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“The secret to victory lies in the organization of the non-obvious.”
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Chapter 1

Introduction

1.1 Photonic integration

An important landmark in integrated optics was the issue of the Bell System
Technical Journal in 1969 [1], which contained historical papers of Miller [2]
and others, on the idea of fully integrated planar optical circuits with am-
plifiers, modulators and passive filter elements. These microphotonic circuits,
when fabricated with lithographic methods, could be potentially low-cost and
their power consumption significantly lower than their bulk counterparts. An
early review paper of Tien [3] published in 1977, identified a major objec-
tive of microphotonics as integration of a large number of optical devices on a
small substrate, forming optical circuits similar to microelectronic circuits. Af-
ter decades of research, those circuits are known today as photonic integrated
circuits (PICs).
Although it was predicted that microphotonic integration would take a similar
development as in microelectronics, the integration density of today’s PICs is
orders of magnitude lower than their microelectronic counterparts. Since the
beginning of the century, integration of a few hundred components onto a sin-
gle PIC has been demonstrated repeatedly in literature [4–6]. Despite excellent
performance, the commercial use of these highly integrated PICs is not cost-
effective when compared to alternative solutions.
The problem is that a large fraction of PIC costs are dominated by technology
development. So far the required investments were covered with project fund-
ing, which binds research close to an application [7]. Hence, most of the work is
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Chapter 1

application driven, which produces optimized application specific technology.
The resulting integration approaches might be similar, but differ enough to be
incompatible.
The bottleneck in this approach is the vast investment in a high-tech semi-
conductor fabrication line that is required for the commercialization of the
technology. For the amortization of the fabs, a large production volume and
thus demand is required. The necessary investments for the development of
the integration process are therefore only justified for a small number of appli-
cations, with very large markets [8]. Today’s photonic industry is thus shared
among large global players with vertically integrated business models.

1.2 Microelectronic foundries

A ground-breaking achievement in electronics was the planar monolithic in-
tegration of semiconductors, pioneered at Texas Instruments in 1958 by Jack
Kilby. It triggered a development of microelectronic complexity, which has ul-
timately led to today’s highly integrated CPUs with billions of interconnected
components.
However, in its beginning, the microelectronic industry faced similar finan-
cial obstacles as the photonic industry today. The initial investments for the
fabrication of semiconductor chips was warranted only by a few applications.
On the other hand, established companies had the burden of maintaining a
high-tech fab. Besides being expensive, it also required a considerable amount
of product design resources.
In the late 1970s Mead and Conway published a revolutionary introduction
to Very-Large-Scale Integration (VLSI) design [9], which allowed for a large
degree of standardization, with a clear separation of design and fabrication
processes. As a result, fabs were able to offer resources for the fabrication of
other products to external designers. This maximized the throughput of the
fabs, while microelectronics penetrated smaller markets and became accessible
for universities and small private businesses. This marked the beginning of the
commercial foundry services in microelectronics.
However, to use foundries, product designers require in-depth knowledge of
device physics and fabrication processes. In order to facilitate the communi-
cation between designers and foundries, broker services as the Metal Oxide
Semiconductor Implementation Service (MOSIS) [10] emerged. It provides ac-
cess to electronic foundries, for small to medium volume production. Since
its introduction in 1981, MOSIS has processed more than 50,000 designs for
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public businesses, government agencies and research.
The brokering service consists of two essential parts. Firstly, it provides access
to libraries and design kits with standardized components. Designers have the
freedom to connect these library modules and create a variety of topologies
without in depth knowledge of the underlying physics. Secondly, it merges de-
signs of different customers on a single wafer, a so called Multi-Project Wafer
(MPW). In this way the costs of R&D cycles are shared between users.
This implies that the fabrication technology is standardized and offers suffi-
cient functionality and versatility to be of interest for a wide range of appli-
cations. In electronics, this is realized by integrating a small set of elementary
components like transistors, capacitors and resistors, from which designers can
synthesize a vast variety of circuits. Microelectronics is thus not optimized for
a single application, but instead serves as integration platform for many ap-
plications. We will call this approach the generic model.
The generic model expanded quickly and as a result, in 1987 the first dedicated
merchant foundry, Taiwan Semiconductor Manufacturing Company (TSMC)
was established. The term dedicated distinguishes TMSC from conventional
foundries, as they only fabricate designs of external customers. These type of
foundries are also referred to as pure-play foundries. TSMC is todays largest
foundry service with a revenue of 20 billion dollar in 2013, as announced in
the 2014 McClean report. The same report also suggests that 91 percent of
todays microelectronics market is covered by 13 global acting foundries with
a total revenue of 39 billion dollar. From these thirteen fabs, nine foundries
are of the pure-play type. From the current market situation of the microelec-
tronics industry, it is evident that the generic foundry model covers most of
the consumer demand.

1.3 Generic photonic integration

Generic photonic integration applies the microelectronic foundry approach de-
scribed above to photonics. The principles of photonic generic integration tech-
nology are described in [11], we will give a short summary here.

1.3.1 Generic integration technology

Since the beginning of the twenty-first century, the COBRA research institute
has pioneered a generic integration scheme for integrated optics in Indium
Phosphide (InP). Similar to the electronic foundry concept described above,
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it aims to reduce the technological complexity to the integration of a few ele-
mentary optical components, which can cover a wide range of applications. The
result is an integration process with Basic Building Blocks (BBBs) for control-
ling the basic properties of light: the amplitude, the phase and the polarization.
In practice this is achieved by using a Semiconductor Optical Amplifier (SOA),
a Phase Modulator (PM) and a Polarization Converter (PC).
The BBBs of the current COBRA platform are all based on a ridge waveguide
structure as depicted in Fig. 1.1. The green layer is the PIC waveguide layer
that carries the optical mode, while blue layers indicate the InP cladding.
The first BBB, is the SOA as shown in Fig. 1.1(a), which has a red layer in
the center of the guiding layer. This is an active gain medium, which under
current injection through the yellow metal layer provides optical amplification
by stimulated emission. Reverse biasing of the SOA leads to absorption of
photons and thus it can be used as a photo detector.
The next electro-optical component is the PM, as depicted in Fig. 1.1(b). The
PM is a transparent waveguide, which under injection of a current or applica-
tion of a reverse biased voltage, induces changes of free charge carriers. This
alters the refractive index of the waveguide locally and thus the phase is mod-
ified.
Furthermore, the process supports two different transparent waveguide struc-
tures denoted as shallow and deep, depicted in Fig. 1.1(c) and Fig. 1.1(d)
respectively. Shallow etching allows for low-loss interconnections, while deep

(a) SOA (b) PM (c) Shallow (d) Deep (e) PC

Figure 1.1: Basic Building Blocks supported by the COBRA generic integra-
tion process. The green layer is the InGaAsP guiding layer for the optical
mode. Blue layers indicate doped InP. Active gain medium and metal are

colored red and yellow respectively.
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Figure 1.2: Photonic integrated circuit as realized with the COBRA generic
integration technology on top of a one euro coin.

etching renders the circuit more compact as it allows for tighter bends. Waveg-
uide components, as e.g. power splitters and multiplexers, are derived from
these basic waveguides by in plane geometry manipulation.
Finally, Fig. 1.1(e) shows the PC, based on an asymmetric waveguide section.
This waveguide acts as a half-wave plate, which rotates the incoming polar-
ization by 90 degree. From this basic component we can derive polarization
splitters, combiners and scramblers. However, the PC has a tight width toler-
ance and its integration into generic processes is still ongoing.
If a technology supports these BBBs it also supports all functionalities that
can be created by combining these blocks in different topologies. Therefore, it
can address a much wider application range than application specific photonic
integration technology and cover a larger market volume. Thus, a generic in-
tegration process justifies the R&D investments required for high performance
and reliability. This allows circuits realized in such a technology to be highly
competitive. By integrating hundreds of BBBs, many optical functionalities
can be obtained, with no need for electro-optical conversions. Power consump-
tion and footprint are drastically reduced as compared to discrete components.
A PIC as realized with the COBRA process, is shown in Fig. 1.2 placed on
top of a one euro coin.
Since 2012 a large number of different applications have been investigated and
tested in experimental fabrication runs [12]:

• Telecom: Transmitters [13, 14] and receivers [15] for hybrid TDM-WDM
access networks, tunable lasers [16, 17] and optical regenerators.
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• Datacom: Switching matrices or space and wavelength selective switches
[18, 19].

• Sensing: Read-out units for Fibre-Bragg-Grating sensors [20], Brillouin
sensors [21] and the KM3NeT neutrino detector [22].

• Medical: Pulse shaper for bio-imaging [23] and tunable lasers for Optical
Coherence Tomography [24].

• Others: Photonic beam control for microwave phased-array antennas
[25], mode-locked pulse laser and THz opto-rf converters.

As all PICs are based on the same technology and are designed using the same
environment, existent designs can be shared and reused, enabling significant
scalability through automation of design. Consequently, the design time is
drastically reduced and relies on mature qualified components. This increases
the yield and will lead to a reduced number of design iterations to arrive at
the target specifications.
However, a single process will not meet the requirements of all applications.
As in microelectronics, a few generic technologies, optimized for different kinds
of applications are required. But the number of technologies will be orders of
magnitude smaller than the number of applications and ideally it will reduce
to a few. Especially, since the optical properties of materials depend on the
operation wavelength, a few materials need to be considered, to obtain a satis-
factory performance over a wide wavelength range. At present, two materials
other than InP can be identified in which generic integration is applied.
The first is the dielectric material Si3N4, representative for low-confinement
waveguides as pioneered by LioniX in cooperation with the University of Santa
Barbara (UCSB). Ultra-low loss in the order of 0.1 dB/m [26, 27] was obtained
but the platform does not allow for light generation or detection. However, first
attempts for heterogeneous integration to obtain such functionality are found
in literature [28]. This approach will in the future be interesting for very de-
manding applications, as e.g. gyroscopes, high resolution radars and ultra-low
linewidth lasers.
The second material platform is Silicon on Insulator (SOI) [29, 30]. Here
a layer of silicon is placed on SiO2, allowing for a high difference in refrac-
tive index ∆n ≈ 2 and thus very compact passive components. SOI processes
are borrowed from mature CMOS integration techniques, enabling accurate
control of dimensions and high yield. Modulators [31, 32] and detectors [33]
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can be integrated, but silicon struggles with the development of an electrically
pumped amplifier due to the indirect bandgap it exhibits. Hybrid integration
with III-V semiconductors has been reported, but requires post processing of
the silicon wafer, which is not yet accessible via foundry services. Literature
provides examples where III-V dies [34] or III-V epitaxial layer [35, 36] are
bonded to silicon. The latter is applied on wafer scale. Only recently first elec-
trically pumped coherent emission from stressed germanium [37] was obtained,
however reported efficiencies in the 10−3 range require a large improvement
for this approach to become practical.

1.3.2 Photonic generic foundries

As explained above, the generic integration approach can lead to a signifi-
cant cost reduction by covering a large number of applications with the same
fabrication infrastructure and technology. However, a photonic fab will need
to provide open-access to fabrication processes. These fabs will thus turn into
photonic foundries and perform a similar task as foundries in microelectronics.
More precisely, they will provide standardized processes to cover most of the
PIC market demands. In order to facilitate the communication between the
designer and the foundries, brokering services like MOSIS are therefore emerg-
ing in photonics. The broker provides access to design libraries and assembles
a complete photonic MPW batch, from which the designer receives only a
number of chips which are repeated a number of times on each wafer. This
approach leads to a large reduction of the research and development costs,
as in the development stage only a few design and fabrication cycles are nec-
essary to arrive at the required performance. As the costs of the fabrication
run are shared by all participants, a cost reduction by more than one order of
magnitude can be achieved [7].
A further advantage of the photonic foundry approach is the time for com-
mercialization of a prototype. Because R&D takes place in a qualified foundry
process, upscaling to larger production volumes is straightforward. If the de-
sign meets the target specification, the user can order a batch of wafers based
on the same process. This batch can now be filled completely with his design,
enabling small to medium volume production.
Access to InP generic photonic foundries is organized via JePPIX [38, 39],
with (semi-) commercial access offered by three chip manufacturers: the UK-
based company Oclaro, the Fraunhofer Heinrich Hertz Institut in Berlin [40]
and the company SMART Photonics [41] in Eindhoven, which is at present
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commercializing the COBRA process.
Silicon based foundries can be accessed via the ePIXfab consortium [42–44].
Partners are VTT in Finland [45], the IMEC institute in Belgium, LETI in
France and IHP [46, 47] in Germany.
As seen from the listing above, Europe is dominating the generic foundry ap-
proach for all materials considered.

1.4 COBRA platform extensions

Foundries distinguish themselves by offering improved or novel components
through new platform releases. The more components a foundry offers, the
wider the application range it can address. Extending and improving the BBBs
of the COBRA generic process is precisely the scope of this thesis.
An overview of available BBBs for open access MPW foundry services is given
in Table 1.1. In this overview, we group BBBs according to functionality. The

Table 1.1: Overview of different foundry services.

Building Blocks C
O

B
R

A
(T

h
is

w
or

k
)

C
O

B
R

A
T

x
R

x
10

(I
n

P
)

H
H

I
R

x
40

(I
n

P
)

O
cl

ar
o

T
x
R

x
10

(I
n

P
)

IM
E

C
IS

IP
P

25
G

(S
O

I)

C
E

A
-L

E
T

I
(S

O
I)

IH
P

S
G

25
In

P
1

(S
O

I)

V
T

T
(T

h
ic

k
S

O
I)

L
io

n
ix

(S
i 3

N
4
)

Waveguide X X X X X X X X X
Loss [dB/cm] >0.4 >2 >1 >2 >1.5 >1.5 >1 >0.1 <0.5

SOA X X X
Photo detector X X X X X X X

Phase Modulator X X X X X X X X X

Spot Size Conv. X X X X X

Etched Facet X X
Vertical Grating X X X

Vertical Mirror X X
DBR Gratings X
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table when read from the left, shows the specifications of the COBRA process
targeted in this work and the specifications of the two other InP foundries, four
SOI foundries and in the last column the Si3N4 foundry LioNix. At present no
foundry can cover all BBBs. On average each foundry covers about four to five
BBBs. There are a number of BBBs which can be integrated by almost all the
foundries, as e.g. waveguides, phase modulators and photo detectors. In order
to make the COBRA process highly competitive, we studied available BBBs
across all foundry services and tried to identify unique selling points of other
foundries. By integrating these into the COBRA process, a high-performance
InP based integration platform can be obtained.
In the first column of this table, the research topics covered in this disserta-
tion are marked by a rectangle. In the following sections we will give a short
description of the advantages these BBBs could bring to the COBRA platform.

Low-loss passive waveguides

The loss of the passive waveguides is a very important parameter of the plat-
form, especially for large scale PICs and components as delay lines or res-
onators with a high finesse. The latter is of high interest for optical sensing, as
it determines the resolution limit of the sensing system. Although, the high-
finesse optical resonator can be integrated with low-loss dielectric waveguides,
these platforms offer no optical sources. The miniaturization of very demanding
sensing applications is thus limited by the need for bulky external equipment.
It was recently demonstrated that ring resonators for tactical grade gyroscopes
can be realized in InP with an insertion loss below 0.45 dB/cm [48]. If the CO-
BRA process was to reduce the loss, it would allow for the co-integration with
optical sources and detectors. Highly miniaturized optical gyroscopes for novel
military and space applications are the result. This objective is not unrealistic,
as optimized InP processes as reported by Infinera show loss of 0.7 dB/cm [49]
and stand-alone InP waveguides were even reported with loss of a few tenth
dB/cm [50].
The main contribution to the optical loss in the COBRA process is caused by
free carrier absorption of dopant utilized in active elements. As seen in Fig.
1.1, the cladding of the SOA and the passive waveguide is the same, which
implies that the dopant is also present in the waveguides, causing additional
absorption loss.
In this work we modify the integration process, avoiding the dopant in the
passives sections. We demonstrate a loss below 0.4 dB/cm.
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Spot-Size Converter

Spot-Size Converters (SSCs) are important for reducing the loss and increasing
the tolerance when coupling InP PICs to fibers. Within the InP foundries, edge
coupled circuits are currently the only option, since vertical grating couplers
are not available. Coupling loss is reduced by adiabatic expansion of the narrow
waveguide mode with a tapered structure [51]. The adiabatic approach allows
for a high fabrication tolerance, low coupling loss and a large bandwidth. In
this thesis we report the integration of a SSC with low coupling loss and good
alignment tolerances, which can be further used in densely spaced arrays.

Etched facet

In the current COBRA MPWs, the waveguide terminations are defined by
using a mechanical cleaving process to separate the PICs along the crystal
plane of the InP wafer. Low reflection at the semiconductor-air interface is
obtained by terminating the waveguide under an angle with respect to the
crystal plane. This causes the output beam to exit the chip under an angle
with respect to the normal of the PIC edge, which complicates the alignment
to fibers. For chips with a high number of ports, as switching matrices or
multiplexers, the alignment to fiber arrays becomes especially challenging.
High-quality etched optical output facets, allow to terminate the waveguide
under an arbitrary angle with respect to the crystal plane. This enables output
beams that are normal to the edge of the chip, also when angled facets are
used for reducing the facet reflectivity.

Vertical Mirror

Coupling from PIC to fiber in the vertical direction is commonly used in SOI
and achieved with vertical grating couplers. No InP foundry is currently of-
fering this option because it requires a high vertical index contrast typical for
membrane platforms.
The great advantage that vertical coupling offers over edge coupling, is that
PICs are accessible on wafer scale. Thus the functionality of a PIC can be
tested with no need to separate the wafer and mount each PIC individually
on a characterization setup. This reduces the required effort for the character-
ization of wafer batches containing hundreds of PICs greatly.
An alternative to vertical grating couplers are vertical coupling mirrors. Here,
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a 45 degree mirror is fabricated in front of an etched facet, which directs the
light vertically to a fiber. With the integration of a vertical coupling mirror
in the COBRA process, on-wafer optical characterization of complete circuits
will be possible.

Coupled Cavity Laser

A monolithically integrated tunable coherent light source is a key component
for many applications and the unique selling point of the InP material plat-
form. A widespread approach is the integration of a Distributed Bragg Reflec-
tor (DBR) into a Fabry-Perot configuration. The DBR provides a wavelength
dependent feedback to select one of the longitudinal cavity modes. The feature-
size in the DBRs is in the order of 100 nm, which sets stringent requirements
on fabrication. At present, these gratings require e-beam lithography for their
fabrication, which increases the process complexity. So far, they are offered
only by the Oclaro and the HHI platform.
In this thesis we present an alternative to grating based tunable lasers, us-
ing coupled cavities. It can be realized with existing BBBs available in all
platforms and reduces the required processing complexity.

Wavelength extension

So far the wavelength range of interest has been the standard telecommuni-
cation band, but several applications require other wavelengths. In particular
for the area of gas spectroscopy, new application possibilities in the medical
and life-science domain can be targeted in the mid-infrared wavelength region,
due to the presence of strong absorption bands.
Using an extended component library, we target the extension of the COBRA
platform to the 2 µm wavelength region.
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1.5 Thesis outline

The aim of this thesis is to extend the functionality of the COBRA integration
platform. We do this by implementing a number of new components. In the
following paragraphs, the extensions are described as they appear chronologi-
cally in this dissertation.

The second chapter introduces a Zinc diffusion process to form localized
p-n junctions. This process reduces the absorption in passive waveguides to
0.4 dB/cm. The loss is measured using ring resonators with an effective circum-
ference up to 73 mm. A record quality factor exceeding one million is obtained.

The third chapter introduces a SSC, which reduces the fiber-chip coupling
loss to 0.5 dB. SSC arrays are integrated with an 8x8 AWG, providing a central
channel loss of 4 dB, measured between two lensed fibers. This is record-low
value for InP based AWGs.

The fourth chapter reports on the design and fabrication of etched waveguide
terminations. The terminations are of a similar quality as cleaved terminations
and enable normal output beams with low reflection. The terminations are in-
tegrated with 54 degree mirrors to deflect the output beam vertically in order
to measure the waveguide loss on wafer level.

The fifth chapter introduces a new type of tunable Coupled Cavity Laser
(CCL) as an alternative to grating based tunable lasers. A tuning range of 26
nm is achieved, Side Mode Suppression Ratio (SMSR) above 40 dB and output
power of 9 dBm coupled to a lensed fiber. With further design improvements,
we predict tuning ranges above 40 nm and a fiber coupled power above 10 dBm.

The sixth chapter extends the operation wavelength to the 2 µm region.
We present results of a tunable CCL fabricated in the first dedicated MPW
run for the 2 µm region. The laser shows a tuning range of 22 nm and a fiber
coupled power up to 2.2 dBm.
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Low-loss passive waveguide
integration via local
Zn-diffusion

2.1 Introduction

The loss of passive waveguides is a fundamental parameter of photonic integra-
tion platforms and is of importance in large scale PICs [18, 49] and components
as delay lines or resonators. The latter are relevant for demanding sensing ap-
plications as integrated optical gyroscopes, where waveguide loss limits the
sensitivity [52]. Recent advances in InP fabrication technology allowed for InP
ring resonators with a waveguide loss of 0.45 dB/cm [48] and a quality factor
(Q) of one million, suitable for gyroscopes with sufficient sensitivity for tactical
applications. However, in InP based PICs, monolithic integration of sources
with passive circuitry typically increases the loss significantly and applications
as described above, rely on external sources, which limits their miniaturiza-
tion.
The loss depends hereby largely on the followed active-passive integration ap-
proach as e.g. Quantum-Well Intermixing [53], Selective Area Growth [54],
Twin Guide integration [55] or Butt-Joint integration [56]. The latter is the
standard in generic integration platforms and allows the selective regrowth of
the active guiding layer with passive sections. Therefore, it has the advantage
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that the cross-section of the active and passive regions can be optimized in-
dependently. Substrate and top cladding of the wafer are however maintained
the same over the entire surface. As a result, actives and passives share the
same cladding. The performance of all components is thus compromised, in
effort to maintain the waveguide loss sufficiently low. A loss value for PICs
fabricated with this method is 2-3 dB/cm [57].
This work reduces waveguide loss by restricting the dopant to regions where
an electrical contact is desired. Dopant is introduced locally into the cladding
of the wafer via a Zn-diffusion process. This allows for a clear separation be-
tween the doping profiles in different waveguide sections. Up to now, various
implementations of Zn-diffusion in InP have been reported: by polymer/glass
spin-on films [58], by sealed quartz [59], by ampoule diffusion [60] and by
MOVPE based diffusion [61]. In this work, we rely on the latter as it features
a high repeatability, excellent wafer uniformity and sufficiently high doping
concentrations to provide a linear current-voltage characteristic [62].
The outline of the chapter is as follows. The first section introduces the pro-
cess flow and quantifies the impact of the diffusion profile on waveguides, phase
modulators and SOAs. Proper operation from a Fabry-Perot laser structure
was obtained, while loss inside the passive sections was reduced from 2 dB/cm
to 0.4 dB/cm.
In the second section, the low propagation loss is verified using spiral ring res-
onators with an effective circumference up to 73 mm. The longest ring shows
a Q of 1.2 million, which is 20% more than the highest value reported so far
in InP [48].

2.2 Zn-diffusion and epitaxy

2.2.1 Active-passive integration

The most common approach for integration of active and passive components
in InP, is based on multiple epitaxial steps. Fig. 2.1(a) shows how materials
with different band gap are integrated via Butt-Joint regrowth, using the CO-
BRA process as an example. In a first step, the active layer is grown, including
a narrow p-doped InP cladding layer. The dopant is important to maintain
low series resistance in active regions. Secondly, actives are masked and the
exposed area is etched. In a second epitaxy, the passive section is selectively
regrown until it matches the first growth level. The narrow cladding layer is
now grown without p-dopant, to reduce absorption in the passives. Finally, the
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Figure 2.1: Comparison between standard regrowth and regrowth with an
additional diffusion process.

cladding of the wafer is grown in active and passive sections together, which en-
forces p-dopant in the entire top cladding of the wafer. If more growth steps are
introduced, the doping concentration in the different sections can be modified
with additional degrees of freedom. To avoid large wafer topology, in practice
the number of growth steps and the height differences between growth steps
is limited.
As seen in Fig. 2.1(a), a process based on three growth steps, provides two
cross-sections. One is shared among electro-optical phase modulators (EOPMs)
and passive components. In order to obtain a good phase-shift efficiency while
maintaining a low waveguide loss, the 3rd growth employs a gradual increase in
doping concentration towards the wafer surface. We will discuss this compro-
mise in more detail in section 2.3.2. A typical attainable loss with the described
method is 2 dB/cm.

2.2.2 Zn-diffusion based active-passive integration

This work aims to reduce waveguide loss by restricting the dopant to actives
and EOPMs, as shown in Fig. 2.1(b). The outline of the epitaxial process is
very much the same as described above. However, the third regrowth step is
carried out without dopant, such that the entire cladding of the wafer free
of intentional dopant. Dopant is afterwards introduced into the cladding of
actives and EOPMs, with a MOVPE process for local diffusion of Zn. The
diffusion depth is tuned to coincide with the 1st growth level, by altering the
time of the diffusion process. This results in three different doping profiles on
the wafer. The dopant in the active and EOPM section, can now be optimized
independently without compromising the waveguide loss.
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Figure 2.2: Schematic diffusion process for the definition of localized p-n
regions. Diffusion takes place in between epitaxy and waveguide fabrication.

