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Abstract

Raman spectroscopy is a powerful materials analysis technique used for
identification of molecules residing near the surface of a sample. It has been
successfully used for a broad range of application areas such as material
science, biology, medicine and pharmacology owing to its numerous
advantages. A traditional Raman measurement system is a complex setup,
whose usage is limited due to its bulky and expensive components. If it
would be possible to achieve a miniature Raman spectroscopic system with
affordable costs by using integrated optics and electronics technology, it
could be utilized further in the aforementioned applications. The goal of this
PhD study is to realize small-scale optical components, which could be
building blocks of a hand-held Raman measurement system, by using
integrated optics. For this purpose, three different integrated optical modules
in the SION material platform are proposed in this thesis: Out of plane light
turning mirrors, prism spectrometers and polarization splitters.

Integration of on-chip optics and electronics is an important aspect of
realizing small scale Raman measurement devices. A highly efficient, quasi-
TIR (total internal reflection) based 90° out of plane light turning mirror for
hybrid flip-chip integration of SION waveguides and CMOS-based
photodiodes is proposed in this thesis. The mirror is defined at the interface
between the optical structure and air by removal of Si from the substrate.

A spectrometer is a crucial part of Raman measurement systems. Here, we
propose an integrated optical prism spectrometer, which utilizes dispersion
effects in slab waveguides with two different thicknesses of the guiding
layer, and which are connected adiabatically via vertical tapers. The
principle and design aspects of the device are presented in detail. A
theoretical analysis for the optical effects in the adiabatic transitions is also
given. Furthermore, design, fabrication and characterization of a partially
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optimized on-chip prism spectrometer, to be used for TE polarized light at a
central wavelength of 850 nm, are described.

The design, fabrication and characterization of an on-chip polarization
splitter (for a wavelength of 850 nm) to be used in polarized Raman
measurements are also considered in this thesis. For the polarization splitting
a waveguiding trench, with adiabatic transitions, is used.
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Samenvatting

Raman spectroscopie is een krachtige methode voor de karakterisering van
materialen die gebruikt kan worden voor de identificatie van moleculen nabij
het oppervlak van een monster. Ze is met succes toegepast in een groot scala
aan gebieden zoals materiaalwetenschappen, biologie, geneeskunde en
farmacologie vanwege haar talrijke voordelen. Een traditionele Raman
meetopstelling is betrekkelijk ingewikkeld en beperkt inzetbaar vanwege de
omvang en prijs van de componenten. Indien het mogelijk zou zijn een
miniatuur Ramanspectroscoop te realiseren voor een redelijke prijs dan zou
dit nieuwe wegen openen voor bovengenoemde toepassingen. Het doel van
dit promotieonderzoek is de realisatie van miniatuur optische componenten
voor integratie in handzame Raman detectiesystemen. Hiertoe zijn drie
verschillende, geintegreerd optische modules, te realiseren in het SiION
platform, voorgesteld in dit proefschrift: 90° uitkoppelspiegels, prisma
spectrometers en polarisatiesplitsers.

De integratie van optische en elektronische chips is een belangrijk aspect bij
de realisatie van miniatuur Raman detectiesystemen. Een zeer efficiénte 90°
uitkoppelspiegel, gebaseerd op quasi TIR (totale interne reflectie), voor
hybride flip-chipintegratie van SiION golfgeleiders en CMOS gebaseerde
fotodiodes wordt voorgesteld in dit proefschrift. De spiegel wordt
gedefinieerd door het grensvlak tussen de optische structuur en lucht door de
verwijdering van Si van het substraat.

Een spectrometer is een essentieel onderdeel van een Ramandetectiesysteem.
Hier stellen we een geintegreerd optische prismaspectrometer voor die
gebaseerd is op dispersie-effecten in planaire golfgeleiders met twee
verschillende diktes voor de geleidende laag en die verbonden zijn via
adiabatische overgangen. Het device principe en ontwerpaspecten komen
uitgebreid aan bod. Ook wordt een theoretische analyse gegeven van het
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gedrag van licht in genoemde adiabatische overgangen. Daarnaast worden
ontwerp, fabricage en karakterisering van een gedeeltelijk geoptimaliseerde
prismaspectrometer op chip, geschikt voor TE gepolariseerd licht met een
centrale golflengte van 850 nm, beschreven.

Daarnaast zijn ontwerp, fabricage en Kkarakterisering van een
polarisatiesplitser op chip (voor een golflengte van 850 nm), geschikt voor
gebruik in gepolariseerde Ramanmetingen, onderzocht. Voor de
polarisatiesplitsing is een groef met adiabatische overgangen aangebracht in
een planaire golfgeleider.
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1 Introduction

A new era in material analysis was opened in 1928 by the discovery of
Raman scattering [1, 2]. The phenomenon can be explained as inelastic
scattering of photons from the molecules as a result of interaction between
photons and vibrational modes of the molecules [3]. The frequency of the
scattered photons depends on the energy needed to excite vibrational modes,
which is specific to the type of the molecule. Therefore, spectral analysis of
the scattered light, which is called Raman spectroscopy, can be used for
identification of the molecules that are present in the sample. Nowadays,
Raman spectroscopy is a widespread technique used in many fields such as
chemistry, biology, medicine and archaeology [4-6]. In a Raman
measurement system, the sample is illuminated with a monochromatic laser
light and the spectrum of the back-scattered light is investigated for
determination of the vibrational energies of the molecules. The distinct
advantages of the Raman spectroscopy can be explained as follows: It can be
applied for solid, liquid and gas phases of the materials [7]. It does not
require any sample preparation. It is a non-destructive method (except for the
intense illumination cases) and convenient for in-situ analysis of living
tissues and biological samples [8].

A lot of variations of Raman measurements have been developed either to
increase the collected Raman signal or to examine a specific property of the
sample. Surface Enhanced Raman Spectroscopy (SERS) [9] and Coherent
anti-Stokes Raman Spectroscopy (CARS) [10] can be considered as
examples of developments related to signal enhancement. For the other
group of variations, hyper Raman spectroscopy [11], resonance Raman
spectroscopy [12] and polarized Raman spectroscopy [13] can be mentioned.
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A traditional Raman measurement setup consists of a light source, excitation
and collection optics (dichroic mirrors, objective lenses, filters, polarizers,
etc.), wavelength (de)multiplexing devices (grating or prism based
monochromators), detectors and electronics connected to a computer. The
electronics may include low noise amplifiers for proper amplification of the
detector output, high speed gates for suppression of strong fluorescence [14],
lock in amplifiers for signal recovery, etc.; since the Raman signal collected
from most of the samples is very weak. All these optics and electronics
components mentioned above should be installed and operated by a well-
trained technician on an optical table to obtain accurate Raman
measurements. In order to increase the utilization of Raman spectroscopy, it
should be available in a portable scale with a reasonable cost. There are
portable Raman spectrometers with ~10 cm™ resolution in 200-2000 cm™
spectral range available in the market but they are still bulky (1-2 kg) and
expensive since conventional optical components are employed in such
systems [15]. The size and cost of such a device can be reduced further, if all
the optics and electronics components mentioned above are fabricated by
using micro/nano technology. The first steps towards miniaturisation of
Raman spectroscopy is to realize light excitation, collection and wavelength
(de)multiplexing with a very fine resolution (2.22 cm™) by integrated optics
[16]; and high speed electronics monolithically integrated with Si photo-
detectors can be implemented using standard CMOS technology [17].
Furthermore, these optics and electronics chips should be integrated in an
efficient way to make an alignment-free and robust measurement device.

In this PhD study, which is supported by Dutch Technology Foundation
(STW) through project Optical Lab in a Package (OptoLiP - 10051), two
important aspects of realizing small scale Raman spectrometer devices are
considered. First, quasi-total internal reflecting mirrors are developed for
efficient integration of integrated optics chips and CMOS electronics chips,
which have photo-diodes and processing electronics on it. The mentioned
electronic chip is a subject of another PhD study (our partner in OptoLiP
project) and it will not be discussed in this thesis. Second, integrated optical
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spectrometers and polarization splitters are implemented to be used as the
(de)multiplexing optics in the small size Raman measurement device.

The rest of this chapter is organized as follows: First, a conventional setup
for Raman spectroscopy will be explained in Section 1.1. After that, the
small scale Raman spectrometer system, the subject of this study, will be
introduced in Section 1.2. The envisioned application of the study will be
briefly mentioned in Section 1.3. The chapter will end by giving the outline
of the thesis.

1.1 Conventional Raman Spectroscopy

The schematic of a conventional Raman spectroscopy system is shown in
Figure 1.1 [18]. The setup is composed of a laser source, focusing optics,
collection optics, monochromator, detector and detector electronics
connected to a computer. Note that, an alternative system could be to use a
dichroic mirror at the output of the laser source and to use the same lens for
both the focusing and the collection of light [19].

° Monochromator
§ % Unit
8 (‘}, ) Detector Electronics
Focusing
Lens )
Collection
Plasma Lens
y y Filter \ /
Computer
1 > >y
%, u Sample

Figure 1.1: Schematic of conventional Raman spectroscopy system.
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The operation of the system in Figure 1.1 can be explained as follows. The
output of the laser source is reflected from the mirror and passes through a
plasma filter, which is used for suppression of unwanted emission of the
laser. Then, the filtered light is focused onto the sample by a focusing lens.
The light scattered from the sample is transferred to the monochromator unit,
which can be either a diffraction grating or a prism based system, through
the collection lens. If the suppression of the monochromator for the
excitation light is not enough, an edge filter can be used at the entrance of
the monochromator [20]. Finally, the spectrum at the output of the
monochromator is sent to the photo-detector that is connected to the
computer controlled electronics for investigation of the spectrum.

A small scale version of this setup, which is the aim of OptoLiP project, can
be built by miniaturizing certain components: (i) On-chip integrated optical
lasers can be used as the excitation source [21, 22]; (ii) integrated optics
spectrometers can be used as the monochromator unit [23]; (iii) series of
photo-diodes implemented in CMOS technology together with its readout
electronics can be used as the detector and readout electronics pair [17]. In
this thesis, the integration of the on-chip optics and electronics components
will be addressed. Furthermore, planar spectrometers and polarization
splitters will be considered as it will be explained in the next section.

1.2 Small Scale Raman Spectrometer System

The schematic of the envisioned device can be seen in Figure 1.2. In the
upper part, there is an electronics chip, which is implemented in standard
CMOS technology, composed of a high speed (for gated operation) Si photo-
detector and its corresponding readout electronics. As can be seen from the
figure, the optical chip, which is fabricated on a separate substrate, is placed
below the CMOS chip. The integrated optics spectrometer and polarization
splitter could be placed on this optical chip that is implemented in SiON
waveguide technology. There is a quasi-total internal reflection mirror at the
end of the output waveguides of the optical components. The mirror, which




Chapter 1

is defined at the interface between material of the optical structure and air, is
used for directing the outputs of the various waveguides to corresponding
photo-detectors. In the rest of this section, the light turning mirrors,
integrated optics spectrometers and polarization splitters will be explained
briefly.

CMOS substrate

photo detector metgl stack

readout‘ electronics

ouput waveguide of
the spectrometer

TIR mirror

substrate

Figure 1.2: Schematic of the envisioned device.

1.2.1 Light Turning Mirror

In-plane and out of plane light turning integrated optical components have
been studied for many years. The former one is essential for realization of
compact integrated optical devices since it eliminates the necessity of large
area waveguide bends [24-26]. The out of plane light turning components
can be used in many applications such as optical disk pick up heads [27],
board level interconnection of polymer waveguides and electronics on
printed circuit boards [28] and chip level interconnection between optical
and electronics chips [29]. Inclined exposure of photosensitive polymers is
one of the methods for implementation of 45° angled light turning mirrors
[30-33]. Another method is the use of micro hinge technology, which also
enables precision alignment of the micro optical elements after fabrication
[34]. Fluidic self-assembly and angle controlled etching methods are also
used [35, 36]. These four variations have very complicated fabrication
process technology. Diffraction based light turning structures are also used
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as an out of plane light coupling method [37, 38]. However, these devices
can only work for a limited wavelength range, which is defined by the
grating period. In addition, total internal reflection (TIR) mirrors, which can
be either fabricated by focused ion beam (FIB) milling or using special
dicing blade for termination of waveguides, can be used [39-41]. However,
these processes are not proper for batch fabrication.

In this thesis, we propose a new method to fabricate 45° mirrors in optical
chips that enable high efficiency 90° out-of-plane light coupling to a flip-
chip mounted electronic chip holding 2D photo-detector arrays with
corresponding processing electronics.

1.2.2 Integrated Optics Spectrometer

In modern spectroscopy systems diffraction grating based monochromator
units are widely used [42, 43]. Similarly, diffraction grating based devices
are extensively utilized in integrated optics [44-46]. The most popular
diffraction grating based micro-spectrometer device is the arrayed
waveguide grating and it is used for many applications such as optical
coherence tomography, Raman spectrometry, confocal microscopy, multi-
wavelength light sources etc. [16, 47-53]. Planar grating structures are
another alternative for this kind of integrated optics spectrometers [54-56].
In addition, MEMS based device are used as micro-spectrometers [57-59].

In this thesis, we proposed a prism based integrated optics spectrometer,
which has an infinite free spectral range and no loss into any other order.
The device is implemented in SION waveguide technology [60-64] by using
two masking steps in the fabrication. In such a spectrometer, dispersion is
introduced by the wavelength dependence of the ratio between effective
indices of the modes in a thin and a thick film. The transition area between
the thin and thick film regions is chosen to be adiabatic to decrease the
scattering losses. The device relies on ridge WGs for light transport and on
parabolic mirrors for collimation and focusing.
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1.2.3 Integrated Optics Polarization Splitter

A polarized Raman measurement provides information about the molecular
orientation in addition to the molecular structure data that can be obtained in
the vibrational Raman measurement [65]. The polarized measurement is
done by polarizing the collected light from the sample before it couples into
the spectrometer so that the acquired spectrum belongs only to a certain
polarization [66, 67]. Integrated optics polarization splitters can be used for
on-chip polarized Raman measurements.

On-chip polarization splitters are primarily considered for communication
links with a polarization diversity scheme [68]. All variants of integrated
optics based polarization splitters rely on the waveguide birefringence
phenomenon [69]. There are different implementations of the splitter in the
literature such as; birefringent directional couplers [70, 71], asymmetric Y
junctions [72-74], interference based birefringent splitters [75, 76], grating
based devices [77-79] and photonic crystal based devices [80].

In this thesis, an on-chip, adiabatically connected slab waveguide based
polarization splitter will be introduced. The device is suitable to be
fabricated by using the same technological steps developed for the on-chip
prism based spectrometer. The device relies on ridge WGs for light transport
and on an elliptical mirror for imaging of the input field onto the receiver
waveguides.

1.3 Targeted Application

The envisioned application of the project is to determine the concentration of
the natural moisturizing factor (NMF) in human skin [81]. Determination of
NMF concentration in the skin is particularly important since a low NMF
concentration is linked to a gene mutation predisposing a person for
development of atopic dermatitis [82]. The NMF is formed in the lower part
of the stratum corneum and most of the techniques for the determination of
the NMF concentration are destructive. However, in vivo Raman
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spectroscopy can be also be used for the determination of NMF
concentration in non-destructive way. In this project, our target is the
implementation of a small sized Raman spectroscopic system for in vivo
measurement of NMF concentrations. For this application, the spectrometer
should be operated with TE polarized light in a range of 100 nm around the
central wavelength of A; = 850 nm with a channel spacing of Ak = 5 nm.
Note that, the scheme shown in Figure 1.2 is very suitable but not limited to
the NMF application. It can also be used for other clinical and biological
applications and in high speed communication links if the spectrometer and
detector parameters are chosen accordingly. In the course of this research,
essential integrated optical modules are developed and characterized but
system integration is yet to be done.

1.4 Organization of the Thesis

In this study, three different integrated optics devices to be used for small
scale Raman spectroscopy setup are designed, fabricated and characterized.
They are (i) an integrated optics spectrometer in SION technology, (ii) an
integrated optics polarization splitter in SION technology and (iii) light
turning mirrors for integration of SION waveguides with photo-detectors. An
introduction is already given; the rest of the thesis is organized as follows.

In Chapter 2, we propose a new method to fabricate 45° mirrors in optical
chips that enable high efficiency 90° out-of-plane light coupling to a flip-
chip mounted electronic chip holding 2D photo-detector arrays with
corresponding processing electronics.

In Chapter 3, we describe the performance and design aspects of a prism
spectrometer produced with adiabatically connected slab WGs (having two
different thicknesses), using principles of geometrical optics and diffraction
theory.
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In Chapter 4, we describe the design, fabrication and characterization of an
on-chip prism spectrometer to be used for determining the natural
moisturizing factor (NMF) concentration of the human skin.

In Chapter 5, we describe the design, fabrication and characterization of an
on-chip polarization splitter implemented in the same technology used for
the prism spectrometer.

In Chapter 6, we introduce the theoretical modeling for angled incidence of
slab-guided waves to a tapered or step-like discontinuity by using a scalar 2-
D Helmholtz equation.

The thesis ends with concluding remarks in Chapter 7. In this last chapter
(Chapter 7) future directions are also mentioned.
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2 Light Turning Mirrors for Hybrid
Integration of SiON-based Optical
Waveguides and Photo-detectors®

For hybrid integration of an optical chip with an electronic chip containing
photo-diodes and processing electronics, light must be coupled from the
optical to the electronic chip. This chapter presents a method to fabricate
quasi-total-internal-reflecting mirrors on an optical chip, placed at an angle
of 45° with the chip surface, that enable 90° out-of-plane light coupling
between flip-chip bonded chips. The fabrication method utilizes a metal-
free, parallel process and is fully compatible with conventional fabrication of
optical chips. The mirrors are created using anisotropic etching of 45° facets
in a Si substrate, followed by fabrication of the optical structures. After
removal of the mirror-defining Si structures by isotropic etching, the
obtained interfaces between optical structure and air direct the output from
optical waveguides to out-of-plane photo-detectors on the electronic chip,
which is aimed to be flip-chip mounted on the optical chip.

