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Summary

High Speed Electro-Absorption Modulators in Indium
Phosphide Generic Integration Technologies

In the era where computer miniaturization is the driving force of technology
advancement, photonic integration has found its position connecting many different
users. The continuous growth in bandwidth is driven by the number of users and
the demand for capacity per user. Optical transceivers are now integrated on an area
smaller than a cm2, offering a complete system-on-a-chip. Still, a constant growth in
capacity imposes new challenges in bandwidth increase. This doctoral dissertation
deals with the following research question: How far can we go in terms of speed in
InP based generic photonic integration technology?

Starting from the model introduced in electronic integrated circuits, based on a
standardized set of building blocks, generic photonic integration embraces the same
principle. In optical transmitters, two main components are necessary: a laser source
and an optical signal modulator. In order to allow for many channels on the same
chip area, it is important to reduce the component footprint. An electro-absorption
modulator (EAM) has a small footprint, which enables its high speed operation, and
it is used for increasing the platform capacity.

The EAM optical properties are described and characterized in Chapter 2. Its
electrical design and characterization is geared towards achieving a high electro-
optical (E/O) bandwidth, which is detailed in Chapter 3 and Chapter 4, demon-
strating a bandwidth above 55 GHz. By regarding the EAM as a lumped element, it
can be represented as a series of conventional filters, known as a Butterworth filter,
whose order is increased in order to increase the EAM bandwidth. The influence
of parasitic packaging elements, usually regarded as having a negative effect, now
has a different purpose being a part of the filter, and thus benefiting the overall
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E/O response. Simultaneously, the electrical reflections back to the driver source
are lowered. Finally, integration with a laser and maintaining signal integrity dur-
ing transmission through an optical fiber are crucial for a transmitter circuit. This
is presented in Chapter 5 and Chapter 6, demonstrating operation at 64 Gb/s us-
ing on-off keying non-return-to-zero modulation, and 112 Gb/s over 1.5 km using
PAM-4 modulation format.

The work presented in this thesis resulted in the addition of another building
block to the InP generic integration platform offered by TU/e and SMART Photonics:
an electro-absorption modulator. Compared to the modulation speed of the pre-
existing electro-refraction modulators, the platform speed is increased by a factor
of 3 due to the inclusion of the EAM. These modulators provide 64 Gb/s operation
per channel using simple modulation formats, demonstrated in Chapter 3, and can
be used in the next generation optical transmitter circuits. Finally, increasing the
system complexity by using multi-level modulation (PAM-4), 112 Gb/s operation is
demonstrated in Chapter 5.
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Chapter 1
The need for speed

1.1 Historical perspective

The Information Age or Computer Age presents a turnover in human history
where the economy is based on information computerization. Miniaturization of
computers is the driving force of technology advancement, and information ex-
change is the driving force of social evolution. Where the invention and rapid
advancement of transistor technology led the digital revolution, giving access to
computers to a broad general public, optical communication played an important
role in the Information Age, providing the basis for internet technology [1].

Optical and electrical technologies have competed for a long time to be the choice
of preference for information exchange. Each shows certain trade-offs depending
on reach, density, reliability, power and cost for a given application [2]. Historically,
there has been a reluctance to replace the electrical parts of the network as the
technology was mature, unless the solution could not meet particular demands.
These requirements concerned increased bandwidth of the system, which optical
systems could provide. Optical communication sources offer a higher throughput
compared to the electrical counterpart due to the superior bandwidth of optical
fibers.

After the development of optical fibers, key components for high-speed fiber
based optical communication systems were developed. New compound semicon-
ductor alloys (InGaAsP), novel technological processes such as epitaxial growth, and
the development of semiconductor laser were ready to provide long-haul fiber prop-
agation. The development of fiber amplifiers finally allowed for all-optical signal
regeneration.
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For a transmitter or a receiver circuit, all of the functionalities can be incorpo-
rated on a single photonic integrated chip (PIC), which is of great interest for the
communication world. When replacing discrete components with the integrated
ones, the gain comes with scaling up the system bandwidth, reducing the connec-
tions between components, and decreasing the overall cost and power consumption.

The continuous growth in bandwidth demanding applications such as cloud com-
puting and online information exchange requires high speed connections in data
center and metro networks. The ultimate roadmap of increasing the overall ca-
pacity is still uncertain, and research in the field follows alternative paths: hybrid
photonic integration [3, 4], silicon photonics [5], and monolithic integration using
III-V semiconductors, primarily indium phosphide. In this work we will focus on
the monolithic integration of high speed components on InP material. One of the
relevant subjects in all of the mentioned approaches is the co-design of electronic
and photonic chips [6], as well as the interconnects between them [7], and finally
packaging allowing high speed operation.

Apart from its major role in optical communications in past few decades, the
reach of photonics does not end here. Nowadays, photonic integrated circuits are
also used in monitoring, sensing, medical applications and many other fields. Inte-
gration of different functionalities on a single chip allows to make complex circuits,
occupying a space of a few millimetres square, thus making portable devices with
prospective reduced cost.

1.2 Transceiver optical windows

High speed interconnects in data centers have attracted a lot of attention in the
past decade. Therefore, the IEEE 400 Gb/s Ethernet Task Force (400 GbE) has set
standards for inter-data center interconnects at distances of 500 m, 2 km and 10
km over standard single mode fiber (SSMF) [8]. The O-band transmission at 1.3
�m is preferred at short distances allowing higher temperature operation, which is
limited at 1.55 �m due to Auger recombination [9]. Nevertheless, inter-data center
connections nowadays need 100G and 400G data rate transmission over longer dis-
tances, up to 80 or 100 km, beyond the limit for 400 GbE. For these applications,
wavelength division multiplexing (WDM) systems are specified, using the 1.55 �m
window (C-band). The fiber loss in the C-band is significantly lower than in the
O-band, resulting for example in »15 dB difference over a distance of 80 km. An-
other advantage is the availability of erbium-doped-fiber-amplifier (EDFA) in C- and
L-band. The summary of data rate versus transmission distance is summarized in
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Table 1.1, indicating a small form-factor pluggable device input/output frame, and
the optical window in use. LR (Long Reach), ER (Extended Reach), ZR (Extended
Reach at 80 km) stand for the transmission distance.

Table 1.1: Data center optical transceivers in small form-factor pluggable device, and the di-
vision of optical windows according to data rate and transmission distance
(* under discussion).

500 m 2 km 10 km 40 km 80 km
10G - - LR-1310 ER-1550 ZR-1550
40G PSM4-1310 FR-1550 LR4-1310 ER4-1310 ZR-1550
100G PSM4-1310 CWDM4-1310 LR4-1310 ER4-1310 ZR-1550
200G DR4-1310 FR4-1310 LR4-1310 ER4-1310* [10] TBD
400G DR4-1310 FR8-1310 LR8-1310 TBD ZR-1550* [11]

The baseline proposal for 400G at 80km specifies the use of both C- and L-
band [11]. Table 1.1 shows the current standardization path and gives an indication
for future systems. According to the Ethernet alliance roadmap, future Ethernet
speeds are anticipated to be 800 Gb/s and 1.6 Tb/s [12]. Assuming 100 Gb/s rate
per channel, 8 £ 100 Gb/s and 16 £ 100 Gb/s configurations are required using
either parallel single mode fibers or a wavelength division multiplexing. These con-
figurations present significant challenge for the cost, stability and packaging of the
optical devices. Higher data rates are already investigated, showing 1.2 Tb/s solu-
tions [13], as well as longer transmission distances [14]. In this work, we focus on
high capacity transmitter solutions for 400G and above, centered at 1.55 �m.

1.3 Transmitter topologies

Optical transmitters are formed of multiple laser sources, directly or externally
modulated, combined in a multiplexer circuit. Direct modulation has the advan-
tage of lower complexity, and consequently cost. However, while it is an option for
short distance transmission at 1.3 �m operation, for long distance transmission it is
limited by the chirp. In a DML, the adiabatic chirp is caused by power dependent
frequency, and transient chirp is a consequence of the laser relaxation oscillation.
For longer distances at 1.55 �m wavelength, an externally modulated source is pre-
ferred, because it removes the influence of adiabatic chirp and relaxation oscillation.

In order to maximize the link capacity, WDM is used in optical networks, where
each channel is assigned a unique carrier frequency following the ITU-T grid [15].
Dense wavelength division multiplexing (DWDM) optical systems can employ more
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than 100 channels over a single fiber, with a channel spacing of 25 or 50 GHz. In
general three main directions for capacity increase can be outlined:

1. higher bandwidth per channel (symbol rate)

2. higher number of channels

3. spectral efficiency increase with higher order modulation formats
(multi-level coding or phase & amplitude modulation)

The growth of the capacity per channel requires redesign of a single line, i.e.
the available bandwidth. Additional channels require smaller component size, re-
sulting in same chip area, but more components. And finally, different modulation
schemes allow to use the already existing PIC solutions by employing higher order
modulation formats. Nevertheless, simple solutions with intensity modulation and
direct detection (IM/DD) can be more favorable as they do not increase the system
complexity and its cost, and are still being investigated [16,17].

1.3.1 Directly modulated lasers

The simplicity of directly modulated laser (DML) schemes offers cost-effective
transmitters compared to externally modulated lasers (EML), using continuous wave
(CW) lasers followed by electro-optic (EO) or electro-absorption (EA) modulators.
However, direct modulation systems are limited by the intrinsic chirp of DML, in-
ducing spectral broadening [18], and also limited in the extinction ratio they can
provide compared to externally modulated lasers.

In order to improve the transmission distance, various approaches are inves-
tigated depending on the application [19]. Most of demonstrated 50 Gb/s DML
systems with direct detection have utilized the O-band (1.3 �m), where the SSMF
has the minimum chromatic dispersion [20,21]. The highest reported bandwidth of
a directly modulated laser is 55 GHz [22], operating at 112 Gb/s. The same author
reports a year later the record high speed transmission distance of 40 km at 112
Gb/s [23], making it suitable for 100G-40km data center solutions. Wide temper-
ature range operation, up to 80–C at 106 Gb/s over 10 km is also reported [24].
Moving to the C-band, recent results show 56 Gb/s transmission over 20 km of
SSMF [25].

The advantages of directly modulated lasers are their simplicity and high output
power. However, the power consumption for the laser driver and for the cooling are
one of the main issues increasing the cost of DML solutions. Active layers based on
Al-Q alloys are the preferred material choice for uncooled (0–100–C) or semi-cooled
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(0–70–C) operation [26]. The consequence is a decrease in power consumption of
the thermo-electric cooler (TEC), further reducing the overall power budget. To fur-
ther improve the performance, a reduction of the DML driving current was achieved
by using a buried-heterostructure laser. This structure provides a high lateral con-
finement, leading to a lowered threshold current, compared to its counterparts fab-
ricated in ridge technology. A threshold current of 5.6 mA has been reported for a
data rate of 50 Gb/s at a temperature of 80–C [27].

Finally, for short-reach up to 10 km the IEEE Ethernet standard [8] defines a
minimum of 4 dB extinction ratio, which can be achieved by the previously reported
DML [20]. However, for 40 km links, a minimum of 8 dB extinction ratio is required,
making it hard for DMLs to compete with EMLs due to the frequency resonance.
Therefore, externally modulated lasers are the preferred choice.

1.3.2 Externally modulated lasers

Even though the increase in modulation bandwidth of DMLs is observed, exter-
nally modulated lasers are still the components showing higher modulation band-
width and unbeatable extinction ratio. An EML with 100 GHz bandwidth and static
extinction ratio of 30 dB is demonstrated for optical interconnect applications [28].
Externally modulated laser solutions for short reach at 1.55 �m show operation at
80 Gb/s per channel for IM/DD [29]. Inter-data center transmission over 80 and
100 km of SSMF is demonstrated for a 4-channel transmitter, with a total capacity
of 400 Gb/s [14,30].

The trends in EML transmitters put the increased capacity, monolithic integra-
tion, and cost effective fabrication technologies in the spotlight. Integrated solutions
with 4 or 8 channels are interesting for future 400G systems and have already been
demonstrated [31]. Monolithic integration on III-V alloys have the advantage of a
direct bandgap for producing efficient lasers, modulators and photodetectors in the
communication wavelength windows. The simplest integration uses the common
active layer stack, showing 4-channel EML array, with 56 Gb/s single channel oper-
ation [32]. However, separate laser and modulator layer stacks are advantageous in
terms of optimized performance. Butt-joint technology, quantum well intermixing
or selective area growth can be implemented as a solution [33,34].

Tackling the challenge of transmitter cost reduction, the use of a foundry and a
generic integration platform offers a solution. The development costs can be largely
reduced by using a multi-project wafer (MPW) run [35,36]. InP integrated platforms
are advantageous as they offer integration of lasers, modulators and passives on a
single chip [37–39].
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1.4 Generic integration platform

Open access foundries have required careful engineering to enable integration
using a common layer structure and processing sequence. In order to make the
most out of the integration process a small set of basic components such as passive
waveguides, phase modulators and semiconductor optical amplifiers has been de-
veloped in a generic integration technology. A special attention is devoted to the
design of new building blocks, as they increase the platform functionality.

The platform used in this work is developed at Eindhoven University of Tech-
nology and later exploited by SMART Photonics [37, 39]. This platform uses InP-
based material for monolithic integration of active and passive structures, fabricated
in a ridge waveguide technology.The active part is used for the amplifier, electro-
absorption modulator and photodiode section, and the passive parts are used for
waveguides (shallow and deep cross section), phase modulators, multimode inter-
ference couplers and reflectors, arrayed waveguide gratings, etc. Their vertical cross
sections are shown in Fig. 1.1.

n+ InP
n InP

p+InP

p InP
i-InPMQW

InGaAs

polyimide

amplifier EAM phase
modulator

waveguide
(shallow/deep)metallization

actives passives

Figure 1.1: Cross section of the basic building blocks in generic photonic integration platform
developed at TU/e and offered by SMART Photonics.

The epitaxial growth is done on an n-doped InP substrate, with a multi-quantum
well bandgap of 1.55 �m, making it suitable for transmitter circuit implementation
in optical telecommunications. Several WDM circuits have been demonstrated [40,
41], with an aggregate capacity of 180 Gb/s [42]. The transmitter uses an array of
6 Mach-Zehnder modulators, each operating at 30 Gb/s. The modulators are 2 mm
long, and the total chip size is 4£4.5 �m2, shown in Fig. 1.2. For a lower cost optical
transmitter, a compact modulator structure with low drive current/voltage is essen-
tial. Regarding size, the electro-absorption modulator has the advantage over the
electro-optical modulator, because its footprint isan order of magnitude smaller than
that of the EO modulator [43, 44]. The introduction of an electro-absorption mod-
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ulator in the generic photonic integration platform could therefore allow for higher
capacity transmitter circuits on the same chip area. A WDM transmitter designed in
this work is presented in Fig. 1.2b.

Figure 1.2: Wavelength division multiplexer designed in generic photonic integration plat-
form using (a) electro-optic modulators [42], and (b) electro-absorption modula-
tors (this work).

1.5 Electro-absorption modulators

For modulators in optical communication, small size and small modulation volt-
age is desired. Setting a DC bias for electro-absorption modulator compared to
the MZM fabricated on the same platform, a factor of ten goes in favor of the
EAM [32,45]. In order to reduce the EAM drive voltage some of the work explored a
dual-depletion region and an undercut etch, reducing the DC drive to -1 V [46,47].
Comparing the swing voltage of a MZM and EAM, the resulting value is 2 V for both
modulator types. Other work focused on optimizing the swing voltage shows values
as low as »0.8 V [48, 49]. Even though the peak-to-peak voltage is reduced by a
factor of 2, the DC drive is still favorable for the case of an EAM. Together with its
low footprint, the electro-absorption modulator is preferred choice for low power
consumption.

To achieve high extinction ratio the Quantum-confined Stark effect in a quan-
tum well structure is exploited. A static extinction ratio of 40 dB is demonstrated,
optimizing the quantum well region [50]. In an integrated platform, the static ER
is shown to be 18 dB for 100 �m-long EAM section, with a separate active layer
growth [32].
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For high speed operation two approaches are developed – lumped and travelling
wave configuration [51]. An EML with a travelling wave (TW) modulator configu-
ration showed 100 GHz bandwidth [28,52]. However, lumped EAM is favorable for
high density circuits, allowing more components to be integrated on a single chip,
and recent work shows »59 GHz bandwidth suitable for 200 Gb/s operation using
multi-level modulation [53]. Once the physical limits come into play, such as the
RC-constant with a lumped-electrode configuration, another solution is needed for
scaling from 100G to 400G. To efficiently increase the bit rate per channel beyond
50 Gb/s without requiring proportional increase in the bandwidth, the use of higher
order modulation formats is essential [54]. For IM/DD systems Pulse Amplitude
Modulation (PAM-N, where N represents the number of levels) is making its way
towards standardization. Even though this modulation format is heavily in use for
short reach applications, it might as well be a way for longer reach over tens of kilo-
meters. An EML transmitter module at 1.55 �m and PAM-4 at 112 Gb/s transmission
over 2 km, and without optical amplification has been reported in [44].

Another configuration for electro-absorption modulator implementation was de-
scribed in 2007 by Bell Labs [55]. The idea was to insert a predetermined op-
tical phase shift and use the EAMs to generate higher order modulation formats,
such as Phase Shift Keying (PSK) and Quadrature Amplitude Modulation (QAM).
Commonly, these modulation formats are generated with a MZM, however after
Kang’s publication many demonstrations have followed generating QPSK and 16-
QAM modulation formats at 40 Gb/s [56–58].

Transmitter circuits require careful consideration of the packaging technology
in order to ensure its high speed operation. A proper electrical interface method,
for example electronic-photonic integration [59], flip-chip technique [60], flexible
printed circuit [61], wire bonding [62], or recently demonstrated photonic wire
bonding [7,63]. The solution should be selected to achieve best result not only with
speed, but also with reliability and cost. A flip-chip approach demonstrates a single
EML channel operation at 214 Gb/s, and 8-channel array module for 400 Gb/s [31],
making it a prominent solution for future high capacity PICs.

Finally, an optimized electro-absorption modulator requires a separate layer stack
for a minimal insertion loss, a high number of quantum wells (QWs) for high extinc-
tion ratio [50], quantum wells based on aluminum quaternaries (InGaAlAs rather
than InGaAsP) for a large temperature operation range [64], and a thick dielectric
or semi-insulating substrate for an improved radio-frequency (RF) performance. In
order to integrate such a component in a generic photonic platform, certain compro-
mises need to be made. The challenge lies in introducing a new component while
improving the platform performance. A solution using the same active layer stack,
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phosphorus quantum wells and ridge technology is shown in this thesis. Solutions
using a semi-insulating substrate instead of n-doped, and a separate growth with a
butt-joint technique are also demonstrated.

1.6 Thesis outline

The goal of the thesis work is to introduce a high speed component increasing
the platform functionality and its capabilities, together with a small footprint single
mode laser to demonstrate a 10-channel WDM multiplexer. Introducing an electro-
absorption modulator to the generic photonic integration platform would satisfy
the demand of small footprint, and operation at 50 Gb/s per modulator/channel in
wavelength division multiplexing transmitter schemes. At the same time it would
allow for high density, and high speed transmitters in the optical telecommunication
domain, whose total capacity would be 400G. Stand-alone electro-absorption mod-
ulators operating at 100 Gb/s are shown, but this is the first time we integrate such
a high performance building block in an open access platform.

The emphasis is put on component design and on various phenomena that might
affect transmitter performance. To accomplish such an integrated device, the focus
of the thesis is divided in following order:

• Chapter 2 starts with the description of optical properties of a multi-quantum
well (MQW) electro-absorption modulator in the generic photonic integration
platform. Its design in the platform is described using the existing active layer
stack. Its total insertion loss, static extinction ratio, DC bias voltage and tem-
perature influence are investigated underlying its strengths and weaknesses,
and understanding the areas of improvement. The design, fabrication and
characterization of the first generation EAMs in this platform are presented,
followed by a second cycle that uses separately designed MQWs for improved
EAM performance. The new layer stack aims at higher static extinction ratio
and lower DC bias voltage.

• Chapter 3 describes the electrical properties of the EAM, seen as a lumped
element network. A range of parameters that influence the electro-optical
bandwidth and the equivalent electrical circuit are investigated. Following the
results of the first run, fabricated in a multi-project wafer (MPW) run, another
design fabricated in an experimental MPW run on semi-insulating substrate is
described, which aims at improved electrical performance. Finally, a discus-
sion on parameter values influencing both optical and electrical performance
is presented, showing the needed trade-off.
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• Chapter 4 looks at the electrical performance of the EAM when put in a mod-
ule environment. The influence of parasitic packaging elements, such as wire-
bond inductance and bonding pad capacitance, are examined and ways to
overcome these parasitic limitations are presented. Different assemblies are
investigated in order to find an optimal solution for a wire-bonded PIC oper-
ating at 50 Gb/s.

