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Chapter 1

Introduction

1.1 Generic integration process for photonics

Photonics is a technology that has rapidly expanded in the last years [1]. It finds
applications in LED lighting [2], solar cells [3], optical cmommunication [4, 5],
sensing [6–8], displays [9] and imaging [7, 9, 10], all domains that are becoming
an essential part of everyday life.

Integrated Photonics is an emerging branch of photonics that concerns the usage
of photonic integrated circuits (PICs) [11]. A PIC is a device in which light is gen-
erated and manipulated by components that are fabricated as integrated structures
on the same substrate. A PIC can perform a large variety of operations and has a
compact size, usually on the order of a few square millimetre. Different types of
substrates, such as Indium-Phosphide (InP) [4, 12], Silicon (Si) [13, 14] or Silicon-
Nitride [15, 16] (Si3N4), can be used. Figure 1.1 shows a picture of an InP PIC
measuring only 4 mm× 4.3 mm.

In integrated photonics there has been the tendency to develop a specific tech-
nology for a specific application. The result is that there are many technologies that
may be similar but which are different enough to limit an easy transfer of a design
from one foundry to another [4]. In this way the market for each technology is too
small, thus preventing a development for large scale, low-cost industrial manufac-
turing.

In a generic platform, a large variety of PICs can be realized within the same
process. Different circuits, designed by different users can be fabricated on the same
wafer, sharing the cost of the infrastructure, design tool development, process de-
velopment and materials costs. The designer can choose from a set of basic compo-
nents, called building blocks (BBs) stored in a library. In this way, once a technology
is established for a set of basic components, it will be possible to fabricate a large
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Figure 1.1: Photograph of an InP based PIC, measuring 4 mm × 4.3 mm.

variety of circuits without the need of a new technology development. We call this
approach generic integration. The advantage of this is that the technology is not
specific to the design any more.

Thanks to the generic approach multi project wafer runs are possible (MPW). The
working principle of a MPW run is schematically represented in Figure 1.2. Different
users can independently design different PICs, using the same set of BBs. These PICs
will be fabricated on the same wafer and at the end of the processing PICs will be
cut out of the wafer and sent to the users.

Figure 1.2: Multi-Project Wafer approach: different users can submit their design to the
foundry that will place all the designs together on a wafer and deliver the fab-
ricated chips to the participants of the run.
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1.1.1 Generic platforms

In recent years, many generic platforms have been created across Europe [17]. At
the moment, platforms based on Si [5, 18], Si3N4 [15] and InP exist [4, 19, 20].
InP platforms, in contrast to Si and Si3N4 platforms, have the main advantage of
allowing monolithic integration of both active and passive components, allowing
for compact and versatile PICs. Hybrid-integration, however necessary is a more
complex approach with respect to the monolithic integration.

In reference [21] a general comparison of performance of BBs in different plat-
forms is reported. From this comparison it results that Si3N4 and Si platforms are
strongly complementary to the InP platforms. Indeed, Si and Si3N4 platforms offer
high-performance passive components but active components such as lasers, ampli-
fiers require a different layer stack that needs to be hybridly integrated with the
layer stack used for the passive components [22,23].

A successful integration of active InP-based components together with either Si-
based or Si3N4-based passive components will enable the fabrication of PICs with
high performance.

The main generic InP platforms that can be found at the moment are:

• The Fraunhofer Heinrich Hertz Institute (HHI) platform offers high-speed photo-
detectors, spot-size converters, amplifiers, modulators and thermo-optic phase
shifters and several passive waveguide components. A particularity of this plat-
form is the usage of semi-insulating substrates which is necessary to achieve a
high-electrical bandwidth [19].

• The Eindhoven University of Technology (TU/e) has developed a platform with
optical amplifiers, lasers, RF modulators, detectors and a variety of passive
components. At the moment, the MPW runs are offered on 3-inch wafers,
with the waveguide definition performed by using deep UV lithography. This
has high resolution (<100 nm), a high alignment accuracy (<10 nm) and en-
ables volume scale production. The TU/e process is commercialised by Smart
Photonics:jeppix.eu [20].

1.1.2 Building blocks

The generic approach is based on the definition of BBs. Users do not have to know
the details of the building-block but only their performance and limits. They can de-
sign circuits by simply assembling different building-blocks and by simulating them
with a specific software [20]. In this way it is not necessary anymore to be aware of
the fabrication process or the layer-stack and the users can just concentrate on the
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design.
Examples of BB cross-sections are shown in Figure 1.3. From left to right the

following devices are presented: (i) Amplifier/Detector, (ii) Phase modulator, (iii)
shallow-ridge waveguide, (iv) and deep ridge waveguide.

Ampli�er/
Detector

Phase 
modulator

SR
waveguide

DR
waveguide

Figure 1.3: Schematic of the building blocks. InP is represented by blue colours, green repre-
sents the InGaAsP guiding layer, orange is for the contact layer and yellow for the
metallization. The active layer containing MQWs is represented in red.

Amplifier/Detector: this building-block has the function to either amplify or de-
tect the incoming light. This is achieved by confining the carriers in the multi-
quantum wells and photons within the waveguiding layer. When a sufficient for-
ward bias is applied light will be amplified [24]. When reverse bias is applied light
will be absorbed and the component can be used as a detector, electro-absorption
modulator or saturable absorber [25]. In this example a shallow-ridge amplifier is
shown, but it is possible to implement also deep-ridge or buried amplifiers. A cavity
can be created by cleaving in order to have a laser.

Phase modulator: this component exploits the refractive index perturbation and
consequently phase changes when applying a reverse bias. The band gap of the
structures is detuned from the wavelength of lasers and amplifiers. The guiding
layer can be either bulk or containing multi quantum wells (MQWs). MQW phase
modulators have been reported to have a more efficient electro-optic response [26–
28].

Shallow-ridge waveguide: in this waveguide the core layer is only partially etched,
thus the photon confinement is weak. Shallow-ridge waveguides are typically used
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when low-loss interconnections are needed [29–31].
Deep-ridge waveguide: here the core layer is fully etched providing a strong lateral

photon confinement. Deep-ridge waveguides provide compact optical bends and
are used for multi mode interferometer (MMI) reflectors, arrayed waveguides, ring-
resonators and couplers [31].

1.2 Buried-heterostructure lasers and amplifiers

Low power consumption and good thermal efficiency are key aspects when design-
ing a PIC and Buried-Heterostructure (BH) lasers and amplifiers are attractive com-
ponents because they show low threshold current [11, 32] and good thermal be-
haviour [11, 33–35]. In fact, in buried-heterostructure lasers and amplifiers, the
active region is embedded in a higher-bandgap, lower index-of-refraction semicon-
ductor material. In this way both carriers and photons are laterally and vertically
confined. The fabrication is more complex as compared to shallow-ridge (SR) and
deep-ridge (DR) lasers, as one or two additional regrowth steps are necessary to
surround the active region. A schematic representation of SR, DR and BH lasers is
represented in Figure 1.4.

Deep-ridge
laser

Shallow-ridge
laser

BH
laser

n-InP

p-InP

MQW

InGaAsP

InGaAs

Metal

Figure 1.4: Schematic representation of a deep-ridge laser (left), shallow-ridge laser (centre)
and BH laser (left)

Currently all the InP platforms offer SR or DR lasers and amplifiers [19, 20].
Shallow-ridge lasers suffer from lateral current spreading [36] that limits the elec-
trical injection efficiency. In deep-ridge lasers, current spreading does not occur, but
the efficiency is limited by surface-recombination [37, 38]. Poor heat dissipation
affects both shallow and deep ridge lasers [34, 35] thus motivating the inclusion of
BH lasers in the platform, which is the scope of the thesis.
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In this section we first give an historical overview of the development of the BH
lasers that led to the current state of the art. Next, we will report the most recent
and relevant work on BH lasers, emphasizing their high-performance in terms of low
threshold current, fast modulation and good thermal properties.

1.2.1 Short history of buried-heterostructure lasers development

In 1974 the first buried-heterostructure laser was reported by T. Tsukada [39]. The
device, emitting at 0.8µm, was fabricated on an n-GaAs substrate. The GaAs active
region was surrounded by GaAlAs. A threshold current of 15 mA was demonstrated.
This was an important breakthrough as the lowest threshold current achieved up to
that moment was 31 mA [39]. From 1975 to 1977, several authors published BH
lasers on GaAs substrates [40] [41] [42] [43].

The first BH InGaAsP/InP laser, emitting at 1.3 µm, was proposed by Hsieh et
al. in 1977 [44]. The active waveguide was laterally defined by wet etching, using
HCl and 3H2SO4 : H2O:H2O2. The narrowest width achieved was 5µm. The lowest
threshold-current in continuous wave (CW) operation was 105 mA for a laser width
of 10µm. In 1980, Wakao et al. [45] demonstrated a BH laser where carrier blocking
was achieved with a p-n heterojunction. They reported a threshold current of 60 mA
for a laser width of 10µm. All the buried InGaAsP lasers up to this point, had a large
mesa width because of technological restrictions. Therefore lasers were not single
mode and had large threshold currents.

In 1980, M. Hirao et al. reported for the first time about a BH laser with stripe
widths from 1µm to 2µm and a pn blocking junction [46]. A threshold-current of
16 mA for a laser width of 2µm was demonstrated. A Br-methanol solution was
used to wet-etch the stripe, achieving a reverse triangular shaped mesa stripe that
ensured a narrow active region and a wide surface for ohmic contact simultaneously.
Nevertheless, no data are provided about the reproducibility and the control of the
mesa width.

In the same period, Nagai et al. reported the first BH laser emitting at 1.5µm
[47]. They demonstrated a 25 mA threshold current in CW operation and with an
operating temperature of 26 °C.

1.2.2 Overview over different technologies

In the last 40 years, thanks to progress in processing and to a deeper understanding
of the theory, the performance of BH lasers has been considerably improved. Three
prominent configurations of BH lasers have been developed. They can be differ-
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entiated depending on how the current is laterally confined. Figure 1.5 shows the
simplified schematics of the cross-sections of buried ridge stripe (BRS) (Figure 1.5a),
blocking-junction BH (BJ-BH) (Figure 1.5b), and Semi-Insulating BH (SI-BH) (Fig-
ure 1.5c) lasers.

Active zone
n-InP

Semi-Insulating InP

p-InP

(c)

2nd

regrowth

1st

regrowth
Active zone

n-InP

n-InP

p-InP

p-InP

(b)

2nd

regrowth

1st

regrowth
Active zone

n-InP

p-InP

Implantation

(a)

one 
regrowth

Ternary Ternary

Figure 1.5: simplified schematic sketch of Buried Ridge Stripe (a), blocking-junction (b), and
semi-insulating (c) buried heterostructure lasers.

In a BRS laser a single step p-InP regrowth is used for burying the mesa. This
structure consists of two n-InP/p-InP homojunctions on each side of the mesa, and
one heterojunction which includes the n-InP/active-layer/p-InP stack [48]. The
switch-on voltage of the active junction is lower than the switch-on voltage of the
two homo-junctions surrounding the mesa, ensuring that the current flows through
the heterojunction for the anticipated operating range. To further reduce the leakage
current, proton implantation is used to make the InP highly resistive [49].

In BJ-BH lasers the current blocking is achieved by growing a p-n InP layer on
the side of the waveguide [50].Two regrowths are required: the first one consists of
the p-n InP layer. The regrowth is selective, meaning that the mask used to define
the mesa is not removed during regrowth. This regrowth creates a reverse biased
junction that is used to block the current. The second regrowth is not selective and
consists of the p-InP cladding and ternary layer. These lasers have high parasitic
capacitance, limiting the modulation speed [51].

In SI-BH lasers, also two regrowths are needed; the first (selective) regrowth
results in a layer of semi-insulating semiconductor, usually Fe-doped InP. The sec-
ond (non-selective) regrowth creates the p-InP cladding and ternary layer. These
components have low parasitic capacitance therefore can be used for high-speed
modulation applications [52,53].
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1.2.3 State of the art

We now report the most relevant and recent work about BH lasers. We report one
reference for SI-BH, one for BH-BH and one for BRS.

Nakamura et al. reported in 2015 direct modulation of SI-BH distributed feed-
back lasers (DFB) [54]. Clear eye opening at 25.8 Gb/s was achieved over a wide
range of temperatures, from -20°C up to 85°C. 10 mW of output power was achieved
at 85°C. The threshold current at 25°C, 75°C, and 85°C was 4.5 mA, 11.5 mA, and
16.5 mA, respectively. These DFB lasers with low operating current showed a power
consumption of 1.7 W.

In 2016 Charles et al. demonstrated an InGaAsP/InP DFB-BH lasers that allowed
for an uncooled direct modulation [55]. The BH laser used pnp technology to block
the leakage current. At 100°C direct modulation of 10 Gb/s was demonstrated and,
at room temperature, a modulation speed of 10 Gb/s was achieved. Single mode
operation with an SMSR of 35dB and clean open eyes at 10 Gb/s were demonstrated
over a temperature range of 20°C-100°C.

In the next generation of Passive Optical Network stages 2 (NG-PON2), the trans-
mitter operates in burst mode. During the burst (typical length is from 0.5µs to
12 5µs with periodicity of 125µs), transmitters are modulated at 2.5 or 10 Gb/s.
The signals coming from different users are multiplexed together by a power splitter
and then demultiplexed to the different receivers by an AWG. One of the possi-
ble issues is the wavelength red-shift due to self-heating of the lasers. The effect
is even stronger when targeting high power, as required for the power budget of
PONs. In 2019 Debregeas et al. reported a direct modulated laser (DML) using a
BRS with active MQW [56]. Thanks to the good thermal properties of BRS lasers,
the frequency variation during the burst was limited to ± 10 GHz with 5 dB average
modulated power in fiber. The proposed device is therefore compatible with a 100
GHz grid while performing burst-mode modulation. These devices show excellent
performance at 45°. A very high side mode suppression ratio beyond 50 dB, and 13
mW output power per facet at 80 mA were achieved. To further improve laser ther-
mal stability, a thin metal strip of NiCr was placed next to the metal stripe. When the
laser is on, due to self-heating, the temperature will increase to a value ∆T. When
the laser goes off, a voltage is applied to the stripe in such a way that heat is gener-
ated. The heat will be transferred to the laser. By choosing the appropriate voltage,
it is possible to maintain the temperature inside the MQW constant during and after
the burst.

From this review, it appears that BH lasers and amplifiers show good perfor-
mance in terms of threshold current, modulation speed and thermal behaviour mak-
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ing their integration in complex PICs attractive.

1.3 Integration of BH lasers and amplifiers in pho-
tonic integrated circuits

While most of the BH literature has focused on discrete BH components, a small
number of reports discuss active/passive integration as the integration is challeng-
ing. Now, a review of the most relevant work that includes active BH lasers and
amplifiers with passive components is given. Three kind of integrations are possi-
ble:

• Buried monolithic integration: both active and passive components are buried
and fabricated on the same substrate. In this case the passive components can
not be as compact as the ones defined with a ridge waveguide, where photons
are highly confined.

• Hybrid integration: the ridge-passive components are fabricated on different
substrates (for example SiO2) as the InP buried-active components. This al-
lows for having high-performance active and passive components but hybrid
integration is a complex process that requires a precise alignment.

• Buried/ridge monolithic integration: buried-active and passive-ridge compo-
nents are fabricated on the same substrate. This approach is challenging as BH
waveguides require at least one regrowth and therefore can not be defined on
the same mask as SR and DR waveguides. A critical alignment tolerance be-
tween the mask defining the BH and the mask defining the SR/DR structures
is therefore required. However, with this approach it is possible to have PICs
with energy-efficient lasers/amplifiers and compact passive components.

Homogeneous-monolithic integration

In 2015 Iwai et al. proposed a 1550 nm widely tunable laser composed of an array
of 12 BH-DFB lasers, bent waveguides, an MMI and an output SOA [57]. All the
components were buried and the active components contained AlGaInAs MQWs. A
40 nm tunability was demonstrated using thermal tuning of each channel over 4
nm. The temperature range required for wavelength tuning is 40°C . Output powers
of 90 mW and 50 mW were reported at 30 °C and 70 °C respectively.

Integration of SI-BH passive and active components was achieved by Carrara
et al. [58]. The active layer growth was performed with a Selective-Area-Growth
technique, which allowed to have different MQW thicknesses in different areas of
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the wafer. A 12.4 Gb/s binary phase-shift keying modulation was obtained, as well
as a wide open eye diagram.

Nakahra et al. demonstrated the direct modulation of an SI-BH DFB laser [53].
The laser included also a passive waveguide, buried with the same regrowth process
as the laser part. At 85°C, a threshold current of less than 5.6 mA was achieved. The
fabricated laser had a high characteristic temperature (71 K). Direct modulation of
56 Gb/s at 55°C and 50 Gb/s up to 80°C were reported.

Heterogeneous-hybrid integration

Hybrid integration of BRS-BH lasers and a SiO2 AWG was demonstrated by De-
bregeas et al. in [59]. The paper proposed a 10 Gb/s DWDM transmitter, consisting
of a hybrid assembly of a 10x10 Gb/s BRS-DFB laser array and an externally cou-
pled SiO2 AWG. Low threshold current (14 mA) at 45°C was achieved. In such a
dense circuit, thermal dissipation is a fundamental aspect. By optimizing the ther-
mal contact a thermal resistance of 40 K/W, 20 % thermal cross-talk and low power
consumption were achieved.

Heterogeneous-monolithic integration

Starting from 1988 the NTT Optoelectronics Laboratories reported some devices
that included buried and deep-ridge or shallow-ridge components. A summary of
the research is given below, together with the work of other institutions such as
the Electronics, Telecommunications Research Institute in Korea, Furukawa Electric
Co.in Japan and Alcatel in France.

In 1988 Ishii et al. proposed an 8-channel WDM selector composed of 2 AWGs
and an SOAs array [60] . A deep-ridge structure was used for the AWGs, while a
buried structure was used for the SOAs. A schematic of the circuit is shown in Figure
1.6. The measured coupling loss between the deep-ridge and the buried waveguides
was below 0.3 dB. WDM channel selection with a crosstalk of less than -40 dB was
confirmed experimentally. No information about the impact of misalignment was
provided in the paper. From 1988 to 2001 three other publications were proposed
on this topic by Ishii et al.: [61], [62] and [63].

In 2001 Shibata et al. demonstrated a Parallel Amplifier Structure (PAS) for
filter-free wavelength conversion based on cross-gain-modulation of a semiconduc-
tor optical amplifier [64]. The circuit, shown in Figure 1.7 was composed of a Mach-
Zender interferometer with one SOA section per arm. The SOA was buried and the
Mach-Zender (MZ) structure used DR waveguides. The propagation loss of the deep-
ridge waveguide was about 5 dB/cm and the coupling loss between the buried and



1.3 Integration of BH lasers and amplifiers in photonic integrated circuits 11

Figure 1.6: 8-channel WDM reported by Ishiii et al. including an array of buried SOAs and
two DR AWGs [60].

Figure 1.7: Parallel Amplifiers Structure (PAS) proposed by Shibata et al. [64]including two
buried SOAs and a deep-ridge Mach-Zender modulator.

the deep ridge section was 1 dB per interface. Filter-free, co-propagative wavelength
conversion at a bit-rate of 10 Gb/s was achieved.

In 2003 Asaka et al. proposed a device including a BH-SOA, a deep-ridge electro-
absorption modulator (EAM) and a deep-ridge waveguide [65]. The device is shown
in Figure 1.8. A passive waveguide was used to connect the EAM and the SOA. The
EAM had a strained InGaAs–InAlAs multiple MQW, the SOA used a bulk InGaAsP
active layer and it was buried with an SI-InP regrowth. The EAM and passive waveg-
uides were deeply etched. Operation with an extinction ratio of 32 dB was achieved.
The device showed clear eye opening and error-free operation at 10 Gb/s with a an
incident optical power from −20 to +10 dBm injected from the SOA side.

In 2003 Pallec et al. presented a BRS laser monolithically integrated with a
SR modulator sharing the same layer stack. The achieved output power was of
10 dBm for emission in the 1.55µm range. The ridge modulator was defined with
a combination of ion beam and chemical etching. A 30 dB extinction ratio with a
10 GHz bandwidth was also demonstrated.

In 2005 Suzaki et al. proposed an eight-channel WDM modulator consisting of
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Figure 1.8: Integration of a buried SOA and a DR-EAM demonstrated by Asaka et al. [65].

Figure 1.9: Design of a BRS laser integrated with a SR modulator presented by Pallec et al.
in [66].

a DR AWG for multiplexing/demultiplexing the light, an array of buried SOAs to
compensate the AWG losses and an array of DR modulators for light modulation
[67]. SOAs, EAMs and AWG sections had different optimized layer stacks. The
size of the chip was 7 mm × 15 mm. A narrow channel spacing of 25 GHz and high
throughput over 80 Gbit/s were achieved.

