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dagen den 12 juni 2003 kl 10.00 i sal C1, Electrum, Isafjordsgatan 22, Kista.

ISBN 91-7283-543-5

TRITA-MVT Report 2003:5
ISSN 0348-4467
ISRN KTH/MVT/FR–03/5–SE

c© Stefan Irmscher, June 2003

Printed by Kista Snabbtryck AB, Stockholm 2003



Stefan Irmscher : Design, Fabrication and Analysis of InP-InGaAsP Traveling-Wave Electro-

Absorption Modulators

ISBN 91-7283-543-5 • TRITA-MVT Report 2003:5

ISSN 0348-4467 • ISRN KTH/MVT/FR–03/5–SE

Royal Institute of Technology (KTH), Department of Microelectronics and Information Technology,

Stockholm, 2003.

Abstract

External modulators will become key components in fiber optical communica-
tion systems operating at 40Gbit/s and higher bitrates. Semiconductor electro-
absorption (EA) modulators are promising candidates because of their high-
speed potential, and their process compatibility with the corresponding semi-
conductor laser light sources. The traveling-wave (TW) electrode concept for
electro-optic modulators has been used for a long time in order to resolve the
conflict between high modulation depth and high modulation bandwidth. Re-
cently, it has been adopted for EA modulators as well.

This thesis presents the work carried out on design, fabrication and analysis of
traveling-wave EA modulators (TWEAM) based on InP-InGaAsP. The lengths
of TWEAM are comparable to the lengths of their lumped counterparts. The
experimental data of this work were analyzed in order show that the traveling-
wave concept results in better performance even for short EA modulators. One
key issue is the impedance matching. The low intrinsic characteristic modulator
impedance has to be matched with a corresponding load. In this case, the TW
configuration leads to a much higher bandwidth than for a lumped EA modulator
with the same length and the same connected load.

An InP process was developed allowing the fabrication of TWEAM with
integrated termination resistors. Experimental microwave properties were ob-
tained for different TWEAM geometries. It is reported on long TWEAM that
show state-of-the-art bandwidth. A 450µm long TWEAM reached 43GHz, and
67GHz (beyond characterization limit) were indicated for a 250µm device. The
experimental results on microwave properties were compared to full-wave, and
circuit model simulations. The analysis reveals an impedance bandwidth trade-
off for the cross sectional electrode configuration.

Results of a new high-impedance design in form of a segmented TWEAM
are presented. The devices were processed within the frame of this work and
record bandwidth performance is reported. At 50Ω impedance a bandwidth in
the 90GHz region was indicated.
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A warm thankyou to my two office mates Hans Blom and Jessica Sorio, and
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Chapter 1

Introduction

1.1 Motivation

Light blinking with the purpose of communication is a very obvious thing to
do. Therefore, optical communications, that is the sending and receiving of
information with the help of light, can certainly be regarded as one of the oldest
forms of telecommunications. However, in order to achieve a high information
rate over a long distance effective components for sending and receiving the light
as well as an appropriate transmission channel are necessary. Thus, looking
back in history modern telecommunications was for a long time a purely electrical
subject, which had not much to do with light. The never ending demand for more
and more transmission capacity led to a development that pushed the capacity of
electrical communication systems to their fundamental limitations, which means
that an increase in performance can only be achieved by installing more cable
and repeater systems. A more intelligent and cost effective way is to turn back to
optical telecommunications. In the optical domain, electro-magnetic waves offer
a much higher carrier frequency than in microwave regions and thereby a higher
rate of information can be transmitted by a single carrier. The earlier failure of
optical communications was due to the lack of suitable system components: light
source (sender), light detector (receiver), and transmission medium (channel).
The invention of the LASER (1960), the advances in semiconductor technology,
and the development of the optical fiber as a “cable” for light (following the
concept of an electric cable) paved the way for the successful introduction of
modern optical telecommunication systems.

The rate of information that could be transmitted over a single optical fiber
(several Tbit/s) is still far beyond what today’s available transmitter and receiver
components are capable to provide in time domain.1 Research and development

1Recently, the transmission of a 3.5-Tbit/s WDM signal over 600km of non-zero dispersion
shifted fiber was demonstrated [1]. Each of the 88 wavelength channels carried a 43Gbit/s
time-domain signal.
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2 Introduction

on these components continues in order to make them faster and more effi-
cient. Transmitter components for 40Gbit/s time division multiplexing (TDM)
are about to be commercialized. The main part of an optical transmitter is ob-
viously the light source namely the semiconductor laser. However, transmitted
information is modulated light. Therefore, the laser has to be modulated either
directly (i.e., by turning it on and off), or a separate component namely the
modulator is needed in order to modulate the continuous light wave emitted by
the laser. For fiber transmission of 40Gbit/s (and faster) TDM signals, external
modulation has to be used because of the inherent laser bandwidth limitations
and the frequency chirping induced with direct modulation. Besides data mod-
ulation there is an interest in modulators as components in photonic systems
to carry out functions such as optical switching, pulse generation, and optical
demultiplexing. Different kinds of modulators have been suggested, developed
and produced. For optical communications, best figures of merit have so far been
achieved for LiNbO3 Mach-Zehnder (MZ) modulators and InP electro-absorption
(EA) modulators. Latter ones are treated in this work. These components can
be seen as belonging to the same device family as the corresponding semicon-
ductor laser light sources (1.55µm InP-laser). They can be manufactured with
common technology in the same material system. This offers the indisputable
advantage of potential monolithic integration. Furthermore, EA modulators are
suitable devices for ultra-high bandwidth and high modulation efficiency. EA
modulators are relatively simple and small components as compared to other
common modulator types such as MZ electro-optic intensity modulators.

It was mentioned above that modulators are developed in order to make
them faster and more efficient. These are usually two conflicting requirements.
Applying the traveling-wave electrode concept attempts to relax this conflict.

1.2 About this work

This work was originally initiated with the very general idea of “making” semi-
conductor modulators for fiber-optic communication. In principle, this is a device
oriented development project, which can be subdivided into four major parts as
explained in the following.

The relevant physical background has to be studied first. For the present work
this concerns the nature of electrical modulation of light under propagation in a
medium. Different device concepts have to be analyzed then, and the decision
has to be made for the one that is going to be followed. If appropriate modeling
and simulation tools are available, various designs can be simulated in order to
find the optimum for an aspired performance. Otherwise, trial and error has to
lead to the best design. Once the design is fixed the fabrication of the device
follows. The fabrication process itself has to be designed beforehand. This often
requires the development of new processing steps, sometimes even new methods.
Eventually, the performance test is carried out in an experimental setup.
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The described logical sequence of operations forms the base for the structure
of this thesis. Chapter 2 contains an introduction to the physics of light modula-
tion, treats different device concepts, and gives a state-of-the-art overview over
modulators. Chapter 3 is completely devoted to design, modeling and simulation
of these devices. Chapter 4 provides some insight into InP technology via the
illustration of the processing of different InP/InGaAsP TWEAM realizations.
Eventually, results are presented in Chapter 5.

For a thesis, or a presentation, as well as the organization of a project, it is
very helpful to have a structure like this. However, one has to be aware that only
in the most ideal case following temporally the given order of the chapters will
lead to a satisfying result. Usually, the single parts (chapters) have to be treated
repeatedly in an iterative loop or even in parallel. Modeling often requires the
input of experimental results. In other words, before model simulations can be
used in order to determine a final design, a preliminary design must have been
implemented for the generation of the experimental data. The evaluation may
give deeper insight into the device physics, which again influences the modeling
or even the design concept. The processing does certainly have an impact on
the design. It might turn out that the requirements on some design parameters
are simply not possible to achieve. Furthermore, the fabrication process can
take a very long time. Most of the steps involved are irreversible operations.
Thus, if the outcome was not as desired, new material will be needed (which is
not always available), and a number of tests have to be run. Alternatively, the
decision could be made to start a new round with a new design.

The results of this work are focused on broad band modulation. Record
bandwidth has been achieved by applying traveling-wave electrode concepts.
Device and electrode designs assure that the EA effect of the material is optimally
exploited. However, EA is a material property that needs to be optimized in
itself. This was not subject of investigation within the frame of this work.
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Chapter 2

Light Modulators for
Optical Telecommunications

This chapter consists of two sections. In the first section some electro-optics and
the traveling-wave concept are explained in an intuitive manner. The second
section contains a modulator overview, partly from a historical perspective.

2.1 Physical background

Light propagating through a material can be subject to resonant and nonresonant
scattering. The first one is absorption, that is the complete transfer of energy
from a photon to an electron. The second mechanism is due to an induced
polarization of electrons and polar molecules. The effect of the material on the
wave traveling through it is summarized in either the complex dielectric constant,
ε, or the complex index of refraction, ñ. The two are related by:

ε(ω) = εr(ω) + iεi(ω) = ñ2

ñ = n + iκ

real refractive index: n

extinction coefficient: κ

absorption coefficient: α =
4π κ

λ0

The complex refractive index has a real part that corresponds to the polariz-
ability of the material and determines the velocity of a wave in the material.
The imaginary part defines the absorption. The absorption coefficient α is an
intensity loss coefficient, such that the intensity decays exponentionally when
propagating through a material.

5



6 Light Modulators for Optical Telecommunications

The purpose of an electro-optic modulator is the change of phase, intensity,
polarization, or direction of light by means of an electrical signal that is thereby
transfered to the optical carrier. Such modulators can be realized by using the
fact that the application of an electric field to certain materials leads directly to
a shift of the real and imaginary refractive indices. The modulation of the real
part of the refractive index with an electric field is known as electrorefraction.
The modulation of the imaginary part is referred to as electro-absorption.

Different phenomena may occur when generating a field-induced refractive
index change:

• Pockels (linear electro-optical effect; real part ∆n ∝ E)

• Kerr (quadratic electro-optical effect; real part ∆n ∝ E2)

• Franz-Keldysh (electro-absorption and electrorefraction)

• QCSE (electro-absorption in quantum well structures)

Pockels and Kerr effect are used in phase modulators since a change of the real
refractive index shifts the phase of a propagating light wave. Phase modulation
can also be used for intensity modulators seeing that two interfering phase-shifted
waves give a superposed intensity depending on their phase difference. Intensity
modulators are convenient applications since the modulated light intensity is
directly proportional to the photocurrent delivered by a receiving semiconductor
photodiode. Phase modulated light signals, on the other hand, require coherent
systems (e.g., super-heterodyne receiver) for demodulation. Intensity modulators
based on phase modulation need to be built as couplers or interferometers. The
most typical device of this kind is the MZ interferometer modulator.

A much easier approach to intensity modulation is the direct exploitation of
the electro-absorption effect. In 1958 Franz [2] and Keldysh [3] predicted that in
a semiconductor material absorption occurs for photon energies lower than the
bandgap in the presence of an electric field.

Figure 2.1 shows the band diagrams of a double-hetero InP-InGaAsP-InP pin
structure. The field inside the intrinsic region tilts the energy bands. Electron
and hole wavefunctions can thus “penetrate” into the forbidden energy gap. In
other words, there will be a higher probability of finding an electron or hole
inside the bandgap (close to their respective band edges). Therefore, an electron
is able to make a transition corresponding to an energy difference smaller than
the bandgap. The effect increases with stronger tilting of the bands, i.e. under
a stronger electric field or higher reverse bias in the example of the pin-diode.

The modulation of the optical wave amplitude due to the Franz-Keldysh
effect is accompanied by a phaseshift (Kramers-Krönig). The associated change
of the real part of the reactive index shows a quadratic dependence on the applied
electric field. Thus, electro-absorption in semiconductors can cause a strong Kerr
effect especially for wavelengths close to the material bandgap [4]. Semiconductor
phase modulators can be designed in order to use this phenomenon [5]. However,
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Figure 2.1. Band diagrams of an InP-InGaAsP double-hetero pin structure for
reverse bias 0V, 0.5, 2.0V, respectively

for EA-modulators this is a rather undesired effect since it induces a chirping of
the optical carrier frequency.

Optical absorption in III-V semiconductor quantum well (QW) structures at
room temperature is characterized by exciton resonances. Applying an electric
field perpendicular to the QW layer causes two effects. First, similar to bulk-EA,
the band edges become strongly tilted, which makes the ground state separation
between them smaller. Second, the field pulls electrons and holes towards oppo-
site sides of the well resulting in a reduction in energy of an electron-hole pair
and a corresponding Stark shift in the exciton absorption. The exciton, although
weakened, persists as long as the electron and the hole are prevented from tun-
neling out of the well (high barrier) and as long as the well is narrow enough
(≈100Å) to assure Coulomb attraction. This is called the quantum confined
Stark effect (QCSE) [6].