2.1 Introduction

In recent years, waveguide based integrated optical devices have been used
in many applications, such as telecommunication, optical spectroscopy,
biological sensing, and signal processing in medical imaging [1-3]. Usually
the waveguide output signals are measured using photo-diodes (PDs) that

! This chapter has been published as: F. Civitci, G. Sengo, A. Driessen, M. Pollnau, A.
Annema, and H.J.W.M. Hoekstra, "Light turning mirrors for hybrid integration of SiON-
based optical waveguides and photo-detectors," Optics Express, vol. 21, pp. 24375-24384,
2013.
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may be dedicated to applications such as time gating in spectroscopic
research or in diagnostics. In particular, for (high-resolution) spectroscopy
the signals from a large number of different channels must be measured
simultaneously, which can be done most conveniently with 2D arrays of
PDs. Monolithic integration of the latter to the Si substrate of an optical chip
has several disadvantages: (i) the PDs and their electronic processing
circuitry must be fabricated first, implying that the temperature budget to
fabricate the optical structures is limited to about 400 °C, whereas higher-
temperature process steps are often needed, such as low-pressure chemical
vapor deposition (LPCVD) and reflow of deposited layers; (ii) fabrication of
PDs and their electronic processing circuitry on each optical chip would be
far more expensive than processing a CMOS chip that includes densely
packed PDs and electronics which could be flip-chip mounted on an optical
die due to the large area occupied by the optical chip compared to the CMOS
chip.

This chapter describes a method to fabricate 45° mirrors in optical chips that
enable highly efficient 90° out-of-plane light coupling to a flip-chip mounted
electronic chip holding 2D PD arrays with corresponding processing
electronics. The fabrication process for these mirrors is suitable for batch
production and has a thermal budget of 900 °C. The mirror is defined by
anisotropic etching of a 45° facet in the Si substrate. After waveguide
fabrication the mirror is formed by locally removing the Si facet at the
interface between the truncated optical waveguide and air. In the next
section, this device is introduced and the mirror performance is estimated by
simulations. Then the fabrication process steps toward realizing the mirror
are described. Finally, the results of structural device characterization and
experimental performance of the fabricated devices are presented.

2.2 Device design and calculated performance

This section introduces the composition and principle of the proposed device
and discusses the choices related to the configuration of the device.
Simulation results to estimate the mirror performance are presented.

Figure 2.1 displays the cross section of the 45° mirror structure. The device
is composed of a single-mode SiON channel waveguide, which is embedded
in BPSG and continues, at the mirror side of the structure, on a 45°-angled
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thin SisNy4 layer, which has an interface with air at the opposite side of the
SION layer. This thin SisN4 layer prevents the exchange of molecules at the
interface between the buffer layer and the Si substrate, which otherwise
might cause an ill-defined Si surface. Furthermore, calculations show that,
with an optimized thickness of 100 nm, it leads to a decrease of the
functional loss of the mirror by about 3%, thanks to the increased refractive-
index contrast between the optical structure and air. Here, functional loss is
defined as the loss in reflectance due to the fact that the mirror is ideally not
fully reflecting (quasi-TIR). The device can also be configured such that the
waveguide is truncated before it reaches the mirror interface, but calculations
show that the functional loss would be increased. The working principle of
this device is as follows. Owing to the abrupt directional change of the
waveguide (45°) the light carried by the SiION waveguide is no longer
confined and is reflected upwards via the nitride layer and its interface with
air, where quasi-TIR takes place. This behavior is confirmed by 2D finite-
difference time-domain (FDTD) calculations.

waveguide
(SION) Si-sub

Figure 2.1: Cross-sectional view of the proposed device

These mirrors are designed to be used in SION waveguide technology in an
application [4] using a central wavelength of A = 850 nm. In principle, also a
ridge waveguide geometry can be used; however, it is not possible to use
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ridge waveguides in combination with a BPSG buffer layer, because
outgassing in the subsequent high-temperature annealing step would lead to
damage to the BPSG layer if fully covered with a SION layer.

The waveguides are designed to be single-mode at /A, since single modality
is required by most of the potential applications. The total height (h; + hy) of
the pyramidal mirror structures is of critical concern in the waveguide
design: the next section explains that this height should be as small as
possible to ease the fabrication process. On the other hand, there is a lower
limit to the buffer-layer height (h;) because of radiation losses to the
substrate, which can be minimized by increasing the vertical confinement of
the waveguide mode.

We choose the waveguide width to be 1 um, which is the minimum width
that can be achieved with our fabrication process. Selecting the minimum
width allows for a maximum waveguide height, which, in turn, maximizes
the vertical confinement. The refractive index and thickness of the SiON
layer are selected to be 1.585 and 600 nm, respectively, for achieving a
single-mode waveguide at A.. The BPSG buffer height h; is set to 3.5 pum,
which ensures less than 10 dB/cm radiation losses to the substrate,
according to mode-solver calculations based on the finite-element method.
This estimated loss is much smaller than propagation losses of slab SiON
layers, which is 0.2 dB/cm for visible light [8]. The vertical distance between
the buffer layer and uppermost point of the mirror (h,) is selected to be 1.5
um, which provides a proper overlap between waveguide mode and mirror
surface. Consequently, the total height of the pyramids is about 5 pm.

The application of thermally grown SiO,, which is normally used as a buffer
material [5], would lead to deformation of the Si micro-structures. Therefore,
we selected BPSG (instead of undoped SiO;) as the buffer and cladding
material, as it does not lead to deformation of the Si micro-structures and can
be reflown at a temperature of 900 °C for removal of as-deposited defects.
This reflow is required for the removal of voids or slits which arise during
plasma-enhanced chemical vapor deposition (PECVD) near elevated micro-
structures [6]; it defines the thermal budget of the device.

Performance of the proposed mirrors is estimated from the somewhat
simplified structure in Figure 2.2(a) by calculating the field profile after
reflection of the Fourier components corresponding to the channel
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waveguide mode from the SiON-SiN-air structure. The simplification
consists of the assumption that the 45° angled wall is fully covered with a
600 nm thick SION layer, i.e., it is assumed that the modal power is incident
from the SiON layer onto the mirror. The resulting calculated far-field-
intensity distribution for transverse-electric (TE) polarization is displayed in
Figure 2.2(b), indicating that the intensity profile is not symmetric along the
vertical direction. This asymmetrical behavior occurs, because Fourier
components corresponding to downward-travelling beams have a (slightly)
different angle of incidence upon the reflecting layer than more upwardly
directed beams and, hence, a lower reflection coefficient. Although most of
the Fourier components undergo TIR, some are not totally reflected, which
leads to a decrease in efficiency. The calculated functional loss of the mirror
is 7% for TE polarization and 10% for transverse-magnetic (TM)
polarization.

waveguide
(SiON)

Si-sub
(@ (b)

Figure 2.2: (a) Cross-section of the simplified mirror structure used in the simulation and
(b) calculated intensity profile at the far field for TE polarization.
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Figure 2.3: Wafer cross-sections corresponding to different steps in the fabrication process
flow.

2.3 Fabrication process

The wafer cross-sections after different steps in the fabrication process flow
are shown in Figures 2.3(a)-2.3(j). Each step is briefly discussed below.

a. The fabrication process starts with the growth of 200 nm thick thermal silicon
oxide (dry oxidation at 1100 °C) to be used as an anisotropic Si etching mask.
Subsequently, the oxide is patterned by buffered HF (BHF) etching.

b. 5 um (= hy + hy) deep anisotropic etching of the (100) Si wafer is performed by
use of a solution of TMAH and Triton-x-100. When applying this etchant, the
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{110} plane is etched slower than the {100} plane, resulting in an etch stop at the
{110} planes, if the edges in the oxide mask are aligned parallel to {110} planes
[7]. The desired wall angle of 45° is achieved with this etch stop, because the angle
between the wafer surface and {110} planes is 45°. Concentration and temperature
of the etchant are optimized in order to minimize the roughness of etched {110}
surfaces. In this study, 75 ppm of Triton-x-100 is added to a 25% TMAH solution
and the etching process is carried out at 80 °C (the etch rate of the solution is ~0.35
umvmin.). A short BHF dip is carried out before TMAH etching in order to
remove native oxide on Si. Figure 2.4 shows the SEM pictures of Si structures that
are etched with the optimized process. As can be seen from Figure 2.4(b), the
etched {110} surfaces are not perfectly smooth. The effect of this roughness is
investigated by performing an experiment in which a laser beam at 632 nm
wavelength is focused onto the etched Si surface and the light reflected from this
surface is compared with the light reflected from a bare Si wafer surface. The
measurements show that the roughness diminishes the reflectance of the beam by
the Si surface by only 4%. The details of this measurements are explained in
Appendix Al.

c. The fabrication process is continued by removal of the thermal oxide in BHF.
Then a 100 nm thick stoichiometric SiN layer is deposited by LPCVD.

d. Hereafter, a thick boron-phosphorous-doped silica glass (BPSG) film is grown
using PECVD, to serve as the buffer layer. The deposition is carried out at 350 °C
with a chamber pressure of 2000 mT and RF power of 200 W (13.56 MHz). Four

different gasses are used in the process; SiH, and N,O for oxide formation and
diluted PH; and B,Hs for doping. The thickness of this layer should be at least 5
um, which is equal to the etch depth defined in the anisotropic Si etch step, to
obtain a flat surface using a chemical-mechanical polishing (CMP) step. Since as-
deposited BPSG layers grown by this method contain voids and slits at the corners
of pre-patterned layers (elevated Si structures in our case), post-deposition
annealing at 900 °C during 16 hours right after deposition of the BPSG layer is
required to overcome this problem. Figure 2.5. Shows SEM photos of (a) as-
deposited and (b) annealed BPSG layer on Si, which has 45° angled walls. Both
photos were taken after a quick BHF dip for making the slits and voids prominent.
It can be seen from the figure that annealed BPSG is free of slits and voids.
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e. The surface topology, resulting after the anisotropic Si etch step, is maintained
after the BPSG deposition. To obtain a flat surface, CMP is performed after
annealing the BPSG layer, because non-annealed BPSG would be attacked by the
cleaning solution (RCA-2) used after the CMP process. The polishing is done with
0.4 psi back pressure, head and table speeds of 30 rpm and 42 rpm, respectively
(removal rate is ~0.8 pm/min). Additional elevated Si dummy structures were
processed to improve uniformity of the removal rate of this polishing process over
the full wafer [8]. These dummy structures had the same dimensions as the mirrors
and were distributed over the full wafer, except for the area occupied by the
waveguides.

f.  Subsequently, the BPSG is thinned in a BHF solution, such that a 3.5 um thick
buffer layer remains between guiding SiION layer and Si substrate.

g. This step is followed by deposition and patterning of the core SiON layer which
has a refractive index of 1.585. The deposition is done by PECVD (depasition rate
is 47 nm/min) at a substrate temperature of 300 °C, chamber pressure of 650 mT,
an RF power of 60 W (187.5 kHz) and a gas mixture of 600 sccm N, 600 sccm
SiH, and 315 scecm (can be changed for refractive index tuning) N,O. The etching
of the SION layer is done by RIE (etch rate is ~40 nm/min) at a substrate
temperature of 20 °C, an RF power of 350 W, a chamber pressure of 28 mT and a
gass mixture of 100 sccm CHFz and 2 sccm O..

h.  Next, the cladding BPSG layer is deposited, annealed, and polished by CMP
under the same process conditions as applied to the buffer BPSG.

i.  Then isotropic Si etching holes are introduced on top of the elevated Si structures
by using RIE (the same process conditions as mentioned in g).

j- Finally, through these holes the isotropic Si etching is performed. In this step, gas-
phase XeF; etching (30 sec cycles are used with expansion chamber pressure of 3
T) is used to selectively remove Si. The selectivity to SisN4 and annealed BPSG
layers should be high in order not to diminish the surface quality of the TIR
mirrors. It is known that XeF; etching of SisN, is at least 25 times slower than that
of Si [9]. Our experimental results show that XeF, etching of Si is 1500 times
faster than that of annealed BPSG.
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Figure 2.4: (a) SEM cross section and (b) top view of Si structures etched by the
optimized Si anisotropic etchant.
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Figure 2.5: SEM photos of (a) as-deposited and (b) annealed BPSG layer on Si,
which has 45° angled walls. Both photos were taken after a quick BHF dip for
making the slits and voids prominent.
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2.4 Characterization

This section discusses the structural features of the fabricated device and
experimental results related to device performance.

2.4.1 Structural characterization

Figure 2.6(a) shows a SEM picture of a cross section of the wafer through
one of the pyramidal structures, which is obtained by dicing the sample
through the center of the elevated Si structure and then etching the sample in
XeF; to remove the Si from the edge of the chip. After XeF; treatment, the
part of the BPSG layer at the edge of the chip is suspended in air. The bright
particles in the image are an artifact of the dicing process. The angle between
the mirror and the wafer surface is measured from this figure to be 45°, as
expected. Figure 2.6(b) displays a top-view photograph of a device that is
composed of four mirrors with corresponding waveguides. Circular openings
in the four mirror pyramids can be identified. These pyramids are surrounded
by elevated Si dummy structures. The circular features around the four
mirror pyramids correspond to the area etched during the XeF, treatment.
Also visible in Figure 2.6(b) at the transition between the buffer BPSG and
cladding BPSG is a step that is formed because of the unwanted etching
(approximately 30 nm in total) of the SiN layer in two different steps of the
fabrication process: (i) BHF thinning of the buffer BPSG layer (Figure
2.3(f)) and (ii) SION patterning (Figure 2.3(g)). Such a transition between
BPSG layers is not visible at those pyramids that are not etched in XeF,
which is attributed to the insufficient image contrast in those areas.
Considering the relatively low measured functional loss (see below),
apparently this undesired defect hardly reduces the mirror performance.
Nevertheless, the step can be avoided by modifying the fabrication process
as follows: (i) TEOS oxide which does not interact with the substrate can be
used instead of BPSG as the buffer layer, making the thin SiN layer between
buffer layer and substrate unnecessary, thereby eliminating the unwanted
etching issue in the BHF thinning step; (ii) ridge waveguides can be used
instead of channel waveguides to prevent over-etching in the SiON
patterning step.
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cladding

buffer

Figure 2.6: (a) SEM cross section obtained by dicing the sample through the center
of an elevated Si structure and (b) top view photograph of part of the fabricated chip
showing four mirrors with corresponding waveguides as well as dummy pyramids.

2.4.2 Optical characterization

Figure 2.7 shows a schematic of the optical setup used for estimating the
mirror performance. Laser light at a wavelength of 850 nm is coupled into a
single-mode optical fiber. Light at the output of this fiber is collimated by a
thin lens, polarized by a polarization beam splitter (PBS) and a 1/2-plate, and
coupled to the waveguide by a microscope objective lens. The light
propagating in the waveguide is reflected from the mirror, illuminates a
diffusive screen 1 cm away from it, and the resulting image is captured by a
camera connected to a computer. Figures 2.8(a) and 2.8(b) show the
measured far-field intensity patterns of TE- and TM-polarized light,
respectively. The graphs in Figures 2.8(c) and 2.8(d) show the calculated,
measured, and ideal (corresponding to 100% reflection from an ideal mirror)
curves of the irradiance, integrated over y, along the x-axis for both
polarizations. The graphs show that the measured intensity profile for TE
polarization is narrower than the simulated one although they are similar in
shape. For TM polarization, the steep intensity decrease in the left half of the
calculated graph is less pronounced in the experimental curve. This
discrepancy can be attributed to the simplifications made in the calculation.
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Figure 2.7: Schematic of the optical setup used for measuring the mirror
performance.
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Figure 2.8: Measured far-field beam profiles for (a) TE- and (b) TM-polarized light.
The graphs show the calculated, measured, and ideal irradiance integrated over vy,
along the x-axis for (c) TE and (d) TM polarizations.
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Two methods are applied to measure the functional loss of the mirror. In the
first method, we compare the mirror output corresponding to a specific
waveguide with that of the same waveguide after the mirror has been
removed by dicing. Differences in the excitation efficiencies of the
waveguide during the measurements with and without mirror are accounted
for by monitoring the light in the same part of the waveguide with a camera
and determining the optical power propagating in the waveguide. This
process is repeated a number of times to correct for statistical fluctuations,
resulting in a functional loss of the fabricated mirror for TE polarization of
5% with 4% RMS deviation, which agrees well with the calculated value of
7%, and for TM polarization of 4% with 4% RMS deviation, which is
considerably lower than the value of 15% obtained from calculations. This
discrepancy is mainly due to simplifications made in the calculations and the
possible roughness at the output of the waveguide after dicing, which could
decrease the power coupling to the detector from the waveguide.

In the second method, which appears to be more reliable (owing to the
aforementioned roughness of the waveguide output), the functional loss is
determined from the measured far-field irradiance. Figures 2.8(c) and 2.8(d)
show that the right-hand sides of the calculated and ideal irradiance curves
exactly overlap. This implies that the reflectance of the plane waves
corresponding to the right-hand side of the calculated curves is unity.
Assuming unity reflectance for the measured curves, we fit the right-hand
side (plus a small fraction of the left-hand side such that R?, which is defined
as the ratio of the sum of squares of the regression (SSR) and the total sum
of squares (SST), is maximized, see Figure 2.9) of these curves to the
Gaussian function

(x=%;)?
I=pe ¥ @)

where A, X, and w are peak value, position of the peak, and width of the

Gaussian function, respectively. The used data range for fitting corresponds
to the Fourier components of the far field of the beam reflected according to
TIR from the mirror. Figure 2.9 shows the experimental and fitted curves for
the irradiance, as well as the part of the experimental data used for fitting
and the resulting fit. So, the curve fitting enables the identification of the
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non-reflected part of the light, which is assumed to be the only source of
loss. The efficiency is calculated by dividing the area below the measured
curve by the area below the fitted curve. The results show that the functional
loss of the fabricated mirror for TE polarization is 6.2%, while for TM
polarization it is 17.8%, which agrees well with the calculated values of 7%
and 15% for TE and TM polarization, respectively.
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Figure 2.9: Measured and fitted irradiance, integrated over y, along the x-axis for (a)
TE and (b) TM polarization.

