 mTorr, and as high as 14 mg min−1 and
a pressure of 18 mTorr.
Figure 6.6A illustrates an example of such effects. These effects were
qualitatively reproducible in a sense, that all chips experienced a form of
such damage by undergoing vapor phase etching.

Figure 6.6: Destructive etching A) single step VPE overview. B) Sliced
mask-less annealed chip after VPE.
The key point was the visual observation of such damage at different etch
times for different etch rates. At 18 mTorr and 2 mg min−1 it took an average
time of 1000 s to start visually observing such effects. On the other hand,
at 6 mTorr and 6 mg min−1 , the time scale went up to more than 30 min. At
this point, non-quantifiable effects and etch results were very challenging for
further process development and a root-cause analysis was performed.
Root-cause analysis
Equations 6.1 and 6.2 show that water droplets act as both input and byproduct of the etching process. There is also a reported discrepancy of etch rates
between thermal oxide and top CVD-oxide [122, 121]. The discrepancy is a
direct function of thermal history and precursors used in top oxide growth.
The root-cause hypothesis built upon this reported effect to suggest elevation of the etch rate as the etching process advanced in time. Entrapment of
water vapor between the slowly etching thermal oxide and the HF-resistant
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SiCN layer might lead to the formation of water vapor droplets between
the etched CVD top-oxide. Such entrapment would extend to areas with
patterned silicon beams.
These water vapor vapor droplets may catalyse the etching process, in a
manner, that is non-controllable through the available control parameters,
which are the water flow and pressure. The root-cause is eventually the imbalance of water generation and water out-flow through the etching process.
In an attempt to reduce this effect, rapid thermal annealing was employed on
foundry fabricated chips with temperatures varying from 600 °C to 800 °C.
In these chips, no SiCN mask was deposited.
To test the hypothesis, some annealed chips were split before undergoing
the VPE process. Figure 6.6B presents that a very high lateral etching would
take place also in this case. Interestingly enough, the etching trail evidently
follows the silicon waveguide path. This suggested that indeed entrapped
water vapor droplets might be elevating the etch rate and pushing the process
in an uncontrollable regime. However, the critical water vapor droplets were
under silicon, rather than between both oxide layers.
The second challenge was the etch rate. To minimize the presence of water
vapor in the etching chamber, the water flow was decreased to 2 mg min−1
and the pressure was increased to compensate this very low flow to 18 mTorr.
This etch rate was tested in a dummy material stack closely resembling the
foundry fabricated chips. The results of these tests are illustrated in the next
section.

6.5.2

Etch rates in test chips

A dummy material stack closely resembling the foundry fabricated chip with
the SiCN mask was fabricated and diced to test the vapor HF test rates in
the available MEMS-StarTM setup. 650 µm thick 6-inch silicon wafers with
a nominal thermal oxide layer of 2.5 µm were obtained. Ellipsometry tests
showed a typical oxide thickness of 2.8 µm.
An additional 2 µm PECVD oxide layer was grown, and eventually a
230 nm SiCN PECVD layer was grown on top. Finally, an 800 nm MIR701
resist was applied to the surface of the wafers before dicing. The photoresist
was patterned using the DWL 2000 laser writer. The layout pattern had
large vertical and horizontal rectangular grooves. The SiCN layer exposed
through the photoresist was etched in an OxfordTM ion fab.
Ellipsometry was employed to characterize the thickness of the grown
layers. The chips were diced into 5 mm by 5 mm dies. This closely resembles
the size of the chips received from the foundry as the Vapor HF process is
reported to be dependent on the die size [122].
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The dies were split to allow for observing the lateral etching of grooves.
The spliced dies were inserted in the HF vapor etcher. And the process
was run for a specific amount of time. A HitachiTM table-top SEM was
used to image the undercut, without the need to sputter the samples with a
conductive layer, as this would prevent further analysis. Images of the lateral
cuts were used to infer the lateral and vertical etch rates.
Figure 6.7 shows the lateral and vertical etch rates results from these
tests. The vertical etch rate decreases as the top oxide is etched and the
thermal oxide is exposed, this is quite expected. The lateral etch rate however
advances as the undercut increases. It is noteworthy to mention that the
process was stopped to measure each data point, suggesting that within the
process itself the lateral etch rate might elevate in a higher fashion.

Figure 6.7: Lateral etch rates in dummy chips.
The target is to completely underetch the WG and the NS, this means
that an undercut of 450 nm is required. with the vertical etch rate in thermal
oxide averaging around 1 nm s−1 , 450 s are essential to guarantee releasing of
the WG and the NS. The lateral etch rate due to entrapment droplets of
water vapor below the SiCN mask is much higher and elevates as the underetch length increases. A process is proposed to tackle this issue in the next
section.

6.5.3

Multi-step etching process

In the previous sections, a hypothesis for the root cause of the damaging
vapor phase etching process was made. The results at hand suggested the
likelihood of imbalance of water out-flow with the water generation process
as a byproduct of the etching process. The concept was put to test by
fabricating a set of test chips. These test chips verified the possibility of
entrapment of water vapor droplets between the top oxide and the lower
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oxide. Rapid thermal annealing failed to tackle the observed elevated lateral
etching in foundry fabricated chips with silicon waveguides, prompting that
additional entrapped water vapor droplets below silicon may be contributing
to the elevation of the lateral etch rate, together with entrapment of water
vapor droplets between the thermal oxide the HF-resistant SiCN mask, but
at a much higher rate.
Removal of water vapor droplets, that arise as an etching byproduct was
identified as the critical problem. A mitigation strategy may lie within the
utilization of VPE for only a very short time. By accurately controlling the
wet etching process before utilizing VPE to partially under-etch the silicon
beams to a non-released point, it is then possible to spare VPE solely for
stiction-free releasing of the silicon beams from the underlying thin oxide anchors. Moreover, performing the VPE in cycles would enhance the extraction
of water vapor droplets. This would also enable more control over the etch
rate by limiting its nonlinear elevation. In this section a process that applies
this proposed approach in a mixture of wet etching and vapor phase etching
is illustrated in detail.
Initial material stack
Figure 6.8A illustrates the material stack of the foundry fabricated chips.
Figure 6.8B shows a table-top SEM image of a cross-section of a foundry
fabricated chip.

Figure 6.8: Foundry fabricated chip A) Cross-section schematic. B) Crosssection using SEM. The fill structures are believed to be in the waveguide
layer, and thus should have a thickness of 220 nm, the resolution in this
cross-section is limited by the table-top SEM and presence of oxide layers
on top and bottom of the structures without sputtering of a conductive
layer.
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First etch: oxide removal using wet HF
To determine the etch rate of the top oxide of foundry fabricated chips, a
number of sacrificial chips were split into two halves. For each sacrificial chip,
one half underwent etching in a solution of buffered oxide etch of 1 : 1 dilution
for a specific duration, while the other half served as a reference. Eventually
the etched and non-etched halves of foundry fabricated chips were imaged
using the table-top SEM. The difference in the oxide height between both
halves is used to calculated the etch rate.
The major downside of this approach, is that precise control over the
exact height is not guaranteed, not only because of the manual wet etching
process, but also due to the non-even oxide heights. Generally, in all tests
a time of 9 min was enough to ensure an etched top oxide height of around
300 nm.
Figure 6.9A illustrates a schematic of the process step. Figure 6.9B shows
a cross-section of an etched foundry fabricated chip in BOE for 9 min.

Figure 6.9: First wet HF etch A) Cross-section schematic B) Cross-section
using SEM.
This step decreases the top oxide height by removing more than 2 µm of
its height. The motivation of this step is to avoid any unnecessary interaction
between VPE and the top oxide.
SiCN mask deposition and patterning
After wet etching of foundry fabricated chips, the chips were cleaned using
a mixture of nitrogen and oxygen plasma. After the cleaning procedure,
SiCN was deposited at 395 °C in an Oxford InstrumentsTM chemical vapor
deposition system. Figure 6.10 shows a schematic and an SEM micrograph
of the process step.
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Figure 6.10: SiCN mask deposition A) Cross-section schematic. B) Crosssection using SEM.
The chips were then cleaned and MIR701 positive photo resist was used
to pattern them in a SmartPrintTM lithography system. The etching window
was then etched in an Oxford InstrumentsTM ion fab. Figure 6.11 illustrates
the resulting chip stack following the ion etching step.

Figure 6.11: SiCN patterning A) Cross-section schematic. B) Profilometry
results of a grove in a patterned mask.

Second etch: First undercut
The second etching step is also a wet etching step. The difference between
the first wet etch and the second wet etch steps lies within the presence
of a patterned HF-resistance mask before the second etch step takes place.
The second etch step aims at minimizing the need for a long vapor phase
etching process by starting the underetching process in wet phase. This
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is in contrast with the first wet etch step objective, which is to minimize
unnecessary interaction of HF vapor with the top oxide. The second wet
etch step minimizes the overall required time for vapor to interact with the
oxides. The vapor phase etching process time is dictated only by the time
required to etch the lower thermal oxide.
Figure 6.12A illustrates the second etch process step schematic and Figure
6.12B shows the step result on a test structure. The undercut length after
15 min is ≈ 2 µm. The contrast between the undercut areas and the areas
having oxide anchors beneath them is used to calculate the untercut length.
The test would be performed on a neighbouring chip of the target chip. This
chip underwent the exact some processing steps up until this step of etching.
The etch rate in this case is around 133 nm min−1 .

Figure 6.12: Second etch A) Cross-section schematic. B) Second etch results on a test structure.
s
Third etch: Releasing
The final stiction free-releasing employs vapor phase HF for oxide etching.
Figure 6.13A proposes the schematic concept of this step. The 200 nm height
is inferred from a profilometer measurement of a large etching window patterned to suit the profilometer head width.
Figures 6.13B and 6.13C show SEM images of samples after sputtering
with a 50 nm platinum layer of the optomechanical structures. Figure 6.13D
shows the vertical profile of a buckled cantilever. The vertical profile was
obtained using white light interferometry.
The buckled cantilevers indicate an undercut that exceeds 2 µm below
the silicon structures. Additionally, wells under the silicon structures are
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Figure 6.13: Third etch of optomechanical modulators using HF VPE A)
Cross-section schematic. B) Etched WG and NS. C) Released cantilever
beams in test structures that experienced buckling. D) White light interferometry measurements of buckled cantilevers.
observed. This might be explained by self-amplification of the vapor etching
process due to the generation of water vapor droplets below silicon.
To obtain these results, several chips were sacrificed in destructive tests.
These chips underwent similar processes, and all had neighbouring positions
in the wafer map provided by the foundry. This was essential to ensure the
chip to be measured followed the same process, as a high resolution SEM
image of the test sample is only possible through sputtering of a conductive
layer on the chip, this would hinder the chip optical functionality.
The final etching process involved 7 s cycles of vapor phase etching followed by a full purge cycle. The MEMS-Star machine purges the chamber
reminents using nitrogen. The total VPE etching time was 600 s excluding
the purging steps time. This significantly decreases the observed destructive
effects, that result from continuous VPE.
Figure 6.14 illustrates the optical inspection results of a chip after the
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multi-step releasing. It is possible to see that the non-linear enhanced etch
rate still takes place. Yet, its effects are much less observable.