• Chapter 5 explores the influence of chirp for transmission through a standard
single mode fiber. The evaluation of the signal quality is done looking at the
eye-diagram, and the overall system performance is recorded with a bit error
rate measurement. Integrated electronic driver and the EAM in a submount
are designed, fabricated and measured. Increasing the channel capacity by
multi-level coding is tested, using pulse amplitude modulation (PAM-4).

• Chapter 6 presents the laser-modulator integration, and explores saturation
when operated together. A demonstrator circuit using a widely tunable laser
source and the EAM is presented. For the multi-channel transmitter, a dis-
tributed feedback (DFB) laser compatible with the generic platform is de-
signed, with 10 different lasing wavelengths, centered at 1.55 �m. Finally,
modulator saturation effects are examined, which come into play once it is
integrated with a laser source. The effect on electro-optical bandwidth is ob-
served, showing when the modulator operates undisturbed and when the sat-
uration becomes influential.

• Chapter 7 summarizes the thesis achievements and gives an outlook for future
work.



Chapter 2
Optical design considerations

The design of an electro-absorption modulator involves a large number of optical
and electrical properties. Optical features include static extinction ratio, determining
the modulator ability to suppress the input optical power, and the on-state insertion
loss, determining the loss inside the modulator itself. The electrical characteristics
include electro-optical bandwidth, imposing the operating speed, drive voltage, im-
portant for the input driver, and the electrical reflection parameter, affecting the
electrical signal propagation. For successful implementation of EAMs in system ap-
plications a list of requirements include low insertion loss, low drive voltage, high
bandwidth, low temperature sensitivity and low cost.

In this work, the integration of a new building block - an electro-absorption mod-
ulator is investigated to get high performance modulators in the SMART Photonics
generic platform [39]. A challenge of using the existing epitaxial layer stack is pre-
sented, and the work is separated into two challenges:

1. integration of the EAM using the existing epitaxial layer stack and its testing
with an off-chip laser

2. extra regrowth for an improved extinction ratio and an added fabrication step
for introducing distributed feedback lasers (DFB) with the EAMs, compatible
with the generic photonic integration platform

The second step introduces a high risk with extra fabrication steps at the same
time. Additionally, the fabrication of the additional layers is carried out in a clean
room in III-V Lab [65], while the post-processing is performed at Eindhoven Univer-
sity of Technology, adding more uncertainty and risk.
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2.1 The EAM operation principle

The first design of the electro-absorption modulator in the generic photonic in-
tegration platform offered by SMART Photonics [39] uses a semiconductor optical
amplifier layer stack, with a p-i-n diode structure. Its active region consists of a
multi-quantum well (MQW) structure, shown in Fig. 2.1. When an electric field is
applied perpendicularly to the p-i-n structure, the absorption increases and the trans-
mission (T) decreases, explained by quantum-confined Stark effect (QCSE) [66].

Figure 2.1: 3D illustrated view of an electro-absorption modulator and its transfer
(transmission) curve T(V).

In the multi-quantum well structure strong exciton peaks are observed due to
two-dimensional confinement. The exciton represents the Coulomb interaction be-
tween the electron-hole pair in a crystal. With an applied electric field the exciton
energy shifts, changing the material absorption edge [67]. At the operating point,
shown in Fig. 2.2, the absorption increases significantly with the electric field in-
crease. This phenomenon is called the quantum-confined Stark effect. The QCSE
is observed even at room temperature due to a high binding energy in a confined
structure.

The incident optical signal has a lower bandgap Eg2 (higher wavelength) than the
modulator structure Eg1, making the modulator transparent when no bias is applied
(V ˘ 0). The loss which occurs in this case is referred to as the on-state insertion loss
I L ON. When a reverse bias is applied (V ˙ 0), the absorption edge shifts to lower
energy (higher wavelength) and the incoming light is absorbed. The wavelength
difference between the modulator and laser bandgap is called detuning wavelength
¢ ¸ .

Looking at the absorption curve two peaks are observed at different wavelengths.
The reason are different exciton energies of heavy-hole (small energy gap) and light-
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Figure 2.2: (left) Electron-hole interaction in a quantum well for no and applied external
electric field. (right) Quantum-confined Stark effect: absorption versus

wavelength.

hole (large energy gap) exciton transitions. The heavy/light hole difference makes
the modulator polarization dependent, where the heavy-hole corresponds to the
TE polarization and light-hole to the TM polarization. The waveguide in generic
photonic integration platform is designed to support the TE mode propagation.

An important parameter for EAM operation is its DC bias voltage V DC. The
lower the value, the better for driving electronics and total power consumption. For
dynamic measurements it is desirable to be positioned in the centre of transmission
response linear region (inflection point). In this case the transmission curve is linear
and no matter the modulation format at the input V (t ), its transfer signal will be
linear at the output (T (t )). The required swing voltage ¢V should also be small to
relax the requirements for driving electronics. In principle, steeper transfer curve
needs lower swing.

Main parameters influencing the optical signal propagation are: intrinsic layer
(i-InP) thickness d , waveguide width w , optical confinement factor in MQW ¡ , and
structure length L. These parameters will determine the behavior of the EAM and
the shape of the transfer curve.

2.2 Figures of merit

2.2.1 Static extinction ratio

The total insertion loss is defined as the ratio of the output over the input light
intensity, and gives information about the total losses in the system as a function of
the applied DC bias voltage. The ratio of the output power at different bias points
and at V ˘ 0 V gives the static extinction ratio (ER). The static ER is related to the
absorption coefficient change ¢ ® with the applied voltage, and confinement factor
¡ . For a modulator of length L the extinction ratio can be written as:
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ER˘
Pout(V ˘ 0)

Pout(V )
˘

e¡¡ ®(0)L

e¡¡ ®(V )L (2.1)

ER jdB ˘ 10 log10 e¡¡¢ ®L ˘ 4.343 ¡ ¢ ® L (2.2)

The absorption coefficient ® is dependent on material properties, whereas the
confinement factor is a power fraction representing the overlap of the optical mode
(described by U (x , y)) with the active layer, given by [33]:

¡ ˘

Rw /2
¡w /2

Rd/2
¡d/2 jU (x , y)j2dxdy

R1
¡1

R1
¡1 jU (x , y)j2dxdy

(2.3)

The confinement factor for the active region of an EAM can be increased by
increasing thickness of the active layer, i. e. increasing the quantum well number.
However, increased confinement of the optical mode increases the effective index
of the mode and shrinks its effective size. This can lead to a mode mismatch with
the rest of structures having a different layer composition. In the generic photonic
integration platform the absorption coefficient and mode confinement are defined
by the layer stack, hence the static extinction ratio increase can be obtained by
modulator length increase. However, this will influence the bandwidth of the EAM,
which will be discussed in the following Chapter.

2.2.2 On-state insertion loss

The total insertion loss in the electro-absorption modulator is made out of three
major components: absorption and scattering of the guided mode, and coupling loss
due to spot-size mismatch between the waveguide and the edge-coupled fibre. The
on-state insertion loss is the absorption loss in the active region when no external
electrical field is present (V ˘ 0).

I L ON ˘
Pin ¡Pout(V ˘ 0)

Pin
˘ 1 ¡ e¡¡ ®(0)L (2.4)

From the structure optimization standpoint view, a trade-off exists between the
extinction ratio and the on-state insertion loss (seen from Eq. 2.2 and 2.4). Large
detuning implies low I L ON, but also poorer extinction ratio (from Fig. 2.2).

2.3 Building block design

The InP platform is based on an n–doped substrate, where the epitaxial growth
of active and passive sections is integrated using a butt-joint technique [37], etching
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away and regrowing different epitaxial layers. The existing layer stack for ampli-
fiers/lasers, centered around 1.55 �m, has been used for the modulator structure as
well. Its cross section in the generic platform is illustrated in Fig. 2.3. Lateral con-
finement can be achieved in a number of different ways: forming a shallow ridge
in the p-cladding layer (Fig. 2.3a), etching a deep ridge through the active MQW
layer (Fig. 2.3b), or regrowing a buried heterostructure around the deep etched
ridge. In scope of this work we have investigated both the shallow and deep ridge
configurations, whose microscope cross section is shown in Fig. 2.3c, as they were
readily available inside the generic platform. The use of a buried-heterostructure
has the advantage of a more efficient current injection and better thermal dissipa-
tion [68,69], but the fabrication becomes more complex requiring another regrowth
step.

The p-i-n layers are designed to form a shallow/deep etched ridge waveguide
with a nominal width w = 2/1.5 �m, respectively. In the platform, typical intrin-
sic region thickness is d » 500 nm, including multi-quantum well region and the
separate confinement heterostructure (SCH) layers on top and bottom of the MQW
layer (in green in Fig. 2.3a). The confinement factor ¡ , optimized for the amplifier
structure in the platform, is 4%.

(a) (b) (c)

Figure 2.3: Illustrated cross section view of a shallow (a) and deep etched (b) modulator
waveguide. (c) SEM photo of the fabricated shallow structure.

The chips were fabricated through a multi-project wafer run, using the open ac-
cess foundry process fabricated by SMART Photonics [70]. Fig. 2.4 shows designed
and fabricated EAM chip. Optical (horizontal) and electrical (vertical) axis are per-
pendicular to each other, to allow for on-chip testing. Anti-reflection (AR) coating
(dielectric thin-film coating) is applied on both sides of the chip to suppress reflec-
tion loss and to avoid multiple optical paths in the modulator itself. Short isolation
sections, fabricated by removing the top p-cladding layer, are included for electri-
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cal isolation. Passive waveguides are designed in shallow cross section to reduce the
transmission loss, resulting in 0.23 dB for 1.4 mm waveguide length, consistent with
foundry expectations. When the modulator is designed in the deep cross section, a
shallow to deep transition at the input and a deep to shallow transition at the out-
put is inserted to provide a low-loss coupling between the different waveguide types.
The modulator length is varied from 50 to 250 �m. The chip width is 1.5 mm and
the total chip length is 4 mm. The total footprint of a single EAM is 380 £ 140 �m2,
independent of its length, as it is imposed by the access pad design. Such a small
footprint device is preferred in the future PIC generation, allowing high component
density on a single chip.

Figure 2.4: Top-view of the designed (left) and fabricated (right) chip with
electro-absorption modulators.

2.4 Measurement results

2.4.1 Experimental setup

The transmission experimental setup is shown in Fig. 2.5. An external widely
tunable laser source (1490–1610 nm) was used to inject light into the modulator
section, setting the laser output power to 0 dBm. At the input of the EAM a polariza-
tion maintaining lensed fiber is edge-coupled and aligned to the TE orientation, as
the QCSE-induced absorption is polarization dependent. The output chip power is
recorded with a power meter. The fiber coupling lead to »4 dB coupling loss at each
facet. The measurements are carried out at room-temperature without temperature



2.4 Measurement results 17

stabilization.

(a) (b)

Figure 2.5: (a) Characterization setup for static measurements. (b) Photo of a probed chip
for static characterization.

2.4.2 Static extinction ratio

The static extinction ratio is found from the wavelength dependent transmission
response, shown in Fig 2.6. The applied voltage ranges from 0 to ¡6 V with a step of
0.1 V. The absorption curve is initially flat with bias, then increases in slope before
passing through an inflection point and finally saturating. No difference is observed
for shallow and deep cross section, as the extinction ratio does not depend on the
structure width. The EAM bandgap is set at 1.55 �m, hence it operates in the L-band.

A larger detuning of 60 nm reduces the total insertion loss, but degrades the
extinction ratio, due to weaker exciton absorption. On the other hand, a small
detuning of 30 nm results in higher extinction ratio, but increased insertion loss.
Additionally, for a large ¢ ¸ a higher reverse bias is needed to achieve the same
operating condition.

Comparing the required bias voltage, the inflection point in our measurements
is at ¡3 V for ¢ ¸ = 60 nm compared to ¡1.5 V for ¢ ¸ = 30 nm. The doubling of the
required voltage would strongly impact the total power consumption. Therefore, a
detuning of 40 nm gives the best trade-off between low insertion loss and low DC
bias, resulting in ¡2 V for a 100 �m-long EAM.

Continuing the measurements at 40 nm detuning, the extinction ratio change
with modulator length is recorded. Fig. 2.7 shows the normalized ER values. For
50–250 �m modulator length the resulting static ER is 4–18 dB, respectively. Re-
quired swing voltage for maximum extinction is 4 V and DC bias is centered around
¡2 V.

Obtaining the extinction ratio above 5 dB is essential to comply with the trans-
mitter IEEE standard [8]. Consequently, modulator length L > 100 �m will provide
more than 5 dB static ER.
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Figure 2.6: Recorded output power as a function of reverse bias for different detuning
wavelength and 100 � m-long EAM.

Figure 2.7: Normalized static extinction ratio for different modulator length at 40 nm
detuning.

2.4.3 On-state insertion loss

The total insertion loss at V ˘ 0 V is measured to be 12–9 dB for detuning be-
tween 30–60 nm, respectively. The transmission loss in the passive waveguides is
0.23 dB, and the total coupling loss is »7 dB. Removing these two factors from the
total insertion loss, I L ON is obtained. A summary of these values for different L

and ¢ ¸ is shown in Fig. 2.8a. The corresponding static extinction ratio values are
presented in Fig. 2.8b.

Finally, the static extinction ratio depends mostly on the modulator length, whereas
the on-state insertion loss depends both on the modulator length and the detuning
wavelength. From the measured values we see that smaller detuning will increase
the I L ON by 3 dB when the detuning is changed from 60 nm to 30 nm for 100 �m-
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(a) (b)

Figure 2.8: (a) Measured on-state insertion loss depending on the detuning from the
incident light and EAM length. (b) Summarized static extinction ratio

dependence on detuning and length.

long EAM. A longer modulator gives a higher static ER, but also a larger I L ON. A
disadvantage of a long modulator is its reduced bandwidth, discussed in detail in
the next Chapter.

2.4.4 Temperature dependence

When the temperature of a semiconductor is increased, its crystal lattice expands
and the absorption peak shifts to lower energies. Furthermore, the transmission
curve is modified and has the effect as the detuning increase. Temperature variation
effects are typically avoided with a use of thermo-electric cooler (TEC) [71]. How-
ever, this significantly increases power consumption and packaging cost. An EAM
which can operate in a wide temperature range is advantageous as it will decrease
the overall power consumption.

Two most common operations are usually regarded: semi-cooled and un-cooled
operation of the modulator section. Semi-cooled operation usually requires opera-
tion in the range of temperatures 0–60 –C, whereas un-cooled operation considers
0–100 –C [72,73]. In this work, we test the modulator for semi-cooled operation.

The tested EAM chip is placed on a copper chuck, resting on top of a Peltier
module, whose temperature is changed. In order to observe the QCSE-effect even
at larger temperatures, the detuning is set to 50 nm. The transmission curve shift is
presented in Fig. 2.9 for a semi-cooled operation. The total on-state insertion loss,
seen from the Fig. 2.9 at V = 0, is dependent on the coupling efficiency. Therefore,
values might differ by »1 dB, which explains the same on-state insertion loss for
20–C and 30–C and a large gap between curves for 40–C and 50–C.
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Figure 2.9: Transmission curve temperature dependence for 100 � m-long EAM and 50 nm
detuning.

The summarized I L ON values are presented in Fig. 2.10. Minimal change of only
3 dB is observed for 60 nm detuning, making the modulator suitable for semi-cooled
operation having low variations of the output power. Even for ¢ ¸ above 50 nm I L ON

stays below 9 dB in the whole measured temperature range.

Figure 2.10: Temperature influence on the on-state insertion loss for 100 � m-long EAM and
various detuning.

2.4.5 Optimum DC bias

The operating point of an EAM, DC bias point, is the DC voltage needed to
achieve maximum extinction once the AC signal is superposed to it. In order to
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determine the optimum DC bias point, we look at the maximum of a linear trans-
mission curve first derivative. Variation in length and detuning will change the slope
of transmission curve, and the summary for optimal DC bias is given in Fig. 2.11a.

(a) (b)

Figure 2.11: (a) Optimum DC bias point versus detuning and modulator length.
(b) Optimum DC bias versus temperature change for 50 nm detuning.

For low-voltage operation both small detuning and long modulator structure
are required. This choice has an advantage of high static extinction ratio, and a
disadvantage of deteriorated on-state insertion loss. Lowering the DC bias can be
achieved by temperature increase, shown in Fig. 2.11b. For a 100 �m-long modula-
tor at 50 nm detuning, the optimum DC bias is lowered by a factor of 3 (from ¡2.3 V
to ¡0.75 V) increasing the temperature from 20 to 60 –C. DC voltage minimization
is in this case achieved at the cost of higher insertion loss.

2.5 New EAM layer stack

The presented modulator structure in the generic platform operates in the L-
band, as its bandgap is centered around 1550 nm. In order for the EAM to operate
in C-band, and be used in a transmitter design operating at 1550 nm, a different
bandgap structure is needed. In this work a dedicated wafer is fabricated following
the generic process flow. Another regrowth is added for the separate EAM layer
stack.

2.5.1 Waveguide design

First, a ridge waveguide is designed to have a minimal mode mismatch with the
rest of the platform structures, simulated in FIMMWAVE PhotonDesign [74]. The
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guided TE mode is presented in Fig. 2.12, for deep and shallow cross section. The
shallow waveguide supports fundamental and first order mode, which needs to be
taken care of during the characterization of the structure.

Figure 2.12: Simulation of different waveguide cross sections. TE guided modes are
presented for (a) deep ridge, (b) shallow ridge fundamental mode, and (c)

shallow ridge first order mode.

Starting from the empirical values of previously fabricated modulator structure in
III-V Lab we modify the number of quantum wells to obtain the extinction ratio of 20
dB. The obtained confinement factor for different number of quantum wells is equal
to 1% inside a single QW. The slope of transmission curve is calculated by changing
the number and thickness of wells and barriers, while keeping the mode matching.
Higher number of quantum wells will increase the intrinsic region thickness and
consequently the required bias voltage, seen in Fig. 2.13a. As a result a 10 quantum
well structure is chosen, resulting in 20 dB extinction ratio for 100 �m-long EAM.
The extinction ratio for the new layer stack is twice as high compared to the generic
foundry process.

The EAM photo-luminescence value is designed to be at 1505 nm at room tem-
perature, for its operation with the laser in the C-band. Fig. 2.13b shows the mea-
sured value after the growth to be at 1505.4 nm, in accordance with the intended
value. Another difference with regard to the EAM in the generic platform is the
doping profile, seen in Fig. 2.14. The applied electric field over the quantum wells
depends on the voltage as E ˘ V /d , where d is the intrinsic region thickness. There-
fore, lowering d will lead to a decrease in applied voltage. The swing voltage in this
case is 2 V and DC bias is around -1 V.

The main difference comes from the top p-doping and bottom n-doping of the
i-Q1.25 separate confinement heterostructure. For a dedicated wafer the doping is
closer to the quantum wells in order to reduce the total intrinsic region thickness to
300 nm, instead of 500 nm in the generic platform.
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(a) (b)

Figure 2.13: (a) Empirical calculation for normalized transmission curve as a function of
applied bias. Different number of quantum wells is considered for the bias
voltage optimization. (b) Photoluminescence of the modulator layer stack

measured after the quantum well growth.

Figure 2.14: Layer definition for the electro-absorption modulator in the generic process
flow and in the dedicated wafer run.

2.5.2 Fabrication

The goal of the dedicated wafer was a design of multi-channel transmitter circuit,
each channel operating at 25 Gb/s. Therefore, a separate layer stack for laser and
modulator were needed. The fabrication took place in two clean rooms, starting at
III-V Lab and finishing at Eindhoven University of Technology (TU/e).

Fabrication process included two butt-joints, one for laser-modulator (active-
active) interface, and another for active-passive interface. The following processing
steps were adopted:

1. First active growth (laser layer stack)

2. Second active growth (butt-joint laser-modulator)
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3. E-beam definition of the gratings

4. p-InP regrowth

5. Passive growth (butt-joint modulator-passive)

6. Top cladding regrowth

7. Waveguide definition

8. Post-processing (planarization, metallization)

Introduction of the grating layer allowed for a single longitudinal mode laser
operation. First 4 steps were carried out in III-V Lab, after which the wafer was
sent to TU/e and followed the generic process flow. The optimization of the whole
process was performed according to the generic process flow and making the added
steps compatible with it.