2.5 Conclusions

Quasi-TIR-based 90° out-of-plane light-turning mirrors with high efficiency
for hybrid flip-chip integration of SION waveguides and CMOS-based
photodiodes have been fabricated by use of a newly designed technology
flow. Experimental results obtained from the fabricated device show that the
experimental functional loss of the mirrors are 6.2% for TE and 17.8% for
TM polarization, reasonably close to the values obtained from approximate
calculations being 7% and 15%, respectively.
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3 Design of a Prism Spectrometer based
on Adiabatically Connected Waveguide
Slabs

The device principle of a prism-based on-chip spectrometer for TE
polarization is introduced. The spectrometer utilizes the modal dispersion in
planar waveguides in a lay-out with slab regions having two different
thicknesses of the guiding layer. The set-up uses parabolic mirrors, for the
collimation of light of the input waveguide and focusing of the light to the
receiver waveguides, which utilize total internal reflection at the interface
between two such regions. These regions are connected adiabatically to
prevent unwanted mode conversion and loss at the edges of the prism. The
structure can be fabricated with two wet etching steps. The chapter presents
basic theory and a general approach for device optimization. The latter is
illustrated with a numerical example assuming SiON technology.

3.1 Introduction

In the early years (70’s) of Integrated Optics (IO), the theory and
experimental characterization of slab waveguide based components, such as
thin film lenses, prisms, reflectors and polarization splitters were extensively
investigated [1]. The design of these components is straightforward since the
propagation of light waves in these slabs can be described by geometrical
optics in 2D and diffraction theory [2]. Furthermore, slab waveguide
fabrication is not a complicated process. In spite of these advantages, only a
small number of device principles, which combines one or more of these
components, have been implemented, like prism based mode separators [3],
grating based de-multiplexers [4] and thermo-optic switches [5].
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Wavelength (de)multiplexing planar devices, or micro-spectrometers, have a
large potential for applications in telecommunication and sensing [6-10]. In
planar implementations the device principle is often based on IO variants of
bulky grating spectrometers like an arrayed waveguide grating (AWG) [6],
employing diffractionless propagation in waveguides and compact Echelle
gratings [9, 10]. In addition, cascaded Mach-Zehnder interferometers and
ring resonators are being used [11, 12] as micro-spectrometers.

In this chapter, we describe the performance and design aspects of a prism
spectrometer produced with adiabatically connected slab waveguides
(having two different thicknesses), using principles of geometrical optics and
diffraction theory. The advantages of employing a prism based spectrometer
are the absence of extra diffraction orders, thus avoiding spectral overlap of
the different orders and loss into other orders, and the relative simplicity of
fabrication. In such a spectrometer dispersion is introduced by the differing
wavelength dependence for effective indices of modes in thin and thick
films. The device relies on ridge waveguides for light transport and on
parabolic mirrors for collimation and focusing. A design strategy will be
presented and illustrated via a numerical example with TE polarized light in
a range of 100 nm around the central wavelength of A, = 850 nm with a
channel spacing of 5 nm by using SiON waveguide technology.

The rest of this chapter is organized as follows. First, we will introduce the
principle and basic theory related to the prism spectrometer in Section 3.2.
The part of the imaging theory discussed in this section is well usable for
other spectrometer types, such as AWGs. It is followed by an explanation of
the design of this device in Section 3.3, where also a numerical example is
given. The chapter ends with conclusions (Section 3.4).

3.2 Prism Spectrometer: Principle and Basic Theory

A schematic picture of the considered prism spectrometer device is shown in
Figure 3.1. It is composed of an input waveguide, a collimating mirror, a
prism slab, a focusing mirror and receiver waveguides, corresponding to
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different wavelengths. The picture in the middle of Figure 3.1 with output of
3 adjacent waveguides shows the important spectrometer parameters that
will be used in this chapter, such as 3 dB bandwidth (44), channel spacing
(44.s), adjacent channel cross-talk (ACCT), global cross-talk (CT) and Loss.

Intensity (dB)

Figure 3.1: Schematic of the considered prism spectrometer. The white and dark
grey areas correspond to thick and thin slabs, respectively. Ridge waveguides are
indicated by yellow lines. The inset illustrates schematically the relation of the
output intensities to the parameters that characterize the device performance.
Regions with different thicknesses of the guiding layer are connected adiabatically
via vertical tapering.

The proposed device is planned to be implemented in SION waveguide
technology by using a SisN4 (nitride) layer sandwiched between buffer and
cladding SiO; (oxide). Patterning of nitride will be done by using a BHF wet
etching process in two different process steps; (i) definition of input/output
waveguides and (ii) definition of prism and mirror trenches. A sacrificial
oxide layer is deposited on top of the nitride layer in the latter in order to
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achieve the adiabatic transition on the edges of patterned structures. The
main advantage of using an adiabatic transition of the layer thickness, and
thus the effective refractive index, between the slab waveguides is the
elimination of partial reflection of the incident light at the edges of the prism
[1]. With such a tapering the angle of incidence to the prism can be chosen
relatively high (just below the critical angle 6.,;;), which is beneficial for a
larger angular dispersion (enabling a smaller device area for a given
resolution) as discussed below (Section 3.2.1), without increasing insertion
loss and the amount of stray light in the spectrometer. These adiabatic
transitions also affect the modal phase shift upon total internal reflection
(TIR) by the mirrors and so the imaging onto the receiver waveguides. This
will be elaborated in Section 3.2.4. In the following subsections we will
present the basic theory for the set-up, relevant for device design and
operation.

3.2.1 Prism

A sketch of the prism is shown in Figure 3.2, where also the ray trajectory is
indicated and used symbols are introduced. The angular dispersion is defined

by

o, = 00,/04, (3.2)

where A is the (vacuum) wavelength. The angular dispersion can be rewritten
as follows: Diffraction at the prism interfaces is governed by Snell’s law. For
the first interface, this can be written as

sing; = D sin a4, (3.2)

where we defined D = N,/N;, with N; and N, the effective indices of the
thick and thin slabs, respectively. Note that the following inequality holds
for N, < N;. Knowing that g; does not depend on A, the derivative of the
right hand side of Equation (3.2) with respect to A gives
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da, D’
Ll g = —— 3.3
F R 5y tanay, (3.3)

with D' = dD/dA. The relation between «a; and a, can be found from the
geometry leading to

By combining Equations (3.3) and (3.4) we arrive at

da, ., D
W =a, = Etan a;. (35)
If Snell’s law is applied to the second interface it follows
sing, = D sina,, (3.6)

from which the following can be obtained by taking the derivative,

,sina, , COs a,

o, =D (3.7)

a; .
COS 0, COS 03

The above equality can be rewritten by inserting Equation (3.5) into
Equation (3.7) as follows:

ol = D' (sm a, + sin a4 cos a2> (3,8)
2 coso, cosa; Sino,

For later use we consider the angular dispersion, assuming minimum
deviation (a; = a,, 0, = g, = ¢), which can be re-written from Equation
(3.8) into:
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D' 3.9
02’=3(tana+1). (3.9)

The deviation angle & can be expressed as
5=77—O’1—0'2=0(1+0(2—0'1—0'2, (310)

where we used Equation (3.4). The minimum deviation condition implies
that d(o, + 0,)/d0, = 0, or do,/do; = —1. As a consequence of the latter
relative angles don’t change, for light at a certain wavelength with an angle
of incidence near o;, traversing the prism. Consequently, beams don’t
change shape while traveling through the prism, provided that there is no
truncation of the beam (by the limited dimensions of the prism) and the
angular dependence of the transmission is small (as accomplished by the
adiabatic transitions; see Section 3.3.2 for a numerical example). So, if a
Gaussian beam having a transverse field distribution according to

A(p) = Ae(-p*2In2/W?) (3.11)

with W the full width at half maximum (FWHM) and p the transverse
coordinate, is traversing the prism its shape will be unaltered if truncation of
the beam by the limited prism size can be neglected. The far field of that
beam is then given by [13]

F(w) = [* A(p)e™Pdp = Foe "2 n2/0u (3.12)

where we assumed a time dependence e“t of all electromagnetic fields, and
u is defined as u = kN, sin ¢ with k the wavenumber and ¢ the diffraction
angle. The FWHM of the far field intensity is given by Au = 41n2 /W and
corresponds to A¢ = Au/(kN;). An expression for the resolution can now
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be derived as follows. Assuming that two equally shaped peaks
corresponding to different wavelengths are resolved if these are separated by
the FWHM it follows

Ap = oAy, (3.13)

or

Ads = 4In2 /(oyWKN,). (3.14)

Figure 3.2: Schematic (top view) of a generic prism structure.
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In the above AA; is the FWHM of the far field intensity, assuming that it is
not affected by truncation of the Gaussian beam due to the finite size of the
prism (or mirrors). As will be discussed in Section 3.2.3 truncation effects
are almost negligible if the truncation parameter ¢ is larger than ~3, with ¢
defined by B = ¢W (B is the width of the output/input beam as defined in

Figure 3.2). If we assume, for example, that ¢ = 4, substitute B = ¢ into
Equation (3.14) it follows from the geometry, with D’ = dD /04 :

_ 8ln2p (3.15)
" D'BkN,(1 +tano) ’

Ay

where 0 =0, =0, and a; = a,, assuming the minimum deviation
condition. It is seen from the above that ¢ should be chosen as large as
possible for a smaller device area (so for smaller B) and thus optimization of
the resolution for given beam width, B), comes down to optimizing the
quantity R = N,D'/D.

It is seen from Equation (3.9) that for a large angular dispersion (and so for
higher resolution) the angle of incidence on the prism facet should be as
large as possible (analogue to what we concluded above using Equation
(3.15)). On the other hand it should of course not exceed the critical angle
for TIR, 8., defined by

Ocric = Sin_l(Nz/Nl)- (3-16)

It is found, as illustrated in Section 3.3.2 with an example, that with
proposed adiabatic transitions between areas with a thick and a thin guiding
layer there is an abrupt transition from very low reflectance at angles of
incidence below 6., to (of course) full reflectance for angles of incidence
above 6.,.;;. This can be employed by choosing
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(I chit; (317)

such that o, is below 8,,;; for the whole considered wavelength region.

For later use we give the inequality holding at minimum deviation
98 /0a|yp > 0, (3.18)

which can be derived using the definition for § and Snell’s law (Equation
(3.1)) together with the inequality N, < Nj.

3.2.2 Parabolic Mirrors

Both mirrors, which are identical owing to the assumed symmetric
implementation, are parabolic mirrors, which can be designed using
Fermat’s principle. Figure 3.3(a) shows the schematic of a parabolic
collimation/focusing mirror, which has a collimated beam parallel to the x-
axis. In this figure 8, and 6, are the incidence/reflection angles for the start
and end points of the mirror respectively, B is the width of the output/input
beam and y (= 26, — 26,) is the angle between the outermost rays and the
focal point is chosen to be origin. Fermat’s principle dictates that the total
optical path lengths between the focal point and points at an arbitrary cross
section of the collimated beam, say, at x = x;,, are all the same. Denoting the
mirror coordinates by (x,y) it follows:

ST 4 G +5) = do, (3.19)

which can be rewritten by defining a new variable c,, = dy — x; ¢, = dy-x,
as

STV —x=cp (3.20)
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Next we will show, for later use, that the parabolic mirror (shape and size) is
fully defined by the quantities B, 6, and y. Using Equation (3.20) and the
relation

y = —xtan(20), (3.21)
where 6 is the incidence angle of an arbitrary point on the mirror, it follows

(assuming that cos(26) < 0, as in the device considered by us in Section
3.2)

X (\/1 + (tan(26))? — 1) = _x[lc-l(-)sc(ozse()ZH)] = Cm, (3:22)
which enables us to write:
_ x;[1+ cos(26,)] cos(20) (3.23)

[1+ cos(26)] cos(26,) °
Then, with Equation (3.21) and y,, = ¥, + B = —x;, tan(26,) we find

y; = —B — xj, tan(26,,) = —x,tan(26,). (3.24)

Substitution of x;,, according to Equation (3.23), with (x,8) = (x,, 6;), into
the second equality of Equation (3.24) leads after simple manipulations to:

B = —2cos6,sin(y/2)x,/(cos(6, +y/2) cos(26,)), (3.25)

from which the full mirror curve can indeed be derived, also using Equations
(3.23) and (3.21).
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Figure 3.3: Schematic pictures of the collimation mirror (a), the focusing mirror (b)
and the focal area (c), introducing the used symbols.

In order to obtain a simplifying picture of the working of the mirror a virtual
aperture and a focal length are introduced (see Figure 3.3(a) and (b)). The
former is defined by a line piece through the point B,, which is the
intersection point of the bisector of the outermost rays and the mirror curve,
perpendicular to the corresponding ray and with end points defined by the
(extrapolated) outermost rays. The distance between point B,, and the focus
is called f, the focal length. The width of the virtual aperture, B, is equal to
the (maximum) beam width, B, with a small relative error proportional to y?2.
Note that the point B,, of the collimation mirror (as well as of the focusing
mirror) is chosen to be on the optical axis and that it does not correspond to
the middle of the parallel beam coming from the input mirror. As a
consequence, assuming a symmetrical mode coming from the input
waveguide, the field in the collimated beam will be (slightly) asymmetric.
But, the asymmetry of this beam (which travels without changing shape
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through the prism) is fully compensated by the identical focusing mirror. So,
for a certain wavelength, the image of the input field near the receiver
waveguides can be considered as the focused far field of the input field,
truncated by the mirror owing to a finite (virtual) aperture, as defined by the
size of the mirror.

The mirror is designed for the central wavelength A.. Light at a nearby
wavelength is diffracted by the prism and focusing mirror at a different
angle. The latter leads to a small change in focal distance, as indicated in
Figure 3.1, and to aberrations, as follows from numerical calculations using
ray tracing according to geometrical optics, corresponding to small blurring
of the central spot. It is found from geometrical optics that the blurring effect
becomes smaller for smaller angles of incidence 8 (which then should be
chosen to be just above the critical angle) and smaller values of the angle y.

3.2.3 Imaging of the Input Field

We consider the propagation through the prism spectrometer of the modal
field at a certain wavelength, 4,, launched by the input waveguide. In case of
ideal lensing and no truncation by the prism (or mirrors) the light is imaged
onto the focal line without any change of shape and at a position according
to its wavelength. The imaging process, now including the truncation, can be
described numerically by taking the Fourier transform of the transverse
distribution of the launched field (to calculate the far field), truncation of the
far field, taking the complex conjugate of the result (to account for the
lensing effect) followed by again taking the Fourier transform. The above
can be expressed analytically as follows.

The transverse distribution of the far field of the launched mode, E,, is given
by [13]

Fw) = v% [2 Epn(t)e dt, (3.26)
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where u = kN; sin ¢, t is a local coordinate and ¢ is the diffraction angle.
The shape of the field E,,, is defined by the VV parameter [14] given by

V = kh |NZ - N2 (3.27)

with h the width of the waveguide and N, and N, are the effective indices of
the planar structures corresponding to the guiding and adjacent waveguide
sections, respectively. The image in the focal area then follows from [13]

cAu/2
E;,(t) = — F*(w)e™t du 3.28
lm() \/2—7_[ _CAu/Z ( ) ( )

with Au the FWHM of |F(u)|? and ¢ is the truncation parameter. The
following relations hold:

B(= E) = ¢W = ¢fAu, (3.29)

with W the FWHM of the far field intensity.

A few numerically computed examples of |E|? and |E;,,|?, with maxima
assumed at t = 0, are given in Figure 3.4, using ¢ =3 and VV = 2, 4 and 6.
The side lobes in the imaged intensities are due to the truncation by the
prism and mirrors.

The relative power of the light at a certain wavelength captured by a receiver
waveguide at a transverse distance t from the center of the image is given by
[14]:

U_OOOO Em(t’)Eim (t’ - t) dt,lz

0(t) = - - (3.30)
|J= E2(¢) dt'|
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Figure 3.4: Intensity profiles for modal fields (solid lines) and the corresponding
images (dashed lines) for indicated parameters, calculated using Equation (3.28).
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Figure 3.5: Relative power captured by a receiver waveguide at a distance of t/w,
from the maximum of the image.
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Results are given in Figure 3.5 for ¢ = 2 and 3 and V = 2, 4 and 6, showing
the quantity O as a function of t/w,, with w, the FWHM of 0. Figure
3.6(a) shows the computed curves of w, V/h versus V. It is seen that for
given index contrast (defined by V/h; see Equation (3.27)) w, increases
approximately linearly with V. For comparison, the corresponding modal
width (corresponding to the FWHM of |E,,|?), in terms of w,, V/h, is also
shown. As expected w,, is larger than w,,,, approximately by a factor of /2,
as would have been the case if E,, would be purely Gaussian and there
would be no truncation.

The functional loss (O(t = 0)), as depicted in Figure 3.6(b), is relatively
low for the considered parameter range.

Figure 3.6: Modal width, FWHM of O (a) and the functional loss O(t =0) as a
function of V.
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Curves like the ones depicted in Figure 3.5 can be used to determine a
number of device parameters as follows. The maximum of the image of
|EZ, ()| corresponds to t = 0 for, say, 4,. Then, the maximum of the image
corresponding to A, + AA/2 (with AA the 3dB bandwidth) should correspond
to t = t3qp = Wy /2. Knowing the required ratio AA.;/AA, the position t,g
of the adjacent channel can be obtained from

tes = Aoewy /AN (3.31)

where the value of w, can be determined as explained below.

Next, the desired ACCT as well as the global functional CT (owing to the
side lobes) can be obtained by selecting the appropriate parameters ¢ and VV
from curves as in Figure 3.5, assuming for the moment that there are no
constraints on the acceptance angle y (a large acceptance angle may cause
blurring of the focal image as noted in Section 3.2.2). For example, if
AA.s/AA = 2 (corresponding to t./w, = 2 according to equation 31) and if
it is required ACCT< —30dB one may choose V slightly larger than 2
(V. =2.2) with ¢ =3, if the corresponding global CT (—50dB) is
acceptable. A choice of V = 3 with ¢ = 2 is also an option. If the required
ACCT and CT are not attained one may choose for a smaller 3 dB bandwidth
than required. One may choose among the above options by considering also
the device area as discussed in Section 3.3.

Knowing ¢ and VV one can find h (for given contrast and wavelength, using
Equation (3.27)), E,,, E;,,, wo and the channel spacing, t., using Equation
(3.31). The required focal distance f follows from w, = fa,AA (which
follows from the fact that t;;5 = w,/2 should correspond to A, + A1/2),
and is is given by

f =wo/(a;A2). (3.32)
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Knowing also f the fields at the virtual aperture can be calculated, the
FWHM of the corresponding intensity, W, and so B, via B = ¢WW/.

