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Summary

Control over the wavelength of operation is a key parameter for photonic integrated
circuits used in telecommunication and sensing applications. However, the deposi-
tion of active material with a specific band gap is based on very sensitive epitaxy
techniques. Typical photonic integrated circuit (PIC) fabrication involves a limited
number of epitaxial growths, thus providing a limited band gap choice for active
devices. To enable band gap tuning across a wafer with a single epitaxial growth,
the selective area growth technique can be used. It consists in locally increasing the
growth rate of quantum well structures during epitaxy, and therefore choosing the
band gap of individual active components. However, this SAG technique is typically
used for specific PICs and was not yet developed for a full generic platform integra-
tion.

This thesis presents the development of a seamless integration of the SAG technol-
ogy used by the III-V Lab in the TU/e generic photonic integration platform, provid-
ing band gap choice to all active building blocks (BB) of the platform library without
modifying circuit design rules. In this way, a new degree of freedom is opened to
designers to choose the wavelength of operation of active BBs, which extends the
capability of wavelength combinations in a photonic circuit.

The generic TU/e platform is based on a butt-joint integration of two separate
layer stacks for active and passive components, with waveguide cores made of phos-
phorous containing quaternary (P–Q) materials. In contrast, the SAG–generic tech-
nology developed in this work is based on aluminum-containing quaternary (Al–Q)
materials, which provide higher energy efficiency and high temperature operation
reliability compared to their P–Q counterparts. However using Al–Q materials with
a butt-joint integration presents challenges for butt-joint integration due to possible
oxidation. We demonstrate a butt-joint interface free of void and significant crystallo-



viii

graphic defects between an active layer stack containing Al–Q materials for quantum
wells and a passive layer stack with a P–Q waveguide core. This development en-
abled the fabrication of the first Al–Q-containing multi-project wafer (MPW) run on
the TU/e generic platform. All BBs available in the platform could be used, with no
modification of the design rules. After the growth of active layer stack at III-V Lab, an
existing mask-set was used to complete the process flow at the TU/e for benchmark
PICs already produced with the established P–Q butt-joint technology. The charac-
terization of Fabry-Pérot (FP) lasers showed best performance close to lasers of the
standard TU/e platform with threshold currents down to 22 mA and slope efficiency
up to 135 mW/A. A characterization method to determine the influence of passive
waveguides and butt-joint interface on the laser performance is also presented.

After the success of the implementation of Al–Q materials in the generic photonic
integration platform, the integration of SAG was carried out. The study of active
stack growth conditions, the investigation of butt-joint regrowth quality for different
active layer stack thicknesses, and the design and testing of etch stop layers were
performed. As a result, SAG was enabled for an active layer stack compatible with
the generic platform integration process and a significant reduction of the surface
topology induced by SAG was obtained after the passive regrowth. To keep the ca-
pability to integrate complex PICs with the generic platform, the implementation of
SAG was done with a minimal modification of the design of active devices, and the
waveguide processing and metalization were kept identical to the platform process.
This lead to the first integration of SAG compatible with all BBs of a generic plat-
form. A full internal MPW run was fabricated including 14 die designs from several
designers with band gap tuning available for 4 active basic BBs (SOA, photodetector,
EAM and phase modulator), providing a 200 nm-wide range of photoluminescence
peak wavelength (from 1450 to 1650 nm). Following the fabrication of the MPW
run, a characterization of capabilities and limits achieved by the integration of SAG
for large band gap tuning was performed. The modal gain from semiconductor op-
tical amplifier (SOA) sections and Fabry-Pérot lasers performance were investigated
and showed peak modal gain values above 30cm−1over a 210 nm wavelength range,
and lasing capability over a 254 nm wavelength range.

The SAG-generic technology developed in this work made it possible to produce
complex PICs with the extra degree of freedom to choose the band gap of each active
device. This opened the way to novel functionalities and enabled the fabrication of
three demonstrator chips presented in this thesis. A combination of 4 widely tunable
lasers with shifted wavelength ranges has been fabricated on a single chip. An ex-
tension of the tuning range from 35 nm to 96 nm was demonstrated using 3 lasers,
setting a new record for a monolithically integrated laser source. The designed wave-
length range required to use a strong SAG effect brought the fourth laser beyond the
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best performance band gap range of this run and prevented the device from reach-
ing a lasing regime. This work also presents the use of SAG to fabricate electro-
absorption modulators (EAM). This enables the introduction of band gap shift be-
tween EAMs for wavelength division multiplexing (WDM) purposes and wavelength
detuning between a light source and an EAM to optimize the insertion loss and the
extinction ratio. We fabricated an array of four EAMs with 20 nm wavelength spac-
ing, following the coarse WDM standard. The variations of static extinction ratio
between the EAMs were measured for a DC bias of −2.8 V and a 2 V peak-to-peak
voltage swing. Very similar extinction ratios were obtained over a 60 nm wavelength
range, thus confirming the potential of the SAG technique for multi-channel trans-
mitter devices. We also present the integration of an SOA with an EAM with a 40 nm
wavelength detuning. This device enables a zero insertion loss and a static extinction
ratio of 22.6 dB between 0 and −5 V applied to the EAM. Additionally, the fabrication
of a broadband edge-emitting LED is presented in appendix to this thesis. This device
is composed of four SOA sections with shifted band gaps to provide light emission
over a broad spectrum. A study of the spectrum broadening provided by each SOA
section is presented, and a maximum 3 dB spectral bandwidth of 160.5 nm is demon-
strated with this device.

The work presented in this thesis shows the development of a SAG–generic tech-
nology providing a library of active and passive photonic devices operating over a
wide range of wavelengths. The additional design degree of freedom provided to PIC
design with band gap tuning and the versatility of the generic integration enabled
novel functionalities in terms of wide tuning range for laser sources, multi-channel
transmitters for coarse wavelength division multiplexing, and broad-band light emis-
sion.
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Chapter 1

Introduction

The development of photonic integration is accelerating rapidly due to its potential
use in many applications. Historically, after fundamental developments to produce
semiconductor laser diodes, telecommunication photonic chips developed tremen-
dously up to become a key element for data transfer through optical fibers. In par-
allel, photonic integrated circuits (PIC) for sensing applications have the potential
to bring new solutions in many fields such as industrial machinery, food industry,
medical instrumentation, air and space industry, household goods and research in-
struments. A large number of these applications are based on the control of the light
wavelength at which the photonic devices are operating. Therefore, the increasing
demand for transmission capacity and high precision sensing capability requires the
development of high efficiency and high reliability PICs which can operate over a
large wavelength range.

This work is a study of the combination of two technologies to combine high
complexity PICs with wide range wavelength tuning. On one hand, the generic inte-
gration approach aims at increasing the accessibility of photonic integration to many
companies and universities which can act as catalysts for the development of new
photonic technologies and applications. On the other hand, selective area growth is
a robust technology enabling the local control of active photonic device band gap to
extend the capabilities of multi-wavelength operation. The development of a technol-
ogy incorporating the two in a non-disruptive manner adds the capability to choose
the band gap of active devices to a versatile platform producing PICs for a countless
number of applications.



2 Introduction

1.1 Integrated photonics technologies

Photonic integration is a branch of photonics consisting in integrating miniaturized
electro-optical components on chips. It has key advantages when using complex cir-
cuits in terms of compactness and costs at high volume compared to the assembly
of discrete components.The large potential of integrated photonics became clear af-
ter the simultaneous development of semiconductor lasers diodes by four research
groups in 1962 [1–4] Seven years later, the concept of photonic circuits combining
waveguides and modulators with a laser diode emerged at Bell labs with Stewart
E. Miller [5]. A significant development followed both in the design of photonics
chips and in fabrication processes to enable the technology that we know nowa-
days [6]. The photonics market represent a multi-billion euro revenue, and is ex-
panding rapidly. Market projections predict that photonic circuits will become more
and more significant in revenue up to 7.5 billion euros in 2022 [7].

Several integrated photonic technologies emerged, including compound semicon-
ductors (gallium-arsenide (GaAs) and indium-phosphide (InP)), dielectric materials
(silicon oxide (SiO2) and silicon nitride (SiNx)), element semiconductors (silicon and
germanium), nonlinear crystals (e.g. lithium niobate (LiNbO3)) and polymers [8].

Dielectric materials, non-linear crystals and polymer technologies mainly aim at
guiding and modulating light with either very low propagation loss or flexible me-
chanical properties. Silicon photonics (together with the silicon-on-insulator (SOI)
technology) is especially attractive because of the use of very mature fabrication
tools already developed for the electronics industry and the low cost of Si substrates.
But the integration of absorbers is made with germanium material which makes the
fabrication more specific to photonics, and does not provide the same performance
as compound semiconductors. Compound III-V semiconductors are typically made
of binary, ternary or quaternary alloys from group-III elements (aluminum, gallium,
and indium), and group-V elements (phosphorous, arsenide, nitride, and antimony).
They provide a large flexibility in material band gap, electrical properties and chem-
ical properties, which made them very attractive for photonic integration.

A number of photonics players have developed heterogeneous integration by
combining two different technologies to make the best of each of them. A lot of
development is currently carried out to integrate InP – providing light amplification
and absorption – with silicon photonic – providing a lower waveguide loss, and ben-
efiting from a more mature fabrication technology.

A first approach is to butt-couple an InP photonic chip with a silicon photonic
chip. The two chips are placed next to each other and the coupling is provided be-
tween two output waveguides [9]. This approach does nor require complex bonding
and fabrication techniques, and the chips can be provided by different manufactur-
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ers, but the precise alignment of the two chips makes it difficult to have high reli-
ability and reproducibility. Another approach is to use flip chip bonding of an InP
chip on a silicon photonic circuit. The design of silicon pedestal allows for an easier
vertical alignment of the waveguides [10]. Transfer printing is another chip bonding
technique in development. It consists in transferring individual chips to a wafer by
the means of a soft stamp. This method requires a specific process to under-etch the
individual chips from their substrate in order to release them easily when pulling the
stamp [11–13]. With this method, chip bonding has been demonstrated with many
types of materials [14]. Therefore this method is promising to provide very flexi-
ble designs for photonic chips co-integrating different technologies. In this way the
substrate costs are low since the substrate wafer can be cheaper and the InP wafer
is used for many different chips. Nevertheless, the individual alignment of devices
makes it more complex and slower than a direct co-processing.

In order to avoid chip assembly and co-process two different photonic technolo-
gies at the same time, wafer bonding is carried out. For InP-silicon integration, an
epitaxy is performed on the InP wafer and photonic circuits are patterned on the sil-
icon wafer. Then the two wafers are bonded, and a fabrication process is carried out
to form waveguides in the InP wafer [15]. This integration enables fast processing
with high circuit density over a large wafer area. It doesn’t require precise alignment
of the wafers since the InP wafer is homogeneous during bonding. Several research
groups showed impressive results with this kind of technology [16–19]. Neverthe-
less, the substrate cost of this technology is higher, since both a silicon and an InP
wafer have to be used. Moreover, a high flatness of the InP wafer is required to pro-
vide proper bonding, which limits the technologies accessible to make active devices.
The transfer of the light from one wafer to another also requires taper structures
which limits the compactness of active devices on this technology.

Monolithic InP is a mature and versatile technology for photonic integration. Its
fast development over the past decades enabled the production of a wide variety
of active and passive devices suitable for many telecom, datacom and sensing ap-
plications. This technology enables low-cost, compact, robust, and energy-efficient
devices which made it become one of the main technologies for industrial photonic
chips manufacturing [20].

System-on-chip

For many applications, it is very desirable to integrate all the photonic devices,
such as emission and detection of light beams or signal multiplexing, on the same
chip [21]. This multi-component integration is made through platforms which pro-
pose fabrication processes compatible with a set of photonic devices. Fig. 1.1 show
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the example of a tunable optical router with over 200 devices integrated on a chip of
size 4.25×14.5 mm [22]. The design schematic is represented with the names of all

a)

b)

Figure 1.1: Tunable optical router with over 200 devices integrated on a monolithic InP chip
(images from [22])

different types of components used. This PIC design illustrates the need for complex
circuits to be produced on single chips to improve the efficiency in signal routing
architectures. However integrating such a large number of components with various
electro-optical properties can lead to high budget and time investment.

To provide a solution to the need for higher PIC complexity, the generic integra-
tion proposes a set of devices as building blocks compatible with each other. There-
fore, only functionality-level design is required to provide novel functionalities and
the prototyping time and cost can be reduced drastically [23].

1.2 Generic photonic integration platform

Since many photonics technologies exist with various fabrication techniques and sets
of materials, the development of a fabrication process for each specific application is
very costly and time demanding. Historically, telecommunication industries were the
main players for developing photonic integrated circuits because of the large mar-
ket opportunities and the straightforward advantages of photonics over electronics
for long-reach telecommunication systems. Nevertheless, the situation nowadays re-
quires more versatility from fabrication and design to address many kinds of new
applications, and the cost of development for all of them cannot be supported by in-
dividual industries. Following the model which emerged with the micro-electronics
industry, a separation of the activities of fabrication technologies, design, and packag-
ing is a leverage to the expansion of research and production of photonic integrated
circuits [23]. The generic integration scheme aims at providing a framework for de-
sign and fabrication of PICs through a process design kit (PDK) to produce PICs for
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many applications with the same fabrication process. In this way, design houses can
make functional-level designs relying on a well-controlled standardized fabrication
technology [24].

Several generic platforms are being developed in photonics. For silicon technol-
ogy, IMEC, LETI, and IHP offer regular multi-project wafer (MPW) runs through the
ePIXfab broker [25]. Recently, the AIM photonics institute also started to offer MPW
runs fabricated in the SUNY fab [26]. LioniX developed a generic silicon nitride plat-
form integration available through both ePIXfab and JePPIX brokers, and InP MPW
runs are offered by SMART Photonics [24] (licensed from the TU/e) and HHI [27]
through JePPIX [28].

The generic approach for monolithic InP photonic integration emerged at the
TU/e with the development of a library of basic and composite building blocks which
can be combined in PIC designs for a countless number of applications [23]. Fig. 1.2
shows the principle of such an integration with the cross-section of basic building
blocks available in the TU/e generic photonic integration platform, an example of
PIC layout designed with building blocks from the PDK, and an MPW run mask lay-
out in which this PIC design is incorporated. This approach makes it possible to

Figure 1.2: Illustration of the generic integration approach: Top-left: Cross-section of basic
building blocks available in the TU/e generic photonic integration platform (image
from [23]). Bottom-left: Example of a photonic chip layout with the position of the
basic building blocks indicated by arrows. Right: Multi-project wafer run layout
with the position of the photonic chip indicated by the black frame.

standardize the fabrication technology, therefore gathering efforts to improve device
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performance for a broad range of applications a once. It also allows the develop-
ment of a software infrastructure at a functional level based on reliable components.
Since several photonic chips are designed and fabricated with the same principles,
the generic approach makes it possible to produce multi-project wafer runs on which
different chips are fabricated at the same time on the same wafer. Therefore, the
production costs are shared between designers, which increases the accessibility to
small businesses for prototyping [24].

Currently, the generic photonic integration platform offers circuits for a wave-
length range centered around 1550 nm. The next section explains the interest in
expanding the wavelength range accessible on a photonic platform and the technol-
ogy chosen for this work.

1.3 Using the light wavelength

The capability to transfer a signal at different wavelengths is one of the key features
of photonics. It is one of the light properties which enabled the great extension of
data traffic that we witnessed in the past decades. As multiple wavelengths can be
transferred through the same optical fiber, wavelength division multiplexing (WDM)
became key in telecommunication systems [29]. For sensing applications, varying
the light wavelength gives access to the spectral response of a sample, or can be used
to exploit different light propagation properties at different wavelengths. The need
of a broad wavelength range is confirmed by a survey from the JePPIX broker in
which 20% of the interrogated photonics players expressed the wish to have access
to 100 nm wavelength range from lasers [30].

Telecom/Datacom applications

The use of multiple data stream channels thanks to wavelength division multiplex-
ing is made at two different scales: Dense WDM (DWDM) consists in varying the
wavelength over small steps (0.8 nm) to multiplex signals over a maximum number
of channels [29]. This technology typically is used for long-haul communications
because they are easily amplified with erbium-doped fiber amplifiers, and requires a
precise control over the temperature of operation to prevent wavelength drift [31].

Coarse WDM (CWDM) is a multiplexing scheme using a large shift between wave-
lengths (20 nm) in order to relax the constraints on the control of the sources temper-
ature and wavelength. Therefore, CWDM systems show lower cost and high channel
speed capacity, but the number of channels – and therefore the total data transfer rate
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– is lower than for DWDM [32]. This technology is mainly used in short-range com-
munication systems (up to a few 10’s of km), for which no amplification is needed.

Since DWDM sources require accurate control of both wavelength and power for
many channels over a total wavelength span of a few tens of nanometers, photonic
integrated circuits with a single active device band gap can be used [33]. On the
contrary, CWDM sources are required to have access to a range of wavelengths of
at least 60 nm. Integrating this technology on a single photonic chip require specific
method to provide different gain materials emitting at different band gaps, and is
therefore the application targeted by this work. A heterogeneous platform provided
the most advanced device to date with an 8-channel CWDM integrated circuit at
1.3µm wavelength from Intel [34]. Nevertheless, it is based on the local bonding of
different gain materials, which implies the fabrication of different gain materials, and
an individual bonding of each of them, adding to the complexity of the technology.

This work investigates a solution for monolithic integration of such a CWDM
source without the need of multiple bonding steps. A number of technologies exist
to select the wavelength of emission of lasers with wide steps over the gain spec-
trum provided by a single material, such as first-order sidewall gratings [35], or
reconstruction-equivalent-chirp (REC) [36]. These technologies show the capability
to obtain 10 or 20 nm wavelength spacing from a single gain section without particu-
lar development for broad wavelength emission. Nevertheless, the 60 nm maximum
wavelength range demonstrated is close to the limit obtainable from a single gain
section. This limit from the gain section also introduces other constraints on the out-
put power homogeneity, which can be challenging for system integration. To provide
more flexibility for a 4-channel CWDM chip, Lin et al. proposed to grow two active
materials – with peak wavelengths of 1290 and 1335 nm – to provide a 4-channel
edge-emitting CWDM source [37].

So far, the most advanced monolithic CWDM PICs produced were made thanks
to the selective area growth technology. As early as 2005, Tsuruoka et al. demon-
strated an edge-emitting 4 channel CWDM source at 1.3µm [38]. The first 4-channel
CWDM source multiplexed to a single output was demonstrated by Darja et al. [39]
from wide-stripe SAG technology at 1.55µm. Later, Débregeas et al. integrated
a 4-channel CWDM source with lasers, electro-absorption modulators and photo-
detectors on a single chip [40]. Fig. 1.3 a) shows a photography of the chip and
Fig. 1.3 b) shows the photoluminescence emission wavelengths used for such a trans-
mitter.
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a) b)

Figure 1.3: a) Photograph of a 4-channel monolithic CWDM transmitter chip integrated with
selective area growth. b) Photoluminescence emission wavelength of the different
devices on the CWDM transmitter. The figures are taken from [40].

Sensing applications

The sensing applications of photonics are rapidly expanding with the increase of
accessibility to complex PICs. The advantages of compact, low cost, high perfor-
mance sensing systems are crucial for many applications such as fiber sensors, au-
tomotive, medical instrumentation, metrology, and lab-on-a-chip diagnosis.Tunable
lasers are of key importance for a number of sensing applications from household
goods through medical diagnosis to high technology research tools.