In Fig. 2.2, we illustrate how the COBRA process is applied to a wafer which
was suspect to the diffusion process, with just a few additional process steps be-
tween epitaxy and waveguide fabrication. As starting point serves a layerstack
as shown in the passive section of Fig. 2.1(b). The cladding consists of a non-
intentinoally doped (n.i.d) InP layer, which is located under a n.i.d. InGaAs
layer. Secondly, regions where no electrical contact is desired, are protected via
a dielectric hard-mask, as e.g. 200 nm thick Si3N4. Using a MOVPE reactor,
a diffusion process is initiated to locally introduce Zn into the cladding. The
diffusion of Zn into InP will result in a p-doped region with a depth that is
proportional to the square-root of the diffusion time. Given that the diffusion
profile is in good agreement with the requirements of the foundry, the standard
waveguide process is initiated without modification.

2.2.3 Diffusion experiments

Diffusion experiments were carried out to calibrate the diffusion depth. The ex-
periments were performed on samples without masking, to allow for character-
ization of the diffusion profile with standard methods as Capacitance-Voltage
(CV) and Secondary Mass Ion Spectroscopy (SIMS). For the experiment, n-
doped 2” InP wafers are overgrown with 2 µm n.i.d InP and 300 nm n.i.d
InGaAs to simulate the cladding of the final layerstack. The Zn pressure was
chosen as 0.0123 mBar and the temperature as 500 ◦C, while the time was
varied up to 110 min. The measured diffusion profiles for five different times
are shown in Fig. 2.3(a) for CV. The corresponding SIMS results for three out
of those five samples are shown in Fig. 2.3(b).
Both figures show a drop in doping concentration, from approximately 1×1019
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Figure 2.3: Measured diffusion profiles for different exposure times. Dashed
lines indicate the COBRA in-situ target doping profile.

cm−3 to 1 × 1018 cm−3, which coincides with the InGaAs/InP interface. The
step height is related to the difference in solubility limit between InP and In-
GaAsP and agrees well with other experimental work based on MOVPE [61].
In InP the doping concentration is generally maintained above 5× 1017 cm−3,
until a second drop indicates the diffusion front. The steepness of the diffusion
front enables a well definable position of the resulting p-n junction. The SIMS
measurements are qualitatively similar to the ones obtained from CV, which
suggests that most of the diffused Zn is electrically active. Furthermore, the
doping concentrations, as specified by the COBRA platform, are indicated as
dashed lines in Fig. 2.3(b) and show qualitatively good agreement with the
diffusion profile. However, the dashed lines represent target values. In practice
the different concentrations will lead to a diffusion, which averages the step
like profile.
The experiment has been repeated for a set of masked samples with 30 µm
wide openings. The samples were cleaved to inspect the cross-section under
SEM. A stain etch with a K4FeCN6/KOH was performed to enhance material
transitions. A typical SEM image is shown in Fig. 2.4, where we note that the
stain etch removed some of the InGaAs contact layer. The bright area which is
about 1.6 µm deep, indicates a change in conductivity related to the diffused
p-dopant. The dopant front is uniform about two micrometer from the edge of
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Figure 2.4: SEM image of wafer cross-section through a diffusion area. The
white scale bar represents a length of 1 µm.

the defined opening. We found that the diffusion depth as measured by SEM is
in good agreement with the result of CV and SIMS. This experiment confirms,
that doping concentration in the InGaAs layer and near the diffusion front can
be optimized to meet the requirements of the gradual cladding, traditionally
implemented via in-situ doping.

2.3 Impact of doping profile on waveguides

The changes to the performance of the optical components of the platform
are described in this section. The performance is studied using the standard
COBRA cross-sections with step-like diffusion profiles for the EOPM, active
and passive region. As the diffusion profile was in good agreement with the
platform specifications, this will only introduce a small error, while simplifying
the analysis.
Test structures for the characterization of SOA, EOPM and passive waveg-
uides were fabricated in close cooperation with the SMART Photonics foundry.
SMART Photonics adopted the diffusion process according to the experiments
as described above and carried out the fabrication of SOA and EOPM. The
passive structures were fabricated by us in a dedicated fabrication run.
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2.3.1 Passive waveguides

The altered doping profile induces a change in refractive index of the cladding
layers and implies that a redesign of e.g. propagation constants or birefrin-
gence is necessary. In practice the change in refractive index due to p-dopant
becomes only significant, if doping concentrations above 1 × 1018 cm−3 are
considered (Appendix A). As shown in Fig. 2.5, the COBRA waveguides have
relatively small doping concentrations near the guiding layer, and hence the
propagation constants of the waveguide are not affected by changes in the p-
dopant profile. The waveguide components derived from these waveguides can
therefore be used without further restrictions.
However, due to significant absorption in p-doped material, the attainable loss
in the passive sections is altered. Throughout this work, we shall consider two
contributions to the waveguide loss, being scattering and free carrier absorp-
tion. The latter is derived from the wavelength dependent complex index of
refraction ni of the ith epitaxial layer, written as:

ni = n′i + jn′′i (2.1)

which is related to the absorption coefficient αi through:

αi =
4π

λ
n′′i (2.2)

Each layer that confines a fraction Γi of the modal power, contributes to the
absorption properties αabs of the waveguide with:

αabs =
∑

αiΓi (2.3)

Concluding, the loss of a waveguide of length L, with the absorption coefficient
α, shall then be defined by an exponential decay:

I(L) = I0e
−αL (2.4)

with:
α = αabs + αs (2.5)

where αs describes additional scattering loss introduced by the sidewall rough-
ness of the waveguide, which is discussed in more detail in section 2.4. A de-
scription of the model used to calculate the complex indices of refraction is
given in Appendix A.

19



Chapter 2

n-InPSSN=2x1017Scm-3

dc QM1.25DSSN=3x1016Scm-3

0.2SµmSn.i.d.SInP

1SµmSn-InPSSN=5x1017Scm-3

0.2Sdc dc

0.3SµmSp-InPSP=5x1017Scm-3

1SµmSp-InPSP=1x1018Scm-3

2Sµm

0.3SµmSp-InGaAsSP=1x1019Scm-3
1.5Sµm

Shallow/EOPM Deep/EOPM

Figure 2.5: Standard COBRA cross-sections used for EOPM and passive
waveguide fabrication. In the passive sections the 300 nm contact layer is

removed to avoid band gap absorption.

The passive waveguides as shown Fig. 2.5, have been implemented into the 2D
Finite Difference Time Domain (FDTD) mode simulator of Phoenix BV, to
calculate the complex electric field profiles. For simulation purposes the etch
depth of the shallow waveguide is parameterized, according to the thickness of
the guiding layer dc. The deep waveguides are assumed to be etched 400 nm
below the core.
In order to study the independent contributions to loss, the waveguides as
shown in Fig. 2.1 are initially simulated without the p-dopant in the top
cladding. For this scenario, the simulated propagation loss is displayed in Fig.
2.6(a), for λ = 1.55 µm. The result suggests that absorption can be maintained
below 0.4 dB/cm for a wide range of guiding layer thicknesses. Furthermore, it
is almost identical for both waveguide types. From further simulations, we de-
rive that 2/3 of the total absorption occurs in the intermediate layer between
guiding layer and substrate. Polarization dependent absorption is calculated
as approximately 0.05 dB/cm.
The p-dopant is taken into account by considering the intervalence band ab-
sorption in the ridge of the waveguide, with a model as given in Appendix
A. The expected loss for different guiding layer thickness values, is displayed
in Fig. 2.6(b) for both polarizations and waveguides. The absorption is about
one order of magnitude higher and on the contrary to the previous case, the
deep waveguides absorb more, as their electric field interacts stronger with the
top cladding. The overall polarization dependency is significantly higher, with
approximately 1 dB/cm.
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Figure 2.6: Simulation of waveguide absorption.

Waveguide characterization

In order to verify the simulations, a test structure as shown in Fig. 2.7 has
been fabricated based on a layerstack with a 600 nm Q(1.25) guiding layer.
Shallow etched waveguides are routed through p-doped regions of different
length LDif , increasing the average loss along the array. The loss per unit
length of each waveguide can be written as sum of the absorption coefficient
in n and p-doped regions, αn and αp, as:

α = αn + Λαp + αs (2.6)

where Λ = LDif/L is the ratio between the length of the diffused region and
the total waveguide length L. The loss of the individual waveguide is derived
from the Fabry-Perot method, with [63]:

αL = ln(
1

R

√
γ − 1
√
γ + 1

) (2.7)

where γ is the ratio between maximum and minimum transmission and R the
power reflection coefficient. Consequently, the structure allows to measure the
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Figure 2.7: Zn-diffused waveguide array to measure the propagation loss.
Colored areas are exposed to the diffusion.

loss contributions independently with:

α(Λ = 0) = αn + αs (2.8)

and

α(Λ1)− α(Λ2) = αp(Λ1 − Λ2) =
1

L
ln(

√
γ1 − 1
√
γ1 + 1

√
γ2 + 1
√
γ2 − 1

) (2.9)

where the indices correspond to the nth waveguide of the array. According to
above definitions the method introduces an uncertainty for α(Λ = 0), since
it relies on an estimate of the facet reflectivity. αp is derived however inde-
pendently of the reflection coefficient. Under the assumption that the real
reflection coefficient is denoted as R0, the uncertainty of the measurement as
a function of the estimated reflection coefficient is given as:

∆α(R) = − 1

L
ln(

R0

R
) (2.10)

If the reflection coefficient is known within one percent, an uncertainty of
0.1 dB/cm is created for a sample of 1.42 cm length. This assumes a typical
reflection coefficient for InP waveguides of R = 0.3.
If the waveguide array contains deep and shallow etched waveguides without
p-dopant, it is also possible to estimate the scattering loss in deep waveguides.
As undoped shallow and deep waveguide structures have a similar absorption
characteristic:

∆αs(σ) ≈ ∆α ≈ αdp − αsh (2.11)

is a valid approximation. αdp and αsh are the measured waveguide loss of the
undoped deep and shallow waveguide respectively.
The experiment contains an array as displayed in Fig. 2.7, with six shallow
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Figure 2.8: Measured waveguides of fixed length which were guided through
diffusion areas of different length. The bold line represents the fit related to

the equations.

waveguides of 14.2 mm length. Five of the waveguides are routed through areas
which were exposed to the diffusion process. The width of the diffusion areas
is maintained constant at 30 µm, while the length is altered from 1.4 mm to
12.4 mm. The pitch between the diffusion area is approximately 75 µm and a
diffusion ratio Λ from 0 to 0.85 is covered.
The loss is measured with a tunable laser, where the lasing wavelength has
been altered from 1540 nm to 1550 nm with a step size of 0.1 pm. The trans-
mission spectrum of each waveguide is recorded with a power meter and a
peak detection algorithm is applied to find approximately 440 minima and
maxima of the transmission spectrum. These values are used to calculate the
uncertainty of each measurement. The reflection coefficient was simulated for
both polarizations and found to be 0.34 for TE and 0.28 for TM respectively.
The result for TE is displayed in Fig. 2.8(a) and fit to a linear equation, where
according to equation 2.8 and 2.9, the slope defines the p-dopant contribu-
tion and the constant is the n-dopant contribution. Consequently, we find a
propagation loss of 0.3 dB/cm ± 0.1 dB/cm and 2.0 dB/cm ± 0.1 dB/cm for
undoped and doped waveguides respectively. A similar picture is displayed in
Fig. 2.8(b) for TM with results of 0.4 dB/cm ± 0.1 dB/cm and 2.2 dB/cm ±
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0.1 dB/cm. The waveguides containing only n-dopant are in excellent agree-
ment with the simulations performed above and indicate that scattering loss in
shallow waveguides is low, since it was not yet considered in the simulations.
Further measurements of deep waveguides, which did not contain p-dopant
were performed. Values of 1.4 dB/cm ± 0.2 dB/cm for TE and 2 dB/cm ± 0.2
dB/cm for TM were obtained. According to equation 2.11, this implies that
the scattering mechanism in the deep waveguides accounts for approximately
1 dB/cm loss.

2.3.2 Electro-optical phase modulator

In this section, we discuss the impact of the diffusion front on the DC perfor-
mance of the phase modulators. In the COBRA platform the phase sections are
based on reverse biased waveguides sections. These phase sections are known
for their excellent characteristics, as nanosecond switching speed, no heat dissi-
pation and small polarization dependence. This makes them a key component
for highly integrated transceiver circuits, where fast modulation speed and low
crosstalk is mandatory.
The optimization of this component has been discussed already in several dis-
sertations related to the COBRA process [64, 65] and it is well known that
the performance is strongly dependent on the doping profile of the layerstack.
In particular, it was so far impossible to optimize the component without af-
fecting the insertion loss of the passive sections. The diffusion approach solves
this compromise by providing different cross-sections for the two components.
The optimization of the device is therefore simplified as no restrictions apply.
In Fig. 2.9 we give a schematic representation of how the waveguide ridge can
be represented by a one-dimensional diode model. Here, the two waveguide
claddings form the p and n-part of the diode, while the waveguide layer is the
intrinsic or low doped section in between. The operation principle relies on
the change in depletion width with applied voltage. An increase of the reverse
biased voltage leads to a growth of the electric field and thus additional charge
carriers are removed from the guiding layer. As a result the free charge carrier
concentration changes and the refractive index is altered locally. Additionally,
the operation principle relies on a number of electric field effects which are
introduced below.
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Figure 2.9: Operation principle of an EOPM. Changes in applied voltage
increase the size of the depletion region, giving rise to a number of electro-

optical effects as described below.

Field effects

In total, there are two electro-optical effects which have to be considered. The
linear electro-optic effect, or Pockels effect, induces a refractive index change
in proportion to the applied electric field strength. It is mathematically best
described via an induced deformation of the index ellipsoid. This effect oc-
curs only in non-centrosymmetric materials. The most prominent materials of
this type are crystalline materials such as lithium niobate (LiNbO3), lithium
tantalate (LiTaO3), potassium di-deuterium phosphate and compound semi-
conductors such as gallium arsenide (GaAs) and InP. The Pockels effect has
a strong polarization dependence as it affects only TE. Furthermore, it is de-
pendent on the propagation direction with respect to the [1 1 0] crystal plane.
Light traveling along this direction experiences a negative phase shift, while it
is positive when traveling perpendicular to it. Therefore the efficiency of TE
modulators can be increased when taking this into account during the design
stage. The change in refractive index due to the Pockels effect is given by:

∆nP = ±1

2
n3r41|E| (2.12)

Here, n is the refractive index of the material, E the electric field and r41 is
the Pockels coefficient.
The quadratic electro-optic effect, is the second field dependency. The major
contribution in bulk material has been identified to be band gap tunneling, also
known as Frank-Keldysh effect. The change in refractive index is caused by a
change in band gap shape, leading to a change in absorption. It is described
by:

∆nKerr = ±1

2
n3s11,12|E|2 (2.13)
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where the coefficients are s11 = 11.9 × 10−20 m2/V2 and s12 = 21.5 × 10−20

m2/V2 for TE and TM polarization in Q(1.25) material. These values are
taken from an experimentally fitted model [64] based on a similar geometry as
the one presented here. In InP the coefficients of the quadratic effect are one
order of magnitude smaller.

Carrier induced effects

The first carrier induced effect is based on the change in depletion region size.
As the depletion region increases, the electric field increases accordingly and
charge carriers are removed from the guiding layer. If charge carriers are intro-
duced by doping into the guiding layer, these will be removed and the doping
is thus reversed. In fact, mathematically the same equations as for doped semi-
conductors can be used, given in Appendix A. We use for simplification of the
model two constants here:

∆nPlasma = A1,2N (2.14)

where A1 = 3.65×10−27 m3 and A2 = 5.7×10−27 m3 are wavelength dependent
constants for InP and Q(1.25) respectively and N is the doping concentration
of the material.
The final effect is Band-Filling. Here, free charge carriers occupy empty low-
energy states in the conduction band of the semiconductor, causing a decrease
in absorption which translates into a change in refractive index via the Kramer-
Kronig relations. For simplicity, we will use a proportionality constant here as
well [66]:

∆nB = B1,2N (2.15)

where B1 = 5.1×10−27 m3 and A2 = 14×10−27 m3 are wavelength dependent
constants for InP and Q(1.25) respectively and N is the doping concentration
of the material.
The total change in refractive index is now given as:

∆n = ∆nPlasma + ∆nB + ∆nP + ∆nKerr (2.16)

where for TM polarization the Pockels effect is zero.
However, inside the PIN junction, not the whole optical mode will interact with
the electric field. We take this into account by defining a change in effective
refractive index, resulting from averaging the total refractive index change over
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Figure 2.10: Influence on the position of the diffusion front as measured from
the top of the 500 nm thick Q(1.25) guiding layer. Simulations are performed

for a 2 mm long phase section.

the modified depletion region:

∆neff =

∫
∆nI(x)dx∫
I(x)dx

(2.17)

where I(x) is the transverse optical mode-profile. The phase shift in a phase
shifter of length L can now finally be expressed as:

∆Φ(V ) =
2π

λ
∆neffL (2.18)

To solve this equation we calculate the electric field profile across the deple-
tion region and obtain the individual contributions of electric field and charge
carrier effects. The impact of the diffusion front on the phase shift efficiency
is then simulated as given in Fig. 2.10 by changing the thickness of the n.i.d.
cladding of the layerstack, while fixing the other parameters. The layer thick-
ness is varied from the standard value of 200 nm to 0 nm. The latter implies
that the diffusion front coincides with the top of the guiding layer.
The corresponding electric field profiles for the two extreme cases are given in
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Fig. 2.11. When the thickness of the buffer layer is small, then the p-n junc-
tion is located closer to the waveguide core, which results in a depletion region
with a higher electric field profile and better overlap with the guiding layer.
Therefore the phase shift efficiency is increased.
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Figure 2.11: Electric field distribution inside the PIN junction for different
positions of the doping front.
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As seen in Fig. 2.10(a), the required switching voltage for a device can be
halved if the diffusion front targets the top of the Q(1.25) layer. However, the
insertion loss of the modulator is compromised as p-dopant is closer to the
guiding layer. In total, the loss increases by approximately 3 dB/cm, as seen
in Fig. 2.10(b). In a 2 mm long phase section this accounts only for 0.6 dB.
Also, this is overcome as the device provides similar performance as before,
for shorter length. This allows to achieve a higher modulation speed.
Unfortunately, it was not possible to perform the characterization of the phase
modulator. The fabricated device showed large absorption which was not in
agreement with the waveguide loss measurements of section 2.3.1. At present
it is not clear how this absorption is introduced. However, since the modulator
is a waveguide with a metallization, we suggest that an imperfect passivation
of the sidewall resulted in metal being too close to the guiding layer.

2.3.3 Semiconductor Optical Amplifier

Concluding, we characterized SOAs in a Fabry-Perot configuration. In this
configuration, laser action occurs if the round-trip gain provided by the SOA
is larger than the cavity loss.
For characterization three SOAs of 500 µm, 750 µm and 1000 µm length were
tested, placed in a cavity of 4.5 mm length, with cleaved facets as mirror. The
results are shown in Fig. 2.12(a). The lasing threshold is in all three cases
quite large, which implies that the cavity loss is high. The threshold current
density is approximately 10 kA/cm2. At these current densities, COBRA SOAs
provide typical gain values of 50 cm−1. With this value, it is quickly derived,
that the internal loss of the cavity is orders of magnitude higher than in our
passive waveguides. As in the case of the modulator, we suspect, that there
was an issue with the fabrication during metalization.
Additionally, Fig. 2.12(b) shows the I-V characteristic of the measured devices,
which is however representative for a p-n junction. This implies that the Zn-
diffusion was effective and an ohmic contact was formed. From the slope of
the I-V, we estimate a total resistance of 8.35 Ω and 6.75 Ω, for the 500 µm
and 100 µm long device respectively. These values can be translated into sheet
resistance of 5 Ω/mm and contact resistance of 1.8 Ω respectively. These are
both typical values, that agree with contacts formed via in-situ doping using
the standard COBRA process flow.
The presence of a p-n junction and lasing is a promising first step towards a
fully integrated low-loss platform.

29



Chapter 2

Current [mA]
0 50 100 150 200

Po
w

er
 [

m
W

]

0

0.2

0.4

0.6

0.8

1

500 7m
750 7m
1000 7m

(a) L-I

Current [mA]
0 50 100 150 200

V
ol

ta
ge

 [
V

]

0

0.5

1

1.5

2

2.5

500 7m
750  7m
1000 7m

(b) I-V

Figure 2.12: Measurements of Zn-diffused SOAs of different length, placed
in a 4.5 mm long Fabry-Perot cavity.

2.4 Waveguide roughness

In the previous section we experimentally obtained a low-loss shallow waveg-
uide with an experimental value which was in good agreement with simu-
lations, although scattering was not yet taken into account. Scattering will
however be present due to an imperfectly defined sidewall of the waveguide.
To verify the small contribution of the scattering to the total waveguide loss,
further measurements were performed.

2.4.1 Line-edge roughness

In planar waveguides, a scattering arises mainly from an imperfect definition
of the sidewall. These irregularities are related to lithography and etching
process. A schematic of the waveguide ridge, is given in Fig. 2.13, as a 2D
slab with a width of 2d and the refractive indices n1,2 for core and cladding
respectively. As further depicted in Fig. 2.13, the sidewall is approximated
with a linear function y = mxi + n, which allows to determine the edge point
fluctuations ∆yi along the propagation direction as:

∆yi = yi −mxi − n (2.19)
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β

Figure 2.13: 2D slab waveguide geometry with rough sidewalls. The sidewall
fluctuation is determined with respect to a reference line.

The line-edge roughness (LER) is then defined via the root mean square σ :

3σ = 3

√∑
∆y2i
N

(2.20)

Literature suggests that ∆yi follows an exponential autocorrelation function
R(z) [67, 68]:

R(z) = σ2exp(− z

Lc
) (2.21)

where Lc is the correlation length. The accuracy of any model will rely strongly
on the parameters σ and Lc, which are directly related to the waveguide fabri-
cation process. To extract these values, top down CD-SEM images of fabricated
sidewalls were taken at random positions on the wafer. A typical image is pro-
vided in Fig. 2.14(a).
An edge-detection algorithm is applied to extract the sidewall variation ∆yi
in the propagation direction. A typical results is displayed in Fig. 2.14(b) for a
waveguide section of 1 µm length. According to equation 2.20, σ is derived from
images taken at random position of the wafer, with a value of approximately
3.5 nm ± 0.2 nm. The correlation length Lc is obtained from the autocorrela-
tion function of the sampled sidewall, fit to equation 2.21, as displayed in Fig.
2.15(a). The fit is in excellent agreement with Lc= 40 nm.

2.4.2 Scattering loss

With k0 = 2π
λ as the wavenumber and g as constant defined by the waveguide

geometry, the scattering loss of a 2D slab waveguide is now defined analogous
to Payne and Lacey [69]:

αs =
σ2√

2k0d4n1
gf (2.22)
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Figure 2.14: Tracking of the waveguide sidewall using CD-SEM images. The
white inset indicates the intensity profile in the horizontal direction.

where f is related to the correlation length Lc and describes the interaction
between the mode and the sidewall during propagation. Furthermore, it de-
pends on the propagation constant β = k0neff of the considered mode.
The application of this model to 3D structures can be achieved, by multiplying

equation 2.22 by a scaling factor S = δnsh
δd /

δndp
δd [70]. Here, nsh and ndp rep-

resent the effective index of a shallow and deep waveguide of the same width.
Conceptually, the scaling factor can be understood as relative measure of the
electric field overlap at the sidewall, with respect to a channel waveguide. The
scaling factor for a shallow etched ridge waveguide is presented for both po-
larizations in Fig. 2.15(b). With increasing core thickness, the scaling factor is
reduced for both polarizations, but remains higher for TM. This implies that
a shallow waveguide is effectively shallower for TE than for TM. For the deep
etched waveguide, we assume a scaling factor of 1.
In Fig. 2.16(a), the scattering loss for a fixed correlation length of 40 nm is
plotted for both waveguide types and a core thickness of 500 nm. For a mean
roughness of 3.5 nm, the shallow waveguides show loss values as low as 0.15
dB/cm and the deep close to 1 dB/cm. These values are in excellent agreement
with the waveguide loss measurements performed in section 2.3.1. The lower
loss for TE in shallow structures is related to the scaling factor as introduced
above.
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Figure 2.15: (a) Typical autocorrelation function extracted from images
taken at random positions of the wafer. (b) Scaling factors for shallow waveg-

uides.

In Fig. 2.16(b), the dependence on Lc is plotted for σ = 3.5 nm. The result
indicates that an experimental Lc of 40 nm, is close to the worst case scenario
and a good approximation up to Lc = 200 nm. The latter is especially valid
for shallow waveguides.

2.5 Design and characterization of a spiral ring res-
onator

A second test structure is chosen to confirm the measurements of waveguides
not containing p-dopant. The approach is based on ring resonators, which
have been extensively described in various material platforms [71–73]. Recently
these resonators have been proposed for measurement of optical loss [57]. In
this work, we expand on the concept by increasing the ring circumference from
a few millimeter to several centimeter. This allows for measurements with little
dependence on the ring coupling element.
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Figure 2.16: Scattering loss according to Payne and Lacey [69].