Active growths

The wafer consists of three components with different vertical epitaxial structure,
therefore a butt-joint technique is used to integrate two active (laser and modulator)
and passive structures. First, the laser active layer stack was grown on the whole
n-doped wafer. Then, a thin dielectric is deposited and patterned in small stripes
(islands) where the laser layer stack is kept. Afterwards, an electron-beam lithog-
raphy was used to define the gratings inside the laser islands. Fig. 2.15 shows a
microscope picture after the grating definition.

Visible defects were present on the whole wafer. The inspection of the gratings
before the p-InP regrowth was done to verify their profile and the alignment, shown
in Fig. 2.16. It shows the etch depth of 100 nm measured with a profilometer in
a good agreement with the designed value of 80 nm. Ten different gratings were
designed for 10-channel transmitter operation.

Passive regrowth

All active areas were protected with a dielectric during the active-passive re-
growth. However, during the waveguide definition there was a problem with the
growth defects observed in Fig. 2.15 which prevented a good vacuum contact for
contact lithography. The result was improper imaging and mask contamination due
to growth defects, shown in Fig. 2.17.

For this reason, the electron-beam lithography was a good solution to get a
proper definition of the waveguide structures. Even after the waveguide definition
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Figure 2.15: Microscope picture of a wafer part after finished grating definition. Observed
defects on the modulator layer stack everywhere on the wafer.

(a) (b)

Figure 2.16: (a) Grating profile inspection by profilometer demonstrating a good etching pro-
file. (b) Alignment markers for the verification of grating alignment inside the
laser islands.

a step-height analysis of the wafer showed the height of the most visible defect of
3.6 �m. The defects were still visible on the whole chip level, shown in Fig. 2.18a.
After the metal deposition, the areas with deep etch (below the MQW layer) show
enhanced presence of defects, i.e. micromasking shown in Fig. 2.18b.

After the full fabrication process, the scanning electron microscope (SEM) was
used to inspect the cross section of the waveguide structures, shown in Fig. 2.19.

The etch depth and waveguide width are according to design specifications, seen
in Fig. 2.19a for a deeply etched modulator structure. However, the presence of
micromasking on the whole wafer might affect the performance of the structures,
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Figure 2.17: Improper imaging (left) and mask contamination (right) due to growth defects.

(a) (b)

Figure 2.18: (a) Chip level defects. (b) Micromasking present on the whole wafer.

(a) (b) (c)

Figure 2.19: (a) Deep ridge electro-absorption modulator structure. (b) Deeply etched
waveguide and the topology around it. (c) Micromasking on a wider deeply
etched area.

depending on their location. Especially deeply etched structures are affected by the
micromasking, as it appears where the deep etch is present.
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2.5.3 Static extinction ratio

Fig. 2.20a shows the recorded transmission curves. The measurement setup is
the same as described in Section 2.4.1. The modulator bandgap is at 1505 nm,
and the respective detuning wavelengths are presented in Fig. 2.20b. Recording
the transmission curve versus the applied bias for different input wavelength can be
directly compared to the chip fabricated in a multi-project wafer (MPW) run.

(a) (b)

Figure 2.20: (a) Recorded output power as a function of reverse bias for different detuning
wavelength and 100 � m-long EAM. (b) Normalized transmission curve.

The insertion loss value of ¡25 dB is 15 dB higher compared to the chip fabri-
cated through the MPW run. One reason for the increased loss can be the doping
presence too close to the quantum well region, further leading to the diffusion in-
side QWs. The electric field in this case is not applied over the whole quantum well
region, thus reducing the exciton effect and the extinction ratio. The result for 100
�m-long EAM is presented to compare with the estimated results from Fig. 2.13a.
Different modulator lengths show similar behavior.

Fig. 2.20b shows the normalized values of the insertion loss versus applied volt-
age for different detuning, i.e. static extinction ratio. The slope does not indicate
the presence of a strong exciton peak and the extinction ratio we obtain for 100 �m-
long EAM and 60 nm detuning is 4 dB for 2 V swing, unlike 20 dB initially designed.
Further verification of the doping profile inside the quantum well region is needed.
This can be seen from capacitance-voltage measurements [75], where slope of the
curve indicates if any residue doping is present. Unfortunately, these measurements
were not carried out to verify the doping profile.
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2.6 Summary

Optical design considerations for a new building block, an electro-absorption
modulator, inside the SMART Photonics generic platform are presented. The modu-
lator is designed using the existing amplifier layer stack, operating in L-band. Main
trade-off has to be made between the static extinction ratio and on-state insertion
loss. We demonstrate 4–18 dB static ER for 50–250 �m modulator length, respec-
tively. In this case, the on-state insertion loss at 40 nm detuning is equal to 3–6 dB.
If the system requirements are relaxed in terms of optical loss, and optical amplifiers
can compensate for it, a longer structure will give higher extinction ratio. The EAM
operation has been characterized for semi-cooled operation.

In order to make the EAM compatible with operation in C-band, we have de-
signed a separate layer stack. We have fabricated and characterized a dedicated
wafer with another butt-joint regrowth to allow for more freedom in the EAM de-
sign. One degree of freedom comes with re-designing the quantum wells: higher
quantum well number will lead to a higher extinction ratio. Another difference was
the p-doping profile which was chosen to be close to the quantum wells. Unfortu-
nately, for the fabricated wafer the doping profile was most likely too close to the
quantum wells and has perturbed their behavior. Higher insertion loss and weak ex-
citon peak are identified in the measurement. Further verification of doping profile
is needed to confirm the data and discussion presented so far.

Besides static extinction ratio, determined by the optical parameters, the band-
width of electro-absorption modulator is an important feature and is determined by
its electrical parameters. We will see in the next Chapter how the combination of
the two can give us the optimal performance.



Chapter 3
Electrical design considerations

A fundamental requirement of an EAM in a transmission system is the ability to
support the intended modulation format with a sufficient modulation bandwidth.
The dynamic performance of an electro-absorption modulator is determined by its
electrical frequency response and the available static extinction ratio, described in
Chapter 2. The EAM is regarded through a lumped element model, as its length
is much smaller than the operating RF wavelength (L ¿ ¸ RF). In this Chapter we
explore the following EAM characteristics:

• the EAM equivalent electrical circuit model, determining the 3-dB electro-
optical bandwidth in the current SMART Photonics generic platform [39]

• using a semi-insulating substrate for removing the influence of a highly doped
n-substrate and the parasitics it introduces

Finally, a trade-off between optical parameters presented in the previous Chapter
and electrical parameters examined here is presented.

3.1 Lumped electrode

The active region of the modulator section is covered by the metal creating a
p-type Ohmic contact for driving the EAM. The top metal is connected to the access
pad, which serves as probing or wire-bonding pad, seen in Fig. 3.1a. Its size is
limited by the requirements for wire-bonding, and in our design its dimensions are
60£60 �m2.

The back metal is deposited on the back side of the n-doped substrate wafer,
providing a common ground. In our design, however, we place the top n-contact
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(a)

(b)

Figure 3.1: (a) Top-view of the fabricated electro-absorption modulator with probing/bond-
ing pad next to it. (b) Equivalent electrical circuit model.

as a back-up solution or in case the bonding to an external circuit takes the ground
from the top. The n-contact is placed on the n-InP layer and connected through a
highly doped substrate to the back metallization.

3.2 Equivalent electrical circuit model

The frequency response of lumped electro-absorption modulator can accurately
be predicted from an equivalent electrical circuit, shown in 3.1b [76]. EAM waveg-
uide region consists of a series resistance Rm, junction capacitance Cm and pho-
togenerated carriers Rf. The modulator series resistance includes the doped InP
layers, and the junction capacitance describes the depletion region when an exter-
nal reverse bias is applied. The change of Cm with bias voltage needs to be taken
into account, as it will result in different values. The photogenerated carriers have
an effect on bandwidth when the input optical power level is high. In this case the
carrier transit time increases due to a carrier pile-up and limits a high-speed oper-
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ation. However, for low optical power levels tested in this Chapter we can neglect
the effect of carrier transport and concentrate solely on the RC-limited response.

The access pad is represented as an RLGC-network element, where Rpad and Gpad

represent the electric and dielectric loss, respectively. The conductance value Gpad

is very low and in principle can be neglected, as we will see from the calculated and
fitted values.

The modulator capacitance can be represented by a parallel plate capacitor:

Cm ˘
² 0² rwL

d
(3.1)

where ² r is the permittivity of intrinsic region, w waveguide width, L waveguide
length and d intrinsic region thickness. A voltage generator is represented as an
ideal source Vs with a series impedance Rs. RL is a termination load placed at the
output.

The extraction of the electro-absorption modulator equivalent electrical circuit
can be done with a simple measurement of the reflection S11 parameter, described
in [77]. The approach uses the analytical method to directly extract different circuit
parameters over the whole measured frequency range. Its detailed description will
follow in Section 3.4.2.

3.3 3-dB bandwidth

A swept frequency RF signal is applied to the device through the bias T, com-
bining DC and RF signals, to modulate the incoming continuous wave (CW) light.
The modulated optical signal is detected by a fast photodiode and converted back
in an electrical signal in the receiver part. The optical modulation and the reflected
RF electrical signal are compared to the input RF electrical signal to determine the
electro-optical (EO) transmission (S21) and reflection (S11) coefficient, i.e. the scat-
tering (S) parameters of the device.

The device bandwidth is defined as the frequency range over which the magni-
tude of the S21 response remains within 3 dB with respect to the S21 value at f ˘ 0.
Considering the modulator resistance Rm is negligible compared to the generator Rg

and load impedance RL, it can be represented as a low-pass filter whose bandwidth
is given by:

f3dB ˘
1

2¼
¡ 1

Rg
¯ 1

RL

¢¡1(Cm ¯Cpad)
(3.2)

The junction and pad capacitance are dominant elements in the order of hun-
dreds of fF. The junction capacitance scales with the device area, given by Eq. 3.1.
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The pad capacitance is determined by the layers underneath the metal. As InP has
a higher dielectric constant (² r = 12.5) than polyimide (² r = 3.5), we design the
probing pad on top of the polyimide layer. However, the thickness of the polyimide
is highly dependent on the surrounding topology and can vary between 0.5–2 �m,
resulting in Cpad = 255–65 fF, respectively.

The use of a termination resistor matched to the impedance of the source can
minimize the reflection of RF power from the device [78], as seen in detail in the
following Chapter. Increasing RL above the source impedance reduces the overall
bandwidth, whereas its decrease improves the bandwidth but reduces the voltage
across the junction and the RF power coupled to the device. The model is very
helpful in understanding the basic limitations of the electro-absorption modulator
design. Once the key parameters have been identified we can simply estimate the
bandwidth of a given structure.

3.4 Characterization results

The characterized modulator was fabricated in a multi-project wafer run, fabri-
cated by SMART Photonics [70]. First, the EAM junction capacitance value is ob-
tained from capacitance-voltage measurements. Measuring the reflection parameter
S11 over a wide frequency range allows the extraction of both Rm and Cm using the
equivalent electrical circuit model.

3.4.1 C-V measurements

In order to identify the bias dependent depletion capacitance of the p-i-n struc-
ture in the modulator active region, the capacitance-voltage (C-V) measurement
was carried out. Since it is difficult to directly extract the C-V dependence from
the lumped element electrode, a series of large square areas (100£100 �m) were
designed on the wafer with the same p-i-n structure as the modulator.

Once the C-V dependence is know, the bias dependent effective thickness of the
depletion layer d can be calculated from Eq. 3.1. Fig. 3.2 shows the measured
C ˘ f (V ) and calculated d ˘ f (V ) values.

The slope of the capacitance-voltage curve is a representation of the depleted
layer doping profile [75]. The depletion layer thickness increases even at high re-
verse bias which can be attributed to some residual background doping of the not
intentionally doped (n.i.d.) layers. This is expected due to the use of Zn dopant for
the p-InP, which has a tendency to diffuse.
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From the above measured data, the modulator capacitance Cm is calculated and
presented in Table in Fig. 3.2. Appropriate scaling of the active area gives the values
for two different cross sections and two different modulator lengths at VDC ˘ ¡2
V. The obtained values are in accordance with the designed intrinsic area of the
modulator section.

cross section L [� m] Cm [fF]
shallow 100 67

200 134
deep 100 50

200 100

Figure 3.2: (left) Capacitance per unit length and the depletion zone thickness change with
the applied reverse bias. (right) Modulator capacitance values at VDC = ¡2 V.

3.4.2 S-parameter measurement

Fig. 3.3a shows the measurement setup of the scattering (S) parameters. An
RF signal from Vector Network Analyzer (VNA) Agilent 67 GHz (N5227A PNA) is
applied through a ground-signal-ground (GSG) high frequency probe directly on the
EAM chip. Reflection S11 parameter is measured under small-signal conditions for
different bias settings.

(a)
(b)

Figure 3.3: (a) Setup for S11 parameter measurement. (b) Open and short access pad circuit
for parameter extraction.

The method developed in [77] allows direct extraction of the access pad param-
eters from its openand short circuit, shown in Fig. 3.3b. The methodology considers
that all the parameters are frequency independent. In this approach, it is shown that
the intrinsic admittance can be extracted from:
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Y int ˘ [(Ymes ¡Yopen)-1 ¡ (Yshort ¡Yopen)-1]-1 (3.3)

which in the case of a reverse biased p-i-n junction can be simplified to:

Y int ˘ Ymes ¡Yopen (3.4)

where Yint is the internal admittance (Rm, Cm), Ymes measured admittance of the
whole structure, and Yopen the access pad admittance from the open circuit design.
First the access pad parameters are obtained, followed by the extraction of the in-
ternal modulator parameters.

Access pad parameters

Measurement of the access pad in open circuit allows to extract the pad capaci-
tance Cpad from:

Y open ˘
1
Z0

1¡S11

1¯S11
(3.5)

Y open ˘ j ! Cpad (3.6)

where Z0 is the 50 ­ source impedance. Finally, the analytical expression for Cpad:

Cpad ˘
1

! Z0
Im

n1¡S11

1¯S11

o
˘

1
! Im

©
Zopen

ª (3.7)

The impedance of the open circuit can be represented by:

Z open ˘ Rpad ¯
Rg

1¯ (! RgCpad)2 ¯ j
³
! Lpad ¡

! CpadR2
g

1¯ (! RgCpad)2

´
(3.8)

where Rg ˘ 1/Gpad. For high frequencies the second term in both real and imaginary
part of the equation becomes negligible, therefore we get:

Rpad ˘ Re{Zopen} (3.9)

Lpad ˘
1
!

h
Im{Z open}¯

1
! Cpad

i
(3.10)

For very low frequencies the conductance can be found from Rg ˘ Re{Zopen}.
Fig. 3.4 shows the analytically calculated pad parameters versus frequency. The

capacitance value is constant at 103 fF, resistance is 1.8 ­ and the inductance is
0.3 pH. The conductance value is in the order of tens of �S and is neglected in the
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further parameter extraction. After the analytical calculation from the measured S11-
parameter, the model is fitted in ADS Keysight [79]. The magnitude and phase of the
modelled input admittance Y11 and impedance Z11 are fitted to the measurements.
A good agreement between fitted and analytically extracted values is obtained. The
value for dielectric loss Gpad is in the order of tens of �S and is neglected. From
the extracted access pad values it acts dominantly as capacitance with a lossy metal
(Rpad). Therefore, lower pad dimensions are desirable to lower its capacitance.

(a) (b) (c)

Figure 3.4: Analytical calculation of the access pad (a) capacitance Cpad, (b) resistance Rpad,
and (c) inductance Lpad.

Table 3.1: Extracted equivalent electrical circuit values of the bonding pad.

method Rpad [­ ] Lpad [pH] Gpad [� S] Cpad [fF]
analytical 1.8 0.3 70 103

fitted (ADS) 1.5 3 30 103

Modulator parameters

Once the access pad values are extracted from the open circuit, the modulator
parameters can be found by de-embedding the access pad (Fig. 3.5). An additional
parameter comes into play, marked as Ls, representing the inductance of the access
pad line connected to the modulator, which is not present with an openaccess pad
structure.

Following the Eq. 3.8 we obtain that for high frequencies the real and the imagi-
nary part of the de-embedded circuit give:

Re{Zint} ˘ Rm (3.11)

Im{Z int} ˘ ! Ls ¡
1

! Cm
(3.12)
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Figure 3.5: De-embedding of the access pad to find the internal EAM values.

In the presented case no input optical signal is present which would generate pho-
tocarriers marked as resistance Rf, therefore it has been neglected in the calcula-
tion. The resulting modulator resistance calculated for various lengths is shown in
Fig. 3.6a. The resistance is mainly determined by the doping in the cladding layer
(p-InP), and the values obtained in Fig. 3.6a correspond to the length increase. The
value for the shortest modulator (L = 50 �m) has a significantly higher value from
the rest, which might be an influence of the electrical isolation sections around it,
which do not provide a sufficiently high resistance and contribute to the overall
modulator resistance value.

(a) (b)

Figure 3.6: Calculated modulator (a) resistance, and (b) capacitance from the measured S11-
parameter.

Fig. 3.6b shows the capacitance values depending on the modulator length,
which can be calculated back from the parallel plate capacitor approximation. The
values for longer EAMs deviate at low and high frequencies, as the access pad de-
embedding was done for a 100 �m long EAM, which is slightly different in the case
of longer modulator sections. From Eq. 3.12 the modulator capacitance can be ex-
pressed as:
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Cm ˘
1

! (! Ls ¡ Im{Z int})
(3.13)

To determine Cm and Ls, we look for a pair of values which will give a frequency
independent capacitance. The calculated values for deeply etched EAM at VDC ˘ ¡2
V are shown in Fig. 3.6b. Fitting the modulator equivalent electrical circuit to the
measured values in ADS Software is shown in Fig. 3.7. Finally, calculated and fitted
values are summarized in Table 3.2.

Figure 3.7: Measured and fitted real and imaginary admittance values for different EAM
lengths at VDC ˘ ¡2 V.

Table 3.2: Fitted equivalent electrical circuit values for a deeply etched EAM at VDC ˘ ¡2 V.

L [� m]
Rm [­ ] Cm [fF] Ls [pH]

calculated fitted calculated fitted calculated fitted
50 18 14 60 63 0 8
100 12 8 132 134 7 10
150 10 7 174 178 20 23
200 9 6 303 305 14 16
250 8 5 373 391 15 16

A very good agreement is obtained from the analytical calculation and measured
values. Verifying with the C-V measurement the capacitance values differ by almost
a factor two. The explanation can be found looking at the cross section of the
fabricated EAM structure, shown in Fig. 3.8.

The capacitance-voltage measurement was done on large active areas, including
only the junction modulator capacitance Cm. However, the S11 measurement was
performed on the actual EAM structure which includes the passivation layer around
the active region. The metal on top of the EAM waveguide is 10 �m, larger than the
waveguide itself (1.5 or 2 �m). Therefore, the additional passivation capacitance
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Figure 3.8: Top-view and cross-section of the fabricated and measured EAM. C-V measure-
ments include only the capacitance junction, whereas the S-parameter measure-
ment takes into account the surrounding passivation capacitance.

Cpas is present between the top metal and the n-doped InP. As the thickness of poly-
imide around the waveguide is lower than 2 �m, as seen in Fig. 3.8, the passivation
capacitance is as high as 50 fF for 100 �m-long EAM.

Between the shallow (w = 2 �m) and deep (w = 1.5 �m) cross sections, the ca-
pacitance value is higher for the shallow waveguide, whereas its resistance is lower.
Comparison for L = 100 �m and VDC ˘ ¡2 V is presented in Table 3.3. A difference
of 30 fF between the two cross sections results in a bandwidth difference of 2 GHz.
Such a small difference makes the modulator suitable to be used in any cross section
in the platform.

Table 3.3: RC-values for two waveguide cross sections in the platform (shallow and deep) at
VDC ˘ ¡2 V.

cross section
Rm [­ ] Cm [fF] Ls [pH]

calculated fitted calculated fitted calculated fitted
shallow 11 6 152 164 7 4

deep 12 8 132 134 7 10

Depending on the applied bias voltage the capacitance value changes, as it acts as
a parallel plate capacitor. Table 3.4 shows the fitted parameters for two different bias
points, VDC ˘ ¡2 V and VDC ˘ ¡3 V. Higher DC voltage will result in a wider depletion
region and therefore a lower capacitance value. As a consequence, the intrinsic
region thickness is larger and the height of p-InP doped layer is lower leading to a
slight resistance decrease.

In principle, lower Cm values are favorable for higher bandwidth. Depending
on the application, for example on-off keying (OOK), higher bias can be applied to
increase the bandwidth as the operation region does not need to be strictly linear.
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Table 3.4: Applied voltage influence on RC-values for 100 � m-long deeply etched EAM.