In 2011 Kim et al. demonstrated monolithic integration of a BH-SOA and a deep
ridge reflective electro-absorption modulator for WDM-PON at 10 Gbps [68]. The
device, shown in Figure 1.11 consisted of a 500µm-long Spot Size Converter (SSC)
for easy fibre coupling, a 500µm long blocking junction BH-SOA and a 100µm-long
EAM. The EAM core consisted of 8 InGaAsP wells and 8 Q1.15 barriers; the SOA had
a bulk Q 1.26 layer. 23 dB small signal gain was measured, and the 3 dB saturation
power was -15.7 dBm. A clear eye diagram was obtained from 1530 nm to 1565 nm
and the extinction rate (ER) was larger than 10 dB.

In 2017 Suzuki et al. [69] also proposed a tunable light source consisting of an
array of BH Distributed Reflector (DR) lasers with a back distributed Bragg reflector
(DBR) and an AWG. The chip was coupled with an external SOA and co-packaged in
a single module. This allowed for having the SOA operating at low temperature and
tuning of the laser array at the same time. An isolator was also inserted between the
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Figure 1.10: 8-channel WDM modulator consisting of a DR AWG and an array of buried SOA
[67].

Figure 1.11: Device proposed by Kim et al. consisting of a buried SOA and a deep ridge
REAM [68].

SOA and the chip including the laser and the AWG in order to narrow the linewidth
of the laser that could be enlarged by Amplified Spontaneous Emission (ASE) of
the SOA. The schematic of the circuit is shown in Figure 1.12. An output power of
80 mW was obtained for an injected SOA current of 500 mA. A linewidth of less than
70 kHz was reported for each channel at an operating temperature of 65°C.

An overview of the PICs with monolithic integration of buried and ridge com-
ponents is given in Table 1.1. It can be noticed that only a limited number of
components has been integrated. Only Pallec [66] and Suzuki [69] proposed the
integration of BH lasers with passive ridge components while the other authors re-
ported the integration of BH amplifiers. Moreover, in each work either the integra-
tion with shallow-ridge or with deep-ridge components has been proposed, but not
the integration of the three different components.
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Figure 1.12: Tunable light source including an array of DFB-BH lasers and a deep-ridge AWG
[69].

Reference 1st Author Laser SOA Modulator AWG MZ

[60] Ishii BH SR
[64] Shibata BH SR
[65] Asaka BH SR
[67] Suzaki BH SR SR
[68] Kim BH SR
[69] Suzuki BH SR
[66] Pallec BH DR

Table 1.1: State of the art of BH SOA and laser integration with SR and DR component.

1.4 Objectives and thesis and outline

1.4.1 Objectives

Integrating BH lasers and SOAs in a generic platform will open up new possibilities,
and combinations with any kind of ridge component available in the platform can be
implemented. PICs can benefit of the low threshold current, high-speed modulation
and good thermal behaviour offered by the BH components. In the recent years PICs
are becoming important also for automotive applications such as light detection
and ranging (LiDAR) [12, 23]. Indeed, PICs have the potential to replace today’s
more bulky and costly LIDAR systems. In such application, a high-density SOA array
is needed therefore BHs become really attractive components thanks to their high
energy efficiency.

To the best of our knowledge, none of the existing Generic Platforms is offer-
ing BH and ridge components on the same wafer. The objective of this work is to
understand the benefits of the integration of BH components in a generic InP plat-
form and how to achieve the integration. In particular this work will address the



1.4 Objectives and thesis and outline 15

following research questions:

1. How can BH components be non-disruptively integrated in the process flow of
the platform, without compromising the performance of the BH and the other
building-blocks?

2. How do we accommodate waveguides that are defined in different cross sec-
tions and that are defined with different mask-layers?

3. Does the difference in waveguide geometry between BH and ridge waveguides
affect the performance of active components such as Fabry Perot lasers?

4. Can we create circuits that include BH waveguides and the full range of BBs
and how do they perform?

1.4.2 Thesis outline

The thesis describes the integration of buried-heterostructure lasers and amplifiers
in a generic platform and aims at the development of Fabry-Perot lasers and AWG-
lasers by using BHs as active waveguides.

Emphasis is put on: (i) technological development for the integration of BH
components into a generic InP platform, (ii) design of transitions to connect BH
waveguides with the existing building-blocks, (iii) the modelling and comparison
of buried-heterostructure and shallow-ridge lasers. Each chapter is dedicated to
answer each research question presented in the section above. In particular, the
outline of the thesis is the following:

• Chapter 2 answers to the first research question. It addresses the challenge
of the process development for the BH integration into a generic InP plat-
form. The developed process aims to ensure that the fabrication of the generic
BBs is not impaired by the BH integration and to minimize the number of ex-
tra regrowths and lithography steps required. It also aims to provide a good
alignment between the two mask sets used for the BH and ridge BB definition
in order to reduce reflections and losses.

• Chapter 3 answers to the second research question. It presents the design
and the characterization of a transition component to connect BH and ridge
waveguides. We discuss the experimental characterization of the component
and the influence of the misalignment on losses and reflections.

• Chapter 4 answers to the third research question. We analayze the perfor-
mance of BH lasers in terms of electrical and optical beahviour. BH lasers are
then compared with SR lasers fabricated within the same wafer and thus shar-
ing the same layer stack and fabrication flow. A model for predicting thermal
and electrical behavior is proposed and compared with experimental results.
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• Chapter 5 answers to the last research question. It explores the integration of
BH components with a wide range of passive building-blocks of the platform.
In particular the design and the characterization of a multi-wavelength laser
consisting of 8 BH-SOAs and a ridge waveguide AWG is presented.

• Chapter 6 presents summary and conclusions.



Chapter 2
Technology Development for BH
Integration in a Photonic Generic
Integration Platform

In this chapter we present the implementation of Buried Ridge Stripe (BRS) lasers
and amplifiers in a foundry process which includes a comprehensive range of deep-
ridge (DR) and shallow-ridge (SR) active and passive components. Specifically it
reports on the integration of BRS lasers and SOAs developed at the III-V lab in an
InP generic photonics platform developed at TU/e. The process development for the
integration of the BRS-BH building-block (BB) addresses three key challenges:

• Ensuring that the fabrication of the generic BBs of the TU/e platform is not
impaired and thus guarantee the ridge BB performance;

• Minimizing the number of extra regrowth and lithography steps;
• Ensuring a good alignment between the two mask sets used for the BRS-BH

and ridge BB definition thus reducing reflections and losses.

The chapter starts with a technological overview of the different BH technolo-
gies presented in Chapter 1.The BRS is identified as the most suitable one to be
integrated. Next, the standard process flow for the photonic generic platform devel-
oped at TU/e is presented. Then an overview over the most used lithographic tools
used for InP PICs is given. Next, the process development necessary to integrate
BRS-BH lasers into the platform is presented. In the following section we present
the mask design used during the processing, which includes BH, SR and DR com-
ponents. In the final section we explore how to further extend the integration of
BH lasers and amplifiers in the platform. In particular we investigate the inclusion
of semi-insulating (SI) BH lasers and amplifiers. SI-BH are known to have a better
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current confinement compared to BRS lasers but more challenges are associated to
their integration into the generic platform. We will also investigate how to improve
the processing in terms of mask-overlay error and critical dimension control. To
achieve these improvements we propose the usage of DUV lithography. Indeed, DUV
lithography enables higher resolution and higher precision alignment with respect to
g-line and i-line lithographies but stronger specifications need to be respected. DUV-
scanner has been extensively researched in a parallel project [70] and assuming
topography constraints are met, this will be suitable for BH integration. Therefore
we analysed the challenges associated with the usage of DUV-scanner.

2.1 Technology Overview of Buried-Heterostructures

This section focuses on the fabrication details of different buried-heterostructure
(BH) lasers and amplifiers: buried-ridge stripes (BRS), blocking-junction (BJ) and
semi-insulating (SI) BH lasers. The main steps of the fabrication are presented for
each structure. By comparing the three structures from a technological point of
view, we identify the most suitable one for the integration in the photonic generic
platform.

2.1.1 Buried Ridge Stripe

Buried ridge stripes (BRS), are the easiest buried components to fabricate, as the
fabrication requires only one regrowth. A schematic of the fabrication process flow
is presented in Figure 2.1. First, the waveguide is created by dry etching through the
core layer and below (Figure 2.1a). With respect to wet etching, dry etching ensures
a good dimension control of the ridge width. After removing the mask (Figure 2.1b),
the waveguide is buried by a p-InP regrown layer and an InGaAs layer (Figure 2.1c).
The p-doping level is higher (∼ [Zn] 1018cm−3) close to the metallic contact, and
lower (∼ [Zn] 1017cm−3) on the side of the guiding layer to allow a trade-off between
low optical losses and low electrical losses. Finally in Figure 2.1d, H+ implantation
is performed and metal contacts are patterned.

BRS lasers do not block efficiently the current. Indeed when a high-voltage is
applied the current flows also along the side of the waveguide. Blocking-junction
and semi-insulating BH lasers and amplifiers are more challenging to integrate as
they require two regrowth steps, motivating to look into other structures such as
blocking-junction and semi-insulating BH lasers and amplifiers.



2.1 Technology Overview of Buried-Heterostructures 19

(a) (b)
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Figure 2.1: Schematic of the fabrication of a BRS waveguide. (a) The waveguide is etched,
then (b) the dielectric mask is removed. In (c) the BRS regrowth is performed.
Finally in (d) the sides of the waveguides are implanted with H+ and the metal
contacts are patterned.

2.1.2 Blocking-Junction BH

The standard process for a blocking junction BH (BJ-BH) can be summarized as
follows [71–73]. First the ridge is defined by etching. Then the ridge is embedded
with a p-InP/n-InP heterojunction. The p-n InP layers will block the current, as
they provide a built-in reverse biased junction [48]. A schematic of the fabrication
process flow is presented in Figure 2.2.

After defining the waveguide by dry etching (see Figure 2.2a) the first epitaxy is
performed (see Figure 2.2b). Different from BRS, the mask is not removed during
the regrowth. The first epitaxy consists of the growth of p-InP and n-InP layers. The
mask is then removed for the second growth of the p-InP layer (see Figure 2.2c).
Finally metal contacts are patterned (see Figure 2.2d)

The blocking of the leakage current is more efficient than in the BRSs allowing
for higher optical output power. However, because of the two heterojunctions, the
parasitic capacitances are high [48].



20
Technology Development for BH

Integration in a Photonic Generic Integration Platform

Dielectric

MQW

InGaAsP

InP

pn InP

Cladding 

Contact

(a) (b)

(c) (d)

Metal

Figure 2.2: Schematic of the fabrication of a blocking-junction-BH. (a) The waveguide is first
etched, then (b) the pnp regrowth is performed without removing the mask. (c)
After removing the mask the cladding regrowth is performed. Finally (d) metal
contacts are patterned on top of the waveguide.

2.1.3 Semi-Insulating BH

Semi-insulating BHs require also two epitaxial regrowths. A schematic of the fab-
rication process flow is presented in Figure 2.3. After etching the waveguide (see
Figure 2.3a), the first regrowth is performed. Like in blocking-junctions, the mask
is not removed (Figure 2.3b). The semi-insulating behaviour of the InP is achieved
by introducing a dopant which gives a deep acceptor level near the midgap and is
thermally stable [74]. A common dopant, that has been widely used and studied
in the literature is iron (Fe). After the first epitaxy, the mask is removed and the p-
InP is deposited (Figure 2.3c). Next the metal contacts are patterned (Figure 2.3d).
Thanks to the semi-insulating material, current injection is really efficient and para-
sitic capacitances are low, allowing for high-speed modulation (> 40 Gb/s).

Calibration of the doping, in this case, is also important as Fe tends to inter-
diffuse with Zn coming from the p-doped layer, negatively impacting the resistivity
of the SI layer as well as the conductivity of the p-InP layer [75].
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Figure 2.3: Schematic of the fabrication of a semi -insulating-BH. (a) The waveguide is first
etched, then (b) the SI-InP regrowth is performed without removing the mask. (c)
After removing the mask the cladding regrowth is performed. Finally (d) metal
contacts are patterned on top of the waveguide.

2.1.4 Comparison of the different BH technologies

Table 2.1 summarizes pros and cons of the three different BH structures. From this
analysis, it is concluded that BRS components are the most straight-forward for the
integration. With respect to SI-BH and BJ only one regrowth step is required so
their integration in the platform is less complex. However, SI-BHs are attractive
components as they block efficiently the current and they allow for fast modulation.
The final section is therefore dedicated to the work performed to develop another
process that allows for the integration of SI-BH into the platform. The related chal-
lenges are identified and solutions are proposed. The next section is dedicated to
the explanation of the process-flow for the TU/e platform.
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BRS SI-BH BH-BH

PROS • Only one regrowth
• Efficient current block-
ing

• Efficient current block-
ing
• High-speed modulation

CONS
• Not efficient current-
blocking
• Low-speed modulation

• Low-speed modulation
• Two regrowths

• Two regrowths

Table 2.1: Summary of pros and cons for the three different BH structures.

2.2 Process flow for a photonic generic platform

The fabrication process-flow for the TU/e platform is a robust and widely published
process [4,20,76]. It consists of 3 epitaxial growths (active, passive and InP cladding
plus InGaAs). It includes 13 depositions, 9 lithography steps, 14 dry and 7 wet-
etching steps. The entire process can be summarized in four process modules com-
posed of several steps. The four modules are represented in Figure 2.4.

1st growth 2nd growth

3nd growth

Active Passive

(a)

(c) (d)

(b)

SR 
active

SR 
passive

DR 
passive

isolation

Figure 2.4: Main steps of the TU/e process flow: (a) butt-joint epitaxial regrowth (b) waveg-
uide definition (c) planarization with polyimide (d) metallization.
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• Module 1 (Figure 2.4a): active growth and passive regrowth
• Module 2 (Figure 2.4b): waveguides definition
• Module 3 (Figure 2.4c): planarization
• Module 4 (Figure 2.4d): metallization

From now on we will refer to all the steps included from module 2 to module 4
as "standard process flow". A detailed explanation of each module is given below.

Module 1

The first module consists of the active-passive regrowth and is divided in four steps
depicted in Figure 2.5.

At first, the 500 nm active layer-stack containing the InGaAs QWs sandwiched
between the InGaAsP (Q1.25) material layers is grown. (Figure 2.5a). The number
of wells used is the one reported in [4]. Next, the active regions are covered and the
rest is etched away by wet-etching (Figure 2.5b). The second regrowth is the passive
layer stack (Figure 2.5c). Finally, a p-InP and InGaAs regrowths are performed over
the entire wafer (Figure 2.5d). All the growth steps are performed through Low
Pressure Organometallic Vapor Phase Epitaxy (LP-MOVPE).

(a)

(c) (d)

(b)

Figure 2.5: (a) The active layer, including the SCH and MQW layers is grown, (b) a butt-Joint
is created by wet-etching, (c) a passive layer is grown and (d) the InP cladding
and InGaAs layers are grown.
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Module 2

All the waveguides (active and passive, shallow and deep) are defined in a single
lithography step. The next four etch steps are needed to create four different etch
depths. The four etching depths are:

1. Shallow-ridge (SR) active
2. Shallow-ridge (SR) passive
3. Deep-ridge (DR) passive
4. Isolation

(a) (b) (c)

(d) (e)

Figure 2.6: Schematic of the module 2: (a) Waveguides are defined on the SiN mask, (b) deep
ridge waveguides are etched with a depth which corresponds the the shallow-deep
depth difference, (c) dielectric is removed from the isolation section and in (d) all
the waveguides are etched. Finally in (e) the contact layer is removed from the
passive waveguides.

A detailed explanation of the four etch steps is schematically represented in Fig-
ure 2.6. In figure 2.6a all the waveguides are defined with a SiN mask. In the first
etch step the difference between the bottom levels of the shallow and deep waveg-
uides is defined (Figure 2.6b). Here only the deep passive waveguides are etched.
In Figure 2.6c the dielectric mask is removed from the isolation sections. Next all
the waveguides are etched (Figure 2.6d) and in the last etch step the contact layer
is removed from the passive waveguides.
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Module 3

The third module consists of the passivation and protection of the etched waveg-
uides. This is done by depositing one or more layers of polyimide that have also the
function of planarizing the wafer, in order to allow the metal deposition.

Module 4

The last module is for connection and metallization. Before proceeding with the
metal deposition, polyimide is etched back on top of the active components to allow
the electrical contacting. The Ti-Pt-Au metal contacts are patterned by lift-off and
by using metal e-beam evaporation.

2.2.1 Integration of Buried-Heterostructures

The presented process flow allows the fabrication of components only with a shallow-
ridge or deep-ridge cross-section. Therefore, to integrate BH components, it is nec-
essary to add some additional steps to the standard process flow. For integrating
BH components in the platform, it is important not to change the steps of the stan-
dard process flow, to reduce the risk of influencing the performance of the existing
building-blocks.

Given the complexity of their integration, BH waveguides need to be defined on
a different mask layer as the SR /DR mask. As will be shown in Chapter 3, it is
important to align the BH and SR/DR mask with an accuracy below 1µm. For this
reason, it is necessary to choose the right lithographic tool. The available tools are:
contact lithography, electron beam lithography (EBL), deep-UV (DUV) scanner and
i-line-stepper lithography. Details and specifications of these tools are provided in
the following section.

2.3 Overview of lithographic tools for InP PICs

Photolithography is used to define a desired pattern on a wafer coated with resin,
prior to transfering it on the substrate. There are many tools on the market and in
the next paragraphs we give an overview of those that are the most used for InP
PICs. A brief description of the working principles will be given together with a
discussion of advantages and disadvantages related to the needed process.
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2.3.1 Contact Photolithography

Contact Photolithography is one of the simplest lithographic techniques and it is
used for fabricating large-area integrated devices but the resolution is quite low.

Exposure of the wafer to UV light (365 nm) is used to produce an aerial image
of the pattern defined on the photomask (or its reverse image, depending on the
photoresist) in the resist layer. Development in an aqueous basic solution is car-
ried out to reveal the pattern defined in the resist. This technique presents several
disadvantages:

• Low critical dimension limit (600 nm).
• The misalignment error is operator dependent at can be easily larger than

1µm.
• Introduction of defects between the mask and the wafer can have an impact

on the yield and on the quality of the vacuum.

2.3.2 Electron-beam lithography

In electron-beam lithography (EBL) a focused beam of electrons is used to pattern
the resist. In a high vacuum chamber an emitter is first heated, thus emitting elec-
trons. Then a high voltage is applied, giving energy to the electrons which are di-
rected towards the sample with an energy that ranges from 1 keV up to 100 keV [77].

The advantages of EBL are the high resolution (10 nm) and high alignment accu-
racy (10 nm). However, an EBL system can expose only a limited area (writing field)
thus large area pattern are divided in many writing filed. A misalignment between
the different writing fields can occur. The deviation from the perfect alignment is
called stitching error [78,79].

Moreover EBL systems have a low throughput limiting its use to photomask fab-
rication, low-volume production and research. It is used in industry when only small
areas, such as gratings, need to be patterned. Multi-beam systems are also in devel-
opment.

2.3.3 Projection Optical Lithography

In projection optical lithography, the mask is not in physical contact with the wafer.
This improves the lifetime of the mask and reduces the risk to introduce defects on
the wafer. The system consists of a set of lenses, that projects the photomask pattern
onto the wafer. Typically the pattern on the photomask, referred as reticle, is four
times larger than the desired pattern and the lens provides the desired reduction.
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In projection lithography, only part of the wafer is exposed. After exposure of one
field, the wafer is moved in another position to undergo the next exposure. There
are two majors classes of projection lithography: step-and-repeat and step-and-scan.

In a step-and-repeat system (known as stepper), the entire area of the reticle
that needs to be projected is illuminated (Figure-2.7a). In a step-and-scan system
(known as scanner), only part of the reticle is illuminated. The exposed area is
usually a narrow rectangle knows as slit. To expose the entire area both the stage
and the reticle move simultaneously (see Figure-2.7b).

Step lithography

(a)

Step and scan lithography

(b)

Figure 2.7: Schematic of a Projection Lithography tool [80]. Projection lithography can be
(a)step mode, meaning that each die is exposed at once or (b) each die is scanned,
ensuring a reduction of the dynamic lens distortion [81].

One advantage is that only the center of the lens is used avoiding the so-called
dynamic lens distortion [81].

At TU/e and III-V lab both DUV-scanner and i-line-stepper systems are available.
For this work we considered the following tools:

• Scanner system at TU/e: it is an ASML machine. Wavelength is in the DUV
range (193 nm)

• i-line-stepper system at III-V lab: it is a Canon tool. Wavelength is 365 nm.
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An important difference between these two tools is the wavelength. Scanner
DUV, having a shorter wavelength, allows for a minimum feature size (90 nm) and
mask overlay error (20 nm) with respect to i-line-stepper lithography (300 nm for
minimum feature size and mask overlay error). To achieve such a good resolution
DUV-scanner requires a special layer stack of resists:

• Bottom Anti-Reflection Coating (BARC): This resist has a thickness of 35 nm
and avoids uwanted reflections coming from the substrate.

• Photo-resist: this resist has a thickness of 220 nm.
• Top Anti-Reflection Coating (TARC): This resist has a thickness of 30 nm and

avoids unwanted reflections coming from the top of the photo-resist.