3.2.4  Effect of Phase Shift upon Reflection

As is well known on TIR of a planar mode by a mirror a phase shift upon
reflection (PSR) will occur which depends on structural properties,
wavelength and angle of incidence. For the considered parabolic mirror this
means that the PSR is position dependent and these variations along the
mirror lead to both (extra) beam deflection and (de)focusing effects for
which we will present useful expressions next. Thereafter, we will present a
formula for the well-known Goos-Hénchen shift (GHS) [14].

First deflection, due to PSR, with phase shift ¢(s), with s a local coordinate
directed along the mirror, and modal reflection coefficient r = |r|e'?, for a
flat non-uniform (via @ = ¢@(s)) mirror (see Figure 3.7) will be considered.
The figure shows two incoming rays, both at an angle of incidence 6, which
are refracted by the mirror at a slightly different angle 6’. The phase shifts
corresponding to trajectories 1 and 2 in between the dashed lines indicating
the wave fronts should be equal, so

AskN; sin@ — ¢, = AskN, sin 8’ — @,. (3.33)
From Equation (3.33) one may derive

_ 0o 1 _0p(0) 1
~ 0s kNycos®  dy kN,

YO)=6'—-0 (3.34)

with ¥ the PSR induced deflection angle, which varies along the parabolic
mirror. It can be expanded according to

W= +x0-6,)+ (3.35)
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where ¥, and y = 0¥ /00 are both evaluated (numerically) at 6,, =
(6, + 6,)/2. The first term at the right hand side of Equation (3.35)
corresponds to a uniform deflection leading to both a small angular shift of
the focal point and a change in focal distance (as follows from geometrical
optics). The second term leads to a change of the focal distance. The GHS
leads to an apparent shift of the reflected ray along the reflecting interface,
given by [14]:

do 1

GHS = 96 kN, cos 6

(3.36)

In calculations based on ray tracing one should take into account the effect
of the PSR and use both the expressions for GHS (Equation (3.36)) and for
the tilt (Equation (3.34)) to simulate a ray reflected by a curved mirror.

As an alternative to the above approach (in which the PSR induced shift of
the focal point is calculated) one could shape the parabolic mirror via
numerical calculations such that the PSR induced deflection is fully
compensated (for A,).

In order to obtain the magnitude of the PSR one could most conveniently use
existing software for channel mode solving, as illustrated by the example in
Section 3.3.2.
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Figure 3.7: lllustration to the derivation of the effects of PSR.

3.3 Design

In this section we will first sketch a general optimization strategy for
considered device on the basis of the theoretical considerations given above.
Thereafter, the scheme will be applied for the design of an actual device as
an illustration. As mentioned above, only the case of minimum deviation (for
the central wavelength, 4.), corresponding to a symmetric set up, will be
considered.

It is assumed that the wavelength channel spacing A4, and the 3 dB band
width (A1) are fixed, as well as the maximum allowable ACCT and CT, and
that it is our task to design the device such that the device area G (apart from
the waveguides) is minimized. As a reasonable measure for G we will take
the following approximate expression (see also Figure 3.8; G corresponds to
the grey rectangle):

G ~ f?sin(29) + bf cos¥, 29 =460, —m — 6. (3.37)
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Here 6 (= n — 20) is the deviation angle and we assumed in Figure 3.8 that
9 > 0 (typically 9 ~ 20°). It is seen from the equation that f, occurring in
both terms, has a slightly larger impact on the device area than base length b.
With 9 =~ 20" and assuming that b is smaller or not very much larger than f
it can be shown from Equation (3.37) that the area becomes smaller if &
increases, i.e., dG/dé < 0.

As is also seen from Equation (3.37), the orientation of the prism has a
considerable impact on the device area, as with the opposite orientation —§
would have to be replaced by +6, which would lead to a much larger value
for 9 and so for G. In most practical cases (like in the example discussed in
Section 3.3.2) the orientation has to be chosen as indicated in Figure 3.8 to
attain a lower device area.

-~
e Pty
oy ~” A 8

LA Oy

20,

Figure 3.8: Illustration to Equation (37) giving the approximate device area
(indicated by the grey rectangle).

3.3.1 Scheme

The optimization scheme proceeds along the following steps, for which it is
assumed that the materials for guiding, cladding and cover layers have been
chosen already. The required values for 1., A4, AA, the ACCT and the CT
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are assumed to be given. It is also assumed that the effective index contrast
for the ridge waveguide has been chosen.

1. Choose the two thicknesses (h, and h,) for the thick and thin slabs
(corresponding to N; and N,, respectively) such that the quantity R (defined
in Section 3.2) is maximized, taking into account, if required, constraints
defined by the technology. According to Equation (3.15) a larger R leads to a
larger resolving power for given lay-out (and so to a lower required device
area for given required resolving power). The above choice determines the
quantities Ny, N,, D' and D as well as the critical angle 6.,;; (see Section
3.2).

2. Determine the angles o, n and 6;. Inspecting Equation (3.9), it
follows that o should be as large as possible for a larger value of ¢, and so a
smaller value of B (and so a smaller device area), according to Equation
(3.15), for fixed AAs. On the other hand the angle o should be below the
critical angle, 6.,;; for small reflection loss at the prism boundaries. The
choice of o may be checked with (approximate) calculations of this loss as in
the example below. Knowing o the angle n of the prism is defined according
to Equation (3.2) and the property n = a; + a,. The angle 6; should be
chosen above 6.,.;; for 100% modal reflection but not too far above 6., to
avoid the aberrations mentioned in Section 3.2.2.

3. Determine the parameters V and ¢ such that the required device
performance is obtained with minimum device area, using graphs like the
ones in Figures 3.5 and 3.6. On doing so, one may use that b « ¢ and that
fowy, xV (if V>4) asis seen from Equation (3.32) and Figure 3.6(a).
Note also that generally a smaller ¢ leads to larger functional losses
according to Figure 3.6(b). Next, from V and ¢ one may determine B and f
via the procedure outlined in Section 3.2.3. The quantities B, n and ¢
determine the prism size and shape. Using B = fy fixes the angle ¥ and so,
with 6, and B the parabolic mirrors. The orientation of the mirrors with
respect to the prism follows from the angle o.
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4. The positioning of the input and receiver waveguides can now be
calculated with the mirror parameters and geometrical optics, including the
PSR effect, as discussed in Section 3.2.4.

5. It has to be checked if the thus obtained device structure leads to (too
large) aberrations (as an effect of the parabolic mirrors) for the outermost
wavelengths of considered region. If so a larger V value has to be chosen
implying a lower acceptance angle for the mirrors and lower aberrations; the
adaptation will generally lead to (harmless) over-performance with respect to
ACCT and CT.

It is noted from the discussions in Section 3.2.3 and above that, for given
AA.s/AA and ACCT, both f and b are inversely proportional to the 3 dB
bandwidth A2 and so that G, is roughly inversely proportional to AA2.

3.3.2 A Numerical Example

The spectrometer that will be discussed in this section is planned to be used
for determining the natural moisturizing factor (NMF) in human skin [7].
This application requires a value for A1, of 5nm at 1, = 850 nm with an
operating bandwidth of 100 nm. The device will be operated with TE
polarization. We assume a 3 dB bandwidth of AA = 2.5 nm, implying that
AA.s/AA = 2, and values for the cross talk as follows: ACCT < —40 dB
and CT < —50dB. The guiding layer will be a SizN,4 layer (index 2.008),
which is sandwiched between two SiO, layers (index 1.452). The height of
the input/output waveguides is chosen equal to that of the thicker slab
waveguide in order to decrease the losses at the exit of the input waveguide
and entrance of the receiver waveguides. The ridge height is chosen such
that the lateral index contrast of the waveguide is 0.01, which is sufficiently
small to arrive at single mode waveguides with the available fabrication
processes (minimum feature size 1 um).

The desired spectrometer is designed by following the optimization scheme
explained in the previous section.
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1. The quantities N; and D' depend on the thicknesses used for the two
waveguiding slab regions. We have optimized R by varying the two slab
thicknesses between 40 nm, which is a safe lower limit to prevent leakage to
the Si substrate, and 170 nm, which is a safe upper limit for the thickness of
the SizsN4 layer made with our fabrication facility (there may be cracks in the
layer if the thickness exceeds 170 nm). As can be seen from Figure 3.9, R is
maximized to a value of 2.34x 10™* /nm by choosing a thickness of
170 nm, which corresponds to N; = 1.6931 at A, for the thicker layer (field
outside the prism) and a thickness of 40 nm, which corresponds to
N, =1.4785 at A., for the thinner layer (prism). Note that, as is seen from
Figure 3.9, the optimum thickness for the thicker layer would have been 190
nm if there would be no upper limit for the thickness of the SisN4. The height
of the SizNs waveguides is chosen to be 170 nm, which corresponds
to N, (= N;)=16931 and the ridge height is chosen as 7 nm, which
corresponds to N, =1.6831. The critical angle corresponding to the two slab
regions is given by 6,,;; = 60.84°.
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Figure 3.9: Value of the quantity R as a function of layer thicknesses h, and h,.
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2. Figure 3.10 shows the modal transmittance at the adiabatic interface,
of which the structural parameters are given in the inset, as an angle of
incidence (from the high thickness side), as calculated by transforming the 3-
D scattering problem (scalar approximation) to an effective 2-D Helmholtz
problem [2], where the incidence angle appears as a parameter as it will be
explained in Chapter 6. This effective equation is then solved by a quasi-
analytic 2-D method, applying a fine staircase approximation of the taper
profile [15]. Owing to the adiabaticity the curve changes abruptly from
nearly unity to zero at an angle equal to 6..;. The angle o is chosen

somewhat below 6,,;;, at o = 6.,;; — 5°. This choice leads to n = 142.7°,

o, = 0.4072 rad/um (see Sec. 3.2.1). The smallest angle of incidence on
the mirror is chosen as 6, = 6.,;; + 1°.
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Figure 3.10: Transmittance vs. angle of incidence on the adiabatic taper. The inset
depicts the taper structure.
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3. Considering Figure 3.5 with the above performance conditions in
mind it is seen that the combination V =6 and ¢ =3 fulfills all the
requirements: the ACCT (=0(t/w, = 2)) is well below —40 dB and the
global CT is sufficiently low. A combination of V' > 6 and ¢ = 2 would also
be suitable and lead to a comparable device area, but the losses will be a bit
higher, ~4% according to Figure 3.6(b). From the formulae presented earlier,
it now follows: w, = 3.74 um (from Figure 3.6(b)), f = 3.674 mm (from
Equation (3.32)), W =307 um and B =921 um (from Equation (3.29))
and y = 14.34°. Note that, as a consistency check, f also has been
calculated using both the formula B = fy and the geometrical parameters of
the mirror; it was found that all three approaches led to virtually the same
result.

n =1.4524
d=50r10 um

<€ '

y

n=1.4524 T_>X

Figure 3.11: Structure of the imaginary channel waveguide used to calculate phase
change upon total internal reflection of slab TE modes.

4. We propose a new method to calculate the phase shift upon TIR at
slab waveguide interfaces. In this method an imaginary waveguide structure
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with symmetric tapered edges, which are identical to the tapered profiles to
be used in the mirror and prism interfaces, is considered. Figure 3.11 shows
the structure of this imaginary waveguide, which is a ridge waveguide with

40 nm equal to prism slab thickness) and 170 nm (equal to field slab
thickness) slab waveguide thicknesses and the taper between these
thicknesses has an angle of 0.5° as defined by the fabrication process.
Analysis of the field of the channel mode in the center of the imaginary
waveguide shows that it is composed of virtually only the TE slab mode for
not too narrow channel waveguides, i.e., the overlap between this field and
the 170 nm thick slab mode is close to unity. Therefore, the structure can be
pictured as a simple waveguide in which the TE slab mode is bouncing
between the tapered edges (see Figure 3.12).

9m|

guided mode

Nl70nm

Figure 3.12: Simplified 1D view of the imaginary waveguide structure.

In order to find the phase change (¢) resulting from total internal reflection
with an angle of incidence of 6 the transverse resonance condition can be
used

2
2dN170nm — ¢os 0., — 2¢,, = m2m, (38)
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where m denotes the mode number, d is the width of the non-tapered
waveguide part, N;7onm IS the effective index of the 170 nm slab. The phase
shift upon TIR, 6,,, for a specific channel mode can be calculated by using
the following formula;

Ny = Ni7onm Sin O, (39)

where N,, is the effective index of the m™ channel waveguide mode,
calculated using appropriate software. For each channel mode one thus
obtains a sample value ¢,, for the phase shift upon TIR of the incidence
angle 6,,. Figure 3.13 shows the calculated phase shift upon TIR at the
considered tapered interface for two different non-tapered waveguide widths
(d) at A = 850 nm for a number of angles of incidence and the polynomial
fit of the data for d = 5 um. The incidence angle range (46) used in the
designed mirror is also depicted in the figure. It can be seen from the figure
that the results for different d values are in good agreement. 6,,, values of the
data points on this figure correspond to discrete channel waveguide modes.
In order to calculate a smooth curve ¢(8) these data points can be fitted to a
polynomial function. Knowing the relation ¢(6) the full lay-out of the
spectrometer can be designed using ray tracing together with Equation (34)
and Equation (36), to account for the PSR effect.
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Figure 3.13: Phase shift upon TIR vs. incidence angle for the considered interface
with 0.5° taper angle at A = 850 nm. 40 is the used incidence angle range for the
designed mirror.

As an example of the effect of the applied correction for waveguide positions
we present some results calculated using ray tracing based numerical
calculations: the input waveguide is shifted 74.9 um along the x-axis,
29.7 um in y-axis and turned by 0.64° (0.011 rad) CCW. For the receiver
waveguides the effect corresponds to a considerable wavelength shift being
(0.011/0} =) 27.38 nm.
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Figure 3.14: Full layout of the designed prism spectrometer, which has a size of
5.5 x 13 mm?; the inset shows the input and receiver waveguides in more detail.

5. With geometrical optics we have, for the structure resulting from the
above steps, calculated the broadening of the image field for the outermost
wavelengths of the considered region (4 = 800 and 900 nm). Considering
only the rays in-between the two rays corresponding to the FWHM of the
field coming from the focusing mirror (representing the major part of the
power of the beam) a focal spot broadening of 0.6um was found. This is
equal to around 20.1% of the un-blurred image implying an approximate
broadening as small as 2% (vV1+ 0.22—1 =0.02) and a minor extra
functional loss of around 1%. Here we assumed for simplicity Gaussian
shapes for the beam cross section and the broadening. So, the aberration
effect is minor and requires no structural adaptations.
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The resulting layout of the spectrometer is presented in Figure 3.14. The size
of the device is 5.5 x 13 mm? including the input and output waveguides.

3.4 Conclusions

This chapter presented a general approach for the design of a planar prism-
based spectrometer, utilizing dispersion effects in two slab waveguiding
areas having different thicknesses of the guiding layer. Here, the different
regions are assumed to be adiabatically connected via vertical tapering. Part
of the design strategy is generally applicable and can be used for also for the
design of for example arrayed waveguide gratings. A new method to cope
with the effect of modal phase shifts upon modal reflection by (parabolic)
mirrors defined by the interface between area of different slab thicknesses
has been presented.

The design strategy was illustrated by a numerical example assuming SiON
technology. Assuming a central wavelength of 850 nm, a channel spacing of
5 nm, an adjacent channel cross talk of —40 dB and a cross talk of —50 dB
lead to a required device area of 5.5 x 13 mm? and a minor functional loss
of a few percent over a wavelength range of 100nm.
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4 Integrated Optics Prism Spectrometer:
Fabrication and Testing

In the previous chapter, the design of a fully integrated prism spectrometer in
adiabatically connected slab WGs was described and a numerical example
has been given to the presented design strategy. In this chapter, the design,
fabrication and characterization of an on-chip prism spectrometer to be used
for determining the natural moisturizing factor concentration of the human
skin is described. As mentioned in the previous chapter, for this application
the spectrometer should be operated with TE polarized light in a range of
100 nm around the central wavelength of 1. = 850 nm with a channel spacing
of Al = 5 nm. Although the spectrometer presented in the numerical
example section of the previous chapter was designed for the same
application, the spectrometer presented in this chapter does not have the
same (optimized) layout because of time limitations as discussed later.

4.1 Introduction

An introduction into the field of micro spectrometers has been given in the
previous chapter, where also a detailed design strategy was presented. This
strategy has not been followed for the present device owing to the relatively
long fabrication period for such devices, so that the fabrication of the device
had to be started prior to finishing the full design strategy. The main aim of
the here presented research was to experimentally test the various parts of
the prism spectrometer. Also for this reason the device parameters were
chosen to lead to a functioning yet not necessarily fully optimized device.

The rest of this chapter is organized as follows. First, after a short
introduction we will present the design and fabrication of the prism
spectrometer in Sections 4.2 and 4.3. It is followed by an explanation of the

67



Chapter 4

experiments for characterizing the fabricated device in Section 4.4. The
chapter ends with conclusions (Section 4.5).

4.2 Design

A schematic picture of the fabricated spectrometer is shown in Figure 4.1.
The working principle of the device is identical to the one explained in the
previous chapter. The device is composed of a tapered input WG, a
collimation mirror, a prism slab, a focusing mirror and tapered receiver WGs
corresponding to different wavelengths. The regions of different guiding slab
thicknesses defining the prism and the mirrors are made by one
technological step (for simplicity of fabrication) and are connected via
adiabatic vertical tapers to minimize reflection losses at the prism interfaces.
As can be seen from the figure, the prism is not chosen to be operated at
minimum deviation (MD) condition. In this asymmetric layout the
collimated light beam enters the right angled triangularly shaped prism with
an incidence angle of 0°, which guarantees that the reflection loss is
minimized at the prism entrance. Owing to the above perpendicular
incidence, no dispersion takes place inside the prism. The light is dispersed
only at the output interface of the prism. The inset of Figure 4.1 shows a
detailed schematic (the ray trajectories and used symbols are also indicated)
of the prism region. Using the geometry of this right angled prism it can be
shown that the angular dispersion (¢’ = da/dA, where A is the wavelength)
can be written as

sin
o' =D —1 (4.1)
COS O

where we defined D = N,/N,, with N; and N, the effective indices of the
thick and thin slabs, respectively and D' = dD/dA.
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Waveguide

Receiver
Waveguides

Figure 4.1: Schematic of the fabricated spectrometer. The white and dark grey areas
correspond to thick and thin slabs, respectively. Ridge waveguides are indicated by
the color yellow. The symbols N refer to the effective index of the planar structures
corresponding to the regions indicated by the position of these symbols.