Common to all phase and amplitude modulators is that the change of the
respective modulated quantity has to be accumulated over length. That means
long modulators are needed in order to achieve a high modulation depth. On
the other hand, increasing modulation frequency puts constraints on the length
since the field has to be changed very quickly all over the structure. Phase, MZ-
type, and EA modulators are therefore designed as traveling-wave (TW) devices
[7, 8] in order to achieve a higher modulation bandwidth without sacrificing the
extinction ratio for a given modulation voltage.
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A traveling-wave structure is defined when two or more distinct waves, opti-
cal, electrical, or acoustic, or other, interact over some distance as they propagate
down their respective waveguides [9]. The natural presence of optical and elec-
trical waves in electro-optic modulators makes them potential TW devices.

By considering the following, the TW electrode concept arises automatically
when trying to find the fundamental speed limit of a “lumped”1 electrode modu-
lator with given length: Even if it were possible to switch the modulation voltage
on a “lumped” electrode arbitrarily fast (i.e., denying the intrinsic resistance-
capacitance), the optical waveguide transit time would still limit the modulation
bandwidth. In order to overcome this, it is necessary that an electrical voltage
wave “follows” the optical wave, which represents the TW modulator concept
[8]. Furthermore, the electrode representation using a lumped resistor-capacitor
is not adequate since such a model does not include any local (=propagation)
effects. It just assumes that the voltage rises with a certain time constant yet
synchronously at all points of the electrode. Correctly, a fully distributed model
containing lateral delay elements (such as inductors) has to be applied.

Thus, the transition to TW-type modulators is basically nothing else than
a more general design approach. TW modulators make use of the fact that
electromagnetic waves propagate with a certain velocity. These propagation
effects are also present in “lumped” devices, but are usually not considered as to
have any influence on the performance. TW effects gain significance when the
electrical wavelength is of the same order of magnitude as or shorter than the
electrode dimensions, hence when striving for higher modulation frequencies.

2.2 Survey

Research and development of light modulators for optical communications has
been going on for decades and, thus, resulted in countless publications on this
topic. A review paper published in 1970 in Proceedings of the IEEE [10] cites
more than 100 references, among them other reviewing papers. By that time, ma-
terials commonly used for optical modulators had been: KDP, LiTaO3, LiNbO3.
The article already discusses the need of traveling-wave modulators for band-
widths above 1GHz. In his historical review, Wakita [11] calls the sixties the
“first ten years” of modulator development. During this period broad band light
modulation over a few GHz was achieved [7, 12–14] inside the above mentioned
materials. The application of GaAs for electro-optical modulators was demon-
strated as well [15]. Otherwise, semiconductor materials had hardly been used at
that time. Not until 1970 optical fiber with reasonable low loss became available
[16]. At the same time, progress in technology for semiconductor double het-
erostructure lasers opened up the possibility of using simple direct modulation
of these light sources [17]. As a result, external modulators did not gain any sig-
nificant importance as components in optical fiber transmission systems for the

1Using the word “lumped” here already implies that it is opposed to something that is
distributed, i.e., the TW electrode, which is about to be explained.
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following 20 years. However, there remained reasons for the use and development
of external modulators, especially when directly modulated laser diodes are not
suitable as in high-quality coherent systems. Furthermore, external modulators
have found important applications in optical signal processing.

At least since the mid-eighties 1.55µm single-mode InP based laser diodes
have been used in order to realize fast long-haul fiber links. However, it became
evident that the frequency chirping inherent in high-speed optical signals ob-
tained from directly modulated semiconductor lasers would be a problem for the
transmission of Gbit-signals over longer distances of standard fiber [18]. Fur-
thermore, intrinsic bandwidth limits and external parasitics seem to restrict
the direct modulation speed of long-wavelength lasers to about 40GHz [19–21].
Still, it has been demonstrated that with a directly modulated 1.55µm DBR laser
20Gbit/s can be transmitted over 30km standard fiber without amplification and
dispersion compensation [22]. To improve in terms of speed, external electroab-
sorption modulators can be used. The advances in InP technology driven by the
laser development can immediately be applied to corresponding EA-modulator
structures. In a sophisticated process the two devices can even be integrated,
which, however, introduces some design trade-offs. It has to be said that also
such EA modulators exhibit frequency chirping depending on the modulating
voltage [23]. Therefore, most transmission experiments using EA modulators
at 1.55µm are carried out with some kind of dispersion management. Zero,
bias-independent chirp can only be provided by phase shifting interferometric
intensity modulators, such as MZ devices. Drawbacks of these devices are the
more complicated structure and the usually higher drive voltage.

According to Agrawal’s historical perspective [16], the fifth generation of
long-haul fiber-optic communication systems is currently being developed. These
systems operate at 1.55µm, make use of optical amplification and wavelength-
division multiplexing (WDM). Besides extending the wavelength range for WDM,
the fifth-generation systems attempt to increase the bit rate per wavelength chan-
nel from currently 40Gbit/s possibly towards 160Gbit/s in the future. At this
point external modulators are indispensable.

Four major directions can be identified in recent research and development on
external modulators, which are: LiNbO3 MZ-modulators, III-V semiconductor
MZ-modulators, semiconductor EA-modulators, and modulators made of poly-
meric materials [24, 25]. LiNbO3 modulators [26] have the most mature tech-
nology.2 State-of-the-art LiNbO3 modulators are usually realized as Ti-diffused
ridged optical waveguides forming a MZ-interferometer, and exhibit traveling-
wave electrodes with interaction lengths in the region of 2-3cm. High-end perfor-
mance of 105GHz optical 3dB-frequency3 and 5.1V drive voltage for 20dB optical

2LiNbO3 is a material with large applications in mobile phone base stations, wireless local
loop systems and trunked radio systems, and cable TV networks [27]. Due to its piezoelectric
properties it is used as chip substrate for broadband surface acoustic wave (SAW) filters.

33dB-o(ptical), that is when the output optical signal power has dropped by 3dB as opposed
to 3dB-e(lectrical) that is related to the detected microwave power (i.e., squared optical power).
The 3dBe-bandwidth is typically about 30% less than the 3dBo-bandwidth.
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extinction at 1.55µm has been demonstrated on-chip in 1997 by NTT [28]. The
bandwidth for a packaged device with lower drive voltage (3.5V) decreases to
about 50GHz (3dB-optical) [28]. The latter component was successfully used
in a 40Gbit/s DSF transmission experiment [29]. Recently, a MZ-LiNbO3 mod-
ulator with a drive voltage as low as 0.9V was demonstrated for operation at
40Gbit/s [1, 30] (Fujitsu, 2002). Such a device has an active length of about
6cm and requires careful velocity-matching and microwave loss design in order
to achieve the reported bandwidth (28GHz 3dB-optical).

MZ-modulators on III-V semiconductors [24, 31, 32] benefit from the technol-
ogy development driven for GaAs and InP based laser diodes. GaAs/AlGaAs
TW modulators with electrodes designed as push-pull capacitively loaded trans-
mission lines (Zc≈50Ω) can reach very high bandwidths at 1.55µm. More than
40GHz bandwidth (3dB-electrical) has been demonstrated for a device with a
segmented electrode length of 1cm [33] (UCSB, 1996). However, approximately
15V are needed in order to switch 20dB of the optical power (at 1MHz). A similar
device shows a bandwidth exceeding 50GHz (3dB-electrical) and a drive voltage
of approximately 12V at 1530nm [34] (Marconi, 1995). The drive voltage is usu-
ally lower for shorter wavelengths (i.e., closer to the bandgap). The use of InP
offers the possibility of monolithic integration with a 1.55µm laser diode. The
transmission of 10Gbit/s over 100km non-dispersion shifted fiber was demon-
strated for such an integrated device [35, 36] (Bell-Northern, 1996). The active
length of the continuous MZ electrode is 600µm resulting in an extinction ration
of 16dB at 4V switching (i.e., 2Vpp per side in a push-pull mode) [36]. The MQW-
package of the MZ active region consists of twenty InGaAsP/InP well/barrier
periods with a photoluminescence emission peak at 1.45µm [35]. Earlier, a single
photonic switch based on a MZ modulator structure with a bulk-InGaAsP ac-
tive layer (0.5µm, λg=1.42µm) had been demonstrated [37] (HHI, 1994) resulting
in 35GHz bandwidth (3dB-optical) and switching voltage of 6V for 12dB. The
InP/InGaAsP modulators clearly use electrorefraction due to the Franz-Keldysh
effect (bulk) and the QCSE (MQW) as can be seen by the small difference be-
tween light and bandgap energy. This results in the lower drive voltage and/or
shorter length. Shorter length is required because of the accompanying higher
optical loss. The mentioned GaAs/AlGaAs and LiNbO3 modulators function on
the basis of the linear electrooptic effect in bulk material4.

Measurements of electroabsorption in InGaAsP were reported as early as 1979
[38], and 1984 [39]. In the latter article the monolithic integration of InGaAsP
laser and external modulator is predicted with the anticipated development of
epitaxial techniques. One of the first InP-InGaAsP EA waveguide modulators for
1.55µm was demonstrated in 1986 [40] exhibiting a bandwidth of 3.8GHz. NRZ
operation at 2Gbit/s with a drive voltage of 4.5V was confirmed. Monolithic
integration with a DFB laser followed just one year later [41].

4∆n = ± 1
2
n3 ·EOcoeff ·field, the effectual electrooptic coefficient is higher in LiNbO3, but

the refractive index of GaAs/AlGaAs is much higher so that these modulators can be made
shorter than in LiNb03.
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Table 2.1. EA modulators (λ=1.55µm unless otherwise specified)

Type EA-length DC-ER f-3dBe Bitrate dyn. ER Reference
[µm] [dB/V] [GHz] [Gbit/s] [dB/Vp-p]

EAMAl 100 15/2 16 20NRZ ?/2DSF [42, 43],1992
DFB-EAM* 90 13/3 ? 40NRZ 10/3 [44],1997
TWEAMAl 200 15/1.7 503dBo [45],1997

DFB-TWEAM* 225 22/3 >50 (70) 40NRZ ?/3 [46–51],2000
NTT

EAM* 120 12/1.2 25 20NRZ ?/1.5 [52],1993
CNET

DFB-EAMb 150 12/2.5 16 10NRZ 11/2.2SMF [53],1995
Ericsson

EAM* 120 21/2.5 42 [54],1996
Alcatel

DFB-EAMAl 63 15/2.8 50 [55],1996
(passive WG)

1.3µm DFB-EAM? 150 24/2.5 35 40NRZ ?/2.5SMF [56],2002
(impedance contr.) Hitachi

TWEAM* 300 20/1.2 25 30NRZ ?/3DSF [57–59],1999
Tandem-TWEAM* 300+400 (100)RZ > 20/7 [60],2000

TWEAM* 330 30/1 >20 10NRZ ?/1 [61],2001
(14dBm input) UCSB

1.3µm TWEAMb 150 >40 (50) [62],2001
200 35 UCSD

EAM* 75 15/3 40 40NRZ 8/3 [63],2001
EAM* 75 15/2.5 40 [64],2002

(passive WG) Mitsubishi

EAMAl 34 40NRZ,RZ ?/2.1 [65],2001
EAM? 12/3 32 40NRZ ?/2.9SMF [66],2002

(module) Corning

DFB-EAM* 100 20/3 41 40NRZ 12/3DSF [67],2001
Oki

Tandem-EAM* 120 26/3 40 40NRZ 13/2.5 [68],2002
80 >50 (57)

40RZ 20/5DM

(SOA and SSC) Agere Sys.

DFB-EAM 70 45 40NRZ 9/3.9SMF [69],2002
(module) Fujitsu

TWEAMb 250 20/2 >45 (67) III, 2001
450 20/1.3 43 20NRZ 7/2 IV, 2002

TWEAM* 2x105 >60 (95) 50NRZ 10/3 VII, 2003
(segmented) KTH

b bulk-InGaAsP, * InGaAsP MQW, Al InGa(Al)As/InAlAs MQW,
SMF DSF DM fiber transmission demonstrated
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Recent state-of-the-art work on InP based EA modulators is summarized in
table 2.1. Single and integrated devices (partly in packaged modules) capable of
40Gbit/s operation with drive voltages below 3V have been reported by different
sources (see table). In 1997 NTT presented the first EAM with traveling-wave
electrode [45] and published an integrated DFB-TWEAM with record bandwidth
in 2000 [46–51]. Non of the other companies followed the TW concept for their
EA modulators, probably because of NTT’s patent [70] filed in 1997. Instead,
university groups at UCSB [57–61] and UCSD [62, 71] pioneered the TWEAM
work.