DC bias [V]
Rm [­ ] Cm [fF] Ls [pH]

calculated fitted calculated fitted calculated fitted
-2 12 8 132 134 7 10
-3 11 6 126 127 7 12

On the other hand, for the phase amplitude modulation (PAM-n) format without
equalization, only the linear zone of the transmission curve is used, and changing
the bias is not advantageous.

3.4.3 3-dB bandwidth

Fig. 3.9 shows the experimental setup of the electro-optical (E/O) small signal
response measurement. An external tunable laser source is fixed at 1590 nm, for
highest extinction ratio seen from Chapter 2. A polarization controller ensures the
TE operation at the chip input.

The electrical modulating signal comes from an RF signal generator (Agilent 67
GHz N5227A PNA) and is applied on the modulator using a GSG probe. The DC
bias is set to ¡2 V. At the output, the modulated optical signal is edge-coupled to a
lensed fiber and further amplified by an erbium doped fiber amplifier (EDFA) due to
a low signal level of ¡15 dBm. Finally, the modulated optical signal is injected into
a commercial photodetector with 70 GHz bandwidth. The responses of the cables
and photodiode were de-embedded through a standard calibration procedure using
a vendor provided calibration substrates.

(a)
(b)

Figure 3.9: (a) Measurement setup scheme for determining 3-dB bandwidth of the modulator.
(b) Zoomed photo of the probed chip.
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The measurement of the intrinsic EAM bandwidth is performed without any ter-
mination load (load-free configuration), as shown in Fig. 3.10a. Only the source
impedance plays a role in determining the intrinsic EAM bandwidth, from Eq. 3.2.
The same measurement was repeated with an RF probe which has a 50 ­ parallel
termination integrated inside it (Fig.3.10b). The 50 ­ parallel termination in probe
results in halving the total resistance and improving the frequency response by al-
most a factor of two. Direct probing on chip with the RF probe which has a parallel
50 ­ termination load integrated inside it allowed to have a perfectly terminated
structure without any parasitic capacitance and/or inductance from the surround-
ing probing circuit. This case is an indication how the modulator would perform
once integrated with the electric circuit. For lengths ranging from 250 to 50 �m, the
load-free EAM provides 5–25 GHz bandwidth, and 14–38 GHz with 50 ­ termina-
tion inside the RF probe (Fig. 3.10).

(a) (b)

Figure 3.10: Measured E/O 3-dB bandwidth of the (a) load-free electro-absorption modulator
and (b) tested with a 50 ­ parallel resistor inside the high-frequency probe.

Following the extraction/fitting of the RC-model from ADS Software and mea-
sured S-parameters, the intrinsic 3-dB bandwidth of the modulator is summarized
in Table 3.5. The calculated values assume a polyimide height of 1.2 �m. The
agreement with the measured values validates the model.

Operating the EAM with 50 ­ termination is advantageous as it doubles its in-
trinsic bandwidth. The main challenge is achieving a good termination once the
modulator is packaged, as the package introduces many parasitics. This issue will
be addressed in the following Chapter. In summary, the increase in 3-dB bandwidth
can obtained by decreasing the total capacitance of modulator waveguide and the
access pad. The reduction in pad capacitance cad be obtained by minimizing its
dimensions. The minimum dimension is, however, determined by a wire-bonding
minimum required surface of 50 £ 50 �m2. Therefore, increasing the polyimide
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Table 3.5: Modeled and measured 3-dB bandwidths. Intrinsic values refer to the EAM without
a load (load-free) and 50 ­ are the measurements with parallel termination load
inside the RF probe.

L [� m] f3dB [GHz] f3dB [GHz] f3dB [GHz]
load-free (ADS fit) load-free (measure) 50 ­ load (measure)

50 22 22 38
100 17 17 29
150 14 13 23
200 12 8 17
250 10 7 14

Figure 3.11: Influence of polyimide thickness on pad capacitance and intrinsic (load-free)
3-dB bandwidth of the 100 � m-long EAM.

height above the nominal platform value of 2 �m will help, as shown in Fig. 3.11.
The increase in polyimide height up to 3 �m results in 20 GHz intrinsic band-

width of a 100 �m-long EAM. Values between 0.5–2 �m change the 3-dB bandwidth
from 10–18 GHz, an improvement by a factor of 1.8. When Cpad drops below 100 fF,
the modulator capacitance, around 130 fF for a 100 �m-long EAM, becomes domi-
nant and limits the overall bandwidth. Hence, in order to further increase the EAM
bandwidth another solution is needed.

3.5 High-speed semi-insulating substrate

The conducting n-substrate is a good choice due to the possibility of having a
large n-contact on the back of the wafer. Nevertheless, large n-InP conducting area
acts as a non-ideal metal introducing parasitic capacitance, seen on the example
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of the pad capacitance in the previous section. In case of the generic integration
platform the theoretical operation of a perfect channel (no noise) is limited to »70
Gb/s with 35 GHz E/O bandwidth and perfect 50 ­ termination with no parasitics.
Overcoming the limitation of a doped substrate can be done using a semi-insulating
(SI) InP substrate.

The main difference between doped and undoped substrate is seen in the behav-
ior of the access pad. For n-doped substrate, the propagation of the electro-magnetic
(EM) field is mainly through the dielectric below the metal line (Fig. 3.12a). There-
fore, it is strongly affected by the dielectric loss. For semi-insulating substrate the
access pad is designed in ground-signal-ground configuration, and the propagation
of the EM field is between the signal and ground pad, partly in air and partly in
dielectric. This configuration can be described as a coplanar waveguide (CPW),
illustrated in Fig. 3.12b.

(a) (b)

Figure 3.12: Electric and magnetic field distribution in the access pad structure for (a) n-
doped substrate, and (b) semi-insulating substrate.

Pad width is represented by w , polyimide height by h and signal-ground gap by
g. For a CPW behavior a condition g ¿ h needs to be met. On n-doped substrate
in generic platform this is not achievable, as the nominal polyimide height is 2 �m
and successful metal opening cannot go below 10 �m. The total effective EAM size,
waveguide and the access pad, on n-doped substrate are smaller, as only the signal
pad is required without top ground (Fig. 3.13a). However, SI-substrate has other
advantages, such as the possibility to isolate separate components by removing the
n-buffer between them. Also, the backside processing (thinning, backside plating)
can be eliminated. The effective dielectric constant of CPW is lower, as half of the
fields are in air, which is an advantage for travelling wave configurations when the
optical and electrical index need to be matched [80].

3.5.1 Access pad design

The top view of designed EAM structure with the access pad is shown in Fig. 3.13a.
The cross section of the ground-signal-ground configuration (cross section 1) is
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shown in Fig. 3.13b. The ground pad lies on the n-buffer layer and provides the
top n-contact, whereas the signal pad lies on polyimide and the n-buffer layer is re-
moved to avoid the high capacitance between the signal pad and the doped n-buffer.
Fig. 3.13c shows the cross section of the signal pad to the modulator active region.
The n-buffer layer is removed below the metal lying on polyimide, and is required
below the EAM waveguide for p-i-n waveguide.

(a)

(b)

(c)

Figure 3.13: (a) Top view of the designed EAM structure. (b) Cross section marked as 1
in Fig. 3.13a showing ground-signal-ground configuration. (c) Cross section 2
illustrating the access from the signal pad to the EAM active region.

Simulating the access pad in ANSYS HFSS software [81], the goal was obtaining
the characteristic impedance of 50 ­ , as the commercial measurement equipment
has the internal source impedance equal to 50 ­ . Parameters for variation are signal
pad width w and signal-ground pad gap g. Fig. 3.14 shows that an increment of
10 �m in signal width changes the access pad characteristic impedance ZC by 1-2
Ohms. Thus, the variation in signal width relaxes the fabrication tolerance. On the
other hand, changing the gap width with the same step of 10 �m will change the ZC

by 5 Ohms. We have opted for w = 60 �m and g = 40 �m, for both n-doped and
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(a)

(b)

Figure 3.14: Access pad parameter variation on semi-insulating substrate. (a) Signal pad
width influence, and (b) signal-ground gap change.

semi-insulating substrate, in order to make a direct comparison. Finally, the access
pad characteristic impedance can be freely chosen by changing the pad dimensions,
as shown in Fig. 3.15.

3.5.2 Parameter extraction

Implementing the same methodology described in 3.4.2 we extract the values for
the access pad RLCG elements. A very good agreement between analytical model
and numerical ADS model values is obtained. Further extraction of the RC-values
for the modulator structure at VDC ˘ ¡2 V gives us the result presented in Table 3.7.

Whereas for the doped substrate the pad acted as almost pure capacitance, for
semi-insulating substrate it acts as a transmission line, described in previous Section.
Furthermore, its characteristic impedance can be found from:
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Figure 3.15: Access pad characteristic impedance.

Table 3.6: Extracted equivalent electrical circuit values of the access pad on semi-insulating
substrate.

method Rpad [­ ] Lpad [pH] Gpad [� S] Cpad [fF]
analytical 4 1 3 21

fitted (ADS) 3 1 3 20

Table 3.7: Extracted RC-values for deeply etched electro-absorption modulator on semi-
insulating substrate.

L [� m]
Rm [­ ] Cm [fF] Ls [pH]

calculated fitted calculated fitted calculated fitted
50 17 14 57 58 48 54
100 10 6 105 105 51 55
150 7 4 151 156 52 52
200 6 3 198 202 49 51
250 5 2 251 253 51 54

ZC ˘

s
Rpad ¯ j ! (Lpad ¯Ls)

Gpad ¯ j ! Cpad
(3.14)

Comparison between simulated and extracted values of ZC for SI-substrate is shown
in Fig. 3.16, resulting in 54 ­ . This provides a very good match with the input
source impedance of 50 ­ , thus improving the 3-dB frequency response.
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Figure 3.16: Access pad characteristic impedance on SI-substrate, simulated in HFSS, and
extracted from the reflection S11-parameter.

3.5.3 3-dB bandwidth

Measured electro-optical 3-dB bandwidth for load-free and 50 ­ terminated EAM
is presented in Fig. 3.17.

(a) (b)

Figure 3.17: Measured E/O 3-dB bandwidth of a semi-insulating substrate wafer for (a) a
load-free electro-absorption modulator and (b) tested with a 50 ­ parallel resis-
tor inside the high-frequency probe.

The intrinsic E/O bandwidth for 50–250 �m-long EAM structures on semi- in-
sulating substrate ranges from 47 to 14 GHz, respectively. When the EAM is tested
with a 50 ­ termination load inside the high-frequency probe its bandwidth is above
55 GHz for L = 50 �m. The measurements above 55 GHz were limited due to a poor
signal to noise ratio. Results obtained for SI-substrate show a modulation bandwidth
improvement by a factor of 2 compared to n-substrate, shown in Table 3.8.
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Table 3.8: Measured electro-optical 3-dB bandwidth for n-doped and semi-insulating sub-
strate.

L [� m]
f3dB [GHz]

load-free 50 ­ load
n-substrate SI-substrate n-substrate SI-substrate

50 22 47 38 > 55
100 17 - 29 46
150 13 22 23 33
200 8 16 17 29
250 7 14 14 24

3.6 Optical/electrical trade-off

A number of parameters influence the optical and electrical signal propagation in
the electro-absorption modulator, addressed in Chapter 2 and Chapter 3. The most
important optical parameter is the extinction ratio and the electrical is the band-
width. A static extinction ratio above 10 dB and 3-dB bandwidth of 25 GHz for 50
Gb/s operation is desirable. However, a clear trade-off exists between the two pa-
rameters. Increasing the EAM length L improves the extinction ratio, but degrades
the bandwidth. Fig. 3.18 shows measured values for the two parameters (symbols)
depending on the modulator length and type of the substrate. The modulator intrin-
sic (load-free) bandwidth is considered.

Figure 3.18: Trade off between the load-free EO bandwidth and static extinction ratio versus
the modulator length.

The red dashed line is a linear fit of the static ER versus the EAM length. To
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achieve a static extinction ratio of 17 dB, the intrinsic bandwidth reduces to 8 GHz
with 200 �m-long modulator. Shorter modulators of 50 �m provide 22 GHz, but
only 4 dB static ER.

The green and blue dashed lines for load-free E/O bandwidth are calculated from
the fitted values extracted from the S-parameter measurement. A clear advantage of
semi-insulating substrate is seen at L ˘ 0, representing the bandwidth of the access
pad alone. On n-substrate the access pad limits the bandwidth to around 30 GHz,
while on SI-substrate this value is as high as 160 GHz.

Electro-optical 3-dB bandwidth of the EAM itself without the access pad for
lengths L > 150 �m does not differ for n- or SI-substrate. It is because the modu-
lator capacitance Cm > 150 fF becomes the dominant limiting factor. On the other
side, at lengths L < 150 �m the main difference between the substrates is created
from the access pad behavior. Semi-insulating substrate shows doubled values of the
available bandwidth.

To achieve both high extinction ratio and high bandwidth a larger number of
quantum wells can be used. Increasing the quantum well number would benefit
from the same design, having a bandwidth of 47 GHz, while having an increased
static extinction ratio. The design presented here is ready to be used with a different
active layer stack, taking care that the total intrinsic region remains around the same
value of 350 nm.

3.7 Summary

In this chapter, the electrical characteristics of the electro-absorption modulator
inside the generic photonic integration platform are presented. An equivalent elec-
trical circuit model is described and its values are calculated analytically and nu-
merically from the S-parameter measurements. Analytically calculated values show
a good agreement with the fitted values for various EAM lengths. The modulator
exhibits 22 GHz intrinsic bandwidth in the generic integration platform on n-doped
substrate.

The influence of substrate type is tested using the same design on n-doped
and semi-insulating substrates, allowing a direct comparison. The access pad be-
haves differently on two different substrates, and we have designed its character-
istic impedance of »50 ­ on semi-insulating substrate. Direct improvement of the
overall bandwidth is achieved, and the modulator shows 47 GHz intrinsic band-
width. Above 55 GHz EAM modulation bandwidth with 50 ­ termination inside
the high-frequency probe and 50 �m-long EAM is demonstrated. However, the chal-
lenge remains in designing the EAM submount which will not introduce too many
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parasitics and degrade the modulator bandwidth. In the next Chapter we are look-
ing into different ways to preserve the E/O bandwidth and improve the reflection
parameter for the electrical signal integrity.





Chapter 4
Electronic-Photonic matching

For 100G transmitters the operation in many cases involves (de)multiplexing of
several 25 Gb/s electrical channels to/from a single N £ 25 Gb/s optical channel.
Wavelength division multiplexing pushes the requirement of the electrical design
side-by-side with the optical design. An efficient, low-reflection, routing of high-
speed electrical signals from a centimeter scale connector to the micrometer level
structures on the photonic integrated circuit (PIC) can present a design challenge.
The PIC size is in the order of 4£4.6 mm2 (standard die size in SMART Photonics
generic integration platform [39]), whereas the input electronic driver is limited by
the size of the connector with a standard diameter of 8 mm (SubMiniature version
A - SMA type).

In case of electro-absorption modulators (EAMs) a mismatch exists between the
EAM with a capacitive internal impedance, and a source with a real impedance. A
typical source impedance is 50 ­ , therefore the whole circuit seen from the source
is desirable to have 50 ­ impedance to avoid the electrical signal back reflection.
A typical implementation includes a parallel termination load of 50 ­ placed on-
or off-chip. A monolithically integrated termination resistance can conveniently
be utilized in integrated transmitters, reducing the footprint and package complex-
ity [82]. However, an integrated termination load increases the power consumption
on the PIC. Its placement outside of the chip after a capacitive element, decouples
the power dissipation on-chip.

Making electrical connections between the electronic and photonic ICs can be
performed in several ways, among which most common techniques are wire-bonding
and stud-bump flip-chip bonding [31,62]. Generally, wire-bonding is regarded to be
a technologically easier process. However, parasitic effects due to the inductance
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of wire-bonds, may degrade the overall performance. The other commonly used
option is a flip-chip technique, offering removal of wire-bond parasitics and a more
compact integration on chip. Nevertheless, parasitic capacitances coming from the
stud-bumps can limit the bandwidth [83].

The behavior of high speed electro-absorption modulators is highly dependent
on the method of electrical interconnection, parasitic capacitance from the substrate
and on wire-bond inductance or stud-bump capacitance. Once transferred to the
PIC, high-speed signals must be routed from the bond pads to relevant components
on the PIC. Hence, the design of on-chip transmission lines is of great relevance for
high-speed operation and for densely integrated circuits as well.

In this Chapter, the aim is to simultaneously increase the EAM electro-optical
bandwidth and minimize electrical reflections, by matching the input impedance
seen from the source to its internal impedance. The design and optimization of
the electric parts discussed in this chapter are based on the previously presented
extracted model values of the electro-absorption modulator (bare die described
in Chapter 3, Section 3.4.2 and Section 3.5.2). Various methods for electrical in-
put/output connections are presented by:

• simulation of an added 50 ­ termination load before or after the EAM for an
improved electro-optical bandwidth

• simulation and realization of wire-bonds for an inductive peaking creating a
Butterworth filter for an improved E/O response

• simulation and realization of an added off-chip transmission line, increasing
the filter order, for further improvement of the E/O bandwidth

• realization of flip-chipped 50 ­ termination load on the PIC for higher E/O
bandwidth

• output capacitance and 50 ­ termination load for DC power decoupling for
a lower power consumption on-chip

• transmission lines on PIC for easier routing with low microwave attenuation
and 50 ­ characteristic impedance

4.1 Impedance matching

Impedance matching is a technique of optimizing the input impedance Zin, seen
from the source, in order to maximize the power transfer and minimize reflections
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back to the source. Fig. 4.1 illustrates the case of an electro-absorption modulator,
with or without a termination load RL.

Figure 4.1: An EAM driven by a source Vs with internal impedance Zs and an optional termi-
nation load RL.

The quality of an impedance match can be expressed mathematically by the re-
flection coefficient ¡ in:

¡ in ˘
Zin ¡ Zs

Zin ¯ Zs
(4.1)

where Zin is the modulator input impedance with or without termination load, and
Zs is the source impedance (very often, and in our case, equal to 50 ­ ). If the match
is perfect (Zs ˘ Zin), the numerator is zero, and the reflection coefficient is zero.

The power reflection coefficient can be expressed through j¡ inj2. Typical design
values for the power input reflection coefficient are below ¡10 dB [84] for a good
match between the driver and the chip in a wide frequency range.

The termination load, however, consumes DC power and increases the thermo-
electric cooler power if placed on-chip. Decoupled termination can be achieved
by placing it off-chip and inserting a capacitance for DC power decoupling, as will
be seen in Section 4.3. This configuration also allows to improve the electro-optic
response, which will be detailed in Section 4.2.3. Since the modulator impedance is
mainly capacitive, a circuit network can be inserted between the source and the EAM
chip. The same thing can be done at its output, between the chip and the resistive
load (Fig. 4.2). The goal is to achieve Zin ˘ Z ⁄

s . Matching networks can include a
combination of transmission lines, termination load and other inductive/capacitive
elements.

4.2 Electro/optical parameters improvement

4.2.1 Bare die reflection coefficient

To determine the return loss, i.e. reflection coefficient, S11 parameter is mea-
sured. For bare die testing (on-chip), the E/O measurement described in the pre-
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Figure 4.2: An added input and output circuit for the EAM internal frequency response im-
provement.

vious Chapter, Section 3.3, is done with an RF probe having an embedded 50 ­

termination load. No external matching elements or parasitics were present for the
on-chip testing, and the schematic in Fig. 4.1 with an added RL represents the mea-
sured case. The simulated and measured reflection parameters for n-doped and
semi-insulating substrates are shown in Fig. 4.3. The simulation is done in ADS
Software [79] using the access pad and modulator RC-values that were previously
extracted in Chapter 3, Section 3.4.2.

(a) (b)

Figure 4.3: Measured and simulated reflection coefficient for 50 ­ termination in the probe
head for (a) n-doped substrate, and (b) semi-insulating substrate.

For a DC value ( f = 0), the input impedance is equal to the termination re-
sistance, therefore no reflection is present. For higher frequencies, the reflection
coefficient stays below ¡10 dB up to 10 GHz on n-substrate and up to 18 GHz on
semi-insulating substrate, for a 50 �m-long EAM. A better matching is achieved on
SI-substrate thanks to the access pad characteristic impedance of 54 ­ , compared
to a capacitive response on n-substrate, as seen in Chapter 3, Section 3.4.2 and
Section 3.5.2.
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4.2.2 Termination load placement

For assessing the EAM operation in an assembly or package, we firstly examine
the placement of the termination load, for an improved reflection coefficient. When
a driver is integrated with a PIC, the termination load can be placed together with
the driver, at the PIC input and then connected to the PIC, or at its output. Sim-
ulating the frequency response of the EAM in the generic platform, both cases are
assessed: 1) RL at the input connected via wire-bond Lin; and 2) RL at the output
connected through a wire-bond Lout, and Lin = 0. For the first case, the wire-bond
value is Lin = 100 pH corresponding to »100 �m wire-bond length (from experi-
mental values [85]), and for the second case Lout = 300 pH. Values are taken for
an optimized frequency response of a 150 �m-long EAM, chosen as a compromise
between high static extinction ratio and E/O bandwidth. Fig 4.4 shows how the
frequency response is influenced.