An expression for the spectral resolution can now be derived by inserting
Equation (3.1) into Equation (3.14) of Chapter 3 and assuming that there are
only minor truncation effects by choosing truncation parameter ¢ = 4, which
leads to

16In2D coso

A/lf = I =
N;D"sin g B,,: kg

: (4.2)

where B,,,; = B;,(cosa/cosn) is the beam width at the output of the prism
and B, is the beam width at the entrance of the prism. It can be seen from
Equation (4.2) that the resolution can be optimized by choosing N;D'/D,
which is defined by the SizN4 thicknesses of the waveguiding slab regions,
as large as possible and geometry related part of Equation (4.2) (E, =
cosa /sinog) as small as possible. Once N;D’/D and F, values are chosen,
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By can be calculated for the desired AAr. As mentioned in the introduction
the device parameters were chosen to lead to a functioning yet not fully
optimized device. Therefore, the other parameters related to the waveguides
and mirrors were chosen by using an unoptimized version of the scheme
explained in the previous chapter. Below, the choices done for all these
parameters will be given and differences between the schemes will be
discussed.

For the fabricated spectrometer, a SisN4 layer (index 2.008) sandwiched
between thermal SiO; (index 1.452) and PECVD coated SiO, (index 1.458)
layers is used as the guiding layer. As we mentioned in the previous chapter
the parameters N,, D and D’ depend on the indexes of the guiding and
cladding layers and thicknesses used for the two waveguiding slab regions.
Therefore, as is seen from Equation (4.2), the quantity N,D’/D should be
optimized by varying the slab thicknesses h; and h,. For the fabricated
spectrometer, the choice of h; and h, was done in an early stage of the
design by maximizing the quantity D’ (which leads almost to the same result
as optimizing the quantity N;D’/D). The optimization is done by varying the
thickness of the guiding layer in the range between 40 nm, which is a safe
lower limit to prevent leakage to the Si substrate, and 170 nm, which is the
upper limit for the thickness of SisN4 layer for our fabrication facility (there
can be cracks in the layer after annealing the cladding oxide if the thickness
exceeds 170 nm). The result does not differ very much from that of the more
correct approach of previous chapter. As can be seen from Figure 4.2, D' is
maximized to a value of 1.21 x 10 /nm by choosing a thickness of 160 nm
and 40 nm for field outside the prism and prism, respectively. These
thicknesses correspond to N; = 1.6785 and N, = 1.4785. The critical angle
for total internal reflection (TIR) corresponding to the two slab regions is
given by 6t = 61.75°. The length of the vertical taper between these slab
regions is assumed to be 13.75 pum, based on available data for the
technology (see Section 4.3). The height of the SizN; WGs is chosen to be
175 nm, which corresponds to Ny = 1.7003 and the ridge height is chosen as
15 nm, which corresponds to an effective index of the regions next to the
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ridge of N, (= N;) = 1.6785. Therefore, the height of the input/output WGs is
not the same as that of the free propagation area corresponding to N; and this
will result in scattering loss at the interface between the input/output WGs
and the free propagation area. It is noted that the waveguide height is slightly
above the maximum allowable height of 170 nm in the fabrication process.
However, it does not cause cracking during the annealing of cladding oxide,
since the total area occupied by the input and receiver waveguides is very
small.

0.08 0.12 0.16
hy (um)

Figure 4.2: Prism dispersion (D) as a function of t; and t,.

The optimization of F, is done by using the chosen effective refractive
indexes for expressing F, as a function of  and varying n between 30° and
90° (see Figure 4.3). The boundary angles have been chosen for the
following reasons. Below 30° F), is too large which would result in a very
large device; and 90° is the upper limit for n (the beam will not hit the output
facet of the prism if n exceeds 90°). As is seen from Figure 4.3, n should be
chosen as large as possible for optimizing the far field resolution. However,
if it is too close to 90°, the reflection loss could be high at the output of the
prism and B,,./B;, (= coso /cosn) ratio will be too high, making B;,
impractically low such that it is close to the wavelength and not collimated
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anymore (owing to diffraction). Moreover, increasing n further up from 75°
increases the resolving power only by a factor of 1.2 at maximum (when n =
90°). Considering all these details, angle n is chosen as 75°. This choice
leads to o = 58.3° and ¢’ = 2.22x10™ rad/nm. Here, the angular dispersion is
considerably lower than the value (4.07x10™ rad/nm) reported in the
previous chapter. This drop is due the geometry chosen for the prism.

As mentioned before, our aim was to fabricate a functioning device, which
does not have to be fully optimized. Therefore, for the choices of parameters,
functionality was our main concern. The lowest angle of incidence/reflection
to the mirrors () is chosen well above it as 6 = Ocrir + 10° while it is
chosen Oit + 1° in the optimized scheme explained in the previous section.
By choosing 6, high, the effect of phase shift upon reflection (PSR) is
reduced for a given range of incidence/reflection angles (46) since the
derivative of the phase shift upon TIR (¢) with respect to @ is lower for
higher 0 values as can be seen from Figure 3.13 of the Chapter 3. This
lowers the PSR effect (tilt and Goos-Hénchen shift (GHS)) according to the
formulae of Section 3.2.4 of Chapter 3. Besides, 46 is chosen rather low as
2.5° for further reduction of the PSR effect. The parameters V and ¢, where V
has been defined in reference [1] (see also equation 27 of chapter 3) and ¢ is
the truncation parameter defined as B;,, = ¢cW;,, (W,, is the full width at half
maximum of the beam at the output of collimation mirror) are chosen by
considering the geometrical broadening in the image field. The broadening
of the image field (calculated by ray tracing) for the outermost wavelengths
of the considered region (1 = 800 and 900 nm) is chosen to be below 20 %
of the FWHM of un-blurred image as it will be discussed later in this
chapter. A parameter set satisfying the above criterion is: V = 19.06 and ¢ =
1.56.

As explained in the Section 4.3.1 of the previous chapter a parabolic mirror
is fully defined by the parameters 6, y (which is the angle between the
outermost rays and defined by the parameter set V and ¢) and B (the beam
width). The mirrors are arranged such that the parameters 6, and y are exactly
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the same for the two mirrors. The beam width at the output of the prism is
determined by choosing A4, =1.6 nm (an approximation for A1) and using a
modified version of Equation (4.2) with ¢ = 1.56 to choose the beam width,
B,,.. The above choices lead to; B;, = 500.0 um by using Equation (4.2),
B,y = 1015.1 um by using prism geometry, a focal length of the input
mirror fi, = 5.726 mm, a focal length of the output mirror fo,; = 11.627 mm
by using B = fy, Win = 320.5 um and Wy = 650.7 pm by using Equation
(3.12) of Chapter 3. As can be seen from the above values, the fabricated
spectrometer differs from the optimized spectrometer explained in the
previous chapter. The expected angular dispersion at the output of the prism
and numerical aperture of the waveguides are lower (due to the higher V
value) in the fabricated one. Therefore, the size of the fabricated device is
larger than the optimized one as can be seen later in this section.

The mirrors are designed for the central wavelength and will introduce
imaging errors at other wavelengths. To estimate the magnitude of the
blurring effect we have considered the field image corresponding to the
outermost wavelengths of considered wavelength region using ray tracing as
follows: Considering only the rays in-between the two rays corresponding to
the FWHM of the field coming from the focusing mirror (representing the
major part of the power of the beam) a focal spot broadening of 0.81 um was
found. This is equal to around 15.4 % of the un-blurred image implying an

approximate broadening as small as 1.2 % (v1 + 0.154% — 1 = 0.012).
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Figure 4.3: Graph of the quantity Fy(n).

The resulting layout of the fabricated spectrometer chip, which has a size of
8 x 29.5 mm? including the input and output waveguides, is shown in Figure
4.4, There are 31 receiver waveguides corresponding to the wavelengths
between 775 nm and 925 nm with a channel spacing of 5 nm. It should be
noted that, the positions of these waveguides are not corrected for the PSR
effect, which was underestimated during the design of the device since there
were no theory available (only approximate models) at that time. The
reference waveguides, which can be seen in Figure 4.4, are placed for
measuring losses in the spectrometer but the loss measurements cannot be
performed since the device does not work properly as discussed in the next
section. The layout, with 90° bends in the input WGs, has been chosen such
that only a small part of the stray light generated at the input interferes with
the spectrometer.
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Figure 4.4: Full layout of the fabricated spectrometer, which has a size of 8 x 29.5
mm?. The figures at the bottom show the input and receiver waveguides in detail.

4.3 Fabrication

The proposed device is implemented in SisN4 (nitride) layer sandwiched
between buffer and cladding SiO, (oxide) as mentioned before. The wafer
cross-sections corresponding to different steps in fabrication process flow,
which will be discussed next, are shown schematically in Figure 4.5.

The following steps can be discerned:

(a) The fabrication process starts with deposition of 178.7 nm stoichiometric
nitride (by using LPCVD) on top of an 8§ pm thermal oxide coated Si
wafer. The deposition is followed by an annealing step, which is
essential for avoiding the cracks at the annealing step of the top cladding
layer, at 1100 °C for 3 hours. The thickness of the nitride layer is
decreased to 175.0 nm after the post-deposition annealing by using BHF
etching.
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(b) This is followed by patterning of ridge waveguides using 15 nm deep
nitride etching in BHF solution. In this step the thickness of the field
outside the ridge waveguides decreased to 160 nm.

(c) Next, a sacrificial oxide layer, which is used in the adiabatic etching
process of the nitride layer for under-etching, is deposited in oxygen
plasma (10 min at 300 W RF power and 1.25 mbar chamber pressure).
Subsequently, the prism and mirror trenches are patterned by 120 nm
deep nitride in BHF. This etching process is done in several steps (each
step takes approximately 1 hour); the masking photoresist is annealed at
120 °C after each step in order to prevent peeling off the photoresist.
Thereafter, the sacrificial oxide is removed.

(d) Finally, cladding oxide is deposited by using PECVD (substrate
temperature of 300 °C, RF power of 300 W, chamber pressure of 650 mT
and gas mixture of 710 sccm N,O and 200 sccm 2% SiH4/N2) and
annealed at 1100 °C for 3 hours. This annealing step is essential for
decreasing the refractive index of the PECVD oxide layer in order to
prevent that the cladding layer supports a guided mode, with virtually no
field in the buffer layer, which would for this reason not be damped by
the Si substrate [2].
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Figure 4.5: Wafer cross-sections corresponding to different steps in the fabrication
process flow.

A top view photograph (taken with a microscope) of the fabricated device
can be seen in Figure 4.6, which shows the prism (almost completely) in the
middle and the mirrors (partly) on the left and right hand sides. The length of
the adiabatic transition section, which is expected to be 13.75 um by
considering the etching process of as deposited nitride in BHF solution, is
approximately measured as 65 pum from Figure 4.6. This unexpected
increase in the taper length is attributed to unforeseen lower etch rate of
annealed nitride in the BHF solution: At first we optimized and calibrated
the etching of the adiabatic tapers on dummy wafers for as deposited nitride
and prepared the masks accordingly. After the actual process, we found out
that the nitride should be annealed in the beginning and that the etch rate of
annealed nitride is considerably lower than that of the as deposited nitride.
Therefore, the fabricated adiabatic tapers are much longer than expected. As
explained in Section 3.3 (Chapter 3), the PSR effect of the tapered mirrors
leads to imaging errors if it is ignored. For the fabricated device, another
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imaging error comes from the fact that the mirror interfaces are shifted
approximately by 51.5 um (excessive under-etch) towards the waveguides
since the length of the tapered interface is 51.5 um longer than the expected
length of 13.5 pm.

| I

Figure 4.6: A top view photograph of the fabricated device. The main part of the
prism in the middle and parts of the mirrors on the left and right hand sides are
shown.

4.4 Characterization

We first consider the top view photographs of the fabricated chip made by
capturing the light scattered out of the guiding layer, while laser light at
850 nm is coupled into the input waveguide. Figure 4.7 shows the scheme of
the optical setup used for taking these photographs. The light of a laser light
source at 850 nm is coupled into a single mode optical fiber. Light at the
output of this fiber is collimated by a thin lens and then polarized by a
polarization beam splitter (PBS). TE polarized light at the output of the PBS
excites the input WG of the chip via a microscope objective lens. A camera,
which is mounted on a 3-axis translation stage, is used for the photographs of
the chip.
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Figure 4.7: Schematic view of the optical setup used for taking the top-view
photographs of the fabricated chip.

A set of photographs (all at the same magnification) taken from the different
regions of the fabricated chip by is shown in Figure 4.8. The bright dots
(except those corresponding to the exit/entrance of input/receiver
waveguides) in the pictures are attributed to fabrication errors (either
particles formed in the deposition process or regional etching of the guiding
layer due to the defects in the masking photoresist), which generate
scattering points. The following comments apply to the presented pictures:

(a) The exit of the input waveguide is the bright dot inside the circle. The
light starts to diverge after it leaves the waveguide.
(b) The light continues to diverge towards the collimation mirror.
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(c) The collimation mirror reflects the light directed to it. A part of the light
(left side of the beam) does not reflect from the mirror since the width of
the beam is a bit too larger for the size of the collimation mirror.

(d) The light enters the prism. Some scattering is visible at the starting and
ending of adiabatic interface.

(e) The light exits from the prism and hits the collimation mirror.

(f) The remaining part of the focusing mirror is seen. It can be seen at the
right end of the picture that the light is focused.

(9) The light continues to focus down towards the receiver waveguides. The
bright points correspond to scattering defects.

(h) The beam gets narrower towards the receiver waveguides as expected.
However, the Gaussian-like profile of the beam is (unexpectedly) not
maintained; the upper side of the focused beam is brighter than the other
parts. This is attributed to the device imperfections that will be discussed
next.

() The light reaches the receiver waveguides and it mainly couples into 5 of
the waveguides (instead of a single one) as can be seen from the bright
points corresponding to the entrance of waveguides. This shows that the
positioning of the receiver waveguides is not correct owing to not taking
into account the PSR effect and the fabrication error in the taper sections.
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Figure 4.8: The set of photographs taken from the different regions of the fabricated
chip while a laser source at 850 nm is coupled into the input waveguide.

We also consider the output spectrum of the receiver waveguides for a white
light input to the chip [3]. Figure 4.9 shows the scheme of the setup used for
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acquisition of the spectrums. The light of a broadband laser light source
(output spectrum between 450 nm to 1700 nm) is coupled into an optical
fiber, which is single mode for the operating wavelength range of the chip.
Light at the output of this fiber is collimated by a thin lens and then
polarized by a PBS. TE polarized light at the output of the PBS excites the
input WG of the chip via a microscope objective lens. The light propagating
in the waveguide is collimated and goes through the prism. Then it is
coupled into the receiver waveguides. The spectrum of a single receive
waveguide is obtained by coupling the light inside the waveguide to an
optical spectrum analyzer, which is connected to a computer, via a single
mode optical fiber. Then the same procedure is applied to the other receiver
waveguides.
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Figure 4.9: Scheme of the setup used for acquisition of the output spectrums from
the receiver waveguides for a white light input to the chip.

The experimental results depicted in Figure 4.10, presenting the spectrum of
three adjacent waveguides corresponding to the uppermost receiver
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waveguides in Figure 4.4, show that the spectrum of each waveguide
consists of one major peak and some smaller peaks at the right side of the
major peak. The major peaks are found at around 773.7 nm, 778.2 nm and
782.7 nm; the measured channel spacing is about 4.5 nm. Note that, the
channel spacing should be 5 nm according to the design as explained above.
The decrease in the channel spacing is attributed to the unwanted change in
o' due to un-optimized fabrication process: Considering the material
properties (refractive index, thickness, etc.), we rely on the optimizations on
dummy wafers but there might be slight differences (due to the tolerances in
the deposition and etching processes) in the fabricated device that we were
not able to measure. The locations of the major peaks are shifted for this
wavelength range by ~2 nm from the expected values (775 nm, 780 nm and
785 nm). For the central wavelength the shift is measured as 10 nm (not
shown here), which means that the major peak of A, = 850 nm is observed in
the waveguide supposed to receive A = 860 nm. This spectral shift is tried to
be understood by considering the aberrations induced by unexpectedly long
taper length as discussed next.
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Figure 4.10: The output spectrum of the three receiver waveguides corresponding
to the lowest three wavelengths of the considered wavelength region (775 — 925
nm).
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The spectral shift mentioned above is estimated for the central wavelength Ac
= 850 nm by considering displacement (due to longer taper length) of the
mirror and prism boundaries, and the PSR effect (tilt and GHS) (using the
correct (much larger) taper length) of collimation and focusing mirrors. The
calculations for estimating the PSR are made by using a 2D layer model for
the tapered interface, which is approximated by a staircase (with a
sufficiently fine grid for convergence) using indices for the layers equal to
the effective indices of the planar structures corresponding to the different
thicknesses. The procedure based on channel mode solving, as reported in
the previous chapter could not be applied here because the taper length is so
long that the mode-solver software cannot properly handle the required
computational area. Figure 4.11 shows the phase shift upon TIR wvs.
incidence angle for the fabricated taper (65 um long) at A.. In applying the
2D ray tracing method, which accounts for the PSR effect by using
Equations (3.34) and (3.36) of previous chapter, only to the central ray
coming from the input waveguide is considered, corresponding to the modal
maximum, in order to find the spectral error. The displacements of the ray at
the prism interfaces are also considered in the calculations, using a staircase
approximation for the taper section. The ray tracing result, where considered
ray hits the waveguide next to that for the central wavelength, shows that the
spectral error for A, is 5 nm whereas it is 10 nm in the measurements. This
difference is attributed to small errors in the fabrication process (refractive
index or thickness of nitride layer can be slightly different than the values
used in the design).
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Figure 4.11: Phase shift upon TIR vs. incidence angle for the fabricated interface
with 65 um taper length at 1 = 850 nm. 46 is the used incidence angle range for
both the mirrors.

The image break up as can be observed in Figure 4.10 cannot be explained
by ray tracing calculations. The image break up observed in the experiments
could be due to device imperfections (of which we do not know the origin).
The excitation of higher-order modes within the high V-number waveguides
as a cause for the image break-up seems not likely owing to the adiabatic
tapering (taper angle 0.1°).