At 1.55µm, the EAM induced chirp limits the transmission of 40Gbit/s sig-
nals over standard single-mode fiber (SMF) to distances as low as typically 2 to
4km. With appropriate dispersion management (e.g., using DCF and/or DSF)
this span can usually be extended into regions of 100km when amplification
becomes necessary. The frequency chirping is generally the weakest point of ex-
ternal EA modulators. The chirp parameter (αchirp=∆n/∆κ) in EAM is bias
dependent and varies over a range of approximately +1 to -2 for a typical op-
eration region of approximately 0 to 3V (reverse bias). Hence, for small signal
modulation αchirp could be adjusted to zero (at the expense of higher insertion
loss), but large signal operation, which is necessary for data transmission will
suffer from chirp. The chirp parameter depends only on the EA material and not
on the device structure [72]. Ongoing efforts in MQW designs aim for a reduced
chirp parameter [73, 74].



Chapter 3

TWEAM Design -
Simulation, Modeling and
Analysis

This chapter contains sections on EA in bulk-InGaAsP, waveguiding in typical
EAM structures, high-frequency modeling and analysis. The first two sections,
although discussing relevant cases, are less related to the achieved experimental
results than it is the case for the subsequent microwave analysis.

3.1 InP-InGaAsP bulk EA

Using material data for InP-InGaAsP [75] and theoretical expressions for the
electro-absorption effect in bulk material [11, 76, 77], fig. 3.1 can be calculated in
order to illustrate the change of the absorption coefficient under an applied elec-
tric field for a case of our interest when the bandgap corresponds to λg=1.48µm.

Figure 3.1 suggests the possible switching of the absorption coefficient bet-
ween zero and a couple of hundreds cm−1. In reality, the field of a pin-structure
modulated with an externally applied voltage is used in order to change the
absorption coefficient. That means, even at zero applied voltage an internal
electric field persists causing residual optical absorption. Forward biasing the
pin-structure would reduce the built-in field, but injects many free carriers that
absorb the optical power. Therefore, zero absorption is impossible to accomplish.
Besides, which is not shown in the figure, there exists a zero-field absorption tail
(Urbach rule) extending to photon energies below the bandgap caused by internal
fields resulting from impurities, phonons and defects [76].

The switching to high absorption is also limited since only a few volt of mod-
ulation amplitude are desired in order to be able to reach very high modulation

13
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Figure 3.1. Change of the absorption coefficient due to an electric field in
InGaAsP (λg=1.48µm) bulk material (Franz-Keldysh effect).

frequencies. Simulation or measurement of typical InP-InGaAsP pin-structure
gives more insight into how much modulation depth can be expected (compare
experimental data for λg=1.2, 1.3 µm [38], [39], respectively).

Figure 3.2 was obtained with the help of a one-dimensional optoelectronic
structure simulator [78–80]1 using the Airy-function implementation of the Franz-
Keldysh effect [76]. The figure shows the transmission at λ=1.55µm versus
reverse bias for different bandgaps of the quasi-intrinsic (Nd=5 · 1015cm−3) In-
GaAsP absorption layer. This layer is surrounded by 1.5µm thick n- and p-InP
layers (doping 1018cm−3). The choice of a material with smaller bandgap would
result in a higher extinction ratio for a given bias voltage. However, the trans-
mission loss at zero bias would increase due to absorption caused by the built-in
field of the pin-structure. No additional longitudinal waveguide loss was included
in the simulation. That means, for a real structure typically 10cm−1 optical
propagation loss has to be added plus possible coupling losses when relating the
dB-values to the power outside the waveguide facets.

Figure 3.2 shows that λg=1.48µm presents a good compromise between ex-
tinction ratio and insertion loss. In the range of 0 to 3V it shows the highest
degree of linearity among the different bandgap curves. Extinction ratios from
5 to 10dB/V for 250 to 500µm device length can be expected.

1PIND by Krister Fröjdh
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Figure 3.2. Transmission at λ=1.55µm as a function of reverse bias for different
bandgaps of the i-layer (thickness di) of an InP/InGaAsP/InP pin structure. The
p- and n-layer have a thickness of 1.5µm each. A horizontal overlap (Γy) of 0.9 is
assumed. The vertical overlap (Γx) is calculated by the program. No additional
waveguide loss is added to the calculation.
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3.2 The optical waveguide

The optical waveguide defines the intrinsic cross-sectional geometry of the TW-
EAM. The waveguide core region is the absorption region of the modulator,
which from the electrical point of view presents the depletion layer of a double-
hetero pin-structure. Therefore, electrical, optical, and electro-optical designs
are interlocked.

The thickness of the core region determines the electric field strength for a
given applied voltage. The value of the field dependent absorption coefficient in-
side this material is subject to its bandgap compared to the photon energy. The
effective waveguide index defines the optical velocity, which is a parameter in
the high-frequency TWEAM design. Further important for the extinction ratio
of the EA modulator is, apart from its length, the transverse mode confinement.
Only the fraction of the optical mode confined within the modulation region will
be modulated. This modal electro-absorption is thus the equivalent to the trans-
verse modal gain as defined for semiconductor lasers [81]. Another important
parameter is the zero-bias optical propagation loss, which is a function of the
bandgap, the quality of the waveguide, and the doping levels of the surrounding
semiconductor layers.

The main material parameters that are needed in order to perform waveguide
simulations are the refractive indices. Material data gained from experiments can
be found in the literature (see table 3.1).

Table 3.1. Refractive index of InP/In1−xGaxAsyP1−y (lattice matched), for
photon energies of 0.8eV (λ=1.55µm)

Source T material x y Eg refractive index n

InP 0 0 1.35eV 3.17
Adachi [82, 83] room

Q(1.48) 0.359 0.773 0.838eV 3.41

InP 0 0 1.35eV 3.18
Weber [75] 295K

Q(1.48) 0.385 0.827 0.838eV 3.51

The waveguide simulations have to consider 2-dimensional structures with
non-uniform refractive index in each direction. Approximate solutions, such as
provided by the effective index technique [84] may be used. Otherwise, numer-
ical simulation tools are necessary. The simulated curves shown in this section
are obtained with the help of a commercial software for the simulation of 2-
and 3-dimensional optical waveguide structures using a rigorous fully vectorial
formalism [85].

Figure 3.3 shows three typical EAM waveguide structures. A waveguide mesa
of the width wm is etched through the vertical pin InP/InGaAsP/InP structure.
The mesa is planarized using either polymer based low refractive index dielectric,
like BCB (n=1.64), or by regrowing semi-insulating InP (n=3.18). In the third
case (fig. 3.3 right), the mesa etching stops right after the waveguide core layer
forming the so-called ridge-waveguide structure. The resulting lower mesa is
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Figure 3.3. Simulated optical waveguide structures: high mesa BCB (left), high
mesa regrown (middle), ridge waveguide (right). See [75] for the loss values.

also planarized using BCB. All cases are considered for an optical wavelength of
1.55µm.

Figure 3.4 shows the simulated confinement factors of the TE and TM po-
larized ground modes for the different waveguides as function of the geometry.
Depending on the structure, higher order modes can be found as well. For the
0.2µm thick core layer the regrown structure can be single mode (two polariza-
tions) up to a mesa width of 1.5µm. The ridge waveguide structure with 0.4µm
core thickness supports even 3rd order TE and TM modes. However, for the per-
formance of bulk EAM this should not be a major concern [24]. Figure 3.4 shows
that for wm > 1.5µm there is not much difference in the confinement factors for
the three different realizations. The difference is more significant between TE
and TM mode. The Franz-Keldysh electro-absorption is slightly stronger for the
TM polarization [39]. The extinction of the TM mode in a biased double hetero-
structure is higher despite the smaller confinement factor. In [39] the difference
is up to 20% for a 380µm long waveguide structure. The polarization depen-
dence of Γ diminishes for higher di/wm (di < wm) ratio and would vanish for a
square core region. The high mesa BCB structure shows the best confinement
because of the high index contrast. At wm=1.2µm the horizontal confinement
seems as high as 100% since no increase can be achieved by widening the mesa
(no supported modes were found for di=0.2µm and wm=1µm).

The mode loss characteristics are drawn in fig. 3.5. In these simulations the
mode loss is exclusively caused by free carrier absorption in the doped semicon-
ductor layers. In particular, p-doped InP is a very lossy material. Two typical
doping levels have been assumed for the simulations (5·1017, 1018cm−3). The cor-
responding loss parameters are obtained from [75] and are listed in fig. 3.3. For
di=0.4µm the structures do not show any significant differences. For di=0.2µm
the loss starts to increase dramatically for the ridge waveguide structure since
the mode gets coupled to the lower highly absorbing (α+) InGaAs contact layer.
For real structures either hn should be increased or the InGaAs layer omitted,
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Figure 3.4. Confinement factor as a function of mesa width and for different
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which is usually done in practice. It has to be remarked that the simulations
do not include any loss caused by side wall etch damage. Regarding this loss
factor, the ridge structure is expected to be superior because of the shorter etch
distance.

The impact of very lossy materials, like contact layers and metals, on the
mode propagation can be severe if certain safety distances are not adjusted within
the structure (compare discussion above). Figure 3.6 shows why hp=1.7µm
was chosen as the p-layer thickness. Coming too close to the highly absorbing
InGaAs-layer (which has usually also a metal on top) would destroy the optical
mode. Furthermore, a low p-doping would be desirable for low optical loss. These
requirements on p-layer thickness and doping are unfortunately exactly inverse
for the high-frequency design. Therefore, nothing better than a compromise can
be found here.

The effective mode index defines the optical speed, which should be known
in the design of a traveling-wave modulator. However, for TWEAM design
the precise knowledge of this value is not of very high importance since these
modulators are very short and lossy as compared to electro-optic TW phase
modulators. Nevertheless, an approximate number should be known in order to
use it as a parameter in the modeling of the modulation response (see section
3.7). For all simulations with a core layer thickness of di=0.2µm, nopt is in the
range of 3.2. . . 3.25, and 3.27. . . 3.33 for di=0.4µm.
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3.3 An intuitive time domain approach

(TW)EAM are devices that are easily applicable for RZ and NRZ PCM schemes
since signal pulses are directly transferred from the electrical to the optical do-
main. Large signal sinusoidal modulation, on the other hand, results in the
generation of an optical pulse train because of the strong nonlinear EAM trans-
fer function (Pout = Pine

−αL); a property that is used for RZ modulation as
well [86].

An intuitively easy way to approach the high-speed limitations of a TWEAM
is to consider the modulation with very short electrical pulses2. Assuming that
no electrical attenuation and dispersion are present, the voltage pulse travels
undistorted and with a constant velocity ve. The optical response is a “dark”
pulse (i.e., absorbed optical power) that starts to be formed at the beginning
of the waveguide and travels with an optical velocity vo given by the effective
optical waveguide index. Usually, vo 6= ve, which means that the optical pulse
broadens on its way through the waveguide. In order to avoid the temporal
overlap of two successive optical pulses, two electrical pulses should have a time

difference of at least
∣

∣

∣

L
ve
− L

vo

∣

∣

∣
, where L is the length of the modulator. This

results in the following constraint for the modulating pulse rate:

fpulse <
1

∣

∣

∣

l
ve
− l

vo

∣

∣

∣

=
1

l

vevo
|vo − ve|

(3.1)

2Analogous to a traveling-wave photodetector, where short optical pulses generate traveling
pulses of the photocurrent [9, 87]
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Attenuation and dispersion were neglected. If additionally vo = ve (velocity
matching), equation 3.1 approaches infinity (fpulse would, of course, be limited
by the electrical pulse width). Thus, ideally there is no high-speed modulation
limit for the TWEAM. Unfortunately, the reality looks entirely different for InP-
TWEAM. Putting some typical numbers in eq. 3.1:

vo ≈ 92µm/ps, ve ≈ 50µm/ps, l . 500µm ⇒ fpulse ≈ 220GHz,

which corresponds to a time difference ∆tpulse≈4.5ps. Very short pulses have
been assumed, which implies that the pulse width should be around 0.5ps. This
in turn would require an electrode bandwidth in the region of 2THz. The so
far neglected electrical propagation loss can grow with ω2. A 100GHz electrical
signal has usually dropped by 3. . . 15dB (depending on the structure; see section
fig. 3.10) after traveling 500µm along the electrode of a typical InP-TWEAM.
This makes the propagation of THz-pulses impossible. Besides being attenu-
ated the electrical pulse would as well be broadened due to electrical dispersion
(frequency dependent electrical phase velocity). Regarding the duty cycles of
RZ and NRZ modulated signals, the assumption of very short pulses3 is not
adequate. Furthermore, up to bit rates of 100Gbit/s the pulse length is hardly
shorter than 20. . . 50µm. In many cases it will be longer than the electrode itself.
As a result of all this, equation 3.1 has almost no practical value. A much more
rigorous approach is needed.