Figure 4.4: Termination load placed in front of the EAM and after it, and its simulated influ-
ence on the frequency response for a 150 � m-long EAM.

Simulating the termination load in front of the EAM shows an improvement of 4
GHz compared to the measurement with a 50 ­ parallel load inside the RF probe,
seen in Section 4.2.1. The termination load placed after the electro-absorption mod-
ulator results in an additional 6 GHz E/O bandwidth, and higher reflection coeffi-
cient bandwidth (below ¡10 dB) by 18 GHz. Therefore, its placement after the EAM
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is the preferred option for an improved frequency response.

4.2.3 EAM modelling with conventional filters

The transfer function of a mounted EAM can be approximated with a Butterworth
low pass filter (LPF), shown in Fig. 4.5 [86]. To improve the scattering parameter
response, gain peaking is proposed and demonstrated [62], which can be attributed
to a higher order low-pass filter. By a proper choice of the wire-bond length, we can
improve the electro-optical bandwidth of the EAM.

Figure 4.5: A frequency response graph of low-pass Butterworth filter of order n (n = 1,2,...)
and same cut-off frequency.

Figure 4.6: n -th order passive Butterworth filter equivalent electrical circuit.

For higher order filter not only the transition is sharper, but the response in
the band-pass and stop-band is flatter with increasing degrees, leading to either
better amplitude preservation, or attenuation [87]. As the filter order increases, an
increased price needs to be paid through the filter stability.

The filter order is determined by the number of reactive components, shown in
Fig. 4.6. Addition of a wire-bond, as seen in the previous section, can be considered
a second order Tee/¼ filter, depending on the first element in the filter (Tee: for
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Figure 4.7: Third order Butterworth filter (L-C-L) for the EAM scattering parameter improve-
ment.

inductance first, ¼ for capacitance). In order to further increase its order, a Butter-
worth Tee-filter for an electro-absorption modulator can be designed, as illustrated
in Fig. 4.7. Designing a higher order filter allows us to increase the cut-off frequency,
depending on the number of added elements.

The transfer function of a third-order low-pass Butterworth filter is given by:

Vout

Vin
˘

RL

s3(L1CmL2)¯ s2(L1CmRL)¯ s(L1 ¯L2)¯RL
(4.2)

where s ˘ j ! . As the value of capacitance Cm is imposed by the modulator cross
section, the starting point is the calculation of its cut-off (3-dB) frequency. To obtain
L1 and L2 a set of rules is followed [88]:

1. determine the cut-off frequency knowing Ceq and Req from f3dB ˘ 1
2¼ReqCeq

2. calculate the inductance value, for a simplified case of L1 ˘ L2 ˘ L from L ˘ RL
!

where the equivalent capacitance is a sum of access pad and junction capacitance
Ceq ˘ Cm ¯Cpad, and equivalent resistance is a sum of source and load impedance
Req ˘ Rs ¯RL.

The cut-off frequency is determined by the capacitance and resistance, therefore
an added termination load will lead to its increase. For improving the frequency
response, type of substrate determines the access pad capacitance value, as seen in
Chapter 3, Section 3.4.2 and 3.5.1. Therefore, a separate analysis of n-doped and
semi-insulating substrate will follow.

N-doped substrate

For an n-doped substrate, the extracted access pad capacitance of 103 fF (Chap-
ter 3, Section 3.4.2) limits largely the available electro-optical bandwidth. The cal-
culated values for the inductance are presented in Table 4.1.
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Table 4.1: Calculated L1,2 for the EAM on n-substrate.

L [� m] C [fF] f3dB [GHz] L1,2 [pH]
50 63 38 210
100 134 27 295
150 178 23 346
200 305 16 500
250 391 12.5 637

Simulation with the ADS Software using the calculated inductance values is
shown in Fig. 4.8 for a 150 �m-long EAM approximated as a third-order Butter-
worth filter. An improvement of 5 GHz in electro-optical bandwidth and a 10 GHz
bandwidth increase for the reflection parameter is obtained.

(a) (b)

Figure 4.8: L-C-L network (Butterworth filter) design for E/O bandwidth and reflection pa-
rameter bandwidth increase for 150 � m-long EAM, simulated in ADS Software.

The role of the simulated filter is to keep the E/O bandwidth flat at low fre-
quencies. The same methodology applied for different modulator lengths gives the
results shown in Fig. 4.9.

Following the result from the calculated L1,2 values for the 150 �m-long EAM, a
frequency response change is observed when L2 is kept constant (346 pH) and L1 is
varied, and vice-versa, in Fig. 4.10.

The input inductance L1 increase has a similar effect to the increase of the Butter-
worth filter order. It keeps the E/O bandwidth flat at low frequencies, while making
the response steeper. Increasing its value above the calculated value for the Butter-
worth filter, from 300 pH to 600 pH, lowers the E/O response by 4 GHz (Fig. 4.10a).
At the same time the reflection coefficient changes as shown in Fig. 4.10b.
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(a) (b)

Figure 4.9: Third order Butterworth filter design for different EAM lengths. Dashed line is the
EAM with parasitic-free 50 ­ parallel load (inside the RF probe), and full line is
the Butterworth filter implementation.

(a) (b)

(c) (d)

Figure 4.10: Influence of L1 (a, b) and L2 (c, d) change on frequency response of a third order
Butterworth filter designed for 150 � m-long EAM.
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The output inductance L2 increase shows an inductance peaking effect. Values
below the calculated inductance of 346 pH degrade the E/O response by 7 GHz,
when changed from 300 pH to 100 pH. Above 300 pH the E/O response at low fre-
quencies has a more pronounced peak (Fig. 4.10c). A ripple higher than 1 dB might
cause an unwanted behavior of drive electronics [85], therefore a large increase of
L2 value is not desirable. At the same time, the reflection coefficient stays below ¡10
dB over a frequency range higher by 4 GHz (Fig. 4.10d) compared to the classical
mounting approach (short wire bond).

In conclusion, choosing different values for L1 and L2 in a third order Butter-
worth filter can lead to a slight improvement. Changing input inductance does not
significantly improve the frequency response, and its calculated value gives the op-
timal result. However, increasing the output inductance L2 can lead to an improved
E/O bandwidth and reflection coefficient. Care should be taken not to increase it to
very high values, as the E/O bandwidth at low frequencies will no longer have a flat
response, which might cause a problem for the driving circuit.

Semi-insulating substrate

We follow the same approach as above, but now for the semi-insulating substrate.
The inductance values and the corresponding E/O bandwidth are presented in Ta-
ble. 4.2. The inductance values differ from the values calculated for the n-substrate,
due to a lower pad capacitance, allowing a higher electro-optical bandwidth.

Table 4.2: Calculated L1,2 for the EAM on semi-insulating substrate.

L [� m] C [fF] f3dB [GHz] L1,2 [pH]
50 58 81 100
100 105 51 155
150 156 36 220
200 202 29 275
250 253 23 345

Fig. 4.11 shows the measured and simulated frequency response for a 150 �m-
long EAM, measured with 50 ­ parallel load inside the RF probe, as well as the sim-
ulated response implementing the Butterworth Tee-filter equivalent electrical circuit
model.

The E/O bandwidth improvement is 3 GHz, while the reflection parameter stays
below ¡10 dB in a frequency range which is increased by 9 GHz compared to the
measurement on-chip. Fig. 4.12 shows the frequency response for different modu-
lator lengths. The 3-dB bandwidth increase is 3 GHz for all EAM lengths, while the
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(a) (b)

Figure 4.11: Influence of L-C-L network on E/O bandwidth and reflection parameter for a
150 � m-long EAM on semi-insulating substrate simulated in the ADS Software.

reflection parameter is lower than ¡10 dB over twice the frequency range compared
to the measurement on-chip.

(a) (b)

Figure 4.12: Simulated EAM as a third order Butterworth filter for lengths 50 –250 � m. The
dashed line is the EAM with a 50 ­ parallel load inside the RF probe and no
matching circuit, and the full line is the Butterworth filter approximation.

In conclusion, the influence of the inductance change shows the same behavior as
on n-substrate, where the L1 increase cuts the 3-dB bandwidth, and the L2 increase
leads to an improvement. An inductive peaking effect is observed for the L2 increase,
which needs to be controlled for the electrical signal integrity.

The main advantage of representing an EAM as a Butterworth Tee-filter and
adding inductances for improving the electro-optical bandwidth is seen in the re-
flection coefficient bandwidth increase, staying below ¡10 dB over »10 GHz larger
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(a) (b)

(c) (d)

Figure 4.13: Influence of L1 (a, b) and L2 (c, d) change on frequency response of a third order
Butterworth filter designed for 150 � m-long EAM on semi-insulating substrate.

bandwidth for 50–250 �m EAM length on n-substrate compared to the measure-
ment on-chip, and twice larger frequency range for semi-insulting substrate. The
E/O bandwidth increase is similar for both substrates, improved by »3 GHz.

An L-C-L electrical circuit significantly improves the return loss over much wider
frequency range, than when the EAM is measured on-chip, which is favorable for the
integrity of the signal. This behavior is true for both doped and undoped substrate.
In case the EAM junction capacitance is changed, the method stays the same and
can be implemented.

A further increase in the filter order could bring more freedom in selecting the
3-dB bandwidth. However, placing inductive and capacitive components on-chip
requires a significant amount of space. For realizing a capacitor of 1 pF, an area of
300£300 �m2 is needed on the PIC. A practical solution presented here was using
a wire-bond as the inductive element. Nevertheless, adding a transmission line at
the PIC input or output can be seen as a capacitance/inductance, depending on the
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transmission line design. This off-chip transmission line design is presented in the
following section.

4.2.4 Off-chip transmission line

An interposer bridging the driver connections and/or the adaptation load with
the photonic chip is often used to fan-out the small dimension transmission lines
on PIC to a larger dimension line on the driver array, and to connect and/or de-
couple the termination load. The interposer is most commonly made on standard
high-dielectric printed circuit board (PCB) or on a multi-level ceramic interposer
(e.g. alumina Al2O3). A ceramic interposer offers a smaller feature size and higher
manufacturing tolerances than those possible for PCBs.

The equivalent electrical circuit is now represented in Fig. 4.14. Its function-
ality is to decouple and connect the termination load placed off-chip. The output
transmission line is designed as a double section microstrip line using the alumina
substrate, whose substrate height is 254 �m.

Figure 4.14: Added transmission line off-chip for a frequency response improvement.

(a) (b)

Figure 4.15: Simulated scattering parameters with and without output transmission lines for
150 � m-long modulator on two substrates.

Fig. 4.15 shows the simulated frequency response adding two output off-chip
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transmission lines. On n-substrate values of the first line are signal width w1 =
100 �m and line length L1 = 500 �m, and second line w2 = 1000 �m and length
L2 = 300 �m, found from the simulation in ADS Software. On SI-substrate those
values are w1 = 100 �m, L1 = 300 �m, w2 = 800 �m, and L2 = 300 �m. By
choosing the ratio between the line length and width, the transmission line behaves
as mainly capacitive if w À L, and mainly inductive if w ¿ L. The first line is mainly
inductive, being 100 �m wide, and the second one mainly capacitive with 1000/800
�m width. The addition of the mainly capacitive line adds another order in the
Butterworth filter approximation, and this configuration can be represented as a 4th
order Butterworth filter.

The increase for all the presented cases is 3 GHz for both electro-optical band-
width and reflection coefficient below ¡10 dB. In the E/O response a ripple is in-
troduced, whose amplitude stays below 1 dB, for preserving the signal integrity.
The most significant outcome of this approach is the reflection coefficient staying
almost at ¡20 dB up to 14 GHz for n-substrate and up to 20 GHz for semi-insulating
substrate. Further improvement could be obtained by cascading the inductive and
capacitive elements, however it would also increase the complexity of the package.

4.3 Electronic-Photonic assembly

Figure 4.16: EAM submount including electronic parts and PIC on a common carrier.

The photonic chip, the alumina interposer, and other electronic elements, such
as a termination load, are placed on a common carrier for further integration in
the package with fiber pig-tailing, as is shown in Fig. 4.16. The carrier needs to
satisfy conditions of good thermal, electrical and mechanical performance. In this
work, the carrier is metallized AlN. The wire-bonds are made by wedge bonding gold
wires, where a length of 100 �m results in 100–150 pH. An epoxy adhesive is used
to fix different elements and provide a common ground. In order to obtain a good
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thermal contact the PIC is soldered on the carrier using AuSn. The input ceramic
has a grounded coplanar waveguide (CPWG) transmission line with characteristic
impedance of 50 ­ . The dimensions are further compatible to being packaged into
a butterfly or a Transmitter Optical Sub-Assembly (TOSA) package.

The next sections show different EAM submounts for the EAM on semi-insulating
substrate. The larger intrinsic EAM bandwidth on semi-insulating substrate com-
pared to the n-substrate is more interesting for further exploration and packaging.

4.3.1 Submount variations

Adding elements step-by-step, we test four different EAM submount configura-
tions. The submounts are presented in Table 4.3 in order of increasing complexity,
introducing an extra step each time.

Table 4.3: EAM submount configurations.

EAM
submount

input output

0 RF probe with 50 ­ parallel load -

1
classic RF probe (without parallel

50 ­ load)
flip-chipped 50 ­ load

2
ceramic tile (CPWG line, ZC = 50

­ ) + wire-bond
flip-chipped 50 ­ load

3
ceramic tile (CPWG line, ZC = 50

­ ) + wire-bond
wire-bond + decoupling

capacitance + MS line + 50 ­ load

The starting point is the test of the bare die with the RF probe which has a
parallel 50 ­ termination load inside it. This measurement gave a good indication
of the EAM bandwidth associated with 50 ­ parallel load without any parasitics
from the external circuit.

The first EAM submount represents the termination load transfer from the probe
to the submount itself. A specific thin-film 50 ­ resistance designed by III-V Lab is
flip-chipped on top of the PIC. The electrical connections for the flip-chipped 50 ­

load are established with a gold stud-bump ultrasonic compression bonding. The
flip-chip approach also introduces a parasitic element through the stud-bump, mod-
elled as a capacitance in a first approximation. The modulator has a double GSG
access pad, one on the input and one on the output side, as shown in Fig. 4.17. The
input is tested directly on-chip with an RF probe with no termination.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4.18: Measured and simulated scattering parameters for bare die (a, b) and submount
variations (c-h), for 150 � m-long modulator on semi-insulating substrate.
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The second EAM submount has an added input grounded coplanar waveguide
transmission line on a ceramic tile. The output stays the same as for the first sub-
mount, a flip-chipped 50 ­ load.

Finally, adding a transmission line after the EAM and before the termination
load further increases the E/O bandwidth and the reflection parameter bandwidth,
as seen in Section 4.2.3. The third EAM submount has the load placed off-chip, using
a broadband decoupling capacitance to reduce the DC power dissipation. Insertion
of wideband DC-block does not disturb the matching electrical circuit.

All four variations are shown in Fig. 4.17. Their scheme, equivalent electrical cir-
cuit, and final realization are presented. EAM submounts are done for 100 and 150
�m-long EAMs, to have a sufficiently large E/O bandwidth of the chosen modulator
sections.

4.3.2 EAM submount characterization

The realization of wire-bonds was performed by hand, therefore the wire-bond
length is not precisely monitored. The measured E/O response and reflection coeffi-
cient are shown in Fig. 4.18. By extracting the wire-bond lengths from the measured
data we obtain Lin = 80 pH and Lout = 100 pH.

The bare-die for 150 �m-long EAM on SI-substrate gives 33 GHz EO bandwidth
and low electrical reflections up to 12 GHz. Submount 1 reduces the EO 3-dB point
to 22 GHz, due to a high capacitance of the flip-chipped (fc) stud-bump (simulated
as a pure capacitance Cfc = 10 pF).

Following the L-C-L filter simulations, submounts 2 and 3 are advantageous
pushing the 3-dB cut-off frequency to 25 GHz and 27 GHz. At the same time, the
return losses are lower than ¡10 dB up to 20 GHz and 22 GHz, respectively.

The final variation benefits from the presence of input and output inductance, as
discussed in previous sections, optimizing the performance of the EAM. The advan-
tage of having an output wire-bond not only improves the scattering parameters, but
also allows to place the 50 ­ load together with the decoupling capacitance off-chip.
Precisely controlling the wire-bond length, and adding a different transmission line
between the 50 ­ parallel resistor and the EAM could lead to a larger modulator
bandwidth, as demonstrated in Section 4.2.4.

Submount 3 results in an unperturbed E/O response of the EAM terminated with
50 ­ load, compared to the reference measurement (bare die). More importantly,
this submount allows to largely improve the reflection coefficient, allowing an im-
proved electrical signal integrity between the source and the EAM.
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4.4 Transmission lines on PIC

So far, we have considered the modulator section placement at the border of
the chip. However, the increasing component density on PIC also increases the
distance of some components to the edge of the chip. Using on-chip transmission
lines enables important design freedom. Keeping the electrical losses low and the
characteristic impedance of the lines matched to the driver input ensures efficient
propagation of the electrical signal and preserves the signal integrity.

An ideal transmission line is an interconnect whose conductors are perfect with
zero resistance and a lossless dielectric. In this scenario, a voltage at the input of the
ideal transmission line would propagate without distortion or attenuation. However,
in reality each type of transmission line exhibits a certain attenuation, yet depending
on its type this can be minimized. Two types are mostly in use: a microstrip line due
to its simple fabrication, and a coplanar waveguide (CPW) exhibiting lower losses as
the transverse electro-magnetic mode propagation is now partly in air. The CPW line
has the advantage of non-dispersive propagation (characteristic impedance versus
frequency is constant) and higher signal density as the ground provides a shield.

4.4.1 Transmission line design

In the generic platform, the behavior of the transmission line depends on the
type of substrate, although the design of both has a ground-signal-ground configu-
ration. On a conductive n-doped substrate, the transmission line acts as a microstrip
(MS) line, as the mode propagates mainly in the dielectric and substrate. On an
undoped, semi-insulating, substrate the line behavior can be described as coplanar
waveguide (CPW), due to mode propagation partly in air and partly in the dielectric
and substrate, shown in Fig. 4.19.

(a) (b)

Figure 4.19: (a) Microstrip line and (b) coplanar waveguide electric and magnetic field prop-
agation in the generic photonic integration platform.

The design parameters are shown in Fig. 4.20. For the MS line the signal width
w and the dielectric height h determine its characteristic impedance, and for the
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CPW line it is the signal width w and the signal-ground separation (gap) g.

Figure 4.20: Designed and fabricated transmission line with the access pad. The access pad
is placed at the chip edge. Cross section shows the transmission line design
parameters.

The access pad design is made as a ground-signal-ground. It serves to transfer
the ground plane via wire bonds to the photonic chip, but also allows direct on-chip
measurement with RF probes. The minimal dimension is imposed by the wire-bond
technique (wedge bonding), to 60 �m.

4.4.2 N-doped and SI-substrate simulation

For a transmission line matched to the input driver, usually 50 ­ , its characteristic
impedance is desirable to be 50 ­ as well. A straight transmission line without access
pad is simulated using a 3D electro-magnetic simulation software HFSS [81] to find
a pair of values which would give this result. The design on n-doped and semi-
insulating substrate is the same, and the parameter variation is shown in Fig. 4.21.

For the platform nominal polyimide height h = 2 �m the signal width w on
n-substrate needs to be as low as 4 �m to achieve 50 ­ characteristic impedance.
From the fabrication point of view, the metal width below 10 �m is not guaranteed
in the generic platform, therefore a 50 ­ characteristic impedance transmission line
on n-substrate is not guaranteed for.

Looking at the semi-insulating substrate a larger signal width variation, from 5 to
50 �m, in combination with the gap width offers more freedom, as seen in Fig 4.21b.
This larger choice relaxes both fabrication and design tolerances.
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(a) (b)

Figure 4.21: Characteristic impedance dependence on signal width w and polyimide height
h for n-substrate (a), and its dependence on signal width w and gap width g for
SI-substrate (b) at 25 GHz.