As the BARC and TARC resists are thin, it is necessary that the wafer presents a flat
morphology to ensure a homogeneous spinning of the resist.

An important requirement for DUV-scanner is the morphology of the wafer. Since
the working wavelength is short (193 nm), the depth of focus is small and it requires
a total thickness variation below 1 µm and a local variation thickness of around 200
nm. Therefore it is necessary that the exposed wafer has a flat surface during the
exposure to ensure the desired resolution all over the wafer.

2.3.4 Comparison

Advantages and disadvantages of the four lithographic tools are summarized in Ta-
ble 2.2. Contact lithography has a poor mask overlay error and e-beam lithography
does not allow a fast exposure making the process not attractive for volume scale
production. Specifically, the throughput of i-line-stepper and scanner is 70 wafer-
per-hour (wph) and 90 wph respectively [82]. With a standard e-beam lithography,
especially when the area to expose is large, only one or two wafers can be exposed.
As we are more interested in volume-scalable solutions, e-beam lithography was not
considered despite its alignment accuracy and its resolution are attractive. DUV-
scanner ensure good alignment and critical dimension control, but the requirement
related to the wafer flatness are strict and this introduces some challenges.

For these reasons we chose to use the i-line-stepper lithography as it ensures
a good alignment and dimension control and it has less requirements about the
wafer flatness. However, we also explore the utilization of DUV-scanner lithography
identifying the related challenges. This is reported in the final section of the chapter.
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Tool Advantages Disadvantages Location

Contact • Not limited by the morphology
of the wafer’s surface unless im-
portant defects are present

• Defects can be introduced dur-
ing the contact between mask
and wafer
• Limited alignment accuracy
• Limited resolution (600 nm)

III-V lab
TU/e

i-line-
stepper

• Volume Production
• Contactless
• Alignment accuracy (<100 nm)
• Resolution (<300 nm)

• Special processing to protect
the markers

III-V lab

DUV-
scanner

• Volume production
• Contactless
• Alignment accuracy (< 20 nm)
• Resolution (<100 nm)

• Special processing to protect
the markers
• Constraint in the flatness and
morphology of the wafer

TU/e

EBL • Contactless and maskless
• Alignment accuracy (< 10 nm)

• Not a volume production tool III-V lab
TU/e

Table 2.2: Comparison of the lithographic tools available at TU/e and the III-V lab.

2.4 BRS integration with generic platform

The developed integration strategy includes the BH section before the definition of
SR and DR waveguides, in such a way that the wafer, already containing the BH
waveguides, can undergo the standard process flow. To ensure a good alignment
between the masks for BH waveguides and ridge waveguides, a Canon FPA-3000 i4
stepper lithography tool was used (i-line 365 nm). i-line-stepper lithography was
used both in the step for the BH waveguide definition and in the step for the SR/DR
definition. The process flow is schematically represented in Figure 2.8

In Figure 2.8a, 4 InGaAsP QWs were sandwiched between Q1.25 material. The
total separate confinement heterostructure thickness was 500 nm. In Figure 2.8b,
the active regions were covered and the areas reserved for the passive waveguides
were etched away by wet-etching.

In Figure 2.8c, the passive layer stack was grown. These steps were the same
as module 1 of the process described in section 2.2. The BH waveguides were sub-
sequently defined and etched (Figure 2.8d). A set of large area features (referred
to as shadow area) was also defined in the same mask layer to prevent unwanted
etching of the active and passive layer stacks. Ridge BBs can be defined inside this
area without the need of an extra regrowth. This area, had to be large enough to
contain all SR and DR BBs of the design (for example an AWG) that are defined in a
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a) Active growth b) Wet etching c) Passive growth d) BH  etching

e) p-InP regrowth f) SR/BH etching g) Planarization &
Metallization

h) Implantation

shadow areaBH

SOA DR SR

p-InP p-InP 
regrowth

InGaAs

InGaAsP

MQW Polymide

Metal

Implantationn-InP

Figure 2.8: Schematic representation of the process flow for BRS-BH integration in the
generic platform. Step d represents the lithography necessary to integrate the
BH waveguide and step h represents the implantation.

following step.

Next the p-InP regrowth was performed (Figure 2.8e). This regrowth (referred
to as BRS/cladding regrowth) has a double function: on the BH waveguides it serves
as a burying layer, and on the rest of the wafer it served as a cladding layer. The
p+ doped ternary (InGaAs) layer which is necessary for the contact was also grown
within this step. Next, SR and DR waveguides were defined within the same lithog-
raphy step, providing a perfect DR/SR alignment.

A set of masks was then used to define the three etch depths. The cross-section
after these steps is shown Figure 2.8f. To ensure a good alignment between the
BH/shadow lithography (Figure 2.83d) and the SR/DR lithography (Figure 2.8f) the
i-line-stepper lithography was used. This tool provided a mask overlay error smaller
than 200 nm, ensuring low losses and reflections.

Subsequently planarization was performed by polyimide coating in order to re-
duce the height differences on the wafer and therefore facilitate the subsequent
lithographic steps. Finally metal contacts were defined on the top and on the back-
side of the wafer and thermal anneal was performed to ensure a good contact be-
tween the metals and the the wafer.



2.4 BRS integration with generic platform 31

Figure 2.8g shows the schematic cross-section after planarization and metalliza-
tion. In order to reduce leakage current, H+ implantation was performed on the
side of the BH waveguides (Figure 2.8h) following the standard process developed
at III-V lab [83]. A 15-µm-thick resist is used as a mask to avoid implantation in
the active waveguide. By choosing the right implantation energy, the protons can
penetrate the metal layers. A software called Stopping and Range of Ions in Matter
(SRIM) [84] was used to compute the right values of energies.

2.4.1 Markers for stepper lithography

As previously explained, i-line-stepper lithography was used to align the masks of
Figure 2.8d and Figure 2.8f. For this purpose, the markers for the i-line-stepper were
defined and etched together with the BH waveguides and the shadow areas. To
avoid BRS/cladding regrowth on the top of them, the markers were protected with
a dielectric layer. Next, the dielectric was removed. In this way we avoided to alter
the shape of the markers by regrowing semi-conductor material on top of them.

In order to protect the markers, we patterned a dielectric rectangle of 680µm×
200µm on the top of them. Two phenomena can occur when large areas of dielectric
mask are present during regrowth:

1. Polycrystal regrowth on the mask: at the moment of the lift-off of the mask,
they can redeposit on the wafer and stick permanently.

2. Due to the high temperature during the growth, strain relaxation within the
dielectric mask can lead to cracks and InP can start growing through the mask.
When this happens, a lot of defects will be present after lifting the mask, com-
promising the surface.

Three different combinations of dielectric materials were tested with the objec-
tive to identify the appropriate condition that does not cause cracking and reduces
polycrystal regrowth. The three different conditions were:

• SiO2 (700 nm): we chose this material because SiO2 has been demonstrated
to introduce less polycrystal deposition as compared to SiNx [85] [86].

• SiO2 (400 nm as top layer) + PECVD-SiNx (300 nm as bottom layer): by using
a bilayer of two different dielectrics, the overall stress will be less as the two
layers will compensate each other stress. In this case SiNx was deposited by
PECVD at 300 ◦C. SiO2 was deposited at the top to ensure good mask selectiv-
ity.

• SiO2 (400 nm as a top layer) + ICP-SiNx (300 nm as a bottom layer): As the
condition of deposition might have an influence on the intrinsic stress of the
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material, we deposited SiNx by using ICP.

Figure 2.9: markers (a) before and (b) after the lifting of the dielectric used as a protection.
markers are still visible after lifting. Usage of i-line-stepper lithography is there-
fore possible.

The only condition that allowed for a clean removal of the dielectric is the SiO2-
SiNx bilayer with the SiNx deposited by ICP. Figure 2.9a shows the sample after a
BRS regrowth, before lifting the mask. One can see the polycrystals on top. The
lifting of the mask was successful and no polycrystals re-deposition or cracking is
observed (Figure 2.9b).

2.4.2 Fabrication Overview

The fabrication was carried on between III-V lab and TU/e. The total fabrication
included 3 growths and 12 lithographies. Three extra lithographies were added to
the standard process flow (BH+shadow, markers protection and implantation). The
growth and the lithographies performed are summarized in Table 2.3 and Table 2.4.
The table also specifies in which clean-room the lithography and the regrowth were
performed.

Growth

Active growth TU/e
Passive growth TU/e
BRS/InP growth III-V lab

Table 2.3: Growths performed in the first run including BRS-BH.

Figure 2.10a shows a focused ion beam (FIB) picture of a SR active waveguide
that was fabricated with the process described above. In the picture one can see
the two 10-µm-wide trenches used to laterally define the waveguides. Figure 2.10b
shows a zoom in of the SR waveguide. The width of this waveguide is 2 µm.
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On top of the waveguide we can see the metal. On the side of the waveguide,
the passivation layer (composed by SiO2 and SiN) is visible. On top of it we can see
the polyimide. To allow a good contact between the metal and the InP, there is the
ternary layer. As we can observe, this layer is laterally etched. This can be attributed
to an unwanted and unexpected erosion of the dielectric mask used to define the
waveguide during the etching probably due to a low selectivity of the dielectric.

The quaternary layer is highlighted by a white dotted line. The etching of the
waveguide stopped around 50 nm inside it. However, the target value of the etching
was 100 nm in the quaternary. This means that during the process we slightly under-
etched. This is due to a wrong evaluation of the mask thickness during the pro-
filometer measurements of the waveguide performed to monitor the etching depth.
The thickness of the p-InP cladding and contact layer are 1500 nm and 300 nm as
we expected. This confirms that the regrowth went as wanted.

Figure 2.11a shows an FIB picture of a BH waveguide. One can notice, that the
BRS/cladding regrowth introduced a non-flat wafer morphology. The top of the
waveguide is 2µm higher than on the side. It becomes flat within a lateral range of
3µm. Figure 2.11b shows the zoom of the BH waveguide.

On the top of the waveguide one can see the metal. Below the metal there is the
InGaAs layer, different from a SR waveguide, is everywhere below the metal. In the
BH waveguide, the metal is deposited directly on the semiconductor as polyimide
and passivation layer are not necessary. In the center one can see the 1µm-wide
core layer of InGaAsP. The core layer is highlighted by a white dotted line. As for the
SR waveguide the thicknesses of the p-InP cladding and contact layer are 1500 nm
and 300 nm respectively as we expected. This confirms that the regrowth went as
wanted.

Lithography

Active/passive TU/e
BH WGs and shadows III-V lab
Marker protection III-V lab
SR/DR WGs III-V lab
SR/DR difference TU/e
Contact TU/e
Planarization (3x) TU/e
Metallization (2x) TU/e
Implantation III-V lab

Table 2.4: Lithographies performed in the first run including BRS-BH.
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Figure 2.10: (a) FIB pictures of a SR active waveguide (b) zoom-in of the BH active waveg-
uide. The ternary layer is visible below the metal. The etching stopped inside
the InGaAsP layer above the MQWs.

2.4.3 Mask Layout

Figure 2.12 shows the layout of the designed 2-inch mask used during the process-
ing. The mask was designed to test and validate the success of the integration. It
included five different designs and 76 cells. The designs are:

1. BH Fabry Perot (FP) laser: The length of the laser is the length of the cell.
Different FP lasers can be obtained by cleaving the cells with different lengths.

2. SR Fabry Perot (FP) laser: The length of the laser is the length of the cell.
Different FP lasers can be obtained by cleaving the cells with different lengths.
By having both BH and SR lasers, it is possible to compare their performance.
The two kinds of structure have the same layer stack and under-went the same
process flow, therefore the difference in performance can be attributed to the
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Figure 2.11: (a) FIB pictures of a BH active waveguide (b) zoom-in of the BH active waveg-
uide. The ternary layer is visible below the metal. The buried InGaAsP layer is
underlined by the white dotted line.

geometry itself of the two kinds of structure.
3. BH-SR transition: a set of different test structures is present on this cell with

the purpose of characterizing the BH/SR interface.
4. BH-DR transition: a set of different test structures is present on this cell with

the purpose of characterizing the BH/DR interface.
5. AWG-Laser: this design consists of a multiwavelength laser. The laser includes

a DR/SR AWG and eight BH gain sections connected to the multiplexing input
of the AWG.
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Figure 2.12: Layout of the mask fabricated in this work. It included BH, SR and DR compo-
nents.

2.5 Alternative approaches

2.5.1 SI-BH integration

As explained in the first chapter, SI-BH lasers block the current more efficiently and
they allow for fast modulation. However, two regrowths are needed, making their
integration in the platform more challenging. Figure 2.13 shows the process-flow for
the SI-BH integration. The first steps for the active/passive butt-joint are the same as
for the BRS integration (Figure 2.13a-c). Different from the BRS, after the etching
step in Figure 2.13d, the mask is not removed. Therefore during the SI regrowth
(Figure 2.13e), the mask is present and this can cause cracking in the dielectric as
the dielectric area has to be large. Indeed it has to be able to contain all the possible
BBs such as an AWG that is 1.5 mm×1.5 mm large. To test the dielectric we used the
same conditions that we used to find the right dielectric for protecting the markers
during the BRS processing.

All the three combinations, presented is Section 2.4.1 led to cracks in the di-
electric, causing a disturbed surface after lifting the mask. Figure 2.14a shows the
sample after the SI-BH regrowth when the dielectrics is still not removed. One can
see a lot of polycrystals on top of the mask. Figure 2.14b shows the sample after
lifting the dielectric. We can see that the defects are still present, meaning that the
dielectric cracked and the InP grew inside this cracks.
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a) Active growth b) Wet etching c) Passive growth d) BH  etching

g) SR/BH etching g) Planarization &
Metallization

shadow areaBH
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Figure 2.13: Markers (a) before and (b) after the lifting of the dielectric used as a protection.
markers are still readable after lifting. Usage of i-line-stepper lithography is
therefore possible.

(a)

(b) (c)
300 µm

300 µm

Dielectric

Crack

Mushroom

Figure 2.14: Opitcal microscope pictures of (a) dielectric after SI-BH regrowth (b) dielectric
after the mask lift-off. Many defects are still present meaning that the dielectric
cracked during regrowth with a consequent formation of unwanted structures
(c) Cross-section of the dielectric. A crack is visible as well the overgrowth on
the mask that started from the crack.
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To confirm that the dielectric cracked during the regrowth, a cross-section of the
sample was inspected by SEM before lifting the sample (Figure 2.14c). We can see
that there is a mushroom-shaped structure growing on top of the dielectric. This
structure grew on the semiconductor through the crack in the dielectric. Therefore,
after removing the dielectric it is not removed.

Butt-Join approach

To avoid the problem of cracking, one solution is to create the SI-BH waveguides
(SI-BH waveguides etching and SI-InP regrowth) before the passive regrowth. After
the passive regrowth the wafer can follow the standard process flow (ridge waveg-
uide definition, planarization and metallization). A schematic of the process flow is
shown in Figure 2.15.

(a) Active growth (b) SI-BH waveguide 
de�nition

(c) SI-BH waveguide 
etching

(d) SI-BH 
regrowth

p-InP

InGaAs

InGaAsP

MQW

SI regrwoth

n-InP

(e) Mask removel (f) Mask for the 
butt-joint

(g) Butt-joint 
etching

(h) Pasisve 
regrowth

(i) Mask removal

Figure 2.15: Schematic of the BH integration with butt-joint approach. It consists of nine
main steps. After the creation of the waveguide, Semi-Insulating regrowth is
performed. Next, after the butt-joint creation, passive regrowth is performed.
After the regrowth of the InP cladding and the ternary layer the wafer can follow
the standard TU/e process flow.
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We did a test to evaluate the steps from (a) to (g). In Figure 2.15a the active
layer is grown. Next, the SI-BH waveguide is defined and etched (Figure 2.15b and
Figure 2.15c). Then the SI-BH growth is performed (Figure 2.15d). Next, the mask
is removed (Figure 2.15e). At this point, it is necessary to perform the butt-joint
etching (Figure 2.15f and Figure 2.15g). The passive layer stack can now be grown
(Figure 2.15h) and the butt-joint mask removed (Figure 2.15i). At this point the
wafer, that contains BH SI-BH waveguides with the MQWs layer, and areas with the
passive layer can follow the standard TU/e process flow for the ridge waveguides
definition, planarization, and metallization as explained in Section 2.2 (Figure 2.4b-
d).

A challenge related to this approach is due to the fact that InP and InGaAsP have
different etching speed. If we look at Figure 2.15g, we see that at the same time it is
necessary to etch the SI-BH regrown layer (Fe doped InP) and the SI-BH waveguide
which contains also the InGaAsP layer. The consequences of the different etching
speeds have been tested.

In this test we first patterned a SI-BH waveguide. Next we performed the SI
growth and then we removed the mask. This corresponds to the steps schematically
represented in Figures 2.15a-c. A second mask was then deposited and a dry etch
by ICP was performed. Figure 2.16a schematically represents the last two steps of
the experiment and it underlines the problem of the two different etching speeds.
Figure2.16b shows an SEM picture of the sample after etching. We can see that, as
expected, the sample does not have a flat morphology, but a step is present where
before there was the SI-BH waveguide. This will lead to a not flat deposition of
the passive layer stack. In order to restore the morphology of the wafer, one can
add a quaternary etching stop layer of a few hundreds nm below the core layer. In
this way, it would be possible to selectively remove the InP including the unwanted
morphology. This would affect also the butt-joint morphology so extra care has to
be taken in developing this approach.

2.5.2 Towards DUV lithography

With respect to i-line-stepper lithography, DUV-scanner has a better alignment pre-
cision and critical dimension control. Therefore we investigated its usage for the
process.

DUV-scanner lithography requires a flat surface, to ensure both the right focusing
and the proper spinning of the resist. If one looks at the morphology of a BRS
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Figure 2.16: (a) Schematic of the waveguide before and after butt-joint etching. A different
etching depth is expected for the waveguide as InP and InGaAsP have different
etching depth speeds. (b) SEM picture of the interface of the butt-joint after
dry-etching of the butt-joint. As expected, the area containing InGaAsP was
etched less.

waveguide, one can notice that the surface is not flat. A variation of over 2µm can
be observed on the top of the waveguide (see Figure 2.11). Therefore the focusing
and the quality of the spinning of the resist need to be carefully tested.

Different challenges are present if the DUV-scanner needs to be used in the SI-BH
integration process. As explained in Section 2.1.3, during the SI regrowth the mask
used to define the waveguide is not removed thus, after the regrowth, an overgrowth
at the edge of the mask is present and the wafer morphology would not be flat. This
overgrowth effect is usually known in literature as "rabbit-ears effect" [20, 87–89].
Figure 2.17 shows a cross-section of the waveguide after regrowth, under the SI-BH
growing conditions. The morphology of the wafer after regrowth is not compatible
with the DUV-scanner requirements. This is because the regrowth thickness is larger
than 200 nm. We performed two different tests to improve the morphology of the
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Figure 2.17: Waveguide cross-section before and after regrowth under SI-BH growing condi-
tions. The rabbit ears are present at the edge of the waveguide.

BH process.
1. High-temperature growth: A first solution for reducing the rabbit-ears effect

consists in increasing the growth temperature. Indeed, by increasing the tempera-
ture the adsorption of the gas precursors is reduced and the diffusion length of the
species is increased [90]. In a standard SI-BH regrowth at III-V lab the maximum
growth temperature is 690°C.

A regrowth at a constant temperature of 725°C was performed. A good planarity
was reached (see Figure 2.18) but doping needs to be optimized for this re-growth
condition. Indeed, as Cheng et al. reported the doping concentration is temperature
dependent [91].

Figure 2.18: Waveguide cross-section after regrowth at 725◦C. The rabbit ears effect is
strongly reduced.

2. Overhang : A second solution is to create a so-called overhang in the dielectric
mask. This means that the mask is wider than the structure below. This leads to a
consequent reduction of the overgrowth below the mask, as demonstrated by Young
et al. [92]. The overhang can be obtained by defining the waveguide by wet-etching.
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Figure 2.19a shows an SEM picture of the cross-section of a mesa defined by wet-
etching. In the sample, the mesa was created using diluted hydrochloric acid (25%)
for 1 minute to etch the InP layer and citric acid to etch the InGaAsP active layer.
The measured overhang (dotted line) is around 250 nm for the optimized process
flow. After the definition of the mesa, the InP regrowth was performed by MOVPE. It
is clear that thanks to the overhang, the resulting surface profile is almost flat, with
rabbit-ears less than 20 nm high (see Figure 2.19b).

SiN mask

Overhang250 nm

(a)

SiN mask

Surface pro�le

(b)

Figure 2.19: (a) Cross-section of a waveguide defined by wet-etching with an overhang of
250 nm (b) cross-section after regrowth under SI-BH conditions. Rabbit-ears
effect is not present and the surface shows an improved planarity.

One challenge related to this approach is the control of the lateral dimension of
the waveguide. Indeed, with wet-etching, it is difficult to have a precise control of
the lateral etching. The lateral dimension of the waveguide under the mask, can be
controlled by using the SEM for visual inspection but this would require to cleave
the sample.