Before coming to that, a remark about electro-optic phase modulators. Light
phase modulation is used in all MZ-type modulators (see, e.g., [24, 88]). The
optical response to an electrical pulse would not be the mentioned “dark” pulse,
but an accumulated phase shift. In practice, phase modulators are low loss
devices compared to TWEAM, and can therefore have much longer electrodes,
up to several cm long. As a result, these devices are really bandwidth limited
by velocity mismatch. The traveling optical signal is phase modulated and is
therefore no longer a single frequency waveform. That means that the group
velocities have to be matched [89].

Consider a more general time domain approach for TWEAM:

• The electrical input signal, i.e., modulation voltage that is turned on at
t=0 and applied at the electrode (z = 0 . . . l) along the z-coordinate:

Vmod(z, t) =

{

0, if t < z
ve

V0e
−αµ(ω)z · f(t− z

ve
), if t ≥ z

ve

(3.2)

Where f(t) is an arbitrary function of time and ve represents the velocity of
the electrical signal and αµ the frequency dependent electrical propagation
loss.

3pulse width ¿ ∆tpulse =
1

fpulse
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• The optical absorption coefficient consists of two parts: α0 representing
the constant waveguide loss, and a voltage dependent α1

α(z, t) =

{

α0, if Vmod(z, t) ≤ 0

α0 + Γα1(Vmod(z, t)), if Vmod(z, t) > 0
(3.3)

• Resulting optical power as a function of position and time:

P (z, t) = Pin(t) e
−

z
∫

0

α(x,t− z−x
vo

) dx
(3.4)

P (z = l, t) delivers the optical response in the time domain. With the help
of equation 3.4 an effective absorption coefficient can be defined:

αeff (z, t) =
1

z

∫ z

0

α(x, t− z − x

vo
) dx (3.5)

P (l, t) = Pin(t) e
−αeff (l,t) l (3.6)

The integration of the absorption coefficient over the length (equations 3.4
and 3.5) reflects the fact that α “seen” by the optical wave is generally not
constant (velocity mismatch).

Equations 3.2-3.6 are very general. For large signal time domain analy-
sis α1(Vmod) is usually approximated with the help of experimental results.
Vmod(z, t) depends on the modulation format and strongly on the properties of
the electrode. Transients may deform pulse edges, and reflections may generate
forward and backward traveling signals. Propagation loss α(ω) and dispersion
ve(ω) are easier described in the frequency domain, which would require Fourier
transforms in order to obtain Vmod(z, t). Furthermore, it is possible that the
electrical signal and the optical absorption are influenced by the number of gen-
erated carriers. In such a case, eqs. 3.2-3.6 have to be solved in an iterative
manner.

Small signal

Assuming a small signal modulation voltage Vsmall around a DC-bias point Vb,
allows some simplifications. Equation 3.3 is linearized and 3.5 becomes:

αeff (l, t) ≈ α0 + Γαb + Γ
dα

dV

∣

∣

∣

∣

Vb

1

l

∫ l

0

Vsmall(x, t−
l − x

vo
) dx (3.7)

Linearization of equation 3.6 leads to:

Psmall ≈ Pin(t)e
−(α0+Γαb)l

[

1− Γ
dα

dV

∣

∣

∣

∣

Vb

∫ l

0

Vsmall(x, t−
l − x

vo
) dx

]

(3.8)
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Figure 3.7. The TWEAM circuit model. Rcon, Lm, 1
Rs

, 1
Ro

, Cm, Co are

defined per unit length.

3.4 The circuit model

A very useful way to analyze the TWEAM is with the help of an equivalent
circuit model. The use of such a model is based on the assumption of quasi-
TEM waves propagating along the electrical waveguide, i.e., the lossy modulator
transmission line (TML).4 Unique voltage and current waves can be associated
with the electro-magnetic field solution of the TEM wave.

Provided that the circuit model elements are known, the modulating volt-
age can directly be obtained, which allows the calculation of the modulation
frequency response. However, in order to find the values of the circuit model
elements wave solutions or experimental data are required.

Electrically, the TWEAM cross-section (see, e.g. fig. 3.8) is well presented
by a so called slow-wave model [90]. Giboney, et al. [87], Zhang [91], Chiu, et al.
[92], Liao, et al. [93], and Li, et al. [62, 71, 94] have used such models in order
to describe traveling-wave photodetectors and traveling-wave electro-absorption
modulators. Very recently, the small signal Li model [71] was developed into

4Ideal TEM waves can only exist on loss free transmission lines
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a self-consistent time-domain model for large-signal analysis (Cappelluti, et al.
[95]).

The TWEAM circuit model as used in this work is shown in figure 3.7 (pro-
posed by Li, et al. [71]). The model contains the metal conduction resistance
Rcon, the inductance Lm, the vertical series resistance Rs, the junction capaci-
tance Cm, an outer capacitance Co, and the resistor Ro describing the current
caused by optically generated carriers. All the elements are defined per longi-
tudinal unit length. For Rs and Ro this results in the unit Ωm since they are
vertical resistors. Rcon is additionally defined per

√
GHz since it increases with

frequency due to the skin effect. The inductance is assumed to be constant.5

The upper part of figure 3.7 presents a very small section of the TWEAM.
For now finite ∆l is considered, i.e., the device is divided into n section so that
n ·∆l = l. Assuming sinusoidal waves (V0 = V̂0e

jωt), the modulating voltage Vi
can be calculated with the help of the following formulas.

Zser = Rcon

√

f + jωLm

Yp = jωCo +
1
Ro

+ jωCm
Rs
Ro

+ 1 + jωRsCm

(3.9)

Z
′

i are the impedances at the corresponding nodes (see fig. 3.7) looking towards
the load ZL.

Z
′

i =

{ ZL
1+ZLYp∆l

i = n

∆l Zser+Z
′
i+1

1+Yp∆l (Zser∆l+Z
′
i+1)

i = (n− 1), (n− 2) . . . 1

(3.10)

The voltages at these nodes then become:

V
′

i =

{V0
Z1

ZS+Zser∆l+Z1
i = 1

V
′

i−1
Z
′
i

Z
′
i−1

i = 2, 3 . . . n

(3.11)

An additional voltage drop has to be considered in order to obtain the voltage
at the modulation region.

Vi = V
′

i

1
Rs
Ro

+ 1 + jωRsCm
(3.12)

The contribution of each Vi has to be weighted by a phase shift corresponding
to traveling the negative distance −∆l(i − 1) with the optical velocity c0/nopt.

5The inductance actually decreases with increasing frequency because of the skineffect. The
declining penetration depth reduces the stored magnetic energy inside the metal conductors,
which represents the inner metal inductance contributing to the overall inductance [96]. This
effect might be noticeable in the TWEAM-TML since signal electrodes with a thickness up to
2.5µm are used. 2.5µm is the skin depth of gold at around 900MHz. At 100GHz it has reduced
to about 0.2µm. However, a constant inductance in the circuit model gives a satisfying result
within the frame of this work.
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This makes sure that the modulated optical wave front “meets” the right voltage
when it arrives at point i. Assuming small signal modulation, the AC optical
power is linearly related to the modulation voltage (see eqs. 3.7-3.8).

|Pac|2 =
∣

∣

∣

∣

∣

n
∑

i=1

(

Vie
j ω
c0
nopt(i−1)∆l ·∆l

)

∣

∣

∣

∣

∣

2

(3.13)

Equation 3.13 presents the small signal microwave power delivered by a detector
that receives the modulated light. Plotting 3.13 over frequency, the small signal
3dB modulation bandwidth can directly be obtained (3dB-electrical).

The discretization n · ∆l has to be chosen small enough so that the calcu-
lation result does not depend on it. For ∆l → 0 (n → ∞) fig. 3.7 presents a
transmission line with the following characteristic impedance Zc and propagation
constant γ (see eq. 3.9 for Zser, Yp):

Zc =

√

Zser
Yp

γ =
√

ZserYp = αµ(ω) + jnµ
ω

c0

(3.14)

The voltage on the transmission line is the superposition of forward and backward
traveling voltage waves that arise from reflections at the source and the load
terminal, respectively. The reflection coefficients are:

ΓS =
ZS − Zc
ZS + Zc

, ΓL =
ZL − Zc
ZL + Zc

(3.15)

As mentioned before, the voltage waves are TEM waves that propagate according
to e∓γz in positive/negative z-direction. Using also the terminal conditions at
source (z = 0) and load (z = l), the voltage along the TML, V

′

ac(z), can be
calculated [97].

V
′

ac(z) = V
′

ac(l)
(

e−γ(z−l) + ΓLeγ(z−l)
)

terminals: V
′

ac(0) = V0
Zin

Zin + ZS
= V

′

ac(l)
(

eγl + ΓLe−γl
)

These two expressions have to be combined in order to obtain V
′

ac(z). The
impedance Zin seen at the input of the transmission line is given as [97]:

Zin = Zc
1 + ΓLe−2γl

1− ΓLe−2γl
= Zc

ZL + Zc tanh(γl)

Zc + ZL tanh(γl)

As a result, V
′

ac becomes:

V
′

ac(z) =
V0Zc

(ZS + Zc)
·
(

e−γz + ΓLeγ(z−2l)
)

(1− ΓSΓLe−2γl)
(3.16)
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This is not yet the voltage that modulates. Analogous to eq. 3.12, the frequency
dependent voltage drop inside the Yp-network has to be considered:

Vac = V
′

ac

1
Rs
Ro

+ 1 + jωRsCm
(3.17)

The small signal detected microwave power (see also eqs. 3.8 and 3.13) then
becomes:

|Pac|2 =
∣

∣

∣

∣

∣

∫ l

0

Vac e
j ω
c0
noptz dz

∣

∣

∣

∣

∣

2

(3.18)

Equation 3.18 and 3.13 deliver the same result, respectively. 3.18 can be devel-
oped analytically (βo =

ω
c0
nopt):

|Pac|2 =
∣

∣

∣

∣

∣

1
(

Rs
Ro

+ 1 + jωRsCm

) · V0Zc/(ZS + Zc)

(1− ΓSΓLe−2γl)
·

[

1− e(−γ+jβo)l

γ − jβo
− ΓLe−2γl

(

1− e(γ+jβo)l
)

γ + jβo

] ∣

∣

∣

∣

∣

2

(3.19)

In the ideal case of no electrode effects, perfect velocity and impedance matching,
and Rs = 0, the source voltage V0 would modulate undisturbed the same optical
wave front over the whole length, thus producing a small signal response of
|Pac,ideal|2 = | 12V0l|2. This case can be used for normalization of eqs. 3.13,
3.18-3.19, which results in the normalized RF link gain [71].6

The calculation of the small signal modulation response given by eq. 3.13
or eq. 3.19 requires the knowledge of the optical index nopt (see section 3.2)
and the circuit model elements. The circuit elements can easily be extracted
from the TWEAM-TML microwave properties Zc and γ (see A.1), which can
be found experimentally or via full-wave simulations of the given geometry (see
section 3.5). For specific geometries, the circuit elements could approximatively
be calculated directly by using the physical definitions for resistors, inductors,
capacitors, and applying techniques such as conformal mapping (paper VI).

3.5 Microwave properties and circuit model
analysis

With the knowledge of the microwave properties characteristic impedance Zc
and propagation constant γ of the TWEAM-TML, and with the assumption of
an appropriate circuit model, the small signal modulation response (eqs. 3.13,
3.18) can be calculated.

6With this normalization the responses of two differently long but otherwise equal modu-
lators will be on the same DC-level.