Some sensors are directly based on light-matter interaction and are typically using
spectral information from a given sample. For example gas sensors have to detect
spectral absorption lines in the presence of a specific gas [41]. For Fourier-domain
optical coherence tomography systems used in opthalmology and cancer diagnosis,
tuning the laser source over a wide wavelength range provides a broader interference
spectrum which allows for higher imaging resolution [42, 43]. For Lidar and free-
space directional communication applications, beam steering is the key principle.
Combined with phase control for horizontal steering, wavelength tuning is a way
to provide vertical steering to provide 2 dimensions scanning capabilities. As an
example, a wavelength beam steering of 0.14°/nm has been demonstrated by Guo
et al. [44] by using a surface-emitting grating. Another example is found in [45]
estimating a vertical steering of 0.127°/nm. In the case of bio-sensing, many systems
are based on a shift of the resonance wavelength of ring resonators in presence of
a specific molecule. Here as well, a tunable laser source is needed to measure the
resonance peak wavelength [46]. We can also mention fiber sensors, which in many
cases need wavelength tuning [47].

This work aims at broadening the wavelength range accessible on a single pho-
tonic chip in order to extend the capabilities of PICs for both sensing and telecom-
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munication applications.

1.4 Selective area growth technology

Different methods to vary the wavelength

There are typically 4 ways to provide multiple band gaps on the same wafer: quan-
tum wells offset, butt-joint regrowth, quantum wells intermixing, and selective area
growth [48].

The quantum wells offset technique consists of growing several waveguide core
layers on top of each other, and selectively etching the wafer to alternate guiding
in the different cores. To transfer the optical mode, evanescent coupling is typically
used thanks to the tapering the top waveguide [49]. This technique allows relatively
simple processing since only one epitaxial step, followed by one etching step are
required. Nevertheless, there are constraints on the the doping profile provided by
the epitaxial stack since all layers are grown at the same time one on top of each
other.

Butt-joint integration is an alternative to provide different band gaps on the same
chip. It consists in growing one layer stack, then etching away part of the wafer, and
growing selectively another layer stack in the etched areas [50]. With this technique,
the full adjacent layer stacks can be chosen in terms of material, thickness, and dop-
ing level. High speed electro-absorption modulated lasers (EML) were demonstrated
by Kobayashi et al. by using butt-joint integration [51]. The TU/e generic photonic
integration platform is based on a butt-joint integration for active and passive com-
ponents. This technique provides customized layer stacks for each growth, making
it very attractive to integrate active and passive components which require different
optoelectronic properties. Nevertheless, it can be a challenge to keep a high yield
when carrying out many regrowth steps to provide a large number of band gaps,
especially when using quantum wells.

Another way to modify locally the band gap of an active device is to use quantum
wells intermixing (QWI) [52]. It consists in locally heating up the quantum wells
structure in order to induce atoms inter-diffusion, and therefore an increase of the
QW band gap. A control over the resulting band gap after ion implantation and
different times of rapid thermal annealing treatment was demonstrated [53], and
a combination of a tunable laser and an electro-absorption modulator (EAM) was
presented by Raring et al. [54]. This technique is very promising to provide several
band gaps on the same wafer over a total band gap tuning of about 150 nm [53,55].
But each band gap value requires an extra implantation and an extra annealing steps,
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which makes the process more complex for a large number of band gaps.
Selective area growth is another technique providing multiple band gaps on a

single wafer. It enables controlled band gap tuning over a wide range, and without
introducing high complexity to the fabrication process.

Selective area growth

The principle of selectively growing InP with a dielectric mask to control variations
over the grown layers has been investigated since the late 1980’s [56], and was
studied in details during the following years [57–59].

The principle of the technique is to deposit a mask pattern on the wafer on which
the material cannot grow during epitaxy. The presence of the mask locally increases
the concentration of gas precursors in its vicinity, thus inducing a growth rate en-
hancement and modification of the material composition. When growing a quantum
wells, this growth rate enhancement induces a significant band gap shift due to the
modification of grown quantum well thickness. The co-integration of a distributed
feedback laser (DFB) and an EAM was demonstrated by Takahashi et al. using this
method [60]. In the following decades, the development of the technique enabled
improvement of the control of the growth mechanisms [61,62].

Two main techniques of selective growth emerged to provide quantum wells band
gap tuning and are schematically represented in Fig. 1.4:

a) b)

Figure 1.4: Schematic cross-section of the gas precursor diffusion and epitaxial layer deposi-
tion for a) the narrow-stripe SAG and b) the wide-stripe SAG. Wm refers to the
SAG mask width and Wo refers to the SAG mask opening.
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• Narrow-stripe SAG (Fig. 1.4 a)) consists in forming a waveguide mesa directly
during the epitaxial growth using SAG mask openings around 1µm [63, 64].
This technique offers promising possibilities for multi-band gap chips [38], but
requires a high control over the growth conditions to provide a high quality
waveguide. This technique is also very sensitive to the mask definition, thus
making reproducibility a challenge.

• Wide-stripe SAG (Fig. 1.4 b)) consists in defining a mask pattern with openings
wider than 5µm, and defining the waveguide mesa later in the fabrication pro-
cess. This technique provides wide band gap tuning [65] with more flexibility
on the growth conditions and the SAG mask definition. Some multi-devices
PICs have been demonstrated using the wide-stripe SAG technology [39, 40,
66]. And complex circuits were recently demonstrated with arrays of lasers
integrated with an AWG [67].

The objective of this work is to bring a versatile technology using SAG to enable
local band gap control for a range of active devices, co-integrated with passive de-
vices. Therefore, wide-stripe SAG is used in order to provide a wide range of band
gaps while keeping flexibility for the device design and fabrication process. Never-
theless, the implementation of SAG into the generic photonic integration platform
raises a number of challenges to be addressed.

1.5 Challenges of the SAG-generic integration

Using SAG enables multi-band gap active devices on the same wafer from a single
active layer stack epitaxial growth. Therefore, multiple band gaps can be obtained
keeping a single active growth as in the standard fabrication process. Nevertheless,
the integration of SAG into a generic photonic integration platform raises a number
of challenges regarding its compatibility with the standardized fabrication process.

Combining SAG with butt-joint

There is very little work proposing a combination of SAG with butt-joint integration.
One paper from Soares et al. reports the fabrication of DFB lasers with butt-joint in-
tegration together with SAG [68]. Eight lasers are demonstrated with a wavelength
spacing of approximately 20 nm, thus covering a total range of 155 nm. This wave-
length range does not show the limits achievable by SAG, and the integration was
not demonstrated with complex circuits offered by the generic platform. Another
more recent example is the development from Xu et al. of a multiplexed DWDM
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EML array using both techniques [67]. Ten channel EMLs are demonstrated together
with passive devices to multiplex the output light into a single waveguide. A process
flow comprising SAG, butt-joint regrowth and buried heterostructure waveguides is
described. In this work, SAG is used to modify the refractive index of the active
waveguides, but the band gap tuning enabling wide wavelength range is not ex-
ploited.

The co-integration of butt-joint and SAG to provide a wide range of band gaps for
active components implies a waveguide core thickness mismatch between active and
passive waveguides which has to be investigated.

Aluminum containing materials

The AlInGaAs (Al–Q) compounds are especially attractive for photonic integrated cir-
cuits because they show higher efficiency, and higher reliability at elevated temper-
ature [69]. It has also been suggested that a stronger wavelength shift occurs when
using SAG with Al–Q materials [38]. These advantages of Al–Q compounds for SAG
are why the selective area growth technique developed by the III-V Lab is based on
Al–Q materials [62]. Nevertheless, Al–Q compounds may present a challenge during
the chip fabrication process – and especially in the case of butt-joint integration –
because of their fast oxidation reaction in contact with air [70]. Until now, the TU/e
generic photonic integration platform was based on phosphorous-containing quater-
nary (P–Q) materials [24], therefore limiting the possibilities to integrate the SAG
technique developed by the III-V Lab.

This work includes the integration of Al–Q materials for a multiple quantum-well
structure with the TU/e generic photonic technology. This change of material raises
a number of challenges related to the butt-joint technology used for active-passive
integration since the wafer is in contact with air prior to a second epitaxial growth.
If a formation of aluminum oxide occurs, it can have detrimental consequences.

Seamless integration in a generic platform

The integration of SAG with a generic photonic integration platform requires its com-
patibility with all the building blocks of the PDK currently offered by the platform. In
order to provide band gap control for active devices without altering the performance
of existing building blocks, a study is necessary in terms of fabrication process com-
patibility, butt-joint interface, material quality, and device footprint. Furthermore,
the investigation of active device performance and the exploration of the novel func-
tionalities enabled by the SAG–generic integration have to be carried out.
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1.6 Thesis outline

• Chapter 1 introduced the selective area growth and the generic photonic inte-
gration platform technologies which are used in this work to enable local band
gap control for complex photonic integrated circuits.

• Chapter 2 studies the integration of quantum wells made with AlInGaAs ma-
terials for active devices in the generic photonic integration platform to enable
the use of SAG.

• Chapter 3 presents the development of a fabrication technology enabling the
integration of selective area growth with an active-passive butt-joint regrowth
compatible with all the existing building blocks of the generic photonic inte-
gration platform.

• Chapter 4 investigates the capabilities and limits of the SAG–generic integra-
tion from net modal gain and laser characterization over a very wide range of
band gaps.

• Chapter 5 shows the capability of the SAG–generic technology to provide new
functionalities with complex photonic circuits. Four tunable laser sources are
combined on a single chip to provide a total tuning range of 96 nm thanks to
band gap tuning.

• Chapter 6 presents the integration of SAG–generic EAMs with band gap wave-
length tuning over 60 nm as a first step towards coarse wavelength division
multiplexing circuits produced with the generic platform.

• Chapter 7 concludes this thesis with a summary of the achievements reached
and an outlook on further research topics.
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Chapter 2
Implementation of
aluminum-containing quantum
wells into the TU/e platform

At the III-V Lab, AlInGaAs materials are used for quantum wells with the selec-
tive area growth (SAG) technology to provide band gap tuning. On its side, the
TU/e generic photonic integration platform uses InGaAsP materials in the quantum
wells structure. Therefore, as a first step towards the use of SAG, the integration of
AlInGaAs-containing quantum wells in the generic photonic integration platform is
required. However, this kind of alloys presents a challenge regarding their oxidation
in contact with air.

In this chapter, we address this challenge by studying key aspects of the fabrica-
tion process to ensure its compatibility with AlInGaAs-based multiple quantum wells.
This study enables the fabrication of two wafers with an existing mask-set designed
for a multi-project wafer run in the standard generic photonic integration platform.
The characterization of Fabry–Pérot (FP) lasers from these wafers is performed to
investigate the impact of the AlInGaAs materials on device performance.
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2.1 Introduction

The generic photonic integration platform technology uses InGaAsP (noted P–Q) ma-
terials for a bulk passive waveguide core layer with a 1 eV band gap (corresponding
to a 1.25µm wavelength) and a multiple quantum wells (MQW) structure emitting
at 1.55µm wavelength. Nevertheless, more and more photonic devices are fabri-
cated using AlInGaAs (noted Al–Q) alloys for their better thermal efficiency [51,71],
higher gain from MQW structures and higher modulation speed [72, 73] compared
to the P–Q materials. This difference of performance is due to the different band gap
structures between the two kinds of materials (see Fig. 2.1). For a MQW structure,
Al–Q materials provide a higher band offset in the conduction band compared to the
valence band, thus enhancing electron confinement. Since electrons are more sus-
ceptible to leakage via thermionic emission, a higher confinement allows improved
performance at higher temperature (typically uncooled operation) [51]. Moreover,
the higher confinement of electrons in Al–Q quantum wells provides higher overlap
between the electrons and the holes wavefunctions [73].

Figure 2.1: P–Q and Al–Q multiple quantum well band structures

In order to provide a low-footprint transition between the active and passive de-
vices, a butt-joint technology is used. Several works report the integration of Al–Q
materials with butt-joint regrowth [51, 68, 70, 74, 75], but such an integration has
not yet been demonstrated in compatibility with all building blocks of an open ac-
cess generic platform. The main challenge when changing from P–Q to Al–Q material
is to prevent oxidation of Al–Q during the active-passive butt-joint integration, when
the active layer stack edge is in contact with air. Therefore, when using Al–Q mate-
rials for a multi-purpose photonic platform, special care has to be taken during the
butt-joint process and a careful study of device performance is necessary to validate
the integration of this type of material into the platform.
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In this chapter we describe the incorporation of Al–Q MQW within the generic
integration platform. The section 2.2 presents the butt-joint fabrication technology
and the observation of butt-joint quality during fabrication. The critical steps of
shallow waveguide definition are also described in details. In section 2.3, we present
the light-output versus current (LI) characteristics of Al-based FP lasers to compare
their performance with P-based MQW obtained from the standard platform. The
study of passive waveguide and butt-joint influence on device performance is also
addressed.

2.2 Fabrication process with AlInGaAs

A butt-joint technology provides an abrupt transition between an area for active de-
vices and an area for passive waveguides. It consists in first growing the active layer
stack, then etching this active stack everywhere except for islands kept for active
sections, and selectively regrowing the passive layer stack around the active islands.

The active layer stack is similar to the one used in the standard generic photonic
integration platform, except for the MQW structure which is grown with Al–Q ma-
terials. The number of QW is kept the same, thus allowing direct comparison of
performance with the devices from the standard platform. The process of butt-joint
regrowth is carefully carried out in order to ensure no defect formation. After the
butt-joint regrowth, the TU/e fabrication process is kept identical to allow direct
comparison of device performance. The critical steps of shallow waveguide defini-
tion are described in details in section 2.2.3. The butt-joint integration obtained with
Al–Q materials was presented at the 20th Symposium of the IEEE Photonics Society
Benelux Chapter, in 2015 [76], and the implementation of the generic fabrication
with Al–Q-containing MQW was presented at the 21th Symposium of the IEEE Pho-
tonics Society Benelux Chapter, in 2016 [77].

Table. 2.1 shows the active layer stack grown with Al–Q materials.

2.2.1 Experimental conditions

The main steps of the butt-joint process are presented in Fig. 2.2. First, the ac-
tive layer stack is grown in a metal-organic vapor phase epitaxy (MOVPE) reactor,
at 650 °C and 150 mbar (Fig. 2.2 a)). Trimethylindium (TMIn), Trimethylgallium
(TMGa) and Trimethylaluminum (TMAl) precursors are used for group III elements,
and arsine (AsH3) and phosphine (PH3) gas are used for group V elements. The
active layer stack consists of an MQW structure with four 7 nm-thick AlInGaAs quan-
tum wells (QW) separated by 10 nm-thick AlInGaAs barriers. The MQW are sur-
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Table 2.1: Active layer stack grown with Al–Q materials for quantum wells

Layer Material Doping
[cm−3]

Thickness
[nm]

p-InP cladding InP Zn – 3E17 200

SCH InGaAsP – Q1.25 nid 80

Barrier AlInGaAs (e=−0.6%) nid 10
Well AlInGaAs (e=+1.0%) nid 7 (x4)
Barrier AlInGaAs (e=−0.6%) nid 10 (x4)

SCH InGaAsP – Q1.25 nid 60

n-InP buffer InP Si – 1.5E18 450

a) Active stack
growth

b) Active mask
deposition

c) Active stack
wet etch

d) Passive regrowth e) Mask removal

f) Contact layer
growth

Figure 2.2: Schematic of the cross-section at the edge of an active section in the direction of
light propagation during a butt-joint process flow.

rounded by two nominally undoped 210 nm-thick InGaAsP layers to form a separate
confinement heterostructures (SCH). Therefore the total core thickness is 500 nm. A
200 nm-thick p-type InP layer is added as a cladding layer.

After the active layer stack growth, an SiNx hard mask is deposited and patterned



2.2 Fabrication process with AlInGaAs 19

with contact lithography (Fig. 2.2 b)). Stripes of dielectric are defined for each device
requiring an active region, and the rest of the wafer is etched (Fig. 2.2 c)). An HCl
solution is used to remove the top InP layer selectively, then the SCH and MQW
layers are isotropically etched with a citric acid solution. Selective wet etching is
used to remove the top InP and the quaternary materials. The etch is stopped at the
surface of the bottom InP layer, providing a clean surface compatible with epitaxial
regrowth.

A passive layer stack is then selectively regrown to fill the area around the active
stripes (Fig. 2.2 d)). It consists in a 500 nm-thick InGaAsP layer with a PL wavelength
emission of 1,25µm, covered by 200 nm of n-type InP. Then, the dielectric mask is
removed with HF (Fig. 2.2 e)) and the growth of the cladding and contacting layers
is performed (Fig. 2.2 f)). It consists of a 1.3µm thick p-type InP layer, followed by
300 nm of p-type lattice matched InGaAs to provide electrical contact with the metal
later deposited on the surface.

In order to remove the possible aluminum oxide formed on the side of the etched
active layer stack, the wafer surface was refreshed with an brief isotropic wet etch
a few seconds before placing it into nitrogen atmosphere until the passive regrowth.
The wafers have been heated up during 15 min under a constant phosphine/arsine
flow to reach 650 °C prior to the passive regrowth. This heat treatment can also help
the desorption of residual Al oxide [78].

2.2.2 Butt-joint quality

The quality of the butt-joint regrowth is expected to be critical to reduce scatter-
ing losses and reflections at the active-passive interface, and thus to obtain efficient
devices. In order to analyze the butt-joint process with Al–Q materials, SEM obser-
vations were performed after three key steps: the active layer stack etch, the passive
regrowth, and the top cladding growth. The SEM picture in Fig. 2.3 a) shows the
edge of an active stripe obtained after the active stack etch (step c) in Fig. 2.2). The
angled view allows the observation of the cross-section of the etch profile on the left
side and the roughness along the edge on the right side. The top InP layer etch pro-
vides an inward slope and the quaternary materials are etched isotropically down to
the lower InP layer.

The shrinking of the SiNx mask on the edge of the active stripe is thought to be
caused by an under-etch below the resist. Because of this under-etch, the edges of
the dielectric mask can present a higher roughness compared to the one induced
by lithography, which can explain the roughness observed on the side on the active
stripe in Fig. 2.3 a).

The Fig. 2.3 b) shows an SEM picture of the butt-joint interface after passive re-
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a) b)

Figure 2.3: SEM picture of the active edge profile a) after etching through the layer stack, and
b) after the regrowth of the passive layer stack

growth on another sample (step d) in Fig. 2.2). The active stack is on the left side
and the passive stack is on the right side.

The obtained cavity-shaped profile visible in Fig. 2.3 a) provides a flat surface
topology after the passive layer stack regrowth, as shown in Fig. 2.3 b).

During the active layer stack etch, the Al–Q MQW structure showed a similar etch
rate compared to the P–Q SCH layers, despite of the different material used. A wet
etch selectivity between Al–Q and P–Q materials has been reported using sulfuric
acid in [74], which suggests that citric acid is more suitable if a homogeneous etch
is required for a mix of Al–Q and P–Q materials. The butt-joint interface shown in
Fig. 2.3 b) presents no void or crack after the regrowth, thus validating the success of
the butt-joint process to integrate an Al–Q-based MQW structures.

After the validation of the butt-joint process, a full wafer has been fabricated with
Al–Q-based MQW. To observe the butt-joint interface quality in the finished wafer,
another observation was made at the end of the fabrication process with a dual beam
FIB/SEM tool and is shown in Fig. 2.4 a). A cut through a waveguide was performed
to observe the active-passive interface. The active layer stack is on the left side and
the passive layer stack is on the right side.