For this reason, the process will be less stable and have a poor reproducibility.
Moreover, the etching profile shape will depend on the ridge orientation. Figure 2.20
shows the microscope picture of stripes etched parallel and perpendicular to the
main flat. SiN was used as a hard mask. When the stripes were parallel to the main
flat (Figure 2.20a), the etching profile did not cause the lifting of the mask. When
the stripes were perpendicular to the main flat (Figure 2.20s), the etching profile
caused the lifting of the mask (see the Figure inset). This means that the process
can be optimized only for one direction, limiting the choice during the design.

We can conclude that, both for the usage of DUV-scanner and for the SI-BH
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integration, there are still some deficiencies and further process development is re-
quired.
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Figure 2.20: Optical microscope pictures of the stripe etched by wet etching when stripes are
parallel (a) and perpendicular (b) to the main flat. The schematic represent the
etching profile.

2.6 Conclusions

In this chapter we reported the successful fabrication BRS-BH, SR and DR compo-
nents on the same wafer. Only three extra lithographies were needed for the inte-
gration of BH structures in the generic photonic platform and no extra regrowth was
required. After defining the BH waveguides the wafer followed the standard process
flow of the generic photonic platform. We expect, therefore, that the performance
of the BBs did not change. I-line-stepper lithography was used for the definition of
the BH and the ridge waveguides ensuring a maximum misalignment of 200 nm.

We also investigated the integration of SI-BH lasers and amplifiers, identifying
the challenges that need to be addressed to have a successful integration. We also
explored the usage of DUV-scanner lithography that, with respect to i-line-stepper
lithography, can improve the critical dimension control and the mask-overlay error.

The fabrication was performed on a 2-inch wafer and was carried out using the
III-V lab and the TU/e clean-rooms. A dedicated mask was designed and fabricated
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to test and validate the fabrication. The mask contained five different designs and
76 cells.

To complete the integration it is necessary to efficiently connect the BH waveg-
uide to the ridge waveguides. The design needs to compensate for the possible
misalignment that can occur between the mask used for the BH waveguide defini-
tion and the mask used for the ridge waveguide. In addition the design needs to
ensure the match of the effective refractive indices of the different waveguide cross-
sections. The next chapter is dedicated to the design and the characterization of a
BH/SR and BH/DR transition. Two out of the five designs were dedicated to this
purpose.



Chapter 3
Transition Between Buried and
Ridge Waveguides: Design and
Characterization

In chapter 2 we have demonstrated the process flow development for the integra-
tion of buried-heterostructure (BH) components in a generic photonic platform that
includes a wide range of passive components defined with shallow-ridge (SR) and
deep-ridge (DR) waveguides. In this chapter we report on the design, the simulation
and the characterization of a transition component to connect a BH waveguide to
an SR or to a DR waveguide.

In order to connect a BH waveguide with a ridge waveguide, either SR or DR, it
is necessary to consider that the different cross-sections have different effective re-
fractive indices (neff) which can introduce reflections. Moreover, the cross-sections
are defined in different mask layers and misalignment can occur between them in-
creasing the reflections.

In this chapter, we address the following challenges:

• Reduction of the losses of the fundamental mode at the BH/SR and BH/DR
transitions due to the different effective refractive index in the three waveg-
uides.

• Reduction of the reflections down to -50 dB at the BH/SR and BH/DR transi-
tions.

• Reduction of the losses due to the maximum misalignment (200 nm) between
the BH and the ridge mask down to 0.2 dB.

In the first section a fabrication recapitolation is provided in order to recall which
are the masks involved in the misalignment considered in this design. In Section 3.2



46
Transition Between Buried and Ridge Waveguides: Design and

Characterization

we simulate the transmission of the fundamental mode when connecting a BH and
ridge waveguides without the transition component. We investigate the effects of
the neff mismatch between the different cross-sections and the impact of the mis-
alignment between the two mask layers (BH and ridge).

In Section 3.3 we design and simulate a transition component that reduces the
neff mismatch and is tolerant to the mask misalignment. The optimal design values
are found by simulation.

Finally, the fabricated design is tested and validated. The effects of the mis-
alignment on the transmission losses are measured on dedicated test structures.
Reflections are also measured by using the optical frequency domain reflectometry
(OFDR) technique.

3.1 Origins of mask overlay error

In this chapter we investigate the consequences of the misalignment that can hap-
pen between the mask for the BH and shadow definition and the mask for the ridge
waveguides. We now provide a recapitolation of the main steps of the fabrication
focusing on the two lithographies steps that are used to define the BH/shadow and
the ridge waveguides. Figure 3.1 shows the three important steps (BH/shadow etch-
ing, BRS regrowth and ridge etching). For each step, top-view and cross-section are
shown. In Figure 3.1a the BH waveguides are etched together with the shadow ar-
eas. We call the mask used for this step "BH-mask".

The mask has a blue color in the top-view schematic. What is not covered by
the mask is etched. The following step (Figure 3.1b) is the BRS/cladding regrowth.
After performing the regrowth, the trenches for defining the ridge waveguides are
etched (Figure 3.1c). The etched areas are represented in green in the top-view
schematic. The mask used for defining the trenches is called "ridge-mask". During
fabrication, the BH-mask and the ridge-mask might be misaligned. As the alignment
is performed by stepper lithography we do not expect a misalignment larger than
200 nm. For more details regarding the fabrication, please refer to Chapter 2.

The transition between the BH waveguide and the ridge waveguide is a critical
component for the integration and it needs special attention. By a careful design, it
is possible to achieve low losses, low reflections and to relax the tolerances regarding
the misalignment.

In literature, only a limited amount of work exists on the topic. In 1991, Pom-
mereau et al. [93] investigated the reflections at the BH/DR interfaces. The test
structure consisted of a straight waveguide, half BH and half DR. Reflections were
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Cross-section

(a) Etching of the BH 
waveguide and shadow area

(BH-mask)

BH-mask
ridge-mask

(b) BRS/cladding regrowth
(InP+ InGaAs)

(c) Etching of the trenches 
to de�ne ridge waveguide

(ridge-mask)

Figure 3.1: (a) Recap of the main steps of the fabrication. The BH waveguides and shadow
areas are first etched using the BH-mask. (b) The BRS/cladding regrowth is per-
formed. (c) The tranches defining ridge waveguides are etched in the shadow
area; in this step the ridge-mask is used.

reduced from -37 dB to −70 dB, by tilting the interface by -30 °.
In 2005 Kohtoku et al. [94], reported the design of a transition to connect a

passive BH waveguide to a passive DR waveguide. The design consisted of a double
taper, and the total length was 400µm. The authors report a 2 dB loss between the
two sections. However, neither of the two papers report on the influence of the mask
misalignment.

In the next sections the design, the simulation and the characterization of a
transition between BH and ridge (SR and DR) waveguides are presented. The design
has the purpose to reduce the difference of the effective refractive indices, and relax
the tolerances on the misalignment between the two waveguides. A schematic of the
design that we will discuss in the chapter is shown in Figure 3.2. It is composed of
two tapers (one buried and one ridge) and one free propagation region (FPR). The
interface between buried and ridge waveguide is also tilted to reduce reflections.

The next sections are dedicated to the optimization of all the parameters of this
design (taper widths, taper lengths, FPR length and tilting degrees) by simulation.
The transition components are then fabricated and characterized.
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FPR

BH taperBH 
waveguide

ridge
taper

ridge
waveguide

Figure 3.2: Schematic representation of the designed transition to connect a BH waveguide
to a DR waveguide. The design included a double taper, a free-propagation region
and a tilted interface.

3.2 Analysis of the interface between a BH and a ridge
waveguide

3.2.1 Effective refractive index analysis

In this section we analayze the effective index neff of each cross-section. When
connecting two waveguides with different cross-sections, the difference of neff can
cause reflections [95–97]. Therefore it is important to understand how to adapt
the waveguide geometries in order to match the effective indices of the three cross-
sections.

The commercial eigenmode solver FIMMWAVE [98] was used to simulate the
mode shape and the neff in the three different cross-sections. FIMMWAVE uses a
fully vectorial mode solver. From simulation we found that for a BH waveguide
a width of 1µm ensures single mode operation. For SR and DR waveguides we
used the standard width of the platform which are 2µm and 1.5µm for SR and DR
respectively.

Figure 3.3 shows the cross sections for BH, SR and DR and the respective mode
shape. The refractive indices used in the simulation are reported in Table 3.1. A BH
waveguide was found to have an effective index of 3.228, an SR waveguide of 3.249
and a DR waveguide of 3.231.

To understand how the light is transmitted between the different waveguide
cross-sections, the commercial software FIMMPROP [99] was used. FIMMPROP is
a fully bidirectional tool and is based on the Eigen-Mode Expansion (EME) tech-
nique [100]. We simulated both the case of a BH waveguide connected to an SR
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Figure 3.3: Cross-section and mode shapes for (a) BH, (b) SR and (c) DR waveguides.
Mode shapes were calculated and plotted by using the eigenmode-mode solver
FIMMWAVE.

Index Material Refractive Index

n1 n-InP 3.168
n2 p-InP 3.169
n3 p-InP 3.169
n4 InGaAsP 3.364

Table 3.1: Refractive indices used for the simulations.

waveguide (referred to as SR case) and the case of a BH waveguide connected to a
DR waveguide (referred to as DR case). Figure 3.4 shows a schematic (top view) of
the simulated structures.

The waveguide widths were 1µm, 2µm and 1.5µm for BH, SR and DR waveg-
uides respectively. In the simulation the TE fundamental mode was injected in the

1 µm 2 µm

BH waveguide SR waveguide

Injected 
TE

00  m
ode

longitudinal

lateral

(a)

BH waveguide DR waveguide

1 µm 1.5 µm

Injected 
TE

00  m
ode

longitudinal
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(b)

Figure 3.4: Schematic representation of the simulated structure. (a) BH waveguide con-
nected to an SR waveguide and (b) BH waveguide connected to a DR waveguide.
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BH waveguide (longitudinal direction). The simulations were used to determine the
total losses that were defined as:

LT = PR

PB H
(3.1)

where PB H is the injected power (in the BH waveguide) and PR is the power of the
fundamental mode in the ridge waveguide. Figure 3.5a and Figure 3.5b show the
light propagation for the SR and DR case respectively.

BH WAVEGUIDE SR WAVEGUIDE

Travelling direction of light

1 
µm

2 
µm

(a)

BH WAVEGUIDE DR WAVEGUIDE

Travelling direction of light

1 
µm

1.
5 

µm

(b)

Figure 3.5: Simulated light propagation in case the BH waveguide and DR waveguide have a
perfect alignment. An eigen-mode expansion solver was used.

The fundamental TE mode was injected in the BH waveguide (waveguide on the
left). One can notice that in the ridge waveguide (waveguide on the right) there is
mode beating. This means that higher order modes, supported by the SR waveguide,
are excited. For the SR case the total losses LT are 0.36 dB and for the DR case the
total losses LT are 0.18 dB. The simulation considered a perfect alignment between
the BH and the SR/DR waveguide both in lateral and longitudinal directions.

3.2.2 Influence of the misalignment

As explained in the previous section, an in-plane misalignment can occur between
the BH-mask and the ridge-mask. The misalignment can occur on the same direc-
tion of the waveguide (longitudinal misalignment) or perpendicular to the waveg-
uide (lateral misalignment). Refer to Figure 3.4 for the meaning of longitudinal and
lateral misalignment. In this section we investigate the effect of the misalignment
on the light propagation.
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Lateral misalignment

The effect of the misalignment along the lateral direction was simulated for both
the SR and the DR case. The misalignment was varied from 0 nm to 1000 nm with
steps of 250 nm. A maximum misalignment of 200 nm is expected by using stepper
lithography and a maximum misalignment of 1000 nm is expected by using contact
lithography. The light propagation in case of a 750 nm misalignment for the DR and
the SR case is shown in Figure 3.6a and Figure 3.6b respectively. One can notice
that a large part of the injected power is not transferred through the interface and
higher-order modes are excited.

BH WAVEGUIDE SR WAVEGUIDE

Travelling direction of light

1 
µm 2 

µm

750  nm 
(center-to-center)

 misalignment)

(a)

BH WAVEGUIDE DR WAVEGUIDE

Travelling direction of light

1 
µm 1.

5 
µm

750  nm 
(center-to-center)

 misalignment)

(b)

Figure 3.6: Simulated light propagation in case that BH waveguide and DR waveguide have
a lateral misalignment of 750 nm (center-to-center). An eigen-mode expansion
solver was used.

The total losses as a function of the misalignment for the DR case and SR case
are shown in Figure 3.7. For 750 nm misalignment losses are 7.3 dB and 4.0 dB for
the DR and SR case respectively. As stepper lithography the expected maximum
misalignment is 200 nm which correspond to 1 dB (0.9) losses for the DR (SR) case.

Longitudinal misalignment

Figure 3.8a shows a schematic representation of the design when no misalignment
is present. The trenches for the ridge waveguides are aligned to the BH waveguide
and positioned on top of the shadow area. Figure 3.8b shows what happens in case
that a positive longitudinal misalignment is present between the two masks. In this
scenario, part of the InP on the side of the BH waveguide is etched.

For the case of negative longitudinal misalignment (Figure 3.8c), a portion of
the interface (between the BH waveguide and the shadow area) will not be etched.
Therefore an area as large as the misalignment will not be laterally confined.
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Figure 3.7: Simulated total losses as a function of the misalignment for the DR case (blue)
and SR case (green).

More problematic is the situation when both positive longitudinal and lateral
misalignments occur. (Figure 3.8d). In this case the mask containing the trenches
will overlap with the BH waveguide and part of the BH waveguide will be etched.
Already for 100 nm misalignment in both lateral and longitudinal directions, part of
the core of the BH waveguide would be etched away. This will have severe conse-
quences on the interface morphology and high losses are expected.
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Figure 3.8: (a) Transition area with no misalignment. (b) Effect of positive longitudinal mis-
alignment. (c) Effect of negative longitudinal misalignment. (d) Effect of longi-
tudinal and lateral misalignment.

3.3 Design of the transition

From the previous section, it emerged that it is necessary to have a proper design for
a transition component between the BH waveguide and ridge waveguide in order to
reduce the losses and the reflections. In this section, two designs - one for the SR
case and one for the DR case - are proposed and simulated. The proposed designs
intend to compensate for the difference in effective indices and to relax the mis-
alignment tolerances in both directions (longitudinal and lateral) in order to reduce
losses and reflections.

3.3.1 Effective index matching

To ensure low losses and low reflections at the interface one should minimize the
difference of the neff in the two sections as much as possible. The neff of each
cross-section was simulated as a function of the waveguide width. The results of the
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simulations are reported in Figure 3.9. In the simulation we considered waveguides
with the same layer stacks but different geometry (shallow-ride, deep-ridge and
buried)

ne� for BH 1-μm-wide waveguide

Figure 3.9: neff for BH (red), SR (green) and DR (blue) waveguides as a function of the
waveguide width. The black dashed line indicates the neff for a BH waveguide
1-µm-wide . To obtain the same neff in the other waveguides a width of 1.2µm
and 1.6µm are required for SR and DR waveguides respectively.

The BH waveguide has the highest neff and the DR waveguide has the lowest
one. For waveguide widths larger than 4µm, the neff converges to the same value
of 3.265. Given a BH waveguide of 1µm the width necessary to ensure the neff

matching is 1.2µm and 1.6µm for SR and DR respectively. However for the DR
(SR) case, with a lateral misalignment of 750 nm, the simulated total losses are still
6.7 (3) dB. Without mode matching the losses were 7.5 (3.9) dB as the power is
coupled into radiative modes.

3.3.2 Compensation of the lateral misalignment

In order to reduce the effects of the lateral misalignment, the widths of the waveg-
uides have been increased. This is schematically shown in Figure 3.10. The wider
the waveguides, the wider the overlapping area for the same misalignment.

Losses were simulated as a function of the misalignment for different widths of
the SR and DR waveguides, for BH widths of 3µm, 4µm and 5µm. The optimal
widths for SR and DR to guarantee mode matching were identified by simulations.
Values used in the simulations are reported in Table 3.2.
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Figure 3.10: Schematic representation of (a) narrow waveguide and (b) large waveguide in
presence of misalignment. For the same misalignment, the larger the waveguide
widths the larger the overlapping area.

BH width [µm] SR width [µm] DR width [µm]

3 3.28 3.48
4 4.28 4.48
5 5.28 5.48

Table 3.2: Width for BH, SR and DR waveguides used to simulate the impact of the misalign-
ment. Values are already optimized for the best neff matching (optimization was
achieved by simulation).

Figure 3.11a and Figure 3.11b show the simulated total losses as a function of
the misalignment for the DR and SR cases respectively.
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Figure 3.11: Total losses as a function of the misalignment in the (a) SR case and (b) DR case,
for waveguides of different widths. The larger the width, the lower the losses.
The mode was injected in the BH waveguide.

The misalignment range goes from 0 nm to 1000 nm with steps of 250 nm. As
expected, the larger the BH/ridge waveguide, the lower the losses. By choosing a
width of 4µm, 4.28µm and 4.48µm for BH, SR and DR waveguides respectively, less
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than 0.2 dB losses is ensured for a lateral misalignment smaller than 250 nm. This
mask overlay precision is guaranteed by the use of stepper lithography.

Another requirement of the design is the reduction of the reflections. With the
same software we also simulated the reflections of the fundamental mode as a func-
tion of the misalignment. Figure 3.12a and Figure 3.12b show the reflections of the
TE fundamental mode for the different set of structures simulated above.
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Figure 3.12: Fundamental mode reflections as a function of the lateral misalignment in the
(a) SR case and (b) DR case for waveguides of different widths. The larger the
width, the lower the reflections. The mode was injected in the BH waveguide.

As expected, reflections decrease by enlarging the overlap region. Reflections are
always below −50 dB ensuring low amplitude and phase fluctuations [101,102]. For
the final design we chose widths of 4µm, 4.28µm and 4.48µm for BH, SR and DR
waveguides respectively.

3.3.3 Compensation of the longitudinal misalignment

The impact of the misalignment along the longitudinal direction can be mitigated
by introducing a free propagation region (FPR) at the output of the BH taper as
shown in Figure 3.13a. Considering a maximum misalignment of 200 nm, the FPR
was chosen to be 250-nm-long. If a positive longitudinal misalignment of 200 nm
occurs (3.13b), the free propagation region is 50-nm-long which did not increase the
losses in according to simulations. If a negative longitudinal misalignment happens
(3.13b), the free propagation region is only 450 nm long and also in this case the
losses will not change. To further reduce the reflections, a tilting can be added at the
transition [93]. By simulation, reflections were found to reduced of 5 dB by adding
a 30° tilting at the transition.



3.3 Design of the transition 57

free propagation 
region 

trenches (etched)

BH waveguide

shadow

250 nm

horizontal

vertical

ridge 
waveguide

(a)

Negative horziontal misalignment

(b)

misalignment

(c)

Figure 3.13: Schematic of the transition including the free-space-region in case of (a) zero
misalignment (b) positive lateral misalignment: the FSR length will increase
and (a) in case of negative misalignment: the FPR length will decrease. In both
cases, there is no change of the BH waveguide structure.

3.3.4 Adiabatic taper: determination of length and width

The optimal widths for the BH, SR and DR waveguide are 1µm, 2µm and 1.5µm for
BH, SR and DR waveguide respectively. These widths are narrower than the values
optimized to decrease losses and reflections. Therefore an adiabatic parabolic taper
needs to be added in order to have the desired widths at the BH/ridge interface.
Simulations (always using FIMMPROP) were used to find the optimal length for the
taper. Figure 3.14 shows the transmitted power as a function of the length of an
adiabatic taper for BH (red), SR (green) and DR (blue). The final chosen values are
150µm, 120µm, and 140µm, for BH, SR and DR respectively to ensure more than
−0.005 dB transmission.

3.3.5 Design Overview

The parameters we have chosen for the transition component are:

• BH taper: the taper is 150µm long and it goes from 1µm to 4µm
• SR (DR) taper: the taper is 120 (140)µm long and it goes from 1.5 (2)µm to

4.28 (4.48)µm
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Figure 3.14: Simulated transmission of the fundamental mode as a function of the taper
length for BH, SR and DR tapers.

• Free Propagation Region: the length of the FPR is 250 nm
• Tilted interface between the BH section and the ridge section of 30°.

For the SR (DR) case, losses are expected to be 0.01 (0.03) dB for 0 nm of mis-
alignment and 0.98 (1) dB for 750 nm of misalignment. In the next section we will
characterize the fabricated transition regions. The fabrication followed the process
flow explained in Chapter 2.

3.4 Characterization of the transition

In order to validate the design, a set of test structures containing the transition
component (both for the SR and DR cases) were fabricated and characterized. Fig-
ure 3.15 shows a scanning electron microscope (SEM) picture of the top view of
the transition components connecting a BH waveguide (left waveguide) and a DR
waveguide (right waveguide). The DR waveguide is defined by the two 10-µm-large
trenches that are patterned in the shadow area.