3.5 Microwave properties and circuit model analysis 27

�������������������������������������������������������������
�������������������������������������������������������������
�������������������������������������������������������������
�������������������������������������������������������������
�������������������������������������������������������������
�������������������������������������������������������������
�������������������������������������������������������������
�������������������������������������������������������������

�������������������������������������������������������������
�������������������������������������������������������������
�������������������������������������������������������������
�������������������������������������������������������������
�������������������������������������������������������������
�������������������������������������������������������������
�������������������������������������������������������������
�������������������������������������������������������������

W

wm

e

gw

S.I.−InP substrate

p−InP

n−InP

dielectric dielectric

top −electrode

+n −InGaAs

+p −InGaAs

i−InP
i−InGaAsP

ground metalground metal

layer thickness [µm] σ [(Ωm)−1] εr

top-electrode ttop 2.5 4.54·107
p+-InGaAs tp+ 0.1 1.80·103 14.1

p-InP hp 1.5 1.52·103 (NA=10
18cm−3) 12.4

i-InP 0.2 0 12.4
i-InGaAsP

di
0.2 0 14.0

n-InP hn 1.7 3.70·104 (ND=10
18cm−3) 12.4

n+-InGaAs tn+ 0.6 5.00·104 14.1
ground metal tg 0.3 4.54·107
substrate 0 12.4
dielectric (BCB) (hn+di+hp+tp+)-0.5 0 2.7

Figure 3.8. Simulated structure and material parameters.
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Table 3.2. Resistivity of p-type InP [99] (300K) and the resulting p-layer resis-
tance

Carrier Concentration ρ σ Rp (hp = 1.5µm)
cm−3 Ωcm (Ωcm)−1 Ωmm

wm = 1µm wm = 2.4µm

1 · 1015 42 0.024 630 262.5
1 · 1016 4.5 0.222 67.5 28.125
1 · 1017 0.48 2.083 7.2 3.0
1 · 1018 0.066 15.15 0.99 0.4125
7 · 1018 0.020 50.0 0.3 0.125

Experimentally the TML is mostly characterized by using a network ana-
lyzer, which delivers the values of the two-port scattering matrix elements (S-
parameters). From the S-parameters Zc and γ can be obtained (A.2), which
allows the extraction of the elements of the equivalent circuit model (A.1).

Simulating the microwave properties requires an electromagnetic field so-
lution. Approximate solutions using conformal mapping techniques are very
attractive since they deliver closed form expressions (paper VI) that can be cal-
culated relatively quickly. In a more general approach, numerical finite element
solvers can be used. HP-EEsof HFSS (high-frequency structure simulator) [98]
is a commercial software employing this technique. Simulated microwave prop-
erties were obtained with the help of this program.

Figure 3.8 shows a structure and material parameters as simulated in HFSS.
The displayed geometry presents a typical TWEAM cross section. In terms of
microwave properties one is anxious to obtain a high real impedance and a low
electrical propagation loss. High impedance means to “climb” towards the 50Ω
level. For realistic InP EAM 50Ω intrinsic impedance cannot be realized because
of the high intrinsic capacitance of the depletion region. Increasing the thickness
of the depletion region so much that 50Ω impedance is obtained achieved, the
modulating electric field would be too weak at a few volt drive signal. Typical
values for the depletion layer thickness are 0.2 to 0.5µm. The narrowing of the
horizontal dimension of this layer in order to decrease the capacitance is limited
by the process and the constraints for optical waveguiding and coupling. Typical
values are 1 to 3µm. Low capacitance is not only effective for a high impedance,
but as well for reduced loss. Thus, the capacitance should be reduced as much
as possible. Another critical parameter is the p-layer conductivity, which is
mainly responsible for the resistance value connected in series with the intrinsic
capacitance. For lower p-doping this value increases strongly (see table 3.2). A
higher value has a drastic impact on the modulation bandwidth for two reasons.
First, the propagation loss increases. Second, the effective voltage for modulation
drops faster with frequency according to the associated inner RC product.

The choice of electrode configuration is less obvious. A wider electrode results
in lower propagation loss and lower impedance. The same applies when narrow-
ing the ground metal separation wg. Figure 3.9 shows impedance and electrical
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loss over frequency for different combinations of We and wg. The other pa-
rameters are as specified in fig. 3.8. The characteristic impedance approaches
a constant level for frequencies above 1GHz. This value is usually referred to
as the modulator impedance. The loss parameter, on the other hand increases
strongly with frequency. The apparent square dependency has been stated in
[90] for the slow wave mode. It can also be verified by means of the circuit
model equation for the propagation constant γ (eq. 3.14). With negligible Co,
1
Ro

, and the assumptions Rcon

√
f ¿ ωLm, and ωRsCm ¿ 1, the real part of γ

becomes αµ = 1
2

(

Rcon

√
f
√

Cm
Lm

+ ω2RsCm
√
LmCm

)

. The constant value of Zc

in this case is
√

Lm/Cm (see also [71]). For realistic TWEAM structures, these
approximations can be very well fulfilled for a frequency range of 1. . . 100GHz
or even beyond if Rcon, Rs, and Cm are sufficiently small. Outside this range,
αµ(f) follows more or less a square root dependency. For high Rs values (several
Ωmm) this is clearly noticeable for frequencies below 100GHz.

Figure 3.10 shows loss versus impedance at 60 and 100GHz for all the plots
drawn in fig. 3.9. This figure demonstrates very clearly once the capacitance and
material parameters are fixed, a change in the electrode configuration towards
higher impedance does also cause a higher electrical propagation loss. Since the
loss is strongly frequency dependent whereas the impedance remains relatively
constant and could be matched with the help of proper load and source ter-
mination, the choice of lower impedance would result in a higher bandwidth.
The table in fig. 3.10 shows extracted circuit model parameters for two se-
lected electrode configurations (two points in the graph of the figure) resulting
in impedances of approximately 15 and 30Ω, respectively. In case of impedance
matching the corresponding bandwidths would show the enormously different
values of 176 and 78GHz, respectively. However, at 50Ω load termination the
bandwidths are almost equal and substantially lower (30 and 34GHz, respec-
tively). This exposes the significant role of the load termination, or the necessity
of adapting modulator and system impedance in case the load cannot be freely
chosen and bandwidth shall not be sacrificed. Realizing a matched load is rela-
tively simple compared to a specially designed drive source that is adapted to the
low modulator impedance. The high bandwidth provided by the load-matched
low impedance modulator is not influenced by the driver impedance. But, the
delivered drive voltage available for modulation reduces the more the lower Zc
is in comparison to Zs (see factor Zc/(Zs + Zc) in eq. 3.19).

Figures 3.9 and 3.10 consider impedance and loss. So far, nothing has been
said about the microwave index, that is the factor of the imaginary part of the
propagation constant (eq. 3.14). This frequency dependent index determines the
electrical phase velocity. Its deviation from the optical effective index represents
the velocity mismatch, which contributes to a decrease in bandwidth. For the
two examples in fig. 3.10 the indices are 6.5 (I) and 3.86 (II) in the frequency
region of 40 to 100GHz. The optical index is usually between 3.2 and 3.3 (see
section 3.2); 3.25 was assumed for the simulation. The high-impedance device
(II) suffers from much higher velocity mismatch than device I.
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Figure 3.9. Simulated impedance and microwave loss versus frequency for dif-
ferent electrode widths and ground plane gaps.
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Figure 3.10. Propagation loss versus impedance from fig. 3.9 at the frequencies
60 and 100GHz. The table below shows the extracted circuit parameters for
two selected points (i.e., two electrode configurations) including the calculated
bandwidths for a device length of 250µm. For the parameter extraction (see
appendix A.1) Rs was calculated directly (Rs=Rp+Rn+ρn+/tn+wg/4).



32 TWEAM Design - Simulation, Modeling and Analysis

Example I shows a very high bandwidth at load impedance matching. The
velocity mismatch is not significant. High frequency modulation is only limited
by the microwave attenuation αµ. However, an increase of the p-layer resistivity
would have a severe impact. Assuming a p-doping of 1017cm−3 for example I,
increases Rs to a level of 3.1Ωmm, which then results in a bandwidth as low
as 50GHz (compared to 176GHz at 1018cm−3). The modulation speed becomes
limited by the frequency dependent voltage drop in the Yp-network. The RsCm
series connection acts like a low pass filter for the modulation voltage. Such an
increase in Rs causes also a pronounced frequency dependency of the real part
of the impedance at higher frequencies. This demonstrates the importance of
having well conducting p-material.

EAM realizations like the regrown buried hetero-structure or the ridge wave-
guide structure (see fig. 3.3) result generally in lower impedance and higher
loss for the same mesa width and electrode configuration, as compared to the
discussed BCB-planarized high-mesa structure.

Low impedance implying low loss has been described as a way to achieve
higher modulation bandwidth. However, the overall device bandwidth is also
subject to parasitics of the connection to the electrical driver. Mostly, these
interconnects can be described by a π-network consisting of the interconnect
inductance (bond wire, flip-chip “bump”, or planar interconnect) and the end
capacitances at the edges of the two connected chips. The bandwidth of such
an interconnect is reduced by the corresponding inductance, but is proportional
to the sum of source and load (in this case the modulator) impedances [100].
Thus, a lower modulator impedance decreases the maximum allowed interconnect
inductance.

Optical carrier generation causes a bias voltage dependent electrical current
through the depletion layer. In the circuit model (fig. 3.7) this was considered
by introducing the resistor Ro in parallel with the depletion capacitance (Cm).
The influence of this resistor on microwave properties and bandwidth is not
significant unless it reaches values well below 100Ωmm, which corresponds to
optical powers À1mW.

3.6 Experimental results and discussion

The discussion presented in the previous section is based on full-wave simulations.
In order to ensure its validity, simulations have to be compared to experimental
data.

Figure 3.11 shows the results obtained from measurements on three different
epitaxial structures. The intrinsic layer thickness di has been varied. The deple-
tion layer of the first structure (di=0.2µm) is the Q(1.48)-InGaAsP layer. For
the second structure an 0.2µm-i-InP buffer layer is added on top of the InGaAsP
material (see also fig. 3.8). The third structure is grown with an additional un-
doped InP-buffer layer underneath the Q-material resulting in di=0.6µm. The
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Figure 3.11. Impedance, microwave index, and microwave attenuation for dif-
ferent depletion layer thicknesses, and for mesa widths of 1.5µm (left hand side)
and 2.4µm (right hand side), respectively. The dotted lines represent the exper-
imental values. Dashed lines are circuit model fits.
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three structures were characterized for mesa widths of 1.5µm (presented in pa-
per I) and 2.4µm, respectively. In fig. 3.11 these measurements are compared
to HFSS simulations. The p-doping is 1017cm−3 (see table 3.2), and hp/hn of
the three structures are 1.7/1.7, 1.5/1.7, and 1.5/1.5µm, respectively. The other
parameters are as specified in fig. 3.8. As expected, a thicker intrinsic layer
results in higher impedance, lower propagation loss, and lower microwave index.
All these three effects can be attributed to a reduction in capacitance per unit
length. A narrower mesa produces the same effect. However, a narrower mesa
does also result in a reduced vertical conductance per unit length (i.e., higher
Rs), which leads to an increase of αµ. Still, for the configurations compared here,
the 1.5µm wide mesa exhibits lower electrical loss than the 2.4µm wide mesa,
which is confirmed by both simulations and measurements.

Simulations and experiment agree very well in that they show the same ten-
dency when changing structure parameters and frequency. The impedance values
show the best agreement. The simulated αµ values systematically underestimate
the loss that is eventually obtained from measurements on real structures. This
is not too surprising since the actual gold conductivity might be lower than the
theoretical value. Furthermore, rough mesa edges and conductor surfaces are
not considered in the simulations.

Figure 3.12 shows the measurement results for another epitaxial structure.
In this case, the 0.15µm thick i-Q(1.48)-InGaAsP layer is surrounded by two
0.1µm i-InP buffer layers resulting in di=0.35µm (hp=1.6µm, hn=1.65µm, p-
dopig≈1017cm−3, wm=1.5µm). These experimental results illustrating the influ-
ence of the electrode width are also presented in paper II. In fig. 3.12 a direct
comparison to HFSS simulations is shown. The same discussion as above holds
regarding the compliance of theory with experiment. The set of circuit param-
eters extracted from the measured S-matrix can also be seen in the figure. The
parameters show reasonable values and the right tendency, which confirms that
the used circuit model provides sufficient physical correctness within the frame
of this work.