The analysis takes into account only the transmission line on the PIC, without
the access/bonding pad. Extending the observation to the access pad, described
in Chapter 3, Section 3.4.2 a 60 £ 60 �m2 square pad resulted in 103 fF parasitic
capacitance. With a modulator junction capacitance in the order of 100 fF, the
access pad capacitance value will largely limit the operational bandwidth. The use
of the semi-insulating substrate allows to overcome the purely capacitive effect of
the access pad, and can have the access pad behave as a distributed transmission
line.

4.4.3 Characterization

A 2-port Vector Network Analyser is used to obtain the scattering parameters
of different transmission lines. Designing two different lengths of the transmission
line, L and 2L, the ABCD de-embedding technique [89] allows to extract the line
parameters: the characteristic impedance ZC and the microwave attenuation per
unit length, shown in Fig. 4.22 for the n-substrate.

The transmission line mask design is the same for n-doped and SI-substrate
(Fig. 4.20). We opt for values which would result in ZC ˘ 50 ­ in both cases, nar-
rowing the signal width from 10 to 4 �m and keeping the gap width constant at
10 �m. However, on the SI-substrate, values lower than 9 �m did not result in a
successful metal opening, therefore transmission lines on SI-substrate could only be
characterized for gap widths greater than 9 �m.

As the frequency increases, the characteristic impedance of a dispersive mi-
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(a) (b)

Figure 4.22: Characteristic impedance and microwave attenuation extracted for 200 � m long
transmission lines on n-substrate.

crostrip line becomes frequency dependent. The measured microwave attenuation
is 2–3 dB/mm at 25 GHz, increasing to 6–7 dB/mm at 65 GHz. Two origins are
responsible for these losses: electrical loss, coming from the imperfect conductor,
and dielectric losses, as the mode is largely confined in the dielectric region.

Fig. 4.23 shows the comparison between the two substrates. The microwave
attenuation for SI-substrate is as low as 0.2–0.6 dB/mm in the whole measured
frequency range, an order of magnitude lower than on the doped substrate. Ad-
ditionally, the characteristic impedance is frequency independent, and equas to 58
­ .

(a) (b)

Figure 4.23: Characteristic impedance and microwave attenuation extracted for 200 � m long
transmission line. The signal-ground separation is 10 � m.

On SI-substrate, the metal tracks lie on top of the polyimide, below which is
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the substrate itself. No doped layers are present, leading to a low loss transmis-
sion lines. Therefore, the SI-substrate offers the possibility of having lines up to
several millimeters, with a loss of 2 dB for 10 mm long line. This facilitates the de-
sign of photonic circuits, introducing a level of freedom in placing the components
anywhere on the chip, while maintaining the integrity of the driving signal. An-
other important aspect of the SI substrate is its lower parasitic capacitance, shown
in Chapter 3, Section 3.5.1. Both the line and the access pad act as a transmission
line. Their characteristic impedance can be designed to have the same value, thus
maintaining undisturbed signal propagation with low loss.

4.5 Summary

An EAM submount is simulated, mounted and measured for an improved fre-
quency response, representing the EAM submount as a higher order Butterworth
filter. Input and output wire-bonds, in a combination with the EAM junction capac-
itance are represented as a third order tee-configuration filter. The E/O bandwidth
is improved by a factor of 2 compared to its intrinsic bandwidth, and the reflection
coefficient stays below ¡10 dB in a doubled frequency range, up to 22 GHz. The
presented submount is ready for further packaging in a (TOSA) module.

Furthermore, we have simulated, designed and tested transmission lines on a
photonic chip on n-doped and semi-insulating substrate. SI-substrate shows the
advantage of very low microwave attenuation of 0.2–0.6 dB/mm in the whole mea-
sured frequency range up to 65 GHz. Therefore, the introduction of a transmission
line on SI-substrate will retain the transmitted electrical signal quality. Additionally,
the characteristic impedance close to 50 ­ is from a fabrication point of view easier
to achieve on SI-substrate. Finally, the demonstrated low-loss and 50 ­ character-
istic impedance transmission line will allow for more freedom in placing building
blocks anywhere on the chip, when designing complex PICs.





Chapter 5
Fiber transmission

A chirp parameter, as an inherent property of an electro-absorption modulator,
gives an information how the signal will be influenced in fiber transmission. An
investigation on how much of a negative chirp value can be accommodated in the
generic photonic integration platform is shown. Measurement of the eye-diagram
and bit-error rate provide the information on the dynamic extinction ratio, signal
quality and power penalty. Understanding the limitation in high-speed operation is
recorded with the eye-diagram, and the power penalty level is seen in bit-error rate.
How far can the EAM in the generic platform go in terms of operating bit-rate is
tested through two-level and multi-level modulation.

Dispersion in a standard single mode fiber (SSMF) at 1.55 �m and chirp will
broaden the signal and lead to inter-symbol interference. A negative chirp value is
desirable as it can compensate for SSMF dispersion, and therefore extend the reach.
If chirp parameter is not taken into account during the quantum well growth [90],
its value can be set to negative values with an appropriate biasing and detuning
condition [91,92].

The transmission performance can be assessed by recording the eye-diagram in
back-to-back (B2B) configuration and after transmission over a fixed SSMF length.
Testing the modulator in a system-like environment follows the results from Chap-
ter 4, where we compared different modulator submount options for a high speed
operation. The final presented modulator assembly, has input and output wire-
bonds, a transmission line after the chip and a broadband decoupling capacitance
followed by a 50 ­ termination load. This EAM submount is used for obtaining the
results presented in this chapter.

Finally, one of the best ways to determine the data transmission quality of any
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digital transmission system is to measure a bit error rate (BER) curve. The BER is
measured by comparing the transmitted sequence of bits to the received bits and
counting the number of errors as a function of the received optical power. To com-
pensate for system degradation, the signal power has to be increased to achieve the
same BER performance as that without transmission (back-to-back system). This
increase in power is called the power penalty. The bit error rate assesses the full
end-to-end system performance including the transmitter, receiver and the medium
between the two.

We have tested electro-absorption modulator in the platform in the following
order:

• chirp parameter evaluation for an appropriate detuning and biasing condition

• eye-diagram and bit error rate for a non-return-to-zero (NRZ) on-off keying
(OOK) modulation for a 50 Gb/s operation demonstration

• multi-level signal testing (PAM-4) for an increased bit rate per wavelength

5.1 Chirp parameter

The intensity modulation corresponds to a variation of the imaginary part of the
refractive index (the absorption). In general, it is accompanied by a variation of
the real part of the refractive index, also described by Kramers-Kronig relations. It
results in a phase variation, also known as chirp. This effect can be approximated
by the dimensionless chirp parameter ®H [93]:

®H ˘
¢ n r

¢ n i
˘

4¼

¸ 0

¢ n r

¢ ®
(5.1)

where ¢ n r,i is the refractive index real and imaginary part, ¸ 0 lasing wavelength and
¢ ® the absorption change.

When optical pulses are transmitted over a standard single mode fiber at 1.55
�m, the positive dispersion of the fiber of 17 ps/(nm.km) will broaden a propagating
signal. Depending on the chirp value of the signal, positive or negative, it can lead
to a pulse broadening or to a pulse compression, as shown in Fig. 5.1.

Blue-shifted pulse components propagate at higher group velocity compared with
the red-shifted. Due to a positive chirp the pulse broadens. For transmission through
a dispersive fiber, a negative chirp value is desirable as it allows for pulse compres-
sion. This effect is an important concern for fiber links operating at 1.55 �m to
minimize the optical penalty in SSMF transmission. From (5.1) the chirp depends
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Figure 5.1: Positive and negative chirp influence on the propagating signal.

on material properties and detuning, through the absorption change. Measuring
the EAM chirp in the generic photonic integration platform, we examine how much
negative chirp we can accommodate. A combination of applied bias and detuning is
a practical solution for setting the chirp parameter to a more negative value [92].

5.1.1 Measurement setup

The measurement technique used to determine the chirp parameter is described
in [94]. The goal is to detect separately the phase and amplitude modulation inside
the electro-absorption modulator. The setup schematic is presented in Fig. 5.2.

Figure 5.2: Measurement setup for a chirp parameter extraction.
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An external laser signal is fed to the EAM, which is driven with a high frequency
sinusoidal signal. The modulated signal has both intensity and phase modulation,
as a result of ¢ n i and ¢ n r. The signal at PIC output is analyzed through a tunable
Mach-Zehnder interferometer (MZI). The inset in Fig. 5.2 shows the power at MZI
output as a function of frequency. At two quadrature points, A and B, the transfer
function (H) is linear, therefore measurement at these two points allows for am-
plitude modulation elimination. The resulting photocurrent in the photodetector is
proportional to the optical signal phase variation.

5.1.2 Characterization

The measured chirp parameter versus the applied voltage is presented in Fig. 5.3a
at different detuning wavelengths. The chirp parameter ®H changes from being
large and positive at zero bias, crossing the zero point with the negative applied
bias, and becoming negative for more negative bias voltage. The area of interest is
zero-crossing and negative values of the ®H parameter.

(a) (b)

Figure 5.3: (a) Chirp parameter as a function of applied voltage for different detuning wave-
lengths. (b) Static extinction ratio and chirp parameter dependence on the ap-
plied voltage for ¢ ¸ = 40 nm and L = 100 � m.

A positive chirp at high output power (low extinction) will lead to pulse broad-
ening. Depending on the DC bias and swing voltage, the chirp parameter can be
chosen to be more negative. For example, from Fig. 5.3b setting the DC bias at ¡3
V and swing voltage to 1 V, an extinction ratio of 4 dB could be obtained at the ex-
pense of higher insertion loss (seen in Chapter 2, Section 2.4.3), but with a negative
chirp.
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5.2 Eye-diagram and bit-error-rate measurement

In the simplest case the fundamental measure for the transmission performance
of an electro-absorption modulator is how accurately a receiver can determine the
logic state of each transmitted bit, i.e. bit-error-rate (BER). BER is measured as a
function of the received power, and depends also on the receiver sensitivity. The
baseline measurement is referred to as back-to-back (B2B), when no optical fiber
propagation is included. A transmission measurement include fixed fiber lengths up
to 4 km, testing the system limits.

The most commonly used modulation format in optical communications is the
non-return-to-zero (NRZ) format, which is a form of on-off keying (OOK). The sim-
plicity of this modulation format is its main advantage over complex modulation
formats, and one of the reasons why it is still being investigated [16]. The following
sections show the EAM measurement using the NRZ-OOK. More complex modula-
tion formats are presented later in Section 5.3.

5.2.1 Measurement setup

The setup is shown in Fig. 5.4, using a 70 GHz oscilloscope to display the eye-
diagram. A pulse pattern generator (PPG; Anritsu MP1800-A) produces an OOK-
NRZ data signal and a clock signal. The pattern length is 231-1, and the maximum
provided bit-rate is 32 Gb/s. The data signal is passed onto the electro-absorption
modulator through a bias-T and V-connector RF cables, and the output of the EAM
is fiber edge-coupled to a photodetector without amplification at the oscilloscope
input.

Figure 5.4: Measurement setup for eye-diagram and bit-error-rate testing.

To measure the BER, a PPG at the EAM input and an error detector at its output
are set in place, where the recovered bits are compared to the transmitted ones. A 40
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Gb/s compatible PIN-TIA (transimpedance amplifier) converts the optical signal to
the electrical domain. An optical amplifier (EDFA) and a variable optical attenuator
(VOA) at the output of the modulator are used to increase and control the signal
power before coupling the light into the photodetector. The baseline measurement
is done without any additional optical fiber after the VOA (back-to-back), and the
transmission measurement include fixed fiber lengths. As the EAM bandgap is in the
C-band, it operates in the L-band where no optical bandpass filter was available to
minimize the ASE (amplified spontaneous emission) noise from the EDFA.

5.2.2 Dynamic measurements at 32 Gb/s

The measurements of the eye-diagram and BER in back-to-back configuration
are performed by setting the DC bias point at -2.2 V, to operate in linear regime and
have a symmetrical eye. The applied peak-to-peak (swing) voltage is Vp¡p = 3.5 V,
provided from the PPG for the maximum dynamic extinction ratio (DER). The DER is
optimized through optimizing the eye-diagram in transmission experiment, choosing
a higher reverse bias to lower the positive chirp. The measurements were carried
out with the RF probe which had a 50 ­ parallel termination inside it. The EAM
bandwidth for a 100 �m-long structure is measured to be 29 GHz on n-substrate
and 46 GHz on SI-substrate.

A shorter modulator section has a lower dynamic extinction ratio, due to a lower
static ER. Fig. 5.5 shows the comparison of recorded eye-diagrams for both substrate
types.

The measured static extinction ratio for a 100 �m-long EAM is 8 dB (Chapter 2,
Section 2.4.2), leading to a DER of 5 dB on n-substrate, and 6 dB on SI-substrate.
For a 150 �m-long EAM the static ER is 12 dB resulting in 6 dB DER on a doped, and
8 dB DER on an undoped substrate. The DC bias point for all the cases is chosen to
make an unsymmetrical eye at 0 km (back-to-back). A higher reverse bias is applied
to make a quasi-symmetrical eye in transmission at 2 km and 4 km. Choosing a
slightly higher reverse bias by 0.5 V will lead to the threshold/decision point moving
closer to the zero-level, thus allowing higher noise level on the one-signal-level.

A measured bit-error-rate is shown in Fig. 5.6. A commercial LiNbO3 Mach-
Zehnder modulator (EO Space) with 40 GHz E/O bandwidth is included as a ref-
erence. The MZM operates in the C-band, measured with an optical filter and its
static ER is over 20 dB. In spite of the differences in components, the operating
wavelength and the setup, a power penalty of 1 dB is obtained. For two different
electro-absorption modulator lengths, a difference in receiver sensitivity is created
due to different signal-to-noise ratio, resulting in an additional 1 dB power penalty.
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Figure 5.5: Eye-diagrams at 32 Gb/s for n-doped and semi-insulating substrate and two dif-
ferent modulator lengths: 100 � m and 150 � m. Back-to-back (0 km) and trans-
mission eye-diagrams for 2 km and 4 km.

The recorded curve on Fig. 5.6b shows the power penalty of 1 dB for each additional
2 km fiber transmission length.

5.2.3 Eye-diagram at 64 Gb/s

Measurement of eye-diagrams above 32 Gb/s required the use of an in-house
electrical time division multiplexed (ETDM) 2:1 selector [95]. Two complementary
NRZ signals at 32 Gb/s, provided by the pulse pattern generator are de-correlated
(by 40 bits) and sent to a 2:1 selector module. The selector interleaves the signals in
time in order to generate a 64 Gb/s signal. After amplification with a commercially
available electrical amplifier, the signal is offset through a bias-T and applied across
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Figure 5.6: Bit-error-rate measured in (a) back-to-back for 100 � m and 150 � m long EAM,
and (b) transmission for 100 � m-long EAM.

Figure 5.7: Eye diagram of the electrical signal at 64 Gb/s, and optical eye-diagrams for n-
doped and semi-insulating substrate at 42 Gb/s, 56 Gb/s and 64 Gb/s.

the EAM. No error analyzer was available at these bit-rates to record the BER. The
resulting modulating signal has a peak-to-peak amplitude Vp¡p = 4.8 V, shown in
Fig. 5.7. The amplifier introduces slight distortion (overshoot) which is transferred
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to the eye diagram measurement.
Bit rates for characterization above 32 Gb/s were selected according to standards

including an overhead for forward error correction (FEC). Open eyes in back-to-back
configuration at 42 Gb/s, 56 Gb/s and 64 Gb/s are presented in Fig. 5.7, indicating
the dynamic extinction ratio. In this case, the DER is higher than when measured
with the pulse pattern generator, as the external amplifier allowed for higher peak-
to-peak voltage amplitude (4.8 V compared to 3.5 V). The bandwidth limitation is
seen for n-substrate at 64 Gb/s, whose eye-diagram has a lower eye-opening due to
a lower E/O bandwidth, and the rise and fall time becomes longer. The open eye of
the electro-absorption modulator on SI-substrate shows potential for operation even
above 64 Gb/s.

5.2.4 Electronic driver and PIC

For a packaged photonic integrated chip an electronic driver is needed at its in-
put. So far, the PIC was driven with an RF probe, using a co-axial bias tee to combine
DC and RF signals provided to the electro-absorption modulator. An electronic in-
tegrated circuit (EIC) described in [96] is used to drive the EAM presented in the
previous Section. The termination load and broadband capacitance at the output
of the driver and EAM are used, together with a broadband bias circuit shown in
Fig. 5.8.

(a)
(b)

Figure 5.8: (a) Electronic integrated circuit and photonic integrated circuit mounted on a
common carrier. (b) Measurement setup for characterizing the driver and the
PIC.
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The driver is driven by a DC and RF probe and requires a differential signal at
its input. For driving the EAM only one output (single-ended) is used, connected
with a ribbon-bond. The second output is connected to a decoupled 50 ­ load.
Measuring the E/O bandwidth was not possible as no VNA with differential output
was available at the time. The measurement setup for recording the eye-diagram is
presented in Fig. 5.9.

Figure 5.9: Characterization scheme of the EAM integrated with an electronic integrated cir-
cuit providing a differential signal output.

The driver is fed with a differential signal, but only one output is used as the
EAM is single-ended. The driver is able to provide maximum 2 V peak-to-peak
voltage for an input RF signal amplitude of 600 mV. The swing voltage is half of
what is needed to obtain the maximum extinction ratio, as was shown in previous
sections. Additionally, from the measurement equipment only 360 mV was provided,
thus further reducing the output voltage swing, which in turn causes the extinction
ratio to drop. The measured eye-diagrams are shown in Fig. 5.10. The measured
eye-diagrams from 10 to 40 Gb/s result in a dynamic extinction ratio from 3.5 to 2.7
dB, as seen in Fig. 5.10. With a higher available input RF voltage a higher value for
DER can be obtained. In spite of a lower quality electrical signal in the presented
measurements compared to the previous section, a lower noise level and more open
eye-diagram is obtained. The integration of the EIC and PIC fabricated in the generic
photonic integration platform, without a bias-Tee shows a potential for small form
factor package.

5.3 Multi-level modulation

Multi-level signaling is a viable candidate of the next generation formats for high
speed and high capacity optical fiber links. The next generation transceivers oper-
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Figure 5.10: Electrical eye-diagram at the driver input and the optical eye-diagram at differ-
ent bit-rates.

ating at 400 Gb/s and 600 Gb/s are looking into multi-level modulation in order to
increase the aggregate transceiver capacity [97,98]. A simple detection mechanism,
such as direct-detection (DD) is interesting in multi-level signaling due to its sim-
plicity. It does not require a local laser oscillator at the receiver side, unlike coherent
systems. Therefore, a DD multilevel receiver can be smaller and more cost-effective.
However, there are some restrictions to overcome, such as insufficient receiver sensi-
tivity with an increased number of signal levels. One of the most utilized multi-level
modulation formats is pulse amplitude modulation with 4 levels (PAM-4).

5.3.1 Pulse-amplitude modulation

Increasing per channel data-rate using non-return to zero modulation format
has the upper limitation determined by the device bandwidth. Using a higher or-
der modulation format reduces the requirement for higher bandwidth devices. Even
though there are a number of different higher order modulation techniques avail-
able, the IEEE task force has converged on the Pulse Amplitude Modulation [99].
The selected solutions are 50 GBd PAM-4 £ 4 parallel single mode (PSM) fibers for
short reach of 500 m, and 25 GBd PAM-4 on 8 WDM channels for the 2 and 10 km
reach at 1.3 �m.

Instead of the conventional two-level amplitude detection used by NRZ, PAM-
4 uses four-level amplitude detection to double the transmission capacity with the
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same bandwidth of optical devices, but at the expense of lower signal-to-noise ratio
(SNR) when compared to NRZ. High spectral efficiency can be achieved using a
forward error correction to correct bit errors in the received data over unreliable
and noisy communication channels. As long as the pre-FEC bit-error-rate is below
the FEC limit, all bit errors are successfully identified and corrected. In this work we
use the BER limit of 3.8£10-3 for hard-decision forward error correction (HD-FEC)
coding with 7% overhead.

5.3.2 Measurement setup

The measurement and post-processing is carried out in NOKIA Bell Labs [100],
using the available transmission experimental setup. A 14 dBm external laser source
at 1590 nm is fed to the input of the electro-absorption modulator through a polar-
ization maintaining fiber, as shown in Fig. 5.11. The tested EAM is 100 �m-long,
mounted in an assembly configuration (EAM submount 3, as detailed in Chapter 4),
and has a bandwidth of 38 GHz. The 4-level electrical signal is generated by an 88
GS/s 8-bit digital-to-analog converter (DAC) followed by a linear driver. The DAC
is fed by two two-level electrical signals carrying decorrelated De Bruijn sequences
of length 215. By using 40 GHz RF amplifiers, the RF signals were amplified to a
peak-to-peak voltage of 1.1 V at 56 GBd operation. After modulation, the output
PAM-4 optical signals were transmitter in both back-to-back and over 2 and 4 km
SMF. An EDFA operating in L-band is used to amplify the transmitted optical signal,
and a variable optical attenuator with integrated power-meter is placed to assess
receiver sensitivity.