The butt-joint quality presented in Fig. 2.4 a) confirms the successful regrowth
presented in Fig. 2.3 b). In both cases the butt-joint interface presents no growth
defect nor large thickness difference. The butt-joint regrowth obtained with Al–Q
MQW (Fig. 2.4 b)) is very similar to the ones obtain in the standard platform [79]. It
presents very little topology and no defect at the interface.

From these two experiments, we showed that the quality of the interface and the
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a) b)

Figure 2.4: Butt-joint cross section view from a FIB cut for a) an Al–Q run in this work and b)
a P–Q run with the standard platform process.

thickness matching between the active and the passive core layers are repeatable.
This high quality butt-joint interface is very promising for fabricating low-loss and
low-reflection butt-joint interfaces and thus efficient devices.

2.2.3 Waveguide etching

After the passive regrowth and the top cladding layer growth presented in Fig. 2.2,
the rest of the standard platform fabrication process (described in [23]) has been
performed on two 2-inch wafers. The waveguides are defined by depositing a pro-
tective mask pattern and etching the rest of the wafer with an inductively coupled
plasma (ICP) etching tool. To make sure that the Al–Q MQW are not exposed to air
during the waveguide etch, all active components are shallow etched. It means that
the P–Q SCH layer above the MQW is not completely etched to protect the MQW
from contact with air (see Fig. 2.5).

Another important aspect in the patterning of the waveguide is the inhomogene-
ity of the etch at the edges of the waveguide. The required electrical and optical
confinements for the waveguides are obtained by etching the whole InP layer above
the core quaternary layers plus 100 nm into the quaternary core layer. Nevertheless,
the corners next to the waveguide mesa experience a tailing effect, and as a result
the effective etch depth at the foot of the waveguide is about 80 nm shallower than
the measured depth far from the waveguide. Because of this tailing effect, a margin
has to be taken when measuring the etch depth during the fabrication to be sure to
etch the whole InP cladding layer.

To summarize, the etch should neither be too deep and reach the MQW, nor be too
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shallow and not provide enough light confinement on the sides of the waveguides.
The Fig. 2.5 illustrates these two constraints. The 210 nm-thick SCH layer above the
active layer provides a margin of 30 nm to stop the etch and stay within these two
constraints.

Figure 2.5: Schematic of a waveguide etching constraints to ensure a proper waveguide defi-
nition and avoid aluminum quaternary material oxidation.

The ICP etching of the waveguides was carried out with special care in order to
provide an etch depth within the margin described above. Then, the rest of the stan-
dard fabrication used in the TU/e platform have been carried out. The SEM picture
of a cross-section of the side of a cleaved shallow active waveguide is presented in
Fig. 2.6. A stain etch was applied to reveal the epitaxial structure. The different
layers of InP, InGaAsP and AlInGaAs, polymer, and metal are clearly distinguishable.
One can observe that the etching of this shallow type waveguide is stopped few tens

Figure 2.6: SEM picture of the cross-section of the side of a waveguide.

of nm above the Al–Q MQW, thus ensuring its protection from contact with air dur-
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ing the fabrication. The edge effect next to the waveguide sidewall is clearly visible
as well, with the etch depth reduced progressively when getting closer to the waveg-
uide. The whole InP cladding layer has been etched successfully up to a few tens
of nm into the P–Q layer at the waveguide edge. A combination control of the etch
depth and SCH layer thickness allowed us to prevent any exposition of Al–Q materi-
als to air, and to define the desired waveguide structure to provide efficient guiding
of the light and current injection.

After the fabrication of wafers with Al–Q MQW structures, a study of the device
performance has been carried out.

2.3 Fabry–Pérot laser characterization

Two wafers with Al–Q-based MQW (called Al–Q wafers 1 and 2) were fabricated
following the process described above. To investigate the device-level performance
of this new active layer-stack integration, Fabry–Pérot (FP) lasers produced on the
wafers have been characterized. The next section describes the measurement of FP
lasers of different lengths to evaluate the success of the integration with Al–Q mate-
rials. The following section shows a study of the influence of long passive waveguide
sections and butt-joint interfaces on the laser performance. A comparison with a laser
fabricated on a wafer from the standard generic photonic integration platform (called
P–Q wafer) is made for benchmarking. This study of the influence of butt-joint inter-
faces and passive waveguide sections has been presented at the 22nd Symposium of
the IEEE Photonics Society Benelux Chapter, in 2017 [80].

2.3.1 Active section length variation

Arrays of active-passive extended cavity FP lasers with different gain section lengths
have been fabricated on the two Al–Q wafers. The layout of the five lasers is shown in
Fig. 2.7. They consist of an active section with metal contact, extended with passive
waveguides on both sides up to the chip facets. A 2µm-wide shallow waveguide is
used for both active and passive sections. The total cavity length is 4.6 mm and the
active section lengths are 300, 500, 750, 1000 and 1500µm. As-cleaved chip facets
provide a 33% reflection.

Experimental setup

The bare laser dies are placed on a copper plate kept at 20 °C by a Peltier module.
A 4 points measurement is carried out with two electrical probes to contact the top
laser metal pads and two back side contacts on the copper holder for the ground
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Figure 2.7: Layout of 5 extended cavity Fabry–Pérot laser with different active section lengths.
The passive waveguides are represented in blue, the active sections in red and the
metal pads in grey.

voltage. A pulse generator Keithley current source is used with a long pulse of 1 ms
and a delay between pulses of 1 ms to be close to a DC injection condition. A large-
area photo-detector is placed at a distance of 1 mm to record the total output optical
power emitted on one side of the chip.

Results

The laser characteristics are obtained by scanning the current applied to the device
from 0 to 100 mA with a 1 mA step and measuring the voltage across the device and
the output optical power from one side of the chip. The light-output versus current
(LI) and voltage versus current (VI) characteristics of 4 lasers with various active
section lengths are shown in Fig. 2.8. From the LI characteristic shown in Fig. 2.8 a),
the threshold current of each laser was extracted by identifying the peak of the sec-
ond derivative. The threshold current increases with the active section length from
22 to 39 mA for 500µm to 1500µm respectively. The slope efficiency at threshold
is extracted from a linear fit of the LI characteristic over 10 mA above threshold. It
decreases from 135 to 106 mW/A when the active section length increases from 500
to 1500µm.

The laser with 300µm long active section shows high threshold current, low slope
efficiency and high thermal roll-off. This is assumed to be due to self-heating which
leads to a worsening of the power conversion efficiency because of the increase of
Auger recombination and carrier leakage mechanisms [81]. For the other lasers, the
thermal roll-off is less and less pronounced when the length of the active section
increases. This is expected because of the inverse proportionality of current density
injection with the length of the active section.

Regarding the VI characteristic (Fig. 2.8 b)), the voltage is decreasing with the
active section length. This is expected because of the proportional reduction of series
resistance with the length of the active section. The VI characteristic shows an extra
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a) b)

Figure 2.8: a) Single-facet LI and b) VI characteristics of extended cavity FP lasers with differ-
ent active section lengths. The length of the lasers are indicated in the legend in
micrometers. The total cavity length is 4.6 mm.

voltage compared to the 0.8 V corresponding to the active section band gap. This
extra voltage decreases with the active section length. Additionally, the VI curve
does not become straight passed the threshold current, when the carrier density in
the MQW is clamped. These two observations are indications of a leakage of carriers
in the structure. It can be due to a parallel leakage path on the sides of the waveguide
ridge, or to a carrier spillage due to thermionic emission [82], or to a non-linear
contact between the metal and the ridge waveguide [83].

After evaluating the performance of integrated lasers with different gain section
lengths, a study of the influence of passive waveguide extension and butt-joint inter-
face on laser behavior was performed.

2.3.2 Passive waveguides and butt-joint losses

For each Al–Q wafer, the analysis of the influence of butt-joint and waveguides losses
on the the FP laser requires three different structures shown schematically in Fig. 2.9:
One active-passive laser with long passive waveguide sections, one butt-joint laser
with minimal passive section length, and one all-active butt-joint-free laser structure.
All three lasers have a 750µm-long active section. They differ by the length of their
passive sections and by the presence or otherwise of the butt-joint interfaces. The
initial design has a total passive waveguide length of 3.85 mm. In order to dispense
with the influence of the passive waveguides but keeping the butt-joint interfaces
in the structure, this laser has been cleaved 50µm outside the active section and
measured again. The third structure is a 750µm-long all-active and butt-joint-free
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Figure 2.9: Design of the 3 Fabry–Pérot laser types with 750µm-long active sections.

laser which has been cleaved from a longer active device. In this way it is possible to
observe the influence of the passive waveguides extension and the butt-joint interface
on the laser characteristics. As a control experiment, measurements are additionally
performed on a 750µm-long all-active butt-joint-free P–Q laser with the same design.

Experimental setup

To perform the experiment with the cleaved lasers, another setup was used. The
bare laser dies are placed on a gold-plated plate. The temperature of the plate is
also controlled with a Peltier module and kept at 20 °C. A 2 points measurement is
performed to inject current and measure voltage with an electric probe to contact the
top laser metal pads and back side contact. The measurements are done by driving
the voltage in DC configuration with a Keithley source. The output optical power is
also measured from one side of the chip with a large-area photo-detector.

Results

The LI characteristics presented in Fig. 2.10 a) are obtained by scanning the voltage
applied to the device from 0 V to 1.4 V with a 0.05 V step and measuring the cur-
rent passing through the device up to a maximum of 100 mA. Five lasers have been
measured on the same setup in order to compare their threshold current and slope
efficiency, as summarized in Table 2.2.

The first Al–Q 4.6 mm long extended cavity laser from wafer 1 did not reach a
lasing regime. This device was cleaved to remove the passive waveguides, while re-
taining the two butt-joint interfaces, leading to a 850µm-long cavity. This re-cleaved
structure shows lasing behavior with a threshold current of 47.7 mA. In the case of an
all-active and butt-joint-free 750µm-long laser cleaved from a longer active section
on the same wafer, a lasing regime with a threshold current of 22.2 mA is reached.
From this measurements, we can conclude that the presence of waveguide and butt-
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a) b)

Figure 2.10: a) LI characteristic of 3 FP laser types for 2 wafers containing Al–Q materials for
MQW and one all-active FP laser from a wafer with P–Q materials for MQW. b)
VI characteristics of the same lasers.

Table 2.2: Summary of threshold currents and slope efficiencies of 3 FP laser types for 2 Al–Q
wafers and one all-active FP laser from a P–Q wafer.

Wafer Laser
number

Laser type Cavity
length
(µm)

Threshold
current
(mA)

Slope
efficiency
(mW/A)

Al–Q 1
1

Active-passive 4600 – –
Butt-joint 850 47.7 66

2 All-active 750 22.2 139

Al–Q 2
3

Active-passive 4600 25.7 102
Butt-joint 850 22.8 124

4 All-active 750 21.1 130

P–Q 5 All-active 750 17.1 143

joint interface introduced losses which prevented the device from reaching lasing
regime. An absence of lasing behavior was also measured on other devices from the
same wafer, indicating an issue related to their fabrication. Cleaving-off the passive
waveguides made it possible for the device to lase with a high threshold, showing
that the losses in passive waveguides were significant, and that high losses remained
in the laser with butt-joint interfaces. The laser structure cleaved within the active
section showed significantly lower threshold current and higher slope efficiency com-
pared to the case with presence of butt-joint, thus confirming the high losses induced
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by the butt-joint interface.
On the second Al–Q wafer, the extended cavity laser shows a threshold current

of 25.7 mA and a slope efficiency at threshold of 102 mW/A. After cleaving the laser
just outside of the active section, the threshold current is reduced by 11% to 22.8 mA
and the slope efficiency increases by 22% to 124 mW/A. An all-active 750µm-long
FP laser from this wafer shows threshold current and slope efficiency of 21.1 mA and
130 mW/A. The performance of the extended cavity laser with butt-joint interface
and long passive waveguides shows that the losses of the passive waveguides and
butt-joint interfaces were lower for this second wafer. A decrease of threshold current
and an increase of slope efficiency were obtained after both cleaving off the long
passive sections and the butt-joint interface, indicating a noticeable loss from these
two elements in the laser cavity.

To identify whether the differences in laser behavior comes from differences in
electrical injection, the I-V characteristics of the lasers were measured and are shown
in Fig. 2.10 b). One can notice that for both Al–Q wafers, the slope of the VI char-
acteristic for a voltage bias above 1.1 V is slightly decreased in presence of the long
passive waveguide sections. This indicates a small current leakage through the pas-
sive sections. It can be induced by carrier diffusion in the passive waveguide sections
and conduction through the passive layer stack to the substrate and the back contact.

The P–Q laser exhibits a turn-on voltage of 0.8 V which is consistent with the
operating wavelength. The Al–Q lasers exhibit higher turn-on voltages of 0.9 V and
1.0 V despite the same operating wavelength. There is no evident change of turn-on
voltage with and without passive regions and butt-joints for the two Al–Q wafers.

To verify if the higher turn-on voltage measured on the Al–Q devices is due to a
non-ohmic contact, a characterization of the contact was performed.

Ohmic contact

To verify the contact between the metal and the waveguide ridge, a structure present
in a test cell of the wafers was used. The structure is shown in Fig. 2.11 a). It con-
sists of a 20µm-wide passive waveguide contacted by two metal pads, separated
by a 100µm-long waveguide section. Two electrical probes connected to a Keithley
source-meter were used to contact the metal pads and record the current flowing
through the waveguide as a function of applied voltage. Fig. 2.11 b) shows the cur-
rent measured across 100µm-long waveguide section as a function of applied voltage
with a 0.01 V step.

The linear dependence of current as a function of applied voltage shows that
an ohmic contact is provided between the metal pad and the waveguide layer for
the three wafers. Additionally, a higher resistance is measured in the case of P–Q
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a)

b)

Figure 2.11: a) Layout of the test structure used for metal-waveguide contact characterization.
b) VI measurement across the 100µm-long waveguide separation between the
two metal pads.

wafer (about 11 kΩ), and the resistances for the two Al–Q wafers are almost identical
(about 1.1 kΩ). Therefore, the high turn-on voltage described above is not explained
by a non-linear contact with the metal pad. It is assumed to be induced by the
conduction properties inside the semiconductor structure.

2.4 Conclusion

Al–Q active layers have been incorporated into the TU/e platform for the first time.
SEM observations of the butt-joint interface during key steps of the active-passive
regrowth integration were performed and showed no significant crystallographic de-
fect. A well-controlled waveguide etching was performed to provide efficient current
injection into the active layer stack while keeping the Al–Q MQW protected from
contact with air. The success of integration has been evaluated in terms of laser per-
formance with various active section lengths and with and without passive waveg-
uides and butt-joints. Although there is evidence of impaired performance due to
the butt-joint integration for one the wafers, LI characteristics close to the standard
platform performance is obtained.





Chapter 3

Seamless integration of SAG into
a generic platform

The extension of a generic photonic integrated circuit process flow is proposed by in-
tegrating selective area growth (SAG) to enable band gap tuning for each individual
active building block. Adapting the SAG technology to the TU/e generic integration
process allows the minimization of active building block design modification. The im-
plementation of SAG shows compatibility with all building blocks (BB) of a generic
platform, which enables the fabrication of an internal multi-project wafer (MPW)
run with 9 die designs from several designers. Band gap tuning is available for the
3 active basic BBs of the process design kit (PDK) (semiconductor optical ampli-
fier, photo-detector and electro-absorption modulator). The process adaptations and
the impact on performance are reviewed in terms of morphology requirements and
topology reduction. Integration is demonstrated in combination with active-passive
butt-joint technology to create the most comprehensive range of generic building
blocks.

To integrate SAG in the generic integration platform technology, the following
challenges were addressed:

• How to adapt the SAG technology to an active layer stack compatible with the
generic platform integration?

• How to integrate the SAG technology into a butt-joint process for active-passive
integration?

• What are the capabilities in wavelength tuning and complex circuit integration
with the SAG technology developed in this work?
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3.1 Introduction

The range of wavelengths available within one circuit can be greatly extended by us-
ing a technique called selective area growth (SAG). A dielectric hard mask pattern is
defined prior to the epitaxy to enhance the growth rate in its close vicinity. As a result,
the thickness of the grown layers increases, and in case of a multiple quantum wells
(MQW) structure, the band gap is tuned. The growth mechanisms in the presence of
a dielectric mask has been studied in detail [59,84–86]. High performance photonic
integrated circuits (PICs) with multi-band gap integration are enabled by the SAG
technique [87, 88]. Recently, a 10 channel wavelength division multiplexing trans-
mitter on a single chip has been demonstrated over an 80 nm-wide wavelength range
provided by a single epitaxial step and integration with passive devices [67]. SAG
also has been integrated in a photonic platform to fabricate a distributed-feedback
laser array over a 155 nm wavelength range [68]. However, to the best of our knowl-
edge, SAG has not been integrated with the full library of building blocks offered in a
comprehensive PIC platform. Integrating SAG into a generic platform enables band
gap tuning for all the active building blocks including detectors, modulators and
lasers which can be combined with passive filters, combiners and mode size adapters
which are already defined in the generic platform.

A number of challenges have to be addressed to co-integrate selective area growth
with the generic platform. First, the growth conditions have to be adapted to a
layer stack compatible with the building blocks of the platform. Second, the butt-
joint regrowth of the passive layer stack should provide defect-free interface for each
thickness variation induced by SAG. Third, the topology induced by SAG on the wafer
has to be reduced to be compatible with the generic fabrication process.

All processing steps until the active layer stack SAG were made at III-V Lab, and
the butt-joint regrowth followed by the generic process flow described in [23] was
carried on at the TU/e.

This chapter is organized as follow. Section 3.2 describes the adaption of SAG
technology to provide an active layer stack compatible with the generic technology.
In section 3.4, we present the validation of the butt-joint technology to integrate
SAG active devices with generic passive devices. Section 3.5 describes the reduction
of topological variations obtained with etch-stop layers.
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3.2 Selective area growth compatible with the generic
technology

The implementation of SAG into the generic integration platform requires the com-
patibility of the two techniques to integrate active devices. First, the design of a
new active layer stack has been made in order to ensure compatibility with passive
components regardless of the band gap choice. Then, the SAG mask design has been
determined to offer high band gap shift capabilities together with the compatibility
with the active-passive butt-joint process of the generic integration platform. Finally,
the growth conditions in presence of SAG mask was optimized to provide low defect
growth despite the thick layers contained by the active layer stack.

3.2.1 Active layer stack design

The TU/e generic photonic integration platform is based on an active-passive butt-
joint integration. Therefore comparable effective refractive indexes for the two layer
stacks are required to minimize reflections at their interface. The passive layer stack
of the platform contains a 500 nm-thick core layer to provide low-loss passive waveg-
uides. Because of the use of SAG, the active layer stack has different thicknesses
depending on the desired band gap. The structure grown far from the SAG mask
(called the field area) is designed such that the thickness increase induced by SAG
provides a trade-off in mode matching with the passive waveguide core.

Table. 3.1 shows the active layer stack grown in the field area.