Figure 6.14: Visual inspection of enhanced etching processes A) Destructive single step vapor phase etching. B) Results of multi-step release process.

6.5.4

Proof of concept

Figure 6.15A shows an optomechanical modulator that underwent the multistep releasing process. Figure 6.15B shows the measured optical spectrum
of the modulator with the fixed-fixed beam NS of 100 µm length and gap of
130 nm before and after processing. The etch window was of length 8 µm.
The chip was processed according the multi-step process described in this
chapter.
The length is theoretically non-sufficient to produce any tangible measurable transmission. However, the dips in the optical spectrum signify a
variation in the refractive index after processing of the MZI arm with the
NS and the WG. The maximum optical power with the grating couplers was
−16 dBm. Note that the measurements before processing are extracted from
a different chip, as chips before processing were only handled in clean-room
environment.
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Figure 6.15: Processed optomechanical modulator A) Micrograph of a
proof of concept optomechanical modulators using table-top SEM B) Optical spectrum of fixed-fixed beam NS of 100 µm length and a gap of 130 nm
before and after processing.

6.6

Points of improvement

The major bottleneck experienced was the large number of open questions
about the interaction of the vapor phase HF with the oxide interface between
the top and lower oxides. Some solutions like creating dummy chips were
devised to overcome such issue.
This is conjunction with a limited number of available ordered chips
prevented thorough investigation of the oxide interactions with the vapor
phase HF. Additionally, lack of direct access to a chip lithography system
in our industrial clean room prevented faster iterations. The chip with the
proof of concept modulator presented in this chapter was patterned using the
SmartPrintTM rapid lithography system. Earlier and more frequent access
to such a system is thought to have offered faster iterations. It is important
to mention that the SmartPrintTM did not offer precise alignment features,
when compared to the DWL2000. Ideally, a rapid prototyping system with
support for auto-allignment and precision down to few micrometers is recommended for pursing optomechanical modulator releasing in an academic
environment.
These are the major procedural systematic issues that prevented further
pursuing of this experimental path. The results however do not conclude or
signify that it is not possible to release optomechanical modulators.
In fact, in the course of this work, recent works were published that
showed optomechanical switches realised in IMEC ISIPP50G technology.
The partially described process in the work hints to a multi-step vapor phase
process as well with breaks in the process to prevent accumulation of water
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vapor [87, 86].
The deliveries of passive tape-outs in general are faster than those of the
active tape-outs. Future work may leverage this by attempting to refine the
process over multiple passive tape-outs. Moreover, employing release holes
and silicon masks might decrease water vapor droplets. Pursuing this option
was not possible within the time frame of this work, and is suggested for
future works pursuing realization of optomechanical modulators.

Part III
Bi-junction free-carrier
depletion electro-optic
modulators

81

Chapter 7
Bi-junction electro-optic
modulators
This section overlaps with a manuscript under preparation by M. Ashour,
J. N. Caspers, and E. M. Weig
The manuscript is planned to be submitted to a journal with thematic relevance. As the manuscript is original work and is being explicitly written
by the author, the following section may contain figures and text, that
would be later reprinted in a publication. The co-authors contribution to
this manuscript is in terms of verification and discussion of the results. All
results of this section are printed under the permission of the above named
co-authors.
The dependency of refraction (n) and absorption (α) coefficients on implant concentrations in silicon are governed by the relations [31, 33]
d(λ)

∆α(λ) = a(λ)∆Neb(λ) + c(λ)∆Nh

s(λ)

− ∆n(λ) = p(λ)∆Neq(λ) + r(λ)∆Nh

(7.1)
(7.2)

Here, λ denotes the optical wavelength. ∆N denotes the change in freecarrier concentration, with the subscripts h and e denoting holes and electrons, respectively. p, q, r and s are free-carrier refraction coefficients from
Soref and Bennett relationships at 1550 nm and correspond to the values
5.4 × 10−22 cm3 , 1.011, 1.53 × 10−18 cm3 , and 0.838, while a, b, c and d are
the free-carrier absorption coefficients in silicon of values of 8.88 × 10−21 cm2 ,
1.671, 5.84 × 10−21 cm2 , and 1.09 [33].
Equations 7.1 and 7.2 highlight that a change in the optical loss accompanies any incurred refractive index change. This fundamental relationship
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Figure 7.1: Bi-junction electro-optic modulator proposal.
sparked interest in finding a sweet spot of implant concentrations for high
bandwidth and low loss electro-optic modulation.
The optical change in the effective refractive index ∆neff (V ) and optical
losses α(V ) incurred due to carrier dependent refraction and carrier dependent absorption in depletion-type modulators as a function of the applied
voltage are governed by [22]
2π
∆neff (V ) =
λ

L

Z

Z

H/2

−H/2

0

Z

W/2

|phq (V, x, y, z) + res (V, x, y, z)| Γ( x, y)

2

−W/2

dxdydz,
(7.3)
Z

L

Z

H/2

Z

W/2

α(V ) =
0

−H/2

ahb (V, x, y, z) + ced (V, x, y, z) |Γmode (x, y)|2 dxdydz.

−W/2

(7.4)
Here, L is the modulator length. h(V, x, y, z) and e(V, x, y, z) denote the
three-dimensional carrier distribution in the modulator, which also depends
on the applied voltage (V ). |Γ(x, y)| is the excited optical mode field intensity in the modulator. H and W denote the waveguide height and width
respectively. The optical mode is assumed to be constant along the z-axis as
long as the modulator waveguide preserves its geometry or experience minor
adiabatic changes.
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In this work we target the phaseshift, so it is possible to substitute the
change in the effective refractive index from equation 7.3 in equation 3.1 is
correlated to ∆neff using
∂Φ(V )
2π
=
∂V
λ

Z

L

Z

H/2

Z

W/2

p
0

−H/2

−W/2

∂hq (V, x, y, z)
∂es (V, x, y, z)
+r
Γ( x, y)
∂V
∂V

2

dxdydz.
(7.5)
Ideally, the Vπ Lπ figure of a modulator, introduced in chapter 3, scales
linearly with the length. This is not always a practical case. An additional
downside of the Vπ Lπ figure is that it also ignores the optical losses, under the
assumption that a more efficient modulator would subsequently be shorter. A
shorter modulator has fewer free-carriers to absorb propagating light photons
and thus, has lower optical losses. In this work phaseshift relative to optical
losses is the critical figure. The work [123] reported the following Figure Of
Merit (FOM) to quantitatively qualify electro-optic modulators by accounting for both optical losses and electro-optic phaseshift performance
F OM =

π
.
Vπ α(V = 0)

(7.6)

This can be generalized in
∂φ(V )
/α(V = 0).
(7.7)
∂V
For a practical non-linear response of an electro-optic modulator, it is
possible to also use the phaseshift change in reference to the zero voltage
as reported in [124]. The following definition is then used to quantify the
experimental tests later demonstrated, with the FOM being referred to as
the efficiency later in this work and denoted by γ.
F OM =

φ(V ) − φ(V = 0)
/α(V = 0).
(7.8)
V
The generalized definition in equation 7.8 introduces a figure independent
of the linearity of the electro-optic response over voltage, as a modulator does
not essentially deliver a linear electro-optic response over voltage, an aspect
that is often not discussed when comparing electro-optic modulators.
Additionally, design strategies in literature usually focus on optimizing
the phaseshift efficiency per volt. This shortens the modulator length, and
thus, lowers total optical losses. The optimization method of the phaseshift
γ=
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Figure 7.2: Top-view layout of interleaved and lateral modulators.
might counteract this increased phaseshift efficiency by increasing the optical
losses per length. These points argue for using γ rather than Vπ Lπ figure to
compare the modulators critically.
There are two commonly reported architectures in the literature that
operate in reverse biased regime, the interleaved and lateral modulators.
Both employ the PN-junctions concept, with the difference being the mere
arrangement of such junctions. In a simple lateral modulator, there is a single
PN-junction that is parallel to the optical propagation direction. In contrast,
the interleaved modulator has an alternating array of P- and N-doped areas
along the waveguide length. Thus, the PN-junctions are perpendicular to the
optical propagation direction. Figure 7.2 is an illustration of the top-view of
both lateral and interleaved modulators.
In a systematic comparison between both architectures, losses were found
to be heavily dependent on absolute doping concentration [124]. Moreover,
lateral modulators posses higher bandwidths, while the interleaved modulators have lower bandwidth. Both however, can operate in GHz regime. Generally, the interleaved modulators deliver better phaseshifting performance.
This is explained by the increased overlap of the depletion region with the
optical mode.
The modulator proposed here is fundamentally different from previous
designs. Three doped regions in the optical waveguide are to be introduced,
such that, there are two parallel lateral PN-junctions separated by a distance
x0 within the waveguide and extending along the optical propagation direction. X0 is referred to in this work as the bi-junction separation. The three
regions are to be electrically contacted to enable driving of both junctions
in reverse bias. Figure 7.1 depicts an illustration and a cross-section of the
implants within the optical waveguide of the proposed modulator.
The advantage of this proposed structure relative to the simple lateral
single junction approach is discussed qualitatively and numerically in the
following sections. In the next chapter the bi-junction modulator is experi-
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mentally compared to lateral and interleaved modulators.

7.1

Qualitative theory of efficiency gain of
bi-junction modulators over single lateral
junction modulators

The modulator efficiency in equation 7.7 states that any free-carriers that do
not experience spatial depletion as a result of applied voltage, yet strongly
overlapping with the optical mode, decrease the modulator’s efficiency, by
adding non-phaseshifting free-carriers. These free-carriers solely contribute
to optical losses and hence decrease the efficiency of the modulator.
In this section, an argument for efficiency improvement of a modulator
employing a bi-junction approach over a single junction approach is discussed.
To highlight this, some hypothetical assumptions are made as following
• A constant mode profile along the x- and y-axes, denoted by Γmode , is
assumed.
• The doping profile is also assumed constant along both y- and z-axes.
Thus, the dependence of electrons and holes depletion distribution over
voltage may be denoted by
Z

W/2

p

η(V ) = HL
−W/2

∂hq (V, x)
∂es (V, x)
dx.
+r
∂V
∂V

(7.9)

• Optical loss produced by free-carriers at zero voltage is inversely proportional to the initial depletion zone width, which is denoted by Wd .
This is an approximation that is only valid for a hypothetical constant
optical mode distribution, where less free-carriers due to a larger depletion zone width, would lead to lower free-carrier absorption and thus
lower optical losses.
These assumptions reduce equation 7.5 and 7.4 to
∂φ(V )
2πL
=
η(V ) |Γmode |2 .
∂V
λ

(7.10)

α(0) = kbi Wd −j ,

(7.11)

where kbi is a proportionality factor and j is a rational number greater
than or equal to zero. kbi and j are factors that may be numerically calculated
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or experimentally extracted. They respectively represent the decrease in
the total number of free-carriers and the corresponding optical loss decrease
within the waveguide as the depletion region width increases.
Now, by introducing a second junction, it leads to doubling η and Wd . It
is then possible to write the following equation to express the improvement
of the efficiency of the modulator γ using
γBJ
2ηkbi Wd−j
=
= 21+j
−j
γSJ
ηkbi (2Wd )

(7.12)

where the subscripts BJ and SJ stand for bi-junction and single-junction
respectively.
Equation 7.12 shows that using a bi-junction approach guarantees an
efficiency improvement for junction separations and doping concentrations,
= 2. In the
where the condition j ≥ 0 is satisfied. For a value of j = 0, γγBJ
SJ
optimistic case where doubling the junction width would lead to halving the
=4
total number of free-carriers in the waveguide j = 1, γγBJ
SJ
These may be considered the ideal examples for the efficiency improvement of modulation efficiency by using a bi-junction approach over a single
junction lateral implementation. However, a uniformly distributed optical
mode in x and y directions is physically non-viable. The optical mode overlap limits the practical efficiency with the the spatial profile of the free-carrier
distribution. A similar argument is reported for interleaved modulators [124].
Additionally, the two junctions must be completely uncorrelated, such
that their depletion widths add up, for this argument to be valid. This is
not the case for closely placed junctions. These practical considerations are
studied in detail using approximate analytical and numerical solutions of
equations 7.5 and 7.4 in the following sections.