2.5.1 Ring resonator design

A generic ring resonator, as shown in Fig. 2.17, consists of a circular optical
waveguide cavity, which is accessed via a coupling element. Light that enters
the cavity interferes constructively after one round-trip L if it acquires a phase
φ = βL, equal to an integer multiple of 2π.
This results in a periodic transmission, with a Free Spectral Range of FSR =
λ2/(ngL). Under the assumption that the back reflections of the coupling el-
ement can be neglected, the power transmission of the ring resonator can be
written as:

T =
a2 − 2racos(φ) + r2

1− 2racos(φ) + (ra2)
(2.23)

where the bar coupling is described by the coefficient r, which in the ideal
case is related to the cross coupling coefficient via r2 + κ2 = 1. The round-
trip transmission of the structure is a2 and includes coupling element and ring
waveguide with αc and e−(αs+αn)L respectively:

a2 = αce
−(αs+αn)L (2.24)

The similarity of denominator and numerator suggests, that for an ideal struc-
ture with no insertion loss a = 1, the transmission is always unity. For r = a,
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κ

Figure 2.17: Waveguide test structure for the measurement of the propaga-
tion loss.

the transmission drops to zero, which is also defined as critical coupling. The
extinction ratio for the general case, follows directly for the conditions of
cos(φ) = 1 or cos(φ) = −1 and can be written as:

ER =
Tmax
Tmin

=
(a+ r)2

(1 + ra)2
(1− ra)2

(a− r)2
(2.25)

For a fixed coupling geometry, the ER allows thus to link the waveguide loss
of the ring waveguide by numerical computation of equation 2.25 or a fitting
of the equation to measurements of rings with different circumference. Once
the round-trip transmission a2 is obtained, the absorption coefficient can be
derived from:

α = − 1

L
ln(

a2

αc
) (2.26)

The ER is plotted for a 5 cm ring and with various coupling coefficients against
the waveguide loss in Fig. 2.18(a). The ER changes rapidly with maximum
sensitivity near the critical coupling point. When estimating the propagation
loss, it is thus convenient to chose a set of rings which operate in its vicinity. For
the experimentally obtained waveguide loss of 0.3 dB/cm, a coupling coefficient
of 0.72 seems thus a good choice for this resonator length. The uncertainty of
αc is independent of the round-trip transmission and can be estimated by
measuring two rings with a different circumference. The error introduced by a
wrong estimate, compared to the reference αco is derived directly from equation
2.26 as:

∆α = − 1

L
ln(

αc
αco

) (2.27)

Thus a wrong estimate of 0.1 dB, leads to an uncertainty of 0.1 dB/cm for a
circumference of 1 cm.
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Figure 2.18: Simulations for different coupling coefficients and a ring circum-
ference of 5 cm.

Furthermore, the deviation from the nominal coupling coefficient r introduces
an error in estimation of the round-trip transmission. Under the assumption
that the ring is used near the critical coupling point, the error is approximated
by calculating the shift in the critical coupling condition via:

∆α ≈ − 2

L
ln(

r

ro
) (2.28)

The shift in critical coupling can be seen in Fig. 2.18(a) from the dashed curve,
which implies a shift of 3% with respect to the nominal coupling coefficient of
0.85. Due to the length of 5 cm, the error is only a few 0.01 dB/cm. Alter-
natively the quality factor of the ring can be measured, which expresses the
sharpness of the resonance peak with respect to its central wavelength:

Q =
λ0

∆v0
=

πngL
√
ra

λ0(1− ra)
(2.29)

where ∆v0 describes the Full-Width Half-Maximum (FWHM) of the reso-
nance. This quantity is a measure for the detection limit of a sensing systems
and will be measured to back up the results obtained from the ER method.
The dependence on Q for different values of the propagation loss is shown

36



Zn-diffusion

in Fig. 2.18(b). For the provided example of 5 cm circumference, the ER is
larger 10 dB and with a Q of approximately one million. Further simulations
suggest that Q above 2 million is feasible if the waveguide loss can be limited
to scattering, by e.g. further process developments to remove the n-dopant.

2.5.2 Multimode-Interference devices

The ring section employs two types of Multimode-Interference devices (MMIs).
One is the main coupling element of the ring and the other is a filter which
provides additional suppression of higher order propagation modes. These are
included to avoid inter-modal beating, disturbing the transmission spectrum
of the fundamental mode. In the following paragraphs we elaborate on the
design and characterization of these MMI components.

MMI coupler

MMIs are an ideal choice for our application, since they provide high fabrica-
tion tolerance, reproducibility and low insertion loss [74]. The device relies on
the excitation of a set of modes inside a multimode waveguide, which prop-
agate and interfere constructively after the imaging length, to form a self or
split image at the output. This can be seen in Fig. 2.19, where we display
the numerical simulation of the propagation inside the multimode section for
a device with two inputs and outputs. In the presented case, the first input
from above is excited. The device length of L = 3NLπ/5, is chosen according
to existing analytical solutions [75], to produce an asymmetric splitting ratio.
Lπ is a geometrical constant which describes the beat length of the two lowest

W4W/5

2W/5

Deep

Shallow

Shallow

9Lπ/5

Figure 2.19: Simulation of MMI with r2=0.72 and definition of geometry.
The access waveguides are shallow and the multimode region is deep.
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Figure 2.20: Simulation of coupling coefficient and insertion los for a 11 µm
wide MMI.

order modes with difference in propagation constants ∆β and is defined as:

Lπ =
π

∆β
≈ 4nrW

2

3λ0
(2.30)

where W and nr are the width and effective refractive index of the multimode
ridge. With N = 3 and access waveguides positioned as described in Fig. 2.19,
a coupling coefficient of r2 = 0.72 is expected, matching the design consid-
erations of the simulation section above. A reduction of reflection caused by
imperfect imaging, is obtained by designing the access waveguides shallow and
angle the sidewalls of the MMI in the access region to 54 degree. The shallow
inputs cause coupling at the input of the MMI, creating additional imbalance
at the output through interference. According to simulations, a 11 µm wide
multimode section is required to avoid this effect, resulting in a MMI length
of 512 µm.
The simulated wavelength dependent insertion loss and coupling strength are
displayed in Fig. 2.20(a). The coupling coefficient is maintained within 0.1
dB over almost 100 nm which makes it an excellent candidate for the exper-
iment. The insertion loss has a quasi parabolic trend with a minimum of 0.1
dB around 1550 nm. In order to maintain the insertion loss below 0.2 dB,
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the allowed deviation from the minimum value is about ± 10 nm. According
to equation 2.30 this results in stringent definition of the width for a fixed
wavelength. However, by tuning the experimental wavelength, the fabrication
error can be compensated.
The presented simulations have been performed under the conditions that the
access waveguides are monomodal. Assuming a contribution of the first order
mode, the deviation from the nominal coupling coefficients αco and r20 are given
in Fig. 2.20(b). For negligible deviations from the nominal values, a suppres-
sion of -20 dB is necessary.
The simulations indicate that the MMI can provide both, low insertion loss
and predictable coupling coefficients. The measurement of both is enabled by
placing two couplers in between reflective facets as displayed in Fig. 2.21(a).
The MMIs are fabricated in close proximity and the input for both structures
is maintained the same while the output port is varied. The ports, which are
not of interest for the measurement are curved and terminated, such that the
light exits the coupler and does not contribute to the measured signal. Accord-
ingly, if the Fabry-Perot method (equation 2.7) is applied, a loss measurement
is translated into the transmission coefficient of the MMI. The coupling coef-
ficients r2 and κ2 can be directly derived from these transmission values. The
uncertainty of the waveguide loss and the coupler insertion loss is removed
with following normalization:

R

T2=αcκ
2

T1=αcr
2

R

(a) Structures to determine coefficients.

Deep

Shallow

10 µm

(b) SEM image

Figure 2.21: MMI coupling element.

39



Chapter 2

Wavelength [nm]
1470 1510 1550 1590

L
os

s 
[d

B
]

0

2

4

6

8

10
52,

c

r2,
c

(a) TE

Wavelength [nm]
1470 1510 1550 1590

L
os

s 
[d

B
]

0

2

4

6

8

10
52,

c

r2,
c

(b) TM

Wavelength [nm]
1470 1510 1550 1590

C
ou

pl
in

g 
C

oe
ff

ic
ie

nt
 [

a.
u]

0

0.2

0.4

0.6

0.8

1

52

r2

(c) TE

Wavelength [nm]
1470 1510 1550 1590

C
ou

pl
in

g 
C

oe
ff

ic
ie

nt
 [

a.
u]

0

0.2

0.4

0.6

0.8

1

52

r2

(d) TM

Figure 2.22: Transmission and coupling coefficients of MMI. Solid lines repre-
sent corresponding BPM simulations for a 10.75 µm wide multimode region.
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r2 = T1/(T1 + T2) κ2 = T2/(T1 + T2) (2.31)

with r2 + k2 = 1. The insertion loss for both structures is displayed in Fig.
2.22(a) for TE where the background waveguide loss is subtracted. The bold
lines represent the simulations of the corresponding port assuming a 250 nm
deviation from the nominal MMI width of 11 µm. This deviation was verified
using SEM cross-section images. The excellent agreement suggests that the
central wavelength of the MMI has shifted by about 40 nm, to 1510 nm. The
estimated insertion loss at 1510 nm is approximately 0.1 ± 0.1 dB.
The experiment has been repeated for TM, as displayed in Fig. 2.22(b). The
central wavelength is at 1540 nm, which agrees with the simulations as well.
The corresponding coupling coefficients have been extracted from these mea-
surements and equation 2.31. The result for TE is shown in Fig. 2.22(c) with
the simulations in solid. The good agreement suggests, that r2 = 0.72 ± 0.02
is achieved at the point of minimum insertion loss. A similar result is obtained
for TM, as shown in Fig. 2.22(d). Consequently, the ring resonator based on
this component should perform close to ideal around 1510 nm for TE and 1540
nm for TM.

MMI mode-filter

The suppression of the first order mode is of importance to avoid inter-modal
interference, which causes a shift of the coupling parameters. An excitation
of the first order mode can be achieved by a misalignment of the input stage
with respect to the circuit waveguide [76] or irregularities in the waveguide.
Consequently, according to equation 2.27 and equation 2.28, the accuracy of
the measurement depends on the experimental alignment, hampering the re-
producibility.
For this purpose MMIs can be designed to act as filter which spatially separate
the waveguide modes. The simplest method is to use a MMI with one input
and one output, as in Fig. 2.23(a). The length of the device is L = 3Lπ/4. The
access sidewall of the MMI is shallow and angled at 54 degree to reduce back
reflections.
As seen, in Fig. 2.23(a) the fundamental mode is transmitted without penalty,
while the first order mode shown in Fig. 2.23(b) is imaged onto the MMI ac-
cess sidewall. This spatial separation results in a significant insertion loss for
the first order mode. The transmission of the device is simulated for a number
of device widths and shown in Fig. 2.23(c) for the fundamental and in Fig.
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Figure 2.23: BPM simulation of mode-filter for different propagation modes.

2.23(d) for the first order mode.
From the simulations, we chose a 10 µm wide and 213 µm long device, to meet
the requirements of Fig. 2.20(b). With a suppression of 30 dB over a wide
wavelength range, the device guarantees negligible deviation form the nominal
coupling coefficients as seen in Fig. 2.20(b).
The characterization of this component has been undertaken by concatenating
up to 16 devices in a row. The loss is again measured by using the Fabry-Perot
method (equation 2.7). The result for TE and TM is shown in Fig. 2.24(b),
compared to simulations of the device with the 250 nm deviation from the
nominal MMI width of 10 µm. The minimum insertion loss of the device is
found to have shifted more than for the coupling element, to 1480 nm and 1520
nm for TE and TM respectively. This was not anticipated in the design, and is
caused by the difference in nominal width of the two MMI elements. However,
due to the larger bandwidth of this device, the mode-filter will account for
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Figure 2.24: Spatial mode-filter. Solid lines represent simulations for a 9.75
µm wide MMI.

approximately 0.3 dB insertion loss at 1510 nm and 1540 nm for TE and TM
respectively.

2.5.3 Optical characterization

The circuit was fabricated with the sub-components as described and charac-
terized above. In this section the transmission spectrum of the ring resonator
is discussed. However, due to the extensive length required for an accurate
measurement, the ring geometry tends to cover a large footprint. This can
be overcome by the design of a spiral ring resonator, as shown in Fig. 2.26
for a device with a circumference of 73 mm. The ring cavity is formed by a
shallowly etched spiral delay line, which is connected to a deeply etched MMI
with asymmetric splitting ratio. The outer radius of the spiral is larger than 1
mm and the inner radius is approximately 0.5 mm. The number of waveguide
junctions is minimized by gradual reduction of the radius towards the center
of the spiral. The total footprint of the device is 2.5 mm x 3.5 mm, mainly
determined by the two inner non-critical bends. The optical ports are formed
by angled cleaved waveguide terminations located at the input and output of
the PIC at an angle of 7 degree. The pitch of the spiral is maintained at 25
µm. Spatial mode-filters are placed at the optical ports and inside the ring,
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Figure 2.25: Schematic of characterization setup.

avoiding excitation of higher order propagation modes. Rings with circumfer-
ences of 25 mm, 55 mm and 73 mm were designed.
The FSR of the devices is expected to be in the order of a few picometer.
A transmission experiment using a tunable laser in step mode, thus requires
a step size, which is at least hundreds times smaller to avoid measurement
uncertainties related to sampling errors. Therefore, the laser is operated in
continuous sweep mode and at a fixed tuning speed. By using a real-time
oscilloscope to sample the recorded transmission signal, high resolution is ob-
tained. For the characterization of the resonators the setup as schematically
depicted in Fig. 2.25 is chosen. A tunable laser is coupled via a collimating
lens to free space. After passing through a polarizer, the collimated beam is
coupled to the device via a microscope objective. A fiberized polarization con-
troller is used to maximize the transmission through the polarizer set to TE
or TM.

MF

MF
MMI

Figure 2.26: Fabricated ring resonator with circumference of 73 mm. MF
indicates the spatial mode-filter.
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The resolution of the measurement is determined by the oscilloscope’s sampling
frequency of 100 kHz, and the laser sweep speed of 500 pm/s, resulting in a step
size of 5 fm. The lasing wavelength was chosen as 1510 nm for TE and 1540
nm for TM. Three rings with circumference of 25 mm, 55 mm and 73 mm were
characterized. From the transmission spectra, the FSR of the rings was found
to be 8.2 pm, 11.9 pm and 24.1 pm for TE while 9.0 pm, 12.4 pm and 25.3 pm
for TM polarization. The transmission spectra were divided accordingly and
each period is fit to the analytical ring transmission to obtain the ER and the
Q. A typical fit for the longest device with 73 mm circumference is given in
Fig. 2.27(a) for TE and Fig. 2.27(b) for TM.
The experiment was repeated for all rings and the results were fit to the
analytical equations for ER and Q. The starting guess for the insertion loss
of the MMI coupler and mode-filters was 0.4 dB. The result for the ER is
given in Fig. 2.27(c) and suggests an insertion loss of 0.34 dB/cm for TE and
0.44 dB/cm for TM. This is in agreement with the results obtained from the
waveguide array and is an excellent match with simulations.
This result is backed up with the measurement of the quality factor as displayed
in Fig. 2.27(d). The fit in this case is obtained for TE with 0.39 dB/cm and
0.49 dB/cm for TM, which coincides with the results obtained from the ER
method. The values obtained for the longest ring, suggest a new record quality
factor for an InP ring, suitable for fabrication of high performance angular
velocity sensors within an InP generic foundry process [48].

2.6 Conclusions

This chapter describes the development of a Zn-diffusion process to form local-
ized p-n junctions within generic photonic foundry processes. The p-n junctions
are suitable for the fabrication of electro-optical elements, as demonstrated by
the fabrication of Fabry-Perot lasers. The loss in the passive regions is reduced
from 2 dB/cm to 0.4 dB/cm, which is in excellent agreement with our simula-
tions. The loss was confirmed by fabrication of a spiral ring resonator with a
circumference of 73 mm. A record quality factor of 1.2 million with extinction
close to 10 dB is measured in TE polarization. This value increases the state
of the art by about 20% and is an important step towards generic PICs for
demanding sensing application.
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Dense Spot-Size Converter
array integrated with an
Arrayed Waveguide Grating

3.1 Introduction

Spot-Size Converters (SSCs) are key components for reducing the coupling
losses between on-chip InP waveguides with typical vertical dimensions below
1 µm and a cleaved or lensed fiber with a typical spot diameter of 10 µm or
3 µm respectively. Coupling loss from an InP waveguide without SSC to a
cleaved fiber is in the order of 10 dB and to a lensed fiber in the order of 4
dB. With a SSC it can be reduced below 1 dB.
Most SSCs reported in the literature use an adiabatic expansion of the mode-
size on the InP chip, in order to match the (lensed) fiber. This requires a
reduction of the optical confinement of the waveguide, which can be achieved
with vertical or lateral tapering of the waveguide [51]. More recently, the re-
duction of the confinement was reported using sub-wavelength gratings [77],
non-periodic segmented waveguides [78] or GRIN lenses [79].
In this chapter, we describe the adaption and optimization of the SSC struc-
ture reported earlier by Soares [80], which is very similar to the SSC structure
used by HHI [40, 81, 82]. This SSC structure allows for a dense integration
with 25 µm pitch. We present an optimized design and the integration of SSC
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arrays with an 8x8 AWG. The device shows record-low loss between fibers,
comparable to commercial AWGs.

3.2 Butt-coupling

Before going into the details of the converter design, we shall first explain the
analysis of the butt-coupling efficiency using overlap integrals. Butt-coupling
is realized by placing two optical waveguides in close proximity, such that the
light is coupled from one waveguide to the other. The maximum achievable
coupling efficiency of this process is determined by the match of their electric
field profiles at the coupling interface. The power loss is described by the
overlap integral:

LC = 10log10
|
∫
E1E

∗
2dxdy|2∫

|E1|2dxdy
∫
|E2|2dxdy

(3.1)

where E1 and E2 represent the two-dimensional electric field profiles of the
waveguides to be coupled. In case that there is a gap between the waveguides,
e.g. when coupling to a lensed fiber, the electric field profiles at the waveguide
facet will be considered.
The loss can be estimated by simulating the electric field profiles and comput-
ing equation 3.1 numerically. However, in a first approximation the modes of
waveguide and fiber can be considered to be 2D elliptical Gaussian equations
defined as:

E1,2 = Aexp
−4( x

2

wx
+ y2

wy
)

(3.2)

where A is a constant related to the power contained in the mode and wx,y
is the Mode Field Diameter (MFD) of the electric fields in the horizontal and
vertical direction. The MFD is defined along the principle axes, where the full
width of the intensity profile drops to 1/e2 of its maximum value. With this
approximation, equation 3.1 simplifies to:

LC ≈ 4
w1,xw2,xw1,yw2,y

(w2
1,x + w2

2,x) + (w2
1,y + w2

2,y)
(3.3)

This equation implies that for circular symmetric profiles, the coupling effi-
ciency is maximal when the maxima of the electric fields coincide.
For a Single Mode Fiber (SMF) with a circular profile of wx,y=10 µm and a
typical elliptical InP waveguide with wx=10 µm and wy=0.5 µm, equation 3.3
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suggests a coupling loss of 10 dB.
An improved coupling efficiency is obtained by using a fiber with a reduced
mode-size. This can be achieved by shaping the end-facet of the fiber, e.g.
tapering the tip. The tip acts as lens, which focuses the mode of a SMF to
obtain a reduced MFD, as small as a few µm. Nonetheless, for a fiber with
wx,y=3 µm and a waveguide with wx=3 µm and wy=0.5 µm, loss in the order
of 3 dB is expected. For coupling efficiencies in the order of 90%, the vertical
MFD of the waveguide requires the expansion to at least 2.5 µm.
Additional loss is introduced when the two optical elements are misaligned
along the transverse axes. A characteristic figure is the 1 dB alignment toler-
ance, which is the required misalignment for the introduction of 1 dB excess
loss. Under the assumption that the misalignment occurs only along one axis,
the Gaussian approximation provides:

∆x1dB ≈
√
ln(10)

80
(w2

1,x + w2
2,x) (3.4)

∆y1dB ≈
√
ln(10)

80
(w2

1,y + w2
2,y) (3.5)

These equations show that minimizing the fiber mode to match the waveguide
results in poor alignment tolerances. Efficient and tolerant coupling requires
the increase of the waveguide mode-size.

Vertical Taper

Fiber Matched Waveguide

Waveguide

Lateral Taper

Figure 3.1: Schematic of vertically tapered Spot-Size Converter.
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3.3 Spot-Size Converter design

In the previous section we found that for high alignment tolerance and ef-
ficiency, the mode-size of the integrated waveguide needs to be increased to
match the fiber. This is the main purpose of the SSC. It is schematically de-
picted in Fig. 3.1 and consists of three sections.
The first section is a lateral tapered waveguide which increases the width of
the circuit waveguide to increase the MFD in the horizontal direction. In the
second section of the SSC, the guiding layer of the PIC is gradually tapered
down. In this taper, the light is adiabatically coupled from the guiding layer
into a low-contrast Fiber Matched Waveguide (FWM) below. With adiabatic,
we imply that at any given instance along the taper, light is coupled between
the fundamental modes without excess loss due to radiation. Finally, the light
is butt-coupled from the FMW to a (lensed) fiber. Provided that the FMW
has a (quasi-) circular mode profile with a similar MFD as the fiber, the butt-
coupling efficiency is high.
In the following sections, the individual sections of the converter are simulated.

3.3.1 Fiber Matched Waveguide

The FMW as depicted in more detail in Fig. 3.2(a), is formed in a few µm
thick n-doped InP layer grown on a highly n-doped substrate. This results in
a difference in refractive index between the two InP layers. By diminishing
the refractive index difference and increasing the thickness of the lower doped
epi-layer, the mode size can be significantly increased.
The structure was earlier investigated by Soares [80], to produce a SSC for a
SMF. In order to match a SMF, a thick epitaxial layer stack is required, which
complicates the fabrication. As a compromise between fabrication complexity
and alignment tolerance we have therefore chosen to match the FMW layer
thickness to a lensed fiber with 3 µm spot-size. Thinner FMW layers require a
larger refractive index difference to prevent mode cut-off. This can be achieved
by increasing the doping concentration of the substrate. To obtain a circular
mode profile, the width of the waveguide is chosen similar to the FMW layer
thickness. From simulations we found that a width of 4 µm is suitable to match
a 3 µm mode of a lensed fiber.
If the etch depth is sufficiently large, its influence on the mode field is small
so that we have freedom in choosing the etch depth. For the reduction of the
number of lithographic steps, etch steps already available in the standard CO-
BRA process flow are used. The etch level of the shallow waveguide results in
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a ridge height of approximately 2 µm.
The coupling to a fiber is now simulated by implementing the cross-section of
the FMW into a 2D mode solver. The simulated electric field profile is used
to calculate the overlap integral (equation 3.1) numerically. In Fig. 3.3(a) we
display the results of the coupling efficiency to fibers with different MFD. Here
it is seen, that the coupling loss is strongly varying, when the doping concen-
tration of the substrate is altered from 2× 1018 cm−3 to 4× 1018 cm−3. With
reduced concentration, the mode approaches cut-off and the vertical MFD
increases. Especially for MFD of a few micrometer this tendency makes the
coupling efficiency unpredictable. With a doping concentration below 2× 1018

cm−3, the waveguide is cut off.
To overcome this problem, we refer to the converter used at the HHI foundry as
schematically depicted in Fig. 3.2(b). Here Semi-Insulating (SI) materials are
used, which have a similar refractive index as undoped material. Thus there
is no refractive index difference between the FMW and the substrate. There-
fore, HHI introduces diluted quantum-wells (QWs) into the FMW to define a
mode on top of the substrate. It can be argued, that the introduction of the
QWs increases the effective index of the FMW layer towards the substrate,
achieving a similar effect as the n/n+ structure.
The HHI approach can be merged with the n/n+ approach to form a quasi-
diluted waveguide as depicted in Fig. 3.2(c). Here, the index contrast in the
vertical direction given by the n-substrate is enhanced by the QWs and as a
result the design is less dependent on the substrate specifications. The position
of the layers as indicated in the schematic of Fig. 3.2(c), has been numerically
optimized to maximize the coupling efficiency to a lensed fiber with a circu-
lar MFD of 3 µm, while simultaneously minimizing the vertical taper loss as

n+ Substrate 

w= 4 µm

d= 2 µm

3 µm InP 
N = 5e17cm-3

(a) n/n+ [80]

SI Substrate 

SI InP 

(b) QW on SI [40, 81, 82]

1.7 μm

n+ Substrate 

1.4 μm

2.0 μm

3 µm InP 
N = 5e17cm-3

w= 4 µm

d= 2 µm

(c) n/n+ with QWs

Figure 3.2: Different FMW waveguide configurations.
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Figure 3.3: Coupling loss from fiber to FMW for different MFDs of the fiber.
The doping concentration of the substrate has been altered.

discussed in section 3.3.2. The thickness of the layers is 30 nm and their com-
position is Q(1.25).
Simulations were performed to estimate the coupling efficiency of the new
FMW as presented in Fig. 3.3(b). With the introduction of the QWs into the
FMW, the sensitivity of the mode shape to variations of the doping concen-
tration is greatly improved. The coupling loss is as low as 0.2 dB for a lensed
fiber with a MFD of 3 µm. As the optimal MFD changes little with the dop-
ing concentration of the substrate, the vertical contrast provided by the QWs
dominates. The vertical mode-size of this FMW is therefore defined with epi-
taxial accuracy and is robust to substrate variations.
From the butt-coupling analysis described above, we estimate that the 1 dB-
alignment tolerance for a lensed fiber coupled to the FMW, is approximately
0.7 µm in the horizontal and vertical direction. These values are compatible
with pick-and-place alignment tools for low-cost packaging.