Figure 5.11: Measurement setup for bit-error-rate test of PAM-4 modulation format.

At the receiver side, a PIN photodetector with TIA (PIN-TIA) converts and am-
plifies the received signal. The signal is further sampled by a 28-nm CMOS 8-bit
analog-to-digital converter (ADC) at 92 GS/s. The waveforms are stored offline and
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signal recovery is done offline as well. First the signal is resampled to twice the
baud-rate (2 samples per symbol). Then, clock recovery and feed forward equal-
ization (FFE) using 31-taps are performed. Finally, hard/soft decision, followed by
bit-error counting takes place.

5.3.3 Characterization

The initial eye-diagram is recorded using the experimental setup described in
Section 5.2.1. The obtained peak-to-peak voltage in this case was 2 V, higher than
the one used for BER measurements. Fig. 5.12 shows the electrical and optical eye-
diagram for 10, 20 and 32 GBd operation. The unequal electrical eye-opening at
32 GBd is caused by the commercial external amplifier and its non-linear operating
region in order to obtain maximal peak-to-peak voltage.

Figure 5.12: Recorded eye-diagram of the electrical and optical signal at 10, 20 and 32 GBd,
for 100 � m-long EAM on SI-substrate.

Using the measurement setup described in the previous Section, the bit-error-rate
PAM-4 experimental results are shown in Fig. 5.13. The BERs are estimated using
the vertical histograms at every bit-rate and every transmission distance, based on
the assumption that the noise has a Gaussian distribution. It is plotted as a function
of the input power into the receiver in B2B configuration and after 1.5, 3 and 4 km
standard single mode fiber. These measurements are taken under best equalization
of 51 taps. The lowest obtained BER is limited by the receiver, which resulted in
BER = 10-6 for a commercial LiNbO3 Mach-Zehnder modulator with 40 GHz E/O
bandwidth [101].

Measuring the electro-absorption modulator at baud-rates 28 and 32 GBd, less
than 1 dB sensitivity penalty is observed between a back-to-back configuration and
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Figure 5.13: Bit-error-rate recorded for PAM-4 modulation format in back-to-back configura-
tion and in transmission over 1.5, 3 and 4 km standard single mode fiber. The
EAM is 100 � m-long with a bandwidth of 38 GHz.

transmission up to 4 km. The BER values stay below the hard-decision FEC thresh-
old. Increasing the baud-rate to 44 GBd (88 Gb/s), the BER is below the HD-FEC up
to 3 km. Finally, the BER at 56 GBd, i.e. 112 Gb/s, stays below the HD-FEC threshold
up to 1.5 km. One of the main issues encountered when working at higher Baud-
rates such as 56 GBd is the limited bandwidth of 100 �m-long EAM. Additionally, a
low peak-to-peak voltage results in a low extinction ratio. In case of a higher value,
the bit-error rate would improve. Nevertheless, a bit-error-rate of 2.6£10-3 is found
at Pin_Rx = 0 dBm for 56 GBd, thereby demonstrating the potential to operate at 112
Gb/s.

5.4 Summary

We have characterized the chirp parameter of the electro-absorption modulator
in the generic integration platform. Its positive value can be lowered by a proper
setting of the DC bias voltage and the swing voltage, to counteract the effect of
dispersion in a standard single mode fiber. Testing the non-return-to-zero on-off
keying signal modulation resulted in error-free transmission up to 4 km at 32 Gb/s.
Open eye-diagrams are recorded up to 64 Gb/s, for a 100 �m-long EAM on semi-
insulating substrate with electro-optic bandwidth of 38 GHz. Its bandwidth and
open eye-diagram show the potential to operate even above 64 Gb/s.

Multi-level signaling (pulse amplitude modulation with 4-levels) is tested on the
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mounted electro-absorption modulator configuration. The peak-to-peak bias voltage
was 1.1 V, a 4 times lower value than the one used for NRZ-OOK at 64 Gb/s. A higher
peak-to-peak voltage would improve the extinction ratio and lower the measured
BER. An EAM with intensity modulation/direct detection transmission over short
distances up to 4 km at 1.59 �m is tested up to 56 GBd PAM-4 (a bit throughput of
112 Gb/s). The results after transmission over 1.5 km of standard single mode fiber
give the BER at 112 Gb/s below the HD-FEC limit.





Chapter 6
Laser-modulator integration

The scope of this chapter is the integration of an electro-absorption modula-
tor and a laser in the generic photonic integration platform for WDM transmitter
chip. The monolithically integrated laser-modulator (ILM) section requires different
bandgap energies, shown in Fig. 6.1. For the operation in C-band, the laser operat-
ing wavelength is centered around 1550 nm, and the EAM bandgap is in the lower
wavelength range. As the applied reverse voltage on the EAM increases, its exci-
ton peak moves to the longer wavelength and starts absorbing the incoming optical
signal. The effect is called quantum-confined Stark effect, and is described in more
detail in Chapter 2, Section 2.1.

For a wavelength division multiplexing scheme, the laser needs to be single-
mode and lasing at a specific wavelength [15]. Any reflection coming back to the
laser might destabilize it and change its lasing wavelength. Therefore, reflections
from the modulator-laser interface need to be minimized.

Several attempts in operating a distributed feedback (DFB) laser and an EAM
with the same layer stack have been reported [102, 103]. The use of same active
layer stack minimizes the fabrication complexity. Nevertheless, different bandgap
lowers the insertion loss in the modulator section, as seen in Chapter 2, Section 2.4.3.
The most common fabrication techniques for an ILM are butt-joint regrowth [104],
defining separately the layer stack, and selective area growth (SAG) [105], using the
same layer stack but different growth conditions for a distinguished bandgap. A suc-
cessful SAG integration in the generic photonic integration platform is demonstrated
in ??. However, for the EAM high extinction ratio, a higher number of quantum wells
is preferred, requiring a separate growth.

Previous work on laser-modulator integration inside a generic photonic plat-
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Figure 6.1: (a) The operation of a laser and an electro-absorption modulator. (b) Schematic
cross section of an ILM.

form demonstrated 4 lasers and electro-absorption modulators integrated in the
HHI generic platform [32,106]. In the TU/e platform, fabricated by SMART Photon-
ics [70], 6 lasers and electro-optic modulators were integrated on a single chip [42].
Increasing the number of ILM arrays on the same chip size requires smaller footprint
of individual building blocks.

At the time our research started, the only available single-mode laser in the TU/e
generic photonic platform was a widely tunable laser source, described in [107]. Its
complex design allows only for 4 channels to be integrated on a single chip [108].
Therefore, we searched for a solution offering lower footprint single-mode laser
source, presented in the following order:

• The first ILM demonstration and a proof of concept integrating the electro-
absorption modulator with a widely tunable laser in the generic photonic in-
tegration platform

• Introduction of a new distributed feedback laser compatible with the generic
photonic platform

– Design of the DFB laser: separate layer stack, 10 different lasing wave-
lengths for WDM operation; fabrication in III-V Lab [65], and its charac-
terization

– 10 channel ILM array (DFB + EAM) and a multiplexer integrated in the
generic photonic platform

• Finally, saturation effects are studied as a consequence of high incident opti-
cal power in the EAM section
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6.1 Widely tunable laser and electro-absorption mod-
ulator

An integrated extended cavity ring laser with a widely tunable intra-cavity wave-
length filter has been demonstrated inside the generic platform with a simple tuning
mechanism described in [107]. It is composed of several basic building blocks, such
as optical amplifier, phase shifter, multimode interference reflector (MIR) and pas-
sive waveguides. The wavelength selection is based on a sequence of Asymmetric
Mach–Zehnder Interferometers (AMZI). The AMZIs are tuned using voltage con-
trolled electro-refractive phase modulators.

A first generation of the electro-absorption modulator is used for the integration
with the widely tunable laser source. Its cross section in the active region is accord-
ing to the specifications of the platform, only the top metal has a different design,
shown in Fig. 6.2, than the modulator presented in the previous Chapters. The top
metal design is not optimized for high-speed EAM, but for an electro-optical modu-
lator in a travelling wave configuration [109]. As the EAM is much shorter than the
wavelength of the RF signal, it still acts as a lumped element. The design is used as
a proof of concept for laser-modulator integration in the platform.

Figure 6.2: Top view of a first design of the electro-absorption modulator in the platform.

6.1.1 Laser-modulator design

The widely tunable laser design is shown in Fig. 6.3. It consists of a 1 mm-
long semiconductor optical amplifier providing the gain, three AMZIs in a serial
configuration for coarse, medium and fine tuning of the ring laser, and a multimode
interference reflectometer inside the laser cavity to ensure its unidirectionality. At
the output a 100 �m-long EAM modulates the continuous laser signal. To ensure the
electrical isolation a 30 �m-long section, whose p-InP layer is etched away, provides
»100 k­ isolation resistance. An anti-reflection coated facet and an angled output
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waveguide effectively suppress reflections back in the modulating region and the
laser itself.

Figure 6.3: Mask layout (top) and fabricated (bottom) PIC of the extended cavity ring laser
and electro-absorption modulator. The total area of the circuit is »4 mm2.

The chip was fabricated through a multi-project wafer run offered by SMART
Photonics [70].

6.1.2 Characterization scheme

The PIC seen in Fig. 6.3 was mounted on an aluminum submount, shown in
Fig. 6.4. The electrical contacts in the laser section were wire-bonded to a PCB for
electrical signal distribution. This eases the access and the control of the extended
cavity ring laser. The modulator section was driven with on-chip RF probes (in-
put and output) shown in Fig. 6.4. The input probe carries the DC and RF signal
connected through a bias-T, and the output probe had a decoupling capacitor and
a 50 ­ termination connected through the probe connector. A passive water cool-
ing system was used for temperature stabilization. The optical signal is collected
with an AR-coated lensed fiber and further guided via single mode fiber to the mea-
surement equipment. The current injected in the SOA section was 120 mA and the
temperature of the system was 18–C.
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Figure 6.4: (a) Photonic integrated chip wire-bonded to a PCB for easier control of the widely
tunable laser. (b) The experimental characterization of laser and modulator, driv-
ing the EAM directly on-chip with RF-probes.

6.1.3 Optical spectrum and static extinction ratio

Tuning the AMZI sections with reverse bias voltage a 56 nm laser tuning range
was achieved, from 1514 to 1570 nm. The EAM and SOA bandgaps are at 1550 nm.
To minimize the insertion loss in the EAM, laser is tuned above 1560 nm. The quan-
tification of the spectral purity is expressed through a side-mode suppression ratio
(SMSR). Its value is 40 dB over the whole measured wavelength range (Fig. 6.5a).
The fiber output power for unbiased EAM resulted in power level of ¡8 dBm.

(a) (b)

Figure 6.5: (a) Recorded output chip power on the optical spectrum analyzer of three differ-
ent laser conditions for operation with the EAM. (b) Modulator static extinction
ratio depending on the input wavelength.

The resulting static extinction ratio at 10 nm detuning (1560 nm) is 8 dB, and
at 20 nm detuning (1570 nm) it is 9 dB (Fig. 6.5b). The static ER is higher com-
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pared to the values obtained in Chapter 2, Section 2.4.2 due to a low detuning, at a
consequence of higher insertion loss of 7–8 dB.

6.1.4 Eye-diagram and bit error rate

For dynamic measurements the laser is set to 1570 nm. The measurement setup
is described in Chapter 5, Section 5.2.1. An erbium-doped fiber amplifier in the
L-band increases the signal to noise ratio. However, no optical filter was available
to filter out the contributing noise factors. The operating DC bias point was ¡2 V
and the pseudo-random-bit-sequence (PRBS) length 27 ¡ 1. The measured electro-
optical bandwidth of the EAM is 13 GHz, and the eye-diagram at 10 Gb/s is shown
in Fig. 6.6. A 4.3 dB dynamic extinction ratio is measured.

For bit error rate measurement the testing equipment had an internal receiver
sensitivity of ¡9 dBm at 10-9 bit error ratio. Fig. 6.6 shows the BER curve with no
error floor at 10 Gb/s.

(a)

(b)

Figure 6.6: Integrated widely tunable laser and electro-absorption modulator operating at 10
Gb/s, showing the (a) eye-diagram, and (b) back-to-back bit-error-rate.

The integration of the available widely tunable laser and the first design of the
EAM inside the platform confirmed the design and the fabrication process for a
successful ILM integration. The demonstrated ILM is suitable for operation at 10
Gb/s.

For a multi-channel transmitter a maximum of 4 channels can be integrated on
a single chip using this configuration, due to the large laser size. For higher number
of channels another laser type is needed. We worked on integrating a distributed
feedback laser compatible with the generic platform. Its integration started before a
distributed Bragg reflector grating was available in the platform.
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6.2 Distributed Feedback Laser

A distributed feedback (DFB) laser has a periodically etched grating along the
cavity length, providing wavelength selective feedback needed for a single-mode
lasing. Its scheme is shown in Fig. 6.7. The periodic perturbation of the refrac-
tive index provides feedback by backward Bragg scattering, coupling forward and
backward propagating waves. The mode selectivity results from the selective con-
structive interference at the Bragg wavelength. For a first order grating the Bragg
wavelength is given by [110]:

¸ DFB ˘ 2 ¤ neff (6.1)

where ¤ is the grating period and neff the effective refractive index of the propagat-
ing optical mode.

Figure 6.7: Schematic cross section of an index-coupled DFB laser with ¸ /4 phase shift.

The grating is etched in the high index contrast p-InP layer. The evanescent
field of the fundamental transverse mode interacts with the grating. Therefore, its
exact location with respect to the MQW active layer, marked as spacer in Fig. 6.7, its
thickness, refractive index and the etching profile determine the grating efficiency.

A uniform grating corrugation leads to the competition of two lowest-threshold
modes [111]. The introduction of a quarter wavelength (¸ /4-shifted DFB lasers)
phase-shift in the middle of the grating section introduces a ¼/2 phase shift, and a
single-mode operation exactly at the Bragg wavelength is obtained.

6.2.1 Laser design

The coupling coefficient · of the fundamental mode evanescent field in the grat-
ing is determined by the propagating wavelength ¸ and the effective refractive index
change ¢ neff. It represents a reflection per unit length (in cm-1) and for a first order
grating it can be calculated from [110]:
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where ¢ neff ˘ jn2 ¡ n1j, n1 and n2 being the material refractive indices of the p-InP
cladding and the grating, made out of quaternary (Q) InP layer. The Q-layer has a
higher refractive index of 3.327, and p-InP has a lower refractive index of 3.162. ¡ is
the confinement factor in the grating, ¤ g is the grating width, and ¤ grating period
determining the Bragg wavelength (Fig. 6.7). The maximum coupling coefficient is
obtained for a duty cycle of ¤ g/¤ ˘ 1/2. The confinement factor ¡ and the effective
index of the mode neff are strongly dependent on the mode properties. Taking into
account a factor of ¼/4 in the center of the grating, and a sinusoidal shaped grating,
representing closer the reality [110], the final equation gives:

· ˘
n2 ¡n1

2¸
¡ ¼ (6.3)

The calculation of the confinement factor ¡ is performed in FIMMWAVE sim-
ulation software [74]. Using a fully vectorial semi-analytic Film Mode Matching
method the mode profiles for the propagating TE and TM modes are calculated for
a rectangular shaped waveguide. The FMM method models the waveguide with a
number of vertical slices. The modelled area is bound by perfect metallic walls on
its sides.

The coupling coefficient · depends on the spacer and the grating thickness (see
Fig. 6.7). Its variation in the simulation software is shown in Fig. 6.8. For a 500 �m
long laser we aim at a · value of 50 cm-1. The calculation of the grating spacing for
a Bragg wavelength of 1.55 �m can be calculated from Eq. 6.1.

Figure 6.8: The influence of grating and spacer height on the coupling coefficient, simulated
in FIMMWAVE software.

The simulated plot provides a choice for the · value, in our case as close as
possible to 50 cm-1. A combination of values for the grating thickness of 70 nm and
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spacer thickness of 110 nm is chosen for further fabrication. The table in Fig. 6.9
summarizes the calculated characteristics of the DFB laser.

Parameter Value
neff 3.24

¡ [%] 3.1
· [cm-1] 51
¤ [nm] 239.240
L [�m] 500

Figure 6.9: (left) Calculated parameter values for DFB laser definition. (right) SEM picture
of a fabricated shallow ridge laser structure.

Finally, 10 different gratings are designed for a dense WDM circuit operation.
Central wavelength is set at 1550 nm and the other ones are spaced by 0.8 nm (100
GHz).

The design of the DFB laser was placed on a dedicated wafer run, whose fabrica-
tion is described in Chapter 2, Section 2.5.2. The active layers (DFB and EAM) were
fabricated in III-V Lab, after which the passive regrowth and post-processing was
performed at TU/e. The laser is shallow etched with a nominal width of 2 �m, and
etch depth of 1.5 �m. Fig. 6.9 shows the fabricated waveguide width, etch depth
and layer thicknesses, in good agreement with the design values.

6.2.2 L-I-V curve

To verify the electrical contact quality the current-voltage (I-V) curve is measured
and shown in Fig. 6.10a. Simultaneously, the output chip power is collected with a
lensed fiber and recorded on the power meter.

The DFB light-current (L-I) characteristics shows the threshold current I th of 20
mA, for a 500 �m-long laser. For a temperature variation from 10 to 70–C the
threshold current increases from 16 to 55 mA, shown in Fig. 6.10b. The received
in-fiber power reduces from 5 mW to 1 mW.
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(a) (b)

Figure 6.10: (a) L-I and I-V curve for 500 � m-long DFB structure. (b) Temperature influence
on L-I curve and threshold current.

6.2.3 Lasing spectrum

To verify the spectral purity of the fabricated DFB laser, a splitter divides the
collected power to the power meter (10%) and an optical spectrum analyzer (OSA;
90%). The resolution bandwidth of the OSA is 0.02 nm. The optical spectrum for
different injection current is presented in Fig. 6.11a. The lasing wavelength shifts
toward longer wavelengths as the drive current increases. This is a consequence of
the temperature dependent carrier injection and the grating material change with
the temperature change. The laser grating is designed to operate at 1550 nm, and
the resulting operating wavelength is at 1545 nm, as a consequence of the epitaxial
growth process.

(a) (b)

Figure 6.11: (a) The optical spectrum of the DFB laser for different injection current. (b) A
side mode-suppression ratio of 48 dB for a ¸ /4-shifted DFB laser.

Fig. 6.11b shows the SMSR of 48 dB for 100 mA injection current. The laser



6.3 Multi-channel transmitter 101

stays single mode with high SMSR even at high injection currents.

6.3 Multi-channel transmitter

With a successful DFB laser integration a 10-channel externally modulated trans-
mitter circuit is designed on a 4£4.5 mm2 chip cell. An arrayed waveguide grating
(AWG) serves as a multiplexer, combining 10 input channels into a single output
channel. With a previously demonstrated EAM operation at 64 Gb/s, the total ca-
pacity for a 10-channel transmitter could support 600 Gb/s operation.

6.3.1 Arrayed waveguide grating

An arrayed waveguide grating was first proposed by Smit as 1£N channel (de)-
multiplexer and demonstrated for short-wavelength window [112]. Later, Takahashi
et al . demonstrated its use in the long-wavelength window [113]. The extensive
AWG design rules can be found in [114, 115]. Here, a brief explanation of the
operating principle is presented.

The schematic of an AWG is shown in Fig. 6.12a. The input waveguide has
a number of wavelengths separated by a spacing ¢ ¸ . When entering the first free
propagation region (FPR) light from input waveguides is no longer laterally confined
and radiates in the horizontal plane. In the second FPR, the light constructively in-
terferes on one focal point in the image plane. For the central wavelength ¸ c, the
length difference ¢ L between the arms equals an integer number times 2¼. Con-
sequently, this wavelength is projected in the middle of the image plane. For other
wavelengths, the phase front in the second FPR is tilted which results in different
focal point in the image plane. Placing different output ports at the appropriate posi-
tions on this focal plane, all individual wavelengths can be collected separately. The
same way, an AWG can be used as N £ 1 multiplexer. Fig. 6.12b shows the simulated
resulting spectrum in an in-house developed software.