7.2

Efficiency ratio using a first-order charge
distribution model

This section discusses a simple expansion of the full depletion charge distribution model coupled with 1D optical mode profile, as described in [22] and
[51], to analyse the bi-junction free-carrier depletion modulator. The results
of the full depletion approximation under higher depletion voltages are later
compared to a numerical solution obtained from Silvaco AtlasTM to identify
and discuss the shortcomings of the full depletion model.
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Full depletion model

Figure 7.3: 1D-symmetric free-carrier concentration based on full-depletion
assumption for a PNP modulator.
For first-order analysis, some assumptions are made,
• A full depletion approximation, which implies that both majority and
minority carriers are fully depleted in the depletion zone. Thus, their
concentration equals zero within the depletion region [53].
• A symmetric solution is assumed to exploit the symmetric geometry of
the structure. This reduces the geometry to half and implies a symmetric charge distribution around the device axis of symmetry.
• Short base is assumed for calculating minority carriers. This implies
a linear distribution of minority carriers increasing from zero at the
interface of the middle doped area with the depletion region to the
maximum concentration in the middle doped area [22].
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• There is no significant potential drop along the device length, as long
as the device is not deeply reverse biased. Thus, there is no significant
variation along the z-axis.
• The implant profiles are constant along the y-axis.
Figure 7.3 illustrates the charge distribution based on these assumptions,
which reduces the problem to a 1D symmetric equation, the hole and electron
distributions along the x-axis may be given by


 NA
0 h
h(V, x) =


 n2i 1 + 1 −

xj −x
xj

ND

e(V, x) =




n2i
NA

 0
ND

  qV
e KB T

x < − x20 − xp
x0
x0
i − 2 − xp < x < − 2 + xn ,
−1
− x20 + xn < x < 0
(7.13)

x < − x20 − xp
− x20 − xp < x < − x20 + xn ,
− x20 + xn < x < 0

(7.14)

where NA and ND are the acceptors and electrons concentrations respectively, q is the electronic charge constant. xj = (−x0 /2 + xn ), xn and xp are
the depletion region widths in N- and P-doped regions respectively, they are
governed by
xn = −x0 /2 −

Wd
,
1 + NA /ND

(7.15)

xp = −x0 /2 −

Wd
.
1 + ND /NA

(7.16)

where,
s
Wd =

20 si (NA + ND )(Vbi − V )
,
qNA ND

Vbi =

kB T NA ND
ln
.
q
n2i

(7.17)

(7.18)

Here, KB is Boltzmann’s constant, while T is the temperature in kelvins
and ni is the intrinsic free-carrier concentration in silicon.
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Calculation of efficiency ratio using full depletion
approximation

The concentrations of implants provided in [22] of NA = 5 × 1018 cm−3 and
ND = 3 × 1018 cm−3 are used to study the optical phaseshift of a PNP
modulator in comparison to a lateral PN modulator. The efficiency ratio
γP N P /γP N is simulated using equations 7.5 and 7.4. Results are illustrated
in Figure 7.4. The x-axis depicts r which denotes the ratio of the bi-junction
x0
, with x0 denoting the
separation to the waveguide width, such that r = W
g
separation between both junctions, and Wg denoting the rib-width of the
rib-waveguide.

Figure 7.4: Simulated efficiency ratio using full depletion model.
The slab height is fixed at 60 nm and the rib height is 220 nm. For calculation of the modulation efficiency, the average optical phaseshift over voltages
from 0 V to 4 V is used. The value of 4 V was enough to show full depletion
of the middle doped area. The simulation predicts an efficiency improvement
for r[0.3 − 0.6] for the waveguide widths of 450, 500, 600, 700, 800 nm.
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Full depletion model limitation

As the total width of the depletion regions approaches the bi-junction separation x0 , the full depletion approximation would result in vanishing of the
free carriers within the middle doped area. This effect is reported in bijunction transistors connected in common-base architecture and is known as
base narrowing [53]. The full depletion model assumes zero charges in the
depleted narrow base.
As the charges are depleted from the middle doped area, the 1D approximation of the analytical model is no more valid. The middle doped area
starts to lose its free carriers and hence, its conducting ability. This yields a
distribution of the free carriers in the z-direction.
This will counteract the assumption of a constant applied voltage across
the modulator length for the 1D model. A simulation that accounts for
the device length is then essential to understand the device behaviour. The
furthest point from the contacts, which corresponds to the point at half the
modulator length, serves as the worst case point.
To further study this phenomenon, a 2D numerical model is used to simulate the charge distributions along a 2 mm long modulator. The numerical
model applies Shockley-Read-Hall and Auger carrier generation and recombination models. This is the topic of next section.

7.3

Calculation of efficiency ratio using a numerical model

The pure law of mass action does not govern the charge concentrations in
biased doped semiconductors at equilibrium, but rather adjusted to reflect
the non-equilibrium state [53]
pn = n2i e(Fn −Fp )/KB T ,

(7.19)

where, p and n are the hole and electron concentrations respectively, while
intrinsic silicon free-carrier concentration ni ≈ 1 × 1010 cm−3 , and Fn and Fp
represent the Quasi Fermi Levels (QFLs) of conduction and valence band
respectively. In reverse bias Fn strongly approaches the valence band, while
Fp approaches the conduction band. The equation may then be approximated
to equal zero, which is the case represented by the charge distribution model.
In the numerical model, the relationship is held, and the numerical values of
the charge concentrations are calculated.
Figure 7.5 shows the simulated efficiency ratio using the numerical model.
There is generally a good agreement between the full depletion approximate
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model and the numerical model for r ≥ 0.3. The efficiency ratio peaks
around 1.5 and for the waveguide width of 600 nm. The agreement between
both models in predicting the efficiency ratio pattern holds as the junction
distance increases.
As the junction distance decreases, the full depletion approximation fails
to properly account for the finite charge number in the middle doped region.

Figure 7.5: Simulated efficiency ratio using charge distributions from the
numerical model.
As the reverse potential increases, the conductive path becomes limited
to a very short length of the whole modulator length in this deep depletion
regime as Figure 7.6 suggests. At this point, the device converges to an
equivalent length in the order of few micrometers that is governed by the
free-carrier lifetime values and diffusion length of the free-carriers at the
contact geometry. Further increasing of the reverse voltage would result in
breakdown of this short diode. This mode or regime of operation is referred
to further as deep depletion.
This deep depletion is voltage dependent. For a modulator with a smaller
bi-junction separation, this phenomenon might be reached at very low volt-
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ages. On the other hand, a larger separation results in delaying this phenomena. Ideally, a good design would push this effect over voltage closer to
the breakdown voltage.

Figure 7.6: Simulated 2D free carrier distribution in deep depletion for
x0 = 100 nm and Na = Nd = 1 × 1017 cm−3 at V = −4 V.
This simulation suggests that a very small junction distance x0 might
counteract the targeted increase in modulator efficiency over a larger voltage
span, as the intrinsic depletion region would have a very small number of
minority carriers, such that further increase of reverse electric field would
not result in any optical phaseshift.
The simulations are peformed using a 2D model implemented in Silvaco
AtlasTM . 2D in this context refers to the axes along the length and the width
of of the modulator similar to the approach reported in [48].
The model is simulated for a modulator of 2 mm length. The 1D charge
distribution is extracted at the worst case point at the middle of the modulator at z = 1 mm. The 1D charge concentration is substituted in equations
7.5 and 7.4 to calculate the optical phaseshift and losses [51]. Common literature models assume that single junction phaseshifters do not experience
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changes in the distribution of free-carrier concentration along the length of
the phaseshifter. To simulate the phaseshift of the lateral modulator, A 2D
model along the xz-plane is used as well. However, the assumption that
no changes of charge concentrations take place along the length, allowed
for shortening the length to 4 µm long, and the 1D charge concentration is
extracted at 2 µm.

7.3.1

Implant concentration effect on modulator efficiency

In this section, the effect of implant concentration on the bi-junction modulator efficiency is systematically studied using the numerical model. The
efficiency ratios γP N P /γP N and γN P N /γP N are calculated for different NA
and ND . The distance x0 is swept from 100 nm to 500 nm at a step of 50 nm.
Common silicon photonic literature reports implant concentration values
in the range of 1 × 1017 cm−3 and 1 × 1018 cm−3 . The simulation sweep is
done with the combinations of 1,2,3 × 1017 cm−3 and of 1,2,3 × 1018 cm−3 for
both NA and ND . Equation 7.8 is applied for voltage values of 1,2,3,4 V.
These values were found to be sufficient to observe deep depletion effects
for the simulated geometry and concentration gradient. The charts resulting
from these simulations are listed in appendix B.
In this section further focus is given to the general observed pattern of
modulation efficiency decrease as the number of available free-carriers to
deplete decreases. This largely occurs at lower depletion voltages for very
short x0 values.
Efficiency ratio drop is also observed to be dependent on implant concentrations. A small junction separation x0 at Na = Nd = 1 × 1017 cm−3 will
severely hurt the efficiency ratio improvement. This is not essentially the
case at Na = Nd = 1 × 1018 cm−3 . However, at this higher concentration the
modulation efficiency drop is steeper as the voltage increases. Increasing x0
to 300 nm prevents this steep drop in efficiency. This may be explained by
the lower depletion region width observed at higher implant concentration
values order of magnitude as implied by equation 7.17.
The technology limits the distance between two oppositely doped areas
to a minimum junction of x0 = 300 nm. Figure 7.7 illustrates the simulated
efficiency against the implant concentration values for both the NPN and
PNP modulators at this junction separation for a waveguide width of 600 nm.
Interestingly, the NPN modulator worst case for deep depletion corresponds to the ratio ND /NA = 3, and the worst case for deep depletion for
PNP modulator corresponds to NA /ND = 3. The worst case refers to the
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Figure 7.7: Efficiency against implant concentration for a waveguide width
of 600 nm and a bi-junction separation of 300 nm.
implant concentration ratio leading to the lowest pattern of γP N P /γP N or
γN P N /γP N for lower voltages or lower x0 values.
An intuitive explanation for this observation is the fact that the depletion
region extends in the lower doped side. For a PNP modulator higher acceptors concentration leads to full depletion of the free-carriers within the middle
doped area at a lower voltage. This specific voltage, at which the modulation
efficiency drops, becomes even lower as the bi-junction separation decreases.
The same pattern is observed for the NPN modulator.