Figure 3.12 supports the argument of section 3.5 that for a change of the
electrode configuration impedance and loss decrease or increase at the same time.
Widening the electrode has a decreasing effect on both (see also paper II for more
discussion). The decrease of impedance for a wider electrode is mainly due to the
resulting lower inductance per unit length. In the circuit model the impact of
Lm on αµ is somewhat complicated and depends on the frequency and the values
of other circuit elements. Up to a certain frequency, Lm can have a reducing
effect on αµ. Above this frequency αµ increases with Lm. Provided that this
frequency point is beyond the modulation bandwidth, a higher inductance could
give the benefit of higher impedance, lower loss and thereby higher bandwidth.
This point moves towards higher frequencies for lower circuit element values.
Here again, one of the most crucial (since the most variable) parameters is Rs.
For the parameters of the measured structure in fig. 3.12 the lossy elements are
way too high in order to see a reduction in αµ when increasing Lm in a circuit
model simulation. Using the simulated examples I and II in fig. 3.10, a higher



3.6 Experimental results and discussion 35

0 10 20 30 40 50 60
10

15

20

25

30

35

40

45

50
sample 5148b, d

i
=0.35µm, w

m
=1.5µm

[GHz]

R
e(

Z
c) 

 [
Ω

]

HFSS W
e
=6µm

HFSS W
e
=12µm

HFSS W
e
=24µm

W
e
 = 6, 12, 24 µm 

0 10 20 30 40 50 60
2

3

4

5

6

7

8
sample 5148b, d

i
=0.35µm, w

m
=1.5µm

[GHz]

n
µ

HFSS W
e
=6µm

HFSS W
e
=12µm

HFSS W
e
=24µm

W
e
 = 6, 12, 24 µm 

0 10 20 30 40 50 60
0

2

4

6

8

10

12

14

16

18

sample 5148b, d
i
=0.35µm, w

m
=1.5µm

[GHz]

α µ  [
cm

−1
]

HFSS W
e
=6µm

HFSS W
e
=12µm

HFSS W
e
=24µm

0

1.74

3.47

5.21

6.95

8.69

10.4

12.2

13.9

15.6

[d
B

/m
m

]

W
e
 = 6, 12, 24 µm 

We 6 12 24 µm

Rcon 4.5 2.47 1.52 Ω/mm/
√
GHz

Lm 0.370 0.238 0.160 nH/mm
Rs 9.26 9.26 9.26 Ωmm
Cm 0.536 0.536 0.536 pF/mm
Co 0.226 0.286 0.364 pF/mm
Ro ∞ ∞ ∞ Ωmm

Figure 3.12. Impedance, microwave index, and microwave attenuation for dif-
ferent electrode widths. The dashed lines are circuit model simulations using the
parameters shown in the table (paper II).
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Table 3.3. Circuit parameters (experimental values)

Li, et al. [62] Irmscher, et al. (paper III)
ridge waveguide high-mesa/BCB

wm ≈ 3µm, di ≈ 0.35µm wm ≈ 2.4µm, di ≈ 0.4µm

We ≈ 2.9µm We ≈ 12µm We ≈ 24µm

Rcon 7.3 1.49 0.85 Ω/mm/
√
GHz

Lm 0.40 0.26 0.16 nH/mm
Rs 0.58 3.7 3.7 Ωmm
Cm 1.3 0.79 0.79 pF/mm
Co - 0.52 0.61 pF/mm
Ro 300 ∞ ∞ Ωmm

inductance would lead to significantly lower loss. However, this is an artificial
effect of the circuit model. Looking at fig. 3.9 and 3.10 reveals that with the
present cross sectional geometry, any inductance increasing measure would result
in a structure with higher loss. In order to benefit from the inductance effect,
passive electrode sections have to be introduced, which leads to the segmented
TWEAM (see Paper VII).

Table 3.3 shows extracted circuit parameters for fully characterized TWEAM.
For the devices presented in paper III the corresponding values in the table can
be used in order to calculate the frequency response, which is in good agreement
with the one obtained from measurements (see paper III).

For a comparison, the paramters of the device by Li, et al. [62] are also
shown in the table. Li, et al. [71, 94] predict a higher bandwidth for their
devices in case of higher inductance per unit length. In [71, 94] they simulate the
bandwidth for increasing inductance with a constant load impedance (ZL=22Ω),
which means that the gain in bandwidth is mainly due to a peaking of the transfer
function. However, for their low loss modulator a higher inductance would in
fact give the benefit of lower loss and thereby slightly higher bandwidth even
for constant impedance mismatch (i.e., increasing also ZL in order to avoid the
peaking)7. But, as already discussed, such an inductance increase is an artificial
manipulation of the circuit model element for these kind of devices. Li, et al.
recognize in [94] that structures with larger Lm do also result in larger Rcon and
Rs and state that detailed numerical calculations are needed in order to optimize
the structure. The figures 3.9 and 3.10 present such calculations and make clear
that the desired increase in inductance does not give the benefit of reduced loss.

Figure 3.13 shows the circuit model simulated frequency responses of char-
acterized TWEAM using the parameters of table 3.3. The solid lines fit very
well to the measurements up to 45GHz (paper III) and 40GHz (from [62]). The
transfer functions (eq. 3.13, 3.18, 3.19) of these devices can be analyzed in order
to find out the bandwidth limiting mechanism for each case. For this purpose
different parts contributing to the transfer function are plotted separately in the

7Provided that some level of peaking is allowed. Since the low Rs TWEAM is rather
sensitive to peaking if ZL/Zc, at a maximum allowed peaking of 0.2dB, the bandwidth would
slightly decrease for a higher inductance per unit length even though αµ would be smaller.
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Figure 3.13. Modulation responses from experiment (solid lines; measured up
to 45GHz [Paper III] and 40GHz [62]). The other lines show different parts that
contribute to the transfer function.

figure. The devices presented in paper III suffer from a relatively high Rs value.
Thus, the 250µm long TWEAM is bandwidth limited by the frequency dependent
(length independent) voltage drop inside the Yp network (quoted as RsCm-filter
in the figure). For longer devices the microwave attenuation “catches up” and
is the predominant bandwidth limiting factor at the length of 950µm. Velocity
mismatch has no influence in any of the cases. The 200µm long TWEAM by Li,
et al. [62] has a much lower Rs value (see table 3.3) so that the RsCm limit is
not significant. Despite the low Rs, this modulator exhibits higher propagation
loss than the TWEAM of paper III because of the relatively high Rcon and Cm.
However, this modulator is clearly bandwidth limited by the load impedance
mismatch. ZL=26Ω is higher than the modulator impedance (Zc≈18.5Ω) imply-
ing a positive ΓL (eq. 3.15), which results in a faster dropping frequency response
with higher DC-level (see eq. 3.19).

The part of the transfer function representing the voltage along the signal
electrode (i.e., without the RsCm filter; Vi’ in fig. 3.7) shows a peaking as soon as
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Zc>ZL. This peaking is due to resonance effects of the voltage wave caused by the
reflections at source and load, which is attenuated by the electrical propagation
loss (αµ). For the actual modulating voltage the peaking is further attenuated
by the RsCm filter (see fig. 3.13). Such a peaking can be useful in order to
increase the bandwidth. However, it should be small enough to avoid significant
pulse distortion if the modulator is to be used in a PCM communication system.
An interesting design issue arises here. In case of a modulator with low Rs the
peaking will be more pronounced. Thus, higher load impedance has to be chosen
in order to suppress the peaking, which reduces the bandwidth.

Generally, when increasing the length, the peaking increases and shifts to-
wards lower frequencies (longer wavelength). Considering the case of high Rs,
ZL can be chosen rather low in order to achieve high bandwidth. The peak-
ing will not be very pronounced because of the damping mechanism. A longer
length increases the peaking but causes a steeper roll-off after the peak. In the
described case a certain length is required to shift this steeper roll-off into the
frequency region below the 3dB-bandwidth. Thus, up to this length the band-
width increases with length. The TWEAM demonstrated in paper III present
such a case. Figure 3.14 shows circuit model simulations using the parameters
from table 3.3. For ZL<Zc(≈15Ω) the optimum length for highest bandwidth
can clearly be recognized.

Figure 3.14 does also show the simulations for a corresponding lumped EAM.
Also for the lumped configuration a distributed model was used (see fig. 4 in pa-
per III). A low impedance load enhances the bandwidth in both cases. However,
the TW-configuration results in a much higher bandwidth at these impedance
levels. At ZL=50Ω lumped EAM and TWEAM reach the same bandwidth. Low
impedance termination was already used in TWEAM reported by Zhang, et al.
(UCSB), when 32Ω load was used instead of 50Ω increasing the bandwidth from
20 to about 25GHz. Slightly later Li, et al. (UCSD) suggested low impedance
termination [71] and presented then the 26Ω terminated TWEAM [62], which is
mentioned above. Paper III presents the most extreme case of low impedance
termination. Even with such a low impedance (ZL=13Ω) system performance
could be demonstrated (see paper IV).

The comparison provided by fig. 3.14 shows that at 50Ω the distributed
character of the low impedance TWEAM is not of importance. It does not
make any difference where the source and load connections are placed along
the electrode. In other words, the voltage drop over Zser·length is negligible
compared to the voltage over ZL. For a 50Ω terminated or lumped device the
bandwidth sensitivity to Rs also vanishes since the lumped capacitor forms a
connection with Zs//ZL where Rs is negligible.

8

8Vmod =
V0·ZL/(ZL+ZS)

1+jωCml
(

Rs
l

+
ZsZL
Zs+ZL

)
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Figure 3.14. Bandwidth as a function of length and termination impedance
for the TW (circles) and the lumped (triangles) configuration. The lower
graph represents a cut along the vertical semicolon line in the upper graph (at
Length=250µm). The experimental values correspond to the modulators of paper
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Chapter 4

InP-InGaAsP TWEAM -
Process

In the following the fabrication process of two different TWEAM-structures, as
carried out for this work, is described. Other structures were processed as well,
such as a high-mesa regrown EAM, but did not result in publishable outcomes.

4.1 The polymer-planarized high-mesa
modulator

A maximum number of 8 different masks have been used in order to process the
TWEAM structures as presented in the papers I-IV. Projection lithography was
used, scaling down the mask pattern by a factor of 4 (CANON FPA 143).

A typical epitaxial structure grown on semi-insulating (SI) InP as used for
these devices:

p+ InGaAs 1 · 1019cm−3 0.1µm
p InP 5 · 1017cm−3 1.5µm
i InP 0.2µm
i Q(1.48) 0.2µm
n InP 1 · 1018cm−3 1.7µm
n+ InGaAs 1 · 1019cm−3 0.3µm

SI-InP
It follows a step-by-step description of the process. Figure 4.1 serves as visu-

alization. The numbers in the figure correspond to the numbers of the following
list.

1 Metal stripes forming the p-contacts and serving as hard masks for the later
mesa etch are realized. This step requires the stripe lithography, metal
deposition and a lift-off process. For this mask set a positive double resist

41
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1) Metal stripe 2) RIE mesa

3) Wet-etched sub-mesa 4) InGaAs wet-etching

5) Thin-film resistors 6) N-contact metalization

7-8) BCB-planarization and -etching, and electrode plating

Figure 4.1. Steps for the fabrication of the BCB-planarized high-mesa TWEAM.
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Figure 4.2. Dry and wet etched waveguide mesa (left). BCB planarization
(right).

layer, or LOL1 plus a single layer positive resist can be used. In the double
resist method the first layer is flood exposed before spinning on the upper
resist layer in order to generate a resist undercut during development. This
facilitates the lift-off process. For the p-contact metal the layer sequence
of Au-Zn-Au-Ti-Au is deposited using evaporation. After lift-off, rapid
thermal annealing (30s at 430◦C) is applied in order to obtain the alloyed
Au-Zn contact.

2 H2:CH4:Ar RIE forms the waveguide mesa. The etching has to pass the
quarternary region. For a structure as specified above this requires the
etching time of 120 to 150 minutes using standard RIE parameters. O2-
plasma polymer etch and a wet chemical oxide etch have to follow. The
surface damage caused by RIE is healed in a 330◦C N2 atmosphere (approx.
30min). Side walls can be cleaned with the help of a short InP/InGaAsP
wet etching (10s in HCl(1):acetic acid(80):H2O2(1)).