6.3.2 Transmitter design

The circuit design of the DWDM transmitter chip is shown in Fig. 6.13. Ten
different lasers are 500 �m long, followed by a passive waveguide and an EAM. The
laser and modulator bandgap is chosen separately and regrown using a butt-joint
technique. The EAM layer stack is described in Chapter 2, Section 2.5. Ten channels
are combined in the AWG and sent through a tilted output waveguide. Multiple
outputs are placed at its output to accommodate for fabrication tolerance in case
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Figure 6.12: (a) Schematic of an arrayed waveguide grating (de)multiplexer. (b) Simulated
AWG transmission spectrum with ¢ ¸ = 0.8 nm channel spacing.

the lasers are slightly offset. In this case, the multiplexed channels will be collected
in the adjacent output waveguide after the second FPR.

(a) (b)

Figure 6.13: (a) 10-channel DWDM circuit design. (b) Fabricated transmitter chip.

For subsequent packaging, the laser DC electrical drive comes on the left side, for
wire-bonding the lasers directly to a PCB. The modulators are placed at the upper
and lower part of the chip, allowing for RF connections to be made through wire-
bonds. Both lasers and modulators are positioned as close as possible to the chip
edge in order to minimize the wire-bond length. The optical fiber comes on the right
side at an angle of 23–, where an anti-reflection coating for reflection minimization
is applied.
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6.3.3 Lasing spectrum

All the lasers are driven with 60 mA current, and the left chip output is edge-
coupled to a lensed fiber. The measured lasing spectrum of 10 DFB lasers is shown
in Fig. 6.14.

Figure 6.14: Optical spectrum of 10 different DFB laser gratings for a 100 mA injected cur-
rent.

The output power for all the channels is very similar, around ¡2 dBm. The power
recorded on the OSA is 2 dB lower than when measured directly on the power meter,
due to losses in the splitter and 90% power coming to the OSA. The spacing between
adjacent channels is as designed and all of the lasers are single mode with SMSR of
48 dB, as previously reported. However, channel 10 shows different behavior, and
the L-I curve for 10 lasers is shown in Fig. 6.15.

Different behavior of 10 lasers could be explained through the fabrication pro-
cess, described in Chapter 2, Section 2.5.2. One of the possible answers could be
the micromasking effect spread all over the wafer. It can influence the performance
of individual structures depending on their position. Another effect similar to ther-
mal roll-off is observed, indicating a possible poor contact. Further investigation is
needed to find a working chip on the wafer and determine the cause of degradation.

In conclusion, a successful integration of a DFB laser inside the generic photonic
integration platform is demonstrated through its design, fabrication and character-
ization. The optimized electro-absorption modulator layer stack is also designed,
fabricated and characterized for the operation in C-band, together with the DFB
laser. Even though fabrication impurities prevented further characterization of the
whole transmitter chip, the essential ingredients for its successful demonstration are
shown in this work.
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Figure 6.15: L-I curve for 10 different DFB lasers on the same chip.

6.4 Modulator saturation

The integrated laser and modulator on a single chip can lead to a lot of injected
power into the modulator section. Under high incidental optical power, the pho-
togenerated carriers affect the optical absorption in two ways. First, the piled-up
carriers create a local electrical field, screening the exciton peak. Second, the elec-
trons are evacuated faster than holes, and the remaining positive charge screens
the applied electrical field, leading to the absorption decrease. If photo-generated
carriers escape from the wells too slowly, many carriers will pile up and the extinc-
tion and/or modulation bandwidth will be degraded [116]. Since two carrier types
are generated, electrons and holes, the results for two different escape times are
separable and can be determined independently if sufficiently different.

The electro-absorption modulator saturation would mostly be visible at 0 V DC
bias voltage, when no external electric field is present. With an applied modulation,
the applied voltage swing changes from a negative value to around 0 V. The sat-
uration would therefore affects the transmitted level at 0 V (level "1" for OOK), if
present.

6.4.1 Characterization method

A simple method to evaluate carrier escape times is presented in [117], measur-
ing the opto-electrical (O/E) frequency response of an electro-absorption modulator.
The general idea is to operate the EAM as a photodiode and inject an optically mod-
ulated signal. From the measured photocurrent, we can observe at which input
power and applied reverse bias the carriers are swept out. The carrier escape time
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is obtained by fitting the measured frequency response, given by [117]:

OE ˘ 20log10

³ 1
p

1¯ (!¿ )2

´
(6.4)

The 3-dB frequency of the O/E response gives the escape time as:

¿˘
1

2¼f3¡dB
(6.5)

Generally, the escape times of electrons ¿e and holes ¿h differ from each other,
so the above equation can be written as [117]:
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6.4.2 Measurement setup

We test the electro-absorption modulator fabricated in a multi-project wafer run
with an external laser source. A Vector Network Analyzer (Agilent N4375B) is used
to record the O/E response up to 25 GHz. The optical output at 1556 nm is used at
the input of a Mach-Zehnder modulator. The modulated optical signal is amplified
using an EDFA and injected into the EAM shown in Fig. 6.16. An attenuator is
placed between the EDFA and the EAM, allowing to change the power at the EAM
input. The photogenerated carriers are detected at port 2 of the VNA, recording the
S-parameters.

Figure 6.16: Measurement setup scheme for the electro-absorption modulator saturation.

To observe the effect of input power increase, the O/E response is recorded for
different photocurrent Iph generated corresponding to the input power. For Pin = 4
dBm (Iph = 0.5 mA) we can assume the absence of saturation effects. Pin = 15.5
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dBm (Iph ’ 6 mA) corresponds to the operation with integrated on-chip laser [118].
The maximum input power we could obtain was 17 dBm resulting in 8 mA pho-
tocurrent.

The small-signal IM frequency response of the EAM is mainly determined by the
RC-transfer function. Therefore, a correction of the Eq. 6.6 is needed for the carrier
escape time extraction:

OE ˘ 20log10
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where Rs is the source resistance equal to 50 ­ and Cm is the modulator junction
capacitance.

The term on the left is known experimentally, whereas the last term on the right
was calculated and extracted previously, as described in Chapter 3, Section 3.4.2.

6.4.3 Measurement result

The relation between the generated photocurrent and the input power in the
EAM section is shown in Fig. 6.17. For input powers above 10 dBm, the saturation
of the generated photocurrent is observed. The measurements include a step of 1
mA in the generated photocurrent.

Figure 6.17: Input EAM power effect on the generated photocurrent.

The measured O/E response is corrected for the internal RC-constant of the EAM,
according to (6.7). Other factors determining the O/E frequency response are elec-
trical cables, the RF probe and the EAM submount (assembly 4 described in Chap-
ter 4, Section 4.3). These factors were not de-embedded from the measurement,
however they do not influence the saturation effects, observed in Fig. 6.18. The
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measurement shows small and large input optical power and the corresponding
photocurrent.

Figure 6.18: Recorded O/E response for 0 dBm (left) and 10 dBm input EAM power (right).

For an input power of 0 dBm no saturation effects are observed even at 0 V DC
bias. A variation in curve response can be attributed to the depletion of the undoped
(intrinsic) InP layer. The other presented case of 10 dBm input EAM power clearly
shows the effect of saturation, mostly pronounced at 0 V. For low bias voltage, below
¡1 V, the saturation effect is visible, before the external field becomes important in
carrier evacuation.

Fig 6.19 compares the influence of applied reverse bias for the generated pho-
tocurrent recorded at a step of 1 mA. At 0 V, the carriers are piling-up as no external
field is present for their rapid evacuation. At ¡2 V the saturation is not visible any-
more, for all the recorded photocurrent values. The consequence of the saturation
at V ˘ 0 V could be the degradation of the optical eye-diagram for the upper level of
the transmitted signal (level "1" for OOK).

Figure 6.19: Measured S21 parameter for different generated photocurrent in the EAM at V

= 0 V and V ˘ ¡2 V.

Finally, from (6.4) and (6.5) we obtain the carrier escape time depending on
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bias voltage and photocurrent, shown in Fig. 6.20. The extracted carrier escape
time takes into account only one carrier. The escape time obtained from these mea-
surements can be attributed to the heavy hole, as their transport is much slower due
to a higher mass.

Figure 6.20: Extracted carrier escape time from the S-parameter measurement considering a
single carrier (hole).

A measurement floor is observed in Fig. 6.20 due to the measurement resolution
of 6 ps, determined by the highest measured frequency [117]. An increased escape
time for high incidental optical power is observed for V = 0 V. The electrical field
screening causes the the curve to shift to the left. Finally, high input power decreases
the strength of the electrical field inside quantum wells.

The results presented in this Section give an idea how the electro-absorption
modulator will perform once integrated with a laser on-chip. Slow evacuation of
carriers at zero bias might play a role in the optical eye-diagram, slowing down
the transitions at high power (level "1"). The eye would close and the resulting
dynamic extinction ratio might be degraded. Taking into account at which power
level does the modulator start to saturate, its operation with the laser can be kept
under control.

6.5 Summary

An integrated multi-channel transmitter chip requires the integration of lasers
and modulators on a single chip. We demonstrate 10 Gb/s operation of a widely
tunable laser and the electro-absorption modulator in the generic photonic platform.
Further, we have designed and integrated a DFB laser array inside the platform. The
laser section was fabricated at III-V Lab, and integrated with the extensive building
block library in the generic platform. Its design, fabrication and characterization
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are presented for the operation in C-band. A threshold current of 20 mA at room
temperature and 3 mW output power at 100 mA injection current is reported.

A ten channel array has been integrated with EAMs, for a total of 600 Gb/s
transmitter capacity. The laser performance is as designed, however the fabrication
issues caused a change in their behavior, depending on the position on chip, due to
the micromasking effect, described in Chapter 2, Section 2.5.2. Nevertheless, multi-
channel transmitter has been designed and fabricated in the generic platform using
DFB lasers and EAMs.

Finally, high incident optical power is expected at the entrance of the EAM when
integrated with a laser on chip. If the carriers are not evacuated quickly, high input
power can lead to a carrier pile-up, connected to saturation effects. Saturation ef-
fects can then reduce the available bandwidth. Due to the heavier hole mass than
the electron, the hole pile-up is more critical. Measuring the EAM opto-electrical
response gives an insight into carrier escape time at different input power. The char-
acterization was done with an external laser. In the generic platform at V = 0 V,
the carrier escape time is »20 ps for an input power of 0 dBm, and 110 ps for the
incidental power of 12 dBm. The next step would be the modulator characteriza-
tion with an integrated laser. Observing the eye-diagram can show how saturation
effects influence signal level transitions.





Chapter 7
Conclusions and Outlook

The optical communication demand for bandwidth increase drives continuously
sophisticated integration for optical transceiver technologies. In this work, an electro-
absorption modulator (EAM) for future generation high capacity transmitter circuits,
required to operate at 50 Gb/s and 100 Gb/s [99], is introduced in an InP generic
integration platform, by Eindhoven University of Technology and offered by SMART
Photonics. The EAM has successfully been designed, fabricated and characterized
using the existing active layer stack, not increasing the fabrication complexity while
expanding the platform capabilities. Its integration with other components in the
platform, such as a tunable laser source, passive waveguides, multimode interfer-
ometers has been demonstrated as a first step towards a complex transmitter circuit.

The static extinction ratio (ER) of the modulator is in the range 4–18 dB for
a 50–250 �m long modulator section, respectively. To satisfy the requirements of
dense wavelength division multiplexing systems, a dynamic extinction ratio of 9 dB
per channel is required, thus requiring the static extinction ratio between 10 and 20
dB [119]. In order to improve the static ER of the EAM in the generic platform, a
separate layer stack is needed with a higher number of quantum wells, leading to
a higher optical confinement in the waveguide region and consequently to a higher
static ER.

The EAM in this work is regarded as a lumped network element, whose RC-
constant determines its electro-optical (E/O) bandwidth. Its intrinsic (bare-die) E/O
bandwidth is 22–7 GHz (for a 50–250 �m long EAM), fabricated on n-substrate. In
order to increase the bandwidth a shorter EAM is desired, however there is a limit
imposed by the access pad which acts as a pure capacitance on n-substrate. This
access pad behavior does not allow the EAM represented as a lumped element to
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operate at 50 Gb/s, needed for the new generation transmitters. Therefore, an
experimental run on semi-insulating substrate has been designed, fabricated and
characterized showing an improved intrinsic E/O bandwidth of 47–14 GHz. An
improvement by a factor of two is obtained when compared to the standard multi-
project wafer run on n-doped substrate. Such a modulator structure is ready to be
used in the next generation transmitters operating at 50 Gb/s with a lower extinc-
tion ratio. For a 100 �m-long EAM the open eye-diagram is recorded at 64 Gb/s
with a dynamic extinction ratio of 6.2 dB. EAMs operating at 100 Gb/s have been
demonstrated [28, 52, 120], but this is the first time an EAM is integrated inside a
foundry platform and offered as a standard building block.

The main contribution looks at the improvement of the EAM E/O response by
designing an electrical submount and regarding the EAM as a Butterworth low-pass
filter. An optimized impedance matching circuit is used to suppress back reflection
to the driver and improve the E/O response. Changing the order of the conventional
filter using a combination of inductive elements together with its internal capaci-
tance, and adding a termination load, the E/O bandwidth has been increased by a
factor of two. The reflection parameter stayed below ¡10 dB up to 22 GHz, a factor
of 2 compared to the bare-die measurement. The improved E/O bandwidth of a
150 �m-long mounted EAM resulted in 27 GHz on n-substrate, compared to 13 GHz
intrinsic bandwidth. In the presented work, the number of the Butterworth filter
was 3. In case the filter order is further increased by adding capacitive and induc-
tive elements according to the filter configuration, this could bring improvement in
the E/O response. Furthermore, on-chip transmission lines for higher design flexi-
bility of transmitter circuits have been demonstrated in the experimental run with
microwave attenuation as low as 0.2 dB/mm, ten times lower than on the doped
substrate. A combination of transmission lines on-chip and off-chip can be used to
improve the overall E/O response and the delivered electrical signal integrity.

Assessing the EAM performance on a system level, a bit error rate for on-off
keying non-return-to-zero modulation format is recorded, showing an error-floor
free operation at 32 Gb/s of both EAM on n-substrate and semi-insulating substrate
up to 4 km transmission distance. Once the physical limits come into play, such as
RC-constant with the lumped-electrode configuration, another solution is needed for
bandwidth scaling. A multi-level coding using pulse amplitude modulation (PAM-4)
is common for O-band short reach or PON networks, and here it is tested in the L-
band, for potential use in future 400 Gb/s long-reach systems. Previously reported
EML transmitter module at 1.55 �m employing PAM-4 and operating at 112 Gb/s
over 2 km without optical amplification has been reported in [44]. In this work, an
error-free transmission of the EAM fabricated in the foundry platform is obtained up
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to 56 GBd, i.e. 112 Gb/s over 1.5 km transmission distance using the hard-decision
forward error correction limit.

State-of-the-art EAMs have separately grown layer stack for minimal insertion
loss using butt-joint or selective area growth technique [121], a high number of
quantum wells (QWs) for high extinction ratio, Al-Q for a steep extinction curve and
reduced saturation effects [64], and a thick dielectric for improved high-frequency
performance. However, the success of the presented approach in terms of plat-
form integration is seen in the advantage of using the existing epitaxial layer stack,
maximizing the platform offerings. By introducing the electro-absorption modula-
tor structure, a factor of 3 in speed improvement is demonstrated, compared to the
performance of the Mach-Zehnder modulators [39], which were platform offerings
up until now. Moreover, the integration of this new building block does not have
any impact on the performance of other building blocks in the platform and its inte-
gration with both actives and passives. The electro-absorption modulator structure
is ready for use in transmitter integrated circuits, where high speed operation is
needed, and available in the platform standard offering.
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fabricating all of my wafers; Erik-Jan, the king of precision on the SEM; Tjibbe, the
team-builder; Rui and Sylwester, two experts, one with a smile and the other with a
grumpy face; Giovanni, the king of salsa, heat in the spacebox, and hidden care for oth-
ers; Longfei, the king of vodka; our new professor Yuqing, the IMOS expert making
everything look simple with a smile; Victor, having the right words both professionally
and personally; Aura, keeping the girl's in Photonics alive; Alonso, the great party or-
ganizer; Weiming, with a Chinese soul and German attitude; Dima, always awake on
a highway; and many others who have contributed to the group cohesion.

Entering the group at the same time, each of the new PhD student brought something
new: Dan, kindness and openess to the new things in Europe (Johnny, dancing, late
night partying), and sharing her love towards Korea(n boy (bands)); Vadim, his "dark"
side - staying in the cleanroom the whole night to process my wafer, taking care a German
sheperd arrives safe to Murmonsk as a surprise present - in this case I am scared of
your "bright" side; Perry, bringing the sexiest instrument we haven't heard much of; and
Valeria and Florian, who have brought to me so many things that cannot �t inside
these pages. Floriano, always open to new adventures (whether they are in Den Bosch
or Eindhoven or Paris), patient with French and in general with explaining things,
curious about every subject, and with a kindest French heart I've encountered. Vale,
our DJ in Warsaw. We have missed our chance to escape and stay in that RER-B
garage, naming it Jeronimo. Or become heavy smokers after the mid-term review. But
no, we chose to continue. At least we could've used the Jeronimo wagon to transport all
of our stu� from Paris to Eindhoven. I am enormously grateful to have met you during
this crazy journey, and have shared so many half-seen movies, careless journey to Mont
Saint Michel and that conversation in front of Prado Museum in Madrid.

On the other side there was Agnès, who organized a lot of events, shared love for
Peaky Blinders (okay, Cillian Murphy), and organized a great weekend in Les Landes.
Another two people stood out in the far far away place of Palaiseau: Stefano, who of-
tentimes tried to make a fool of himself making the situation less dramatic, thus showing
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his kindness. Don't forget - the keke challenge awaits. And Romain, with the warmest
hug I have ever received (and there were many with dancing), and an amazing awareness
of the situation at hand.

Outside of the o�ce, many great souls were a part of the PhD journey: šarko who
held his arms opened the �rst time I moved to Eindhoven, stayed at the old mansion,
and the same welcoming open arms as an introduction to tango. François, who ruined
my life introducing me to kizomba, but took care of me when the thesis seemed to have
disappeared. Hrvoje, with whom I exchanged countless advices and talks, be it in Ser-
bia, Croatia or Argentina. And many great meals, of course. Matea who kept things
symmetric (especially when it comes to Monet) and stayed awake throughout our nu-
merous travels. On the serious note, many thanks for numerous advices and making me
see things from another perspective.

Now, some people are hard to get rid of. They follow you a long time. Nina, with
whom I have exchanged long late night texts, which turned into a couple of days story. I
still remember sending our �rst texts in the teenage years. :) Rastko, who knows how to
surprise with a talk on a train station and a warm hug after a very eventful weekend in
Belgrade; Vlada, with whom the opinions often clash, but hopefully for the better good;
and Ema, the genius who can achieve things for three people in one lifetime. Finally, I
am grateful to have had Jovana alongside this crazy journey. With an understanding
I have never encountered, be it when it comes to human relation or scienti�c approach.
You are the young Jasna, and she is a super woman for me. I wish the idea of that house
in San Diego comes true. :)

Of course, it wasn't all roses as it usually seems in the acknowledgments - a PhD
is a peculiar period. Therefore, I wish for the people who are not through it yet to
have strength and not be harsh towards themselves, as we often tend to do, identifying
ourselves with the project at hand. Arezou, Rastko, Stefanos, Jorn, Amir, Marc, Sander,
Joel, Manuel, Rui, Yi, this one is for you.

Na kraju, ili ta£nije od mog samog po£etka, bez nekih ljudi nikada ne bih bila ovde.
Zasigurno zahvaljuju¢i mami i tati koju su uvek bili tu za mene, slu²ali moje dosadne
pri£e (mama direktno preko Skype-a, tata u pozadini prislu²kuju¢i i prave¢i se da ga ne
zanima), poku²avali da saznaju zanimljive stvari, i £itavog ºivota me tretiraju¢i kao
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princezu - do dana dana²njeg. Deka u Junkovcu, jedan od mojih heroja, sada sa svoje
92 godine i dalje vozi traktor i obražuje zemlju, i brine se kako ºivim u inostranstvu.
I baka, deka i strika u Leskovcu, moji verni fanovi koji ºeljno i²£ekuju svaku narednu
razglednicu, uvek puni moralne podr²ke. I An£i, za koju i dalje nisam shvatila da je
odrasla, nego je tretiram kao devoj£icu, a ta devoj£ica me onda iznenadi svojim pogledom
na svet, savetima i bezgrani£nom ljubavi.

Marija Trajkovic
Eindhoven, 2019
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