Table 3.1: Active layer stack grown far from the SAG mask

Layer Material Doping
[cm−3]

Thickness
[nm]

p-InP cladding InP Zn – 1E18 160

SCH InGaAsP – Q1.25
Zn – 7E17 80
nid 60

Barrier AlInGaAs (e=−0.55%) nid 6.3
Well AlInGaAs (e=+0.94%) nid 4.7 (x6)
Barrier AlInGaAs (e=−0.55%) nid 6.3 (x6)

SCH InGaAsP – Q1.25
nid 60
Si – 5E17 80

n-InP buffer InP Si – 5E17 50
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The quantum wells grown in the field area are thinner than the standard quan-
tum wells of the generic photonic integration platform, and 6 quantum wells were
grown instead of the 4 to provide a similar confinement factor. The MQW struc-
ture in the field area consists in six AlInGaAs 4.7 nm-thick compressively-strained
quantum wells (+0.94%) and seven AlInGaAs 6.3 nm-thick tensile-strained barriers
(−0.55%). Therefore the total thickness of the MQW structure is 72.2 nm. Two
140 nm-thick separate confinement heterostructure (SCH) layers are grown above
and below the MQW to provide mode matching with the passive waveguide. These
SCH layers are partially doped to avoid voltage build-up in the structure, as it was
probably the case in the layer stack presented in the previous chapter, leading to a
higher turn-on voltage during laser measurements. Additionally, this doping inside
the SCH layers aims at providing a higher electrical field across the quantum wells
in case of reverse bias for electro-absorption modulators. A 50 nm-thick n-doped
InP buffer layer is grown below the active stack to prevent direct growth of quater-
nary materials on an InP substrate, and a 160 nm-thick p-doped InP cladding layer is
grown above the stack to provide electrical contact with the p-cladding layers which
are grown after the active-passive butt-joint in the generic integration process.

All the epitaxial growths were performed by metal-organic vapor phase epitaxy
(MOVPE) at 650 °C to enable the foundry-like process of the standard TU/e generic
integration platform. Trimethyl-metal gas precursors were used as a source for group
III elements, and arsine and phosphine gas were used for group V elements.

This active layer stack have been grown in presence of dielectric stripes in order
to modify the band gap provided by the MQW structure.

3.2.2 SAG mask design

The principle of selective area growth is to prevent the growth of material in some
areas of the wafer thanks to the presence of a dielectric mask. Since the material
is not deposited, a higher concentration is obtained in the vapor phase above the
masked areas, which leads to a lateral diffusion on the sides of the mask. This
vapor phase diffusion induces an increase of precursor concentration close to the
mask stripes, and therefore a higher growth rate. By placing two mask stripes next
to each other (called SAG mask), the selective area growth aims at controlling the
material growth rate in between them. Since the different elements have different
diffusion lengths, the composition of the deposited material will vary depending on
the distance to the mask. Diffusion lengths of 14, 32, and 65µm were found for
indium, aluminum, and gallium respectively for a growth temperature of 680 °C and
a pressure of 150 mbar [87]. The diffusion length of indium being lower than the one
of the other elements, an enrichment in indium is obtained in the vicinity of the mask.
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This enrichment induces a lattice mismatch of the AlInGaAs material compared to
InP, leading to a compressive strain in the grown layer [65]. When growing thicker
layers, the strain builds-up, and misfit dislocations can occur in the material [89].
Since in the case of SAG both the growth enhancement and the indium enrichment
are higher in the vicinity of the mask, a larger compressive strain can be obtained. If
crystallographic defects are formed at the edges of the SAG mask, they can propagate
through the whole active material between the two mask stripes.

The SCH layers of the active layer stack in this work are thicker than the layers
used in other works for SAG [90, 91]. Therefore a study of the growth morphology
and the growth condition is necessary in order to reduce the strain build-up into the
SCH layers and provide a defect-free active structure in presence of SAG masks.

Prior to the growth of the active layer stack, pairs of dielectric (SiO2) mask stripes
(referred to as the SAG mask) are defined on the wafer. Fig. 3.1 shows the schematic
top view of an SAG mask and its design parameters. The opening between the mask
stripes is chosen to be 20µm to provide a trade-off between low device footprint and
lithography alignment tolerance (also known as mask overlay error) for the active-
passive butt-joint mask. The SAG mask stripes can be defined with any width by
design, but some limitations can rise from the epitaxial growth quality when they are
too wide. The presence of the dielectric mask provides a growth rate enhancement
(GRE) in the central opening, increasing the quantum wells thickness and therefore
decreasing their band gap energy [92].

Figure 3.1: Layout of the SAG dielectric mask stripes.

After defining the SAG mask used, a series of tests have been carried out to study
the appearance of defects in the active layer stack for different growth conditions.

3.2.3 Growth conditions adaptation

The compressive strain induced by indium enrichment at the vicinity of the SAG
mask stripes can be compensated by modifying the growth conditions to prevent
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crystallographic defect formation. The diffusion length of vapor phase precursors is
increased when the growth pressure is decreased [93], thus reducing the growth en-
hancement induced by the presence of the mask. It was also showed that a reduction
of the growth speed increases the surface diffusion length, and therefore reduces the
growth enhancement at the vicinity of the mask [94,95].

To study the integration of the active stack presented in the previous section with
SAG, a series of growths have been carried out with different growth conditions
and microscope observation have been made to count the density of defect lines per
100µm. Table 3.2 summarizes the growth condition variations and the linear density
of defects observed between the SAG mask stripes for reference SAG mask widths of
25µm and 50µm.

Table 3.2: Study of line defects in the SCH layers for different growth conditions

All growths were performed at 650 °C. S/4 refers to a reduction of growth speed by 4.

Growth
number

SCH
thickness
(nm)

Growth condition
of the SCH

Defect density
(/100µm) for 2
SAG mask widths:

Pinholes
density

Strain
(ppm)

Pressure
(mbar)

25µm 50µm

1 140 0 150 22 – Low
2 20 0 150 0 3 Low
3 140 −500 150 17 – High
4 140 −500 50 0 5 High
5 (S/4) 140 −500 50 0 8 Very low

A first growth was made at 150 mbar to characterize the consequences of strain
build-up with conditions comparable to previous results [86]. A second growth was
performed with SCH thickness of 20µm to evaluate the morphology in case of thin
SCH layers. Subsequently, three growth condition adaptations were performed one
after another to study the compatibility of SAG with the designed active layer stack.
In growth number 3, the SCH are grown with a slight tensile strain of 500 ppm
(0.05%) in the field area. This aims at compensating the composition variation to-
wards compressive strain next to the SAG masks. In addition to the tensile strain,
a reduced pressure is used for growth 4 to increase the vapor-phase diffusion co-
efficient of gas precursors and attenuate the effect of the SAG mask [93]. Finally,
the growth 5 is made in the same conditions as growth 4 with reduced precur-
sors gas flow to divide the growth rate by 4 (referred to as S/4). This decrease
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of growth rate modifies the growth mechanisms at the mask edge and reduces the
overgrowth [94,95].

This set of experiments enables the study of the influence of growth conditions
on morphological defects in the presence of the SAG mask. Using thin SCH layers
for growth 2 indicates whether the morphological defects observed in growth 1 are
related to their thickness. The addition of tensile strain, reduction of growth pressure
and reduction of growth rate for growths 3, 4 and 5 show which growth conditions
are suitable to prevent strain build-up into the active layer stack.

The first growth lead to crystallographic defects propagation across active layers
for a 25µm-wide SAG mask. In contrast, the second growth with thin SCH layers
showed no defect with the same SAG mask width, and only residual defects were
visible for a 50µm-wide SAG mask. The third growth with tensile strain provided a
reduction of linear density of defects by 33 % compared to the growth 1. The fourth
growth at reduced pressure provided a defect-free morphology for a 25µm-wide
mask. Nevertheless, small defects were still remaining in the case of large masks of
50µm width. The fifth growth at reduced growth rate also showed no defect for a
25µm-wide mask, but did not lead to a reduction of defect density for 50µm-wide
SAG mask.

The presence of pinholes in the SAG masks can occur when the dielectric depo-
sition is too porous. In this case, the epitaxy growth deposits material into these
pinholes, which forms mushroom-shaped structures. This growth on the mask area
consumes precursors and therefore reduces the deposition between the SAG masks.
However, the pairs of samples 1 and 2, and 3 and 4 presented a similar pinhole den-
sity which allows for direct comparison. Additionally, the growth 5 presented almost
no pinhole in the SAG mask, thus providing an optimal condition for SAG.

The result of the first two growths confirms that the thickness of the SCH layers
is at the origin of the line defect formation. Adding a tensile strain and reducing
the growth pressure lead to defect-free growth for a 25µm-wide SAG mask for the
growths 4 and 5. The residual defects present for 50µm-wide SAG masks for the
growths 2, 4 and 5 indicate that another effect than strain into the SCH appears to
be problematic with such strong growth rate enhancement. Finally, we can mention
that it is difficult to draw conclusions from the presence of more defects for growth 5
compared to growth 4 since the pinhole density for growth 4 was much higher, and
therefore the growth rate enhancement was probably lower than for the last sample.

A microscope picture of a detail of SAG mask stripes after the growth 1 is shown
in Fig. 3.2 a). Morphological defects are visible across the active stack between the
two mask stripes. As a comparison, Fig. 3.2 b) shows a microscope picture of a 33µm-
wide SAG mask after the growth 5 combining strain compensation, reduced pressure
and reduced growth rate. In this case, there is no defect propagation across the SAG
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Figure 3.2: Microscope pictures with dichroic filter of active growth with SAG mask stripes for
both a) standard growth conditions (growth 1 in Table 3.2) and b) after adapting
the growth conditions to prevent defect lines across the active material.

mask opening. The active layer stacks presented in the rest of this chapter were
grown with the same conditions as growth 5 in Table 3.2.

By adapting the growth process with reduced pressure and introducing strain
compensation we demonstrate defect-free growth with SAG mask widths up to 33µm.
Now that the active layer stack selective area growth has been adapted to the generic
integration platform, photoluminescence measurements were performed to measure
the wavelength shift obtained with different SAG mask widths.

3.3 Micro-Photoluminescence

To characterize the available wavelength range for active devices on the wafer, micro-
photoluminescence (µ-PL) measurements have been performed. Six wafers with the
same QW design have been grown by pairs in 3 epitaxy batches. On each wafer, six
pairs of SAG mask stripes with widths from 0 (meaning absence of SAG mask) to
35µm were designed to measure the PL wavelength shift with SAG mask width. The
PL emission of the MQW in the center of the 20µm-wide SAG mask openings have
been measured with a laser beam of 1064 nm wavelength focused on a 3µm spot
size.

The µ-PL peak wavelength as a function of SAG mask width for the 6 wafers is
presented in Fig. 3.3. The different wafers are identified by different marker colors.
The average values of PL peak wavelengths from the 6 wafers are shown by the black
line.

The average peak PL wavelength range extends over 203 nm (1449–1652 nm).
This range is comparable to a previous work specifically aiming at providing a wide
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Figure 3.3: Micro-photoluminescence peak wavelength of the active layer stack grown on 6
wafers (identified by the marker color) as a function of SAG mask width. The
average values are shown by the black line.

wavelength range with SAG [65], thus showing that the band gap tuning provided
by SAG is not impacted by the active layer stack design for generic integration.

After having verified the wide wavelength range accessible for active devices with
the use of SAG, its integration with a passive layer stack is carried out thanks to
a butt-joint regrowth process. This butt-joint integration provides a low footprint
transition to low-loss waveguides regardless on the SAG mask used for the active
device, thus providing maximum versatility to photonic integrated circuit design.

3.4 Selective area growth and butt-joint integration

To combine the butt-joint integration with the SAG technique, the active mask stripe
is designed in between the two SAG mask stripes, as depicted in Fig. 3.4. A 10µm-
wide active stripe is designed in the center of the 20µm opening between the SAG
mask stripes. The remaining design area is available for passive devices. A 2µm-wide
waveguide is designed in the center of the active layout, where the MQW composition
provided by SAG is constant.

The active-passive butt-joint integration process is done the same way as de-
scribed in chapter 2, section 2.2. For the case of SAG, a thickness difference is ob-
tained when varying the SAG mask. The measurement of the grown active core layer
thickness showed a variation between 360 nm and 460 nm for SAG mask widths from
0 to 35µm. This thickness difference influences the conditions for passive regrowth
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Figure 3.4: Layout of the active mask stripe and the waveguide in the central opening of an
SAG mask. The red dashed lines indicate the location for cross-sections along the
waveguide direction (A) and perpendicular to the active stripe (B).

for different active devices. Therefore, characterizing the active-passive interface
quality for the different active layer stack thicknesses is necessary.

Figure 3.5: SEM pictures of the butt-joint interface for a) the thinnest and b) the thickest active
stacks fabricated in this run. The dashed lines indicate the waveguide core layers.

Active-passive interfaces with different SAG widths have been designed on the
wafer to characterize the influence of active stack thickness on the butt-joint process.
After the fabrication of the wafer, cuts along the waveguide direction at the butt-joint
location have been performed with focused ion beam. Scanning electron microscope
(SEM) pictures of the cut butt-joint interfaces were taken to observe the regrowth
morphology. Fig. 3.5 a) shows a butt-joint interface obtained in the field area and
Fig. 3.5 b) shows a butt-joint interface obtained in the center of a 35µm-wide SAG
mask. The absence of SAG mask in the field area provides the thinnest active layer
stack (with a 360 nm-thick active core layer) and the 35µm-wide SAG mask provides
the thickest layer stack (with a 460 nm-thick active core layer) used for active pho-
tonic devices. For both cases, the passive layer stack grown is flat, the active-passive
interface is completely filled with material and the overgrowth of the passive core is
low. The morphology of the butt-joints with SAG in Fig. 3.5 a) and Fig. 3.5 b) are of
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the same quality as the one obtained with a 500µm-thick core layer (see Fig. 2.4),
thus showing the success of the butt-joint regrowth with the generic passive layer
stack for different active stack thicknesses provided by SAG.

3.5 Reduction of SAG topology

The selective growth of the active layer stack induces topologies of hundreds of
nanometers at the surface of the wafer. Such a step height can induce inhomo-
geneities in the resist layer and degrade the waveguide lithography used in the
generic process. This topology is present for two reasons: first, the absence of growth
on the dielectric mask creates a step as high as the layer stack thickness. Second, af-
ter removing the SAG mask, the wet etch of the active layer stack also etches the InP
substrate where the active stack was not grown. Therefore large topologies can be
created at these locations.

To minimize the etch depth into the InP substrate, two etch stop layers were
grown prior to the active layer stack. An analysis of the etch rate selectivity during
wet etching of the active layer stack has been carried out to optimize the design of
the etch stop layers.

3.5.1 Etch stop layers

Although the literature reports on etch selectivity for wet etching of InP and related
materials [96, 97], there can be variations induced by different solution concentra-
tion and temperature, and by different material composition [98, 99]. Since a min-
imization of the etch depth into the substrate is aimed during the active layer stack
etch for the butt-joint integration, a precise design of etch stop layer thicknesses is
required. Therefore, a study of the etch rate in the same conditions as for wafer
fabrication is carried out.

The etch of the active layer stack is performed with an H3PO4/HCl solution which
etches InP with a rate above 500 nm/min, and a citric acid solution which etches P–Q
materials with a rate of approximately 10 nm/min by experience from the standard
generic photonic integration platform process. If no etch-stop layers are implemented
in the substrate, an etch depth above 600 nm is expected during the active layer stack
etch. To prevent such a topology on the wafer, etch stop layers have to be designed
carefully in order to minimize the final etch depth. For simplicity of epitaxial growth,
InP and Q–P materials are used as etch stop layers for citric acid and H3PO4/HCl

respectively. Two InP etch steps with H3PO4/HCl are required for the active stack
process, therefore P–Q layers are used in the structure. To accurately design the
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etch stop layers thickness in order to minimize the etch depth in the substrate, the
exact etch rate of P–Q with H3PO4/HCl and InP with citric acid have been studied
with the standard wafer fabrication conditions. Both for P–Q alloys, Q 1.1 and Q 1.25
materials have been investigated.

Two test samples were obtain from the alternating growth of InP and P–Q layers
as shown in Fig. 3.6. The test layer stack consists of two 10 nm-thick P–Q layers
separated by 40 nm of InP, once with Q 1.25, and once with Q 1.1. An InP separation
of 100 nm is used between the Q 1.25 and the Q 1.1 structures. A 20 nm cladding
InP layer is grown above the test structure to protect it. A 200 nm-thick SiO2 mask
was deposited and patterned in order to have access to the etch depth after each wet
etching step.

Figure 3.6: Schematic of the test structure for the analysis of etch rate selectivity. Two layers
of Q 1.25 material and two layers of Q 1.1 material were grown separated by InP
layers.

The active layer stack etch conditions were reproduced on these samples in or-
der to analyze the etch rate selectivity. On a first sample, after removing the InP
cladding with a 30 s etch into a H3PO4/HCl solution, the sample was put in the same
H3PO4/HCl solution during 7 min to measure the etch rate of the Q 1.25 layer. On a
second sample, the InP cladding layer was also removed with a H3PO4/HCl solution,
and then the sample was etched into a citric acid solution for 20 min to simulate the
first quaternary etch of the generic process flow. Then, a second etch with citric acid
was performed on this sample during 10 min to measure the etch rate of InP. Another
30 s etch with H3PO4/HCl was used to remove the intermediate InP layer between
the Q 1.25 and the Q 1.1 layers. Then the sample was put into H3PO4/HCl again for
9 min to measure the etch rate of the Q 1.1 layer.

The Table3.3 summarizes the etch steps carried out, the measured etch depth and
the calculated etch rates.

For the first sample, no significant etch depth into the Q 1.25 layer was measured
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Table 3.3: Etching test to determine the etch rates selectivity of etch-stop layers.

Sample
number

Etch step Etching
time,
min

Measured
depth,
nma

Step etch
depth,
nm

Material
etched

Etch
rate,
nm/min

1
H3PO4/HCl 0.5 20 20 InP –
H3PO4/HCl 7 21 1 Q 1.25 <1

2

H3PO4/HCl 1 20 20 InP –

Citric acid 20 89
20 Q 1.25

3.45
49 InP

Citric acid 10 117 28 InP 2.8
H3PO4/HCl 0.5 189 72 InP –
H3PO4/HCl 9 193 4 Q 1.1 <1

a The etch depths are measured with a ±2 nm uncertainty.

after 9 min into H3PO4/HCl. This time is much longer than during the fabrication
process (2 min). For the second sample, a 20 min etch into the citric acid solution
etched the two etch stop layers and the InP layer in between. The subsequent 10 min
citric acid etch showed an etch rate of InP of 2.6 nm/s. Finally, the 7 min H3PO4/HCl

on the Q 1.1 layer showed no significant etch depth.

This series of test showed an etch rate of Q–P materials below 1 nm/min with
the H3PO4/HCl solution, and an etch rate of InP of 2.8 nm into citric acid solution.
Therefore, the measured etch rate selectivities of H3PO4/HCl and citric acid is above
500 and of 3.6 respectively. The generic butt-joint process involves a 20 min-long
etch in citric acid, therefore an intermediate InP etch-stop layer thicker than 56 nm
is required to prevent etching into the second Q–P layer. The etch of InP layers is
made with etch times below 1 min, therefore the Q–P etch stop layer can be a few
nanometers-thick without risk of over-etch.

From the results of the etch selectivity test, an etch-stop layer stack of two 10 nm-
thick P–Q etch stop layers separated by an 80 nm-thick InP layer were used for the
SAG wafer fabrication. This design ensures to minimize the etch depth in the sub-
strate and provides a tolerance for possible growth thickness and etch depth varia-
tions across the wafer. Moreover, the Q–P etch stop layers are designed as thin as
possible not to modify the light confinement in the waveguide core layer. During the
fabrication process, a study of the surface topology during the butt-joint integration
in presence of the etch-stop layers was carried out.
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3.5.2 Topology during the butt-joint regrowth

The active layer stack was grown using the SAG technology above the etch-stop layer
structure described in the previous section. The topology of the wafer was measured
during the butt-joint process to evaluate the surface topology.