4.5 Conclusions

We have designed, fabricated and characterized a prism spectrometer based
on adiabatically connected waveguiding slabs having different thicknesses.
The device is designed to work for TE polarized light at a central wavelength
of 850 nm over a wavelength range of 100 nm with a channel spacing of 5
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nm. At the time that the design of the device was made the PSR effect was
underestimated and not taken into account.

It was found from photographs that the length of the adiabatic tapering,
connecting the applied waveguiding slabs, was too long, owing to an error in
the etching process. The consequence of this is an enhanced PSR effect
(according to calculations) and a displacement of (among other things) the
used parabolic mirror interfaces.

Exciting the structure with light at the central wavelength and taking photos
of the light scattered from the various parts of the chip it was found that, as
anticipated based on the above over length of the tapering, that the light was
not well focused onto the output waveguide. Measuring the output spectra of
a few output waveguides confirmed the latter and also showed an
unexpected and unexplainable peak break-up in addition to peak broadening.
The wavelengths captured by the different output waveguides were
approximately the correct ones. The angular dispersion of the beams
emerging from the prism was found to have approximately the design value
with an error of 10%.
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5 Integrated Optics Polarization Splitter:
Design, Fabrication and Testing

We describe the design, fabrication and characterization of an on-chip
polarization splitter in adiabatically connected slab WGs. The polarization
splitter is operated at a central wavelength of . = 850 nm, which is chosen
such that the device is compatible with the prism spectrometer described in
the previous chapter. The device is implemented in a SisN4 layer sandwiched
between SiO, layers and it can be fabricated with the same fabrication
procedure as for the integrated prism spectrometer described in the previous
chapter.

5.1 Introduction

In a single mode waveguide, two orthogonally polarized modes can be
present at the same time. This simultaneous presence of the two modes can
cause problems due to polarization sensitivity of optical components in the
system [1]. Discrete processing of TE and TM polarization components via
polarization splitters, which may also serve as combiners, can solve this
problem [2]. Planar polarization splitter devices are very advantageous since
they can be combined with integrated optical (I0) systems on the same
substrate. A number of planar polarization splitter devices with different
working principles have been studied in the literature such as directional
coupler and asymmetric Y junction based structures [3, 4]. In addition,
birefringent Mach-Zehnder interferometers and multimode interference
couplers are being used as planar polarization splitters [5, 6]. Slab
waveguide based polarization splitting trenches are also implemented but
were never fully integrated with input and receiver waveguides [7].
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In this chapter, we will introduce the design, fabrication and characterization
of on-chip polarization splitters in adiabatically connected slab waveguides
(having two different thicknesses). The principles of 2D geometrical optics
and diffraction theory are used to model the device. As it is the case for the
fabricated prism spectrometers explained in the previous chapter, the main
aim of this research was to demonstrate experimentally the polarization
splitting capability of the presented. Therefore, the device parameters were
chosen to lead to a functioning yet not necessarily fully optimized device.
Here, the fabrication process will not be discussed in detail since the devices
were fabricated using exactly the same process that we use to fabricate the
prism spectrometers.

The rest of this chapter is organized as follows. First, we will introduce the
principle related to the polarization splitter in Section 5.2. Then, the design
of this device will be presented in Section 5.3, where the fabrication process
of the device will also be mentioned briefly. This is followed by a
description of the experimental characterization of the fabricated device in
Section 5.4. The chapter ends with conclusions (Section 5.5).

5.2 Device Principle

A schematic of the considered polarization splitter device is shown in Figure
5.1. It is composed of an input waveguide, an elliptical mirror, a polarization
splitting trench and two receiver waveguides, corresponding to the two
polarizations. The input and receiver waveguides are ridge WGs with an
effective index of Ny for the slab corresponding to the ridge section. The
polarization splitter and the mirror are made at the same technological step
(nitride etching in BHF) for simplicity of fabrication. The regions of
different slab thicknesses are connected via adiabatic vertical tapers, which
minimize reflection losses at the polarization splitting trench interfaces and
minimize polarization conversion on reflection from the elliptical mirror as it
is explained in chapter 3 for the parabolic mirror.
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Figure 5.1: Schematic of the polarization splitter. The white and grey areas
correspond to thick and thin slabs, respectively. Ridge waveguides are indicated by
yellow lines. The capitals N refer to the effective index of the planar structures
corresponding to the indicated regions.

The working principle of the proposed polarization splitter is as follows. The
input WG is tapered up over a length of 1 mm from the width of a single
mode WG (1 um in the present case) to a certain width corresponding to the
desired modal width chosen such that the geometrical aberrations for focused
fields at the entrance of the receiver waveguides are minimized as it is
explained below, in Section 5.3. Light carried by the waveguide diverges in
the thick slab and then starts converging after reflection from the elliptical
mirror. The latter is an elliptical total internal reflection (TIR) mirror for slab
modes defined by the interface between thick (high modal index, N;) and
thin (low modal index, Ny) slab sections. The converging light beam enters
the polarization splitting trench where the different polarization components
are angularly dispersed. The polarization splitter slab shown in the figure is
similar to the thin film polarizer described in [7], but here we use a trench
with non-parallel edges in order to minimize geometrical aberrations at the
output as will be explained in the next section. The output beams leaving the
polarization splitter slab are then further converging onto receiver
waveguides, corresponding to the different polarizations. The receiver
waveguides are tapered down to a width corresponding to single mode
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operation for preventing the unwanted occurrence of higher order guided
modes and optical coupling between the receiver waveguides.

5.3 Design

The proposed device is implemented in SION WG technology by using a
SisNs layer sandwiched between buffer and cladding SiO, (oxide). The
fabrication process steps are exactly the same as the ones used for the prism
spectrometer and will not be described here. Although the nitride deposition
and etching thicknesses in the fabrication can be optimized specifically for
the polarization splitter, these thicknesses are chosen equal to those for the
prism spectrometer, for convenience of fabrication. So, the polarization
splitters have been fabricated together with the prism spectrometers on the
same substrate. The nitride thicknesses and corresponding effective
refractive indexes for TE and TM polarizations at A. can be seen in Table
5.1.

Table 5.1: Thicknesses for the different chip regions indicated in Figure 5.1 and the
effective refractive indexes of the corresponding slabs, for TE and TM polarizations
at Ac.

Thickness TE Nest TM Nett

t; =160 nm Nite = 1.6785 Nitm = 1.5717
t; =40 nm Naote = 1.4785 Notm = 1.4611
ty =175 nm Ngre = 1.7003 | Ngrw = 1.5919
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5.3.1 Elliptical Mirror

An ellipse can be defined as the set of all points in a plane, for which the
sum of the distances from two fixed points in the plane (the foci) is constant
[8]. Therefore, according to Fermat’s principle, all rays originating from one
of the foci of an elliptical mirror and travelling via the mirror will pass
through the other focus [9]. Figure 5.2 shows the schematic of the elliptical
mirror, which is the portion of a full ellipse and symmetric around point A,
corresponding to the centre of the mirror. The exit of the input waveguide is
at one of the foci, which is at (0,0), and the other focus is at (x,0). In this
figure (x;,y;) and (x,,y,) are the first and last points on the mirrors,
respectively, 6, and 6, are the smallest and largest incidence/reflection
angles on the mirror, y is the angle between the outermost rays, a is the
angle between the lower outermost ray from the input waveguide and the x-
axis, B is the width of the reflected part of the diverging beam at the
entrance of the mirror and it is equal to the width of the converging beam at
the exit of the mirror, f is the distance between point (0,0) and B and it is
equal to the distance between point C and (x;0), for reasons of symmetry.
Here, w, can be considered as a virtual aperture, which defines the
truncation of the input field by the finite size of the mirror, for the input field
at a distance of f. The far field of the input beam with a full width at half
maximum (FWHM) of W at a distance of f can be found via the V
parameter of the input waveguide and the truncation parameter ¢, defined by
B = ¢WW. Note that a combination of two parabolic mirrors can also be used
instead of elliptical mirror for the polarization splitter. The advantage of
using only one elliptical mirror is reduction of the PSR (phase shift upon
reflection) effects since there is only one mirror involved in the device.
Futhermore, PSR effect are reduced due to a smaller incidence angle range
(A6 = 6, — 6,), implying a smaller range for the PSR (¢(6,)—@(6,); see

Figure 3.13 of Chapter 3).

The equations related to the elliptical mirror design can be derived as
follows. Denoting the mirror coordinates by (x, y) it follows [10]:
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VX2 +y2+ [ —0)2 +y? = d,, (5.1)

(X1y2) mirror A (xy) (XY

Input waveguide (x,0)

Figure 5.2: Schematic of the elliptical mirror introducing the used symbols.

where d,, is a constant (equal to the path length between the two foci for a
ray reflected by the mirror). Next we will show that the elliptical mirror
(shape and size) is fully defined by the quantities y, 6; and f. It follows from
geometry by considering the triangle formed by the two foci and the point
(x1,y,) that

. 180 —291—)/’ (5.2)
2
Y1 __
o= tan(a + y), (5.3)
and
(5.4)

V(x12 +y12)cos(y/2) = f.

By using Equations (5.2), (5.3) and (5.4) expressions for x; and y; can be
found. Then, with x; = (y, /tana) + x; we find
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Xn = Xf — Xq. (5.5)

Substituting x;, y; and x, in Equation (5.1), d, can be found. Then, the
mirror curve can be derived since both x,, and d,, are known.

As explained in the introduction of this chapter, our focus was to make a
functioning device that does not have to be fully optimized. At the time that
the design of the device was made the PSR effect was underestimated (there
were no models available back then) and not taken into account. Therefore,
the design parameters for mirror (y, 6;, f) and input waveguide (V) are
varied to minimize the geometrical aberration effects caused by the trench.
To that end the lowest angle of incidence/reflection (&) is chosen well above
Ocrit (for TM polarization; guaranteeing also TIR for TE polarization) 6, =
Ot + 10°. By choosing 6, large, the effect of the PSR (although the PSR
effect was not taken into account it was known, from a rough estimation,
that the PSR effects exist) is reduced as explained in the Section 3.3 of
Chapter 3. The other parameters related to the mirror being y and f are
chosen such that 46 is rather low to reduce the geometrical aberration
effects. The origin of these aberrations can be explained as follows: The rays
are reflected from the elliptical mirror such that they converge without any
aberrations (ignoring the PSR effect) if there would be no polarization
splitting trench. However, since each ray enters the trench with a different
angle, the relative angles between the rays change at the output of the trench.
Therefore, there is a focal spread at the entrance of the receiver waveguides
causing imperfect imaging. The V parameter of the input waveguide is
chosen rather high for further reducing the geometrical aberration effects. By
choosing a large V parameter the FWHM of the modal intensity (wn) of the
input waveguide at the taper end is increased which leads to a lower angular
spread and so to less effect of the geometrical aberrations. Here, a full
optimization for the device parameters has not been done as explained
previously, they were chosen to attain a reasonably well device performance
as to the losses due to geometrical aberrations. The chosen parameters for
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the mirror and input waveguide are listed in Table 5.2. These choices lead to
40 =0.6° ¢ =1.28, Wy =4.98 um for TE and Wy, = 5.05 um for TM.

Table 5.2: Design parameters chosen for the elliptical mirror and input

waveguide.
Parameters Values
y 7.85°
Elliptical
.p o, 77.9°
Mirror
f 2.076 mm
Input
P . \ 13
Waveguide

It should be noted that the elliptical mirror is not a perfect imaging device for
the following reason. As is seen from Figure 5.2, the central ray coming
from the input waveguide does not hit point A, which is the midpoint of the
mirror. Consequently, the central ray at the output focus does not originate
from the central ray of the input field. Therefore, overlap losses will occur at
the input of the receiver waveguides due to a asymmetric image field at the
output focus. This loss is estimated by making a 2D beam propagation
method (BPM) based simulation, in which the polarization splitting trench is
omitted for convenience. The simulations have been done only for TE
polarization and the effective index method is used for dimensionality
reduction to 2D. We assumed a device lay-out according to the parameters
given in Table 5.2. We put a receiver waveguide at (x;,0) with the same V
number as used for the input waveguide. The mirror is defined such that the
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adiabatically tapered mirror region has a width of 14 pum, which is the
expected vertical taper length before starting the fabrication. The simulation
results show that the optical power in the input waveguide couples into the
receiver waveguide with a functional loss of 0.86 dB including the truncation
losses.

5.3.2 Polarization Splitting Trench

The polarization splitting principle of the considered device is based upon
the birefringence of slab waveguides, meaning that in each slab the effective
refractive indexes of the (zero-order) guided modes for TE and TM
polarizations are different. Figure 5.3 shows the schematic of the
polarization splitting trench, a crucial part of the splitting device. The rays
depicted in Figure 5.3 initiate from the output part of the elliptical mirror
with a virtual aperture of B and the distance between the starting point of the
central ray and original (i.e., without trench) focal point of the mirror is f.
The polarization splitting trench can be configured either with an exit
interface, which is parallel to the entrance interface [7], or a rotated one. In
this study, we have chosen the parameters related to the polarization splitter
trench by first considering the parallel exit interface condition. After the
trench has been optimised for that situation (orientation and width) the
rotation angle () of the exit interface is empirically optimized by using ray
tracing to minimize the geometrical aberrations induced by the trench. The
geometrical aberrations are caused by the unequal change in optical path
difference of the rays inside the trench. The complete design procedure of
the polarization splitting trench will be given next.
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Figure 5.3: Schematic of the polarization splitting trench and used symbols. The
rays correspond to the situation with a parallel exit interface.

We will first derive the expression for the optimal distance between the two
foci for the case with the parallel exit interface. In Figure 5.3, the blue and
red coloured rays correspond to TE and TM polarizations, respectively. All
the rays entering the polarization splitting trench will leave the trench with a
direction parallel to its original direction. Therefore, the central rays of
different polarization components will be parallel to each other at the output
of the trench. The vertical distance (ws = hrg — hp),) between the TE and
TM focal points can be found by tracing only the central rays of different
polarizations components for the parallel exit interface case as follows. The
refraction angles at the entrance interface of the polarization slab can be
found by using Snell’s Law:

arg = sin™'(Nygg sin 6;/Norg) — 6;, (5.6)

Aty = Sin_l(NlTM sin0;/Nory) — 6;, (5.7)

96



Chapter 5

where, 6; is the angle of incidence of the central incoming ray, a;g and a;y
are refraction angle at the entrance interface for TE and TM polarizations,
respectively, N;rr and Niry, are effective refractive indexes of the region
outside the polarization splitting trench for TE and TM polarizations,
respectively, N,yr and N,r,, are effective refractive indexes of the region
inside the polarization splitting trench for TE and TM polarizations,
respectively. It follows from the geometry that

b = [ cos 6; ) (5.8)
TE = Cos(0; + arg) o ETE '
lcos 6; ]
™ Sinagy, . (5.9

- cos(0; + ary)
The vertical distance (w,) between TE and TM outputs can be expressed by,

[ cos 6; ) lcos6;
Wy = —————sinagy —
S cos(6; + arg) TE

cos (0 F am) Sin ary-. (5.10)

This equation shows that ws is defined by two parameters; | and ;. Equation
(5.10) shows that ws changes linearly with I. Figure 5.4 shows ws as a
function of 6;, up to a value of around 2° below the critical angle for
reflection (61.7°). For this graph, | is taken as 1 um. Considering for the
moment only the vertical separation between foci it follows that for a large
focal separation the values for | and 6; should be chosen as large as possible.
However, the focal spread (ws), due to geometrical aberrations (caused by
the polarization splitting trench owing to the fact that the rays corresponding
to a certain polarization do not go exactly through the same (focal) point), at
the output increases when | and 6; are increased for the parallel exit interface
case. By empirically optimizing # after choosing | and 6;, geometrical
aberrations can, to a certain extent, be decreased at the expense of a small
decrease in ws. The optimization of # can be explained as follows. The focal
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spreads at the foci corresponding to different polarizations are calculated for
different # values by using ray tracing. Then, # is chosen such that the focal
spreads are minimized without a significant decrease of ws.

0.8

0.7f

0.6

0.5r

0.4r

W (1m)

0.3F

0.2r

0.1r

0 10 20 30 40 50 60
60

Figure 5.4: Vertical separation between TE and TM focal points (ws) as a function

of incidence angle of the central ray (8;) up to the angle 2° below critical angle for
reflection (61.7°).

As mentioned in the previous section, our focus was to make a functioning
device that does not have to be fully optimized. The parameters for the
polarization splitter trench are chosen such that the separation between the
output waveguides corresponding to different polarization components is
wide enough to have negligible cross talk, which is confirmed by mode
solver based calculations of the waveguide coupling.

Table 5.3 shows the chosen design parameters for the polarization splitting
trench. For the parallel exit interface condition these choices lead to ws =
33.6 um, Wgs = 1.05 pm for TE and Wi = 0.51 pm for TM. For angled (with
given #n in Table 5.3) exit interface case, ws decreased to 28.9 um, W
reduced to 0.95 and 0.36 for TE and TM, respectively. Note that the focal
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spread for the two polarizations is negligible with respect to the width of the
waveguide modes (w,,, = 5.1 um).

The resulting layout of the fabricated polarization splitter chip, which has a
size of 4.2 x 13.8 mm? including the input and output waveguides, is shown
in Figure 5.5. There are two receiver waveguides corresponding to the TE
and TM polarizations. The reference waveguides, which can be seen in
Figure 5.5, are placed for measuring losses in the spectrometer but these loss
measurements have not be performed due to lack of time. By applying bends
in the input WGs only a small part of the stray light generated at the input of
the chip interferes with the polarization splitter.

Table 5.3: Parameters chosen for the polarization splitter slab.

Parameter Value
0i 22.6°
I 1250 um
n 12.9°
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Figure 5.5: Full layout of the fabricated polarization splitter, which has a size of 4.2
x 13.8 mm?. The figures at the bottom show the input and receiver waveguides in
detail.

5.4 Characterization

Top view photographs of the fabricated chip were obtained by capturing the
light scattered out of the structure, while laser light at 850 nm is coupled into
the input waveguide. Figure 5.6 shows the schematic of the optical setup
used for taking these photographs. The light of the laser is coupled into a
single mode optical fiber. Light at the output of this fiber is collimated by a
thin lens and then polarized by a polarization beam splitter (PBS). The
polarized light then travels through a A/2 plate in order to choose the desired
polarization of the light that will be coupled into the chip. The polarized light
at the output of the A/2 plate excites the input WG of the chip via a
microscope objective lens. A camera, which is mounted on a 3-axis
translation stage, is used for the photographs of the chip.
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Figure 5.6: Schematic view of the optical setup used for the taking top view
photographs of the fabricated polarization splitter chip.