7.4

Voltage drop along the modulator length

It is essential to verify that the low voltage drop assumption, along the modulator length for the technology used, holds. A high reverse current would
render the concept useless as the voltage would drop along the modulator
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length. Such a drop would decrease the effective length of the modulator. As
the implant concentration values are unknown the reverse saturation current
is used to extracted from a 1.2 mm test lateral PN modulator. These modulators were fabricated in the same IMEC ISIPP50G technology in an earlier
run. The reverse current is a direct function of the implant concentration,
and the lateral gradient from high to low doped areas. The extracted reverse
saturation resistance is used to create lumped element circuit model using
Matlab SimscapeTM of a 2 mm length of both PNP and NPN modulators.

7.4.1

Reverse saturation current

Figure 7.8: Measured reverse saturation current of a lateral PN modulator.
The red line is the linear fit used to extract the reverse biased resistance
per millimeter.
The reverse saturation current is governed by the implant concentration,
lattice defects and the implantation process, as well as buried oxide defects.
The increasing slope against depletion voltage is mainly due to thermal generation of free-carriers as the applied electric field increases and the probability
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of electronic collisions leading to generation of more free-carriers increases.
Impact ionization, which causes avalanche breakdown, is also a gradual probabilistic process that contributes to the slope of reverse current before the
abrupt breakdown voltage takes place [53, 125, 126].
These factors contribute to a finite reverse resistance that might counteract or completely prevent the predicted performance improvement in the previous sections. Figure 7.8 shows reverse saturation current measured in the
test lateral PN modulator. Measurements of IV characteristics are performed
within an electro-magnetically isolated chamber to isolate photoelectric effects. The test modulator at hand was designed to be electrically divided
into three parallel 1.2 mm sections.
The region between 0 V and 6 V was linearly fitted to extract the reverse
biased resistance per millimeter.

7.4.2

Model

Figure 7.9: Lumped element circuit model.
Figure 7.9A illustrates the unit building block of the lumped circuit
model. The unit building block physical length is selected by performing
a convergence analysis over the length. The unit building block represents a
physical length of 5 µm. Rsq is the square resistance, while Rr is the reverse
leakage resistance measured from the test lateral PN modulator, as discussed
in the previous section.
The full model is a multilayer Simulink/Simscape model. Figure 7.9B
shows the top most layer of the model. For the measured resistance value
and square resistance of 2 kΩ and 6 kΩ for N-doped and P-doped areas respectively, the voltage drop is less than 0.1 % of the applied voltage at the
modulator half length of 1 mm.
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This approached is limited by the measured reverse saturation current.
Within the course of this work, a newer version of the PDK was obtained
with slightly different values of the square resistance values of implants. This
suggests possible variations to the implantation process from batch to batch.

7.5

Bandwidth using first order charge distribution model

Another important aspect is the electrical connection of the middle doped
area impact on electro-optic bandwidth. Using an RC lumped circuit element
model [22] the first order system time constant for a PNP modulator reads
τ = 2Cj Rsq,N

Lsection/2
,
x0

(7.20)

where Lsection is middle doped area length, Rsq,N is the N implants square
resistance, x0 is the bi-junction separation, and Cj is the single PN junction
capacitance per mm which is measured to be ≈ 1 pF mm−1 for a small signal
of peak to peak voltage of 0.2 V around an offset of 0 V at 100 kHz in the
test lateral PN modulator. Half the section length reflects the furthest point
responding to potential application along the middle N-doped area. Both PN
junctions are considered to be in parallel, hence the doubling of the junction
capacitance.
Eventually, the 3-dB electro-optic bandwidth may be calculated using the
. Figure 7.10 shows the bandwidth for different section
definition f3dB ≈ 0.35
τ
lengths and bi-junction separations.

Figure 7.10: Simulated bi-junction modulators bandwidth against section
length between electrical contacts.
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A larger bi-junction separation produces lower resistance, and thus, higher
bandwidth. This trade-off together with previously discussed trade-off of the
bi-junction separation against the modulation efficiency present a method to
customize a modulator on layout level by introducing the design parameter
x0 and without resorting to any technology level changes.
The lumped element models introduced in this section and the previous
one, are to be taken with caution. The assumption of fully uncorrelated
junctions is a very rough estimate and is highly dependent on the implant
concentration. These models served only as worst case models before implementing the modulators in the next chapter.

Chapter 8
Experimental performance of
NPN and PNP bi-junction
modulators
This section overlaps with a manuscript under preparation by M. Ashour,
J. N. Caspers, and E. M. Weig
The manuscript is planned to be submitted to a journal with thematic relevance. As the manuscript is original work and is being explicitly written
by the author, the following section may contain figures and text, that
would be later reprinted in a publication. The co-authors contribution to
this manuscript is in terms of verification and discussion of the results. All
results of this section are printed under the permission of the above named
co-authors.
NPN and PNP modulators were fabricated using IMEC ISIPP50G open
access technology [15]. Additionally, lateral and interleaved PN modulators
were fabricated in the same run to serve as reference modulators. All the
modulators were designed in identical MZI structures. All modulators had a
length of 6 mm.

8.1
8.1.1

Design
Reference modulators

Interleaved modulators are reported to offer better modulation efficiency at
a lower bandwidth in comparison to single junction lateral modulators [124].
In the older version of the PDK, which offered 25 Gbps modulators, an in101
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terleaved modulator was available. This modulator was discontinued in the
newer 50 Gbps version of the PDK. This might be due to bandwidth limitations of the interleaved modulator.
For the reference modulators designs, layouts were reproduced of both
the interleaved and the lateral modulators in the PDK. This is in contrast
to using the PDK layout library standard blocks, as the fabrication facility
reserves the rights to carry-out changes to their own standard library blocks
as long as they retain a specific software given label. To prevent this ambiguity, the layouts were replicated to ensure its realization as designed, without
retaining the software given label.
The reference modulators were designed in rib-waveguides with a rib
width of 450 nm, rib height of 220 nm and slab height of 60 nm. A smaller
distance between the N- and P-doped areas in interleaved modulators is reported to provide a higher modulation efficiency [124]. The distance between
the interleaved junctions is set at 300 nm, which is the minimum allowed by
this technology.

8.1.2

Bi-junction modulators

Layout
NPN and PNP modulators were designed with a rib width of 600 nm, rib
height of 220 nm and slab height of 60 nm. The distance between the bijunctions x0 was set at 300 nm. As exact data about implants are not provided from the fabrication facility, the fabricated designs used the geometrical
parameters, that generally show an efficiency improvement for either PNP or
NPN polarities for all simulated implant concentration values. The results
of the simulations over different concentrations of implants and geometrical
parameters are listed in appendix B.
The modulators are divided over three 2 mm sections. Doped optical
crossings are used to electrically contact the 2 mm long sections at both ends.
Optical tapers connect the passive components. The PDK optical grating
couplers and the optical crossings are designed to operate in conjunction
with strip-waveguides of 450 nm width.
Customized versions of the optical tapers provided in the PDK were designed to optically connect these components with the 600 nm rib-waveguides.
Optical tapers are passive components that couple waveguides of different
dimensions. The function of the taper is to ensure no excitation of higher
order modes or leakage of the mode power into the cladding at the transition
between the waveguides [127, 128, 22].
Typically, an optical taper employs a long waveguide of an increasing or
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a decreasing width to adiabatically expand or compress the excited modes.
The designed optical tapers are 20 µm long.
Figure 8.1 shows a not-to-scale depiction of the layout of the bi-junction
modulator. The layout depicted here served as a template for multiple designs. The only difference between these designs was the type of the implants.
In some designs an additional intrinsic region was added between the P-doped
and the N-doped areas. This is not shown in the figure for clarity. Besides,
the output optical grating coupler was placed directly next to the input optical grating coupler at a pitch of 127 µm. This is to conform with the pitch
of the fiber array. An optical shunt waveguide was used to guide the output
signal to the output optical grating coupler. The designs of the optical crossings and the tapers are not illustrated in detail in the figure, as these are
propriety designs of the IMEC PDK. Their outlines are depicted here only
to illustrate their positions within the modulator using silicon 220 nm layer.

Figure 8.1: Illustrative layout of the bi-junction modulator.
Figure 8.2 shows a micrograph of a section of a fabricated bi-junction
modulator. The resolution of this picture is limited by the resolution of the
ZetaTM microscope. Evidently, the fabrication facility adds several metal
blocks for density purposes. This is why it is essential to cover all designs in
oxide wells as shown in figure 8.1.
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Figure 8.2: A micrograph of a section of the bi-junction modulator.

8.2
8.2.1

Measurements and discussion
Electric current

The electrical dark current was measured in NPN, PNP, interleaved and
lateral modulators. For the two-terminal lateral and interleaved modulators,
the P-doped areas were connected to a negative voltage source, while the
N-doped areas were connected to the ground.
For the NPN and PNP modulators, the electrical connection to the implants is shown in figure 8.1. The voltage applied to the P-doped area in the
NPN modulator would be a negative voltage with respect to the voltage applied to the N-doped areas. In contrast, the voltage applied to the N-doped
area in the PNP modulator would be a positive voltage with respect to the
the voltage applied to P-doped areas.
All modulators show a current below 1 nA in the voltage range up to
9 V. Figure 8.3 illustrates the currents of the tested modulators. As reverse
saturation current is of higher interest in this work, the plots are plotted
against the reverse voltage.
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Interestingly, the NPN and the interleaved modulators both possess reverse saturation currents lower than those of the lateral and PNP modulators.
Moreover, leakage currents of the NPN and PNP modulators are different.
This argues against the worst-case assumption underlining the lumped circuit
model introduced in the previous chapter.
The worst case assumption assumes that a PNP or a NPN modulator
would have double of the reverse saturation current of a PN modulator.
This suggests that simulating voltage drop along the modulator length is a
problem that needs accurate 3D-modelling to properly exploit the operation
of this architecture, rather than assuming worst case assumptions.

Figure 8.3: Reverse current of tested modulators. Each data point represents the average of currents from both channels (both arms) of the MZI
modulator from 3 different chips. This totals six measurements per data
point. The log scale base is 10
Another interesting observation is the saturation of the slope of the PNP
and NPN modulators currents at approximately 12 V and around 6 V respectively. Reverse current slope saturation may indicate a decrease in the
thermal generation and recombination process of electron-hole pairs. This is
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an interesting phenomenon that might be a point of further research.