3.3.2 Vertical taper

The second section in the SSC is the transition from the guiding layer to the
FMW. It is realized by tapering the thickness of the guiding layer on top of
the FMW, as depicted in Fig. 3.4. Here it is seen, that tapering the guiding
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L

n+ Substrate  

3 µm InP N = 5e17 cm-3

500 nm  Q(1.25)

(a) Side-view schematic

n+ Substrate  

3 µm InP N = 5e17 cm-3

500 nm  Q(1.25)

(b) Side-view beam propagation

Figure 3.4: Vertical taper of the Spot-Size Converter.

layer thickness pushes the mode towards the substrate. Near cut-off, the mode
undergoes an adiabatic transition from the guiding layer to the FMW layer.
With adiabatic, we imply that at any given instance along the taper, there is
no light coupled to radiation modes or modes other than the fundamental.
Simulations were carried out using the Beam Propagation Method (BPM).
Because the taper varies only along the direction of propagation, the effective
index method is applied to obtain a reduction from 3D to 2D. To confirm, that
the insertion of the QWs into the FMW does not influence the performance
of the device, we performed initial simulations without their presence. The
results are given for different taper lengths and doping concentrations of the
substrate in Fig. 3.5(a).
Without QWs, the performance of the vertical taper is strongly dependent on
the doping concentration of the substrate. In order to achieve a low loss of a
few tenth of dB, the length of the taper should be at least 1 mm long and the
doping concentration above 2 × 1018 cm−3. The strong dependence might be
explained as follows. With reduction of the doping concentration, the tail of
the FMW mode extends more into the substrate. Because the mode size of the
FMW increases relative to the final mode of the guiding layer, the adiabatic
principle requires a longer taper.
The addition of the quaternary layers improves the result greatly. As seen in
Fig. 3.5(b), the magnitude of the loss and also the length of the taper can be
reduced. A taper of 600 µm is e.g. almost independent of the substrate doping,
with a maximum loss of approximately 0.05 dB. The negligible dependence on
the substrate is also in good agreement with the simulations for the FMW
carried out in section 3.3.1.
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Figure 3.5: Simulated taper loss for various doping concentrations of the
substrate. The thickness of the FMW and guiding layer are 3 µm and 0.5

µm respectively.

3.4 Fabrication

The fabrication of a vertical taper in InP can be generally divided into two
steps. First, the taper is fabricated in photo-resist. The lithography is designed
to linearly change the transfered energy to the photo-resist along the taper.
As a result, the development depth of the photo-resist is varied along the ta-
per. Secondly the taper is etched using a dry-etch process, which etches the
substrate and the resist at an equal rate. The result is an imprint of the resist-
taper into the semiconductor underneath.
Different ways have been reported to produce vertical tapers in photo-resist,
such as using a gray-scale pattern, a moving exposure window [83] and expo-
sure with a sliding-raster [80]. The last two examples require the displacement
of the mask during the exposure of the photo-resist. In this work we rely on
the sliding-raster approach, as it has the advantage of being cost-effective com-
pared to a gray-scale mask and requires a smaller displacement of the mask
compared to a moving window.
In the next section we introduce the process flow and perform optimization of
the etching process to obtain an optimal transfer from resist to semiconductor.
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3.4.1 Vertical taper lithography

The starting point of the lithography is a schematic COBRA layerstack as
shown in Fig. 3.6(a). Here, the green guiding layer, in which the taper will be
fabricated, is covered by an InP cladding. To facilitate the fabrication of the
vertical taper, it is thus convenient to remove the cladding selectively, where
a converter is desired. For this purpose an etch-stop layer is introduced into
the cladding. This allows wet-chemical etching of the InP cladding, as seen in
Fig. 3.6(b).
In Fig. 3.6(c) a 1.5 µm thick positive photo-resist is deposited, in which the ver-
tical taper is fabricated. The lithography is based on the sliding-raster lithog-
raphy as introduced by Soares [80], depicted in Fig. 3.6(d). The mask consists
of a raster of equally spaced lines, such that the regions of the photo-resist un-
der the wide openings will be effectively more exposed than the regions under
the narrow openings. The linearly increasing transmission through the raster
introduces a linear gradient in exposure depth along the surface. In order to
average out the image of the raster lines, the mask is placed in 50 µm proxim-
ity and moved over a few tenth of periods during exposure. The development
depth of photo-resist is therefore smoothly varied along the raster direction.
The result is a linear vertical taper in resist as shown schematically in Fig.
3.6(e). The corresponding experimentally obtained alpha-step profile of the
taper is given in Fig. 3.7.
Afterwards, the taper is finally transferred with a non-selective ICP dry etch
into the semiconductor underneath. Non-selective implies that the etch rate
of the resist and the semiconductor are approximately equal. In this case, the
shape of the resist is transferred 1:1 into the semiconductor. The alpha-step
profile in the semiconductor is shown in Fig. 3.7. As seen, we were able to
transfer the resist taper with high uniformity into the semiconductor. The op-
timization of this etch process is the most critical step and described in section
3.4.2.
A further nitride deposition step is needed to define the ridge of the FMW, as
shown in Fig. 3.6(g). This definition is the same as used for all other waveguides
on the PIC. Therefore, after the waveguide dry-etch, a self-aligned waveguide
transition is obtained between SSC and PIC waveguides, as shown in Fig.
3.6(h).
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(a) Layerstack with etch-stop layer (b) Selective wet-etch in SSC area

(c) Resist deposition (d) Raster exposure

(e) Vertical taper in resist (f) Non-selective dry-etch

(g) Waveguide definition with Si3N4 (h) Dry-etch and hard mask removal

Figure 3.6: Schematic process-flow for the Spot-Size Converter.

56



Spot-Size Converter

Length [mm]
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

H
ei

gh
t [

µm
]

0

0.5

1

1.5

2

Taper in Resist
Taper after ICP
Taper in semiconductor

InP

Q(1.25)

Figure 3.7: Alpha-Step profiles of vertical taper in photo-resist and after ICP
etching. The dashed lines indicate the position of the guiding layer.

3.4.2 Vertical taper etching

This section reports on the calibration of the etch recipe used to transfer the
taper from resist into the semiconductor. For this purpose, a Cl2-Ar-N2 based
ICP process is used, which etches the resist and the semiconductor with an
approximately equal etch rate. The recipe is adapted from previous work of
Soares [80], where it was already discussed, that the resist etch rate is sensitive
to the temperature of the substrate. To prevent heating of the substrate during
the etching cycle, it is glued to a large carrier wafer with heat sinking paste.
This process is undesirable, since it is not compatible with VLSI processes.
In order to overcome this limitation, the etch recipe has been adjusted. Firstly,
the forward power of the ICP has been reduced from 650 W to 50 W, which
decreases the total energy transfer to the substrate. Secondly, the ICP cham-
ber is cooled with liquid nitrogen to maintain a 30 ◦C substrate temperature.
The chamber pressure was set to 10 mTorr and the Ar and N2 flow restricted
to 10 SSCCM. With these parameters, test samples were etched, to measure
the etch ratio of InP and the selectivity of the process towards the resist. As
seen in Fig. 3.8, the etch ratio is reduced with increasing Cl2 content. For a
N2/Cl2 ratio of approximately 0.45, both InP and Q(1.25) show no selectivity
towards resist. The alpha-step profile of the taper fabricated with this recipe
is given in Fig. 3.7.
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Figure 3.8: Etch ratio of the ICP Cl2-Ar-N2 etch process for different N2/Cl2
ratios. The ICP power is set to 50 W and the temperature is maintained at

30 ◦C. Ar and N2 flow rates are set to 10 SSCCM.

An important aspect of the etch optimization is the resulting surface rough-
ness. Surface roughness will cause scattering loss in the vertical taper and
increase the overall device loss. The etched samples were inspected under the
SEM. In Fig. 3.9(a), we identify that high N2 content delivers bumps on the
etched surface. Increasing the Cl2 content towards our optimized etch removes
those, as seen in Fig. 3.9(b). There is roughness near the edge but it disappears
after a distance of 1 µm, measured from the sidewall. For the vertical taper
these sidewall effects can be completely neglected.
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(a) N2/Cl2=0.9

(b) N2/Cl2=0.45

Figure 3.9: SEM images of etched surface for different N2/Cl2 ratios.
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3.5 Optical characterization

In this section we present measurements of the fabricated device. As in the
design section, we identify two contributions to the SSC: the coupling loss and
the loss in the taper section. When measuring the device in transmission, it
requires a high alignment tolerance and reproducibility to distinguish those,
especially if the loss values are small. Two characterization methods to per-
form independent measurements on the individual contributions are therefore
used.
The coupling loss is estimated by characterization of the near-field mode pro-
file. This allows to measure the mode profile and obtain the MFD of the SSC.
The MFD can then be used to estimate the butt-coupling efficiency as dis-
cussed in section 3.2.
Afterwards, the Fabry-Perot method is used to measure the loss of the verti-
cally tapered section, with no dependence on the coupling efficiency.
Concluding, the findings are verified by characterization of an AWG integrated
in between SSC arrays, as representative example for an application.

3.5.1 Near-field mode profile

The near-field intensity profile of the FMW has been recorded by projecting the
emitted beam onto an infrared camera. Afterwards, the PIC was removed and
a lensed fiber was positioned in the focal plane of the projection system. The
results are displayed in the contour plots of Fig. 3.10(a) and Fig. 3.10(b) for
the FMW and a lensed fiber respectively. The images were normalized to their
respective maximum and appear very similar in shape and color distribution.
The overlap integral between the two images, indicates a loss of approximately
0.2 dB, being in excellent agreement with the simulations. For completeness,
we report the intensity distribution measured through the center of the mode
maximum. In Fig. 3.10(c) and Fig. 3.10(d) we plot the horizontal and vertical
1D profile respectively. As seen, the mode-size of the lensed fiber and the FMW
are similar. The MFD of the FMW is found to be 3 µm x 2.7 µm, which is
close to the target specifications of 3 µm.
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Figure 3.10: Measured near-field intensity profiles of a lensed fiber and a
Fiber-Matched Waveguide.
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3.5.2 Vertical taper loss

The Fabry-Perot method allows to measure the cavity loss independent of the
coupling. This simplifies the characterization of the vertical taper, by compar-
ing waveguide test-structures with SSC at input and output, to waveguides
without SSCs. Since the Fabry-Perot method is independent of the coupling
efficiency, the measured loss difference is caused by the vertically tapered sec-
tions. The derived taper loss for devices of different lengths is given in Fig.
3.11.
The best devices have conversion losses as low as 0.5 dB, and a length of ap-
proximately 700 µm. These values are somewhat larger than predicted in the
simulations in section 3.3.2. Two reasons were identified for this deviation.
The first is that the BPM neglected the scattering and absorption loss in the
SSC. For e.g. a value of 3 dB/cm, about half of the measured loss is caused
by this effect.
Secondly the thickness of the tapered guiding layer was measured to be 550
nm, instead of the targeted 500 nm. For a fixed taper length, the taper angle
increases and thus radiation loss increases accordingly. In more general terms,
the adiabaticity of the taper is reduced. If these effects are considered, a good
match between experiment and simulations can be obtained, as given in Fig.
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Figure 3.11: Measured and simulated vertical taper loss. The scattering loss
is estimated as 4 dB/cm. For the simulation a guiding layer thickness of 550

nm is assumed.
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3.11 by the solid line. The good experimental agreement, allows to extrapolate
a loss of 0.2 dB with a taper length of 500 µm by limiting the guiding layer
thickness to 500 nm.

3.5.3 AWG transmission

First demonstrated in 1988, the AWG is the most commonly used multiplexer
device in PICs. It uses the imaging and dispersion properties of an array of
waveguides to image different wavelengths of the input signal onto different
output waveguides. This property allows for PICs in which the wavelengths
can be processed by parallel circuit units. Therefore the most complex PICs
today rely on AWGs. Integration of an AWG with the SSC is thus a good test
vehicle and a representative example for many applications. Furthermore the
AWG requires a high fabrication yield of the SSC to achieve a good channel
uniformity.
The PIC is displayed in Fig. 3.12(a). The total number of SSCs is 84, from
which 32 are connected to the two 8x8 AWGs in the center of the PIC. The
remaining converters are used as reference structures.
We further inspected the transition between the SSC and the integrated waveg-
uides. As seen in the SEM picture of Fig. 3.12(b), a shallow waveguide is con-
nected to the tapered SSC located at the right side of the displayed edge. The
transition is well-established and we cannot recognize any discontinuity.

(a) AWG integrated with Spot-Size Con-
verter

(b) Waveguide to Spot-Size Converter
transition

Figure 3.12: Dense Spot-Size Converter array integrated with 8x8 AWGs.
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Figure 3.13: Measured transmission of the 8x8 AWG integrated with Spot-
Size Converter at input and output.

The fabricated test-cell was anti-reflection (AR) coated and the transmission
was measured by using lensed fibers at input and output. The input fiber was
polarization-maintaining and set to TE. A tunable laser was used at the input
of the PIC and the wavelength tuned from 1525 nm to 1575 nm.
As input channel, the central AWG channel was used, while the output was
varied from channel one to channel eight. The superimposed spectra of the
eight channels are displayed in Fig. 3.13. As reference measurement, we added
a waveguide, which also contained SSCs at input and output and a measure-
ment where the input fiber was coupled directly to the output fiber.
As seen, the wavelength dependence of the SSC-SSC connection is as flat as
the direct fiber connection. The SSC-SSC connection has about 1.7 dB excess
loss compared to the fiber, from which 0.6 dB can be attributed to the on-chip
waveguide connection. This suggests that the SSC coupling loss is about 0.6
dB, and in excellent agreement with the previous findings. The central channel
of the AWG has approximately 4 dB excess loss compared to the fiber.
To the best of our knowledge, the measured coupling efficiency is record-low
for a generic InP integration process.
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3.6 Conclusions

The Spot-Size Converters developed in this chapter show excellent perfor-
mance: coupling losses to a lensed fiber of 0.6 dB for a converter length below
1 mm. The device can further be integrated in dense arrays (pitch 25 µm).
To test the converters we have integrated two dense arrays with an 8x8 AWG.
The coupling loss between fibers for this AWG was only 4 dB for the central
channels, which demonstrates the excellent quality of the SSCs.
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Etched waveguide
terminations

4.1 Introduction

Currently, InP PICs are separated by cleaving along the crystallographic planes,
which also forms their optical ports. This process results in atomically flat sur-
faces, but has a number of drawbacks, as e.g. dependence on the crystal plane
and poor positioning of the waveguide terminations. This becomes especially
a problem, if a low reflection at the semiconductor-air interface is needed. It is
well known that residual reflections can cause instability in lasers which give
rise to relaxation oscillation dynamics or lindewidth enhancement.
Although, the reduction of the reflection can be obtained by using an anti-
reflection coating, ultra-low reflection requires that the waveguides are further
terminated under an angle with respect to the crystal plane [84]. This enforces
an angular output beam, hampering alignment between PIC and fiber.
The approach followed in this work to avoid those problems, is the replace-
ment of cleaving by a dry-etching process. Etching of waveguide terminations
makes PIC design and processing independent of the cleaving plane and hence
we identify the following advantages:

• The waveguide can be terminated under an arbitrary angle with respect
to the cleaving plane. If the waveguide termination is angled to provide

67



Chapter 4

low reflection, a simple on-chip rotation of the waveguide can compensate
for the diffraction angle.

• Lithographic accuracy for positioning of optical ports. If the facet is used
as mirror in lasers or passive resonators, the longitudinal mode-spacing
can be controlled with superior precision.

• The optical ports become accessible on the wafer before separation. By
coupling the waveguide to a sloped sidewall, the light is deflected in the
vertical direction and wafer-scale characterization is enabled. Handling
and processing steps before the functionality of a PIC can be verified are
greatly reduced [85].

While the first two points are of general importance, the sloped mirror is
of interest in large-scale production of PICs. Different approaches are found
in literature to form these sloped mirrors, as e.g. etching a slit through the
waveguide under 45 degree with a Focused Ion Beam [86], or with CAIBE
[87] or a combined RIE-ICP technique [88]. The complexity of those processes
makes it difficult to scale them to industrial wafer processing. In this work a
single step wet-etch process is proposed, which can be integrated into generic
foundry processes with the addition of a few non-critical processing steps.

4.2 Cleaved facets

Cleavage is breaking a crystal along definite crystallographic directions with
an atomically flat cleaving plane, while parting is breaking along a plane of the
crystal that does not cleave and is induced by defects, stress or other irregular-
ities of the crystal or the deposited layers on top of it. Parting usually causes
non-flat breaking planes, which are difficult to control. Because of the low de-
fect density in InP epilayers, the optical ports can be formed by cleaving the
substrate and epilayers along a mutual cleavage plane. As a result, the chips
can be separated with atomically flat surface quality at the separation inter-
face. If the crystal plane has an orientation of 90 degree with the propagation
direction of the waveguide, a cleaved facet as shown in Fig. 4.1(a) is obtained.
This type of facet is an excellent semiconductor mirror with negligible loss and
a reflection of approximately 30%.
If the waveguide is guided through the cleaving plane under an angle ρ, as
depicted in Fig. 4.1(b), the reflection at the PIC interface is greatly reduced.
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Figure 4.1: Different types of cleaved waveguide terminations.

The reflection has been simulated and as shown in Fig. 4.2, values below 40
dB for an angle of approximately 7 degree are predicted. This result is highly
idealized, in practice 20 dB is more realistic and further reduction of the re-
flection is obtained by an AR coating.
The drawback of this method is that the output beam direction is altered. A
plane-wave approximation leads to an output angle φ = 23 ◦. Coupling to the
PIC requires thus a rotation of the input fiber to match the optical axis of the
output beam. The angular emission is especially problematic when coupling
to a fiber array. As the PIC and the fiber array need a common optical axis,
a rotation of the array is required. This scenario is depicted in Fig. 4.1(c) and
implies an increasing distance between the fiber array and the edge of the PIC.
As a result, the coupling efficiency along the array is significantly degraded.

4.3 Etched facets

In this section an overview of design, fabrication and characterization of etched
facets is given. The structures are designed for the FMW of the SSC as intro-
duced in chapter 3.

4.3.1 Straight facet

Etching of the waveguide terminations is an alternative to the cleaving process.
The main challenge for etched facets, is the required uniformity and anisotropy
of the etching process. Dry-etching processes are therefore preferred over wet-
etching. However, a number of non-uniformities can be introduced during fab-
rication, which will be discussed in the following paragraphs.
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Figure 4.2: Reflection of an angled waveguide, depending on the angle of
termination ρ. Simulations were carried out for the fundamental mode of a

4 µm wide FMW.

Lithography effects

Due to the finite resolution of the lithography, the corners of an etched waveg-
uide mirror will become rounded, which reduces its quality. The rounding can
be avoided if a flared section is introduced at the end of the waveguide. The
flare is a widened section introduced at the end of the waveguide, as shown
in Fig. 4.3(a). It can be used to produce etched facets with similar quality as
cleaving, while introducing a negligible coupling loss [85]. The width of the
flared section in this work is 2 µm. It was verified with 2D FDTD simulations,
that beam widening over this short length is negligible.

Vertical angular deviations

If the etched facet is not vertical, the output beam will be deflected. The effect
of non-verticality is simulated and the change in reflection is compared to a
normal facet. The result is given in Fig. 4.3(b) and shows that the vertical tilt
has to be within a few tenth of a degree to maintain the reflection efficiency
above 90%. Therefore a Cl2 based ICP etch recipe, optimized for high aspect
ratios [89], is suggested for the etching process.
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Figure 4.3: Schematics of etched facet fabricated in the FMW layer of the
Spot-Size converter reported in chapter 3.

Roughness

The roughness of the waveguide facet is determined by uncertainties in the
hard-mask definition and the etching process. As the roughness scale is several
orders of magnitude smaller than the facet geometry, numerical simulations are
time consuming and thus impractical. Therefore, an analytical model according
to Stocker [90] has been selected. Here, it is assumed that the roughness is
described by a superposition of Huygen’s elementary waves generated along the
etched surface. The roughness introduces a phase shift between the elementary
waves, which effectively broadens the phase distribution of the reflected wave.
Under the assumption that the phase shift between the elementary waves is
described by a Gaussian distribution, the reflection decreases according to an
exponential decay:

R(∆d) = R0e
−16π2n∆d

λ0 (4.1)

where R0 is the ideal reflection coefficient, n the refractive index of the semi-
conductor and ∆d the root mean square (rms) facet roughness. The result
is given for a reference wavelength of λ0=1.55 µm in Fig. 4.4(b). Under the
assumption that the etching process has a 3.5 nm rms roughness, as experi-
mentally determined in chapter 2, the facet reflection is close to ideal.

4.3.2 Angled etched facet

The losses of an angled etched facet follows the same principles as discussed
for the straight facet and its reflection coefficient is ideally the same as for the

71



Chapter 4

Facet Tilt [Degree]
0 2 4 6 8

N
or

m
al

iz
ed

 R
ef

le
ct

io
n

0

0.2

0.4

0.6

0.8

1

Vertical
Horizontal

(a) Angular deviation

Roughness [nm]
0 5 10 15 20

N
or

m
al

iz
ed

 R
ef

le
ct

io
n

0.75

0.8

0.85

0.9

0.95

1

(b) Roughness

Figure 4.4: Simulated excess loss for an etched facet due to fabrication errors.

angled cleaved facet.
However, as the etching is independent of the crystal plane, the waveguide
can be terminated under an arbitrary angle. This is shown in Fig. 4.5(a) and
indicated by the angle γ. The output beam is consequently emitted under an
angle, similar to the case of the cleaved angled facet.
However, it is now possible to rotate the waveguide by an angle ρ to com-
pensate for the diffraction angle. As deduced from Fig. 4.5(b), an emission
perpendicular to the edge of the chip is obtained when:

ρ = γ − φ− 90◦ (4.2)

For a facet with the properties of a 7 ◦ cleaving angle, γ = 97 ◦, φ = 23 ◦ and
thus ρ = -16 ◦.

4.3.3 PIC edge design

After the facets are etched it is still necessary to separate the PICs. Conse-
quently, dicing or cleaving remain part of the process.
For a cleaved facet, light that exits the optical port can diverge freely in the
horizontal and vertical direction. For an etched facet, the situation is schemat-
ically illustrated in Fig. 4.6(a). If the cleavage plane is too far from the etched
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Figure 4.5: Different types of angled etched waveguide terminations.

facet, the diverging beam coming out of the facet might be partially inter-
cepted by the substrate. To avoid that the cleavage plane should be placed
sufficiently close to the etched facet. With a cleaving accuracy of ±10 µm, this
step is rather critical.
In order to improve the cleaving accuracy the etching of a vertical V-Groove
in front of the facet as shown in Fig. 4.6(b) is proposed. The V-Groove has a
number of purposes.
First, it acts as guide for the cleaving and thus allows for additional alignment
uncertainty. If the scratch is misaligned with respect to the V-Groove, the
wafer will have a tendency to break at its center.
Second, it allows the light to exit the PIC freely. As long as the divergence
angle of the light in the vertical direction is below the angle of the groove,
there will be no interception of the light by the substrate.
And third, the groove allows to lower the etch-depth of the facet. This reduces
secondary effects which degrade the facet quality, as e.g. faceting due to hard-
mask erosion. The fabrication of the groove is discussed in the next section.
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Figure 4.6: Separation of PICs after the etched facet has been established.