A set of photographs (all at the same magnification) taken from the different
regions of the fabricated chip is shown in Figure 5.7. The first four photos
(a-d) were taken while the input is mixed polarized light, (e, f) were taken
while the input is TE polarized light and (g, h) were taken while the input is
TM polarized. Here, (e) and (g) were taken without changing the position of
camera and (i) is obtained by placing a transparent version of (e) on top of
(9). The bright dots (except for those corresponding to the exit/entrance of
input/receiver waveguides) in the pictures are attributed to fabrication errors
(either particles formed in the deposition process or local etching of the
guiding layer due to the defects in the masking photoresist), which generate
scattering points. The following comments apply to the presented pictures:

(a) The exit of the input waveguide is indicated by the dashed circle,
marking the place where the light starts to diverge after it leaves the
waveguide.
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(b) The elliptical mirror reflects the light. Then, the light starts to focus
toward the polarization splitting trench.

(c) The focusing light enters the polarization splitting trench through the
adiabatic vertical taper. Some increased scattering is visible at the
entrance and exit of the adiabatic taper.

(d) The light exits from the polarization splitting trench. The beam gets
narrower towards the receiver waveguides as expected. However, the
Gaussian like profile of the beam is not maintained (similar as in the
case for fabricated spectrometer (Section 4.4 of Chapter 4)): the
lower side of the focused beam is brighter than the other parts for
unknown reasons.

(e) TE polarized light is focused towards the receiver waveguides and
excites the one corresponding to TE polarization. As can be seen,
part of the light does not couple into any of the receiver waveguides
as a result of overlap losses at the entrance of the waveguide. These
losses are attributed to defocusing and tilt errors due to the
unexpected vertical taper length and not taking into account the PSR
effect.

(f) The light that excites the TE receiver waveguide is coupled out of the
chip through the exit of the TE receiver waveguide. The part of the
light that does not couple into any of the receiver waveguides
propagates in the slab and couples out via an end-facet of the chip.

(g9) TM polarized light is focused towards the receiver waveguides and
excites the one corresponding to TM polarization. By visual
inspection of the photographs it seems that a relatively large amount
of TM light is coupled into the corresponding WG.

(h) The light that excites the TM receiver waveguide is coupled outside
of the chip through the exit of the TM receiver waveguide.
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(1) This figure is the combined version of (e) and (g) and shows a clear
separation between the beams corresponding to TE and TM

polarizations.

Figure 5.7: The set of photographs taken from the different regions of the
fabricated chip while a laser source at 850 nm is coupled into the input
waveguide. The first 4 photos were taken while the input is mixed polarized
light, (e) and (f) were taken while the input is TE polarized light, (g) and (h)
were taken while the input is TM polarized light, (i) is the combined version of

(e) and (Q).
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From the above study we conclude the following:

1. The combination input WG, elliptical mirror and polarization
trench lead, as desired, to the spatial splitting of TE and TM
polarized light.

2. The PSR effect was not taken into account in the design leading to
mismatch between device image and mode profiles of the output
WGs.

5.5 Conclusions

We have designed and fabricated an on-chip polarization splitter for light
guided by channel waveguides using an elliptic mirror for focusing and a
polarization splitting trench. The mirror and trench were based on
adiabatically connected waveguiding slabs. In the design the PSR effect are
not taken into account and the focal spreads for the two polarizations, owing
to geometrical aberrations at the output foci, are used as performance
parameter. In order to minimize these spreads a trench with non-parallel
interfaces is considered. Characterization results show that the polarization
splitter is working approximately as expected, except for losses at the
entrance of the receiver waveguides due to imperfect imaging. This
discrepancy is attributed to the combined effect of an error in the fabrication
(leading to too long tapers) and neglecting the PSR effect.
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6 Semi-guided Plane Wave Reflection by
Thin-Film  Transitions for Angled
Incidence’

The non-normal incidence of semi-guided plane waves on step-like or
tapered transitions between thin film regions with different thicknesses, an
early problem of integrated optics, is being reconsidered. Accepting the
scalar approximation, using an ansatz of harmonic field dependence on the
position along the interface, the 3-D problem reduces to a 2-D Helmholtz
problem, for guided wave input and transparent-influx boundary conditions,
with an effective permittivity that depends on the incidence angle.

6.1 Introduction

Classical concepts [1, 2] for integrated optical components like lenses [3, 4],
mirrors [5], prisms [6], but also for complex lens-systems [7], or, more
recently, for entire spectrometers as we explained in Chapter 3, rely on the
effects that a transition between regions with different layering has on thin-
film guided, in-plane unguided waves (semi-guided waves). Specifically,
this concerns tapered or step-like transitions between regions with different
core thicknesses. Results for the reflection and refraction of 1-D guided
plane waves at such a discontinuity may form the basis for a description of
the in-plane propagation by geometrical optics [1, 2]. Figure 6.1 provides a
schematic view of the problem under consideration. One might be tempted to

% This chapter has been published as: F. Civitci, M. Hammer, and H.J.W.M. Hoekstra,
"Semi-guided plane wave reflection by thin-film transitions for angled incidence," Optical
and Quantum Electronics, vol. 46, pp. 477-490, 2014.
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reduce the actual 3-D problem of Figure 6.1 to two spatial dimensions by
what is known as “effective index method” [10], i.e. by representing the
regions of different film thicknesses in terms of the effective modal indices
of properly polarized slab waveguide modes, followed by applying the
classical Fresnel-expressions [11] for reflection and transmission of plane
waves under angled incidence. Unfortunately, this approach is more
questionable (radiation losses, ill-defined effective index [10]) even for the
case of normal incidence. For angled incidence, one additionally neglects
any effects due to the vectorial nature of the problem (wave hybridization).

S

V'V

Figure 6.1: Incidence of vertically guided, laterally unguided plane waves under an
angle on a step discontinuity between regions with different core film thicknesses.
Primary interest is in the relative amplitude, and in the phase, of the reflected semi-
guided wave, typically as a function of the angle of incidence. This phase change,
or more precisely its angular derivative, determines the lateral displacement, the so-
called Goos-Hénchen shift, of an in-plane-guided beam upon reflection at the
transition [8, 9].

In this chapter, we introduce the theoretical modeling for angled incidence of
the semi-guided waves to a tapered or step-like discontinuity by using the
scalar 2-D Helmholtz equation. The respective background is being outlined
in Section 6.2. In Section 6.3, simulation results for a step discontinuity and
for a series of tapered transitions are discussed. Moreover, these results are
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compared with the results that we obtained with the transverse resonance
condition based method used for calculating phase shift upon total internal
reflection in Chapter 3. The chapter ends with conclusions in Section 6.4.

6.2 Scalar Theory

For simplicity we first look at a step discontinuity, as illustrated
schematically in Figure 6.2. What follows relies on the approximation that,
for the problem in question, polarization effects originating from interfaces
or permittivity gradients can be disregarded. Neglecting the corresponding
derivatives, the original Maxwell equations [11] turn into to the scalar
Helmholtz equation,

(02 + 02 + 02)E + k2€eE = 0, (6.1)

where E is optical electric field oscillate in time ~ exp(iwt) with frequency
w = kc = 2mc/A, for vacuum wavenumber k, wavelength A, speed of
light ¢, permittivity €,. Structural information is given by the relative
permittivity e = n?, or by local values for the refractive index n.

o "

(1I)

Figure 6.2: Step discontinuity, cross sectional and top views, with the relevant wave
vectors and angles indicated.
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Motivated by the y-homogeneity of the problem d,e = 0, one adopts an
ansatz of harmonic y-dependence for the scalar field E:

E(x,y,2z) = E(x,z)e Y, (6.2)

Inregion (I), z < 0, a slab mode with x-profile and effective mode index N,
nonguided in the y- and z-directions, is supposed to be coming in at an angle
0:

Ein(x,y,2) = W(x)e kN(sinby+cos62) - 52y 4 2(¢, — N2)W = 0. (6.3)

This incoming wave E;, must satisfy the previous ansatz (6.2).
Consequently, the lateral wavenumber k, has to be related to the angle of
incidence as

k, = kN sin 6. (6.4)
One is left with the effective scalar problem
(07 + 02)E + k?€,p7E = 0, with €77 (x,z) = €(x,z) — N*sin*6, (6.5)

which is to be solved on a 2-D computational domain. Note that Equation
(6.5) emerges as well if one neglects the permittivity derivatives (de = €d)
in the elements of the matrix operators of Equations (6.3), (6.4).

In principle, any suitable 2-D Helmholtz (scattering) solver for scalar TE
fields could be applied. The outcome will be the field in the computational
domain, or a numerical representation thereof, which, in region (I), can be
given the form

EIZ (x,y, 7) = {Lp(x)(e—ichosez + peikNCOSBZ) +)((x,Z)}€_ikNSin9y ) (6.6)
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where y is assumed to be orthogonal to the incoming profile,
[x(x,2)¥(x)dx = 0, for all z < 0. This remainder represents any
nonguided parts of the optical fields (radiation losses, backward propagating
in region (1)) as well as guided waves of higher orders, if applicable. Our
primary result is the complex reflection coefficient p = p,e‘® which
separates into the reflectance R = p3, and the phase change upon reflection
¢. In case guided modes are supported in region (1), also the guided wave
transmittance T, defined analogously, might be of interest. Typically all
quantities will be investigated as functions of the angle of incidence 6.

6.2.1 Total Internal Reflectance

Beyond the discontinuity, in the region (1) of Figure 6.2, the structure
becomes z homogeneous again. We assume that the core thickness there is
smaller than the thickness in region (I), or, more precisely, that the effective
index of the fundamental guided slab mode supported by region (1), if any,
is smaller than N. Any in-plane propagating waves in region (Il) can be
characterized by a wavenumber kn,,; and an effective index n,; that relate to
the y-z-propagation. In case the layering of region (I1) supports guided slab
modes, the effective index of the fundamental mode constitutes an upper
limit for n,;. If no guided modes exist, the larger one of the refractive indices
for x > £oo in region (1) (i.e. the maximum of the substrate or cover
refractive indices) establishes an upper bound for n;. Let N,; denote that
limiting value.

Our ansatz (6.2) covers region (I1) as well. All in-plane propagating waves
there can thus be associated with a propagation angle 6,;, such that Snell’s
law holds for the in-plane propagation:

ky == kN SlTl 9 = anI SlTl 911 S kNII Sin 611. (6.7)

Propagating waves in region (Il) require sin 8;; to be real, i.e. sin8,;, < 1.
Consequently, if the angle of incidence 8 exceeds the critical angle 6, given
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by

. Ny (6.8)
sin Qc = W,

no in-plane propagating waves can exist in region (I1), and hence no optical
power is being transferred into that region (evanescent waves, which decay
exponentially in the +z-direction, are well permitted).

More formally this can be seen as follows. With a view to the completeness
of the operator of Sturm-Liouville type in Equation (6.3), here for region
(1), we can restrict to solutions of Equation (6.1), or Equation (6.5),
respectively, in the separable form

EII (.X', Y, Z) = LIJ” (x)e_i(kyY+kII,zZ) (69)
where the local “mode” profile W¥;; satisfies
0FWy + ke = (k5 + kif ,z) Wiy < K2NjjWy,. (6.10)

Remember that N,, has been introduced above as a limiting value, not
(necessarily) the actual effective index of the wave in question. In-plane
propagating waves of this form, i.e. solutions with k7 , > 0, thus require that
k*Nj — k% >0, or, using the ansatz (6.4), that the angle of incidence 6
does not exceed the critical angle defined in Equation (6.8).

A similar reasoning can be applied to any reflected waves in region (1) that
propagate in the negative z-direction, i.e. that carry potential radiative losses.
These waves can be associated with an effective index N;, relating to y-z-
propagation. Typically N; would be the effective mode index of the first
order slab mode, if applicable, or alternatively the maximum of the
core/cladding refractive indices, as the limiting value for the continuum of
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core/cladding “modes”. Also here we can associate an in-plane propagation
angle 6, with these waves, which needs to comply with Equation (6.2):

ky, = kN sin 6 = kN,sin6,. (6.11)

Propagating waves in region (1), beyond the fundamental guided slab mode
with effective index N, can exist only if sin 8; < 1, or for incidence angles
6 below the critical angle

N
sin 0, = Wl (6.12)

for the in-plane propagation of higher order waves in region (I). In particular,
for 8 > 6,, no backwards traveling propagating waves are permitted in
region (I), apart from the fundamental guided mode. Any optical power
reflected from the interface is thus being carried away by that mode, there
are no radiation losses due to reflected waves, the guided wave reflectance
and transmittance (attributed to the fundamental mode only) add up to unity,
T + R = 1. If in addition 68 > 6., then the interface reflects the entire
incident power into the backwards traveling fundamental guided mode,
R = 1,T = 0. Inthat case one can indeed speak of total internal reflection
for the semi-guided plane waves.

Note that, in case that regions (I) and (Il) share the same z- and y-uniform
cladding, as considered in Section 6.3, 6, also limits the range of incidence
angles where higher order propagating waves can exist in region (Il). In fact,
as seen by evaluating Equation (6.5) at a position where e(x,z) = N7
(examples are the substrate and cover regions in the examples of Section
6.3), the effective permittivity €. in the cladding is negative for incidence

angles beyond 6,., i.e. permits only (x-, z-) evanescent waves. Note further
that most of this reasoning applies as well for configurations with a tapered
domain—of in principle arbitrary shape—in between the regions (1) and (I1).
Exceptions would be configurations with an intermediate higher refractive
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index, or larger core thickness (here one must expect the existence of guided
waves, propagating in the y-direction), or large intermediate substrate or
cladding indices that establish something like a half- or double-infinite

“vertical core”.

While these arguments rest on Equation (6.1), i.e. are valid for scalar (TE-
like) waves only, one could analogously write equations for a second set of
characteristic angles that relate to waves with vertical (—x) profiles of TM
shape. In case the transition does not cause any (substantial) polarization
coupling, the former considerations are applicable independently to TE- and
to TM polarized waves. Otherwise one would have to consider both
characteristic sets together in order to identify ranges of angles of incidence,
where the different types of polarized waves in regions (1) or (I1) can exist,
i.e. where power transfer between the respective waves is permitted or
forbidden.

6.2.2 Goos-Hianchen-shift

Bundles of solutions (Equation (6.6)), for different angles of incidence 6, or
different wavenumbers k,, respectively, can describe what happens to a
vertically guided, laterally wide, non-guided beam when it encounters the
interface [10, 11]. For the guided part of the waves in region (I), and for
configurations with total internal reflection (p, = 1), such a superposition
reads

g 0,7,2) = [ Al )W) femtheler)
+ eid)(ky)eikz(ky)z}e—ikyydky. (613)

The second term represents the reflected waves; for total internal reflection
only the phase part of the reflection coefficient remains. Its functional form
¢(k,) is known only implicitly through the numerical results. Note that the

explicit dependence k,(k,), as stated in Equation (6.6), will not be used
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below.

We now assume that the amplitudes A(k,) of the wave packet are nonzero
only in a small region of values k,, around k,, = kNsin6,, related to the
principal angle of incidence 8, of the beam, such that expansions k,(k,) ~
kzo + (ky — kyo)vo and ¢(ky) = ¢o + (ky — kyo)Ao OF first order, with

abbreviations k.o = k;(kyo), vo = %hyo, o = P(kyo), and Ay =
y

a¢ |
dky kv

, suffice for evaluating the integrals formally:
E 4 (x,y,2) = Y){F(y + vy2z) e k0% + ei%o F(y — v,z

— —ikz Z —ik oY
Bg)e~Hot et (6.14)

The incident and the reflected beam share the same envelope F(§) =
JA(kyo +q) e %4dq, where, in the plane of incidence z = 0, the
reflected beam is displaced by the lateral distance A, relative to the incident
beam. Using the relation in Equation (6.4), and dropping the zero subscripts,
the expression for the Goos-Héanchen shift A of a beam at incidence angle
can be given the form

_ 1 d¢ (6.15)
" kNcosO db’

According to the schematic view in Figure 6.3, the lateral shift can be
viewed as a geometric reflection at an effective boundary at a distance
6 = A/(2 tan 6) behind the actual physical interface. Respective values for
A and 6 complement the results for reflectance R and phase change upon
reflection ¢ in Section 6.4. Note that the reasoning in this section remains
valid for total internal reflection at slab waveguide transitions of arbitrary
shape (e.g. for the tapered configurations of Section 6.3.2), as long as the
region (I) on the left z < 0 of the “interface” is z-homogeneous (where the
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precise interface position is arbitrary, in principle), provided that the data for
¢(0) is calculated and applied consistently.

Figure 6.3: Lateral shift A (Goos-Hanchen-shift) of a semi-guided beam upon total
internal reflection with incidence angle 6 at the border of region (I). The
displacement can be viewed as the effect of a geometric reflection of the ray
associated with the beam at an effective interface that is positioned at a distance §
apart from plane z = 0 of the physical discontinuity.

6.3 Examples

The numerical experiments of the following paragraphs rely on the
quasianalytical scalar 2-D Helmholtz solver of [12, 13]. Guided mode
analysis of channels with 2-D cross sections, as required for the approach of
Chapter 3, has been carried out with the quasianalytical technique of [14]
(step discontinuities), and with the vectorial finite-difference solver of [15]
(tapered transitions). Note that errors are inherent to all these results. For the
Helmholtz solver, mainly the effect of the limited computational window
and the staircase approximation, for the tapered solutions, are to be
mentioned. The mode solvers are invoked for quasi-TE or vectorial, TElike
polarized waves. Consequently, different continuity conditions for the lateral
interfaces might cause a disagreement with the truly scalar results from the
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Helmholtz solvers. Although reasonable convergence, up to the scale of the
figures, has been assured in all cases, certain “noisy” features in the
respective curves, especially when it comes to derivatives (i.e. differences of
possibly defective values), must probably still be attributed to numerical
uncertainties. Parameters have been adopted to be comparable with the
practical design of the prism spectrometer in Chapter 3. Referring to the
insets of Figures 6.4, 6.6, configurations are specified in terms of the core
and cladding refractive indices n, = 2.0081 and n, = 1.4524, the slab
thicknesses in region (I) d =160 nm and region (ll) r =40 nm, for
vacuum wavelength 4 = 850 nm, and in-plane (TE, quasi-TE) polarized
(scalar) waves. The slabs of thicknesses d and r, respectively, support
guided modes with effective indices N = 1.678 and N,; = 1.479. Equation
(8) predicts a critical angle 6. = 61.75° for total internal reflection at the
transitions. Radiation losses are forbidden for 6 larger than the angle
6, = 59.92° in line with Equation (12), where the cladding refractive index
n, has been supplied for N,. Unless stated otherwise, these values apply to
all simulations in Sections 6.3.1, 6.3.2.