8.2.2

Optical phaseshift

Figure 8.4: Measured electro-optic phaseshift using spectral shifts. Each
data point represents the average of phaseshift from both channels (both
arms) of the MZI modulator from 3 different chips. This totals six measurements per data point.
The chips were designed originally with the aim of using 8-channel fiber
arrays for optical testing. Using fiber arrays for measurements enables packing several devices in a smaller area, as well as, fiber array attachment to
the chips. In this work several test devices were included on the chip, so
measurement using fiber arrays had the benefit of saving space.
The optical grating couplers enabling light entry and exit from each structure were all laid-out in an array of a physical separation of 127 µm. Ideally,
an optical shunt around the grating couplers is used to align the fiber arrays.
A set of test devices possessed eight grating coupler covering entry and exit
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couplers of three test devices as well as an optical shunt. In total four sets
of these test devices were included on the layout.
Ideally, an 8-channel fiber array would be used to couple light in and out
of a set of test devices. This was however found to be very challenging in
both manual and automated setups. The major reason is difficulties with
the rotation adjustment of the 8-channel fiber array in all axes.
To bypass this challenge, optical loss measurements and optical phaseshift
measurements were separated. For electro-optic measurement of phaseshift,
the test structures are optically coupled using single optical fibers attached
on micrometer stages. The laser is connected to an optical fiber that is
coupled at the positive angle of 11° with respect to the normal of the input
grating coupler. The output fiber is coupled at an angle of −11°. Such an
arrangement severely decreases the optical coupling efficiency.
In section 2.3.2 a simulation of this arrangement was introduced and an
optical loss of 20 dB was expected at 1550 nm. Practically, the optical shunt
coupled using this arrangement displayed an optical loss of around 20 dB.
The coupling efficiency does not affect the phaseshift measurements using
the spectral sweep method, see appendix C.1. Appendix C.2 verifies the
validity of this approach by comparing the phaseshift results obtained from
this method to phaseshift results obtained from modulators with attached
fiber arrays.
Figure 8.4 shows the optical phaseshift up to 9 V. The measurements
reflect the average of phaseshift form each modulator in three different chips.
There were no excluded chips, and all randomly picked three chips presented
consistent behaviour. Both channels in both MZI arms are measured. Eventually a single curve represents six measurements of each architecture. The
error bars represent the relative standard deviation error.
Both PNP and NPN modulators achieve at least a full 180° phaseshift at
a voltage less than 4 V. The NPN modulator shows highest phaseshift slope
against reverse voltage. The NPN modulator phaseshift saturates around a
voltage of 6 V. This is very close to the voltage at which the NPN modulator
reverse saturation currents starts to plateau as seen in Figure 8.3.
The phaseshift of the the PNP and lateral modulators responses were
found to be highly linear. Both modulators retain such linearity well up to
9 V. The 6 mm PNP modulator achieve almost a total of 450° phaseshift in
this voltage span. The interleaved modulator shows a throughput slightly
better than the lateral modulator at lower voltages. However, it starts to
experience some non-linearity around 3 V.
Eventually, Vπ values for the lateral, interleaved, PNP, and NPN modulators are extracted and found to be 3.9 V, 3.3 V, 2.9 V, and 2.3 V respectively.
The PNP modulator achieves the most consistent phaseshift improvement
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over all voltage values. The NPN modulator is the best phaseshifter up to
6 V, while the interleaved modulator comes short with a slight improvement
over the lateral modulator. The saturation of the phaseshift of the NPN
modulators is believed to be due to deep depletion effects discussed in chapter
7.
It is important to note that both polarities of the bi-junction modulator
surpass the standard reported architectures in literature in this technology
by at least a 13 % and up to 70 % improvement when it comes to the Vπ
figure. The results here represents the average of measurements from three
different chips that are obtained from different positions according to the
wafer map from the same batch. It is a clear indicator of superiority of the
novel - and to the knowledge of the author, never proposed in a previous
literature work - architecture, when it comes to phaseshifting performance.
The importance of this approach lies within the architectural level improvement of phaseshifting efficiency. This is in contrast to literature demonstrations, which rely on altering implant profiles or concentrations. In some
cases this is not industrially mass producible. The method proposed here
is completely compatible with all planar silicon photonic technologies that
provide both P- and N-implantation within rib-waveguides. The practical
phaseshiting efficiency improvement would be governed by the geometrical
limitations of the technology and implant concentration.
However, in this work, optical losses are also regarded to obtain a complete picture of the modulator overall efficiency and not only rely on the Vπ
figure. This is discussed in the next sub-sections.

8.2.3

Optical losses

To measure the optical losses at 0 V, the high precision optical aligner from
FicontecTM was employed. A 3-channel fiber array was mounted to a specially designed tool that is fixed to one of the robotic arms of the machine.
A camera was fixed to the other robotic arm. The alignment process is described in the following subsection followed by the results of the modulator
loss measurements.
High precision optical alignment
At the beginning of the process, a software algorithm aligns the fiber array
facet with the chip and ensures a vertical distance of 20 µm between the
fiber array facet and the chip surface. Two neighbouring channels of the 3channel fiber array were connected to the tunable laser through a polarization
controller and a power meter. The pitch between the channels is 127 µm
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Figure 8.5: Optical shunt spectrum.
which corresponds to the pitch between the grating couplers as designed
on-chip.
After the height and rotation adjustment algorithm is run, a fiber array
corner is aligned to a specific chip corner. This corner serves as a coordinate
reference to estimate travel distances in both x and y directions from the
reference to the grating couplers of the target structure.
Setting a travel distance relative to a reference is sufficient to find the
optical signal. However, a fine-step search is required to find the optimum
position for optical coupling. This search algorithm converges when the error
of x and y positions in two consecutive steps is less than 0.5 µm. Eventually,
the optical spectrum is measured.
The fiber arrays were ordered with a nominal angle of 7° to the normal of
the grating couplers. This is to match the foundry specifications of coupling
fiber arrays with flat facets to grating-couplers. The fiber arrays are not
attached to the chips, the measurements in this section are performed in air
to allow for statistical measurements of each structure from three chips with
the same fiber array. The attachment process involves manual addition of an
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optical adhesive, which might introduce additional human error.
Measurements of optical shunts between two couplers in this batch showed
a minimum optical loss of 6 dB around a wavelength of 1593 nm with a
0.5 dB bandwidth of 15 nm. The minimum losses wavelength deviation from
1550 nm may be explained by angle miss-match of the incidence angle due
to the mounting tool fabrication tolerances.
The average absolute uncertainty of peak optical power from the measurement system resulting from different alignments and manual optimization of
the optical polarization is approximately 0.36 dB and the spectral shift is
around 0.03 nm.
It is believed that manual optical polarization control adjustment leads
to a higher uncertainty in the optical power figure, as the optimum positions
were found again with an uncertainty of less than 0.5 µm. These uncertainty figures were concluded from difference between two measurements of
18 structures.
Losses of modulators
Each modulator is measured in three different chips. Figure 8.6 illustrates the
average measured optical powers for the studied structures. The maximum
optical power is used as a reference point for each structure. The error bars
in the x-axis denote largely the chip to chip fabrication tolerance. As errors
in the MZI length can lead to large variations in the positions of the troughs.
Table 8.1 summarizes these findings as well.
Table 8.1: Average measured peak powers of fabricated modulators.
Modulator type
Lateral
Interleaved
PNP
NPN

Peak Power
Peak wavelength
−15.5 dBm ± 0.66 dB 1587.4 nm ± 3.97 nm
−13.1 dBm ± 0.72 dB 1587.4 nm ± 2.34 nm
−16.3 dBm ± 0.53 dB 1586.5 nm ± 5.49 nm
−14.1 dBm ± 0.48 dB 1582.8 nm ± 6.29 nm

The lower losses of the interleaved modulator and the better performance
in comparison to the lateral modulator are consistent with the reported data
in [124]. These also suggest an effective implant concentration in the range
of 1 × 1018 cm−3 [124].
The measurements of the electro-optic phaseshift suggests that the NPN
modulator is the top performing modulator when it comes to phaseshift. The
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Figure 8.6: Non-biased optical spectrum of the fabricated modulators.
Each data point represents the average of the optical losses of three modulators measured from three different chips.
measurements of the optical losses show that the interleaved modulator has
the least optical losses
It is then worthy to compare the relative optical losses of both modulators
to a reference modulator, which is the lateral modulator. This comparison
is done by assuming an input optical power of 0 dBm, and then inferring the
relative optical output power of the NPN, interleaved and lateral modulators.
The interleaved modulator shows the least losses with almost 50 % optical
losses less than the the optical losses of the lateral modulator. Similarly the
NPN modulator has optical losses that are approximately 37 % less than
the optical losses of the lateral modulator. The average values of measured
optical losses, listed in Table 8.1, served as the input to this comparison.
To contact the middle doped area of the bi-junction modulators, five
doped optical crossings were added to the optical path. These crossings
have an average reported passive loss of 0.23 dB according to the PDK. The
optical losses of the bi-junction modulators have the added optical losses of
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the optical crossings. The results suggest that by removing optical crossings,
the losses of the NPN architecture are to be comparable with - or even less
than - the optical losses of an interleaved modulator.

8.2.4

Electro-optic bandwidth

Lateral and interleaved modulators are reported to posses 3-dB bandwidth
of several GHz regions in this technology. As this high speed operation is
not the target of the bi-junction electro-optic modulators, focus was given to
testing the low speed electro-optic response.
Figure 8.7 illustrates the measured 3-dB bandwidth for a large signal. A
function generator was used to bias the output signal. A custom adapter
was created to fit co-axial cables to the 3-pin contact modulators. A 51 Ω
resistance was soldered between the signal and ground lines to match the
voltage on the modulator pins to the voltage at the function generator output.
The time signal was recorded using an oscilloscope. Fast fourier transform
was performed and the amplitude corresponding to the input frequency was
recorded. The normalized amplitude in decibels is plotted on the y-axis in
Figure 8.7.
For a large signal around a reverse bias of −2 V and peak to peak voltage
of 2 V, The PNP modulator has a bandwidth of approximately 735 kHz. The
NPN modulator has a bandwidth of 1.97 MHz.
To measure low frequency large signal bandwidth of the bi-junction modulators, a function generator and an oscilloscope are employed. A ThorlabsTM
PDB471C photodetector is used to convert the optical signal to an electrical
signal for read-out by the oscilloscope, A fast fourier transform is performed
and the amplitude of the target frequency is recorded.
The major limitation of this setup is the photodetector. As the output
signal is non-differential, the monitor port is used. However, this port allows
also for measurements starting from DC to 3 MHz which is required to measure the frequency operation of the bi-junction modulators. The datasheet
shows a plateau of up to ≈ 1 MHz and a 3-dB bandwidth of 3 MHz.