4.3.4 Fabrication

This section describes the process flow for the fabrication of the etched facet as
schematically depicted in Fig. 4.7 for a straight facet. The process is identical
for an angled etched facet. The facets are fabricated to be compatible with the
FMW of the SSC described in chapter 3.
The starting point of the fabrication is an n-substrate with the FMW layer
deposited on top. Further, a 600 nm thick layer of Si3N4 is deposited and the
etched facet is patterned as displayed in Fig. 4.7(a)
In a second step, the substrate is exposed to a high aspect-ratio dry-etch based
on Cl2 [89]. As seen in Fig. 4.7(b), the ridge of the waveguide and the facet
are etched simultaneously with a depth of approximately 5 µm. After the
definition of the facet, the nitride is removed and the wafer is cleaned with a
plasma process.
A new 50 nm thick layer of Si3N4 is deposited onto the wafer and a 50 µm
wide opening is defined in front of the facet using a thick positive photo-resist
(AZ 4533). The nitride opening starts at a distance of 2 µm from the facet,
which compensates for alignment uncertainties. The opening is exposed to a
bromine wet-etch to produce a V-Groove, as seen in Fig. 4.7(c). As bromine
etches under an angle of 54 degree with respect to the [1 0 0] plane, the
resulting etch depth of the groove is approximately 17 µm. As last step, the
nitride is removed, as shown in Fig. 4.7(d). After the removal of the nitride, a
cleave is initiated which separates the wafer along the V-Groove.
The resulting facets have been inspected using SEM and some typical results
are shown in Fig. 4.8. Fig. 4.8(a) shows a straight facet, while Fig. 4.8(b)
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displays an angled facet. Here it is seen, that the flare of the waveguide enables
a facet definition with no visible lithography effects. Rounding is only observed
at the edges of the flare, where the intensity of the light is negligible.
An array of angled etched facets is shown in Fig. 4.8(c) from the top. Here
the V-Groove for the separation of the wafer was not yet etched. Fig. 4.8(d)
shows the same array after the fabrication of the V-Groove. The wafer was
successfully separated along the V-Groove, which is indicated by the bright
section in front of the facet.
In the SEM image it may appear that the V-Groove extends all the way to
the bottom of the wafer. In reality the remaining sloped section in front of the
facet is about 25 µm long, after which the cleavage plane extends vertically to
the bottom of the wafer.
Further impressions of the PIC edge obtained with an optical microscope are
given in Fig. 4.8(e) and Fig. 4.8(f). The figures have been obtained by focusing
on the top and bottom of the waveguide ridge respectively. Here it is seen, that
in both images no light is reflected from any object in front of the facet, back
into the microscope. This is a result of the uniformly sloped section in front of
the facet, which reflects the light of the microscope perpendicular to the PIC
edge. The fabrication of the facets and the separation of the PICs was thus
successful.

(a) Waveguide definition (b) ICP etch

(c) Nitride deposition and Bromine etch (d) Cleave along the V-Groove

Figure 4.7: Schematic process flow for waveguide termination with precision
cleaving.
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(a) Etched straight facet (b) Etched angled facet

(c) Angled facet array (d) Cleaved angled facet array

(e) Microscope focus top (f) Microscope focus bottom

Figure 4.8: Impressions of the fabricated etched facets.
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4.3.5 Characterization

The optical characterization is defined in two sections. The first part quantifies
the reflection of the etched facet compared to a cleaved reference sample. The
second section reports on the emission angle of the etched angled facet, with
respect to a straight waveguide. The coupling loss to a lensed fiber can be
adopted from chapter 3, as the etched facet is based on the FMW used in the
SSC.

Straight facet

This section describes the measurement of the reflection of a straight etched
facet. For this purpose a waveguide with two cleaved facets, is compared to a
waveguide with a cleaved and an etched facet. A Fabry-Perot loss measurement
is used, to estimate the reflection of the etched facet with respect to the cleaved
facet. As the structures are based on an identical waveguide, the insertion loss
of the waveguide is similar and it follows from the Fabry-Perot loss equation
that:

Re
Rc
≈ (

√
γc − 1
√
γc + 1

√
γe + 1
√
γe − 1

)2 (4.3)

where Rc and Re are the power reflection of the cleaved and etched facet re-
spectively. γc and γe are the measured power ratios between maximum and
minimum transmission of the waveguide with cleaved and etched facet respec-
tively.
Typical transmission measurements are given in Fig. 4.9(a) and Fig 4.9(b) for
TE and TM respectively. As seen, the cleaved-cleaved and the cleaved-etched
waveguide have similar transmission spectra, which holds for both polariza-
tions. The deviation in longitudinal mode-spacing is due to a physical length
difference of 25 µm between cleaved and etched waveguides. The measured
contrast ratios were used to compute the excess loss of the etched facet based
on equation 4.3. It is found that on average the difference is below 0.2 dB and
0.1 dB for TE and TM respectively. These values lie within the measurement
accuracy of the Fabry-Perot method.
According to the simulation section 4.3.1, the vertical tilt of the etched facet is
the most critical parameter. Under the assumption that roughness is negligible,
the vertical tilt is estimated to be below 0.3 degree.
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Figure 4.9: Typical transmission measurements of cleaved and etched facets.
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Far-field emission of angled etched facet

In section 4.3.2 we described that the etching of the facet makes us indepen-
dent of the substrate’s crystal plane. This allows for the design of low-reflection
type facets, with an output beam direction normal to the PIC edge. A top-
view SEM image of the structure is given in Fig. 4.10(a). The output beam
angle is measured with a far-field measurement. Here, we compare the output
angle of the etched angled facet with the output angle of a cleaved facet.
The experimental procedure is as follows. Initially, the cleaved straight waveg-
uide is characterized as a reference. In a second step, an automated alignment
stage moves the PIC, such that the angled etched facet is placed approximately
into the same position of the cleaved facet. As the two waveguides are placed
approximately on the same optical axis, the angular distribution of the far-
field pattern allows to estimate the emission angle of the etched facet.
The horizontal distribution of the far-field patterns of the cleaved and etched
facets are plotted in Fig. 4.10(b). As seen, the two curves show an excellent
match and the maxima almost coincide. The emission angle of the angled facet
is therefore approximately perpendicular to the PIC edge. The remaining de-
viation of 1-2 degree lies within the measurement accuracy, as the positioning
of the PIC is a limiting factor.

(a) SEM angled facet
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Figure 4.10: Far-Field of an angled etched facet and a straight cleaved facet.
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4.4 Vertical coupling mirror

This section describes the fabrication of a vertical coupler in front of the etched
facet. The fabrication of the coupler is based on the same process as the etched
facets discussed above. However, a few geometrical rules need to be considered
regarding the design. We present an analysis of the coupling efficiency, after
which the process flow and fabrication is discussed. The fabricated structure
has been used by Santos [91] to perform Fabry-Perot waveguide loss measure-
ments. We will give a short summary of the results at the end of this section.

4.4.1 Design

The mirror approach is schematically shown in Fig. 4.11(a). Here it is seen, that
an asymmetric V-Groove is placed in front of the etched facet at a distance Ld.
Light that exits the waveguide diverges and hits the sloped sidewall, such that
it is redirected into the vertical direction. For a perpendicular emission angle
with respect to the wafer surface, e.g. φ =0 ◦ as defined in Fig. 4.11(a), ideally
a 45 degree mirror is required. The bromine etch utilized for the separation of
the facets in section 4.3.4, is with 54 degree the closest possible match based on
the InP etch planes. This will introduce a deviation from the normal direction
(18 degree), which can be compensated for by the experimental setup.
The fabrication of the mirror is illustrated in Fig. 4.11(b). Here, an etched
facet with etch depth de is covered with a hard-mask and patterned, such that
a slab on the right side of the facet is exposed. If the open region is etched
with bromine, the triangle indicated by the points A, A’ and B, describes the
etch stop planes of the crystal. The width of the groove LG is described by:

LG = L1 + L2 + tan(36)de (4.4)

The resulting etch depth of the groove, dg, as measured from the top of the
waveguide ridge, as e.g. point A’ or B, is given by:

dg = tan(54)
LG
2

(4.5)

As the facet is protected, the section from point A to A’ will not be etched
and an asymmetric groove between points A and B is obtained.
The distance of the mirror LD, relative to the facet, is given by L0 +L1 +L2,
where L0 is introduced to ensure complete coverage of the facet by the hard-
mask. Considering an alignment accuracy of approximately 1 µm, L0 = 2 µm
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Figure 4.11: Concept for the fabrication of a vertical coupling mirror.

is proposed. Preferably, the distance to the mirror is minimized to increase
the coupling efficiency. However, both L1 and L2 are suspect to technological
limitations explained below.
L1 has to be chosen sufficiently large to ensure that the hard-mask at the
bottom of the groove can be patterned. With decreasing L1, it will become
challenging to expose the resist at the bottom of the groove, since height
variations in the resist hamper the lithography. These height variations are
introduced by resist beating at the edges of the structure and become more
pronounced for small values of L1. Therefore, the minimum distance was de-
rived from trial experiments, with a value of L1=3 µm.
L2 is related to the etch depth of the facet de and has to be chosen suffi-
ciently large if a smooth plane has to be established between the bottom of
the V-groove and point B. If the value is chosen too small, the right etch plane
established between the bottom of the groove and point B, cuts through air
and a discontinuity is obtained on the mirror surface. The lower limit is defined
as:

L2 > tan(36)de (4.6)

4.4.2 Coupling efficiency

Because the vertical coupler is exclusively used for on-wafer testing, the ef-
ficiency is not important for many measurements, as long as enough light is
coupled to a fiber to perform spectral characterization. A simplified analytical
model to estimate the loss contributions is therefore applied.
A schematic of the problem is given in Fig. 4.12, where Ld and LF represent
the vertical mirror distance and the focal length of the (lensed) fiber respec-
tively. The insertion of the mirror into the optical axis introduces an angular
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Figure 4.12: Schematic of the sloped mirror, indicating a partial reflection
caused by a vertically divergent mode.

deflection of the emitted light. We will for simplicity assume that the fiber is
placed under the same angle. However, because the beam coming out of the
etched facet will diverge, its upper part will not be intercepted by the mirror
and as a result the deflected beam will be truncated. With these boundary
conditions defined, the coupling efficiency is then described by:

ηvm =
|
∫
EWE

∗
Fdxdy|2∫

|EW |2dxdy
∫
|EF |2dxdy

Pvm
PT

(4.7)

where PT is the total incident power onto the mirror, Pvm the reflected power
of the mirror, EF the mode of the focused fiber and EW the mode of the
waveguide. The first part of this equation describes the coupling efficiency
between fiber and waveguide and is identical to the butt-coupling integral
discussed in chapter 3. The second part of this equation describes the efficiency
provided by the sloped mirror and includes the Fresnel reflection and the
truncation of the mode.
The latter is estimated at the mirror distance Ld, by assuming that the mirror
reflects only for values below the surface of the wafer, indicated by y0.

Pvm = RfI0

∫
e

−2x2

w2
x dx

∫ yo

−∞
e

−2y2

2w2
y dy (4.8)

where yo is defined from the center of the mode to the top of the wafer surface,
Rf is the Fresnel reflection of the angled mirror slope and wy,x are the radii
of the mode projected onto the slope. Applying standard Gaussian integrals,
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this equation is rewritten as:

Pvm = RfI0

√
π

2
wx[

∫ 0

−∞
e

−2y2

2w2
y dy +

∫ yo

0
e

−2y2

2w2
y dy] (4.9)

Pvm = RfI0

√
π

2
wx[

√
π

8
wy +

∫ yo

0
e

−2y2

2w2
y dy] (4.10)

Pvm = Rf
PT
2

+RfI0

√
π

2
wx

∫ yo

0
e

−2y2

2w2
y dy (4.11)

By estimating the power emitted onto the sloped sidewall with a Gaussian
approximation as:

PT = I0

∫
e

−2x2

w2
x dx

∫
e

−2y2

2w2
y dy = I0

π

2
wywx (4.12)

we can finally simplify the remaining integral in equation 4.11 by using the
error-function erf :

Pvm
PT

=
Rf
2

(1 + erf(
√

2
yo
wy

)) (4.13)

The mode radius projected onto the slope is estimated from the mode of the
fiber focused onto the facet via the approximation wy = wF

√
1 + (Ld/Ldo)2).

The final equation shows, that the direction parallel to the etched facet is not
to be considered and as a result horizontal misalignment follows the same rea-
soning as for conventional butt-coupling.
The remaining parameters to be defined are the mode radii of the etched facet
and the fiber. For the facet, we recall that the SSC waveguide of chapter 3 is
used, with ww=1.5 µm. Because of the focusing properties of the lensed fiber,
its mode size wF depends on the distance LF between facet and fiber. The
smallest mode is obtained in its working distance, with a typical value of 15
µm, defined by the manufacturer. For the simulations, we made use of typical
values extracted from a data sheet (OZ Optics DTS0080), where e.g. 1.5 µm
and 2.5 µm mode radii have a working distance of LF=15 µm and LF=25
µm respectively. With a mirror distance of Ld=10 µm, this indicates that the
fiber is located approximately 5 µm and 15 µm from the surface. A linear
interpolation was used to determine values in between.
Under these assumptions, the simulations were carried out and presented in
Fig. 4.13. The simulations report the coupling loss from facet to fiber, for the
case where the slope is pure InP and for the case where a silver coating was
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Figure 4.13: Simulated efficiency ηvm of the vertical coupling mirror, for
different focal length LF of the (lensed) fiber. The distance between fiber

and wafer surface is LF -Ld.

applied onto the slope. As seen the silver-coated device follows the same trend,
but with improved efficiency. This indicates that the major contribution to the
loss is related to the limited Fresnel reflection coefficient provided by the InP
slope. The silver coating reduces the reflection loss to 0.4 dB for both polar-
ization.
Variation of the mirror distance Ld introduces only little additional loss. This
also holds if the distance between fiber and surface of the wafer is altered,
which suggests fabrication robustness and relaxed alignment tolerances. As
seen in Fig. 4.13 an increase of 10 µm gives less than 0.5 dB excess loss. This
appears to be a small value, but follows from two counter-acting mechanisms.
First, the mode mismatch between fiber and waveguide increases due to a
larger fiber mode size. Second, the truncation of the mode specified by equa-
tion 4.8 decreases, due to a smaller divergence angle of the larger fiber mode.
The reflection values provided by the structure are in any case sufficient for
the characterization of optical devices and with the addition of the silver coat-
ing, the model predicts efficiencies similar to vertical grating couplers. The
bandwidth of these structures is significantly larger, which makes them a good
candidate for wafer scale spectral characterization of optical components.
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4.4.3 Fabrication

The processing of the vertical mirror is conceptually similar to the fabrication
of the etched facet. Therefore, if one integrates the etched facet, the vertical
mirror comes for free. The process flow is illustrated schematically in Fig. 4.14.
Similar to the etched facet process, the waveguide and facet definition are the
starting point of the process flow, as shown in Fig. 4.14(a). Different from the
etched facet, the region in front of the facet is not fully etched. Instead a slot
is defined. Experimentally, we found that the slot should be at least 3 µm
wide to allow the subsequent steps to be successful. The waveguide and the
facet are then etched with a high aspect-ratio Cl2 process [89], as seen in Fig.
4.14(b).
After the removal of the hardmask, the structure as shown in Fig. 4.14(c) is
obtained. Here it is seen that a slab of the same height is located in front of
the facet.

(a) Waveguide definition (b) ICP dry-etch

(c) Etched facet (d) V-Groove hard-mask definition

(e) Bromine etch (f) Etched facet with vertical mirror

Figure 4.14: Schematic process flow for the vertical mirror.
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(a) Single facet

(b) Array

Figure 4.15: Etched facets integrated with vertical coupling mirror.
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A new 50 nm thick hard-mask is deposited and patterned as seen in Fig.
4.14(d). Here, the facet is protected and a part of the slab in front of the facet
is exposed. After the sample is etched with bromine, the slab in front becomes
the mirror, with an angle of 54 degree with respect to the [1 0 0] plane of the
substrate. This scenario is depicted in Fig. 4.14(e).
Concluding, with the removal of the hard-mask, the final structure as shown
in Fig. 4.14(f) is obtained.
The corresponding fabricated mirrors are shown in Fig. 4.15(a) and Fig. 4.15(b)
for a single mirror and an array of mirrors respectively. In both cases, the fab-
rication of the mirrors was successful. The slope as defined by the bromine
etch shows no discontinuity or color variation. This implies that the surface
quality of the slope is high.

4.4.4 Fabry-Perot loss measurement with vertical coupling mir-
ror

To test the technology, the vertical coupler is used to measure the propaga-
tion loss of a waveguide using the Fabry-Perot method. Waveguides with a
straight cleaved input facet and straight etched output facet were fabricated.
The etched facet is coupled to the sloped mirror, which directs the light into
the vertical direction.
The experimental setup is shown in Fig. 4.16. Here it is seen, that the input

Figure 4.16: Picture of the experimental setup for the characterization of the
vertical coupling mirror.

87



Chapter 4

Wavelength [nm]
1550 1550.5 1551 1551.5 1552

T
ra

ns
m

is
si

on
 [

a.
u.

]

0.2

0.4

0.6

0.8

1

1.2

Figure 4.17: Measured transmission of a waveguide with straight facets, mea-
sured via a vertical mirror (TE).

on the left is edge coupled, while the output of the waveguide on the right is
coupled vertically to the fiber. The angle is approximately 90 degree with re-
spect to the surface. This leads to an angular misalignment with respect to the
18 degree emission angle provided by the sloped mirror, but allows for easier
alignment. The coupling penalty is estimated via a Gaussian approximation
as 1.8 dB.
The waveguide loss is now derived analogous to edge coupled devices, using
the Fabry-Perot method. A typical spectrum of the waveguide cavity is shown
in Fig. 4.17. It is seen that the spectrum is in excellent agreement with the
spectra obtained from edge coupled devices presented in section 4.3.5.
The waveguide loss derived from the spectra is 0.8 dB/cm, which is some-
what larger than the waveguide loss of approximately 0.4 dB/cm derived from
edge coupled waveguides. However, it is known that horizontal and angular
misalignment between fiber and input waveguide can introduce errors in the
estimation of the loss using the Fabry-Perot method [76]. This is caused by
beating between the fundamental waveguide mode and higher order modes,
effectively decreasing the contrast ratio of the measurement. In the measure-
ment this beating is also visible. With improvement of the setup, the beating
can be reduced and the accuracy improved.
Finally, we conclude that the vertical coupling mirror works according to the
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simulations and can be used to characterize batches of wafers at the expense
of little additional process complexity.

4.5 Conclusions

In this chapter we obtained a high-quality etched facet which makes us inde-
pendent of the crystal plane. This allowed for the development of novel angled
low-reflection type facets with perpendicular output beams. The high qual-
ity of the facet is demonstrated by comparing the reflection values to cleaved
facets. The results show similar reflection coefficients.
A further advantage of the etching is that the optical ports become accessible
before cleaving. Thus we expanded on the concept and integrated a vertical
coupling mirror in front of the facet. The coupler has been used to measure
the loss of a waveguide based on the Fabry-Perot method. This structure can
be integrated with a single step wet-etch process and is of high importance for
monitoring of large scale production on wafer level.
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Multimode Interference
Reflector for Coupled Cavity
Lasers

5.1 Introduction

Tunable lasers are of great interest for telecommunication and a key component
in many PICs. In InP based generic foundry processes, they can be integrated
as source in complex circuits. At present, the majority of tunable sources are
integrated via narrow bandwidth reflective gratings or a wavelength selective
tunable circuit. The first requires high lithographic resolution and additional
epitaxial growth. Prominent examples are the digital super mode distributed
feedback laser (DS-DBR) [92], grating Y-branch laser [93] and distributed feed-
back (DFB) laser arrays [94].
In the second approach, the wavelength selection is obtained by combining
optical filters on-chip. The resulting lasers are consequently spacious and suf-
fer from additional insertion loss determined by the number of employed filter
stages. Examples are AWG lasers [24, 95, 96], ring filtered lasers [16] and
Mach-Zehnder based lasers [17].
Alternatively, single mode lasing can be achieved by coupling of two laser cav-
ities. The coupled cavity geometry was one of the first integrated tunable laser
designs since it is conceptually simple to fabricate. In fact first attempts were
made in the 1980s, by creating a narrow gap in between two SOAs. With a
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variety of experimentally demonstrated coupling schemes based on serially [97–
99] and laterally coupled lasers [100] it was evident that the need for precise
control of the coupling coefficients, with strict fabrication tolerances, resulted
in poor mode selectivity and reproducibility.
Recently, a number of Coupled Cavity Lasers (CCLs) with telecom suitable
mode selectivity have been reported, using half-wave Multimode Interference
devices (MMIs) without imaging properties [101–105]. Simple fabrication, foot-
print in the order of 0.1 mm2 and tuning ranges in the order of several ten
nanometer make them excellent low-cost tunable sources.
In this work we expand on the coupled cavity approach as proposed by [101],
using a novel coupling mechanism, established through self-imaging between
two coherent phase-delayed signals at the input of a 3x3 MMI coupler. We
derive a Multimode Interference Reflector (MIR) with ideal complex transfer
coefficients, for the design of coupled lasers.
Two coupled laser geometries are presented, fabricated using the MPW service
provided by SMART Photonics. The first laser is a design which couples two
Fabry-Perot cavities, to prove the feasibility of a MIR based CCL in a foundry
process. This design enables 7 nm tuning range, 40 dB SMSR, MHz line width
and a fiber coupled power of 7 dBm.
The second design makes full use of the generic platform and integrates a novel
optical filter in one laser cavity. The interferometer allows to coarsely select
the lasing wavelength of the coupled system, extending the tuning range to
several tens of nanometer, with little loss penalty for the cavity containing no
interferometer. We experimentally demonstrate 26 nm tuning range, SMSR
larger 40 dB, MHz line width and a fiber coupled power up to 9 dBm.
In conclusion an adapted laser design is proposed, with tuning range larger 40
nm. The source is designed with a channel spacing of 50 GHz, providing a 100
channel C-Band coverage with potential for fiber coupled power larger than
10 dBm, SMSR above 40 dB and a compact footprint of 0.2 mm2.

5.2 Multimode Interference based Coupled Cavity
Laser

A coupled cavity laser is any form of laser which couples two laser resonators
together via a coupling element. In generic foundries, these resonators are in
general rings or Fabry-Perot cavities. The method discussed here is applicable
to Fabry-Perot lasers, although with some modifications it holds also for ring
structures. We chose the Fabry-Perot test vehicle as it provides the advantage
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Figure 5.1: Schematic of a MIR based Coupled Cavity Laser.

of in-line fabrication and hence a smaller footprint.
The device is schematically depicted in Fig. 5.1. Two Fabry-Perot cavities of
different length, each containing an amplifier and a phase tuning section, are
coupled via a 2-Port reflector with amplitude coupling coefficients Cx and Cb
and reflectivity r2. Without loss of generality, it shall now be assumed that the
cavity containing SOA1 is denoted as primary cavity, while the one containing
SOA2 shall be the secondary cavity. The cavities may be terminated with a
cleaved waveguide termination or an integrated partial reflector, forming the
output ports r1 and r3 of the laser. With this boundary conditions in place we
will now discuss the tuning mechanism, threshold condition and the resulting
mode selectivity for different coupling elements.

5.2.1 Tuning mechanism

The mode selection mechanism is based on the Vernier effect, established be-
tween cavities of different length, as schematically shown in Fig. 5.1. The
longitudinal mode spacing of the primary cavity is defined by:

f1 =
c

2L1ng
(5.1)

where ng is the average group index of the waveguide cavity. As the secondary
cavity is of different length, its longitudinal mode spacing is:

f =
c

2L2n′g
(5.2)

The lasing wavelength λ0 is addressed, when the longitudinal modes of the
cavities overlap. However, the longitudinal modes will also coincide after the
combined FSR of the cavities fV :

fV = Mf1 = Nf2 (5.3)
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where M and N represent an integer number of resonant peaks in between fV .
The equation can be rewritten as [106]:

fV = |M −N | f1f2
|f1 − f2|

(5.4)

Under the assumption that M = N + 1, the equation reduces further to:

fV =
f1f2
|f1 − f2|

(5.5)

Consequently, if the cavities are chosen of similar length, fV is a number larger
than the longitudinal mode spacing of the individual cavities and lasing is likely
to occur at a multiple of fV . The number of modes within fV is obtained from
equation 5.3 and M = N + 1 with:

N =
1

|1− L2
L1
|

(5.6)

Hence, for a fixed mode number, the tuning range of the laser is inversely
proportional to the size of the laser. If there is no other wavelength selection
mechanism (see section 5.6), fV has to be chosen such that the gain profile of
the SOAs selects one of the remaining longitudinal modes competing for lasing
operation.