The characterization consisted of the quantification of the losses and reflections
of the fundamental mode. Two different cells were designed for this purpose. One
cell was dedicated to study the DR case and one cell for the SR case.

We now describe the design of the cell for the SR case. Figure 3.16 shows a mi-
croscope picture of the fabricated cell and the design of the test structures. The top
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Figure 3.15: SEM pictures of the transition between a BH (right) and a DR waveguide (left).

and the bottom set of structures are dedicated to the study of the effect of the lateral
misalignment. The BH waveguides are on the left side and the DR waveguides are
on the right side. BH and SR waveguides are connected by the designed transition
component consisting of two tapers and of the FPR region. As shown in the inset,
the BH and the SR waveguide are intentionally misaligned in the lateral direction
in order to study the effect of the misalignment on losses and reflections. The mis-
alignment range goes from 0 nm to 1000 nm with steps of 250 nm. The upper set
of waveguides has a positive lateral misalignment and the lower set of waveguides
has a negative lateral misalignment. The central set of waveguides includes two
straight waveguides and three straight waveguides with a taper. Taper values are
4µm, 5µm and 6µm. The inset shows the design of a straight waveguide and a
straight waveguide with a taper.

The output of all the waveguides on the right side of the cell are SR waveguides
with a 7° off-normal angle at the facet. This is also tapered to 3µm to ensure low
fundamental mode reflections. The outputs on the left side are defined with straight
waveguide at the facet, both for the SR and BH waveguides. The cell for the DR case
study was identical but DR waveguides were used instead of an SR waveguide.

3.4.1 Transmission measurement

To validate the BH/ridge transition component, we measured the transmitted power
from a broadband source (OLS15CL, 1525 nm-1610 nm) through the transition
component with different misalignments. 15.84 mW were injected in the BH side



60
Transition Between Buried and Ridge Waveguides: Design and

Characterization

BH 
waveguides

(L= 700 µm)

SR 
waveguides

(L= 1600 µm)

SR wavguides 
w/  and w/o 
tapers of ≠ widths

SR/BH
negative 
misalignment

BH taper sr taper

FPR

misalignment

straight  SR waveguide

taper + straight  SR waveguide

SR/BH
positive
misalignment

Figure 3.16: Microscope picture of the designed cell for the study of the transition between
BH and SR waveguides. The top and the bottom group of waveguides have
a misalignment by design. The inset shows the case where the designed mis-
alignment is 750 nm, and the structures of straight waveguide with and without
taper.

with a lensed fiber. Light was collected on the SR side with a lensed fiber and sent
to a power-meter. The coupling losses (fiber-waveguide) for the SR waveguide on
the right side is known to be between 3-4 dB.

Figure 3.17a shows the losses - defined as the ratio of injected power to the
measured power at the power-meter - as a function of the misalignment both for the
SR and DR cases. One can notice that losses vary from 13 dB to 16 dB and there is
no significant trend with the misalignment.

Figure 3.17b shows the linear losses for the SR case with and without misalign-
ment (green box), for the DR case with and without misalignment (blue box) and
for all the straight waveguides without and with the taper, both SR and DR (grey
box) . The average linear losses for the SR case are (13.7 dB), for the DR case is
(13.88 dB) and for the case without any transition is (12.81 dB). On average the
power is 0.5 dB higher when no transition is present. However, on 3 out of 4 waveg-
uides without transition there is a taper that is expected to decrease the coupling
losses. The reason for the higher losses in case of the presence of the transition can
also depend on other factors that were not taken into account in the simulations:
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Figure 3.17: (a) Transmitted power as a function of the misalignment for the SR and DR cases
(e.g SR/BH and DR/BH transition). (b) Average power from two different cells
for the SR case, the DR and in case of no transition .

• Higher losses of the BH waveguide
• Higher coupling (fiber-waveguide) losses

From these measurements we can conclude that the presence of the transition
(with and without misalignment) has not a dramatic impact on the losses.

3.4.2 OFDR Analysis

This section is dedicated to the characterization of the reflections at the SR/BH
and DR/BH interfaces by using the optical frequency domain reflectometry (OFDR)
technique. OFDR has been demonstrated to be a powerful method for the detection
of reflections [103] and it has been used for the characterization of small localized
reflections in PICs [15,104–106]. Zhao et al. demonstrated that OFDR can be used
for the characterization of intra-chip reflections down to 2.5± 1.2 · 10-6. The set-up
used for the OFDR measurement is shown in Figure 3.18.

The external tunable laser (Agilent 81600B) signal was fed to the chip through a
lensed fiber. Part of the signal (referred to as reference) exits the chip without being
reflected by the ridge/buried interface. The laser has the capability of measuring the
wavelength when doing a sweep, ensuring a perfect tuning of the laser. However,
because of the presence of the BH/ridge transition, different signals with multiple
reflections can be generated. In this case, the reference signal interferes with the
reflected signals to create a maximum or minimum depending on the phase differ-
ence. By analysing the Fast Fourier Transform (FFT) of the total output signal it is
possible to locate the position of the sources of reflections.
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Figure 3.18: Schematic of the OFDR set-up used to analayze the reflections at the butt-joint
between the BH and the ridge waveguide.

Figure 3.19a and Figure 3.19b show the transmission spectrum of an SR straight
waveguide and a BH/SR test structure with a designed lateral misalignment of 500
nm. The wavelength range goes form 1530 nm to 1630 nm.

One can notice a modulation due to beating between the fundamental and higher-
order modes. The excitation of higher-order modes can be due to a misalignment
between the input waveguide and the lensed fiber. The waveguide inputs are ta-
pered to 3µm so higher order mode can also be excited here. In the next sections
the FFT is applied to the different test structures (straight waveguides with and
without taper, BH/SR and BH/DR) to understand if the presence of the BH/ridge
transition introduces reflections of the fundamental mode.

Shallow ridge straight waveguides with taper

We first perform the FFT on the set of structures containing SR straight waveguides
with and without taper. The FFT of the transmitted signal is expected to have no
reflections as no BH/ridge transition is present.

The FFT of the transmitted signal of the straight waveguide with 3µm, 4,µm
and 5µm SR tapers are shown in Figure 3.20. A high peak is visible at 2.3 mm for all
the measurements. This length corresponds to the distance between chip facets. As
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Figure 3.19: Transmission spectrum of (a) SR straight waveguide (b) BH/SR test structure
with 500 nm of lateral misalignment.

expected there are no other visible peaks. This is because, in these structures there
were no BH/ridge interfaces. The average peak height is −19.9 dB.

Buried to ridge transition

The transition between a BH and an SR waveguide is now characterized. As ex-
plained before, the two different waveguides are intentionally misaligned. Fig-
ure 3.21 shows the FFT for a waveguide with lateral misalignments of 0 nm, −250 nm,
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Figure 3.20: OFDR measurements of straight SR waveguide (a) without taper, (b) with a
taper of 4 µm taper, (c) with a taper of 5 µm taper and (d) with a taper of 6µm.

−500,nm and −750 nm.

The peak corresponding to the cavity length is visible at 2.3 mm. As expected
the peak of the cleaved facet is always at the same position and it has an average
height of −21.8 dB. In the figures, the arrows indicate the lengths of the two cavities
created by the transition and the cleaved facets as shown in Figure 3.16 (L1=700µm
and L2=1600µm). The grey area indicates the uncertainty of the cleaving precision,
which is assumed to be ± 50µm. In each figure no peak is present at both L1 and L2.
The same measurement was performed on the test structures with positive lateral
misalignments. Results are shown in Figure 3.22a. Also in this case no peak can be
identified at the lengths corresponding to the distance between the cleaved facets.

A test cell for the DR case was also measured. Figure 3.22b shows the FFT for
the DR case and all the lateral misalignment cases (from −750 nm to +750 nm) are
superimposed. Also in this case, one can observe the peak at 2.3 mm of the facet
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of the chip. The average peak height is −19 dB. From the OFDR analysis we can
conclude that there are no reflections of the fundamental mode introduced by the
presence of the BH/ridge transition, that can be detected above the noise level of
−40 dB .
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Figure 3.21: OFDR measurements of a test cell including a BH and an SR waveguide with
designed lateral misalignments of (a) 0 nm,(b) −250 nm, (c) −500 nm and (d)
−750 nm imposed by design. The peak at 2.3 mm corresponds to the distance
between the chip facets. The black arrows indicate the positions of the BH/ridge
transitions and the grey areas show the uncertainty due to cleaving precision.
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Figure 3.22: OFDR measurements of a test cell including (a) BH and SR waveguides with
different positive lateral misalignments and (b) BH and DR waveguides with
different positive and negative lateral misalignment. The high peak at 2.3 mm
corresponds to the cleaved facet; the black arrows indicate the position of the
transition and grey area shows the uncertainty due to cleaving precision.

3.5 Conclusions

In this chapter we have simulated, designed and characterized a transition to con-
nect a BH waveguide to an SR or a DR waveguide. The simulations demonstrated
that without any transition, the difference in effective refractive index between the
BH and the SR (DR) cross-sections introduce 0.34 (0.32) dB of losses in case of
perfect alignment. When 250 nm of lateral misalignment is present, the simulated
losses are 0.70 dB and 0.80 dB for the SR and DR cases respectively. Moreover, a
longitudinal misalignment can cause a disrupted morphology on the BH/ridge in-
terface.

By enlarging the widths of the BH, SR and DR waveguides to 4µm, 4.24µm
and 4.48µm respectively, we improved the effective refractive index matching and
the lateral misalignment tolerances. With 250 nm misalignment between the BH
and the SR and DR waveguides, the simulated losses are less than 0.2 dB. For a
misalignment of 750 nm, losses are 1.00 dB for both the SR and the DR cases. As
stepper lithography is used, the maximum misalignment expected during fabrication
is less than 200 nm. By introducing a 250-nm-long free propagation region, the
morphology of the BH/ridge interface is preserved within the misalignment range
of stepper lithography.

The designed transition area was also fabricated and characterized in terms of
losses and reflections. The presence of the transition area did not have a critical
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impact on the losses. We observed that respect to a waveguide without any transi-
tion the losses are 5 dB more, however this can be due to a less efficient coupling
efficiency (fiber-waveguide) or to higher losses of the BH waveguide itself. Further
investigation is needed to estimate the waveguide losses and the coupling efficiency
of the BH waveguide in the test structure and therefore estimate the impact of the
BH/ridge transition. For future work, we propose a set of waveguides with different
numbers of transitions. By measuring the linear increases of losses with the num-
ber of transitions, one could actually extract the losses introduced by the BH/ridge
transition.

Regarding the reflections of the fundamental mode, we did not observe reflec-
tions of the fundamental mode for a misalignment range of ± 750 nm. However the
measurements were limited by the noise level (−50 dB). The noise level can depend
on the waveguide backscattering (this is an intrinsic property of the waveguide and
therefore can not be improved) and/or on the set-up itself (laser side mode suppres-
sion ratio and line width) and further investigation is needed to understand if the
noise level can be improved.

In summary we have demonstrated that the designed transition component con-
nects efficiently the different cross-sections without introducing high losses or reflec-
tions of the fundamental mode that could affect the behaviour of active components.





Chapter 4

Characterization of FP Lasers in
the Generic Platform

4.1 Introduction and chapter overview

In this chapter, a set of Fabry Perot (FP) buried ridge stripe (BRS) lasers are analyzed
and compared to shallow-ridge (SR) Fabry Perot lasers fabricated on the same wafer
and sharing the same layer stack. The two sets of lasers are compared in terms of
electrical, optical and thermal performance.

Section 4.2 is dedicated to the study of the electrical behavior of the integrated
BRS lasers. An equivalent circuit model is developed to gain a better understanding
of the BH lasers behavior at high current injection and to identify possible improve-
ments in the energy efficiency of the BH lasers integrated in the platform. Sec-
tion 4.3 is dedicated to the study of the light-current characteristics, where SR and
BRS lasers are analysed in terms of threshold current, slope efficiency and optical
losses. Finally, in Section 4.4 we study and compare the thermal performance of SR
and BRS lasers. A finite element model (FEM) is presented to predict the heat dis-
sipation in the two different laser structures. Simulation results are then compared
with measurements using the thermal resistance as a figure of merit.

4.2 Electrical analysis of FP lasers

In this section we analyze the electrical characteristics of the FP BRS lasers fabri-
cated with the process developed in Chapter 2. In an ideal BRS laser the current
always flows in the active waveguide containing the multi quantum wells (MQWs).
However, when a high voltage is applied to a real device, also the InP homo-junction
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at the side of the waveguide is activated and current starts to flow at the sides, which
reduces the current-injection efficiency.

In this section we first propose a model to predict the electrical behavior of an
ideal BRS laser. Afterwards, we include the leakage paths at the sides of the waveg-
uide to the model. Experimental and theoretical data are then compared showing
a good agreement. Finally, the model is used to set new design rules which will
reduce the leakage current and thus improve the efficiency of the BRS FP laser of
the platform.

4.2.1 Equivalent electrical circuit model of an ideal BH laser

We now analyse the electrical behaviour of an ideal BRS laser where no leakage
currents are present. By using an equivalent electrical model, we extract its electrical
characteristic. This model is used as a comparison to the non-ideal BRS laser, where
for certain injected current values, leakage currents are present. Figure 4.1a shows
the schematic cross-section of an ideal BRS laser.

Current Blocking 
layer

Current Blocking 
layer

Injected current

Metal

InGaAs

current 
blocking 

InGaAsP 

MQWs

InP

(a)

Rs

pn 
junction

zener 
diode

(b)

Figure 4.1: (a) Schematic cross section of an ideal BH laser where no leakage paths are
present. (b) Equivalent electric circuit of an ideal BH laser. The circuit consists
of a zener diode with breakdown voltage Vt, a resistor RS and a pn junction with
band gap Eg, constant A and ideality factor m.

The current-blocking layers at the side of the waveguide force the current to flow
only in the waveguide with the active layer. Therefore, in an ideal BRS laser, there
are not current leakage paths.

Figure 4.1b shows the electrical equivalent circuit. The circuit is composed by a
pn hetero-junction parallel zener diode, which are connected to a series resistor. The
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zener diode is used to model the pinning of current above the threshold [107,108].
We will now introduce the equations used to describe the pn junction and the zener
diode.

pn junction

A pn junction is formed when a p-type semiconductor is joined to an n-type semicon-
ductor. If a positive voltage is applied between the p-terminal and the n-terminal,
the potential associated with the electric field at equilibrium is lowered and minority
carriers start to diffuse in the pn junction. Thus an electric current is observed in
the circuit due to the diffusion mechanism. The voltage-current characteristic can
be expressed by the well-known Shockley equation [109]:

Id = Is0 ∗
[

exp

(
qV

mkB T

)
−1

]
(4.1)

where q is the electron charge, V is the applied voltage, kB is the Boltzman
constant, I s0 is the reverse saturation current, T is the temperature and m is the
ideality factor. Ideality factor is a way of measuring how accurately the diode follows
the ideal diode equation; In an ideal diode is m=1.

The reverse saturation current is defined by [110]:

Is0 = An2
i

(
Dn

Ln ND
+ Dp

Lp NA

)
(4.2)

where A is the effective area of the device, ni is the intrinsic carrier concentra-
tion, Dn and Dp are electron and hole diffusion coefficients, Ln and Lp are electron
and hole diffusion lengths and N A and N D are the number of acceptors and donors.

The term ni is a material property and for a given temperature it depends on the
band gap of the material. It can be expressed by [110]:

n2
i = Nc Nv exp

(−qEg

kbT

)
(4.3)

where Nc and Nv are the densities of states in the conduction and valence band.
Therefore equation 4.2 can be rewritten as:

I = A′Nc Nv exp

(−qEg

kbT

)
∗

(
Dn

Ln ND
+ Dp
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)
∗

[
exp
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= A′exp

[
q(V −Eg )

kbT

] (4.4)
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where A′ is a new constant [111].

The zener diode

In a laser diode, when the threshold current (I th) is reached, the carrier density is
pinned at a constant value. Thus for a current I > I th, the carrier density in the
pn junction stays the same and the other injected electrons recombine radiatively
(through stimulated emission) and non radiatively [112]. This behavior can be
described by adding a zener diode in parallel to the pn junction. The equations used
to describe a zener diode are:

V =Vt , I >> It (4.5)

dV /d I = 0, I >> It (4.6)

where V t is the voltage at threshold. When the voltage across the zener diode
is lower than V t the zener diode is not conducting. For higher voltages instead, the
voltage across the zener diode remains at a constant value so the amount of current
flowing in the pn junction diode is constant as well.

The I −V , ∂V
∂I and I ∂V

∂I curves of the equivalent circuit of an ideal BRS laser are
shown in Figure 4.2a, 4.2b and 4.2c respectively. In this model we used A′=0.011 A,
Eg=0.8 eV, mA=1, RS=5 Ω, Vt=0.8 V. The slope of the I −V curve is determined by
the series resistance RS and can be extracted from the value of the ∂V

∂I curve which
is constant above threshold. RS includes both the contact resistance and the diode
resistance. A kink at threshold is observed in the I ∂V

∂I curve. This corresponds to the
clamping of the carrier density. The phenomenon is mathematically modelled by the
turning-on of the zener diode.

4.2.2 Equivalent electrical circuit model of a not ideal BRS-BH
laser

We now consider a non-ideal BRS laser. The schematic cross-section is shown in
Figure 4.3a. The laser consists of two n-InP/p-InP homo-junctions on each side of
the mesa and one hetero-junction n-InP/active-zone/p-InP. The band-gap Eg of the
hetero-junction (referred as injection channel) is lower than the band-gap EgL of
the homo-junctions surrounding the mesa. This ensures that in a certain operation
range, no current flows in the homo-junctions (referred as leakage channels).

Outside the optimal operation range (i.e. when the homo-junctions are acti-
vated), the BRS laser cannot be represented by an ideal BH laser anymore. The
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Figure 4.2: Modeled I −V , ∂V
∂I and I ∂V

∂I curves of an ideal BRS-BH laser. The ∂V
∂I is at a

constant value RS. A sudden drop of the I ∂V
∂I curve can be seen at threshold; this

is due to the turning-on of the zener diode.

equivalent circuit is shown in Figure 4.3b. The part of the circuit that represents
the current paths through the leakage channels consists of two identical branches in
parallel. Each branch includes a resistor RL, a pn junction with constant AL, ideality
factor mL and band gap EgL. The path through the active channel is represented by
a resistor RS, a pn junction with constant AA, ideality factor mA and band gap EgA

and a zener diode with breakdown voltage Vt.

Figure 4.4 shows the I−V characteristic for different materials with different band
gaps. The plots were generated considering the same constant A′. The band gap of
InGaAsP is around 0.8 eV and but varies with the composition nad the one of In-
GaAsP is around 1.344 eV at 300 K . Given a certain current, (shown by a black
dashed line) the higher the band gap of the material, the higher the voltage that
needs to be applied. Specifically, the band gap of InP is higher than the band gap
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Figure 4.3: (a) Schematic cross section of a BRS-BH laser, the current can flow through the
homo-junction when the voltage is high enough to activate the n-Inp/p-InP junc-
tion. (b) Electrical equivalent circuit of a BRS-BH laser, leakage paths are repre-
sented with a diode in series with a resistance.
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Figure 4.4: Forward bias I-V plots for pn junctions of two different semiconductors. The plots
were generated using the same donor and acceptor concentrations. The band gap
of InP is 1.344 eV and the band-gap of InGaAsP is 0.88 eV.
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of InGaAsP. This implies that a higher voltage is required to activate an InP-pn junc-
tion as compared to an InGaAsP-pn junction. Thus, when the voltage-drop over the
laser is lower than 1.32 V all the current flows in the InGaAsP hetero-junction; when
the voltage starts to approach 1.32 V the InP homo-junctions at the side of the laser
waveguide start to be activated. To reduce the leakage current, proton implanta-
tion is used to make the InP highly resistive. We refer to the implanted area as
implantation channel.

Figure 4.5a, 4.5b and 4.5c show the I −V , ∂V
∂I and I ∂V

∂I curves, respectively, of the
equivalent circuit of an ideal (blue dashed lines) and non-ideal (red solid lines) BRS
laser.
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Figure 4.5: (a) I −V curve of a non-ideal BRS-BH laser (b) ∂V
∂I curve of a non-ideal BRS-BH

laser (c) I ∂V
∂I curve of a non-ideal BRS-BH laser.

We can observe that for the non-ideal laser the slope of the I −V curve changes
at around 0.66 A which corresponds to 1.09 V. This can be better observed in the
∂V
∂I graph. Because the pn homo-junction (leakage path) is turned-on, the voltage
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derivative is not constant anymore. In the I ∂V
∂I curve the kink at threshold is also

visible for the non-ideal laser. In this model we used IL= 0.02 A, EgL=1.32 eV, mL=2,
IA=0.011 A, EgA=0.8 eV, mA=1, RL=5Ω, RS= 0.01Ω, Vt=0.8 V.