8.2.5

Area footprint

The area footprint is critically compared by comparing the area required
to achieve a full 180° phaseshift from each modulator. The FOM of the
NPN modulator allows for reduction of the length to roughly 2.1 mm while
achieving a phaseshit of 180°. The NPN modulator has a loss figure that is
very close to the interleaved modulator, yet it shows a non-linear response of
the phaseshift against the applied voltage, while the PNP modulator linearity
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indicates that area scaling is more likely to match expectations. As a shorter
NPN modulator might come short of achieving 180° phaseshift.

8.2.6

Figures of merit

The ratio of efficiencies of the tested modulators to the reference lateral
modulator is plotted in Figure 8.8. At this point we revisit eq. 7.8 to calculate
the efficiency of each modulator.
φ(V ) − φ(V = 0)
/α(V = 0).
(8.1)
V
Figure 8.8 generally shows that the NPN modulator outperforms both
interleaved and lateral modulators up to 6 V or before deep depletion effects
starts to have tangible effects. Moreover, by adjusting for the losses of the optical crossings the efficiency of the bi-junction modulators strongly increases
as illustrated in Figure 8.9.
It is also possible to counter the deep depletion effects by introducing an
intrinsic region. A proper sweep of intrinsic region width is then required.
In this experiment a NIPIN modulator with an intrinsic region between the
P and N-doped sections denoted I of width of 125 nm was tested to illustrate
this concept. Figure 8.10 shows the results. The results show an overall
performance drop. Yet, the steep drop in efficiency due to deep depletion
is not observed within the same tested voltage range. A further hardware
sweep can be used to find the optimum intrinsic region width for largest deep
depletion voltage and modulation efficiency.
γ=

Linearity
The linearity of the optical phaseshit response against voltage is governed by
the optical mode overlap with the depletion zone. Likely, the implantation
conditions here allowed for a better linear behaviour of the PNP and PN
modulators.
Both the NPN and interleaved modulators suffer a performance drop as
voltage increases over 3 V. Deep depletion effects, discussed in chapter 7
seem to play an observable role in the electro-optic response of the NPN
modulator. It is likely that the interleaved modulator suffers a similar effect.
This is may be explained in light of the simulations presented in chapter 7.
The simulations predicted that a skewed implantation ratio of ND > NA
might lead to early saturation of phaseshifting response over voltage for
NPN modulators. Possibly, interleaved modulators are prone to the same
phenomenon, further analytical studies to verify this claim are required.
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Figure 8.7: Bandwidth of PNP and NPN bi-junction modulators. Each
data point is the average of three measurements of the same modulator.
The interleaved and NPN modulators are measured from the same chip,
while the PNP modulator is measured in a different chip. The interleaved
modulator bandwidth here represents the bandwidth of the low frequency
port of the used photodetector. Normally an interleaved modulator can
easily go into GHz frequencies. However, the measurement of the interleaved modulator is only shown here to show the setup limits.
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Figure 8.8: Efficiency ratios of Interleaved, NPN, and PNP modulators to
the lateral modulator.
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Figure 8.9: Efficiency ratios of Interleaved, NPN, and PNP modulators to
the lateral modulator after adjustment for losses of the optical crossings.
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Figure 8.10: Efficiency ratios of NIPIN, NPN, and interleaved modulators
against lateral modulator after adjustment for optical crossings losses.
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Chapter 9
Conclusion and outlook
In the course of this work, Mach-Zehnder Interferometer based effective refractive index modulation in silicon using gradient optomechanical forces and
free-carrier depletion was studied. First, a review of silicon photonics and
state of the art of optical modulation was introduced in chapter 2 and chapter 3. Efficiency was defined as the phaseshift per optical loss incurred. The
experimental scope of the work was limited to using IMEC ISIPP50G [15]
open access silicon photonic platform. The industrial goal of this work is to
provide a modulator with the best efficiency using this specific technology
for an optical phased array.
The following chapters of the thesis dealt with optomechanical modulators. These modulators leverage the evanescent gradient field, emanating
from an optical waveguide, to displace a nearly placed nanostring. The displacement is proportionate to the guided optical power. This geometrical
displacement modulates the optical effective refractive index.
This modulator class virtually experiences minimal optical loss as they
are comprised of non-doped ultra-short silicon optical waveguides. Typical
theoretical length of such a modulator can be of 100 µm. In addition to
the optical signal, that is to be modulated. These modulators require an
additional optical pump to control the modulation. This work did not focus
on the experimental implementation of the external pump on chip, and rather
focused on testing the approach in a standard SOI industrial process.
Chapter 4 dealt with the basic theory of optomechanical modulators.
Interestingly, dynamic analysis seemed to be a missing gap in the literature
of optomechanical modulation. Chapter 5 presented a refinement of the
already existing approximate static model. Such a refined model can predict
the maximum optical power that ensures non-collapse of the optomechanical
modulator. The model was compared to full finite element analysis to argue
for its accuracy.
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Additionally, chapter 5 introduced the dynamic analysis of the optomechanical modulator under mechanical and optical pumping. In addition to
promising an ultra low loss optical modulation scheme, the optomechanical
modulator discussed in this thesis is analogous to a system of two mechanical
beams attached by an optically tunable mechanical spring. Stiffness, as well
as Kerr and cross-Kerr mechanical non-linear coefficients, are among these
tunable parameters.
This motivated the theoretical extraction of the dependence of these mechanical parameters on the pumped optical power in chapter 5. Eventually,
the special case of optically mediated spontaneous down-conversion of fullwave mechanical oscillation in the wider beam to a half-wave mechanical
oscillation in the thinner beam is presented. A rotating wave approximation is applied to the dynamic equations of motion to plot the mechanical
steady state phase diagram of the fundamental mode amplitudes of the beams
against the pump excitation power.
The first experimental topic in chapter 6 of this thesis presented a proof
of concept of a multi-step releasing process to release optomechanical modulators. The proposed multi-step process involves both wet and vapor phase
hydrofluoric acid etching of silicon dioxide. Moreover, in chapter 6, several
challenges and pain points were identified. The most notable among them is
the nonlinear increasing rate of the vapor phase etching process.
A hypothesis of the root-cause of this observed nonlinearity was presented.
The main idea of this hypothesis was that entrapment of water vapor droplets
beneath an HF-resistant material like silicon or silicon carbide nitride was
leading to self-amplification of the etching process. The enhanced nonlinear
etch rate of the vapor phase etching process was then studied experimentally
using dummy chips. The hypothesis was partially verified later in foundry
fabricated chips.
Based on this hypothesis and experimental tests, it was possible to refine
the vapor phase etching process to better control the etch rate. The refined
vapor phase etching process employed multiple vapor phase etching steps,
intermitted by a full purge cycle of the etching chamber. The results of the
process produced an 8 µm long prototype of an optomechanical modulator.
However, this length was insufficient to obtain an optomechanical modulation
response.
Future work on the optomechanical modulator can leverage the multi-step
vapor phase etching process, to release longer and measurable optomechanical
modulators. Additionally, rethinking the designs to have a larger ratio of
silicon to silicon dioxide on the chips, and generally attempting to switch
to an all-silicon approach to release the optomechanical modulators, might
be a very promising path. The benefit of this approach is that it decreases
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the amount of silicon dioxide available to etch. Thus, the whole process
can be slower and would produce less water vapor, and might decrease the
occurrence of the enhanced nonlinear etching rate.
The phenomenon of spontaneous parametric down-conversion theoretically studied in 5, is also another possible path for future experimental work.
Experimental studying of this state would yield a classical measurable phase
change in the mechanical phase diagram, achievable under practical optical
power values. In our theoretical analysis, we concluded that it is possible
to reach the spontaneous parametric down-conversion regime with an oscillation amplitude of 3 nm, by merely applying an oscillatory optical power
of Pac = 8 µW or an external mechanical vibration with an acceleration of
28 m s−1 , at a constant optical excitation power of 3 mW, when the quality
factor of the NS is just 1 × 103 . Such conditions allow for studying the mechanical phase diagram of a nanophotonic system in a room temperature lab
environment which can be the objective of a future work.
The second part of this thesis proposed the novel bi-junction electrooptic free-carrier depletion modulators in chapter 7. Bi-junction modulators employ an implant profile closely resembling that of a typical bipolar
junction transistor. This implant profile is here embedded within a silicon
photonic rib-waveguide. Thus, bi-junction modulators possess three areas of
implanted doping elements in contrast to two doped areas in common lateral
junction modulators. Bi-junction modulators are realizable in two polarities
either acceptor-donor-acceptor or PNP modulators; or donor-acceptor-donor
or NPN modulators.
Electrical contacting of the middle doped area within an optical waveguide is not directly possible. A method was proposed and implemented to
contact the middle doped area in the waveguide at a set of points along
the waveguide length at specific spans using doped optical crossings. This
severely affected the modulation bandwidth. Additionally, depletion of high
numbers of free-carriers at higher depletion voltage drops the conductance
of the middle doped area.
A discussion of this phenomenon effects on the optical modulation performance was presented under the term deep depletion effects. In this regime,
a bi-junction modulator behaves as a 3D diode, where the depleted charges
are dominantly displaced along the optical propagation direction at higher
depletion voltages. In contrast to the case at lower voltages, where freecarriers experience displacement along the axis perpendicular to the optical
propagation direction. Deep depletion eventually decreases the bi-junction
modulator effective length to the length of electrical contacts of the middle
doped area. A significant performance drop can then be observed as the
depletion voltage increases.
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This work faced the limitation of using an industrial process without
access to implant conditions. A future work with such information may focus
on developing analytical or numerical models to predict the performance
of bi-junction modulators with an accuracy comparable to the accuracy of
models of lateral modulators.
Chapter 8 dealt with experimental realization and characterization of the
proposed bi-junction modulators. The commonly reported interleaved and
lateral modulators served as a reference to quantitatively judge the performance of bi-junction modulators in this technology. The bi-junction NPN
modulator relative phaseshift per loss performance was found to be 8.3 %
higher than the standard interleaved modulator and almost 260 % higher
than the figure of merit of the standard lateral modulator.
A method was proposed to overcome deep depletion effects by introducing
an intrinsic region between N-implants and P-implants at the expense of the
modulation efficiency. A proof of concept was realized in the same run.
Further hardware sweeps are required to find the optimum intrinsic region
width in this technology.
It is also possible to decrease the optical losses by eliminating doped
optical crossings used for electrical contacting of the middle doped area.
One straightforward method is to employ fully N- or P-doped sections of the
rib-waveguide instead of the optical crossings. These sections can be directly
connected to the second metal layer. Unfortunately, this concept was not
possible in this run due to occupation of metal layer two by other structures.
However, its successful realization is almost guaranteed in a future tape-out.
For an optical phased array, where a 360° phaseshift is theoretically essential for optimum performance, the NPN modulator in this technology would
be the best candidate. It achieved almost a maximum of 340° phaseshift
before experiencing deep depletion.
With suggested second metal layer usage, the efficiency can be 50 % higher
than the interleaved modulator and 300 % higher than the lateral modulator.
A portion of the increased efficiency may then be sacrificed by introducing
an intrinsic region between the N- and P-doped areas to ensure full 360°
phaseshift.
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Appendix A
Mechanical parameters for
modal representation of
Euler-Bernoulli beam equation
The modal shape functions of the doubly-clamped Euler-Bernoulli beam are
given by

Sn (z) = Nn (cosh(rn z) − cos(rn z) −

cosh(rn ) − cos(rn )
(sinh(rn z) − sin(rn z)),
sinh(rn ) − sin(rn )
(A.1)

with the normalization factors Nn such that the maximal deflection of Sn
equals unity. We illustrate the first three shape functions in figure A.1.
In order to represent the equations of motions in the modal form for the nth modal amplitude qi,n , we multiply the field form of the equation of motions
shown in equation 5.2 for the WG and the NS by the linear
R 1 normal mode
shape Sn (z) and then integrate the equations according to 0 Ldz. We can
i
then define the modal mass mi,n , damping di,n , stiffness ki,n , Duffing βn,m,l,k
,
and Fi,OMG using the following set of equations
1

Z
mi,n := ρAi L

Sn2 (z)dz,

(A.2)

Sn2 (z)dz,

(A.3)

0

Z
di,n := dAi L
0
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EQUATION

Figure A.1: Mode shapes of the doubly-clamped Euler-Bernoulli beam.