5.2.2 Threshold equation

So far we provided quite general information. Let’s continue with a description
of the threshold in the presence of coupling. As the CCL was one of the first
tunable lasers, we can rely on a number of studies describing the coupling
mechanism [101, 107–109]. In all cases, the presence of a secondary cavity is
understood as a modifying multiplication factor in the reflectivity of the mirror
at the closed end. In more general terms, the coupling is summarized as an
effective mirror, forming a simplified Fabry-Perot laser as given in Fig. 5.2.
In this work we rely on the model proposed by He [101], as it was developed
for a laser, where the two cavities are coupled together at the closed end. This
is exactly the case in our MIR laser geometry. The methodology is explained
as follows.
Assume that light is created in the primary cavity and travels towards the
coupling mirror R2. The mirror will provide a partial reflectivity r2Cb, but
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r1
SOA1φ1 η1(λ)r2

Figure 5.2: The presence of the secondary cavity is expressed as wavelength
dependent effective mirror.

also a complementary reflectivity r2Cx to the secondary cavity. Light that
ends up in the secondary cavity, will be amplified and with each roundtrip, it
couples back into the primary cavity, where it will create interference. More
precisely this interference is described as an effective reflectivity r2η1(λ) at the
closed end of the laser:

η1(λ) = Cb + C2
xr3r2e

2(g2+jk)L2(1 + Cbr3r2e
2(g2+jk)L2 + C2

b r
2
3r

2
2e

4(g2+jk)L2 ....)
(5.7)

Following this equation, it is evident that the presence of the secondary cav-
ity leads to a modulation of the coefficient Cb. This modulation represents a
geometric series that can be further simplified as:

η1(λ) = Cb +
C2
xr3r2e

2(g2+jk)L2

1− r3r2Cbe2(g2+jk)L2
(5.8)

Finally, the structure in Fig. 5.2 is summarized into a simple Fabry-Perot
threshold equation:

η1(λ)r1r2e
2(g1+jk)L1 = 1 (5.9)

An analogous approach can be applied to find the effective reflectivity r2η2(λ)
for the secondary cavity:

η2(λ) = Cb + C2
xr1r2e

2(g1+jk)L1(1 + Cbr1r2e
2(g1+jk)L1 + C2

b r
2
1r

2
2e

4(g1+jk)L1 ....)
(5.10)

which is rewritten as

η2(λ) = Cb +
C2
xr1r2e

2(g1+jk)L1

1− r1r2Cbe2(g1+jk)L1
(5.11)

such that a similar threshold condition as for the primary cavity is obtained:

η2(λ)r3r2e
2(g2+jk)L2 = 1 (5.12)

After some manipulation, it follows that both equations 5.9 and 5.12 lead to
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the same threshold condition for the MIR based coupled cavity laser:

Cbr1r2e
2(g1+k)L1 +Cbr3r2e

2(g2+jk)L2−(C2
b −C2

x)r1r3r
2
2e

2(g2+jk)L2e2(g1+k)L1 = 1
(5.13)

This equation determines the wavelengths of the lasing modes as well as their
threshold gain coefficients. In the case of uncoupled cavities, e.g Cx=0, it re-
duces to the standard Fabry-Perot equation. If r1 is chosen to be identical
to r3, the findings coincide with the model proposed by He [101]. For sake of
generality, and with respect to section 5.6, we chose to differentiate between
these mirrors.
He [101] also performed an analysis on the choice of the complex coupling co-
efficients and proposed values with Cb ≈ 0.8 and Cx ≈ 0.2ejπ, to maximize the
mode selectivty of the laser. The same study among others [107–109], indicates
that a phase difference of π/2 resembles a particularly bad operation condi-
tion for CCLs, for which little mode selectivity is obtained. Consequently, the
precise control of the phase relation between the two cavities is of momentous
importance for the laser performance.
The significance of the coupling coefficients is quickly understood when equa-
tions 5.8 and 5.11 are analyzed for the two scenarios.
Firstly a standard 2-Port reflector is considered, with coupling coefficients in-
herited from a 2x2 coupler, hence Cb ≈ 0.7 and Cx ≈ 0.7ejπ/2. The magnitude
of the effective reflection is shown in Fig. 5.3(a). It is seen that, although a
Vernier effect is established, the shape of the resonances makes a mode dis-
crimination not feasible.
If the idealized coupling coefficients of Cb ≈ 0.8 and Cx ≈ 0.2ejπ are used,
the direction of the resonances is inverted as displayed in Fig. 5.3, enabling
effective Vernier filtering.
Unfortunately, there is currently no MMI in the COBRA platform delivering
these coupling values. In the following section we will present a novel MMI
design well-suited for CCLs.
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(a) Cb ≈ 0.7 and Cx ≈ 0.7ejπ/2
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Figure 5.3: Effective reflection at the closed end of the cavity. The mirrors
are broadband with r1 = r3 = 0.55 and r2 = 0.7. Further L1 = 1.2 mm and

L2 = 1.1L1.

5.3 Multimode Interference Reflector design

Current MMIs that are compatible with CCLs, claim no imaging properties
[110] and enforce the coupling coefficients based on a locally optimized design
(brute force). The absence of imaging properties introduces an inherent inser-
tion loss and lacks transparency in the design.
To understand the impact of the MMI geometry on the design of our laser, it is
important to understand the underlying physics. Simplified, MMIs rely on the
excitation of a set of modes inside a multimode waveguide, which propagate
and interfere constructively after a certain length. In more detail, we use a full
modal propagation analysis, as comprehensive tool to study the interference
mechanism. In this work, we will rely mainly on the framework provided by
Soldano [111]. To offer some background, we give a short summary here.
It will be assumed that the input field Ψin, is decomposed into the guiding
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Table 5.1: Phase factor for different values of the mode number ν.

ν ejφ

0,4,6,10,12 1
1,3,7,9,13 j

2,8 − 1
2 (1 + j

√
3)

5,11 1
2 (
√

3− j)

modes ψν of the multimode waveguide,

Ψin (y) =
m−1∑
ν=0

cνψν (y) (5.14)

where cv represents field excitation coefficients, that can be estimated from
a simple overlap integral. The field distribution at a distance L can then be
expressed as superposition of all guided modes:

Ψout (y) =

m−1∑
ν=0

cνψν (y) ejφ =

m−1∑
ν=0

cνψν (y) ej
ν(ν+2)L

3Lπ (5.15)

where Lπ is a geometrical constant which describes the beat length of the two
lowest order modes with difference in propagation constants ∆β, defined as:

Lπ =
π

∆β
≈ 4nrW

2

3λ0
(5.16)

Generally speaking, the method decomposes an input field into the guided
waveguide modes of the multimode section, propagates these independently
and recombines them to calculate the output field.
It will prove useful to calculate the phase factor in equation 5.15. A summary
for the first 13 modes is given in table 5.1.

5.3.1 Multimode Interference Reflector with π phase relation

It was already established above, that for 2x2 MMIs, the coupling coefficients
do not meet the requirements of the laser design. In order to achieve appropri-
ate coupling, the attainable transfer coefficients for a 3x3 MMI as depicted in
Fig. 5.4(a) are studied. In the following sections, we will apply the guided mode
analysis explained above and compare our findings with BPM simulations.
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Figure 5.4: A schematic of a 3x3 MMI , followed by BPM simulations of
the device of 10 µm width under different excitations of the input. The first
simulation shows single input excitation (b), after which the two outer inputs
are excited with a phase difference of π (c) and 0 (d). The dashed lines in

(c) and (d) represent a 45 degree corner to form the integrated mirror.

Single input excitation

For single input excitation, it is well known, that the 3x3 geometry produces
images of equal intensity at the beat length between the two lowest order
modes, denoted Lπ. Fig. 5.4(b) displays the simulated beam propagation inside
a 10 µm wide multimode section where Lπ is indicated. These images do not
meet the requirements for the CCL. However, from the figure, we identify three
images at Lπ/2 which will be further investigated.
First, we excite an external port. Then using equation 5.14, we split the input
field in its even and odd parts:

ψin (y) =
∑
νeven

cνψν (y) +
∑

νodd, 6=5,11

cνψν (y) (5.17)

After propagation to Lπ/2, the field can be written as:

ψout (y) =
∑
νeven

cνe
jφνψν (y) + j

∑
νodd, 6=5,11

cνψν (y) (5.18)
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So far, this is quite general. For the sake of concreteness, a simple model is
used, which takes into account the first three guided modes of the multimode
waveguide. After evaluating equation 5.18 for the first three modes (see table
5.1), we obtain :

Ψout =
1

6

√
6ψ

0
+ j

1

2

√
2ψ1 −

1

3

√
3e−2πj/3ψ2 (5.19)

Now we define θi as the normalized transverse distribution function corre-
sponding to an input field at port i, where i = 1, 0,−1. Then the transverse
modes are taken as:

ψ0 = (θ1 + 2θ0 + θ−1)/
√

6 (5.20)

ψ1 = (θ1 − θ−1)/
√

2 (5.21)

ψ2 = (−θ1 + θ0 − θ−1)/
√

3 (5.22)

In this approximation the inverse relations are

θ0 =
1

3

√
6ψ

0
+

1

3

√
3ψ2 (5.23)

θ1 =
1

6

√
6ψ

0
+

1

2

√
2ψ1 −

1

3

√
3ψ2 (5.24)

θ−1 =
1

6

√
6ψ

0
− 1

2

√
2ψ1 −

1

3

√
3ψ (5.25)

Now, using equations 5.23 to 5.25, we can write equation 5.19 as:

Ψout =θ1

(
1

6
+

1

2
j +

1

3
e−

2πj
3

)
+θ0

(
1

3
− 1

3
e−

2πj
3

)
+θ−1

(
1

6
− 1

2
j +

1

3
e−

2πj
3

)
≡ θ1Cb + θ0Cc + θ−1Cx

(5.26)
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Where the numbers in the brackets correspond to the coupling coefficients of
the MMI in transmission at Lπ/2. Evaluating these numbers leads to:

Cb =

√
3− 1

2
√

3
j = 0.21 j (5.27)

Cc =
3 + j

√
3

6
= 0.5 + 0.29 j (5.28)

Cx = −
√

3 + 1

2
√

3
j = −0.79 j (5.29)

Thus at Lπ/2 three images are present with unequal intensities. By recognizing
a 180 degree phase difference between the two lateral outputs, we identify a
potential 2x2 coupler in the 3x3 geometry for coupled lasers, if the central
waveguide is excluded. The values obtained from the BPM simulations are
Cb ≈ 0.21, Cc ≈ 0.57ejπ/3 and Cx ≈ 0.78ejπ and thus in excellent agreement
with the guided mode analysis. We note that Cb and Cx are of the correct
magnitude when compared to the ideal values as discussed in section 5.2.2 but
are inverted. We will correct for this in section 5.3.2.

Anti-resonant imaging

The presence of three inputs for coupling two cavities, implies a significant
imaging loss in general. However, no light is lost if the two outer inputs are
simultaneously excited with almost equal intensities and a phase difference of
180 degree. In this case, destructive interference occurs in the central output
at multiples of Lπ/2, as shown in Fig. 5.4(c). This is explained as follows. Due
to the structural symmetry of the MMI, the field excitation coefficients cv for
even modes have a different sign if excited by signals with an opposite phase.
By decomposing the propagated modes in even and odd, even modes cancel
and equation 5.14 is reduced to:

Ψin (y) = 2
∑
νodd

cνψν (y) (5.30)

Hence, after propagation of z = Lπ/2 and evaluating equation 5.15 for the
first 11 modes (Table 5.1), we find:

Ψout (y) = 2j
∑

ν=1,3,7,9,..

cνψν (y) + 2e−πj/6
∑

ν=5,11,..

cνψν (y) (5.31)
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Thus if there is little excitation of modes 5,11... then the transmitted field is
in good approximation reproduced, apart from the phase factor j.

Resonant imaging

Thirdly, we will investigate the case of two equal inputs at different ports with
phase difference 2π, such that the total input field is symmetric. Due to the
structural symmetry of the MMI, the field excitation coefficients cv for odd
modes have an opposite sign if excited by signals with the same phase. By
decomposing the propagated modes in even and odd, odd modes cancel and
equation 5.14 is reduced to:

Ψin (y) = 2
∑
νeven

cνψν (y) (5.32)

Hence, after propagation of z = Lπ/2 and evaluating equation 5.15 for the
first 3 modes, we find:

Ψout =
1

6

√
6ψ

0
− j 1

2

√
2ψ1 −

1

3

√
3e−2πj/3ψ2 (5.33)

Inserting the transverse mode profiles defined in equation 5.20 to 5.22, will
result after some rearranging in:

Ψout = −θ1
j√
3

+θ0(1 +
1√
3

)

−θ−1
j√
3

(5.34)

where the numbers correspond to the field at output port i = −1, 0, 1 respec-
tively. By squaring these numbers, it is found that most intensity is found in
the central output, more precisely about 4/6 of the output field. From the
BPM in Fig. 5.4(c), we find a value of approximately 70%, which is in good
agreement.
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Figure 5.5: Excess loss for different power ratios and phase relations at the
input of the MIR, when two outer inputs are excited. For (a) we assume
equal amplitude between P in1 and P in2 . For (b) we assume a 180 degree
phase difference between P in1 and P in2 . The device is 6 µm wide and 25 µm

long.

5.3.2 MIR design

Following the considerations above, a reflective device is obtained by placing
a corner mirror at Lπ/4, as indicated in Fig. 5.4(c) by the dashed lines. Light
that enters the multimode region will be reflected at the corner mirror and
propagate back, to form an image at the input ports. The reflection can be
low, as total internal reflection takes place. Due to the 45 degree symmetry of
the corner reflector, it inverts the coupling coefficients given in equations 5.27
to 5.29. Hence, the reflector coefficients now read Cb ≈ 0.79, Cx ≈ 0.21ejπ

and Cc = 0. The latter implies the removal of the middle waveguide, allowing
compact mirrors by reducing the width of the MMI. The mirror coefficients
are now close to ideal for our laser geometry, as they coincide with the as-
sumptions of the simulations in section 5.2.2 and thus are also in agreement
with the ideal values as proposed by He [101].
The properties of the reflective coupling element are analyzed in more detail
using 2D FDTD simulations for a 6 µm wide and 25 µm long reflector. Since
the imaging relies on the interference between the two input signals, an excess
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loss is expected if the amplitude of the two input signals differs or have a phase
difference other than 180 degree.
Firstly, simulations were performed with arbitrary phase difference and input
signals with identical amplitude. The result is shown in Fig. 5.5(a). The inser-
tion loss for signals that are in phase is caused by a residual image obtained
at the position of the missing central waveguide. The loss is in the order of 6
dB and thus also in agreement with the guided mode analysis for the resonant
imaging case.
It is exactly this property, that inside the coupled laser geometry, will auto-
matically lead to optimization of the laser operation. As the laser will try to
lase on the mode with the lowest threshold, it will lase on the anti-resonant
configuration. In more abstract terms, the laser locks to the imaging condi-
tions with the lowest loss and hence enforces the π phase relation between the
cavities. Based on the strong phase dependence we will also be able to derive
novel optical filters as discussed in more detail in section 5.6.2.
Further simulations for input signals P1 and P2 with differing amplitude and
a fixed phase difference of π were performed. The reflection of the mirror
as a function of the input power ratio R = P in2 /P in1 for the corresponding
port N is calculated using the result for R = 1 as reference, which leads to
L = 10log((P outN /P inN )|R/(P outN /P inN )|R=1). As shown in Fig. 5.5(b), excess loss
is minimized for symmetric injection and light is lost, if intensities differ. Pos-
itive values for L can be expected for asymmetric excitation describing net
flow of light from the cavity with higher power to the one with lower power.
Placed inside a coupled geometry, the overall efficiency can be increased by
closing the secondary cavity with a coating or an integrated reflector with high
reflectivity. Consequently, the required gain provided by the secondary cavity
to reach R ≈ 1 is reduced.

5.4 Mode selection

With the coupling coefficients of the mirror defined, it is now possible to solve
the threshold equation 5.13. More precisely, the threshold gain at the reference
wavelength λ0 is compared to the solutions obtained for wavelengths at a
distance of f1 and fV . These distances correspond to the closest side mode,
and the competitor after the combined FSR of the cavities. The SMSR of the
laser above threshold is then estimated using following equation [112]:

SMSR = 10log10(
2P0

hf0vgγm

∆γ

γ0
) (5.35)

104



Coupled Cavity Laser

Cavity Length Ratio
0.9 0.92 0.94 0.96 0.98

T
hr

es
ho

ld
 G

ai
n 

R
at

io

0.8

0.85

0.9

0.95

1

Combined FSR
Sidemode

Figure 5.6: Threshold gain ratio g/g0 for different cavity length ratios. The
mirror reflectivities are r1 = r3=0.5 and r2=0.7.

where P0, γ0 and γm are the facet power, cavity and mirror loss per unit
length of the higher power mode, while ∆γ is the loss difference between the
higher and lower power mode. vg is the group velocity, h Planck’s constant,
f0 the lasing frequency and nsp the spontaneous emission factor. The latter
is a material related constant with a typical value of approximately 2. Under
the assumption that the first fraction of equation 5.35 is fixed by constants,
the loss difference between the higher and lower power mode is now expressed
as ratio of their normalized threshold gain difference ∆g/g0. It is easily found
that for a facet power of a few mW and ∆g/g0 ≈ 0.05, SMSR in the 30-40 dB
range is feasible.
For the simulations it is assumed that g1L1 = g2L2, which leads to equal round
trip gain provided by the SOAs of the coupled cavities and thus the lowest loss
for the coupling mirror.
The threshold gain ratio, g/g0 for a 1 mm long cavity is given for different
cavity length ratios in Fig. 5.6. The simulations assumes that the output ports
are formed by cleaved facets and hence r1 = r3=0.5. For the coupling mirror,
we assumed a reflectivity of r2=0.7 accounting for loss due to imperfect side-
walls of the reflector, e.g. sidewall angle and roughness.
The solid line represents the closest side mode at a distance f1, while the
dashed line represent the ratio fV away from the lasing mode. As seen, with
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increasing length difference, the suppression of the closest competitor increases
and for a cavity ratio of about 5% we have ∆g/g0 ≈ 0.05. Hence we expect
SMSR in the order of 40 dB.
As seen, there is an oscillatory behavior on the adjacent FSR. This follows
directly from the Vernier theory. It is caused by the fact that only for length
ratios which obey the condition M + 1 = N , the Vernier filter operates ac-
cording to equation 5.5. In all other cases, the resonances will not periodically
coincide after the combined FSR, creating additional mode suppression. This
effect is documented for silicon based coupled micro rings with high finesse
and known as Vernier resonance splitting [113].

5.5 Characterization

In this section we investigate the first generation MIR based CCL, based on the
theory as discussed above. The device was fabricated through the SMART Pho-
tonics foundry, together with other designs on a shared wafer. It is based on an
InGaAsP/InP multiple quantum well structure, monolithically integrated with
transparent ridge waveguides based on 500 nm bulk InGaAsP with Q(1.25).
The final device is shown in Fig. 5.7 and corresponds to the schematic at the
beginning of this chapter (Fig. 5.1).
The device is partially deeply etched to enhance the index contrast. This re-
duces the bending radii of the curves and is essential to establish the integrated
coupling mirror indicated by the label MIR-π. For simplicity, the remaining
mirrors are formed by cleaved waveguide terminations. The laser cavities are

SOA2

SOA1
φ1

φ2

r1

r3

Isolation Shallow Deep

MIR-π

100 μm

Figure 5.7: Microscope image of the fabricated device. Dashed line represents
the boundary between shallow (left) and deep etched (right) region.
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Figure 5.8: Schematic of setup used to characterize the tuning behavior and
line width of the coupled cavity lasers.

1229 µm and 1169 µm long, each containing a 500 µm SOA and 250 µm
Q(1.25) phase tuning section. The contact isolation is formed by removing the
p-doped cladding of the waveguides over a length of 30 µm. The tuning range
is expected as 5 nm.
For the experiments the laser was placed on a copper sub mount with a thermo-
electric cooler controlled at 15 ◦C. The electrodes are biased with independent
sources under continuous-wave (CW) operation. The schematic characteriza-
tion setup is depicted in Fig. 5.8. The setup allows for the spectral characteri-
zation of the laser including its line width properties. An isolator is placed as
first element, to prevent residual back reflections into the laser cavity which
could give rise to undesired laser dynamics.
In the following paragraphs we will report on measurements of the device and
provide some more details on the applied methods.

5.5.1 L-I measurements

The laser reaches threshold when a current of 18 mA is injected into each SOA.
Further experiments were carried out, where light is collected from the primary
cavity (SOA1), while the current injection into primary and secondary cavity
is altered. In this way, we try to verify the interference mechanism inside the
coupling element.
When the current of the secondary cavity is kept constant and the current in-
jected into the primary cavity is altered, the collected power varies as displayed
in Fig. 5.9(a). The L-I has a typical laser diode response, with the maximum of
5 mW for symmetric injection of 100 mA into each SOA. If the current in the
secondary cavity is reduced to 30 mA, the maximum extracted power drops
from 5 mW to 3.7 mW, indicating an additional mirror loss of 1.3 dB.
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Figure 5.9: L-I curves collected from SOA1 with a lensed fiber. Legends
contain current values in mA.

The complementary experiment is shown in Fig. 5.9(b). Here, the current in
the primary cavity is kept constant while the current in the secondary cavity
is altered. Since the gain provided to the primary cavity is not changed, the
extracted power changes only due to the mirror reflectivity at the closed end of
the laser. This behavior of the laser is in good agreement with the interference
mechanism of the coupler, as described in section 5.3.2.
The reflectivity of the coupling mirror has been estimated using the threshold
equation 5.13 and typical gain values provided by SMART Photonics, with
approximately 30%. Other test structures, containing MIR mirrors based on
conventional broadband 2x0 MIRs were tested. The reflection was found to
be also about 5 dB below specification which suggests that the loss may be
related to the mirror sidewall angle or roughness.
Concluding, a typical single-mode spectrum at 50 mA current injection is given
in Fig. 5.10. The longitudinal mode has been selected, using the integrated
phase shifters. The SMSR is close to 40 dB for both the adjacent longitudinal
mode and combined FSR. The SMSR can be further increased, by increasing
the cavity length difference. This however reduces the tuning range. Larger
tuning range can be achieved by reduction of the device footprint or decreas-
ing the length difference. The latter however reduces the SMSR.
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Figure 5.10: Typical spectrum when each SOA is pumped with 50 mA. The
longitudinal mode is selected with the integrated phase sections.

5.5.2 Spectral characterization

Tuning experiments have been performed for symmetric injection into the
SOAs and by operating the phase sections in turns. The tuning maps for SOA
injection currents from 30 mA to 50 mA are given in Fig. 5.11.
The digital tuning, typical for the Vernier filter is identified easily. In Fig.
reffig:30mATuning mode hop instabilities occur only for edge channels, when
the device switches between FSRs. With increasing SOA current, broadening
of the gain profile leads to competition between FSRs, decreasing the tuning
range. This is a result of the limited FSR the presented design provides. To
avoid this, we need to increase Vernier tuning range, by e.g. decreasing the
footprint.
The S-type tuning curve of the laser is determined by the employed Q(1.25)
guiding layer. The induced phase shift due to carrier injection is limited and
counteracted by the thermal phase shift. As a result, an effective phase shift
is only obtained above 10 mA tuning current. With a dedicated layer stack or
regrowth, the tuning current can be decreased down to a few mA.
Accessible channels deduced from the map in Fig. 5.11, are displayed in Fig.
5.12. The SMSR is maintained generally above 30 dB, with values in the order
of 40 dB for 50 mA current injection.
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(a) 30 mA

(b) 40 mA

(c) 50 mA

Figure 5.11: Tuning maps for different SOA currents. Current is injected into
the phase sections. The phase elements are operated in push-pull configura-

tion around 0 mA.
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Figure 5.12: Avalable channels for different SOA currents. Tuning of the laser
via injection into the phase sections for symmetric injection into the SOAs.
The phase elements are operated in push-pull configuration around 0 mA.
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The tuning range is enhanced by the thermal shift of the gain curve and allows
for overall 7 nm tuning range, compared to the theoretical FSR of 5 nm.
The instabilities in the experiment are mainly caused by the limited FSR, due
to the cavity lengths of approximately 1.2 mm. With improvement of the cavity
design, mirror loss and implementation of shorter phase sections, cavities in
the order of 0.5 mm appear feasible. As a consequence, tuning ranges in the
15 nm range can be achieved.

5.5.3 Line width

The line width is measured with the setup as shown earlier in Fig. 5.8. The
measurement of the line width is enabled via the self-heterodyne method. Here,
the light is split equally into two branches. One branch is delayed over 25 km
to ensure that the coherence between the split signals is lost. The signals are
then recombined on a 50 GHz photo diode, which is connected to an Electrical
Spectrum Analyzer (ESA) to display the beat signal. A modulation with a
frequency of 2 GHz is applied to the shorter branch to enforce a frequency shift
of the autocorrelated signal from the DC to 2 GHz. This allows to measure the
line width where the ESA sensitivity is high. Finally the polarization controller
is used to equalize the amplitude of the transmitted signals, optimizing the
resulting autocorrelation.
The measured autocorrelation function depends on various noise contributions
and is ideally of a Lorentzian line shape if the noise source can be characterized
as white. In addition, colored noise introduces a contribution to the line shape
which is of Gaussian nature. The presence of both, quite dissimilar line shapes,
affects the analysis of the line width [114]. The individual contributions to the
line shape can be extracted by fitting the measurement to a convolution of a
Gaussian and Lorentzian function, the so-called Voigt function [115]:

V = y0 + (z1 ∗ z2)(f) (5.36)

with

z1 =
2A

π

wL
4(f − f0)2 + w2

L

(5.37)

and

z2 =

√
4ln(2)

π

e
− 4ln(2)

w2
G

f2

wG
(5.38)
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A is the area of the Lorentzian, f the central frequency. wG and wL are the
FWHM of Gaussian and Lorentzian respectively. The line width derived from
each individual spectral component is then obtained from:

∆νL =
wL
2

∆νG =
wL√
(2)

(5.39)

For the experiment 50 mA was injected into each SOA and the beat spec-
trum was recorded for different phase settings. The phase sections were reverse
biased to eliminate additional noise induced by current injection. The phase
is swept to enforce a gradual switch in wavelength, while intermediate beat
spectra are recorded. In Fig. 5.14 four different phase settings are displayed,
which are indicative for the line width dynamics of the laser. The dashed lines
represent fits to the Voigt function, all with excellent agreement. From Fig.
5.14(a) to Fig. 5.14(d) it is seen that the shape of the line width changes signif-
icantly. Although, the Voigt fit reveals that all measurements contain a steady
Lorentzian contribution with approximately 1.5 MHz, the Gaussian line width
changes drastically from 7 MHz to below 1 MHz. This Gaussian contribution
limits the laser line width by deteriorating the finesse of the beat spectrum. As
the change in line width is introduced by the misalignment of one longitudinal
cavity mode, it suggests that the behavior is closely related to the Vernier
tuning mechanism, as.e.g. the narrow peaks of the cavity are detuned and as
such broaden the line width.
The experiment has been repeated by tuning over two consecutive longitudinal
modes. The result is shown in Fig. 5.13. An almost constant Lorentzian con-
tribution is identified over the entire tuning range. The Gaussian component
is however slowly changing with reoccurring maxima near the mode switching
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Figure 5.13: Extracted line width from fit with Voigt function for different
phase settings.
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point.
Although there is a line width dependence while tuning, the values remain in
a similar range as provided by short-cavity DBR type lasers.
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(a) 0 V, with ∆νL= 1.0 MHz,
∆νG= 6.9 MHz.
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(b) 0.6 V, with ∆νL= 1.5 MHz,
∆νG= 5.2 MHz.
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(c) 1.4 V, with ∆νL= 1.7 MHz,
∆νG= 1.4 MHz
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Figure 5.14: Measured autocorrelation function for different voltages applied
to the phase section.
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5.6 Extended Coupled Cavity Laser

Above we have demonstrated a CCL, based on a novel 2-Port MIR. In this
section we report an increase of the tuning range to 26 nm, with a potential for
50 nm and with a simplified wavelength control algorithm. We demonstrate
that with this simple control algorithm, the laser can be stabilized with a
SMSR above 40 dB. The line width is in the MHz range and the fiber coupled
power is up to 9 dBm.