Figure 3.7: Cross-section schematic (a), b), c) and d)) and profilometer measurement (e), f),
g) and h)) along the direction perpendicular to the active stripe (dashed line B in
Fig. 3.4) for 4 main steps of the butt-joint process and contact layer growth. When
present, the SiNx hard mask level is taken as height reference for the measure-
ments.

Fig. 3.7 a), b), c) and d) show schematic cross-sections in the direction perpen-
dicular to an active stripe for the 4 main steps of the butt-joint and contact layer



3.6 Multi project wafer run 45

growth process described in section 3.4. Fig. 3.7 e), f), g) and h) show profilometer
measurements performed during the wafer fabrication for the same process steps.
These measurements give access to the step height and allow the characterization of
the influence of the etch stop layers. The case of 35µm-wide SAG mask is shown as
it provides the highest topology for active devices on the wafer.

The initial step in Fig. 3.7 a) and e) shows the profile after the growth of the active
stack, the wet etch of the SAG mask, and the deposition of the hard mask for the
active area. The step height corresponds to the total active layer stack thickness with
growth rate enhancement (780 nm in case of a 35µm-wide SAG mask). During the
wet etch of the active layer stack of (Fig. 3.7 b) and f)), the two etch stop layers limit
the etch depth in the substrate to 270 nm. Then, this step height is transferred during
passive regrowth (Fig. 3.7 c) and g)) and an additional overgrowth of 50 nm occurs
at the edges of the active area mask. Therefore a 320 nm total height difference
is measured. During the contact layers growth (Fig. 3.7 d) and h)), the topology is
transferred to the top surface without modification of the step height. The process
described in this section leads to a reduction of step height from 780 nm after the
active layer stack growth down to 320 nm after contact layers growth. The final
topology obtained makes it possible to proceed with the generic fabrication process.

After studying the surface topology during the butt-joint process, a full multi-
project wafer run was carried on with the wafers.

3.6 Multi project wafer run

The technological developments described in this chapter enabled the fabrication of
wafers combining SAG with all active and passive devices from the platform process
design kit (PDK). Thanks to the generic approach, the first SAG-generic MPW run
was fabricated.

Only the active BBs of the PDK were modified to add the SAG mask for band gap
tuning, and only one extra lithography is necessary for the definition of the SAG mask
pattern prior to the active layer stack growth. After the active layer stack growth and
the wet etch of the SAG dielectric mask, the rest of the generic fabrication process was
performed. The top cladding growth described in chapter 3 was performed, shallow
and deep waveguides were defined, a dielectric layer was deposited for passivation,
the planarization was performed with polyimide, and metal contacts were defined.
Subsequently the wafer was thinned down with grinding and polishing, back metal
was deposited, and the individual chips were cleaved off, with deposition of an anti-
reflection coating on the facets when necessary. Fig. 3.8 shows a photograph of a 51
mm (2-inch) wafer after metal deposition and lift-off.
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Figure 3.8: Photograph of a 51 mm (2-inch) wafer fabricated for the first SAG-generic MPW
run.

The integration of SAG with minimal design and processing modifications gave
access to all active and passive BBs from the platform PDK with marginal design
rule modification. Building blocks and photonic circuits already designed in the plat-
form were reused with SAG building blocks to produce gain measurement struc-
tures [100], modulators [101], and lasers [102].

In total 52 chips with 14 different designs were fabricated on the same wafer.
Eight of these designs aim at characterizing the SAG influence on active device per-
formance, two designs concern the implementation of electro-absorption at different
band gaps, two aim at characterizing Mach-Zehnder modulators containing quan-
tum wells. In addition, two cell designs are application specific. The first one aims at
providing an array of electro-absorption modulated lasers with intra-cavity arrayed
waveguide grating. And the second one provides an array of tunable lasers with
shifted tuning ranges to provide an extended tuning range laser source. A number of
these chips have been measured and the results are presented in the next chapters.
Additionally, a broadband edge-emitting LED device made with four SOA sections
with shifted band gaps is presented in Appendix A.

Processing irregularity

During the wafer processing, some irregularities have been observed compared to
the standard generic integration technology. Fig. 3.9 a) shows an SEM picture of the
cross-section of a shallow-etched passive waveguide obtained in this work, with con-
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tact to a metal layer deposited on top of it. As a comparison, Fig. 3.9 b) shows an SEM
picture of the cross-section of a shallow-etched active waveguide with metal contact
obtained in an MPW run of the standard generic integration platform fabricated by
SMART Photonics.

a) b)

Figure 3.9: a) SEM picture of the tilted cross-section of a shallow-etched passive waveguide
with metal contact in the SAG run. b) SEM picture of the cross-section of an ac-
tive shallow-etched waveguide with metal contact in an MPW run of the standard
platform (image courtesy: SMART Photonics).

The sample has been cleaved by hand, which explains the substrate shard visible
on the right part of Fig. 3.9 a).

The standard platform cross-section (Fig. 3.9 b)) contains a planarization poly-
imide layer on the sides of the waveguide ridge which keeps the metal layer above
the substrate and away from the waveguide ridge.

In the SAG-based run, the polyimide has been over etched, resulting in a con-
tact between the metal and the substrate on the sides of the waveguide ridge and
a reduced distance between the metal and the waveguide core. Nevertheless, the
waveguide ridge is surrounded by a partially-etched dielectric layer on top of which
the metal is deposited. This layer provides confinement of the mode within the
waveguide core, and prevents the mode to expand directly into the metal. Therefore
the fabrication process has been carried on until the end.

3.7 Conclusion

We demonstrated the combined integration of SAG and generic technologies using
a butt-joint process. An adaptation of the growth conditions enabled a defect-free
SAG growth morphology with 140 nm-thick SCH layers in the field area. A defect-
free butt-joint interface has been demonstrated for the case of absence of SAG mask
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and for the case of a 35µm-wide SAG mask, confirming the compatibility of the SAG
technique with the generic process. The design of etch stop layers combined with the
butt-joint integration allowed the reduction of topologies on the wafer from 780 nm
to 320 nm. From 6 different wafers grown in 3 batches, a PL wavelength range of
203 nm is demonstrated between the absence of SAG mask and a SAG mask width of
35µm. An MPW run has been fabricated using the full generic integration platform
PDK with band gap shift enabled by SAG for active building blocks.



Chapter 4
Wide band gap tuning enabled by
the SAG–generic integration

The integration of SAG–generic devices induces variations of multiple quantum well
structures and active-passive waveguide cores mismatch which have an influence on
the device performance. In this chapter, the capability offered by SAG for extended
band gap tuning is addressed by characterizing the properties of basic devices fabri-
cated with a wide range of SAG masks on the multi-project wafer run described in
Chapter 3. The study of opportunities and limits offered by the SAG–generic inte-
gration is made through net modal gain, lasing performance, and spurious reflection
measurements across the band gap tuning range. This characterization of SAG per-
formance is made with standard characterization designs already demonstrated in
the platform in order to validate their integration with band gap tuning and to pro-
vide reliable values.

The characterization of devices with SAG mask variations aims at answering the
following questions:

• Does the use of SAG compromise the performance of photonic devices of the
generic photonic integration platform?

• Over which wavelength range does the SAG–generic integration provide high
device performance?
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4.1 Introduction

After having developed the SAG–generic fabrication process as described in the pre-
vious chapter, a validation of device performance was performed to study the varia-
tions over the available range of band gaps. The process development to integrate
SAG in full compatibility with the generic photonic integration platform enabled the
use of the devices and characterization methods already proven to be reliable. To
address the influence of SAG over device performance, the full range of SAG mask
widths available on the MPW run – from 0 (meaning absence of SAG mask) to 36µm
– was used in characterization devices.

This chapter is organized a follow: Section 4.2 presents the characterization
of multi-section semiconductor optical amplifiers (SOA) to extract the net modal
gain variations with SAG by using a method recently developed with the platform
BBs [100]. Section 4.3 presents the influence of SAG over Fabry–Pérot laser perfor-
mance in terms of threshold current and slope efficiency for 10 different gain band
gaps.

4.2 Gain measurements

The gain provided by an active section is a key element in a photonic circuit to make
semiconductor optical amplifiers and lasers. We demonstrate in this section the char-
acterization of integrated gain sections with band gap tuning. This study explores
the performance and limits provided by the selective area growth technology for
wide band gap tuning.

4.2.1 Net modal gain measurement method

The use of generic integration enabled the use of standard test structures and au-
tomation scripts for gain measurements. Oster et al. proposed a method to measure
the net modal gain of an integrated active section by fabricating SOAs with different
lengths and measure their amplified spontaneous emission (ASE) spectra [103]. For
each wavelength, the gain as a function of length follows the equation 4.1:

PASE,L(λ) = ηc
psp(λ)

g (λ)
(eg (λ)L −1), (4.1)

PASE,L being the single-pass amplified spontaneous emission intensity, ηc being
the output power coupling efficiency from the waveguide to the optical spectrum
analyzer (OSA) used to measure the spectrum, psp being the output spontaneous
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emission, g being the gain and L being the SOA length. Therefore, the value of the
gain can be extracted from a fitting of the data at different SOA lengths.

Using this fitting principle, a method to measure gain with high reliability was
recently demonstrated by using the generic platform in [100]. It is based on a multi-
section SOA device providing an effective SOA length increase when more and more
sections are operated, as proposed by Thomson et al. [104]. The multi-section SOA
device enables the measurement of net modal gain from a single output waveguide,
thus preventing fiber alignment variations and increasing the speed of measurement.
A multi-section SOA device consists in five 150µm-long SOAs separated by 30µm-
long passive sections partially etched to provide electrical isolation. A schematic of
the multi-section SOA device is shown in Fig. 4.1 a). Each section is represented by a
rectangle, with the metal pad in yellow and the active waveguide in red. The passive
waveguides are represented in green. They have an angled incidence of 7° at the
chip facets to reduce back reflections into the chip.

a)

150 μm-long SOA sections

Passive isolation section

Cleaved angled outputs
Passive waveguide

4.6 mm-long chip
b)

Figure 4.1: a) Schematic of a multi-section SOA device. b) Picture of a chip containing multi-
section SOA devices. 12 band gap values were provided by different SAG mask
widths on the same chip.

To measure the net modal gain, an increasing number of SOA sections are biased
simultaneously with a specific current density, starting from the section closest to the
chip facet. For each number of simultaneously biased SOAs from 1 to 4, the ASE
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spectrum is recorded. The fifth SOA section is kept unbiased to provide absorption
of the back-propagating light and prevent disturbance of the measurement from spu-
rious reflections. Then, a fit of the ASE as a function of SOA length is performed at
each wavelength point of the spectra following the equation 4.1. This measurement
is repeated for a set of current densities ranging from 1.5 to 10 kA·cm−2.

4.2.2 Measurement as a function of SAG mask width

An array of such multi-section SOA devices has been fabricated using a range of SAG
mask widths to provide a direct characterization of the gain as a function of band
gap tuning. A picture of the chip is shown in Figure 4.1 b), the bottom part being
used for the multi-SOA sections. 12 different band gaps have been designed on the
chip to characterize the evolution of gain with SAG effect.

To record the amplified spontaneous emission (ASE) spectra, the bare chip was
placed on a copper holder kept at a constant temperature of 20 °C using a thermo-
electric cooler (TEC) unit. Four electrical probes were used to inject current into the
SOAs. The output power was collected by a lensed optical fiber. A 10:90 splitter was
used to direct 10 % of the light into a power meter for fiber alignment control and
90 % to an OSA to record the output spectrum. With different biasing configurations,
the total SOA length under current injection was adjusted to be 150, 300, 450, and
600µm. For each configuration, the ASE spectrum was recorded from the same out-
put waveguide. Between each ASE measurement, an automated re-alignment of the
fiber was performed to ensure a constant fiber coupling loss.

Fig. 4.2 a) shows the ASE spectra measured when injecting a current density of
10kA·cm−2 in 1, 2, 3, and 4 sections respectively in a multi-section SOA structure with
a 17µm-wide SAG mask. At each wavelength, an exponential fit is applied to the
4 values measured, which enables the extraction of the gain using the equation 4.1.
Fig. 4.2 b) shows the gain spectra extracted for the highest current injection measured
for different multi-section SOA devices with SAG mask widths ranging from 0 to
31µm. Peak gain values above 30 cm−1 are obtained over a 210 nm range. The
evolution of the gain with the SAG mask width shows a first increase of gain peak
for wavelengths from 1456 to 1573 nm, optimum gain peak values up to 72 cm−1

from 1573 and 1635 nm, and a decrease of the gain for structures with longer peak
wavelengths. Gain peak values around 70 cm−1 at 10 kA·cm−2 are similar to the
values obtained in the generic platform without SAG [24,100].

Fig. 4.2 c) shows the evolution of the net modal gain peak value as a function of
injected current density. We can notice that the saturation of the gain at a current
injection around 12 kA·cm−2. The gain-current injection relation for an SAG mask
width of 31µm shows a higher slope compared to the other structures.
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a) b)

c)

Figure 4.2: a) Amplified spontaneous emission spectra from a multi-section SOA with a 17µm-
wide SAG mask under a 10 kA·cm−2 current density into 1, 2, 3, and 4 SOA sec-
tions. b) Net modal gain spectra measured for different SAG mask widths at cur-
rent densities of 9.5 (dashed lines) and 10 (solid lines) kA·cm−2. c) Net modal
gain peak as a function of injected current density.

The variation of gain as a function of SAG mask width is assumed to be due to the
variation of the MQW structure. Indeed, the thickness and composition variations in-
duced by SAG have an influence over the confinement in the MQW and the MQW
performance [81]. For all structures, the gain value at long wavelength converges
towards a negative gain value below −30 cm−1. An ideal gain structure would be
transparent to long wavelength, therefore its gain would converge to 0 cm−1. A neg-
ative value indicates a propagation loss present in the active sections. This measured
propagation loss is higher than the ones reported from the standard generic photonic
integration platform, showing a gain at long wavelengths around −10 cm−1 [100].
The higher loss measured in this work may be attributed to the reduced spacing
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between the waveguide and the metal, as described in chapter 3, section 3.6, or by
the additional doping in the active core layers used in this work compared to the
standard platform, as presented in section 3.2.1.

After extracting the net modal gain of the active sections, the lasing performance
and spurious reflections at the butt-joint interface as a function of band gap tuning
is studied with extended cavity Fabry–Pérot lasers.

4.3 Fabry–Pérot Lasers

The performance of the SAG–generic active-passive integration is assessed through
the characterization of arrays of extended cavity Fabry–Pérot (FP) lasers with differ-
ent SAG mask widths. The laser structure is presented in Fig. 4.3 a). It consists of
a gain section connected to passive waveguides on each side to form an extended
4.6 mm-long cavity. As-cleaved facets provide 33 % reflection. Gain sections with 10
different SAG mask widths from 0 to 36µm were designed to study the variation
of lasing performance with band gap tuning. A photograph of the measured chip is
shown in Fig. 4.3 b). The active sections are clearly visible thanks to their gold metal
pad. 10 groups of four lasers with different active section lengths were designed.

The next section presents an example of measurement of laser variations for the
case of 500µm-long gain sections, and the following section presents a summary of
the influence of the SAG effect for all four gain section lengths.

4.3.1 Laser measurement results

LIV characteristics

To measure the light-output versus current (LI) and the voltage versus current (VI)
characteristics of the lasers, the bare chip was placed on a copper plate kept at a
constant temperature of 20 °C with a TEC unit. The lasers were probed and driven
in continuous wave regime and the output light from one facet was collected with a
large area photodetector.

The measured LI characteristics of the lasers with a 500µm-long gain section
for a range of SAG mask widths are presented in Fig. 4.4 a). The color of each line
goes from purple to red by increasing SAG mask width (and therefore increasing
wavelength of emission). Eight lasers with SAG mask widths up to 27µm show
threshold currents around 35–40 mA and output powers at 200 mA current injection
from 5.7 to 10.5 mW. The two lasers with SAG mask widths of 31 and 36µm show
threshold currents exceeding 90 mA.
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a)

Active section

Butt-joint interface
Cleaved facet

Passive waveguide
4.6 mm-long cavity

b)

Figure 4.3: a) Schematic of an extended cavity Fabry–Pérot laser. b) Picture of a chip con-
taining FP lasers. Groups of four lasers with different gain section lengths were
fabricated with 10 different gain band gaps.

The measured VI characteristics of the same lasers are presented in Fig. 4.4 b)
with the same color coding. The measured turn-on voltage of each laser is close
to its band gap energy, in contrast with the extra voltage observed with the same
type of laser in chapter 1.6, section 2.3. This indicates that adding doping inside the
SCH layers (as described in chapter 3, section 3.2.1) improved the current conduction
through the semiconductor structure.

Spectra

The measured spectra for the extended-cavity FP lasers with 500µm-long gain sec-
tions are presented in Fig. 4.5. The spectra were recorded at 20 °C by coupling the
output light from one facet to a optical fiber, introducing a coupling loss estimated
at 3 dB. A 10:90 splitter was used to direct 10 % of the light into a power meter to
control the fiber alignment and 90 % to an OSA to record the output spectrum. The
current injection used was 100 mA for the first 9 lasers and 180 mA for the laser with
36µm-wide SAG mask.
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a)

b)

Figure 4.4: Continuous wave a) LI and b) VI characteristics of Fabry–Pérot lasers with 500µm-
long gain section for different SAG mask widths. The power was recorded from
one side of the laser by a large area photodetector.

The spectra show lasing operation over a 254 nm wavelength range (1470–1724 nm).
The lower output power recorded from the laser with 9µm-wide SAG mask is at-
tributed to damage of the device during operation.

The power discontinuities of the LI characteristics and the uneven lasing peak
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Figure 4.5: Spectra of Fabry–Pérot lasers for different SAG mask widths. The power density
was recorded in fiber from one side of the laser with a 0.5 nm resolution bandwidth
(RBW). The current injection was 100 mA for the first 9 lasers and 180 mA for the
laser with 36µm-wide SAG mask.

powers of the FP lasing combs indicate the presence of spurious reflections. We
attribute it to reflections occurring at the butt-joint interfaces since they are the only
interfaces present by design inside the FP cavities. A study of the lasing spectra as a
function of current injection would provide additional evidence for the presence of
the reflections.

4.3.2 Analysis for all lasers

Fig. 4.6 summarizes the threshold currents and slope efficiencies obtained for the set
of lasers as a function of SAG mask width. The threshold current of each laser was
extracted by identifying the peak of the second derivative of the LI characteristic.
The slope efficiency is measured from a linear fit of the LI characteristic over 10 mA
above threshold. The absence of data point indicates no lasing regime measured up
to a current of 200 mA.

For each set of lasers with the same gain section length, threshold currents show
limited variations for SAG mask widths from 0 to 27µm, ranging from 29 mA to
65 mA (see Fig. 4.6a)). For gain section lengths of 300, 500, 750 and 1000µm, the
threshold current ranges are 29–37, 35–41, 45–51 and 57–65 mA respectively. For
SAG masks wider than 27µm, a sharp increase of threshold current is measured,
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a) b)

Figure 4.6: a) Threshold current and b) slope efficiency at threshold of extended cavity FP
lasers of different gain section lengths as a function of SAG mask width. The laser
peak wavelength axis is based on the peak wavelengths measured from the lasers
with 500µm-long gain section.

showing values above 90 mA for all lasers.
For the different lasers, the slope efficiency shows an increase between the un-

masked case and the narrow 7µm-wide SAG mask case, and then a tendency to
progressively decrease for wider SAG masks (see Fig. 4.6b)).