Ki,n

i,GNL
βn,m,l,k

Y Ai h2 X∞
:=
m=1
12L3

Y Ai
:=
2L3

Z

1

0

Z

0

1

0000

Sn (z)Sn (z)dz,

Z

Sn (z)Sm (z)dz
0

i
FOMG,n
(z, t)

(A.4)

0

1

0

0

Sl (z)Sk (z)dz,

(A.5)

0

Z
:= L

L
i
Sn (z)FOMG
(G0 −

0

(uWG (z, t) + uNS (z, t)))dz.

(A.6)

Due to the orthogonality, the modes completely decouple in the linear
regime. The geometrical symmetry as well of the beams makes 3-wave forces
GN L
αt,n,m,l
qn qm ql originating from geometric nonlinearity negligible. The 3-wave
coupling term is however promoted by the optomechanical gradient force and
is calculated in section 5.2.1.

Appendix B
Simulations of the bi-junction
modulator efficiency
This appendix lists the simulated PNP and NPN modulator performance in
comparison to a lateral PN modulator. The simulations were performed using
Silvaco AtlasTM . All simulations assumed a constant implant profile in the
vertical direction and were only performed in 2D x and z axes. The approach
was demonstrated in several literature works [51, 48]. As the objective of
such simulation is only to study implant concentrations on performance and
not a direct comparison with the experimental data. The model is deemed
sufficient for the objective.
First a convergence analysis is performed along the x-axis using a 2D
model of the lateral modulator. Along the z-axis the modulator length is
4 µm. The 1D data for further optical simulations are extracted at z = 2 µm.
After the model is converged in the x-axis, the same mesh parameters are
used to create the bi-junctions model.
The bi-junction modulator model length along the z-axis is 2000 µm. The
middle doping area is contacted using a metal electrode at z = 0 µm and
z = 2000 µm. A convergence analysis is performed along the z-axis to ensure
minimization of the mesh error. The data used for the optical simulation is
probed at z = 1000 µm. The following sections lists the simulated optical
efficiency for the PNP and NPN modulators for two common sets of implants
concentrations.
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PNP modulator: Implant ranges of
1, 2, 3 × 1017 cm−3

Figure B.1: Bi-junction PNP modulator efficiency at a reverse bias of −1 V
for implant ranges of 1, 2, 3 × 1017 cm−3 .

B.1. PNP MODULATOR: IMPLANT RANGES OF
1, 2, 3 × 1017 cm−3
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Figure B.2: Bi-junction PNP modulator efficiency at a reverse bias of −2 V
for implant ranges of 1, 2, 3 × 1017 cm−3 .
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Figure B.3: Bi-junction PNP modulator efficiency at a reverse bias of -3V
for implant ranges of 1, 2, 3 × 1017 cm−3 .

B.1. PNP MODULATOR: IMPLANT RANGES OF
1, 2, 3 × 1017 cm−3

131

Figure B.4: Bi-junction PNP modulator efficiency at a reverse bias of −4 V
for implant ranges of 1, 2, 3 × 1017 cm−3 .
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PNP modulator: Implant ranges of
1, 2, 3 × 1018 cm−3

Figure B.5: Bi-junction PNP modulator efficiency at a reverse bias of −1 V
for implant ranges of 1, 2, 3 × 1018 cm−3 .

B.2. PNP MODULATOR: IMPLANT RANGES OF
1, 2, 3 × 1018 cm−3
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Figure B.6: Bi-junction PNP modulator efficiency at a reverse bias of −2 V
for implant ranges of 1, 2, 3 × 1018 cm−3 .
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Figure B.7: Bi-junction PNP modulator efficiency at a reverse bias of −3 V
for implant ranges of 1, 2, 3 × 1018 cm−3 .

B.2. PNP MODULATOR: IMPLANT RANGES OF
1, 2, 3 × 1018 cm−3
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Figure B.8: Bi-junction PNP modulator efficiency at a reverse bias of −4 V
for implant ranges of 1, 2, 3 × 1018 cm−3 .
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NPN modulator: Implant ranges of
1, 2, 3 × 1017 cm−3

Figure B.9: Bi-junction NPN modulator efficiency at a reverse bias of −1 V
for implant ranges of 1, 2, 3 × 1017 cm−3 .

B.3. NPN MODULATOR: IMPLANT RANGES OF
1, 2, 3 × 1017 cm−3

Figure B.10: Bi-junction NPN modulator efficiency at a reverse bias of
−2 V for implant ranges of 1, 2, 3 × 1017 cm−3 .
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Figure B.11: Bi-junction NPN modulator efficiency at a reverse bias of
−3 V for implant ranges of 1, 2, 3 × 1017 cm−3 .

B.3. NPN MODULATOR: IMPLANT RANGES OF
1, 2, 3 × 1017 cm−3

Figure B.12: Bi-junction NPN modulator efficiency at a reverse bias of
−4 V for implant ranges of 1, 2, 3 × 1017 cm−3 .
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NPN modulator: Implant ranges of
1, 2, 3 × 1018 cm−3

Figure B.13: Bi-junction NPN modulator efficiency at a reverse bias of
−1 V for implant ranges of 1, 2, 3 × 1018 cm−3 .

B.4. NPN MODULATOR: IMPLANT RANGES OF
1, 2, 3 × 1018 cm−3

Figure B.14: Bi-junction NPN modulator efficiency at a reverse bias of
−2 V for implant ranges of 1, 2, 3 × 1018 cm−3 .
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Figure B.15: Bi-junction NPN modulator efficiency at a reverse bias of
−3 V for implant ranges of 1, 2, 3 × 1018 cm−3 .

B.4. NPN MODULATOR: IMPLANT RANGES OF
1, 2, 3 × 1018 cm−3

Figure B.16: Bi-junction NPN modulator efficiency at a reverse bias of
−4 V for implant ranges of 1, 2, 3 × 1018 cm−3 .
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Appendix C
Electro-optic measurements
C.1

Phaseshift measurement using spectral
shift method

Figure C.1: MZI electro-optic modulator spectral shifts over voltage using
positive\negative coupling.
145

146

APPENDIX C. ELECTRO-OPTIC MEASUREMENTS

Figure C.2: MZI electro-optic modulator spectral shifts over voltage with a
fiber array.
Spectral shift of an unbalanced MZI is a common method to measure
optical phaseshift. The phaseshift change due to an external stimulation ∆φ
is governed by
∆φ(V ) = ∆λ(V )

2π
.
F SR

(C.1)

The FSR is measured by averaging the difference between the troughs.
Figures C.1 and C.2 illustrate the spectral shift of the MZI spectral beat
pattern as the depletion voltage increases. In Figure C.1, the optical power
is coupled using the postive\negative coupling method described in chapter
2.
Figure C.2 shows also a spectral shift on an electro-optic modulator. However, in this case, the optical power is coupled using a fiber array. The purpose of this comparative depiction is to argue that as long as the troughs are
detectable, there is nothing that hinders the reconstruction of the electrooptic phaseshift response by tracing the positions of the troughs.
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An additional interesting point here is the difference between the maximum and minimum optical power values. The maximum power is limited
by the negative coupled optical coupler. On the other hand, the minimum
power is only limited by the optical detector.
As the reverse voltage applied on the modulator increases, the optical
losses decreases. This is explained by the reduction of the optical losses due
to free-carriers. The difference between the maximum optical power and the
minimum optical power decreases due to this effect. A longer modulator will
present a higher difference between the maximum and the minimum power
values. Because a longer modulator has more optical absorption losses.
This is often referred to as modulation depth or extinction ratio of the
modulator. It is an important figure in characterizing high speed modulators.
Though this work mostly focused on phaseshift and losses in DC response,
this became only relevant when performing the bandwidth measurement. For
this specific reason, the bandwidth is only measured from modulators that
are coupled using fiber arrays.

C.2

Experimental verification of phaseshift
measurements using positive\negative
coupling method

Chapter 2 introduced the method of negative coupling of the optical signal
to the grating coupler. The method development began in response to the
practical difficulties faced while attempting to build a setup to measure optical phaseshift with fiber arrays. The objective of this setup was to measure
phaseshift from multiple chips to produce reliable statistics.
During layouts design, the input and output grating couplers of the modulators were adapted for later measurements using fiber arrays. The goal at
this early point of the timeline of this work was to exploit the full chip area
by producing a compact design with multiple modulators. Indeed such adaptation fulfilled this goal. However, manual alignment of fiber arrays to the
on-chip grating couplers in the later measurement phase presented multiple
challenges, especially with the need to apply electrical voltage simultaneously.
To overcome these challenges and also to keep the benefit of the relative
ease of multiple measurements using manual alignment, one grating coupler
was coupled at the positive angle, while the other coupler was coupled at the
negative angle. This method penalises the coupling efficiency. However, as
extracting phaseshift relies on tracking troughs in the optical spectrum of the
MZI, there are no arguable downsides for this method on the measurement
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of the phaseshift, as long as the peaks and troughs are distinguishable.
On the other hand, measurement of the electro-optic bandwidth of the
modulators using positive\negative coupling might lead to ambiguity while
interpreting the results, as a low optical signal value may stem from either the
high optical coupling loss or the applied electrical frequency. To avoid this
ambiguity while measuring the electro-optic bandwidth of the PNP, NPN,
and interleaved modulators, fiber arrays were attached to these structures.
The attachment process initially involved alignment of fiber arrays using
a high precision optical aligner, before applying an adhesive to attach the
fiber arrays to the chips permanently. These attached chips presented an
opportunity to measure the phaseshift from the novel modulators and the
reference interleaved modulator using fiber arrays. Figure C.3 illustrates the
phaseshift results from these measurements against the phaseshift results
from the positive\negative coupling method.
The high qualitative and quantitative agreement between both methods
verifies that a high optical coupling loss, does not have any remarkable effects
on the measurements of the electro-optic phaseshift. Such agreement is not
surprising as the resolution of the wavelength spectrum is in the order of
picometers. This wavelength spectrum serves as the major input to the
calculation of the optical phaseshift.
It is essential to note that the modulators measured with attached fiber arrays are different modulators from those measured with the positive\negative
coupled modulators. The agreement of both methods strongly supports the
coupling method. Additionally, it adds a fourth consistent result to the results of the NPN and PNP modulators proposed, designed and tested in the
course of this work.
The measured chips possessed random positions in the wafer map. Additionally, the measured data from all chips were consistent, and there was no
need to exclude any measurements from any chip. These points support the
conclusion that no observable process variations are affecting the phaseshift
of the bi-junction modulators fabricated in IMEC ISIPP50G technology
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Figure C.3: Measured electro-optic phaseshift using spectral shifts with
different coupling methods. In this figure, FA stands for Fiber array. The
data from the modulators with attached fiber arrays is the average of both
modulator channels (both arms of the MZI), so each data point represents
the average of two measurement points. The data from the modulators
without attached fiber arrays are also measured from both channels, but
from three chips for each modulator. Thus, each point represents an average of 6 measured points.
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Appendix D
List of abbreviations
b
BOE Buffered Oxide Etch
BJ Bi-junction lateral PN free-carriers depletion electro optic modulator

c
CVD

Chemical Vapor Deposition

f
FDTD Finite Difference Time Domain
FET Field Effect Transistor
FOM Figure Of Merit
FSR