Remark: In a more standardized procedure for InP mesa etching SiN is
generally utilized as mask material. This requires the additional steps SiN
deposition, etching and removal. The p-contact metal has to be deposited
after the planarization (see below). The alignment can become critical if
the desired metal stripes are not much wider than the InP-mesa. Thus, the
use of the metal mask for mesa etching (self-alignment) presents a great
simplification. However, it might not be preferred to be used in a qualified
process since there is a risk that the RIE sputters some of the mask gold
all over the sample and even contaminate the chamber. The use of a SiN
mask results in slightly smoother sidewalls. The metal stripe was formed
in a lift-off process, which could result in rough edges since the metal is
sometimes torn off there. Metal stripe wet etching is difficult because of the
Pt layer. Still, using a nitride mask the edge roughness is usually defined

1Shipley LOL-2000
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Figure 4.3. After electro-plating. This figure illustrates the high requirements
on the lithography for the plating step. The plated metal has a thickness of
≈2.5µm.

by the photoresist. Another difference between the application of nitride
and metal mask is the resulting mesa width, which is usually narrower for
the latter one due to mask erosion.

3 A sub-mesa (wider than the RIE mesa) is created using a selective wet-
chemical etching stopping at the InGaAs surface (HCl(1):H3PO4(3)). The
etch depth is max. 1.5µm. With a sub-mesa mask width of 6µm care has
to be taken that the underetch does not destroy the RIE mesa. Aligning
the mesas along the [01̄1]-[011̄] direction on a (100) wafer (i.e., parallel to
the (01̄1̄) orientation flat cleavage plane) results in an ordinary mesa profile
as shown in fig. 4.2.

4 Selective etch of the n+InGaAs layer. This layer remains only in regions
where the ground metal (n-contact) will be situated. This step is uncritical
since the etch depth is very small (0.3µm) compared to the side lengths of
the etched area (several tens of microns).

5 With this step the thin-film NiCr resistors are formed. Beforehand a thin
isolation layer has to be deposited in order to avoid a direct contact of
the NiCr with the substrate. It has turned out that otherwise the NiCr
alloys with the substrate due to the subsequent BCB curing process, which
reduces the ohmic resistance values considerably. For this purpose 500Å
SiN were deposited using PECVD. The lift-off lithography for the NiCr
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resistors is a double resist process (observe that there is a height differ-
ence of ≈4.2µm between mesa top and substrate). A thin layer of NiCr is
sputtered (typically a few hundreds Å). After the lift-off the resistors are
masked and the SiN layer is removed with CF4(freon)-RIE.
Realizing the SiN isolation can be troublesome. It requires an extra lithog-
raphy step using negative resist (resistor mask) and the etching of the SiN
layer. An alternative approach that has successfully been used in later
batches is to carry out the resistor lithography (double resist), evaporate
SiO2, sputter NiCr, and eventually lift-off the SiO2/NiCr double layer.

6 n-contact metalization is realized with double resist lithography and Ti-
Pt-Au evaporation. This step can be critical if the ground metal gap is
relatively narrow. Here it was defined as 6µm on the mask. The mesas
are up to 2.5µm wide and should be centered within the metalization gap.
The double resist method creates a distinct undercut, which even reduces
the resulting metalization gap. In other words, there is a tolerance of not
more than 1 to 1.5µm for the exact mask alignment.

7 BCB spin coating2 and curing. The mesas are now buried under the thick
BCB-layer. This layer has to be opened above the waveguide mesas in
order to reach the p-contact metal. This can either be done with a mask
or as a planar etch over the whole sample. In any case, this step can be
critical since it has to be avoided that the mesa sticks out too much above
the planarization material. The BCB etch (CF4:O2 RIE) rate is relatively
high: 0.5 to 1µm per minute and seems to stabilize reproducibly only for
etch times ≥45s. Therefore, special care has to be taken when performing
this etch step.

Subsequently, a wide BCB mesa is formed. Using a resist mask it has to be
considered that the mask material etches at approximately the same rate as
the BCB. Thus, sufficient mask thickness has to be provided. Furthermore,
mask erosion and the relatively high chamber pressure cause a lateral etch
that is almost as wide as the vertical etch depth. Figure 4.2 (right) shows
very well the typically inclined BCB edge when employing photoresist as
the mask material.

8 The sample has to be prepared for the electro-plating generating thick
ground and signal metal electrodes. A thin (W-Ti)-Au seed layer is sput-
tered all over the sample. The following lithography can be very critical
because of the narrow ground-signal gap of the coplanar waveguide and
microwave probe pad region. The topography of the structure is quite
“hilly” with height differences of ≈4µm. The plated metal is desired to
have a thickness of 2.5 to 3µm. The ground-signal gap in the pad region

2In other batches adhesion layers such as evaporated SiO2 or deposited SiN have been
utilized. However, for the purpose of this work it seemed to be sufficient to apply BCB
without such a layer.
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Figure 4.4. Completed modulator mounted for characterization (top). Topview
of a TWEAM with integrated termination resistors (500µm long).
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on top of the BCB layer is only a few microns wide, which has to remain
as a resist island after development. At the same time, resist holes down
to resistors lying on substrate level have to be opened. Usually, multiple
spinning, exposure, development steps are necessary in order to realize the
lithography for this configuration (see fig. 4.3).
After electro-plating resist and seed layer are removed wet-chemically.

Cleaving the die into separate components requires the thinning of the sam-
ple using mechanical lapping. Figure 4.4 shows the photograph of a com-
pleted TWEAM mounted on a subcarrier for characterization. High-bandwidth
TWEAM employ integrated NiCr resistors as line termination. The topview
photograph of such a device is also shown in the figure.

4.2 The segmented ridge-waveguide modulator

A set of 8 different masks has been used in order to process the TWEAM struc-
ture as presented in paper VII. The masks are designed for contact lithography
and a 2” wafer process. A Carl Süss MA-6 was used as lithography equipment.

A typical epitaxial structure grown on n-InP substrate as used for these
devices:

n InGaAs 5 · 1015cm−3 100nm
n InP 5 · 1015cm−3 1800nm
n Q(1.15) (etch stop) 5 · 1015cm−3 10nm
n InP (buffer) 5 · 1015cm−3 100nm
i SCH 35nm
i MQW 125nm
i SCH 35nm
n InP 5 · 1017cm−3 1500nm
n substrate

The process is discussed in the following text. Figure 4.5 serves as illustration
of the respective steps.

The epitaxial structure does not contain any p-doped material since the prin-
ciple of the device is to have a segmentation in active and passive modulator
parts. Therefore p-doping is introduced by utilizing Zn-diffusion [101]. A SiN
mask opened over the active sections allows the local conversion (see also fig.1
in paper VII) of the upper originally n-doped layers. Using a Zn source inside
a reactor at a temperature around 500◦C, just requires the calibration of the
diffusion length via several test runs and subsequent CV characterization.

The waveguides are wet-chemically etched down to the quarternary etch-stop
layer. Using a hard mask material (e.g., Ti), (tartaric acid):H2O2 to etch the
InGaAs layer, a HCl:H3PO4 etch solution for InP, and aligning the stripes along
the [01̄1̄]-[011] direction (i.e., parallel to the (01̄1) index flat cleavage plane)
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Zn-diffusion mask wet-etched waveguide mesa

high-frequency ground plane First BCB-layer and p-contact

Plated pillars BCB planarization

NiCr resistors and plating of the electrode

Figure 4.5. Steps for the fabrication of the segmented TWEAM.
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Figure 4.6. 40Ω NiCr resistor (width=75µm, length=60µm) on top of ≈6µm
thick BCB. Ground metal pillars can be seen as well.

results in a slight undercut profile creating the desired mesa shape with a top
contact area wider than the capacitance causing active region area (inverse to
the shape shown in fig. 4.2).

The lower n-InP layer is not contacted directly as conventionally done for
TWEAM on SI-InP substrate. In this design the HF ground plane is coupled to
the active layer via a large capacitance formed by metallizing the areas left and
right to the mesa. Later the thin-film resistors will form a connection between
this ground plane and the signal electrode. Bias voltage will be applied between
the backside metallized substrate and the signal electrode.

BCB coating follows in two steps. At first the mesas are planarized and p-
contacts are created in the active Zn-diffused regions. The BCB layer has to
carry signal electrode and termination resistors. Remember that the HF ground
plane is situated at mesa floor level of the relatively low mesas (≈1.9µm, ridge
waveguide structure). The dielectric separation layer accomplished with the
planarizing BCB coating is not thick enough in order to provide appropriate
microwave properties. Therefore, about 5µm high gold pillars are plated up-
wards from the p-contact metalizations and designated ground positions, which
will again be planarized with BCB. On top of this second BCB-layer the NiCr
resistors are formed (see fig. 4.6), and 2.5µm thick gold electrodes for signal and
ground are plated.

In the present design, the metal pillar process has to be preferred over a
possible via-hole process since it is rather difficult to perform a deep anisotropic
BCB etch if opening and etchdepth have almost the same dimension (see expla-
nation in sec. 4.1). The pillars are not wider than 6µm which approximately
corresponds to the etch depth. Photosensitive BCB does also fail because of its
inability to resolve narrow deep structures. However, the pillar method creates
problems insofar that the spin-coating results in a highly non-planar surface.
Thus, a planar down etching becomes considerably complicated. The desired re-
sult can simply be achieved in a number of successive coating and etching steps
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Figure 4.7. Three section TWEAM (left). Two section TWEAM with inte-
grated termination resistor (right).
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(time consuming). Applying patterned photoresist that fills the valleys of the
“hilly” surface helps a lot. However, some fine tuning is required (resist viscosity
and spin-speed) in order to obtain a favorable topography.

Figure 4.7 shows the topview of two segmented TWEAM. The layout is pre-
pared for monolithic laser integration as can be seen by the waveguide section
with the large area signal metalization. For the present devices, these sections
do not carry out any function. The n-InP substrate was also chosen in order to
be compatible with a typical laser process. The cleaved facets are AR coated
with evaporated SiO2 (for 1.55µm).
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Chapter 5

Results and summary of the
original work

This chapter discusses and summarizes the work presented in Paper I-VII. These
papers form the basis of the present thesis.

The author’s contributions to the different papers are indicated.

5.1 TWEAM microwave properties - simulation
and experiment

Paper I

This paper presents simulated and measured microwave properties of InP-InGaAsP
TWEAM. Obtaining the experimental results included design, process, and
characterization of the TWEAM structures.

At the time of publication not much work had been reported on the mi-
crowave properties of fully functioning TWEAM. Therefore, the starting point
of the microwave design are FEM full-wave simulations. The experimental re-
sults are then compared to these simulations (see section 3.6 for more results and
discussion). From the experimental data circuit model parameters are extracted
and used to simulate the modulation response of a corresponding TWEAM.
A measured TWEAM modulation response is also presented in the paper and
agrees very well with the circuit model simulation using the experimentally found
microwave properties. This agreement allows the extrapolation of the response
to frequencies beyond the characterization limit (45GHz) of the used setup.

Contributions by the author of the thesis: Device design, process design, full-wave
simulations, processing, writing of the paper.
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Paper II1

This paper presents an analysis of the influence of the electrode width on TWEAM
microwave properties and high-speed performance. Obtaining the experimental
results included design, process, and characterization of the TWEAM structures.

Wide electrodes are favorable for low electrical conductor loss and operation
in the velocity matched region. However, the widened electrode results in a
lower characteristic impedance because of the decreased inductance per unit
length. Therefore, impedance matching or low impedance termination becomes
very important. Otherwise no benefit is obtained from the reduced microwave
loss. In case of the high p-layer resistivity of the characterized structures in this
paper, a low inductance (i.e., wide electrode) helps to increase the bandwidth
of the device. Furthermore, as simulations show (see section 3.5), even with a
relatively low p-layer resistivity, a wide electrode results in a lower αµ.

Contributions by the author of the thesis: Device design, process design, process-
ing, analysis, writing of the paper.

5.2 Wide bandwidth TWEAM (different
lengths) with integrated termination
resistors

Paper III

This paper presents the results of DC-extinction ratio and bandwidth measure-
ments on TWEAM with different lengths. Termination resistors are integrated in
order to achieve high bandwidths. The devices are described and the paper also
contains an analysis of the influence of the signal electrode arrangement (TW
versus “lumped”). Obtaining the experimental results included design, process,
and optical and electrical characterization of the TWEAM.