Figure 4.6 shows the current injection efficiency for the modelled ideal and non-
ideal BRS lasers as a function of the total injected current. We can define the effi-
ciency of the laser as IL

ITOT
, where I TOT is the injected current and I L is the current

flowing in the active waveguide. For the ideal laser (blue dashed line) the efficiency
is always 100 %. In the non-ideal BRS laser, at 0.05 A the efficiency starts to drop.
This corresponds to the activation of the leakage path. At 0.1 A efficiency is 89.8 %.
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Figure 4.6: Current injection efficiency for an ideal (red) and non-ideal (blue) BRS laser.

4.2.3 Electrical characteristic of the fabricated BRS-BH lasers and
comparison with the model

The model shown in Section 4.2.2 is now compared with the measured data obtained
by the characterization of BRS FP lasers of different lengths. The purpose is to
determine whether the leakage path is activated and how this affects the electrical
behaviour.

FP lasers were realized by fabricating a cell with an array of SOAs with an active
waveguide width of 1.75-µm. The SOA bars were then cleaved into individual FP
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lasers of different lengths (690µm and 1100µm). In addition, from a different
wafer, one 500-µm-long laser (with 1µm wide active section) was also measured.
All the lasers had a metal pad 100-µm-large and a contact area (which corresponds
to the width of the active channel as indicated in Figure 4.3) of 10µm. The active
area was achieved my implantation following the common procedure developed at
III-V lab [83].

FP lasers were bonded with Epotek glue on a copper chuck that was placed on a
Peltier-effect thermo-electric cooler. The temperature was kept at a constant value
of 20°C. Measurements were performed in continuous-wave (CW) operation and
therefore a current was driven from 0 to 0.1 A with steps of 1 mA and the voltage
was recorded. The current was injected with an electrical probe.

The measured I −V plots and their derivatives were compared with the model
described in section 4.2.2 using RS, Eg, m and A as a fitting parameters. Measure-
ments results and fitted model are shown in Figure 4.7.

From Figure 4.7 one can notice that the I −V curve does not have a linear be-
havior. This is better visible for the 500-µm-long FP laser. To investigate the non-
linearities of the I −V characteristic it is more meaningful to look at the ∂V

∂I curve
and at the I ∂V

∂I curves [107].
The non-linear I −V behavior above threshold is emphasized in Figure 4.7b that

shows the ∂V
∂I curve. If we observe the 500-µm-long laser (blue plot) we can see that

up to 0.03 A the ∂V
∂I has a constant value of 6.6Ω. this value corresponds to the RS

of the equivalent circuit. For a current larger than 0.03 A the ∂V
∂I starts to decrease.

The same happens for the longer lasers, but a non-constant behaviour is observed
for higher currents (0.05 A and 0.07 A for the 890µm and 1100µm long lasers re-
spectively).

As we already mentioned, when the leakage path is not activated, ∂V
∂I =RS. Thus:

(I × ∂I

∂V
) =V (4.7)

As a consequence the plot of I ∂V
∂I as a function of V is a linear relation with slope

equal to 1. Figure 4.8 shows the I ∂V
∂I as a function of the voltage.

The dotted lines are the linear polynomial fittings of the first part of the curve
with an expected linear behaviour. The slope of the fitting lines is 1 as expected
from equation 4.7. One can notice that the measured I ∂V

∂I points (dotted lines) start
to deviate from the linear fitting (dashed lines) at the same voltage (1.04 V) when
indeed ∂V

∂I starts to diverge from RS. The I ∂V
∂I curve presents a kink at the threshold

current as expected from the model. This is visible in all the three lasers.
The model of the non-ideal BRS laser was fitted to the measured data. The
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Figure 4.7: Measured (a) I −V curve of a non-ideal BRS laser (b) ∂V
∂I curve of a non-ideal BRS-

BH laser (c) I ∂V
∂I curve of non-ideal BRS lasers of different lengths.

parameters used to fit the model to the measurements are reported in Table 4.1. One

Injection channel Leakage channel
Laser RS [Ω] AA [A] EgA [eV] m RL [Ω] AA [A] EgL [eV] m
500 µm 6.6 0.0100 0.83 1.3 0.0825 0.05 1.38 3
890 µm 3.15 0.0112 0.83 1.3 0.0333 0.19 1.38 2.5
1100 µm 2.69 0.0120 0.83 1.3 0.0269 0.32 1.38 2.5

Table 4.1: Extracted parameters for BH-BRS FP lasers of different lengths. Parameters were
extracted by using the I-V model.

can notice that in order to fit the model with the data, we used values of leakage
resistances that are low. If the implantation is working properly, in case of leakage,
the current would flow only in the leakage channels that are 10-µm-wide (5µm per
side) in the measured devices. This would correspond to a resistance in the order
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of 1/10 of the RS. One can notice that the values that were used are much lower.
This indicates that the injection began also in the implanted channel. Because the
metal (100-µm-wide) has always the contact layer below, the leakage channel can
be large when the implantation is not working anymore.

By using the fitted model, we extracted the current injection efficiency ( IL
ITOT

)
of the measured BRS lasers. This is shown in Figure 4.9. The efficiency of the 500-

Figure 4.8: I ∂V
∂I as a function of voltage. All the three lasers start to diverge from the linear

fit around the same voltage. for a lower voltage, linear fit and measured data are
overlapping
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Figure 4.9: Extracted current injection efficiency for different BRS lasers of different lengths.



80 Characterization of FP Lasers in the Generic Platform

µm-long laser drops to 76% for an injected current of 0.1 A. For the same injected
current the current injection efficiency was 97% and 98% for the 890-µm-long and
1100-µm-long lasers respectively.

Concluding this section, we can say that especially for the shortest laser (that has
the highest series resistance), the current blocking was not efficient as a non-linear
I-V characteristic (and therefore I ∂V

∂I characteristic) was noticed (see Figure 4.8). As
shown by the model, when the I-V characteristic is non-linear, it means that the
leakage paths at the sides of the active region are turned-on. Analysis of the elec-
tric characteristics of different lasers revealed that at 1.03 V the leakage path was
turned-on thus the current injection efficiency decreases. The value of current at
which the activation of the leakage path happens depend on the series resistance of
the laser which in turn depends on its length. In the 500-µm-long laser the series
resistance was 6.6Ω. Therefore when the injected current was 0.03 A, the voltage
drop was sufficiently high to switch-on the leakage path and the current injection
efficiency started to drop. By using the fitted model, we estimated that the current
injection efficiency drops to 76% at 0.1 A. For longer lasers, the series resistance
was lower thus a higher current was needed to reach the 1.03 V necessary to acti-
vate the leakage path. For a 1100-µm-long laser, the activation starts at 0.07 A. For
an injected current of 0.1 A the estimated current injection efficiency was 98%.

The low values of the measured ∂V
∂I at high currents, suggest that the current also

flows inside the implanted regions. In the next section 4.2.4 we will discuss how to
resolve this problem and to increase the efficiency of the BRS lasers.

4.2.4 Improving BH laser efficiency in the platform

From the previous section we understood that when the voltage-drop over the laser
was higher than 1.03 V, the leakage paths on the sides of the waveguides were acti-
vated and the current injection efficiency dropped down to 76% for a 500-µm-long
laser. In this section the influence of the series and leakage resistances is analyzed
in order to understand how to improve the performance of the integrated BRS laser
and extend the working range where the leakage path is not activated.

Figure 4.10a shows the theoretical effect on the current injection efficiency of
the series resistance RS for an injected current of 0.1 A. The efficiency increases
from 80% to 100% by decreasing the series resistance from 7Ω to 2Ω. Indeed,
when the series resistance is lower, also the laser voltage-drop is lower. Therefore
less current flows in the leakage path; when the resistance is low enough (around
3Ω), the voltage-drop is not sufficiently high to switch on the InP homo-junction
thus the efficiency is 100%.
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Figure 4.10: Effect on the current injection efficiency of (a) series resistance RS and (b) leak-
age resistance RL for an injected current of 0.1 A.

Figure 4.10b shows the current injection efficiency of the laser for different val-
ues of leakage resistance. An injected current of 0.1 A was assumed. The higher
the leakage resistance, the lower the leakage current. The efficiency increases from
90% to 95%, by increasing the leakage resistance from 3Ω to 30Ω.

From this first analysis we can conclude that there are two ways to increase the
laser current injection efficiency and avoid leakages:

• Reducing the series resistance: this can be achieved by engineering the laser
geometry (width and length), by changing the doping level or by changing the
metalization scheme.

• Reducing the leakage areas: this can be done by decreasing the non-implanted
area at the sides of the mesa.

Decreasing series resistance

One way to decrease RS is by changing the laser length or the laser width. The longer
and the wider the laser, the lower is the series resistance. Figure 4.11a shows the
series resistance for BRS and SR FP lasers measured at threshold as a function of 1/L
where L is the laser length. All the lasers had the same waveguide width (1.75µm).
Measurements were performed in CW-operation at 20°C. The dashed lines are the
linear fits. One can notice that either for SR and BRS lasers, RS is proportional
to 1/L. SRs have a series resistance that is 50% higher than BRS lasers. This is
because in BRS lasers the contact area is 10-µm-large whereas in the SR lasers, the
contact area equals the ridge width. Therefore in a BRS laser the injection channel
has a trapezoidal shape (see Figure 4.3). A deeper investigation of the electrical
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Figure 4.11: (a) Measured (dot) and fitted (dashed line )RS as a function of the inverse of
the cavity length for SR (green) and BRS (red) lasers. (b) Measured (dot) and
fitted (dashed line) RS as a function of the inverse of the waveguide width for
SR (green) and BRS (red) lasers.

characteristics of SR lasers is presented in Appendix-1.

As expected, both for SR and BRS, the longer the laser the lower the series
resistance. By following the linear interpolation of the data we can expect that
for a 2000-µm-long BRS FP laser the series resistance is 1.5Ω. This is expected to
provide 100% efficiency at 0.1 A (see Figure 4.10). However the longer the laser,
the higher is the threshold current [113] and the lower is the slope efficiency, due
to higher internal losses [114].

Figure 4.11b shows the series resistance (for BRS and SR FP lasers) measured at
threshold as a function of 1/W where W is the waveguide width. All the lasers had
the same length (1100µm). The wider the laser the lower the series resistance. In
the measured BRS lasers, the contact area was the same. The red line shows the
linear fit to the BRS data. In this case, the linear fit does not go to zero. This can be
explained by the trapezoidal shape of the injection channel of the BRS lasers. In SR
lasers, instead, the width changes proportionally to 1/W as indicated by the fitted
line (dashed green).

By following the linear interpolation of the data we can expect that for a 2µm-
wide BRS laser the series resistance is 2.5µm, providing 98% efficiency at 0.1 A (see
Figure 4.10). However, from the simulations of Chapter 2 we know that a single
mode behavior is not ensured. This can be solved by tapering down the laser at the
output. However, the threshold current is expected to increase as well as the laser
area is larger.
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Increasing leakage resistance

The leakage resistance is determined by the width of the implantation mask. As
explained in Chapter 2, during implantation, a mask of resist is placed on the top
of the waveguide to avoid implantation in the active waveguide. In Figure 4.12 a
schematic of the laser cross-section with the implantation mask is shown.

Implantation width Implantation width

(a)

Implantation width

waveguide  width

(b)

Figure 4.12: Schematic cross-section of a BRS laser and its implantation mask in case of (a)
absence of mask overlay error (b) with mask overlay error. If the mask overlay-
error is too large, the implantation will happen inside the waveguide.

The width of the mask (referred as implantation width) has to be chosen large
enough to be tolerant with the mask overlay error that can occur during fabrication.
For the implantation step, contact lithography was used during the process thus
we can expect a mask overlay error up to 1µm. If the mask is too narrow and the
mask overlay error too large, implantation will happen in the core of the waveguide.
The implantation width also determines the width of the area where the current
flows when the leakage path is opened. In this case, similar to the series resistance
of an SR laser, we expect the resistance of this path to change proportional with
the inverse of its width. To estimate this resistance we used the values found by
measuring the resistance of the shallow laser.

From the linear fit (red line) in Figure4.11b, we can estimate that for a junction
width of 600 nm the resistance is 10Ω. This can give an efficiency of almost 95%.
However, this requires a precise alignment with a maximum mask overlay error of
600 nm, which would require the use of a projection lithography tool. It should
be taken into consideration that this is the last step of the fabrication process and
therefore several structures have already been fabricated on the wafer. As a conse-
quence, the wafer surface morphology is not (ideally) flat anymore and thus it will
affect the resolution of the lithography. Further process developments are required
to overcome this issue. In addition, also the scattering of H+ ions inside the ma-
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terial during implantation might cause damage of the laser. Therefore some safety
margins are needed not to implant in the active region and more investigation is
needed.

4.3 Light-Current analysis

4.3.1 Threshold current and slope efficiency

Thanks to the lateral confinement of current, BRS lasers are expected to have a more
efficient current injection and therefore a lower threshold current [32].

Light-Current (L-I) characteristics were recorded for BRS and SR lasers of dif-
ferent lengths (690µm, 890µm, 1100µm) and a width of 1.75µm. Investigated
devices are FP lasers with cleaved facets. The FP lasers were glued with Epotek on
a copper chuck that was then placed on the top of a Peltier cooled heat sink in or-
der to control the temperature. Light was collected with a large area photodetector
from one facet and measurements were performed in CW. Lasers were measured at
12°C, 25°C, 35°C and 45°C to study the temperature dependent performance. The
recorded LI characteristics at different temperatures for 890-µm-long FP lasers are
shown in Figures 4.13a and 4.13-b for BRS and SR lasers respectively. A reduction
of Ith is clearly observed for BRS lasers.

T
BRS LASER

(a)

T

SR LASER

(b)

Figure 4.13: Integrated power for BRS (a) and SR (b) 690µmlong FP laser at 12°C, 25°C,
35°C and 45°C.

The extraction of Ith was performed by finding the peak of the second deriva-
tive of the LI curve. Increasing the temperature, Ith varied from 6 mA to 16 mA for
BRS lasers and from 15 mA to 26 mA for SR lasers. An improvement of 60% was
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achieved in BRS FP lasers at 18°C. The slope efficiency decreased from 140 mW/A
to 80 mW/A for BRS lasers and from 110 mW/A to 80 mW/A for SR lasers by chang-
ing the temperature from 12°C to 45°C. While BRS lasers demonstrated a higher
efficiency at 12°C there was a clear drop in efficiency at elevated temperatures.

The characteristic temperature T0 is used to describe the temperature sensitivity
of the device. A high value of T0 is desirable. The higher the characteristic temper-
ature T0, the smaller the variation of the threshold current with temperature. It is
defined by T0 =∆T /log (∆Jth) where ∆T is the change in temperature and Jth is the
associated change of the threshold current density. The threshold current density
Jth is defined by dividing the threshold current by the laser area (width × length).
Fig. 4.14 shows Jth for the BRS and the SR lasers measured above. T0 was found to
be 43 K and 51 K for BRS and SR laser respectively.

BRS

Figure 4.14: Threshold current density for the BRS and the SR lasers. Characteristic temper-
ature values of 43 K and 51 K are measured from the gradient for BRS and SR
lasers respectively.

4.3.2 Optical losses

An improvement of the threshold current is observed in BRS lasers. However, the
slope efficiency of the two structures is comparable and this suggests that optical
losses were higher for the BRS lasers. To verify this, we can extract the optical
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losses from the L-I measurements of the BRS and SR lasers with different lengths.
Optical losses can be obtained from the plot of the inverse differential quantum
efficiency versus cavity length. The mathematical relations used for the analysis and
the explanation of the parameters involved is now given.

The differential quantum efficiency is a useful parameter that is used to quantify
the performance of a laser. It is measured starting from the slope efficiency with the
following formula [115]:

ηd = 2∂P

∂I

q

hν
(4.8)

where 2∂P/∂I is the two-facets slope efficiency, hν is the photon energy and q is the
electron charge. An ideal laser converts all the injected electrons in photons leading
to a differential quantum efficiency of 1.

Differential quantum efficiency ηd = ηiηo depends on photon losses ηo , and car-
rier losses ηi . Carrier losses can be caused by: (a) carrier leakage, (b) carrier escape
from the active regions and (c) recombination within the active regions ηr [114].
Optical losses ηo are caused by mirror losses (αm ) and internal losses αi . Opti-
cal losses are defined as ηo =αm/(αi +αm) where αi and αm are the internal optical
losses and the mirror losses respectively (if we consider the same for the two facets).
αm = L−1ln(1/R) where R is facet power reflectivity and L is the laser length. Inter-
nal losses αi are mainly due to scattering losses, free carrier absorption (intra-band
transitions) and intervalence band absorptions (IVBA).

ηd can be rewritten as a function of length [114]:
1

ηd
= 1

ηi

(
Lαi

ln(R−1)
+1

)
(4.9)

Using the plot of 1/ηd as a function of the inverse of the cavity length it is possible
to extract the internal differential quantum efficiency 1/ηi (that corresponds to the
intercept with the vertical axes when plotting 1/ηi as a function of the cavity length)
and the optical losses αo . We now perform this analysis on the measured data to
estimate and compare the optical losses for the BRS and the SR lasers.

Figure 4.15 shows the inverse slope efficiency 1/ηd versus laser length of the
measured BRS and SR lasers. As only three data points are available, we chose to
perform a linear fit by imposing the intercept point at L = 0. The intercept point is
the inverse internal differential quantum efficiency ηi .

For the SR lasers we chose ηi = 50±5%. This value came from previous measure-
ments on five different wafers fabricated in the past within this platform. The low
value can be explained by the fact that in SR lasers carriers are not confined and thus
they spread far from the optical mode so part of the injected carriers will recombine
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Figure 4.15: Inverse slope efficiency 1/ηd versus laser length as measured (dots) and inter-
polated (dotted lines) imposing different values of 1/ηi . Both (a) SR (b) BRS FP
lasers were measured.

without contributing to the gain [116]. The two linear fits (one for ηi = 40% and
one for ηi = 50% ) are the dashed line in the figure. The extracted optical losses are
13.54±2.66 cm−1.

From literature, ηi is usually between 70% and 80% for BH InGaAsP lasers [71,
115]. Therefore we extracted the losses assuming ηi = 75±5%. The extracted optical
losses are 23.29±2.36 cm−1.The two linear fits are the dashed line in the figure.

The higher loss values in the BRS lasers can be explained by the mode con-
finement in the p-doped region and by the fact that BRS lasers have two etched
regrowth interfaces that can cause more scattering. The scattering losses can vary
between 10 cm−1 in the case of smooth interfaces and 45 cm−1 in the case of rough
interfaces [117].

4.4 Thermal resistance model

In this section we present a quantified analysis of heat flow taking into account heat-
sinking, heat source distribution and laser design on the thermal resistance (Rth) for
the case of an FP laser diode. We compare the heat dissipation mechanism in the
SR and in the BH laser using a Finite Element Method (FEM) model. We used the
COMSOL Multiphysics® software to perform the modeling [118]. The model is sub-
sequently used to identify the most effective heat-sinking mechanisms by studying
the impact of spatially resolved heat-sources and heat-sinking and finally the laser
cavity length. Comparison with experimental data enables quantitative insights into
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the origins of thermal performance improvements of the buried heterostructures.

4.4.1 Finite Element Model

A finite element model is used to simulate the heat flux in the two structures to
identify the geometrical dependence of thermal impedance. The cross-sections for
the BH and SR lasers were defined within a 2D finite element model. The centers
of the laser active regions were defined in terms of the epitaxial stack including
the substrate and metal layers. A perfect thermal interface was assumed for heat-
sinking at the top and bottom layers. The cross-sections are shown in Figure 4.16a
and Figure 4.16b.

~
~

~
~

~ ~

~ ~

50-400 µm
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Au (contact)

InGaAsP

InGaAs

InP (regrown)

InP

(b)

Polyimide

Figure 4.16: Schematic representation of the (a) SR and (b) BH laser used in the simulation.

The SR structure included the polyimide cladding around the 1.5µm high ridge
waveguide. The gold contact on the p-side was 110µm wide. The wire bond is mod-
eled with a cross-sectional area A=20×1µm with an effective thermal conductivity
ke f f = kg old

Le f f
where Le f f is the effective length of the wire.

The effective wire length was calculated as Le f f = (Lwi r e )/(Ll aser×n) where Lwi r e

is the wire length, Ll aser is the laser length and n is the number of wire bonding
in the laser. The considered length range varied from 0.25 mm to 5 mm and we
considered a wire-bond every 250µm. The substrate thickness was varied from
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50µm to 400µm. The BH structure shows a regrown InP layer in place of the
polyimide layer. The metal layers and structures were otherwise equivalent. The
layer stacks used in the simulation for the SR and the BH lasers are reported in the
Table 4.2.

Layer Thickness [µm] Thermal conductivity k[Wm-1K-1]

Buried Shallow

InP top 2 2 68
InGaAs 0,3 0,3 5

Polyimide – 2,1 0,1
InP substrate 50-400 50-400 68

Gold (bottom) 0.6 0.6 315

Table 4.2: Thermal conductivities assumed in the simulation.