6.3.1 Step Discontinuity

Figures 6.4, 6.5 summarize our simulations for reflection at a step
discontinuity. We look at the entire range of incidence angles first, by means
of the scalar approach of Section 6.2. According to Figure 6.4(a), the level of
transmittance T = 0.74, at normal incidence, remains nearly stationary for
incidence angles close to 6,.. The level of reflectance, R < 0.01 for 6 = 0,
increases gradually with 6 approaching that limit. For 6 > 6, one indeed
finds R + T = 1; the transmittance dropsto T = 0 for 8 > 6..

117



Chapter 6

X ym)

' ' '
. @ w = O s e B

@ e e

Figure 6.4: Reflection of a semi-guided plane wave at a step discontinuity. (a):
Guided wave reflectance R, transmittance T, phase change upon reflection ¢ , and
effective permitivities of the background €.5f, and guiding regions e.¢r 5, Versus
the angle of incidence 8. (b): absolute values and time snapshots of the time-
harmonic scalar field E associated with the effective problem (Equation (6.5)) for
different angles of incidence 6.
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At 0 = 0, the effective permittivity €., , associated with the substrate and
cladding regions, becomes negative. This manifests as well if one takes a
look at the associated fields in Figure 6.4(b). At 8 =20°< 6, <86,
backwards and forward traveling propagating waves are Vvisible,
corresponding to forwards and backwards radiative losses. These waves are
suppressed for 6, < 8 = 61° < 6,; the field is to be attributed mainly to the
fundamental modes, with a partly standing, partly traveling wave in the input
segment z < 0, and the wider, outgoing guided mode for z > 0. At even
higher angles of incidence 6, < 6, < 8 = 62°,80°,89°, the incident guided
mode is being fully reflected. No propagating waves are permitted in region
(1n); for z > 0 one merely observes evanescent field tails that decrease in
extension, if 8 grows towards grazing incidence.

Figure 6.5 considers the range of angles with total internal reflection in more
detail. In part (a) the ¢(8)-curve of Figure 6.4(a) is being accompanied by
values from mode calculations for channel waveguides of different widths.
Some of these mode profiles, together with mode indices and mode angles,
are shown in Figure 6.5(b). The profiles relate to the fields of Figure 6.4(b),
for nearby angles of incidence.

For grazing incidence 8 — 90°, one expects the field at the interface z = 0
to vanish; accordingly the phase change upon reflection ¢ approaches m
(Equation (6.6)). ¢ decreases for lower incidence angles, with growing
slope, down to the kink at the critical angle 6.. By using finite-difference
approximations for the derivatives, the ¢(6)-data can be translated to the
curves for the beam displacement A and the effective boundary position &, as
shown in the upper panel of Figure 6.5(a). Large values for the Goos-
Hénchen shift emerge for the steep slope of ¢(0) at the critical angle, and
for vanishing cos@ for grazing incidence. The geometrical “penetration
depth” of the beams remains small for the step transitions; the largest values
are found for the long evanescent field tails just above the critical angle.
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Figure 6.5: Total internal reflection of semi-guided plane waves at the step
discontinuity of Figure 6.4. (a): Phase change ¢ of the guided wave upon reflection,
associated Goos-Hanchen-shift A, and the effective boundary distance &, as a
function of the angle of incidence 6; estimates determined as outlined in Section 6.2
(scalar theory, ST) and Chapter 3 (transverse resonance, TR), in the later case by
mode analysis of rib waveguides of different widths W. (b) Guided mode profiles
of a rib of width W = 4 um, constituted by two of the former step discontinuities,
with associated mode indices m and mode angles 6.
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6.3.2 Tapered Transition

Results for linearly tapered transitions have been collected in Figure 6.6. For
part (a) the parameters are as given in Figures 6.4, 6.5; the curves in those
figures can thus be viewed as the limit of the data in Figure 6.6 for zero taper
length. To match the actual final design in Chapter 3, for the simulations in
(b) we assumed a slightly larger thickness d = 170 nm, leading to
accordingly different angles 6, = 59.08° and 6. = 60.84°. Nevertheless the
curves in Figure 6.6(b) should be discussed as part of the series in Figure
6.6(a), for a “long” taper.

The effects of lossless total internal reflection beyond a critical angle of
incidence, and the partial lossless reflection in a small intermediate interval
of incidence angles, occur for the tapers as well as for the step discontinuity.
Note that these characteristic angles do not depend on the intermediate shape
of the transition.

The absolute phase change upon reflection grows with increased taper
length, as does the lateral beam displacement, and the penetration depth of
the beam into the tapered region. The kink in the ¢(68)-curve at 8 = 6,
appears to become less pronounced for more extended transitions. Just as for
the step discontinuities, extremal values for A and & are observed for
incidence close to the critical angle, and for grazing incidence. Still, in case
of the long taper of Figure 6.6(b), these deviations are substantial also for
intermediate angles reasonably well above the critical angle, e.g. at 8 = 65°
with A =92 um and 6 = 21 um. Here the geometrical penetration depth
turns out to be larger than the actual length of the taper.
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Figure 6.6: Simulations of tapered transitions of different length L. (a):
Reflectance R, transmittance T, and the phase change upon reflection ¢ as a
function of the angle of incidence 6, computed with the scalar approach of
Section 6.2. (b): Configurations with total internal reflection, phase change upon
reflection ¢, lateral beam shift A and geometrical penetration depth § versus the
incidence angle 8, for a taper extension L = 14.90 um (taper angle 0.5°).

6.4 Conclusion

Standard simulation tools can provide approximate quantitative insight on
the 3-D slab-transition problem. Where applicable, the results obtained with
a scalar 2-D Helmholtz solver and by guided mode analysis of rib
waveguides with 2-D cross sections agree reasonably well, given the
underlying approximations. Both scalar approaches take the light
polarization into account only through the vertical shapes of the major parts
of the optical fields, which are here assumed to be in-plane polarized.
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Two characteristic angles have been identified, determined solely by the
properties of the input- and output regions. Radiation losses are forbidden for
wave incidence beyond the first angle, while guided transmission is still
allowed. For incidence at angles larger than the second, the critical angle, the
entire incident power is being reflected into the guided incoming mode. Only
in that regime the “conventional” viewpoint, where one assigns effective
mode indices to the regions with constant thickness, followed by application
of Snell’s law, is valid. These observations hold for step discontinuities as
well as for tapered transitions of (reasonably) arbitrary shape and extension,
exemplified by our results on linear tapers of different lengths.

More accurate results would require the (computational) solution of the exact
equations. This then concerns a vectorial Helmholtz equation on a 2-D
computational domain, with transparent boundary conditions that permit the
influx of the properly rotated guided slab mode. Since formally the problem
is identical to a standard vectorial mode eigenvalue problem, it should be
possible to modify some suitable solver accordingly. It is to be anticipated
that phenomena like polarization coupling / field hybridization, as found for
specific channel waveguides, will also occur for the present angled slab
transition problems.
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7 Conclusions and Outlook

In this thesis, integrated optics based novel modules to be used in miniature
Raman measurement systems are presented. Conclusions for the presented
research and an outlook for possible future research will be given in this
chapter.

7.1 Conclusions

In the course of this PhD study, we have focused on design, fabrication and
characterization of three different integrated optical devices that are
envisioned to be the parts of a low-cost, portable Raman measurement
device. These devices can be listed as quasi-total internal reflecting (TIR)
light turning mirrors, integrated optical prism spectrometers and on-chip
polarization splitters. The devices are fabricated by using the SION material
platform.

Efficient integration of optical and electronics chips is an important aspect of
realizing small scale Raman measurement devices. In this work, we
developed quasi-TIR-based, 90° out-of-plane light-turning mirrors with high
efficiency for hybrid flip-chip integration of SION waveguides and CMOS-
based photodiodes. The mirror is formed by locally removing the 45° Si
facet at the interface between the truncated SiION waveguide and air. The
design, modelling, fabrication and characterization of these mirrors are
discussed in Chapter 2. The functional loss of the fabricated mirrors is
measured as 6.2% for TE and 17.8% for TM polarization, reasonably close
to the values obtained from approximate calculations being 7% and 15%,
respectively.In Chapter 3, we have described the performance and design
aspects of integrated optical prism spectrometers, which utilize dispersion
effects in slab waveguides with two different thicknesses. The interfaces
between the different slab waveguide regions are assumed to be adiabatic via
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vertical tapering. We used the principles of geometrical optics and
diffraction theory for optimization of the parameters. Furthermore, a new
method to determine the effect of modal phase shifts upon modal reflection
by mirrors in the device has been presented. The design strategy was
illustrated by a numerical example assuming SiON technology. The device is
designed for TE polarized light with a central wavelength of 850 nm, a
channel spacing of 5 nm, an adjacent channel cross talk of —40 dB and a
cross talk of —50 dB over a wavelength range of 100 nm. These choices
lead to a required device area of 5.5 x 13 mm?2.In Chapter 4, the design,
fabrication and characterization of an integrated optical prism spectrometer
to be operated with TE polarized light at a center wavelength of 850 nm and
with 5 nm channel spacing. The design strategy proposed in Chapter 3 has
not been followed for this device owing to the relatively long fabrication
period for such devices, so that the fabrication of the device had to be started
prior to finishing the full design strategy. Exciting the fabricated device with
light at the central wavelength and taking photos of the light scattered from
the various parts of the chip it was found that, as anticipated based on the
over length of the tapering (due to an underestimation in the fabrication),
that the light was not well focused onto the output waveguide. Measuring the
output spectra of a few output showed an unexpected and unexplainable
peak break-up in addition to peak broadening. The wavelengths captured by
the different output waveguides were approximately the correct ones. The
angular dispersion of the beams emerging from the prism was found to have
approximately the design value with an error of 10%, which lead to a
measured channel separation of ~4.5 nm.

In Chapter 5, design, fabrication and characterization of an on-chip
polarization splitter device to be used for center wavelength of 850 nm are
presented. The device is composed of ridge waveguides for light transport,
elliptic mirror for focusing and polarization splitting trench. The mirror and
trench were based on adiabatically connected waveguiding slabs.
Characterization results, which are obtained by exciting the device with light
at the central wavelength and taking photos of the light scattered from the
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various parts of the chip, show that the polarization splitter is working as
expected except for the losses at the entrance of the receiver waveguides due
to imperfect imaging. In order to determine the insertion loss, crosstalk and
bandwidth of the device further measurements are needed but they could not
be done due to lack of time.

In Chapter 6, the theoretical modeling for angled incidence of slab-guided
waves to a tapered or step-like discontinuity by using a scalar 2-D Helmholtz
equation is introduced. The results obtained with this model and by guided
mode analysis of rib waveguides with 2-D cross sections, obtained in
Chapter 3, agree reasonably well, given the underlying approximations.

7.2 Outlook

The research presented in this thesis demonstrates the on-chip optical
building blocks of a miniature Raman measurement platform. Although we
have obtained promising results with the fabricated devices, there is plenty
of room for improvement, especially at the fabrication process stages of the
components. Next, possible future research directions will be explained in
detail.

As mentioned in Chapter 2, the buffer layer material used in the light turning
mirror device could be changed in order to avoid the interaction between Si
substrate and BPSG buffer layer. A possible candidate material is LPCVD
TEOS oxide, with which we have achieved successful results in our
preliminary deposition experiments.

Another significant future research direction for the light turning mirrors can
be the monolithic integration of polymer lenses on top. The distinct
advantage (for Raman spectroscopy applications) of incorporating such
lenses is to enable out of plane focusing of waveguide output: If the sample
is placed on the focal spot created by the polymer lens, the Raman scattered
light from the sample can be directly collected into the waveguide that is
used for excitation. Thus, a very compact on-chip Raman measurement
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device, which does not need any external optical component for light
delivery and collection, can be realized.

The fabricated spectrometers and polarization splitters should be investigated
further, in order to understand unexpected results explained in Chapter 4 and
5. As a starting point, individual optical components (prism, parabolic and
elliptic mirrors etc.) in the devices can be separately characterized.
Furthermore, the measurement results can be confirmed by including
fabrication errors and underestimated effects in the simulations.

A crucial enhancement for the prism spectrometer and polarization splitter
should be in the direction of having a reliable fabrication process. First of all,
etching of nitride layer, in which the adiabatic transitions between the
waveguiding slabs are created, should be optimized. Furthermore, different
material platforms can be considered for improving the overall device
performance

In conclusion, the additioinal developments needed for achieving a complete
Raman spectrometer can be summarized as follows. First, the prism
spectrometers and polarization splitters should be fabricated by using the
design strategy that takes the PSR effects into account and the fabricated
devices should be characterized fully. If the characterization results show
that the devices are good enough for a certain Raman measurement
application, the fabrication should be done, while including the light turning
mirrors into the functional chips. After that the chips have to be integrated
with readout IC containing photodiodes. The integration process is yet to be
developed.

128



Appendices

129






Appendix A: Surface Roughness
Characterization for 45° Angled Si Walls

As described in Chapter 2, a special etchant is used in the anisotropic Si
etching step to fabricate 45° angled Si walls. It is a mixture of TMAH and a
very small amount of Triton x-100 surfactant [1]. In this etchant, the etch
rate of the {110} plane is approximately four times lower than the etch rate
of the {100} plane, corresponding virtually to an etch stop at the {110} plane
[2]. Therefore the desired wall angle can be achieved by using this etch stop
since the angle between the wafer surface and the {110} planes is 45 °. The
surface quality of the etched Si walls should be essentially good since these
walls are used as a template for the mirrors. The roughness of the walls, if
present, will be transferred into the mirrors, which may decrease the
reflection efficiency (due to scattering). The {110} walls, which remain
after the anisotropic etching process, are not perfectly smooth as shown in
Figure A.1(a). The roughness consists of narrow grooves all along the wall,
from top to the bottom. This roughness is attributed to roughness in the
masking oxide. In order to solve this problem the hard-bake duration of the
photo-resist layer, which is used in the oxide patterning step, is increased to
have smoother edges. Furthermore, a short BHF etching is applied to the
samples, just before the anisotropic Si etching, to remove the native oxide
layer. Figure A.1 shows SEM photos of the {110} wall (a) before and (b)
after the modifications to the oxide patterning procedure. It is found that the
change of the oxide patterning procedure helps to reduce the roughness of
{110} walls, but there is still some minor roughness on the wall.
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Figure A.1: SEM photos of the {110} wall (a) before and (b) after the modifications
to the oxide patterning procedure.

In order to estimate the effect of the {110} surface roughness of the
mirrorperformance, the optical setup in Figure A.2 has been constructed. The
aim of the setup is to compare the reflection patterns originating from the
bare Si wafer surface with that from etched {110} surfaces. A He-Ne laser,
at a wavelength of 632 nm, is used as the light source in this setup. The laser
is coupled into a single-mode fiber to obtain a high quality spot. The output
of the fiber is placed at the focal point of a thin lens in order to produce a
collimated light beam. This beam is focused on either the bare Si surface or
the etched {110} surface and then the light, which is reflected from the
sample, is captured by the camera.

Figure A.3 shows the light patterns reflected from two different Si surfaces.
It seems that both the patterns are composed of more or less concentric rings,
which is attributed to the effect of cut-off of the beam induced by the lens
used for the collimation. The power reflected from these surfaces is also
measured and the reflected power coming from the {110} wall is found to be
as high as 95 % of that coming from the bare Si wafer surface. So, the {110}
wall hardly introduces losses.
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Figure A.2: The optical setup used for estimating the mirror performance.

Figure A.3: The light patterns reflected from (a) bare Si wafer surface and (b)
etched {110} wall.
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Appendix B: Thermal Oxidation of
Anisotropically Etched Si

As it was explained in Chapter 2, the wafer should be coated with a SiO;
layer, which will be used as a buffer layer (Figure 2.3(d)), after the
anisotropic Si etching process. Initially it was intended to use thermally
grown SiO; as a buffer layer but in a later stage it was decided to use an
annealed BPSG layer as a buffer layer. In this appendix we will explain this
and describe the problems which occurred when thermal SiO, was tried to be
used as a buffer layer.

Thermal oxidation leads to a very reliable coating which can be used as a
buffer layer in SION based integrated optics. It is a diffusion based process
and it is not likely to generate any defects like voids and slits. Furthermore, it
is a very conformal process which means that the thermally deposited oxide
usually take on the shape of the underlying Si structure. Considering these
advantages, we chose thermal oxide as a buffer layer material at the
beginning of this study. Therefore, a 5 um thick thermal oxide layer was
grown at 1000 °C for the first samples. Figure B.1 shows the SEM pictures
of some structures, which are obtained after the thermal oxidation process.
As shown in Figure B.1(a), SiO; layer, which is thermally deposited on a 45°
wall (before oxide deposition), has a conformal coverage on the Si structure
and there is no void at the interface between Si and SiO,. However, there is a
serious problem resulting from the thermal oxidation process. As shown in
Figure B.1(b) and B.1(c), the angle between the inclined walls and the wafer
surface is decreased drastically. It is decreased from 45° to 36° for the
inclined planes originated from the {110} planes and from 54.7° to 39.8° for
the ones originating from the {111} planes. This change is due to the
difference in the oxide growth rate at different Si planes [1]. During the
oxide growth stress is created in the materials owing to expansion which
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may alter the wall profile. The above effects make it impossible to use
thermally grown oxide as a buffer layer for aimed structure, because none of
the observed surface angles is suitable to provide a perpendicular incidence
of the light on the photodiode (see Chapter 2).

Interface between Si and
SiO,

Inclined wall originated Inclined wall originated

from {110} plane from {111} plane

18k X3, 788 = SR E1 SET

Figure B.1: SEM pictures of the thermally oxidized Si structures after (a) partial
oxide removal from a sample that has {110} walls before the oxide deposition, (b)
complete oxide removal from the same sample, and (c) complete oxide removal
from a sample that has {111} walls before the oxide deposition.
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