5.6.1 Design

The device described in this section is schematically depicted in Fig. 5.15. It
consists of two coupled Fabry-Perot cavities with length L1 and L2, each con-
taining an amplifier (SOA) and a phase tuning section φ1,2. So far, very much
like the laser we discussed above.
The novelty in the present design is the interferometer r3(λ). It introduces a
modulation of the secondary cavity spectrum, which restricts the local roundtrip
gain bandwidth and enforces lasing on one longitudinal mode of the Vernier
spectrum. If the interferometer is chosen with a length difference ∆LM , the
wavelength of the laser can be coarsely adjusted over the free spectral range:

fM =
λ20

ng∆LM
(5.40)

The factor two missing in the denominator of equation 5.40, follows from the
replacement of the two independent mirrors normally utilized in the Michelson
configuration, with the MIR-π we use for coupling of the cavities. The detailed
working principle is discussed in section 5.6.2. For now, we assume that near
the lasing peak, r3(λ) can be approximated as a conventional Michelson inter-
ferometer.
Fine tuning of the lasing mode is achieved by adjusting the longitudinal modes
of the cavities using the phase sections φ1,2. During this process, a photo cur-
rent is generated on the detector, with a magnitude related to the selected
longitudinal mode. The lasing mode which coincides with the interferometer
reflection peak produces the smallest current. In this way the laser can be
stabilized by minimizing the detector current.
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Figure 5.15: Schematic of extended CCL with MIR as reflective coupling
element R2. Cx, and Cb denote the complex amplitude coupling coefficients

between the cavities.

5.6.2 Michelson Interferometer with doubled FSR

First, we will study the working principle of the interferometer. The proposed
configuration is displayed in Fig. 5.16. Compared to a Michelson, the novelty
lies in the replacement of the two independent mirrors, by a reflector which
connects both branches at the end. This allows for light to be exchanged
between the two branches. As introduced earlier, it is assumed that Cx and Cb
are the amplitude cross and bar coupling coefficients respectively. At the input
of the interferometer a 2x2 MMI is placed, which acts as symmetric splitting
element with coupling coefficients ax and ab.
If an electric field is launched at the input, the transmission of the two different
paths is written as:

E1 = abCbe
2ikL1 + axCxe

ik(L1+L2) (5.41)

E2 = axCbe
2ikL2 + abCxe

ik(L1+L2) (5.42)

With r3 = abE1 + axE2 we write:

r3 = a2bCbe
2ikL1 + abaxCxe

ik(L1+L2) + a2xcbe
2ikL2 + abaxCxe

ik(L1+L2) (5.43)

In case of 2x2 MMI with equal splitting ratio, ab = 1/
√

2 and ax = i/
√

2, and
hence after some manipulation, the reflected power is expressed as:

|r3|2 = |Cb|2sin2k∆LM + |Cx|2 − 2sink∆LMRe(CbC
∗
x) (5.44)

where ∆LM = L2 − L1. Now, let us assume a few practical examples.

1) Cx = 1 and Cb = 0:

A trivial solution of equation 5.44 is obtained, which leads to |r3|2 = 1, a
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Figure 5.16: Schematic of proposed interferometer with a 2-Port reflector,
which is common for the branches of different length.

broadband mirror. The coupling coefficients are obtained by connecting the
two branches with a waveguide of arbitrary length. This device is also known
as loop mirror.

2) Cx = 0 and Cb = 1:

Here, the case of two independent mirrors is studied and thus, equation 5.44
reduces to the classical Michelson response:

|r3|2 = sin2(k∆LM ) (5.45)

3) Cb = |Cb| and Cx = |Cx|ej
π
2 :

This is the case of MIRs derived from conventional 2x2 MMIs. It is quickly
found that equation 5.44 reduces to:

|r3|2 = |Cb|2sin2(k∆LM ) + |Cx|2 (5.46)

This implies a constant component, which is modulated with strength |Cb|2,
It is an interesting result, as we can fix the extinction ratio of the reflected
spectrum, by adapting the mirror splitting ratio. For symmetric coupling co-
efficients, a 3 dB modulation is obtained.

4) Cb = |Cb| and Cx = |Cx|ejπ
This configuration follows from the insertion of a mirror like our MIR−π used
also for the coupling of the cavities. After some rearranging it follows from
equation 5.44 that:

|r3|2 = (|Cb|sin(k∆LM ) + |Cx|)2 = (5.47)

|Cb|2sin(k∆LM )2 + 2|Cb||Cx|sin(k∆LM )2 + |Cx|2 (5.48)
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Figure 5.17: Simulated bar and cross-port response of interferometer as
shown in Fig. 5.16. The imbalance ∆LM is 20µm.

This is a peculiar result, as it contains a quadratic and linear sinusoidal com-
ponent. The linear component oscillates with half the frequency compared to
the quadratic term. Therefore, we obtain a slowly varying envelope that effec-
tively doubles the FSR through amplitude modulation.
This effect is amplified, by the fact that the MIR-π will be forced periodically
into the resonant imaging mode (see section 5.3.1) and hence, the reflection of
the mirror is periodically reduced. We take this into account by multiplying
equation 5.44 with R = 0.6+0.4sin(kL21), where the coefficients were selected
according to the 2D FDTD simulations of the MIR−π, as shown earlier in Fig.
5.5(a). Finally, because of its π-dependence, we name this device π-Michelson.
To illustrate the new feature of this structure, we provide a numerical example
with |Cb|=0.79 and |Cx|=0.21 in Fig. 5.17, compared to the result of a conven-
tional Michelson with same arm-length difference. Here, the linearly varying
component mentioned above, is identified as suppression of every second peak
in the reflection spectrum and hence the FSR is doubled. Because the interfer-
ometer contains also a quadratic term, the FWHM of the reflection spectrum
is maintained almost equal to a Michelson interferometer. Inside our laser con-
figuration, this device provides us with a doubled coarse tuning range, without
compromising SMSR.
A further advantage of the interferometer is that it provides an additional
control signal by measuring |rx|2:

rx = abaxcbe
2ikL2 + a2bcxe

ik(L1+L2) + axabcbe
2ikL1 + a2xcxe

ik(L1+L2) (5.49)

where with ab = 1/
√

2, ax = i/
√

2, Cb = |Cb| and Cx = |Cx|ejπ we obtain:

|rx|2 = |cb|2cos2k∆LM (5.50)
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Figure 5.18: Experimental setup to measure the interferometer in reflection.

This implies that our control signal has an offset with respect to |r3|2. Accord-
ing to the results of Fig. 5.17, |rx|2 is minimal when the mirror is excited with
a wavelength corresponding to the reflection peak of |r3|2.
This is an interesting feature because it suggests that a high value of |rx|2 can
be interpreted as a misalignment of the laser wavelength with the respect to
the main reflection peak. If a photo detector is placed on-chip to measure |rx|2,
the source can be tuned to generate a minimal photo current on the detector.
This enables an automatic alignment of the lasing wavelength with respect to
the main reflection peak of the interferometer.

Coarse filter characterization

For the verification of the model presented above, a test structure has been fab-
ricated. For the experiment, we chose an imbalance of 330 µm, which permits
to measure many periods of the spectrum over a small measurement range.
The experimental setup to measure the reflection of the interferometer is de-
picted in Fig. 5.18. The structure was measured in reflection using a circulator
and an anti-reflection coating at the input. The laser is tuned to reproduce
the wavelength dependent reflection spectrum on the power meter.
The measurement in Fig. 5.19 is compared to a simulation using equation 5.48.
Besides minor ripples created by a residual reflection between waveguide input
and the MIR−π reflector, we obtain an excellent agreement and as predicted
a suppression of every second reflection peak, leading to an effectively doubled
FSR.
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Figure 5.19: Measured normalized reflection compared to simulation with
|Cb|=0.79 and |Cx|=0.21.

5.6.3 Mode selection

In this section we will discuss the mode selectivity of the laser. The good
news is that we can rely on the theoretical framework established for the first
generation CCL from section 5.2.2. In fact, we can use the same threshold
equation and simply modify the reflection coefficients:

Cbr1r2e
2(g1+k)L1 +Cbr3r2e

2(g2+jk)L2−(C2
b −C2

x)r1r3r
2
2e

2(g2+jk)L2e2(g1+k)L1 = 1
(5.51)

where we obtain r3 from the derivation of section 5.6.2 and hence it is defined as
|r3|2 = |r2|2(|Cb|sin(k∆LM ) + |Cx|)2, where ∆LM is the arm-length difference
in the interferometer and r2 = 0.8, |Cb|=0.79 and |Cx|=0.21 are reflectivity
and coupling coefficients of the mirror.
The effective reflections of the laser at the closed end are then defined as:

η1(λ) = Cb +
C2
xr3r2e

2(g2+jk)L2

1− r3r2Cbe2(g2+jk)L2
(5.52)

η2(λ) = Cb +
C2
xr1r2e

2(g1+jk)L1

1− r1r2Cbe2(g1+jk)L1
(5.53)

The effect of the interferometer on η1(λ) is shown in Fig. 5.20. The Vernier
effect is still established between the cavities, but now the cosine profile mod-
ulates the effective reflection, such that coinciding longitudinal modes other
than the main peak are suppressed.
In order to predict the tuning range and mode selectivity it is necessary to es-
timate the length of the cavities and the interferometer. The design described
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Figure 5.20: Effective reflection spectra for r1 = 0.55, r2 = 0.8 and |r3|2 =
|r2|2(|Cb|sin(kLM ) + |Cx|)2, where LM is the arm-length difference in the
interferometer and r2 = 0.8, |Cb|=0.79 and |Cx|=0.21 are reflectivity and
coupling coefficients of the mirror. L1 = 1.2 mm and L2 = 1.1L1, LM =20

µm.

here consists mainly of SOAs and phase sections. The length of the phase
sections depends on the operation principle. Current based phase sections are
as short as 100 µm, while reverse biased sections are in the order of 1 mm.
Taking into account the SOAs, MMIs and connecting waveguides, we estimate
cavity lengths in the order of 1.6 mm for current injection and 3.6 mm for
the reverse biased approach respectively. In Fig. 5.21(a) the solutions to equa-
tion 5.51 are shown as normalized threshold gain ratio between main mode
and competitors. The solid lines represent the closest side mode, while dashed
lines are modes after one combined FSR of the cavities, for a cavity length of
L1 = 1.6 mm and r1 = 0.55, based on a current injection based phase section
design. Furthermore, ∆LM of the interferometer is chosen as 20 µm, providing
a coarse tuning range of approximately 36 nm.
It is seen, that the dashed and solid curves of same color intersect, suggesting
that the cosine profile allows to suppress the remaining candidates for las-
ing, preselected by the Vernier filtering. A normalized threshold difference of
∆g/g0 > 0.1 appears to be feasible for all displayed values of r2 and hence
according to equation 5.35 introduced earlier, the SMSR is expected in the 50
dB range for an output power of a few mW.
The simulation was repeated for the case of reverse biased phase sections and
thus we assume L1 = 3.6 mm. Here, the Vernier tuning range is smaller and
consequently, the imbalance of the interferometer is adapted. In the simula-
tions as performed in Fig. 5.21(b) a value of ∆LM = 25 µm is chosen, with an
equivalent tuning range of 28 nm. The result is similar to the current injection
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Figure 5.21: Threshold gain ratio between main mode and next two competi-
tors for different reflectivities of coupling mirror r2. Solid lines are the closest
side mode, while dashed lines represent the competitor one combined FSR
away. The output of the laser is formed by a facet with r1 = 0.55 and the
interferometer follows |r3|2 = |r2|2(|Cb|sin(kLM ) + |Cx|)2, where LM is the
arm-length difference in the interferometer and r2, |Cb|=0.79 and |Cx|=0.21

are reflectivity and coupling coefficients of the mirror

based design, but with mode suppression with values between 5% and 10%.
According to equation 5.35, this still results in SMSR above 40 dB.

5.7 Characterization

In this section we characterize the second generation of MIR based CCLs,
based on the theory as discussed above. The device was fabricated by the
SMART Photonics foundry, together with other designs on a shared wafer.
The device is shown in Fig. 5.7 and corresponds to the schematic introduced
earlier in Fig. 5.15. It is based on an InGaAsP/InP multiple quantum well
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Figure 5.22: Microscope image of the fabricated Coupled Cavity Laser which
contains the interferometer as tunable coarse wavelength filter.

structure, monolithically integrated with transparent ridge waveguides based
on 500 nm bulk InGaAsP with Q(1.25). The optical path length difference
between the cavities is 9.5%, with a geometrical length of 3.9 mm for the
longer cavity. Each cavity contains a 500 µm SOA. To reduce the footprint
the SOAs have been fabricated in close proximity, with a pitch of 10 µm. All
phase modulators are 1 mm long and operated in reverse bias. The imbalance
of the π-Michelson interferometer was chosen as 25 µm.
For the experiments the laser was placed on a copper sub-mount with a thermo-
electric cooler controlled at 15 ◦C. The electrodes are biased with independent
sources under continuous-wave (CW) operation. The schematic characteriza-
tion setup was already introduced earlier in Fig. 5.8. The setup allows for the
spectral characterization of the laser including its line width properties. An
isolator is placed as first element, to prevent residual back reflections into the
laser cavity which introduce undesired laser dynamics.
In the following paragraphs we will report on measurements of the device.

5.7.1 L-I measurements

The light is collected using a lensed fiber placed at the output facet of the
laser. The laser reaches threshold when a current of 20 mA is injected into
each SOA. Several L-I curves of the laser are recorded while maintaining a
constant current in the secondary cavity, which holds the interferometer. The
results are shown in Fig. 5.23(a) with a fiber coupled power of up to 9 dBm
when each SOA is driven with approximately 100 mA. As the maximum output
power is achieved approximately for symmetric current injection, the reflection
provided by the interferometer reflection is estimated to be similar to a cleaved
facet. This follows from the interference effect inside the coupling mirror, which
leads to highest reflection values for equal intensities at its inputs. The major
fraction of this loss is caused by the integrated reflector, induced by the angle
and roughness of the mirror sidewall.
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Figure 5.23: (a) LI curves when the main cavity current is altered, while the
external cavity is kept constant. The legend indicated the value in mA. (b)

Spectrum of laser when each SOA is biased with 90 mA.

A typical spectrum when both SOAs are biased with 90 mA is given in Fig.
5.23(b), with a SMSR above 40 dB for the closest side mode and those one
combined FSR away. The spectrum was recorded with a 20 MHz spectrum
analyzer.

5.7.2 Spectral characterization

The coarse tuning of the laser is achieved by tuning the interferometer. For
this purpose a reverse biased voltage is applied to one phase section of the
interferometer while the laser is monitored with a 20 MHz optical spectrum
analyzer. By operating the interferometer in push-pull configuration, a tuning
range of 26 nm was achieved. The spectra are depicted in Fig. 5.24 for the case
where each SOA was biased with 70 mA. The lasing mode switches discretely,
with a step size of approximately 1 nm. This is determined by the Vernier
effect between the cavities of different length. The SMSR is maintained above
40 dB over the entire tuning range.
The fine tuning of the laser is demonstrated by varying the cavity phase sec-
tions, with no bias applied to the interferometer. During this process the photo
current generated by the detector is recorded. The result is shown in Fig. 5.25,
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Figure 5.24: Coarse tuning when the interferometer is tuned. The SOAs are
pumped with 70 mA.

for different currents injected into the SOAs. The laser switches longitudinal
modes discretely, which is represented by step like changes of the photo cur-
rent. A plateau in the figure suggests a stable operation condition for the laser.
However, a high photo current implies that the selected longitudinal mode is
misaligned with respect to the reflection peak of the interferometer.
With reduction of the photo current, the lasing mode is tuned to coincide
with the maximum of the reflection peak. In the present experiment, we ob-
serve mode hop instabilities, which increase the measured photo current in the
region of the recorded minimum and hamper the complete reproduction of the
detector signal. However, by tracking the minimum photo current, for different
SOA currents, the required voltage to maintain the same longitudinal mode is
found. In the given example, an increase of 10 mA for the SOAs requires a re-
duction of the phase shifter voltage from 12 V to 9 V. Based on this approach,
the recorded spectra for different SOA currents up to 80 mA are shown in Fig.
5.26. The symmetry of the spectra indicates that the interferometer is well
aligned with respect to the selected longitudinal mode and thus the SMSR is
above 40 dB.
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Figure 5.25: Measured photo current when cavity phase sections are altered
for different SOA currents.

Figure 5.26: Recorded spectra with settings deduced from the minimization
of the photo current for different SOA currents.
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5.7.3 Line width

The line width of the laser is measured with the heterodyne method, analogous
to the first generation CCL. For more details on the measurement approach
we refer to section 5.5.3. A typical result of the autocorrelation function is dis-
played in Fig. 5.27, with the Voigt function fit to the measurement in dashed.
An excellent fit is obtained with ∆νL= 0.5 MHz and ∆νG= 2.4 MHz, which im-
plies that the line width is dominated by a Gaussian component. In contrast to
the first generation CCL, it was not possible to obtain a dominant Lorentzian
contribution, ultimately hampering the reduction of the line width. We suspect
that the additional circuit complexity might have caused spurious reflections,
preventing the optimal adjustment of the cavity modes.
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Figure 5.27: Measured autocorrelation function when both SOAs are biased
at 60 mA. The measurement is fit to the Voigt function with ∆νL= 0.5 MHz

and ∆νG= 2.4 MHz.
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5.8 Extended Coupled Cavity Laser using a Bi-Vernier
filter

So far, we have used the facet of the PIC to form the output of the laser.
Here we report on a third generation CCL, using an integrated reflector. This
enables new design freedom, which we discuss in this section.
Assume, we want to match the ITU grid spacing, with a 50 GHz grid, then
the respective cavity lengths should be chosen in the order of 850 µm. With
efficient phase sections, as e.g. those based on current injection, this is feasible.
According to the design of the coupled lasers treated in this work, the cavity
length ratios should be chosen similar which leaves no room for the imple-
mentation of the interferometer in the secondary cavity. Additional 0.5 mm
length should be taken into account to build the interferometer, which conse-
quently enforces a significant length difference between the cavities, limiting
the Vernier tuning range.
It is possible to overcome this limitation and design the laser based on cavities
with a large length difference as shown in Fig. 5.28. For this purpose we shall
revise the equation for the Vernier filter for the case, where two cavity lengths
follow L2 = ZL1, with Z being an integer number. It follows that the FSRs of
the cavities scale inversely with the length and thus one needs Z modes of the
longer cavity to cover one FSR of the shorter cavity. A Vernier effect between
the two cavities can still be achieved if one considers that the required number
of modes to cover the combined spectral range fV is now N = ZM + 1. It
directly follows from equation 5.4, that the tuning range is now:

fv = |N(Z − 1) + 1| f1f2
|f1 − f2|

(5.54)

with

N =
1

|Z − L2
L1
|

(5.55)
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Figure 5.28: Third generation CCL with large cavity length difference.
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Although, the fraction in equation 5.54 is a small number for FSRs that differ
significantly, a considerable tuning range can be obtained whenever the cavity
length ratio is approximately an integer number, as e.g. 2.
The effective reflection for two coupled cavities with a length difference of
2.167 is given in Fig. 5.29(a). Here, we neglect the effect of the interferometer
and it is seen that a Vernier effect is now established between all the modes of
the primary cavity and every second mode of the longer secondary cavity. The
modes that do not participate are effectively blanked out. If the phase element
of the longer cavity is altered, the laser will digitally switch within the ITU
grid spacing, set by the primary cavity.
If this approach is applied to the extended CCL geometry as discussed above,
we can solve the threshold equation for length ratios around two in an analo-
gous manner. The results are displayed in Fig. 5.29(b) and show that identical
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(a) Effective reflection of coupled cavities with cavity ratio of 2.167, not considering
the interferometer.
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Figure 5.29: Effective reflection and simulation for the threshold gain for
third generation CCL.
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values of mode suppression are achieved compared to cavities of similar length.
For the simulation a coarse tuning range of 40 nm is predicted, with a grid
spacing of 50 GHz. This allows to design a very compact tunable laser source
which enables access to 100 ITU channels. The footprint follows from the ITU
condition with is estimated as 1.5 mm x 0.2 mm and is thus compatible with
the requirements for dense transmitter PICs.

5.9 Conclusions

In conclusion, we have experimentally demonstrated novel active-passive in-
tegrated Coupled Cavity Lasers. The coupling between the two cavities is
established via self-imaging of two phase delayed signals in a 3x3 Multimode
Interference Reflector. The coupling is proven to be tolerant against power fluc-
tuations of the cavities and the phase delay is self-regulated over the operation
range. The laser is simple to fabricate, compact and can be fully integrated
with standard processes into PIC designs. It offers a control signal with which
the laser can be stabilized with SMSR larger than 40 dB and the tuning range
via the integrated phase sections is 26 nm.
The laser can be designed to match the 50 GHz ITU grid spacing, allowing the
fabrication of a compact and simple to tune source with output power beyond
10 dBm and potential for tuning ranges larger 40 nm.
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A generic integration
platform operating at 2 µm
wavelength

6.1 Introduction

Since the beginning of the twenty-first century, the COBRA research institute
has pioneered the generic foundry model for integrated optics in Indium Phos-
phide (InP). Since 2012 a large number of different photonic integrated circuits
(PICs), ranging from telecommunication and data read-out units to sensing
and biomedical applications, have been manufactured in several fabrication
runs on three different InP foundry platforms. The wavelength range of inter-
est has been the standard telecommunication band; yet, several applications
require other wavelengths. In particular for the area of gas spectroscopy, new
application possibilities in the medical and life-science domain can be targeted
in the mid-infrared wavelength region, due to the presence of strong absorp-
tion bands. These wavelengths can be generated and amplified in InP based on
strained quantum wells [116], quantum dots [24] and quantum dashes [117].
Currently, coherent sources at this wavelength region are based on two ap-
proaches. The first, are all-active type devices as e.g. DFB type lasers, com-
mercialized by Eblana, NTT and Toptica. These lasers, depending on the ac-
tual wavelength, provide a fiber coupled power of 2 mW to 5 mW, but enable
only a few nanometer tuning range. Widely tunable lasers with a range of a
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few tens of nanometer, are currently offered by Thorlabs and NewFocus in the
form of external cavity lasers, with similar output power levels as the DFBs
mentioned above. However, the tuning range comes at the expense of mechan-
ically moving parts, making these devices bulky and sensitive to mechanical
vibrations or fatigue.
In this chapter we demonstrate results from a Multi-Project Wafer run, fabri-
cated with the same generic integration process as at 1.55 µm but operating
in the wavelength region around 2.0 µm. The modularity and maturity of the
generic integration approach allowed for a rapid prototyping of the laser in-
troduced in chapter 5, leading to a 22 nm tunable source with 2.2 dBm fiber
coupled power, proving the feasibility of a COBRA long-wavelength platform.

6.2 Platform adaptations

The aim of the wavelength extension is to utilize a similar layerstack as in
the 1.55 µm region. The reasoning behind this approach, is the applicability
of the same fabrication process to both platforms. This removes the burden
to maintain and develop two different processes in parallel. In the following
sections we describe the adaptations that were made to the building blocks of
the platform, for optimal operation in the 2 µm wavelength window.