The boundary conditions were defined as follows. At the bottom, we considered
a perfect thermal contact between the laser and the heat-sink and applied an isother-
mal condition with a temperature of 25°C. The adiabatic condition was assumed for
the orthogonal boundaries at a distance of 100µm from the active stripe. For the
top surface, the laser was assumed to be wire bonded to a surface at the same tem-
perature as the heat-sink (25°C). We imposed an isothermal condition at the end of
the wire and adiabatic conditions elsewhere.

The thermal performance was analyzed for an input power of 160 mW corre-
sponding to an operating current of 0.13 A (0.11 A) for the BRS (SR) lasers re-
spectively. The heat was generated uniformly in the InP top layer and the non-
intentionally doped layers indicated in Figure 4.16 by means of Joule heating and
non-radiative recombination respectively.

Figure 4.17a and 4.17b show the heat flux (arrows) and temperature distribu-
tion (color map) in the SR and BRS lasers respectively. The average temperature of
the active region of the SR device approached 33°C, 8°C above the heat-sink tem-
perature. The average temperature of the active region of the BRS laser was 29°C.
In the SR laser, the hottest point was in the p-InP-layer. This because the InP top
layer had on the side polyimide, on the top InGaAs and on the bottom InGaAsP, all
materials with poor thermal conductivity. In the BRS laser, InP top layer and the
non-intentionally doped layer, were embedded in InP and this allowed to dissipate
the heat more efficiently.

The heat flux indicates limited transverse heat removal for the SR structure. In
Figure 4.17a, we see that only the 3% of heat was transferred through the interface
between polyimide-InGaAsP and InP. The most significant amount of heat - 50% -
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Figure 4.17: Heat flux distribution in a (a) SR and in (b) BRS laser.

was transferred to the bottom and the remaining 44% to the top. The lower heat
transfer efficiency from the side was due to the presence of polyimide and InGaAs
that have a lower thermal conductivity compared to InP as listed in Table 4.2. Trans-
verse heat removal increased markedly for the BRS structure. Figure 4.17b shows
that in the BRS laser, 35% of the heat was transferred through each regrowth inter-
face, 18% to the bottom and the rest to the top. In the BRS laser, the active layer
was embedded in InP, enabling a good thermal dissipation in all directions.

4.4.2 Double heat sinking

The thermal response is expected to depend on the precise nature of the heat sources
and the heat-sinking. To analyze how the heat is dissipated towards the top and
the bottom of the laser we analyzed the influence of the substrate thickness and
wire bond length. To study the influence of the substrate thickness, we performed
simulations for a range of substrate thicknesses from 50µm to 400µm.

To quantify the thermal performance, we used the Rth as a figure of merit. We
calculated then the average temperature Ta of the active region which was defined as
the cross-sectional area enclosed by the mesa (stripe) width and the thickness of the
separate confinement heterostructure. The thermal impedance was the ratio of the
temperature rise (relative to the substrate) to the input electrical power. The model
calibration was checked by simulating thermal impedance for different substrate
thicknesses (Figure 4.18a).

The influence of the wire length on Rth was investigated by sweeping the effective
wire bond length from 1 to 5 mm. The results are shown in Figure 4.18b both for
SR and BRS lasers. As expected, the longer the wire length, the higher the thermal
resistance Rth. For a wire length that approaches infinity, the simulated Rth matched
the one found by imposing an adiabatic condition on the top. The influence of the
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BRS

BRS

Figure 4.18: (a) Influence of the wire length for the SR and the BRS laser (b) influence of the
substrate thickness on thermal the resistance.

wire length was low for effective bond wire lengths over 200µm.

4.4.3 Double heat source

The heat source distribution may also be expected to play a role so we studied the
impact of having two distinct heat sources in the p-InP-layer and in the active region.
When injecting current part of the injected electrical power Pin is transformed in
heat through Joule heating (Pjoule) in the p-layer and non-radiative recombination
(Pnr) in the active layer [119]. In this simulation two heat sources were considered:
Pjoule and Pnr. To estimate how much heat is generated in the InP top layer and how
much in the active layer, we analyzed the I −V curve of 1 mm long BRS and an SR
lasers. Both lasers are as-cleaved FP lasers. The heat sink temperature was 25°C and
measurements were performed in CW-operation. The injected current varied from 0
to 0.2 A with steps of 0.001 A.

The Joule heating in the InP top layer is estimated from the slope resistance of the
measured I −V characteristics for the BRS (SR) lasers, and the non-radiative heat-
ing is estimated from the power difference between the net input electrical power
and the Joule heating. For BRS (SR), with an injected power of 160 mW, the op-
tical power dissipation was 10% (8%) of the total electrical input power and was
neglected. The ratio of Joule heating to non-radiative power dissipation is current
dependent. For the experiments, the injected electrical power was 160 mW of which
60% was consumed in the active layer and 40% in the p-layer for the SR laser.

To quantify the influence of the heat distribution, we simulated three different
heat distributions for the same injected power (160 mW): (a) all power dissipation
in the active layer, (b) 40% power dissipation in the active layer and (c) all power
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dissipated in the InP top layer. Laser length was 1 mm. The simulated values of Rth

for SR lasers were 38 K/W, 38.1 K/W, and 37.9 K/W for case a,b and c respectively.
Also in BRS lasers the variation in Rth was negligible. The difference in the three
cases was less than 3%. We can conclude that the heat distribution does not influ-
ence the value of Rth and we can consider the injected power equally distributed in
the active layers.

4.4.4 Measurement of the thermal resistance

Thermal impedance Rth was also measured for BRS and SR lasers of different lengths
by monitoring the injected power dependence of the lasing peak wavelength. Tuning
rates were then compared with the simulations. The laser lengths were: 690µm,
890µm and 1100µm. All the measured devices were FP lasers with cleaved facets.
The heat sink temperature was 25°C and light was collected with an optical fiber.
The measured BRS and SR lasers were fabricated on the same wafer. The wafer was
thinned down to 250µm. The FP lasers were bonded with Epotek on a copper chuck
placed on a Peltier cooled heat sink to control the temperature.

To measure Rth, we first measured the temperature dependence ∆λ/∆T of the
wavelength spectrum by changing the heat sink temperature at a constant injected
current. The tuning rate was found to be 0.10 ± 0.02 nm/K for all lasers. Sec-
ondly, the red shift of the selected longitudinal mode was measured for increasing
injected electrical power ∆P . The temperature of the active layer increased with
∆T . The effective thermal resistance Rth was then estimated by using the relation
below [120]:

Rth = ∆T

∆P
=

∆λ
∆P
∆λ
∆T

= ∆λ

∆P ∗ ∆λ
∆T

(4.10)

In Figure 4.19 simulated and measured values for Rth are plotted as a function
of 1/L, for the two active layer cross-sections reflecting the area scaling expected for
heat-sinking. Measured results are represented by a symbol, simulated results by
a dotted line. For BRS lasers, the measured Rth varied from 27.5 K/W to 36.3 K/W
for cavity length that varied from 690µm to 1100µm. For SR lasers, the measured
Rth varied from 40.3 K/W to 62 K/W for a cavity length that varied from 690µm to
1100µm. An average improvement of 40% in Rth was observed in three of the BRS
lasers. This means that the change in temperature in the active BRS laser was 40%
less as compared to the SR laser when the same electrical power was injected.
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Figure 4.19: Thermal Rth as a function of length for BRS and SR lasers. Experiment and
theory.

4.5 Conclusions

In this chapter we have measured and compared BRS and SR lasers fabricated on
the same wafer thus sharing the same process flow and the same layer-stack. We
analyzed electrical, optical and thermal properties of these devices.

In Section 4.2 we have investigated the electrical properties of BRS lasers. A
model for predicting the I −V curve was proposed and compared with experimental
results showing good agreement. The measured lasers showed a decrease of the
electrical injection efficiency due to the activation of the leakage paths at the sides
of the waveguide. For an injected current of 0.1 A the estimated current injection
efficiency is 76% for a 500-µm-long laser. By using the model, we proposed two op-
tions to avoid this effect in the future. Electrical injection efficiency can be increased
up to 100% by decreasing the series resistance of the laser. This can be achieved
by designing a wider laser (2µm). Another solution consists in reducing the not-
implanted region to 600 nm per side but further investigation is needed to test the
effects of the misalignment of the implantation mask as well as the scattering of the
implanted ions. However this would require process development to obtain a low
mask overlay error (< 500 nm) in a stage where the wafer has a non-flat morphol-
ogy.
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The series resistances of BRS lasers were compared with the one of SR lasers,
showing a reduction of 50% thus reducing the power consumption.

In Section 4.3 SR and BRS lasers were measured and compared in terms of light-
current characteristic. The BRS lasers showed a reduction in threshold current of
60% at 18°C. However the slope efficiencies are comparable. This is due to the
fact the optical losses in BRS lasers (23.29±2.36 cm−1) are higher than in SR lasers
(13.545±2.66 cm−1).

In the final section we look into thermal properties of BRS and SR lasers. Heating
in semiconductor lasers is a critical phenomenon that affects the threshold current.
We have developed an FEM model to understand the heat flow in the two different
structures. From the simulation we have understood that BRS lasers dissipate the
heat more efficiently since the heat source (distributed between the active layer
and the cladding layer) is embedded in InP that has a high thermal conductivity
(68 K/Wm-1). As predicted by the model, BRS lasers show a reduction of 40% of
thermal resistance with respect to shallow ridge lasers.

More in general, we have demonstrated the successful integration of BRS lasers
in a generic platform. Thanks to their integration, the platform can benefit of a new
building-block with superior performance in terms of threshold current and thermal
resistance. To the best of our knowledge, this is the first time that BRS lasers are
successfully integrated into a generic platform and compared with co-fabricated SR
lasers.

In the next chapter we further validate the integration by fabricating and char-
acterizing a complex PIC that includes BRS active components monolithically inte-
grated with a wide range of passive-ridge building-blocks.



Chapter 5

Arrayed Waveguide Laser
including BH SOAs

In chapter 4, the successful integration of buried-heterostructure (BH) active sec-
tions was validated by the characterization of Fabry Perot lasers in terms of threshold
current, slope efficiency and thermal resistance. Now, to fully validate their integra-
tion, their performance when incorporated into a more complex circuit is tested.
There are many possibilities of integration, as a large variety of passive building
blocks is available in the platform. In this chapter, an arrayed waveguide grating
laser (AWGL) with 8 BH gain sections connected to the input waveguides of the
AWG is fabricated to demonstrate the integration of BH components with a set of
passive BBs.

AWGs in the TU/e platform are compact (1.5 mm×1.5 mm) as the waveguides
can be defined with a deep-ridge (DR) cross sections that allows for a short bending-
radius (<50µm ). As we have previously demonstrated, BH lasers have a low thresh-
old current compared to shallow-ridge (SR) lasers. Therefore having an AWG-Laser
that combines BH and DR waveguides allows for a compact and efficient multi-
wavelength laser.

In the introduction section the explanation of the working principle of an AWG
and an AWG laser are provided. Next, in Section 5.2 we show the design and the fab-
rication of the AWG laser, that was fabricated by following the process flow reported
in Chapter 2. In Section 5.3 the laser is characterized. First the electrical character-
istics of the laser are measured for each channel extracting the threshold current.
Then, the optical spectrum is characterized for each channel at different injection
current. Finally the line-width is recorded by using a self-heterodyne set-up.
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5.1 Introduction

5.1.1 Arrayed waveguide grating

Arrayed Waveguide Gratings (AWGs) were first proposed in 1988 by Smit [121]
and later by Takahashi [122] in 1990 and Dragone in 1991 [123]. AWGs have
many applications in the telecommunication field as they can be used in wavelength
routers [124], multi-wavelength lasers (MWLs) [125] and receivers, wavelength-
selective switches [126], add-drop multiplexers [127], optical cross-connects [128]
channel selectors [129, 130] and many other devices. AWGs have been reported in
different materials such as: indium phosphide [131], silica-on- silicon [116], silicon-
on-insulator [132], polymer [133] and lithium-niobate [134].

Figure 5.1a shows a schematic layout of an AWG. The working principle can
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Figure 5.1: (a) Schematic layout of an Arrayed Waveguide Grating (AWG) [135] (b) Sim-
ulated transfer function of an Arrayed Waveguide channels (shown in different
colours).

be described as follows. A light beam, composed of different wavelengths, arrives
through the input waveguide to the free propagation region (FPR) where it diverges.
It will then enter in the array of waveguides and propagate towards the output
aperture. The difference in optical path ∆L of adjacent waveguides is chosen to be:

∆L = m ·
λc

ne f f
(5.1)

where m is the order of the AWG and neff is the effective refractive index of the
guided mode.

At the output aperture the beam will enter in the second FPR and it will converge
in the image plane. For a given λ, the phase difference of adjacent channels is
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expressed by:
∆φ= (2πνne f f /c) ·∆L (5.2)

where ν= c/λ is the frequency of the propagating wave and c is the speed of light in
vacuum. When λ= λc , the phase difference is 2π. Therefore the beam is projected
at the center of the image plane.

If λ 6=λc the phase difference is not 2π and this induces a tilting and a shifting of
the convergent beam. In this way, each wavelength is focused on a different point
along the image plane. By placing the output waveguides in the correct position it
is possible to separate the input beam into different wavelengths.

When the phase difference ∆Φ between two wavelengths is increased by 2π the
beam is propagated on the same point along the image plane; the AWG is therefore
periodic, and the periodicity in frequency is called free spectral range (FSR). To
avoid cross-talk between the first and the last channel it is necessary that the FSR
is larger than the whole frequency range spanned by all channels. An AWG is a
reciprocal device so it can be also used as a multiplexer. This means that different
inputs with different wavelengths can be multiplexed together to a single output.
The simulated transfer function of an 8-input AWG centred at 1557 nm is shown in
Figure 5.1b. Channels are separated by a distance δλ and the different orders of the
AWG are separated by a distance equal to the FSR of the device.

5.1.2 AWG laser

A common Fabry-Perot (FP) laser (schematically represented in Figure 5.2a), con-
sists of a resonant cavity defined between two mirrors with a gain medium in be-
tween, responsible for amplifying the light. Only certain modes with certain fre-
quencies are allowed inside the cavity and they will sum up till they will overcome

Gain
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FilterGain

λ λ

(b)

AWG 
�lter

λ

(c)

Figure 5.2: Schematic representation of the working principle of a FP cavity (a), of a FP cavity
with a filter inside (b) and of an AWG-Laser (c).
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the cavity losses. The allowed frequencies are equally separated, with a spacing
∆ν= c/(ne f f 2L) where ne f f is the effective refractive index of the cavity and L is the
cavity length. The gain material only provides amplification in a limited frequency
therefore some of the modes have more power with respect to others.

In order to have a single mode laser cavity, it is necessary to filter out all the
other modes. This can be obtained by placing a filter inside the cavity which allows
only the frequency inside the passband to pass-through. All the other modes will be
suppressed. This is schematically shown in Figure 5.2b. One way to realize a filter
is by using an AWG inside the cavity (see Figure 5.2c). However, as the AWG is a
periodic filter thus not all the modes are suppressed and lasing can occur in each
order of the AWG.

AWG lasers (AWGLs) have been demonstrated by a number of authors both on
InP [25, 125, 136–138] or by hybrid integration of InP reflective-SOAs and an SiO2
AWG [139]. A common AWG based multi-wavelength laser is schematically repre-
sented in Figure 5.3. An array of SOAs is connected to an AWG on the demultiplex-
ing side and a common waveguide is connected the multiplexing side. Each AWG
channel has a different passband and a specific wavelength is then selected by the
SOA in the channel and multiplexed to the common output.

The facets of the cavity are placed on the side of the SOA and on the side of the
common waveguide. Both facets can be defined by cleaving, and in this case the
output facet is partially reflection coated (PR) to increase the output intensity and
high-reflection coated (HR) at the SOA side to have good mirror quality. Another
solution is to have multimode-interference reflectors (MIRs): 50% of the light is
reflected back and 50% goes to the output waveguide.

An AWGL that includes BH SOAs and a ridge AWG is a technology demonstration
for testing the generic integration of the BH/ridge transition and the BH-SOAs with
different building-blocks of the platform (AWG, integrated mirror, shallow-to-deep
transition and output taper).
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Figure 5.3: Schematic representation of an AWG laser. Four gain sections are connected to
the demultiplexing inputs of the AWG, and light is collected at the multiplexing
side.

5.2 Design and fabrication

The mask layout of the AWGL laser studied in this chapter is shown in Figure 5.4a.
The green layer is used for the BH waveguide and shadow definition, the blue layer
for the ridge waveguide definition and the orange layer for the metallization. The
mask contacting the AWG and all the other SR and DR BBs (blue layer) are defined
inside the shadow area (green layer) without the need to modify the BBs in the
foundry process design library. Both BH and SR/DR waveguides are tapered out at
the BH-DR/SR interface to decrease reflections as explained in Chapter 3.

The laser cavity is defined by one cleaved facet and one multimode-interference
reflector (MIR) [140] providing estimated reflectivities of 33% and 50% respectively.
For the designed laser, the round-trip cavity length (SOA + AWG at the central
arrayed waveguide length + input waveguide) is 8 mm. The output waveguide is
defined as a SR passive waveguide building block with a 7° off-normal angle at the
facet to ensure low fundamental mode reflections. The waveguide is also tapered to
3µm to increase the coupling efficiency to the lensed fiber.

The AWG is designed to provide a channel spacing of 100 GHz (0.8 nm) and
a free spectral range (FSR) of 900 GHz (7.2 nm). A microscope picture of the
fabricated chip is shown in Figure 5.4b. On the right side one can see the array of
500-µm-long BH-SOAs. The AWG is placed inside the shadow area of which the
border is visible.

Figure 5.5 shows three images of the AWGL during fabrication. Figure 5.5a
shows an SEM picture of the AWG that measures 1500 µm ×500 µm. Figure 5.5b
shows the arms on the FSR regions. Waveguides are well-defined and have the de-
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(a)

(b)

Figure 5.4: (a) mask layout and (b) microscope picture of the 8 channel AWGL.

signed width (1.5 µm). Figure 5.5c shows the integrated mirror that is also well
defined. No particular defects are visible, confirming that the addition of BH waveg-
uides in the previous steps did not compromise the standard fabrication process
flow.
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(a) (b)

(c)

Figure 5.5: (a) SEM picture of the AWG, (b) optical microscope picture of arms in the FPR
region and (c) optical microscope picture of integrated mirror used to define the
cavity inside the chip.

5.3 AWGL characterization

The behaviour of the AWGL is now tested in order to validate the success of the
integration of BH components with the AWG. The AWGL was characterized by mea-
suring the light-current (L-I) characteristic and the voltage-current (V-I) character-
istic. The spectrum of each of the 8-channels was recorded at different injected cur-
rent values. Finally the linewidth was measured by using a delayed self-heterodyne
setup.

5.3.1 L-I-V analysis

L-I Analysis

The AWGL chip was cleaved in a cell of 4×4 mm and the L-I characteristic of each
channel is recorded. The chip was placed on a Peltier cooled heat sink at a con-
stant temperature of 20 °C. Current was injected in each channel, one by one, by an
electrical probe and light is collected by using a large area photo-detector. Measure-
ments were performed in CW operation.
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Figure 5.6a shows the measured LI curves of the 8 channels of the AWGL (chan-
nels are numbered from 1 to 8 starting from the top).

At 18 °C a threshold current of 15 mA is measured for channels 2 to 7 and 25 mA
for channel 1 and 8. The outermost channels of an AWGs are known to have higher
losses [141,142] explaining the higher threshold current of channel 1 and 8.
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Figure 5.6: (a) Light-current characteristic of the eight channels of the AWGL. (b) Light-
current characteristic of channel 6 at 18°C (blue) and 25°C(red).

The threshold current dependence on temperature was also investigated. L-I
curves of channel 6 at 18 °C and 25 °C are shown in Figure 5.6a. A change in thresh-
old current from 15 mA to 17 mA is observed when the temperature changes from
18 °C to 25 °C.

Figure 5.7 shows the L-I characteristics of an AWGL implemented in the OCLARO
platform with SR SOAs [143]. At 18 °C a threshold current between 20 mA and

Figure 5.7: L-I characteristic of an AWGL laser with SR SOAs fabricated by Ławniczuk in 2014
in the OCLARO platform [143].
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25 mA was observed, therefore the threshold current has been reduced by 25% in
the AWGL with BH SOAs. However the output power does not show an improve-
ment with respect to the SR AWGL that has an output power of 1.6 mW, at 70 mA
collecting light with a lensed fiber.

V-I Analysis

Figure 5.8a and 5.8b show the I-V and ∂I /∂V characteristic respectively. By observing
the ∂I /∂V graph, a change in the derivative is observed at 35 mA. As previously
explained in chapter 4, this is due to the opening of the leakage path through the
InP homo-junction.
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Figure 5.8: (a) Voltage-current characteristics of the eight channels of the AWGL (b) ∂I /∂V
of the eight channels of the AWGL.

For a 500-µm-long FP laser, indeed the series resistance is too high (6.6Ω), there-
fore at around 50 mA the voltage drop across the laser is high enough to activate
the homo-junction diodes at the sides. As a consequence, the injection efficiency is
reduced and so is the optical output power. To overcome this problem, a larger and
longer BH waveguide can be used.