Free Spectral Range

i
IC Integrated Circuits
III-V Refers to group III-V material compositions in the chemical periodic table as Galium Arsenide
IPA Iso-Propyl-Alcohol

m
MM Multi-mode waveguide
MZI Mach-Zehnder Interferometer
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n
NPN NPN bi-junction modulator
NS Refers to Nanostring or the photonic beam not carrying an optical propagating mode in the optomechanical modulator

o
OPA Optical Phased Antenna Arrays

p
PDK Process Design Kit
PIC Photonic Integrated Circuits
PNP PNP bi-junction modulator

q
QFL

Quasi Fermi Level

s
SEM Scanning Electron Microscope
Si Silicon
SiCN Silicon Carbide Nitride

SiN Silicon Nitride
SiO2 Silicon Dioxide
SJ Single junction lateral PN free-carriers depletion electro optic
modulator

SM Single-mode waveguide
SNR Signal to Noise Ratio
SOI Silicon On Insulator
SPDC

Spontaneous Parametric Down-Conversion

153
t
TE Transverse Electric
TIR Total Internal Reflection
TOC Thermal Optic Coefficient

v
VPE

w
WG

Vapor Phase Etching

Refers to the Waveguide or the photonic beam carrying an optical propagating mode in the optomechanical modulator
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Appendix E
List of Symbols
E.1

List of Greek symbols

α
αt
GN L
αt,n,m,l qn qm ql

β
β
i,GNL
βn,m,l,k

i,GNL,RWA
βn,m,l,k

i,OMG,RWA
βn,m,l,k

γ
γ
Γ1

Optical losses
3-wave coupling term of the NS and the WG
3-wave forces originating from geometric nonlinearity

Free-space propagation constant
Modal 4-wave couplings induced by the geometric nonlinearity, i is a superscript that can either be replaced by
WG or NS. n,m,l,k are modal numbers
Modal 4-wave couplings induced by the geometric nonlinearity after rescaling for rotating wave approximation, i
is a superscript that can either be replaced by WG or NS.
n,m,l,k are modal numbers
Modal 4-wave couplings induced by the optomechanical
gradient force after rescaling for rotating wave approximation, i is a superscript that can either be replaced by
WG or NS. n,m,l,k are modal numbers

Efficiency of electro-optic modulators
Waveguide boundary opposing the NS
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Γ2
Γmode

δ
δβ i
δωiOMG

δi
δij
δV

Waveguide boundary opposing the WG
Optical mode distribution

Detuning contribution of the Duffing component, is a superscript that can either be replaced by WG or NS
Frequency detuning component independent of the oscillation amplitude, i is a superscript that can either be
replaced by WG or NS
Frequency detuning, i is a subscript that can either be
replaced by WG or NS
Kronecker delta
Volume upon which the gradient optomechanical force is
acting

δVi

Detuning contribution of the cross-Kerr component, i is a
superscript that can either be replaced by WG or NS
∆α(λ) Change in wavelength dependent optical losses due to
implants concentrations
∆φ Change in optical phaseshift
∆ω
∆n(λ)
∆Tb,i

Change in the radial frequency of light
Change in wavelength dependent refractive index due to
implants concentrations
Bending tension, i is a subscript that can either be replaced by WG or NS


d

External excitation term in the rotating wave approximation of the optomechanical modulator equations of motion
 Permittivity of a material
’ Real component of the permittivity

”
0
si

Imaginary component of the permittivity
Free-space permittivity
Relative permittivity of silicon
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θ
θ

157

Incidence angle

λ
λ Wavelength
Λ Grating period

µ
µ0 Free-space permeability
µsi Relative permeability of silicon

ρ
ρ
ρr

τ
τ

Material density
Resistivity of a material

Ionization relaxation time

φ
φ Optical phase
φT E Phaseshift acquired by the TE mode at the core-cladding
boundary

χ
χi

ψ
Ψ

ω
ωd

The material susceptibility, where i is an integer greater
than 1, that denotes the expanded coefficient order

Angle of refraction

Drive frequency of the external pump exciting the optomechanical modulator
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ωi,n
ωp

Eigen frequency of the mode n, i is a subscript that can
either be replaced by WG or NS
Bulk plasma frequency
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List of Latin symbols
a
a Core width in a planar waveguide
ây Unit vector of y-axis in planar waveguide schematic
âz Unit vector of z-axis in planar waveguide schematic
a(λ)
ai
ao
avib

Wavelength dependent carrier refraction coefficient
Amplitudes of the rotating wave approximation
Fitting parameter of the optomechanical gradient force
External acceleration exciting the WG

acr
vib
Ai
Acr
i

Critical external acceleration exciting the WG
Cross-sectional area of WG or NS, i is a subscript that
can either be replaced by WG or NS
Critical amplitude of oscillation of the WG

b
bo
B

Fitting parameter of the optomechanical gradient force
Magnetic field flux

c
c Speed of light in vacuum
c(λ) Wavelength dependent carrier refraction coefficient
co Fitting parameter of the optomechanical gradient force
Cj

PN-Junction capacitance

d
d(λ) Wavelength dependent carrier refraction coefficient
do Fitting parameter of the optomechanical gradient force
di Mechanical damping per length of WG or NS, i is a
subscript that can either be replaced by WG or NS
dRWA
i

Mechanical damping per length of WG or NS after
rescaling for the rotating wave approximation, i is a
subscript that can either be replaced by WG or NS
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di,n

Modal damping of the mode n, i is a subscript that can
either be replaced by WG or NS

e
E Electric field
E0 Electric field amplitude
Ẽ Time dependent electric field

f
hFOMG i Tensor form of the optical gradient force
i
Modal amplitude dependent modal optomechanical
FOMG,n
gradient force, i is a subscript that can either be replaced by WG or NS
Fn Quasi fermi level of conduction band
Fp

Quasi fermi level of valence band

g
g The gap between the nanostring and the waveguide in
the optomechanical modulator
g0 , g1 , g2 and g3 The Taylor coefficients of the projection of FOMG upon
the fundamental mode shapes of the clamped clamped
beams
G0 Initial gap value between the nanostring and the
waveguide

h
h̄ Plank’s constant
H Magnetic field
H0 Magnetic field amplitude

i
i Imaginary constant
I Light intensity

E.2. LIST OF LATIN SYMBOLS

161

j
j A rational number larger than or equal to zero, contributing to governing the decrease of the total number
of implants as the depletion region width increases

k
k

kB
kbi

kef f
Ki,n

Imaginary part of the refractive index or optical absorption also commonly known as the extinction coefficient
Boltzmann’s constant
A proportionality factor between optical losses and depletion region
Imaginary part of the effective refractive index
Modal stiffness of the mode n of the WG or NS, i is a
subscript that can either be replaced by WG or NS

l
Lsection Section length between two electrical connections in a
bi-junction modulator
m
mi,n
M1

Modal mass of the mode n of the WG or NS, i is a subscript that can either be replaced by WG or NS
Metal 1 layer

n
n Real refractive index
n0 Constant component of the optical refractive index
n2 The Kerr non-linearity coefficient of the optical refractive index
n̄ Complex refractive index
nclad Cladding refractive index
ncore Silicon refractive index
nef f

Effective refractive index
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nef f,r
ni
nSi
nSiO2
N

Real part of the effective refractive index
Free-carriers concentration in intrinsic silicon
Silicon refractive index
Silicon dioxide refractive index
Implants concentration

Np
NA
ND

Number of photons in an optical mode
Acceptor implants concentration
Donor implants concentration

Nn

Normalization coefficient of Euler-Bernoulli beam mode
shape

p
p(λ) Wavelength dependent carrier absorption coefficient
P̃ Material dipoles polarization
P Optical power
cr
Pac

Pac
Pdc

Critical modulated optical power of the optical power
in the optomechanical modulator
Modulated optical power of the optical power in the
optomechanical modulator
Constant optical power portion of the optical power in
the optomechanical modulator

q
q Electronic charge constant
q(λ) Wavelength dependent carrier absorption coefficient
qi,n Modal amplitude of the mode n of WG or NS
qtot
Qi

Sum of modal amplitudes of the NS and WG
Quality factor, i is a subscript that can either be replaced by WG or NS

r
r Ratio of junction separation to waveguide width

E.2. LIST OF LATIN SYMBOLS
r(λ)
rn
Rsq
Rr

s
s(λ)
si,n

t
tetch
T̄¯(r, t)
T
Tdr
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Wavelength dependent carrier absorption coefficient
Roots of the transcendental equation
Square resistance
Resistance extracted from reverse saturation current of
test modulator

Wavelength dependent carrier absorption coefficient
Modal shape of the mode n of WG or NS

Etch depth
Maxwell’s stress tensor
Temperature
Period of the external pump frequency exciting the optomechanical modulator

u
ui (z, t) the time-dependent absolute spatial deflection of the
beams along the z-axis, i is a subscript that can either
be replaced by WG or NS
U Optical mode energy
Ut Total modal deflection of the WG and the NS

v
V Voltage
Vbi Junction voltage
V OMG Cross-Kerr contribution to the detuning of the optomechanical modulator

w
Wg
Wgr

Width of the rib of the rib-waveguide
Grating coupler width
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Wi

Width of WG or NS

x
x0 Junction separation in bi-junction modulator
Xn Depletion region width in the N-doped area
Xp Depletion region width in the P-doped area
xj

Mathematical definition where, xj = (−x0 /2 + xn )

y
Y Young’s modulus
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