4.4 Conclusion

The performance of devices fabricated with the SAG-generic integration were stud-
ied as a function of band gap tuning. Direct gain measurements were performed
with multi-SOA sections structures in across the band gap range provided by SAG.
Peak modal gain values above 30 cm−1 were recorded over a 210 nm range, with a
maximum value of 72 cm−1, comparable to the mature generic technology. Extended
cavity FP lasers have been fabricated over the available range of band gaps to char-
acterize the potential of SAG for active devices.

An array of Extended cavity Fabry–Pérot lasers with 10 different gain section
band gaps have been measured from a single chip. Threshold currents as low as
35 mA and slope efficiencies up to 100 mW/A are achieved. Some reflections at
the butt-joint interface are suspected from the measurements of FP lasers and limits
in device performances are shown with SAG mask widths above 27µm, but lasing
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regime is provided with SAG mask widths up to 36µm, demonstrating lasing peaks
over a 254 nm wavelength range, with best performance over a 185 nm wavelength
range (1470–1655 nm).

This performance validates the first successful integration of SAG technology into
a generic foundry platform.





Chapter 5
Complex multi-band gap PICs:
Laser source tuning range
extension

The band gap range enabled by selective area growth (SAG) makes it possible to
combine on a single die photonic circuits operating at different wavelengths. Using
the SAG technology available on the multi-project wafer run described in Chapter 3,
we demonstrate the combination of 4 widely tunable lasers with shifted wavelength
ranges on a single chip. An extension of the tuning range from 35 nm to 96 nm was
demonstrated using 3 lasers.

The integration of the four lasers and the tuning scheme used in this work have
been presented at the 31st Annual Conference of the IEEE Photonics Society (IPC), in
2018 [105]. The extended tuning capability of the laser source has been presented
at the 44th European Conference on Optical Communication (ECOC), in 2018, in-
cluding the variation of SMSR and the single frequency lasing operation [106].

This chapter presents the design and measurement of this tunable laser source
with extended wavelength range. More precisely, the following questions are ad-
dressed:

• Can we create tunable laser source with extended wavelength range using a
combination of four lasers with shifted band gaps?

• Can we reach the full tuning range with a simple tuning scheme?

• What are the limits to the tuning range extension with the SAG–generic inte-
gration?
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5.1 Introduction

Monolithically integrated widely tunable laser sources are of great interest for telecom-
munication networks and sensing applications [21, 107]. The extension of tuning
capability would make it possible to cover a range beyond the telecommunication C
band, and to extend capabilities of sensing systems. This section presents a review
of recently fabricated integrated lasers offering wide tuning ranges from different
photonic integrated circuit technologies. The reported works are summarized in Ta-
ble 5.1.

Table 5.1: Summary of widely tunable laser technologies sorted by their respective wavelength
tuning range.

Technology Tuning method Tuning
range [nm]

Reference

Monolithic InP

DS-DBRa 45 [108,109]
Grating-based Vernier effect 47 [110]
TunITb 50 [111]
MCIc 53.6 [112]
3-stages AMZId* 74.3 [113]
Coupled FPe cavities 84 [114]

Si + InP
Tunable RRsf 90 [115]
Broad-band SOA + Tunable RR 95 [116]

aDigital Supermode Distributed Bragg Reflector
bTunable Interferometric Transmitter
cMulti-Channels Interferometer
dAsymmetric Mach-Zehnder Interferometer
eFabry–Pérot
fRing Resonator
*Used in this work.

Sampled-grating distributed feedback reflector (SG-DBR) are well-known struc-
tures to provide flexible wavelength division multiplexing (WDM) sources. Around
45 nm wavelength tuning range has been demonstrated by Ward et al. with this kind
of device [108, 109]. To reach the whole tuning range, currents up to 5 mA are
applied to 2 front gratings, and a current up to 60 mA is applied to the rear grat-
ing. Fiber power above 14 dBm is obtained with a semiconductor optical amplifier
(SOA) booster and side-mode suppression ratios (SMSR) above 40 dB are measured
at 25 °C over the whole tuning range [108]. With a laser power of 110mA and a SOA
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booster current of 65 mA, an in-fiber output power above 7 dBm is achieved over a
wavelength range over 30 nm at a temperature of 60 °C [109].

Another structure is proposed by Yagi et al. [110], based on a tunable distributed
amplification sampled grating distributed feedback laser (TDA-CSG) and a chirped
sampled grating distributed reflector (CSG-DR). The laser uses a periodic gain emis-
sion, 3 sampled gratings, and an SOA section. A thermal tuning provides a Vernier
effect between the 2 grating filter periodicities, enabling a tuning range of about
47 nm. Output power above 17 dB can be reached with the SOA booster at the laser
output, and SMSRs above 45 dB are reported over the tuning range.

More recently, a tunable interferometric transmitter (TunIT) structure has been
developed by Mashanovitch et al. and provided a tuning range beyond 50 nm [111].
It is based on a Y-branch structure with phase shifters, Vernier mirrors, SOAs and
modulators of each arm. By simultaneously tuning the Vernier mirrors with currents
up to 50 mA, continuous tuning is possible over wavelength windows of the order of
5 nm. An output power around 3 mW is reached in the center of the tuning range,
and SMSRs above 40 dB are reported over 40 nm wavelength range.

Alternatively, a multi-channel interferometer (MCI) structure is proposed by Chen
et al. [112]. The mode selection is obtained with tuning phase shifters in the 8 arms
of the interferometer. A 53.6 nm tuning range is demonstrated with SMSR above
44 dB over the whole range. Output power without SOA is above −5 dBm.

More recently, a reflective Fabry–Pérot filters with half-wave lossy trenches struc-
ture is proposed by Hu et al. [114]. In this case, the temperature-induced refractive
index change together with the shift of the gain spectrum provide the peak wave-
length tuning. A coarse tuning with 7.6 nm spacing is shown over a tuning range of
84 nm. Facet output powers between −25 and −15 dBm and SMSRs above 40 dB are
obtained across the tuning range.

Hybrid integration is also studied to benefit from the combination of an effi-
cient amplifier from InP technology and sharp filtering properties of tunable ring
resonators on Silicon photonics technology.

The hybrid integration of a III–V SOA with a silicon-on-insulator photonics cav-
ity is proposed by Elfaiki et al. [115] to provide a very wide tuning range. The
device uses Vernier effect between two thermally-tuned ring resonators. A 90 nm
wavelength tuning range is achieved with SMSRs above 30 dB over the whole tuning
range. In this case, the tuning range of the laser was limited by the gain spectral
bandwidth. A booster SOA biased at 120 mA enables a 9 mW output power from
the device. Nevertheless, the laser operation is obtained with significant power con-
sumption, since a 250 mW power is required to tune the ring filter over its full FSR.

The design of a specific reflective SOA (RSOA) for wideband optical gain is pro-
posed by Verdier et al. [116], providing a 111 nm spectral Amplified spontaneous



64 Complex multi-band gap PICs: Laser source tuning range extension

emission (ASE) bandwidth for a current of 380 mA. A III–V/Si hybrid laser was pro-
duced with a 3 mm-long RSOA section butt-coupled to a Si cavity. A thermally-tuned
racetrack ring resonator and an asymmetric Mach–Zehnder interference (AMZI) mir-
ror with a phase shifter provide a 95 nm wavelength continuous tuning range over
the C and L bands. High facet output powers from 5 to 15 dBm and SMSRs above
35 dB over the full tuning range were recorded. This solution is showing wide tuning
performance, but requires a butt-coupling hybrid integration, requiring high accu-
racy chip alignment and making packaging more difficult.

In a previous work a tunable ring cavity laser was presented in the TU/e generic
integration platform by Latkowski et al. [113]. A facet output power of 3 dBm was
demonstrated with SMSR of 43 nm and a linewidth of 363 kHz. Coarse tuning is pre-
sented in the paper over a 74.3 nm tuning range, and high resolution tuning capabil-
ity is demonstrated by scanning a gas absorption line of 6.9 pm-wide linewidth. The
design and fabrication of an array of four such lasers has been presented in [102].
With this photonic integrated circuit, the laser outputs are combined in a single
waveguide while simultaneous operation of the four lasers is enabled.

Since the selective area growth technology is seamlessly added to the generic
integration technology in this work, a similar chip design can be used with the mod-
ification of the gain section building block. By using selective area growth (SAG),
band gap tuning for each gain section is enabled, thus enabling control over the
central wavelength of the tuning range of each laser.

In this chapter we present the combination of four widely-tunable lasers with
shifted wavelength tuning ranges to demonstrate an extended tuning range laser
source. Section 5.2 describes the design and tuning mechanism of an individual laser,
and the design of the laser source with extended wavelength range which combines
four tunable lasers with shifted band gaps. Section 5.3 describes the measurement
method to access the tuning range of each laser, section 5.3.3 presents the result
of the combined tuning range from the 4 lasers. The results are then discussed in
section 5.3.5 and a summary is given in section 5.4.

5.2 Laser source design

The extended tuning range laser source developed in this work is based on the combi-
nation of four widely tunable ring cavity lasers on a single chip. The chip design was
previously fabricated in a multi-project wafer (MPW) run of the standard generic in-
tegration platform to enable the simultaneous operation of 4 identical tunable lasers
over the same tuning range [102]. In this work, the integration of SAG into the
generic integration platform is made seamlessly by only adapting the active building
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blocks to add the SAG mask, as described in chapter 3, section 3.4. Therefore the rest
of the design could be kept identical.

In this section we first describe the tuning mechanism of such a ring cavity laser,
and then present the design of the four combined lasers on a single chip.

Tunable laser design

Fig. 5.1 a) shows a schematic representation of an extended ring tunable laser. It
consists of a ring cavity with a 1 mm-long semiconductor optical amplifier (SOA) as
a gain section, three asymmetric Mach–Zehnder interferometers (AMZI) in series,
an in-line phase modulator, and a 2×2 multi-mode interference (MMI) splitter. An
on-chip multi-mode interference reflector is added at one output of the MMI split-
ter to ensure uni-directional propagation of the light inside the cavity. The three
AMZI filters (referred to as coarse, middle and fine filters) act as tunable filters to
select the lasing mode. They consist of two arms with different lengths to provide
a wavelength-dependent sine interference pattern. Each arm of the AMZIs includes
a 2.1 mm-long bulk phase modulator to tune its optical path length independently.
Therefore, the peak transmission wavelength of each filter can be tuned by reverse-
biasing one of the phase modulators. When the bias is swept across the 2π phase
voltage of one phase modulator, the AMZI transfer function is shifted across a full
free spectral range (FSR). The coarse, middle and fine AMZI filters have arm length
asymmetries of 9, 97 and 1263µm respectively, providing FSRs of 70, 7 and 0.5 nm
respectively, following the equation 5.1.

F SR = c

∆L,
(5.1)

c being the speed of light in vacuum and ∆L the optical path length unbalance be-
tween the two arms of the AMZI.

The in-line phase modulator is used to control the effective ring length, and thus
tune the position of the longitudinal cavity modes. The average ring cavity length is
16 mm, corresponding to a cavity mode spacing of 0.04 nm around 1550 nm, follow-
ing the equation 5.2.

∆λ= λ2
0

ng .L,
(5.2)

∆λ being the cavity mode spacing, λ0 being the central wavelength (1550 nm in our
case), ng being the group velocity (3.6 in our case) and L being the ring cavity length.

Fig. 5.1 b) shows an example of the filtering transfer functions of the three AMZI
filters and the modal gain profile (dashed red line). The three filter transfer func-
tions are represented in green, blue, and yellow for the coarse, middle, and fine
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a)

b)

c)

Figure 5.1: a) Ring cavity laser design. b) Model of the transfer functions of the 3 AMZI filters
and of the modal gain profile. The black line shows the combination of the four. c)
Longitudinal cavity modes comb (green lines) filtered by the combination of the 3
AMZI filters and the modal gain to select a peak with highest power (represented
by a red dot).

filters respectively. The combination of the four profiles result in the filtering profile
represented by a black line. Fig. 5.1 c) shows longitudinal cavity modes comb (green
lines) filtered by the three filters and the modal gain profile. The alignment of the
AMZI filters transfer functions provides a selection of the lasing peak while attenu-
ating the other longitudinal modes. In this way, wavelength selection is enabled by
the coarse and middle filters, and single mode lasing is made possible by filtering out
side modes with the fine filter. Since the in-line phase shifter enables the shift of the
cavity modes beyond their FSR, it is possible to reach any wavelength over the laser
tuning range.
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The tuning mechanism for each laser being clarified, the next section presents
the use of SAG to shift the laser band gaps in order to extend the tuning range when
using several lasers in parallel.

Combination of four lasers and SAG

The SAG-based laser source uses a chip design which has been previously made with
4 lasers in parallel and a combined output. By adding the SAG technology to the
fabrication process, the band gap of each gain section is shifted in order to place the
tuning ranges of each laser adjacent to each other.

The laser array is designed with the output of each laser routed to a combiner
and to a single output at the chip facet. Fig. 5.2 a) shows the schematic of the circuit
with 4 lasers and their outputs combination. The gains sections of the four lasers
are designed with SAG mask widths of 13.6, 18.8, 24.9 and 31µm to target photo-
luminescence peak emission wavelengths with a 30 nm wavelength spacing between
each other. For each laser the indicated wavelength in Fig. 5.2 a) corresponds to the
photoluminescence wavelength measured for the corresponding SAG mask width.
The outputs from the four lasers are combined to an output waveguide thanks to
cascaded 2×2 multi-mode interference couplers.

a) b)

Figure 5.2: a) Schematic of the chip combining 4 tunable lasers with their gain peak wave-
length indicated. b) Photograph of the wire-bonded chip.

Fig. 5.2 b) shows the photograph of a fabricated chip with four lasers, mounted
on an aluminum holder with a conductive epoxy and connected to two printed circuit
boards (PCB). A total of 201 building blocks were used to design this photonic inte-
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grated circuit. The chip is 4×4.6 mm2 in size and was fabricated in the SAG–generic
MPW run described in chapter 3. For each laser, the contacts to the gain section and
the phase modulators of the three intra-cavity filters are routed to metal pads at the
edges of the chip. Wire-bonding was used to connect the metal pads to two PCBs.
Each electrical contact on the PCB is connected to a port of a 25-pin D–sub connector
to access them from a voltage output module (NI 9923) controlled by a computer.

The design of the laser source has been described in this section. The next section
describes the method used to measure the tuning range of each laser.

5.3 Tuning range measurement

The tuning range of each laser has been evaluated by tuning the coarse and middle
AMZI filters. A tuning map is measured for each laser to evaluate the accessible
tuning range.

5.3.1 Experimental setup

The aluminum chip holder is kept at 18 °C during the measurements. The lasers
are characterized one after another using a laser diode current source to drive the
gain section with 150 mA. A multiple voltage source module is used to tune the
laser wavelength by reverse biasing the intra-cavity filters. A lensed optical fiber
is aligned to the output waveguide of the chip with a 3-axis piezocontroller. The
optical spectrum is recorded by an optical spectrum analyzer (OSA) with a resolution
bandwidth of 0.05 nm.

5.3.2 Tuning maps of individual lasers

In order to inspect the tuning range of each laser, the two coarsest filters (named
coarse and middle filters) are tuned from 0 to −9 V with steps of 0.3 V, providing
a 31×31 tuning map (961 spectra in total). This method provides a step-wise tun-
ing over the whole tuning range for each laser. The amplifier of laser 4 was found
to provide insufficient gain to overcome cavity losses and reach lasing regime. This
degradation of performance when using SAG mask wider than 27µm corroborates
with the results from the characterization of Fabry–Pérot lasers presented in chap-
ter 4, section 4.3. The resulting tuning maps for the three other lasers are presented
in Fig. 5.3 a)–c).

The bias of the middle filter and the bias of the coarse filter are used as x and
y-axis respectively. For each bias point, the wavelength of the lasing peak of highest
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a) b)

c)

Figure 5.3: Tuning maps of the three lasers a) laser 1, b) laser 2, and c) laser 3.

power is indicated by a color according to the color scale indicated on the right side
of the tuning map. The maximum and minimum wavelengths measured across the
tuning map are reported at the top and bottom of the color scale. Total tuning ranges
of 37.2, 38.1, and 37.4 nm are obtained with this tuning scheme for lasers 1, 2 and
3 respectively. A 2π phase shift voltage of around 5.5 V is visible from the periodicity
of the tuning maps along the vertical direction (coarse bias).

In the horizontal direction (when tuning of the middle filter), the 2π voltage
varies from laser to laser. Fig. 5.3 a) shows a 2π voltage of around 5.5 V for the
middle filter of laser 1 (see Fig. 5.3 a)). This value is consistent with the one of the
coarse filter. For laser 2 (Fig. 5.3 b)), the measured 2π voltage varies with the coarse
voltage bias. This is due to an open circuit on the metal track to one of the arms
of the middle filter, which prevented grounding of the arm. Because of an electrical
cross-talk between phase shifters through the p-side of the waveguides, the biasing
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of either the second arm of the middle filter or the coarse filter induce a non-zero
bias on the floating arm. Therefore the differential bias between the two arms of
the middle filter is lower than expected and the tuning is less efficient. This effect
can be seen on the tuning map since the tuning period (2π voltage) in the horizontal
direction (middle filter bias) is of approximately 9 V instead of being around 5.5 V,
as it is the case in the vertical direction (for the coarse filter). For laser 3, the tuning
map shows a more scattered profile (Fig. 5.3 c)). This behavior is assumed to be
linked to fabrication imperfections or spurious reflections in the laser cavity.

After measuring the spectra for each laser, the overall performance of the ex-
tended laser source can be analyzed.

5.3.3 Total tuning range extension

In order to observe the tuning capability of the laser source, the spectra were se-
lected by choosing the peaks with highest side mode suppression ratio (SMSR) for
each wavelength and discarding all spectra with SMSR below 20 dB. The resulting
selection is shown in Fig. 5.4. The spectra from different lasers are distinguished by
color and the different spectra for the same laser are distinguished by color bright-
ness. An emission spectrum of laser 4 at 300 mA current injection is also added to the
figure to measure the central wavelength of emission. The central emission wave-
lengths of the four gain sections are 1565, 1597, 1625, and 1665 nm, in agreement
with the designed 30 nm wavelength spacing, except for the 40 nm spacing between
laser 3 and laser 4, which can be due to the higher injection current for laser 4. From
the filtered spectra, the wavelength tuning ranges for the three other lasers are 34.2,
38.0 and 37.4 nm-wide from shorter to longer wavelength laser. The tuning ranges
of the lasers overlap by 4.4 nm for lasers 1 and 2 and 9.4 nm for lasers 2 and 3, al-
lowing the possibility for continuous step-wise tuning over the total extended range
of 96 nm.

The in-fiber laser output powers are measured with an estimated attenuation
of 11 dB from two cascaded 2×2 multimode interference couplers (4 dB loss each)
and the fiber coupling loss (3 dB loss). External peak powers up to −13.2 dBm are
measured, corresponding to an estimated laser output of −2.2 dBm.

The SMSR of the spectra were measured and are shown as a function of wave-
length in Fig. 5.5. Each laser is distinguished by a different marker shape and by
using the same color as in Fig. 5.4. For a large portion of the tuning ranges the mea-
sured SMSRs reach values above 40, 35 and 25 dB for lasers 1, 2 and 3 respectively.