The devices resulted in state-of-the-art bandwidths. A TWEAM as long
as 450µm reaches a bandwidth of 43GHz (record bandwidth-length product for
EAM). 67GHz can be extrapolated for a 250µm long device. The devices are
wide-electrode, low-impedance TWEAM that need a low termination impedance
in order to obtain the high modulation bandwidth. The integrated thin-film NiCr
resistors provide this termination.

Extracted circuit parameters are used for model simulations of the “lumped”
and the TW electrode arrangement. The superiority of the TW arrangement is
clearly shown.

A shortcoming of the presented devices is the high p-layer resistivity (NA≈
1.2·1017, as found by a subsequent CV characterization of the material), which

1The reprint of paper II attached to this thesis contains minor corrections of the original
paper printed in the proceedings of IPRM’01. The Rc values in Table 1 as listed in the
original paper are calculated for a unit other than specified in the table. The same applies for
the dB/mm scale in fig. 4.
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has a drastic impact on the bandwidth (see section 3.5). This results in TWEAM
that are bandwidth limited by the frequency dependent internal voltage drop in
the Yp network (see sections 3.4-3.6).

The thin-film resistors were designed too small in theses devices. Therefore,
terminated devices could only be characterized up to a reverse bias of 1V. By
changing the dimensions of the resistors bias voltages up to 6V will be no problem
(has been shown on other devices.)

Contributions by the author of the thesis: Device design, process design, process-
ing, analysis, writing of the paper.

Paper IV

This paper contains the results of a system experiment of the 450µm long
TWEAM with integrated termination resistors. At 10Gbit/s error free back-
to-back transmission and a 20Gbit/s eye diagram are demonstrated. The peak-
to-peak drive voltage was 2V into a 50Ω load.

Despite the inability of the resistors to sustain high electrical currents (see
paper III), large signal operation can be demonstrated. Also, the low impedance
does not present an obstacle for operation within a 50Ω system. The modulator
is relatively long (450µm) and provides thereby sufficient dynamic extinction
ratio (7dB) in order to obtain clearly opened eye-diagrams. However, the design
is not optimum, thus the result should be seen as a feasibility evaluation.

Contributions by the author of the thesis: Device design, process design, process-
ing, writing of the paper.

5.3 Analysis

Paper V

This paper analyzes the results of the characterized TWEAM (Paper III). Ob-
taining the arguments for the discussion required extensive full-wave and circuit
model simulations.

The influences of impedance, length, electrode configuration, and cross sec-
tion metal geometry (inductance per unit length) are discussed in order to draw
conclusions for optimum high-speed design of TWEAM. The contents of this
paper overlaps with the sections 3.5-3.6.

Contributions by the author of the thesis: Performing simulations, analysis, and
writing of the paper.
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5.4 Modeling

Paper VI

This paper presents the derivation of a calculation algorithm for the parameters
of the equivalent circuit model. Computing TWEAM structures with the help
of the derived formalism, full-wave simulations can be reproduced very well. A
successful test against experimental data is also presented.

In order to replace cumbersome 2D full-wave simulations it is desirable to
have a tool that quickly but still accurately calculates the equivalent circuit
model elements for a given cross section geometry of the TWEAM. With this
paper such a tool is provided. The derivations are based on the physical defini-
tions of resistors, capacitors, and inductors. Conformal mapping techniques and
suitable approximations are used in order to handle the 2-dimensional geome-
try. As a result, two typical TWEAM implementations, the high-mesa and the
ridge-waveguide structure can be calculated.

Contributions by the author of the thesis: Design and process of the measured
devices; contributing to the writing of the paper.

5.5 The segmented TWEAM

Paper VII

This paper contains the realization of a segmented TWEAM. With this approach
the low impedance problem of the TWEAM can be solved. The paper presents
the device concept as well as the results of high-speed small-signal and large-
signal characterization. Strain-compensated InGaAsP quantum wells are used
as the active material.

In section 3.5 and 3.6 it has been discussed that it is difficult to achieve 50Ω
characteristic impedance because of the high capacitance per unit length. An
increase in inductance per unit length in order to compensate for the capacitance
is not arbitrarily possible with the typical cross section of a conventional EAM.
Furthermore, a design for higher inductance also results in higher propagation
loss. A way to increase the inductance without changing the cross section of
the EAM is to split up the active device and add passive electrode elements as
a form of series inductances. In practice, such a passive segment corresponds
to a microstrip line. Provided that a thick dielectric layer is used, the added
capacitance per unit length remains relatively small. The overall conductor loss
is somewhat increased due to the additional electrode length. All together, 30 to
50Ω impedance can easily be achieved without sacrificing a lot of bandwidth. The
high impedance gives the benefit of achieving low microwave return loss resulting
in a high dynamic extinction ratio when using a conventional 50Ω driver.

Realized devices show a flat small signal modulation response over the char-
acterized frequency range of 0.04 to 50GHz. Model extrapolations result in a
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3dBe bandwidth of 95GHz for a 35Ohm device. At the time of writing, this is
the highest ever reported bandwidth for electro-absorption modulators. A 50Ω
device indicates a bandwidth in the 90GHz region. Large signal measurements
performed at an optical input power of 13dBm, result in clearly opened eye
diagrams at 50Gbit/s. Termination impedances <50Ω are realized in form of
integrated NiCr thin-film resistors. The measured dynamic extinction ratio at
50Gbit/s is 10dB for 3Vp-p drive voltage. The fabrication complexity remains
moderate. Process and devices are designed for n-InP substrate and the mask
layout is prepared for monolithic laser integration.

Contributions by the author of the thesis: Carrying out part of the processing,
input in device and process design and contributing to writing the paper.
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Chapter 6

Conclusion and Outlook

This work has successfully demonstrated the fabrication and function of TWEAM
in InP-InGaAsP. TWEAM show superior performance over lumped EAM if the
low modulator impedance is taken into consideration and proper impedance
matching is applied. Therefore, it has turned out to be advantageous for high
speed operation to develop a process that allows the integration of termination
resistors.

The design of TWEAM presents a big optimization problem where com-
promises have to be made regarding bandwidth, impedance, modulation depth,
electrical and optical loss. Thus, a thorough analysis is necessary in order to
find an optimum design. The analysis of microwave properties, and equivalent
circuit model parameters gives deep insight into the bandwidth and impedance
behavior of the TWEAM. Experimental microwave properties can be compared
to full-wave and circuit model simulations. Full-wave simulations predict correct
tendencies and do partly fit well with the experimental data. Simple circuit
model simulations using parameters extracted from electrical measurements can
almost exactly reproduce the measured modulation responses of the character-
ized devices.

The impedance of the TWEAM is considerably lower than 50Ω (usually some-
where between 10 and 25Ω) because of its intrinsic depletion layer capacitance.
There is not much that can be done in order reduce this capacitance so much
that the 50Ω level can be reached. Once this capacitance is fixed, other design
parameters become important. The impedance is also related to an associated
inductance per unit length given by the metal configuration of the cross section.
A high inductance produces a high impedance. It turns out that designs for
higher inductance do also result in a higher propagation loss for the traveling
voltage wave. This loss is strongly frequency dependent (ω2) and thereby re-
duces the bandwidth of the modulator. Therefore, for fixed capacitance there
is an impedance-bandwidth trade-off. Another very important parameter is the
parasitic resistance caused by the semiconductor layers with finite conductivity.
Its value is dominated by the p-material. In the distributed device (TWEAM)
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the associated RsC-product would present a bandwidth limitation if it causes
a faster roll-off than the propagation loss. Both mechanisms are interrelated
(higher Rs causes also higher loss). However, the propagation loss increases
with length and at good p-conductivity (NA=1018cm−3) this loss will limit the
bandwidth even for short TWEAM. A p-doping of NA=1017cm−3 may reduce
the bandwidth by tens of GHz. The bandwidth is also very sensitive to the
load impedance. Generally, the lower the load impedance the higher the band-
width. But, too low load impedance causes a strong peaking of the transfer
function. At low parasitics, a pure increase of the inductance per unit length
can reduce the propagation loss up to a certain frequency. If this frequency is
high enough, the inductance can be used in order to increase bandwidth and
impedance. However, the inductance has to be added without changing the
TWEAM cross section otherwise other loss elements would be increased leading
to an overall higher loss (and lower bandwidth). A possible solution presents
the successfully demonstrated segmented TWEAM. High bandwidth (/90GHz)
can be achieved for 50Ω impedance. However, also here it shows that lower
impedance results in an even higher bandwidth (>90GHz for 35Ω).

It should be remarked that the segmentation gives the benefit of a high
impedance seen at the source terminal of the TWEAM. For pure high bandwidth
design where high impedance can be sacrificed, the continuous structure should
give better results.

However, for the near future this concept seems very promising. Bitrates of
100Gbit/s are within immediate reach. The process contains some critical steps
(Zn-diffusion, waveguide wet etching, thick BCB planarization), but is moder-
ately complex and could be performed in any well-developed InP laboratory. The
next step would be to perform monolithic laser integration, which is straight for-
ward with the present layout. The MQW design leaves room for improvement.
A lower drive voltage can thus be expected. So far, only on-chip characterization
has been carried out. Some effort has to be put into packaging. Here, the high
impedance is beneficial since it reduces the influence of interconnect parasitics.
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Appendix

A.1 Circuit model fit

Simulations and measurements deliver characteristic impedance Zc and propa-
gation constant γ of the transmission line. The goal is to find the elements of
the equivalent circuit model (fig. 3.7). Simulations and measurements are here
assumed to be done only electrically without any optical input. This leads to
Ro →∞.

The real and imaginary parts of Zser and Yp (eq. 3.9) can easily be expressed
in form of circuit elements. Using eq. 3.14:

Zcγ = Zser(ω) = Rcon

√

ω

2π
+ jωLm

γ

Zc
= Yp(ω) = jωC0 +

jωCm
1 + jωRsCm

=
ω2RsC

2
m

1 + ω2R2
sC

2
m

+ jω

(

C0 +
Cm

1 + ω2R2
sC

2
m

)

Possible extraction procedure:

1. Fit Re{Zser(ω)} with Rcon.

2. Fit Im{Zser(ω)} with Lm.

3. Fit Re{Yp(ω)} with Rs and RsC
2
m.

Given the precise knowledge of geometry and material parameters (e.g.,
if Zc and γ are obtained from full-wave simulations), Rs could easily be
calculated analytically. In this case, Re{Yp(ω)} needs to be fit with RsC

2
m

only.

4. Fit Im{Yp(ω)} with Co.
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A.2 TML S-parameters

Transmission (ABCD) matrix representation of a lossy transmission line with
characteristic impedance Zc, propagation constant γ, and the physical length l
(e.g., [97, 102]):

(

V1
I1

)

=

(

A B
C D

)(

V2
I2

)

=

(

cosh(γl) Zc sinh(γl)
1
Zc

sinh(γl) cosh(γl)

)(

V2
I2

)

(A.1)
Scattering (S) matrix representation:

(

V −1
V −2

)

=

(

S11 S12
S21 S22

)(

V +
1

V +
2

)

For the TML within a system of impedance Zref (usually 50Ω), e.g. [102]:

S11 = S22 =

[

(

Zc
Zref

)2

− 1

]

sinh(γl)

2 Zc
Zref

cosh(γl) +

[

(

Zc
Zref

)2

+ 1

]

sinh(γl)

S12 = S21 =
2 Zc
Zref

2 Zc
Zref

cosh(γl) +

[

(

Zc
Zref

)2

+ 1

]

sinh(γl)

(A.2)

In order to obtain Zc and γ from the S-parameters, the following relations
are useful (e.g., [103]):

A =
(1 + S11)(1− S22) + S12S21

2S21

B = Zref
(1 + S11)(1 + S22)− S12S21

2S21

C =
1

Zref

(1− S11)(1− S22)− S12S21
2S21

D =
(1− S11)(1 + S22)− S12S21

2S21

(A.3)

Equation A.1 gives Zc =
√

B
C and γ = 1

l cosh
−1(A). Using eq. A.3 in the ideal

case of S11 = S22, S12 = S21, results in:

Zc = Zref

√

(1 + S11)2 − S212
(1− S11)2 − S212

γ =
1

l
cosh−1

(

1− S211 + S212
2S12

)

(A.4)

The physical solution Re{γ}>0 is chosen.
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In experiment one might find that S11 deviates from S22, and/or S12 from
S21. In this case, the full expressions of A.3 should be used. The argument for
γ then is (A+D)/2 (from eq. A.3).
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