Waveguides

The waveguides of the long wavelength platform are similar to the one at 1.55
µm. However, since the refractive index of the epi-layers is strongly wavelength
dependent, the performance of the waveguides differs. For the simulations, we
can rely on the material models provided in Appendix A and as applied in
chapter 2 of this dissertation. We found that while the real part of the re-
fractive index drops only by about 0.1, the complex part increases drastically.
Following a similar discussion as in chapter 2, the p-dopant is the main cause
for the propagation loss. In order to analyze the propagation loss, measure-
ments were carried out around 2 µm wavelength, using standard waveguides
fabricated in a MPW run at 1.55 µm and using waveguides as described in
chapter 2 containing no p-dopant.
Both sets of waveguides are about 11 mm long and are based on shallow etched
waveguides to reduce the influence of surface roughness. As source we used an
external cavity laser in Littman configuration, the Thorlabs TLK-1950R tun-
able laser kit. Prior to a wavelength scan, the SMSR of the laser has been
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Figure 6.1: Fabry-Perot measurements up to 2 µm wavelength.

checked over the tuning range using a YOKOGAWA AQ6375 optical spec-
trum analyzer (OSA). By maximizing the power through the waveguide using
a polarization controller, we assume that the measurement results will be rep-
resentative for the TE polarization.
Typical measurement results are displayed in Fig. 6.1. The plot contains the
photodiode signal against the relative displacement of the external grating
over time. The squares represent a typical result obtained from the undoped
waveguides. Compared to the doped waveguides plotted in crosses and dots,
we measure a significant difference in contrast ratio. The contrast ratio de-
creases further towards 2000 nm, as waveguide absorption increases.
The summarized loss dependence between 1880 nm and 2000 nm is shown in
Fig. 6.2. We see good agreement between the simulation and the measurement
results. The samples containing no p-dopant have low loss with negligible wave-
length dependence. The measured value is slightly higher, as we did not take
into account effects of surface roughness but also because the state of polar-
ization is not well defined. As expected, the p-doped waveguides show a higher
loss which increases with wavelength. The qualitative trend coincides with the
prediction, which indicates that the p-dopant introduces strong wavelength
dependence. The Zn-diffusion approach introduced in the second chapter of
this thesis, is thus even more relevant when extending the wavelength of the
platform.
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Figure 6.2: Waveguide loss of COBRA shallow waveguides up to a wavelength
of 2 µm.

For the time being, we adjusted the core thickness of the waveguides to 600 nm
and increased the width to 2.5 µm and 1.98 µm for shallow and deep etched
waveguides, respectively. From simulations, this leads to an absorption loss of
3 dB/cm and 4 dB/cm respectively. The associated minimum bending radius
is about 500 µm and 150 µm respectively. Concluding, the width of the deep
waveguides has also been chosen to make it zero-birefringent.

Multimode Interference devices

The MMIs are tolerant devices. However the extension of the wavelength from
1.55 µm to 2 µm, requires a redesign of these components. If we recall the
equation for the beat length:

Lπ =
π

∆β
≈ 4nrW

2

3λ0
(6.1)

we can clearly see that MMIs tend to be shorter for longer operation wave-
lengths, when the width of the device is kept the same. For the long wavelength
platform, we redesigned the MMIs available at 1.55 µm using 2D BPM/FDTD
and the effective index method. An overview of their geometry is given in table
6.1.
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Table 6.1: Geometries of MMIs provided for the operation wavelength of 2
µm. The values are given in µm. 1x0 and 2x0 reefer to reflective MMIs, also

known as MIRs.

MMI Width Length

1x1 6.5 68.25
1x2 7.5 45.0
2x2 11.75 146.75
1x0 7.0 39.0
2x0 10.5 57.5

Arrayed Waveguide Gratings

A standard AWG multiplexer, consists of two free propagation regions (FPR)
which are connected by an array of waveguides having a constant incremental
optical path difference. Input light diffracts in the first FPR and is coupled
to an array of delay waveguides. Because the array arms phase difference is
incremental, the phase at the output of the array arms is incremental as well.
As a result, the output of the array arms is directed along different positions
of the focal plane of the output FPR. By placing waveguides along the focal
plane of the output FPR, different wavelengths will be split into different
waveguides.
In order to design the AWG, such that it matches the requirements of the user,
knowledge of the waveguide effective refractive index is crucial. Once this is
known, automatic library routines can be exploited. These routines simply
require some simulation results, as effective index of the waveguides in curved
and straight sections. Once these parameters are obtained, the same routines
as at 1.55 µm can be used to provide customized AWGs at 2 µm. In this
work, we provided the simulation input to extend the model of Kleijn [118].
Additionally, the design house Bright Photonics extended their AWG module
[119] following the same approach.

SOA

The SOA is the key component of the platform. The material for active-passive
integration was developed at the PSN department of the COBRA research in-
stitute. Active material featuring a photoluminescence peak at around 2.07
µm has been obtained, with an antimony mediated growth process of quan-
tum wells with MOVPE, similar to the one presented by Sato [120]. Latkowski
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[121] did a preliminary fabrication run to characterize the resulting SOA based
on such a material. The test structures were fabricated on an all active lay-
erstack compatible with the COBRA active-passive integration scheme. The
only differences introduced were the composition of the quantum well/barrier
layers. The guiding layer was a 465 nm thick active core with a separate con-
finement heterostructure (SCH), based on multiple quantum wells (MQWs).
The MQW stack consists of four periods of 5.5 nm compressively strained
(2.12%) InGaAs(Sb) wells, interleaved with 22.5 nm thick InGaAs barriers,
lattice matched to InP. The SCH layers are n.i.d doped InGaAsP with a band
gap wavelength of 1.25 µm. For a current density of 3.5 kA/cm2, the results
of Latkowski suggest a modal gain of 7 cm−1 at 2071 nm and a bandwidth of
27 nm. This value is about one order of magnitude smaller than at 1.55 µm.
In this work, we will rely on the same active section, however inserted in a 600
nm thick guiding layer, to make it compatible with the waveguides as discussed
above.

6.3 Multi-project Wafer Run

Using the component library as summarized above, the first experimental long-
wavelength MPW run was carried out with 5 participants, from which four
engaged in academia and one is the photonic design house Bright Photonics.
Overall, 8 different designs were provided that are repeated across the wafer
and include:

• Two tunable laser architectures based on Mach-Zehnder interferometer
(MZI) and coupled cavities. The tuning mechanism for the latter was
introduced in chapter 5 of this dissertation.

• An AWG based multi-wavelength laser, similar to the one presented in
[95].

• A generic test cell, to measure fundamental platform parameters as gain,
phase shift efficiency and insertion loss. This cell is an adaptation of the
one introduced by Bitincka at 1.55 µm [122].

• A wavelength interrogator based on MZI filters.

• Passive test structures as AWGs, MMIs and MIRs.

• Fabry-Perot test lasers.
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The PICs are realized using the extended version of the COBRA integration li-
brary, providing components as Multimode Interference Couplers (MMIs), Ar-
rayed Waveguide Gratings (AWGs), Multimode Interference-Reflectors (MIRs),
Semiconductor Optical Amplifiers (SOAs) and Phase Modulators (PMs), adapted
for the operating wavelength of 2 µm.
The characterization of the MPW run is still underway, however we obtained
already very promising results from both tunable laser designs, providing tun-
ing ranges beyond 20 nm. For the coupled cavity design, we will give an
overview in the following section. For the MZI based laser, we refer to a co-
authored publication [123], as that laser design is outside the scope of this
thesis.

6.3.1 Coupled Cavity based tunable laser

The coupled cavity laser is identical to the one introduced in chapter 5 of this
dissertation. In the following paragraphs we will describe the design modifica-
tions, followed by characterization results.

Design

The device is schematically depicted in Fig. 6.3(a). It is based on two coupled
Fabry-Perot cavities with lengths 5733 µm and 6080 µm, each containing a
2.75 mm long SOA and a 750 µm long phase tuning section φ1,2. Coupling is
obtained via a 2-Port MIR already introduced in chapter 5. The designed MIR
introduces a 180 degree phase shift between its ports instead of the usual 90 de-
gree. This is essential to ensure wavelength selection with high SMSR. Further,
one cavity contains a tunable interferometer with imbalance ∆L2=42.66 µm
and 750 µm long phase sections φ3,4, which restricts the effective roundtrip gain
bandwidth and allows coarse wavelength tuning. The other cavity is formed
by a cleaved waveguide termination R1 which also forms the output port of
the laser. The 2x2 MMI at the input of the interferometer is connected with
one port to an integrated detector, used for stability control. As discussed al-
ready in chapter 5, the reflection spectrum of the interferometer is similar to
a Michelson interferometer, but due to the reflection properties of MIR r2, it
provides precisely twice the FSR, while maintaining the same FWHM. The
mode selection mechanism is schematically explained in Fig. 6.3(a). It relies
on the Vernier effect between the two cavities, with a FSR determined by the
cavity length difference. The imbalance ∆L2 of the interferometer is chosen to
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(a) Schematic of the integrated Long-Wavelength coupled cavity laser with an inter-
ferometer in one cavity and schematic mode selection mechanism.

(b) Photographs of fabricated device, mounted on a sub-mount with PCB control
board.

Figure 6.3: The coupled cavity laser designed for operation at 2 µm.

suppress the competing wavelengths after the combined FSR of the coupled
cavities. Consequently, the coupled system operates on the longitudinal mode,
closest to the reflection peak of the interferometer. Coarse tuning is accom-
plished by tuning the interferometer, with a range determined by the choice
of ∆L2. The Vernier filter is tuned by adjusting the longitudinal modes of the
cavities using the phase sections φ1,2. During this process a photo current is
generated on the detector, with a minimal current for the case where the lasing
wavelength coincides with the interferometer reflection peak. By minimizing
the detector current, the laser can thus be stabilized.

Characterization

The fabricated chip is mounted on an aluminum carrier which is temperature
stabilized at 15 ◦C by water cooling. The electrical control signals are fed
to the device through the PCB, as shown in Fig. 6.3(b). The output light is
collected using a standard SMF28 lensed fiber. The results presented in this
section are obtained under the conditions that the SOA sections are driven at
the same current density. The phase sections are reverse biased and operated
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(a) L-I Curve (b) SOA currents of 250 mA

Figure 6.4: Coupled Cavity Laser operating at 2 µm with SMSR in the 30
dB range and a fiber coupled power of 2.2 dBm.

separately to tune the laser peak. The measured fiber coupled output power
of the laser as a function of the total injection current is given in Fig. 6.4(a).
The power is recorded using a PDA10D extended InGaAs amplified detector
with responsivity R=1.3 A/W at λ=2.0 µm and transimpedance amplifier
gain G=104 V/A. When the four phase sections are kept at V=0 V, the laser
reaches threshold at a total current of 340 mA, i.e. 170 mA per SOA section.
A typical lasing spectrum with both SOAs biased at 250 mA is given in Fig.
6.4(b), which shows a lasing peak with 30 dB SMSR, centered around 2.0 µm
with a measured power of 2.2 dBm. The lasing peak is tuned by controlling
the phase sections and monitoring the integrated detector. In Fig. 6.5, multiple
lasing spectra are superposed to show the tuning range of the laser. The optical
spectra are recorded at an injection current of 250 mA per SOA, with a spectral
resolution of 0.05 nm. A tuning range of 22 nm is achieved by adjusting the
coarse and fine tuning phase sections while keeping the SOAs at a constant
injection current.
Together with the MZI laser reported in [123] this is the first monolithically
integrated widely tunable laser operating in the 2.0 µm window.
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Figure 6.5: Multiple lasing spectra with a 22 nm tuning range of the laser.
The current in each SOA is 250 mA and the SMSR is about 25 dB over the

tuning range.

6.4 Conclusions

We report the first monolithically integrated widely tunable lasers operating
in the 2.0 µm window, fabricated on the first MPW in the COBRA long-
wavelength platform. Using an adapted library, we were able to implement
our laser design and obtain a fully functional photonic integrated circuit, real-
ized using generic active-passive integration technology. The laser shows single
mode output, with tuning ranges of 22 nm and fiber coupled power up to 2.2
dBm.
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Conclusions and Outlook

7.1 Conclusions

The generic integration approach in photonics allows for a similar design and
fabrication methodology as in microelectronics, and thus enables a steady
growth in circuit complexity. The core of this technology is a set of elementary
high-performance optical components that can be monolithically integrated on
a single substrate. This development leads to a dramatic reduction of proto-
typing costs and brings photonic integration technology within reach of small
businesses and applications with a small market volume. The applications that
such a technology can address, depend on the specifications and the number
of available components. In this dissertation we demonstrated a number of im-
proved or novel components using the generic COBRA platform as currently
commercialized by SMART Photonics foundry. The results can however, with
some modifications, also be applied to other InP based platforms as e.g the
ones provided by OCLARO or the Fraunhofer Heinrich Hertz Institute.
Using the standardized framework of the generic approach, we were able to
design and demonstrate a number of concepts which are fully compatible with
existing technology. The benefit of this approach is that the results are directly
compatible with the current technology and are likely to be implemented in
the final process.
In this dissertation, we have covered a large diversity of research topics. We
obtained record-low waveguide loss, fabricated efficient Spot-Size Converters,
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introduced etched waveguide terminations and also integrated vertical cou-
pling mirrors as process control modules for wafer testing.
When possible, we exploited the current MPW infrastructure to drastically
accelerate our prototyping time. This has been demonstrated by the develop-
ment of a novel coupled cavity laser architecture, with excellent performance
in power and tunability. With turnaround times of three months, we were able
to demonstrate two different laser designs within one year.
The laser is also an excellent example how generic technology can be used
to perform advanced research. The laser uses multimode interference which
for the first time allows well-defined coupling between cavities. This challenge
encountered in the 1970s, hampered applicability of coupled lasers up to now
and gave rise to the development of DBRs.
Within the generic approach this concept is very powerful, as it provides a
compact footprint well below 1 mm2 and does not require any process adap-
tion. The lasing wavelength can be further adjusted by changing the central
wavelength of the amplifying material. We used the laser to demonstrate the
extension of the COBRA platform to the 2 µm wavelength region. At 2 µm,
the laser shows unique performance, with tuning ranges in the order of 20 nm
and fiber coupled power of 2 dBm. This device will provide novel applications
for PICs in the medical domain and life sciences.

7.2 Outlook

When we started the work on this dissertation, the generic integration ap-
proach was mainly limited to small academic projects, allowing universities to
share costs. With the commercialization of the technology this has changed
drastically, and now we can identify short turnaround times of a few months
for PICs with excellent and moreover predictable performance. The key to
this development is the high degree of standardization in design and fabrica-
tion provided by the integration process.
We further suggest that this standardization is also a key aspect for stan-
dardized research development. Improvements or extensions as shown in this
work, can be almost directly integrated into the complete process as they are
designed and developed to be fully compatible. As a consequence we predict
that many more extensions will follow.
The first suggestion would be further reduction of waveguide loss, by also re-
moving the n-dopant in the passive section. From our results, we extrapolate,
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that this could lead to waveguide loss in the 0.1 dB/cm range, providing res-
onators with quality factors above three million.
The second suggestion is the transfer of the platform onto a Semi-Insulating
substrate as e.g. offered by the Fraunhofer Heinrich-Hertz Institute. This will
enable high-speed modulators in the 40 GHz range and detectors above 100
GHz, both essential for advanced modulation formats.
Further research should also be performed on the implementation of a polar-
ization converter. Although different approaches have been proposed for InP
platforms, currently the stringent requirements on process control hamper the
integration. Here, the width of the converter has to be defined within a few
tenth of nanometer to guarantee a polarization conversion efficiency above
95%. One way to overcome this problem, is the transfer of the COBRA pro-
cess to DUV lithography.
As DUV can deliver minimum dimension in the order of 100 nm, this will
also allow the fabrication of new components as e.g. first order DBR gratings,
echelle gratings, directional couplers, lateral tapers with narrow tips or sub-
wavelength structures. Furthermore, DUV improves the waveguide sidewall
definition and hence the scattering loss is reduced. The possibility to produce
very narrow gaps, is also of importance for existing components as e.g. the
AWG. Here, the main loss can be attributed to the gaps in the waveguide
array limited by the UV process to 600 nm. With reduction of the gap to 100
nm, we expect a loss reduction from 3 dB to below 1 dB.
In conclusion, we predict that the extensions presented in this dissertation
lead to a generic platform which will be competitive with the most advanced
integration processes, but with much lower entry cost.
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Material models

Real part of the refractive index

An accurate waveguide loss model is based on the precise calculation of the
electric field distribution and its interaction with the In1−xGaxAsyP1−y ma-
terials. This requires the prediction of the refractive indices of the layered
structure, preferably as function of implemented fractions x,y of Ga and As re-
spectively. For epitaxial grown layers the lattice constants are matched, which
enforces the following relation:

x =
0.4527y

1− 0.0311y
(A.1)

The strength of the In1−xGaxAsyP1−y material system relies on the shift in
bandgap energy Eg for each set of x and y. This allows to tailer the emission
and absorption characteristic of the layerstack to match a required working
range. The bandgap energy in eV is derived from the y parameter as:

Eg = 1.35− 0.72y + 0.12y2 (A.2)

It is convenient to abbreviate the quaternary composition In1−xGaxAsyP1−y
with the letter Q and add the bandgap absorption wavelength λg (in µm), e.g.
Q(1.25). The conversion from Eg in eV to λg in µm, is achieved by the linear
relation λg = 1.24/Eg.
With these definitions, it is now possible to apply an empirical model to trans-
late the y parameter into a refractive index n of intrinsic quaternaries. In
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this work, we base our calculations on the Modified Single Oscillator Model
(MSOM), as described in the appendix of Fiedler [124]:

n′ =

√
1 +

Ed
E0

+
Ed(hfopt)2

E3
0

+
Ed(hfopt)4

2E3
0(E2

0 − E2
g )
ln(

2E2
0 − E2

g − (hfopt)2

E2
g − (hfopt)2

)

(A.3)
in which Ed is defined as:

Ed = 28.91− 9.278y + 5.626y2 (A.4)

and E0 as:
E0 = 3.391− 1.652y + 0.863y2 − 0.123y3 (A.5)

Concluding we define h as Planck’s constant and f as the optical frequency,
related to the vacuum wavelength λ and c the velocity of light in vacuum, via
f = λ/c.
For the integration with Electro-Optical components, it is necessary to dope
the semiconductor to reduce the series and contact resistance and optimize the
performance of Electro-Optical modulators. The doping is conventionally in-
cluded during the growth process by introduction of elements from the second
or fourth group during the epitaxy. Consequently, the dopant is present over
the entire wafer and of relevance in passive components as well. This rise of
free charge carriers, has an impact on the refractive index n′. The change in
the real part of the refractive index ∆n for the wavelength λ, due to a doping
concentration N is defined as:

∆n′(λ) = − e2λ2N

8π2c2ε0nmp,n
(A.6)

where e is the elementary charge, ε0 the permittivity, n the intrinsic refractive
index and mp,n is the effective mass of the charge carrier inside the crystal.
We can thus distinguish between p and n-doped materials by differentiation
of the charge carrier masses. For electrons, the free space electron mass m0

inside a quaternary compound is reduced and follows the relation:

mn = m0(0.007− 0.0308y) (A.7)

For p-doped materials, the dominant charge carriers are holes and contribu-
tions from both valence bands have to be taken into account. These are named
according to their effective charge carrier masses mhh and mlh, which stands
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Figure A.1: Material constants at a temperature of 300 K and λ = 1.55µm.

for heavy and light hole respectively. The effective mass mp for p-type material
is then:

mp =

√
m3
hh +

√
m3
lh)

√
mhh +

√
mlh

(A.8)

with
mhh = 0.6− 0.218y + 0.07y2 (A.9)

mlh = 0.12− 0.078y + 0.002y2 (A.10)

As a consequence of the different charge carrier masses, the absolute change in
refractive index ∆n′ for p-doped material is lower than for n-type materials,
if the same doping concentration N is considered. This effect is demonstrated
in Fig. A.1(a) for bulk InP. A similar figure is obtained for quaternary com-
positions.

Imaginary part of the refractive index

Wavelength dependent absorption αabs(λ) shall apply to each doped epitaxial
layer, that confines a fraction Γi of the mode power. In a multilayer structure
as shown in Fig. 2.1, it is thus convenient to express αabs(λ) as sum of αn(λ)
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and αp(λ):
αabs(λ) = αn(λ) + αp(λ) (A.11)

where αp,n(λ) denotes the absorption related to the individual p and n-doped
layers αip,n, derived analogous to equation 2.3.
The free carrier absorption is dominant in n-doped semiconductors and clas-
sically exhibits a quadratic wavelength dependence. An improved description,
has been proposed by Walukiewicz[125], with a model based on optical phonon
scattering αop, acoustical phonon scattering αac and ionized impurities αimp.

αin(λ,N) = αiop(N)(λ/λ0)
2.5 + αiap(N)(λ/λ0)

1.5 + αiimp(N)(λ/λ0)
3.5 (A.12)

For simulation purposes three dopant concentration N dependent expressions
have been obtained, by interpolation of the tables provided in [125]. The results
for a reference wavelength λ0 = 10 µm and N in cm−3 read:

αiop(N) = 1.745N3E−55 − 2.701N2E−36 + 4.876NE−17 + 7.955E−01 (A.13)

αiap(N) = −1.984N3E−56 +5.458N2E−37 +3.161NE−18 +1.091E−02 (A.14)

αiimp(N) = −1.195N3E−54+2.088N2E−35+4.892NE−18−3.503E−01 (A.15)

The terms of equation A.12 have been evaluated using equations A.13-A.15 for
a wavelength of λ = 1.55 µm. The results are given in Fig. A.1(b) and show
rapid increase for all three contribution above doping concentrations of 1e17
cm−3.
In p-doped semiconductors absorption occurs due to excitation of heavy and
light holes related to the split valence band structure of InP. The spectral
absorption of these transitions is believed to be similar for all InGaAsP and
estimated as [126]:

αiP (N) = 4.252E−16Ne−4.535/λ (A.16)

where the wavelength λ is expressed in µm and the doping concentration N
in cm−3. Equation A.16 is evaluated for λ = 1.55 µm with results displayed
in Fig.A.1(b). The high loss coefficient implies that the confinement factor in
the p-doped layers is preferably to be minimized.
In a ridge waveguide structure which commonly has a p-doped top cladding,
this is challenging as the doping levels in the narrow ridge have to be main-
tained above 1e17 cm−3 to ensure a sufficiently low series resistance in semi-
conductor optical amplifiers.
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Summary

Capability extensions to the COBRA photonic generic
integration platform

Similar to earlier developments in microelectronics, the generic photonic in-
tegration approach allows for a steady growth in circuit complexity, by pro-
viding a set of elementary high-performance optical components that can be
monolithically integrated on a single substrate. This development leads to a
dramatic reduction of prototyping costs and brings photonic integration tech-
nology within reach of small businesses and applications with little market
volume.
The heart of the generic integration process are the Basic Building Blocks,
from which a vast number of possible circuit topologies can be derived by
suitable and creative interconnection. The applications that such a technology
can address, depend on the specifications and the number of available Build-
ing Blocks. This dissertation focuses on improving and increasing the offer
of components available on the generic COBRA platform, and its extensions
to longer wavelengths. The thesis describes the following contributions to the
COBRA platform:

• Reduction of passive waveguide loss by introduction of a novel active-
passive integration approach based on a Zn-Diffusion process. Here, Zn
is introduced locally into the cladding of the wafer via MOVPE, to form
local p-n junctions that can be used for the fabrication of electro-optical
components as amplifiers or phase modulators. The technology allows
for a clear separation between the doping profiles of actives and pas-
sives without compromising the propagation loss of the waveguides. We
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obtained a record-low value below 0.4 dB/cm. The quality of the waveg-
uides was demonstrated with a cm-scale ring resonator with a record
quality factor exceeding one million.

• Introduction of a low-loss Spot-Size Converter (SSC) which allows for
efficient coupling to a lensed fiber, with a loss of 0.6 dB. The converter
has been integrated in dense arrays with a pitch of 25 µm and connected
to the 16 input and output channels of an 8x8 multiplexer based on
an Arrayed Waveguide Grating. Using these SSCs the total insertion
loss between fibers of the 8x8 wavelength demultiplexers is reduced to 4
dB/cm for the central channels of the multiplexer.

• Fabrication of etched waveguide terminations with similar reflection co-
efficients as cleaved terminations. The etching of the facets makes us
independent of the substrate’s crystallographic axes. Using these etched
facets we obtained for the first time angled low-reflection terminations
with perpendicular output beams with respect to the PIC edge, which
is very important for coupling to fiber arrays.

• Demonstration of a novel integration process for vertical out-coupling
mirrors, based on a single step wet-etch process. The structure can be
used in process control modules for on-wafer testing and PIC character-
ization in large-scale manufacturing.

• A novel type of tunable coupled cavity laser, that for the first time allows
a well-controlled coupling between the cavities via multimode interfer-
ence. The laser allows for a compact footprint well below 1 mm2 and does
not require any process adaption. The laser has a potential for tuning
ranges beyond 40 nm and output power levels in the 10 dBm range.

• Extension of the capabilities of the COBRA platform to the 2 µm wave-
length region. Using an extended component library, we were able to
adapt our coupled cavity laser design and obtain a fully functional PIC
operating at 2 µm in an MPW run. Novel applications for PICs in med-
ical and life sciences requiring 2 µm wavelengths can now be explored
using the COBRA process as e.g. spectroscopy of gases.
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