A constant current injection is used and only the two coarser filters are tuned
for this laser tuning analysis. This explains the variation of peak power and SMSRs
between adjacent spectra in Fig. 5.4 and 5.5. In order to evaluate the performance
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Figure 5.4: Superposition of measured spectra (with 0.05 nm resolution bandwidth) from
lasers 1, 2 and 3 with SMSR above 20 dB and from laser 4 under 300 mA injection
current. The spectra from different lasers are distinguished by color.

Figure 5.5: Side mode suppression ratios above 20 dB measured across the tuning range for
the three lasers.

of the laser when tuning the three cavity filters, a manual tuning optimization was
performed with laser 1.
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5.3.4 Single-mode operation

Single-mode operation for the laser 1 was measured by tuning the three cavity fil-
ters and using a high precision OSA to resolve the longitudinal cavity modes. A
high precision APEX OSA was used to record a spectrum with a 20 MHz resolution
bandwidth. The spectrum of a lasing peak at 1551.52 nm is shown in Fig. 5.6. The
longitudinal cavity modes are clearly resolved, and the periodic transfer function of
the fine filter produces the lobes visible at low power. To maximize the lasing peak
output power and SMSR the alignment of the three intra-cavity filters was optimized
manually. A peak power of −8.5 dBm and an SMSR of 44.5 dB are measured. By
taking into account the the on-chip combiner and the fiber coupling losses – together
about 11 dB – the output power from the laser is estimated to be 2.5 dBm.

Figure 5.6: High resolution spectrum with 20 MHz resolution bandwidth of a single-mode las-
ing peak at 1551.52 nm.

5.3.5 Discussion

The Fabry–Pérot measurements presented in chapter 4 section 4.3 show a clear degra-
dation of lasing performance when using SAG masks wider than 27µm. This result
is corroborated with the absence of lasing regime from the tunable laser 4 which is
designed with a 31µm-wide SAG mask. Nevertheless, by choosing narrower SAG
masks for the 4 lasers with the same technology, it is expected to obtain lasing from
the four devices. In this case, an extension of the tuning range up to around 120 nm
would be possible.
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5.4 Conclusion

In this chapter we presented the design, measurement setup and characterization
result of a monolithic tunable laser source with extended wavelength range. The
use of SAG technology was combined with a complex photonic circuit design using
the standard generic integration platform. Thanks to SAG, the gain band gap of 4
tunable lasers were chosen to provide adjacent tuning ranges so that the combination
of their outputs covered a total tuning range of 96 nm. The tuning mechanism of
a single laser with 3-stage asymmetric Mach–Zehnder interferometer filtering of the
longitudinal cavity modes was explained, and the design of the chip with 4 combined
lasers was presented. We presented the tuning maps obtained from three of the four
lasers by tuning the two coarsest filters. Tuning ranges above 37 nm are obtained for
all three lasers, and the fourth laser did not provide sufficient gain to reach lasing
regime. The combination of the output spectra with SMSR above 20 dB shows an
overlap between adjacent tuning ranges of more than 4 nm, thus confirming the
capability of step-wise tuning over the total 96 nm tuning range accessible from three
tunable lasers. Optimization of the three cavity filters made it possible to obtain a
single frequency operation from laser 1 at 1551.52 nm with −8.5 dB external output
power and 44.5 dB SMSR.

The wide tuning range obtained from the monolithic laser source and the high
SMSR single-mode operation demonstrated the success of tuning range extension
with SAG.





Chapter 6
Multi-band gap EAMs in a
generic integration platform

Selective area growth (SAG) is a powerful technology to integrate electro-absorption
modulators (EAM) since a band edge shift between the light source and the EAM
provides low insertion loss and high extinction ratio [40]. However, EAMs are sensi-
tive to their quantum wells design, and the SAG induces variations of thickness and
composition of quantum wells to provide band gap tuning [117]. In this work, we
propose to integrate EAMs and passive devices through a butt-joint process. This
integration was made on the multi-project wafer run described in Chapter 3. In
addition to enabling independent design of the layer stacks for passive and active
sections, a butt-joint integration for passive devices together with SAG allows the
use of narrower SAG masks compared to a SAG-only technology. Indeed, the use of
SAG for both active and passive devices requires a large band gap variation to ensure
transparency of the passive sections [88]. In this chapter, a study of the influence of
SAG over EAM performance is performed to validate their integration in the SAG–
generic technology. EAMs over a 60 nm band gap range and the combination of an
EAM and an SOA on the same chip demonstrated the success of the integration.

The following questions are treated in this chapter:

• Can we make SAG EAMs with the same performance than SAG-free EAMs?

• Is the SAG technology developed in this work compatible with the generic EAM
device?

• What is the influence of band gap tuning over the EAM performance?

• Does the SAG-generic integration offers opportunities to make on-chip coarse
wavelength division multiplexing sources?
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6.1 Introduction

Electro-absorption modulators are devices enabling fast modulation speed for a small
voltage bias and a small footprint on a chip. They are extensively used for commu-
nication technology [118] and have been recently introduced into the TU/e generic
platform [119]. Their small size (typically 100–200µm) enables fast modulation
thanks to small resistance and capacitance [120]. The EAMs are based on a change
of band edge (and therefore absorption spectrum) when a reverse bias is applied. In
the "ON" state (unbiased EAM), the band edge wavelength is lower than the laser
signal wavelength, thus the absorption of the signal is low. In the "OFF" state (when
a reverse bias is applied to the EAM), the absorption edge wavelength is higher,
and therefore the laser signal is being absorbed. By using multiple quantum wells
(MQW), the quantum-confined Stark effect takes place, and provides more efficient
light modulation [121]. The characterization of EAM building blocks (BB) on the
platform showed an optimal laser wavelength detuning of 40 nm, maximum static
ER values of 14 dB and on-chip insertion loss of 7 dB [122]. The modulation of EAM
being wavelength dependent, their integration in a coarse wavelength division mul-
tiplexing (CWDM) configuration requires a control over their band gap. Moreover, to
integrate both EAMs and lasers on a chip, a shift of band gap between the two kinds
of devices is necessary to ensure high extinction ratio (ER) and low insertion loss for
the modulator.

SAG is a straightforward candidate to provide different band gaps for light sources
and EAMs with a single active layer stack epitaxy [67, 75, 87, 117]. The advantage
of using SAG is to be able to integrate light sources and EAMs adapted to different
CWDM channels with 20 nm spacing. In the case of 4 channel, it corresponds to 8
different band gaps which can all be provided with a single active epitaxy by using
SAG. With this technology, a four channel CWDM transmitter with a total of 13
different band gaps was demonstrated [40].

It is also possible to integrate a combination of SOA with an EAM to provide opti-
cal amplification and modulation on the same chip. In this way the modulation of a
laser signal is provided with a compensation of the insertion loss in the device. This
device can be particularly useful as modulators for colorless access networks or op-
tical gate for switches, where the propagation losses would have to be compensated
for [123,124]. In order to achieve high ER over the amplified signal, the band gap of
the EAM and of the SOA should be different. The use of SAG to provide the different
band gaps has been proposed in [92] for the integration of a reflective version of
the EAM-SOA device. Nevertheless, to the best of our knowledge this technology has
never been integrated in a generic photonic platform. Studying the integration of
SAG–generic EAMs and light sources is a first step towards the integration of multi-
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channel WDM photonic circuits.
Section 6.2 presents the integration of 4 EAMs with band gap shift by combining

SAG with a generic platform fabrication process. The variation of static performance
with band gap tuning is characterized and compared to EAMs from the standard
generic integration platform for benchmarking. The co-integration of light source
and EAM with wavelength detuning is also demonstrated in section 6.3 with the
combination of a semiconductor optical amplifier and an EAM.

6.2 Effect of SAG on static EAM performance

In this section we characterize the effect of SAG on the static properties of the EAMs.
In the scope of using EAMs for different channels of a CWDM transmitter, we should
verify that the static performance of the EAMs remains the same when tuning their
band gap. The characterization of the four EAMs and the comparison of their static
extinction ratios have been presented at the 21st European Conference on Integrated
Optics (ECIO), in 2019 [125]. A comparison with the performance obtained in the
generic platform is also presented for benchmark for the SAG integration.

6.2.1 EAM structure

To characterize the variations of EAM static performance with band gap tuning, ar-
rays of four 200µm-long EAMs were fabricated on a 2-inch wafer. Fig. 6.1 a) shows
the layout of an EAM and Fig. 6.1 b) shows a photograph of the EAM array. The input
and output waveguides are incident at the facet with an angle of 7° and the facets
are anti-reflection coated.

a) b)

Figure 6.1: a) EAM layout with the SAG mask stripes. b) Picture of a fabricated EAM array.

The 4 SAG mask widths used for the EAMs are 6.4, 9.1, 12.0, and 15.3µm. These
SAG masks correspond to 1503, 1524, 1545, and 1566 nm PL peak wavelengths
respectively (see chapter 4, Fig. 3.3), providing a targeted wavelength step around
20 nm to follow the CWDM standard.
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6.2.2 Experimental setup

To measure the EAM absorption as a function of bias, the bare chip was placed on a
copper holder at room temperature without temperature stabilization. An electrical
probe was used to bias the EAM and an external tunable laser was used to inject
light in the EAM with 0 dBm power in fiber. A polarization maintaining fiber was
used with the output angle calibrated to excite the TE mode of the waveguides when
the laser was set to 1550 nm. A schematic of the experimental setup is shown in
Fig. 6.2. The optical power transmitted through the EAM was collected at the chip

Figure 6.2: Experimental setup.

output and measured with a power-meter. Lensed fibers were used to couple the
light in and out of the chip, introducing a coupling loss of 3–4 dB at each facet. The
absorption was recorded while sweeping the EAM bias from 0 to −8 V with a 0.1 V
step.

6.2.3 Influence of band gap tuning on static performance

The EAM performance analysis is performed in two steps. First, for each EAM the ab-
sorption as a function of bias is recorded for different wavelength detuning (referred
to as Δλ) between the laser and the EAM PL peak wavelength. Then, the variation
of performance with band gap tuning is evaluated by summarizing the static ER key
parameters.

Wavelength detuning variation

In order to identify the best wavelength detuning for each EAM, we analyze the
variation of EAM absorption for different laser wavelengths. The Fig. 6.3 a), b), c),
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and d) show for each of the four EAMs the output power as a function of EAM bias
for different Δλ values. In each case, the laser source was swept with a 5 nm step
to provide five values of Δλ around 45 nm. The wavelength detuning values are
represented by different colors.

a) EAM 1 (1503 nm) b) EAM 2 (1524 nm)

c) EAM 3 (1545 nm) d) EAM 4 (1566 nm)

Figure 6.3: Output power measurements of four EAMs as a function of bias for different wave-
length detuning. The laser power was set to 0 dBm. The different PL wavelengths
of the four EAMs are indicated in parenthesis.

The measured output power includes the fiber coupling and passive waveguide
losses (7–9 dB in total) and the insertion loss of the EAM. Maximum static ER is
found for a Δλ of 45 nm for EAMs 1, 3 and 4 and for a Δλ of 40 nm for EAM 2. An
analysis of the different static ER curves is necessary to compare the performance of
the 4 EAMs.
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Analysis of static extinction ratio

To compare the EAM performance, three parameters are considered: 1- the measured
ratio between the transmitted optical power at 0 V EAM bias and the laser source
power, called total insertion loss (IL) in this chapter, 2- the measured optical power
normalized to the total IL, called static extinction ratio (ER) in this chapter, and 3-
the bias of the inflexion point of the logarithmic ER characteristic, called optimal DC
bias in this chapter. The extracted parameters of the 4 EAMs for Δλ values of 40,
45 and 50 nm are summarized in the table 6.1. The values corresponding to the best
wavelength detuning are highlighted in green in the table.

Table 6.1: Summary of EAM static performance for different SAG mask widths and under
3 different laser wavelength detuning values (Δλ) with a laser source power of
0 dBm. λ stands for wavelength.

SAG
mask,
µm

λ EAM,
nm

λ laser,
nm

Δλ,
nm

ER at
−5 V,
dB

ER at
−8 V,
dB

Total
insertion
loss, dB

Optimal
bias
point, V

6.4 1503
1543 40 16.4 20.8 17.4 −2.3
1548 45 17.4 22.4 16.6 −2.5
1553 50 15.3 20.2 15.7 −2.6

9.1 1524

1564 40 18.2 22.2 17.7 −2.9
1569 45 14.7 19.0 16.7 −2.7
1574 50 15.3 19.8 16.5 −2.8

12 1545

1585 40 17.7 21.2 15.6 −2.2
1590 45 20.1 23.9 14.8 −3.0
1595 50 17.6 21.9 14.1 −3.1

15.3 1566
1606 40 18.9 21.7 16.1 −2.5
1611 45 19.8 23.0 15.2 −2.8
1616 50 15.9 19.2 14.6 −2.9

The total IL decreases when the wavelength detuning increases and the absorp-
tion edge of the EAM is getting further from the laser peak. Across all EAMs, a laser
wavelength variation of 10 nm only induces an maximum IL variation of 2.5 dB. Con-
cerning the optimal DC bias, its value increases with the wavelength detuning since it
is related to the bias required to shift the absorption edge of the EAM up to the laser
wavelength. Across all EAMs for a 45 nm Δλ, the maximum DC bias point varies
between 2.5 and 3.0 V, thus showing moderate variation with band gap tuning.
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Analysis of static ER

To estimate the similarity of modulation between the 4 EAMs in small signal opera-
tion, we compare the static ER obtained for a 2 V peak-to-peak voltage swing. The
optimal DC biases for the four EAMs range from −2.5 to −3.0 V. The Fig. 6.4 shows
the static ER of each EAM at the wavelength detuning providing the highest static ER
at −8 V.

Figure 6.4: Extinction ratio for 4 EAMs with different band gaps in logarithmic scale from 0 to
to −8 V. λEAM refers to the photoluminescence peak wavelength and Δλ refers to
the wavelength detuning used for the measurement.

By considering a 2 V peak-to-peak voltage swing around a bias of −2.8 V, the
corresponding static ER are 10.3, 12.0, 11.2, and 11.7 dB respectively. These values
are similar to the performance reported with a device of the same length (200µm) in
the standard integration platform [122].

The total IL measured for the 4 EAMs in the configuration presented in Fig. 6.4
ranges from 15 to 18 dB. Considering a fiber-to-chip coupling loss of 7 dB, it cor-
responds to an on-chip IL from 8 to 11 dB. This value is 1 to 4 dB higher than the
on-chip IL reported with the standard integration platform.

After studying the static performance variations across a range of band gaps, the
characterization of high speed performance of one EAM has been carried out.

6.2.4 Dynamic measurement

To evaluate the high speed modulation performance of the EAM 1, two experiments
were carried out. The first consists in driving the EAM with a 10 Gb/s electrical
signal with a 2 V peak-to-peak voltage to compare the dynamic performance with the



82 Multi-band gap EAMs in a generic integration platform

static extinction ration with the same voltage swing. The second consists in finding
the optimal bias conditions to provide a wide eye diagram at the higher speed of
20 Gb/s.

Measurement setup

An external tunable laser source was used to inject light into the chip with a polariza-
tion controller. The output light from the chip was collected by a lensed fiber and in-
jected into an Keopsys KPS-BT2-C-27-Bo-FA erbium-doped fiber amplifier (EDFA) to
increase the signal power. A narrow band filter was used at the exit of the EDFA to se-
lect the laser peak and remove noise from the EDFA amplified spontaneous emission.
Finally, the light was directed into a digital communication analyzer (HP 83480A)
to measure the eye diagram. To operate the EAM electrically, a bit pattern generator
(from an SHF 10000 Series mainframe) was used to generate a pseudo-random bi-
nary sequence (PRBS) of length 231-1. The generated signal was then amplified by
an electrical amplifier (SHF 806E) to provide enough peak-to-peak voltage to drive
the EAM. The DC bias was provided by a Keithley voltage source, linked to a bias T
at the output of the electrical amplifier.

Eye diagrams

For the 10 Gb/s analysis, the DC bias was set to −2.4 V and the peak-to-peak voltage
swing was 2 V. The laser was set to a wavelength of 1548 nm (corresponding to a Δλ
of 45 nm) and an output power of 8 dBm. The EDFA current was 523 mA, providing
an amplification of 17.7 dB. In this configuration, the signal analyzer receives a power
of 0 dBm when the EAM is at 0 V.

For the 20 Gb/s analysis, the DC bias was set to −2.2 V and the peak-to-peak
voltage swing was 3.56 V (being the maximum available from the setup). The laser
was also at 1548 nm and 8 dBm. The EDFA current was 550 mA, providing an ampli-
fication of 21.1 dB. Such a large optical amplification was required to overcome an
optical loss of 5 dB at the output of the EDFA and an additional 3 dB at the output of
the wavelength filter. In this configuration, the signal analyzer receives a power of
2 dBm when the EAM is at 0 V.

Fig. 6.5 shows the measured eye diagrams at 10 and 20 Gb/s. For both measure-
ments, the eye diagram is clearly open, with eye heights of 273 and 405µW and
width of 68 and 30 ps at 10 and 20 Gb/s respectively. At 10 Gb/s and 2 V peak-to-
peak, the dynamic ER is 4.4 dB. This value is 6.2 dB lower than the 10.6 dB static ER
measured for the same voltage swing. This is assumed to be partly due to the band-
width limits of the device. Indeed, if the electrical signal is attenuated at 10 Gb/s,
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a) 10 Gb/s (scales: 50 ps/div, 500µW/div) b) 20 Gb/s (scales: 20 ps/div, 200µW/div)

Figure 6.5: Eye diagrams of EAM 1 at a) 10 and b) 20 Gb/s.

the effective voltage swing driving the EAM is lower than the one produced by the
source, therefore the measured dynamic ER is reduced. As a indication, with a sim-
ilar device design fabricated on the standard platform a 3 dB bandwidth of about
13.5 GHz was reported [119]. At 20 Gb/s, a 3.56 V peak-to-peak voltage provides
a dynamic ER of 5.0 dB, corresponding to an attenuation of 11 dB compared to the
measured static ER for the same device.

These dynamic measurements show that dynamic operation is possible with the
SAG–generic EAMs developed in this work. Since the doping profile and metal pad
geometry is the same for all EAMs, a similar dynamic performance is expected.

6.2.5 Comparison with the generic platform

As described in the introduction section, the EAMs on the generic platform show
an optimal laser wavelength detuning of 40 nm, maximum static ER values of 14 dB
and on-chip insertion loss of 7 dB [122]. The optimal wavelength detuning obtained
in this work is very similar, between 40 and 45 nm. For each EAM the maximum
measured extinction ratio is larger than that of the standard generic integration plat-
form, being over 20 dB for each of the 4 EAMs with different band gaps. For the
power measured at 0 V, the on-chip insertion loss reported with the platform tech-
nology takes into account a 3 dB loss at each chip facet for fiber coupling. This means
that the measured insertion loss is evaluated at 13 dB. Therefore, the insertion loss
recorded in this work is higher by 1.5 to 4.5 dB depending on the EAM for simi-
lar measurement condition. This higher IL value corroborate with the higher loss
measured and presented in chapter 4, section 4.2. Concerning the dynamic measure-
ments, a dynamic ER at 20 Gb/s of 7.7 dB was reported using a −3 V DC bias and
a 5 V peak-to-peak swing in a previous work using the standard generic integration
platform on n-substrate [119].
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Therefore, despite of a higher IL measured, the EAM performance is not com-
promised by the use of SAG over wavelength range around 60 nm. As a first step
towards the integration of light sources with EAMs in a SAG-based multi-band gap
integration, a device combining an SOA and an EAM is studied in the next section.