5.3.2 Spectrum analysis

In order to record the optical spectrum of the laser, the experimental set-up is the
same as described for the LI measurements, but the light was collected with a lensed
fiber. The collected light was coupled to a high-resolution (0.16 pm) Optical Spec-
trum Analyser (APEX AP2041A). Figure 5.9a shows the setup and the chip under
test.
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Figure 5.9: (a) Measured chip and experimental set-up for spectrum measurement (b) Single
channel spectrum at different injected current.

By changing the injection current of each SOA, the optical phase of the FP cav-
ity changes because of the change in temperature induced by the current. Also the
transfer function of the AWG changes, as the increase in temperature changes the
neff of the arrayed waveguides. These shifts modify the alignment with the AWG
pass-band filter, so depending on the current used for injecting the SOA, lasing hap-
pens in a different order of the AWG.

Figure 5.9b shows the recorded spectrum for a single channel at 70 mA, 130 mA
and 200 mA. Each SOA was driven with a current from 20 mA to 200 mA. For each
SOA a current value that ensures lasing in one order of the AWG was chosen. The
optimal ranges for each SOA necessary to obtain lasing in the same order of the
AWG are listed in Table 5.1.

SOA number Current range [mA]

1 20-70
2 70-100
3 30-80
4 140-180
5 100-160
6 40-110
7 120-160
8 20-30

Table 5.1: Optimal current range for each SOA necessary to obtain the lasing in the order of
the AWG.
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Figure 5.10: Overlaid optical spectra for the AWG laser.

For the analyzed AWGL, single mode operation in the the same order of the AWG
is obtained. Figure 5.10 shows eight overlaid spectra. The current is injected into
every SOA one at one time and the spectra are recorded. The measured FSR is 907
GHz and the channel spacing is 99.8 GHz.
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Figure 5.11: (a) Recorded SMSR for the 8 channels of the AWGL. Operating current ranges
are listed in Table 5.1. (b) Optical spectrum of channel 7 at 18°C showing an
SMSR of 62 dB.
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The side mode suppression ratio (SMSR) was measure for each SOA with the
operating current ranges listed in Table 5.1. The SMSRs are shown in Figure 5.11a.
A maximum SMSR of 62 dB was measured for channel 3 with an injected current
of 70 mA. The minimum SMSR is 30 dB for channel 6 at 40 mA. Figure 5.11b shows
the spectrum for channel 7, recorded at 18 °C with an injected current of 125 mA.
The SMSR between different orders of the AWG is 30 dB.

With respect to the analysis of the stability of the laser, the shift of the lasing
peak on a given order of the AWG was investigated for each channel. The results are
shown in Figure 5.12a (channels 1 to 4) and Figure 5.12b (channels 5 to 8). Current
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Figure 5.12: Peak wavelength as a function of current for channel (a) 1 to 4 and (b) 5 to 8.

was swept from 40 mA to 200 mA. It can be observed that the peak is shifting to-
wards longer wavelength. This is expected as the temperature increases by increas-
ing the current and also the refractive index of the SOA changes with temperature.
For certain current values a mode-hop is observed, as the pass-band of the AWG will
be in phase with the adjacent peak of the FP cavity. For example, channel 2 shows
a mode-hop at 120 mA and channel 5 two mode-hops at 100 mA and 130 mA. As
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the AWG transfer function also shifts with an increase of the temperature the mode-
hopping happens less frequently than if the AWG filter was fixed. The absence of
frequent mode hopping could also be a sign of the absence of strong reflections at
the BH/SR butt-joint. Indeed if strong reflections were present inside the cavity, the
FP peaks would be separated with different spacing making mode-hopping more fre-
quent to happen. In addition, this active-passive cavity is dominated by passive (that
is longer than the active) so FP and AWG almost tune together. Further investigation
is needed to estimate the tuning range of the passive part.

5.3.3 Linewidth measurements

Optical linewidth measurement of the AWGL was performed using a delayed self-
heterodyne system setup shown in Figure 5.13.
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Figure 5.13: Delayed self-heterodyne setup used for the linewidth measurement.

The self-heterodyne setup can be described as follows: the fiber-coupled laser
output goes in the isolator to avoid back reflections into the photonic circuit. The
signal is then divided in two by a splitter. One path goes into a delay line with a
polarization controller (PC), to match the polarization in both paths, and the other
part is shifted by a frequency ∆ f by an acoustic-opto modulator (AOM). As the time
delay is much longer than the coherence time, the two signals in the two paths are
not any more correlated and they can be considered independent from each other.
The two paths are then recombined by a beam combiner. The two combined signals
will interfere as they are not correlated. The beat note (a signal with the difference
of the optical frequencies) is sent into a photodiode and its output is amplified and
sent to a spectrum analyzer. From the spectrum analyzer signal the linewidth of the
laser can be extracted. As this combined signal includes the noise coming from the
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two different paths, the actual linewidth of the laser is half of the one of the signal
in the spectrum analyzer.
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Figure 5.14: Linewidth of channel 4 of the AWGL injected with 50 mA. A Lorentzian fit was
performed to estimate the linewidth which was found to be 1.5 MHz.

The measurement result and the fit are presented in Figure 5.14. The linewidth
of the AWGL source was measured at 18°C with a delayed-self-heterodyne setup
with a delay line of 25 km, a resolution of 50 kHz and a video bandwidth of 10 kHz.
The fitted linewidth is 1.5 MHz and is found as the full width at half maximum of
the Lorentzian fit of the RF spectrum. Linewidth on depends on the losses per unit
length in the laser [144] and these losses come from scattering, absorption and out-
coupling losses and they come from both active (SOA) and passive parts. This AWGL
presents several source of losses: a long cavity (round trip is around 8 mm, AWG
insertion loss, and losses of the MIR and the cleaved facets). In addition, linewidth
can be also increased by mode-competitions between longitudinal modes [145].
Therefore a way to reduce the linewidth would be to decrease the waveguide losses
and add more frequency selective elements in the cavity to suppress neighbouring
modes scuh as a Mach-Zender interferometer.
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5.4 Conclusions

In this chapter we have demonstrated the full integration of BRS-SOAs in the plat-
form by the realization of a complex circuit. A compact (4.5 mm×2.3 mm) AWG-
laser-based transmitter consisting of 8 BH-SOAs and a DR AWG was fabricated and
characterized. The FSR of the AWG-laser is 907 GHz and channel spacing is 99.8
GHz. The laser has a threshold current of 15 mA and shows a stable single-mode op-
eration around the central order of the AWG. This demonstrates an improvement of
the threshold current of 25% with respect to an AWGL with SR SOAs. A maximum
side-mode suppression ratio (SMSR) of more than 62 dB has been demonstrated.
The successful integration of BRS-SOAs and in the platform is validated by using an
AWGL as a test circuit. BRS lasers can be now integrated with any kind of BB, both
active and passive, opening new possibilities in terms of PICs with low threshold
current.





Chapter 6

Conclusions and Future Work

6.1 Conclusions

Low power consumption and good thermal efficiencies are key aspects when de-
signing a photonic integrated circuit. Buried-Heterostructure lasers and amplifiers
are attractive components as they show low threshold current and good thermal be-
haviour as a result of the efficient heat dissipation, thus favouring the inclusion of
BH lasers in the platform.

In this work we presented the implementation of BH lasers and amplifiers in
a generic photonic platform which includes a comprehensive range of deep-ridge
and shallow-ridge BBs. Specifically we reported on the integration of buried ridge
stripe (BRS) lasers and amplifiers developed at III-V lab in an InP generic photonic
integration platform developed at TU/e.

The main achievements of this thesis can be summarized as follows:

1. Process Development: we have developed a new process flow to integrate
BRS lasers and amplifiers into a generic photonic InP platform. Three key
challenges were addressed:

• We ensured that the fabrication of the standard building-blocks was not
impaired and thus we guaranteed the building-block performance.

• We minimized the number of extra steps necessary for the integration:
we included only three lithography steps and no extra-regrowths were
necessary for the integration.

• We ensured a good alignment between the masks to define the buried
waveguide and the ridge waveguide by using stepper lithography that
has a maximum mask overlay error of 200 nm.

2. Transition component for buried to ridge connection: we have designed,
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simulated and characterized a transition component that efficiently connects
a buried waveguide with a ridge waveguide. The transition component con-
sists of 2 tapers and a free propagation region. The designed transition area
was fabricated and characterized in terms of losses and reflections. The pres-
ence of the transition area did not have a critical impact on the losses and no
reflections of the fundamental mode were observed.

3. Performance evaluation: BRS and SR Fabry Perot lasers were fabricated on
the same wafer sharing the same layer stack. The lasers were compared in
terms of threshold current and thermal resistance. BRS lasers showed a lower
threshold current, thermal resistance and series resistance, all key aspects for
the energy consumption. In particular:

• The BRS lasers showed a reduction in threshold current of 60% with
respect to SR lasers. This is due to the fact the BRS lasers, differently
than SR, laterally confine the current.

• In BRS lasers, also thermal resistance has been demonstrated to be 40%
lower compared to SR lasers. This is because the active region, where the
heat is generated, is embedded in InP, which is a good heat conductor.

• The series resistance of the BRS laser is found to be decreased by 50%
compared to the SR lasers. We also found that series resistance plays a
fundamental role in BRS lasers, as high values leads to an undesirable ac-
tivation of the leakage paths. Regarding this matter, we have developed a
model that can be used to set the design constraints to reduce the leakage
current.

4. Device demonstration: BRS lasers were successfully integrated in a PIC that
included a wide range of passive building blocks. Specifically, we demon-
strated a waveguide grating (AWG) laser-based transmitter consisting of eight
BRS-amplifiers integrated with a ridge waveguide AWG and an integrated mir-
ror. A threshold current of 15 mA and a linewidth of 1.5 MHz were achieved.

6.2 Future Work

In this thesis we have reported the successful integration of BH lasers in a generic
photonic platform. BRS lasers have been demonstrated to have a low threshold
current and a low thermal resistance allowing for a reduction of the PIC’s energy
consumption. This will enable many possibilities and BRS lasers and amplifiers
can be used when dense arrays of lasers are needed for example in PICs for LiDAR
applications. However, the integration can be further optimized in terms of design
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and process development. Specifically two different topics can be further explored:
optimization of the BRS lasers and optimization of the transition component. These
two topics can be the ground for some future work and they are outlined below:

BH optimization

The measured BH lasers showed high leakage current and high optical losses. The
reduction of leakage current can be achieved by optimizing the implantation region
and the laser width. Also the implantation itself can be better calibrated, by increas-
ing the implantation energy and current. To test the efficiency of the implantation
dedicated test structure could be developed. The proposed test structures consist of
a wide area of implanted InP+InGaAs with a metal pad on the top. In this way it
is possible to estimate at what voltage the current starts to flow in the implanted
region.

Another approach to solve the issue of the leakage current is to use semi-insulating
InP to block the current. However this requires a double regrowth and as showed in
Chapter 2 there are some challenges in the process related to this. The major chal-
lenge that needs to be addressed is the identification of the right dielectric that does
not crack during the growth of semi-insulating InP. Different dielectric growth con-
ditions can be tried. Performing some stress measurements of the dielectric could
give some insight on the causes of the cracking and therefore helping to find out the
right solution.

The L-I curve analysis of the BRS lasers revealed higher optical losses in BH
lasers than in shallow ridge lasers. This can be due to higher scattering losses at the
waveguide interfaces but further investigation is needed to analayze the interface
quality and identify how the BH waveguide etching can be further optimized. For
example wet etching can be used instead of dry etching for the definition of the BH
waveguide or the cleaning step after the dry etching can be further improved.

Optimization of the transition component

The transition component needs further investigation in order to better quantify the
losses as a function of the misalignment. To better estimate the losses coming from
the BH/ridge interface a set of waveguides with different numbers of transitions
can be used. The higher the number of transitions, the higher the expected losses.
Ideally the total length of the SR and the BH waveguide should be the same. In this
way the only difference between the waveguides is the number of transitions thus
an accurate estimation of the interface losses is possible.
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If DUV-scanner is used during the process, a more compact transition can also
be designed as the mask-overlay error is smaller than in the stepper lithography.
Some further tests can be performed to explore the utilization of the DUV-scanner
and understand how the morphology of the wafer after the BRS regrowth affects
the spinning of the resist and the focusing. In order to meet the requirement on the
wafer planarity, it is worth investigating the usage of chemical mechanical polishing
on a sacrificial dielectric layer in order to increase the flatness of the wafer.

If SI-BHs needs to be implemented with DUV-scanner, the improvement of wafer
planarity can be achieved in two ways. Preliminary tests showed an improvement
of the planarity by increasing the temperature, but this requires some calibration of
the regrowth parameters in order to achieve the desired doping levels as the doping
concentration is temperature dependent. Another way is to use wet etching instead
of dry etching for the BH waveguide definition. With this approach it is possible
to create an over-hang below the dielectric mask. We have proved that with this
approach a good planarity (<200 nm local thickness variation) can be achieved.
However the control of the lateral-dimension of the waveguide is a challenge and
further process development is needed to obtain a stable and repeatable process.

There is no real ending. It’s just the
place where you stop the story

Frank Herbert
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Appendix A

Shallow-ridge FP laser I-V
Analysis

In this Appendix we analayze the electrical behaviour of the SR lasers. The equiv-
alent circuit of an ideal SR laser is shown in Figure A.1. It consists of a resistance
in series with a parallel of diode and a zener-diode. Indeed, in a SR laser, there are
not leakage path. Therefore the value of the derivative of the I-V should be constant
respect to the injected current.

We have measured the I-V curve of a set of SR lasers of different lengths (690µm,
890µm and 1100µm). The measured I −V , ∂V

∂I and I ∂V
∂I curve are shown in Fig-

ure A.1. By observing the I −V curve, we can already notice a slightly not linear
behaviour. This is more clear by observing the ∂V

∂I and the I ∂V
∂I curves. Indeed the

∂V
∂I curve is not constant. However, the shape of the curves are different than in BH
case.

One reason, could be that there is another leakage path. If the leakage path is
purely resistive, the I ∂V

∂I presents a characteristic signature as explained by Wright
[107]. In this case the I −V and the I ∂V

∂I are reported in Figure A.2.
The inset inside the figure represents the electrical equivalent model. The effect

of this leakage path is that part of the current flows in the leakage branch. When
the voltage drop is sufficiently high, the branch with the pn junction will start to
conduct and to decrease the I ∂V

∂I value. In the measured electrical characteristic of
the SR laser, we do not see this behaviour therefore we can exclude the presence of
a resistive leakage paths.

If we look at SEM picture of the SR laser (Figure A.3), one can see that there is
a part of the metal that touches the InP and this could created an unwanted path.
The equivalent model in this case is the one shown in Figure A.3.

Figure A.4 shows the measurement model superimposed to the measurements.



132 Shallow-ridge FP laser I-V Analysis

0.00 0.02 0.04 0.06 0.08 0.10 0.12
Current [A]

0.8

1.0

1.2

1.4

1.6

V
ol

ta
ge

 [V
]

 Measured (L=690 m )
 Measured (L=890 m )
 Measured (L=1100 m )

0.00 0.02 0.04 0.06 0.08 0.10 0.12
Current [A]

0

2

4

6

8

10

V
/

I [
V

/A
]

 Measured (L=690 m )
 Measured (L=890 m )
 Measured (L=1100 m )

0.00 0.02 0.04 0.06 0.08 0.10 0.12
Current [A]

0.0

0.2

0.4

0.6

I 
V

/
I [

V
]

 Measured (L=690 m )
 Measured (L=890 m )
 Measured (L=1100 m )

Figure A.1: Measured (a)I −V (b) ∂V
∂I and (c) I ∂V

∂I for BRS-BH lasers of different length and
widths.

To get a good agreement the chosen values are reported in TableA.1. One can notice
that the chosen value of RL is quite low. As the contact surface of the metal is really
narrow and as the metal is directly in contact with the InP we would expect much
higher values of RS (in the order of 700 Ω). Therefore more investigation is needed
to identify the cause of the leakage path in the SR lasers.
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Signature 
of a resistive 
leakage path

Figure A.2: I ∂V
∂I characteristic of a laser with a resistive leakage path. The equivalent electrical

circuit is shown in the inset.

RL
RL

RS

AL,mL,EgL AL,mL,EgL

AA,mA,EgA

Figure A.3: FIB pictures of a SR active waveguide and zoom-in of the BH active waveguide.
The ternary layer is visible below the metal. The etching stopped inside the In-
GaAsP layer above the MQW.

Injection channels Leakage channel
Laser RS [Ω] AA [A] EgA [eV] m RL [Ω] AA [A] EgL [eV] m

690 [µm] 7.3 0.018 0.8 1 2 0.9 1.38 4
890 [µm] 5.7 0.02 0.83 1 1.5 2 1.38 4

1100 [µm] 4.5 0.021 0.83 1 1 2 1.38 4

Table A.1: Parameters for the equivalent model of Figure A.3
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Figure A.4: Modelled and measured I ∂V
∂I characteristic of a laser with a leakage path that

includes a diode.



Summary

In a Photonic Generic Platform a large variety of Photonic Integrated Circuits (PIC)
can be realized within the same process. This means that different circuits designed
by different users can be fabricated on the same wafer, thus sharing the cost of the
infrastructure, design tool development, process development and even materials
costs. The designer can choose from a set of basic components, called building
blocks (BBs) stored in a library. BBs, can be then combined together to create more
complex circuits. The library developed at TU/e offers both active BBs (amplifiers
and lasers) and passive BBs including rings, AWGs and MMIs. Both ridge and shal-
low waveguides are available depending on the need of the designer: Deep-Ridge
(DR) waveguides are used when a high contrast is required, for example for small-
radius bands, and for MMI-reflectors and AWGs. SR waveguides are used in passive
components when low propagation losses are needed, and for active components
as the etching through the entire core layer would increase surface recombination;
however lateral spreading of the current limits the electrical injection efficiency, mo-
tivating the inclusion of a new topology of active components in the platform.

InP Buried-Hetrosturcutres lasers/amplifiers are attractive components as they
show good thermal behavior and low threshold current when compared to SR com-
ponents. In a BH laser/amplifier, the mesa defining the optical cavity is first etched
and then buried by an InP regrown layer. Therefore the active region is buried by
InP, which has a higher band-gap and a lower-index material, providing both car-
rier and photon confinement. The formation of the buried mesa between epitaxial
regrowth makes it challenging to integrate active BH components with a powerful
range of passive ridge devices. This is due to the creation of waveguides in separate
mask layers, with a critical alignment tolerance between the two masks. In view of
the advantages of the integration of BH components into more complex PICs, the
objective of this thesis is their integration into the generic TU/e platform.

The first challenge addressed in the thesis is the process development for the
BH integration into a generic InP platform and this is discusses in Chapter 2. A a
new process flow able to integrate BRS lasers and amplifiers into a generic photonic
InP platform is reported. Three key challenges were addressed: (i) the fabrication
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of the standard BBs was not impaired and thus the building-blocks performance
was guaranteed; (ii) minimization of the number of extra steps necessary for the
integration: only three lithography steps were added and no extra-regrowths was
necessary for the integration. (iii) precise alignment between the masks to define
the buried waveguide and the ridge waveguide: this was ensured by using stepper
lithography that has a maximum mask overlay error of 200 nm.

Chapter 3 is dedicated to the design and characterization of the transition compo-
nent for buried to ridge connection: a transition component that efficiently connects
a buried waveguide with a ridge waveguide is here demonstrated. The transition
component consists of 2 tapers and one free propagation region. The designed tran-
sition area was fabricated and characterized in terms of losses and reflections. The
presence of the transition area did not have a critical impact on the losses and no
reflections of the fundamental mode were observed.

Fabry Perot lasers were fabricated both in a BH and SR technology. These lasers
were characterized and compared in chapter-4. The lasers were compared in terms
of threshold current and thermal resistance. BRS lasers showed a lower threshold
current, thermal resistance and series resistance, all key aspects of energy consump-
tion. The BRS lasers showed a reduction in threshold current of 60% with respect
to SR lasers. This is due to the fact the BRS lasers, differently than SR, laterally con-
fine the current. In the BRS lasers, also thermal resistance has been demonstrated
to be 40% lower compared to SR lasers. This is because the active region, where
the heat is generated, is embedded in InP, that is a good heat conductor. The series
resistance of BRS laser is found to be decreased of 50% respect to SR component. It
was understood that series resistance plays a fundamental role in BRS lasers, as too
high value leads to an undesirable activation of the leakage paths. Regarding this
matter, a model that can be used to set the design constrains to reduce the leakage
current was developed.

Finally, BRS lasers were successfully integrated in a PIC that included a wide
range of passive building blocks. Specifically, we demonstrated a waveguide grating
(AWG) laser-based transmitter consisting of eight BRS-amplifiers and a ridge waveg-
uide AWG and an integrated mirror. A threshold current of 15 mA and a linewidth
of 1.5 MHz were achieved.
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