6.3 EAM–SOA device

The opportunity to integrate amplifiers with EAMs by using SAG is demonstrated
with a combination of EAM and SOA building blocks. The band gaps of the two
devices are shifted in order to place the peak of the gain spectrum of the SOA around
the optimal wavelength detuning for the EAM. The layout of the device is shown in
Fig. 6.6. It is made of a 750µm-long SOA and a 200µm-long EAM connected with a
passive waveguide. Electrical isolation sections are used to prevent cross-talk when
biasing the two building blocks. The output waveguides are angled and the facets
of the chip are coated with anti reflection layers in order to prevent back reflections
into the device. The device length including passive waveguides extensions up to the
chip facets is 2.3 mm. By injecting light from the left side of the device, the light is

Figure 6.6: SOA–EAM device layout.

first amplified when going through the SOA. Then it propagates through the EAM
and is being modulated, before exiting the chip. To ensure efficient amplification
and modulation of the laser signal, the SOA and the EAM have to be designed with
different band gaps. In our case, the corresponding PL peak wavelengths of the
EAM and the SOA are 1545 and 1587 nm respectively, providing a 43 nm wavelength
detuning.

This section presents the static characterization of the EAM–SOA device in the
configuration compensating for on-chip and facet coupling losses. The signal-to-
noise ratio is also measured from the transmitted spectrum of the device.

6.3.1 Experimental setup

In order to characterize the device, an experimental setup similar to the one for
EAM static ER measurement is used. The chip is placed on a copper holder at room
temperature, an external tunable laser provides a 0 dBm peak power, lensed fibers
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are used to couple light in and out of the chip, and electrical probes are used to bias
the SOA and the EAM. A polarization maintaining fiber is used to couple the laser
light in the TE polarization in the chip waveguides. To record the output power and
measure the static ER, the output fiber is connected to a power-meter. To record
the output spectrum, the same the output fiber is connected to an optical spectrum
analyzer (OSA).

6.3.2 Measurement procedure

First, the laser wavelength and the SOA current injection are tuned in order to mea-
sure a total output power of 0 dBm after the chip with minimum SOA current injec-
tion. Then, the EAM is biased from 0 to −8 V in order to record the static ER with
the power-meter.

An SOA current bias of 90.3 mA and a laser wavelength of 1594 nm were found to
provide a 0 dBm in-fiber output power when the EAM is at 0 V. This laser wavelength
corresponds to a 49 nm detuning compared to the PL peak wavelength of the EAM.
While keeping this SOA bias condition, the external output in the power-meter is
measured as a function of EAM bias from 0 to −8 V. The result is presented in Fig. 6.7.
The measured static ER reaches 22.6 dB at −5 V and down to 26.9 dB at −8 V. A

Figure 6.7: External output power measured after the EAM–SOA device as a function of EAM
bias. The SOA bias was set at 90.3 mA.

14.1 dB static ER is measured over a 2 V peak-to-peak swing around the optimal DC
bias of −3.2 V.

Now that the static ER have been measured, the influence of EAM bias on the
transmitted spectrum is characterized for the same configuration.
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6.3.3 Spectra

The second measurement consists in recording the spectrum of the device in oper-
ation. It gives access to the laser signal output power and the signal-to-noise ratio
(SNR) when using the EAM-SOA device. For this purpose, the output fiber is con-
nected to an OSA, the SOA is biased with 90.3 mA and the tunable laser is set at
0 dBm output power at 1594 nm. The spectra recorded at EAM biases of 0 and −5 V
are presented in Fig. 6.8. A resolution bandwidth (RBW) of 0.05 nm was used for the
spectrum acquisition.

Figure 6.8: Spectra of the EAM-SOA device with an external laser signal, the SOA being biased
at 90.3 mA and EAM being biased at 0 and −5 V. The labels indicate the value of
the laser peak and ASE peak powers.

From the spectrum recorded out of the output fiber, the peak power of the laser
signal is −4.8 dBm when the EAM is kept at 0 V. When biasing the EAM to −5 V, a
static ER of 22.6 dB is measured. The use of an SOA induces a noise floor from its
amplified spontaneous emission (ASE). Compared to the laser peak power, the SNR
varies from 40.0 dB with the EAM at 0 V to 37.3 dB at −5 V.

6.3.4 Power consumption

The power consumption of the EAM–SOA combination is evaluated by recording the
IV characteristics of both devices under laser injection with 0 dBm power in fiber. The
electrical power consumption is then calculated with the relation P = I2·V. For the
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operation presented in section 6.3.3, the SOA was biased to 90.3 mA, which gave rise
to a 1.4 V voltage. With the biased SOA and the injected laser signal, a photo-current
of 7.25 mA is produced when the EAM is biased with −5 V. Therefore, 126 mW is
consumed by the SOA, and a maximum of 36 mW is consumed by the EAM. This
leads to a total electrical power consumption of 167 mW. The propagation losses of
the active devices being large, as showed in section 4.2 of chapter 4, the insertion loss
of the EAM is relatively high. Therefore, the current injection needed for the SOA to
compensate the insertion loss – and therefore the electrical power consumption – is
higher.

6.4 Conclusion

In this chapter we present the integration of multi-band gap electro-absorption mod-
ulators by combining selective area growth with active-passive butt-joint integration.
The modulators are fabricated with photoluminescence wavelengths from 1490 to
1550 nm with a 20 nm spacing. The influence of wavelength detuning is studied for
each EAM to find the conditions of operation for maximum static extinction ratio. A
2 V peak-to-peak voltage swing around a bias of −2.8 V provides a static extinction
ratio beyond 10 dB for all EAMs. The success of the generic integration of EAMs with
band gap choice over a 60 nm wavelength range paves the way to the integration of
complex circuits for coarse wavelength division multiplexing transmitters.

We also presented the first time integration of an SOA with an EAM from a single
epitaxy in a generic platform. A compensation of the insertion loss is obtained with
a 90.3 mA current injection into the SOA, corresponding to a power consumption of
167 mW when the EAM is bias with at −5 V. In this configuration, a 22.6 dB static ER
at −5 V and an SNR above 37 dB are measured.

This characterization shows a high potential for the integration of multi-channel
light sources and EAMs in the generic platform by using SAG. Both telecommunica-
tion sources and switches can be produced by such means.





Chapter 7

Conclusions and outlook

7.1 Conclusions

In this thesis we studied the implementation of selective area growth (SAG) into a
generic photonic integration platform to enable band gap tuning for complex pho-
tonic integrated circuits (PIC). A SAG–generic integration technology was developed,
based on aluminum-containing quantum wells and active-passive butt-joint integra-
tion. The generic approach enables the combination of building blocks into a un-
countable variation of PICs for various applications. By integrating SAG without
compromising device performance, the same PIC designs can be used, but with the
additional capability to choose the band gap of active building blocks as a design
parameter. Therefore it represents a new dimension for the design of generic PICs.

Generic platform with AlInGaAs materials

We started by the implementation of AlInGaAs materials for quantum wells into the
generic photonic integration platform. The challenge of possible oxidation of such
materials was addressed, leading to a butt-joint regrowth interface without voids
and a waveguide mesa etch profile which keeps the aluminum-containing quantum
wells protected from contact with air. We demonstrated the compatibility of this
integration with the generic photonic integration platform by fabricating two wafers
with an existing mask-set initially dedicated to a multi-project wafer (MPW) run.
Performances close to the standard generic integration technology have been shown
from the measurements of extended cavity Fabry–Pérot (FP) lasers. Finally, a method
of cleaving FP lasers into three different structures was developed to investigate the
influence of passive waveguides and butt-joint interface on the FP laser performance.
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With this method, the identification of high losses from passive waveguide sections
and butt-joint interfaces on one of the wafers was possible.

SAG–generic implementation

We demonstrated low-defect selective area growth with thick layers thanks to the
adaption of the growth conditions to reduce the strain build-up occurring from an
indium enrichment in the vicinity of the SAG mask stripes. We also achieved a low
surface topology of 320 nm step-height after a SAG-butt-joint integration thanks to
the study and implementation of etch stop layers below the active layer stack. These
two developments enabled the implementation of SAG in compatibility with all build-
ing blocks of the generic photonic integration platform. An MPW wafer run using
SAG was fabricated to validate the success of this integration. It enabled the choice
of band gap for active building blocks providing a photoluminescence wavelength
range beyond 200 nm.

The limits of the SAG–generic technology was investigated by characterizing net
modal gain and Fabry–Pérot laser performance from arrays of devices fabricated with
a wide range of SAG mask widths. Gain peak values close to the standard generic
photonic integration platform was obtained on an 80 nm wavelength range and las-
ing from FP lasers was achieved over a 254 nm range.

New devices enabled by the SAG–generic integration

In chapter 5 we demonstrated the possibility to integrate SAG with complex pho-
tonic integrated circuits. Four widely tunable ring cavity lasers were fabricated on
the same chip with SAG–generic integration using a total of 201 building blocks.
With this complex PIC, we showed the possibility to extend the tuning range of a
laser source by combining the outputs of several tunable laser sources operating on
different wavelength ranges. Out of three working lasers, the combined tuning range
achievable from a single chip extends over 96 nm thanks to the SAG–generic integra-
tion.

We also demonstrated multi-band gap electro-absorption modulators (EAM) with
AlInGaAs-based quantum wells with passive components integrated with butt-joint
regrowth. This technology enabled similar static extinction ratio characteristics for
EAMs over a 60 nm photoluminescence wavelength range from band gap tuning.
Together with the co-integration of an SOA, these devices show the potential for the
fabrication of a four-channel coarse wavelength division multiplexing transmitter.
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7.2 Indications for further research

This thesis shows the first integration of SAG-based band gap tuning compatible with
all building blocks of a generic platform. With the demonstration of the feasibility
and the exploration of the limits of the technique, many doors are open to new
research topics to investigate the details of such an integration and the possible opti-
mizations to produce high performance devices.

Although the SAG-butt-joint integration provided decent lasing performance, ev-
idences of spurious reflections have been found, which can induce instabilities for
some laser structures [126]. An investigation of how low these spurious reflections
can be reduced is possible by studying several techniques which were out of scope
for this thesis:

• If some oxidation of aluminum-based material occur during the butt-joint pro-
cess, in-situ etching can be applied prior to the regrowth [127].

• The waveguide refractive index mismatch induced by SAG-butt-joint integra-
tion can be studied in more details to find an optimal core thickness to be
grown.

• Waveguide tapering structures can be used at the butt-joint interface in order
to reduce the back reflections [128].

On another topic, the SAG technique considered in this work consisted in varying
the SAG mask stripe widths to tune the band gap of the active quantum well struc-
ture. However, obtaining narrow SAG mask stripes (below 5µm) – and therefore
providing precise band gap control for short wavelengths – with high homogeneity
and reproducibility can be a challenge. A study of the capability for precise band gap
control using SAG can be studied by adding the opening between mask stripes as a
design parameter. Varying the opening to control the band gap has been shown in
earlier works [129]. Additionally, mask interference between neighboring devices
fabricated with SAG is a well known phenomenon [64, 92]. It could also be used
to fine-tune the band gap induced in an active device by the design of the spacing
between SAG-based active devices or the design of extra SAG masks placed next to
the original SAG mask stripes.

This work focused on a first growth of an active stack with SAG to control the
growth enhancement, and a passive regrowth with active islands. It can be devel-
oped further by using a SAG mask for controlled growth rate enhancement during
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the regrowth. To the best of our knowledge, this integration of a SAG-based butt-
joint regrowth has not been investigated yet. In the technology described in this
thesis, defining SAG stripes for the regrowth step would not require any extra pro-
cessing step since a dielectric mask is already deposited for the definition of active
islands. In the case of a multiple quantum well active regrowth, two sets of band
gaps could be obtained together with the flexibility of designing two different active
layer stacks, each optimized for a specific type of active device such as laser, semi-
conductor amplifier, EAM, phase modulator or photo-detector.

A co-integration of SAG with buried heterostructure with the generic platform
would further extend the library of building blocks for the generic photonic integra-
tion platform. Buried heterostructures have been developed with the TU/e generic
photonic integration platform recently and better thermal conductivity compared to
ridge technology was demonstrated [130]. A combination of the two technologies
would enable new types of building blocks benefiting from both band gap tuning and
better thermal properties.

The integration of SAG provides a large wavelength range for which the current
building block library is not fully adapted. Indeed, all components are designed to
perform best at 1550 nm. Therefore, a library of wavelength-dependent building
blocks can be investigated to provide an adaption of the PIC design to make the best
of all wavelengths accessible and provide higher performance when using band gap
tuning.

As a continuation of the demonstration of wavelength tuning range extension
for a single laser source, a device combining lasers working over the entire band
gap range achieved in this work could provide wavelength tuning beyond 200 nm.
Such a range would more-than-double the wavelength tuning capacity achieved on
monolithic integration nowadays, and could meet the needs of a large amount of
applications using tunable laser sources.

Last but not least, the lasing operation achieved over a 254 nm-wide wavelength
range and the similar behavior of electro-absorption modulators over a 60 nm wave-
length range obtained in this work are very promising to make coarse wavelength
division multiplexing (CWDM) transmitters. A total of 12 laser channels can be
designed within a 240 nm wavelength range, which would surpass the number of
channels of state-of-the art integrated CWDM transmitters to date [34].



Appendix A

Broadband edge-emitting LED

With the capability to tune the band gap of active devices we investigated the lim-
its of broadband emission from a single chip with an edge-emitting light emitting
diode (LED) composed of four semiconductor optical amplifiers (SOA). This de-
vice was fabricated on the multi-project wafer run described in Chapter 3. A con-
ference paper was published about the characterization of the device: F. Lemaitre,
J. Decobert, H. Ambrosius, and K. Williams, "Broadband LED Integrated with Selec-
tive Area Growth", 23rd Annual Symposium of the IEEE Photonics Benelux Chapter,
Brussels, November 2018. It is included here verbatim with minor corrections.

A.1 Abstract

This work presents the integration of an on-chip broadband source into a generic
platform. It consists of 4 semiconductor optical amplifier sections with tailored band
gap energies by using the selective area growth technique. The control of current
injection in each section enables large bandwidth spectral emission with 3 dB band-
widths up to 160 nm.

A.2 Introduction

Many optical sensors use a broadband source and a tunable filter in order to acquire
spectral information from a sample. Several technologies have been developed to
make broadband sources, including edge-emitting LEDs using selective area growth
[131]. However, the source and the filter are often provided by 2 separated modules



94 Broadband edge-emitting LED

[132]. We propose the integration of a broadband light emitting diode in a generic
platform technology to enable co-integration with a photonic circuit.

Selective area growth (SAG) technology has been implemented into the TU/e
(COBRA) generic integration platform in order to choose the band gap of active
building blocks of the platform. In this way it is possible to combine several active
sections with shifted band gaps to extend the wavelength coverage of a device or
circuit.

The broadband source presented in this work is based on 4 semiconductor optical
amplifier sections with shifted band gap. The emission bandwidth is extended from
typically 40 nm for a single SOA to up to 160 nm with 4 sections.

A.3 Device design

The broadband source consists of 4 semiconductor optical amplifiers (SOA) sections
with shifted band gaps. The central emission wavelengths of the SOAs are designed
with a 50 nm spacing to provide an overlap between their emission spectra. In this
way flat emission spectrum is guaranteed with a proper current injection balance into
the different SOA sections. The layout schematic of the device is shown in Fig. A.1 a),
with designed central emission wavelength for each SOA section.

Each SOA section is 500 µm long to provide a trade-off between the amplification
and the scattering losses induced in the active waveguide structure. Isolation sections
are placed in between the SOAs in order to separate the current paths for each active
section. A shallow ridge waveguide is define through the 4 SOA sections to collect the
emission of each SOA. An angled as-cleaved output provides off-chip coupling with
reduced back-reflection into the device. An absorbing section with a short band gap
is placed at the back of the broadband source in order to prevent spurious reflection.
The output light was collected by a lensed fiber and directed to an optical spectrum
analyzer (OSA) to measure the emission spectrum.

The SOA sections are placed in decreasing band gap order from the output waveg-
uide. In this way the emission at longer wavelength only experiences scattering losses
when passing through wide band gap sections in the output direction. The SOA sec-
tion with wider band gap being next to the output, its emission is directly coupled
out of the chip. The second SOA having a narrower band gap, part of its emission
is amplified by the first SOA when switched on, and the rest of the emission passes
through transparently. In the same way, part of the emission of the third SOA is am-
plified by the second SOA and part of the emission of the fourth SOA is amplified by
the third SOA. This device design allows independent tuning of the current injection
into each SOA section and thus fine control over the emission spectrum is possible.
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A.4 Extended spectral bandwidth

a)

b)

c)

Figure A.1: a) Layout of the broadband source with 4 SOAs and their respective photolumi-
nescence peak wavelength. b) Emission spectra of each individual SOA section. c)
Emission spectrum of the broadband source with maximized bandwidth for two
different power levels. The legend reports the current injection used for each SOA
section.

Fig. A.1 b) shows the emission of SOA sections switched on individually. A current
injection of 80 mA is used for the first three SOAs and 130 mA for the SOA for longest
wavelengths. The amplified stimulated emission spectrum of the first SOA is directly
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measured from the chip output. The emission of the three middle SOAs are partly
absorbed from their direct neighbor, thus cutting the short-wavelength part of their
emission spectrum. The scattering loss induced by the shorter-wavelength active
sections before the output waveguide also reduces the power collected out of the
chip. The fourth SOA emission spectrum at 130 mA current injection is below the
noise level of the OSA for this wavelength range.

Fig. A.1 c) shows two different biasing configurations for maximized spectral band-
width. Thanks to the independent current injection in the different SOAs, the output
power of the device can be tuned while keeping a flat bandwidth. An increase of
output power by more than 10 dB is obtained with a bandwidth reduction of only
10%.

A.5 LED with integrated back-reflector

In order to extend the spectral bandwidth of the device, a multi-mode interference
reflector (MIR) is placed as a back-reflector on the long-wavelength SOA side. In this
way, the backward-propagating emission from the long-wavelength SOA is reflected
by the MIR and then amplified by the same SOA before propagating towards the chip
output. This amplification provides a significant increase of power emitted at long
wavelengths, and compensates for the higher scattering losses induced by the 3 other
SOA sections. The layout schematic of this device is shown of Fig. A.2 a).

Fig. A.2 b) shows the influence of each SOA section over the total emission spec-
trum. A bandwidth extension of 17, 41 and 51 nm is obtained respectively from the
three additional SOA sections. Some ripples are visible on the spectrum of the long-
wavelength section with a periodicity of 2.5 nm, corresponding to a 140 µm-long
cavity. This cavity length corresponds to the distance between the isolation section
of the long-wavelength SOA and the MIR reflector.

Fig. A.2 c) shows the spectrum for a maximum bandwidth configuration. A total
of 160.5 nm 3 dB bandwidth is obtained. The output power could not be increased
further at long wavelengths without reaching lasing regime for this device. The lasing
operation is thought to be due to spurious reflection at the active-passive butt-joint
interface of one of the SOAs, or at the edge of the isolation sections.

A.6 Conclusion

We demonstrate the integration of a multi-section light emitting diode device on a
generic platform. The combined emission of 4 active sections with shifted band gaps
provide a 160 nm-wide 3 dB spectral bandwidth. A flexible control over the emission
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a)

b)

c)

Figure A.2: a) Schematic of the second broadband source design including a multimode-
interference reflector (MIR) for back-reflection. b) Influence of each SOA section
on the emission spectrum. c) Record bandwidth obtained with the source.

spectrum of the source and the availability of TU/e generic platform components
makes it possible to co-integrate this source with a photonic circuit.
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