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Abstract

In the recent years, the optical fiber transmission systems have seen an explo-
sive surge in traffic, mainly comprising of Internet data generated by the vastly
used handheld and portable devices. The rapid growth requires optical mod-
ulation data rates of 100 Gb/s and higher, per wavelength channel. In order
to scale up the capacity of the current optical fiber systems, the deployment of
optical transceivers implementing higher order optical modulation formats is
inevitable. Thus research on the next generation photonic systems is not only
challenged by the need of the higher data rates, it also needs photonic compo-
nents which are cost-effective, compact in size with lower power consumption
with higher device density on a single chip which is possible through photonic
integration on a common platform such as Indium Phosphide (InP).

The Mach-Zehnder modulators (MZMs) based on InP are the key building
blocks of such photonic integrated circuits (PICs) due to low drive voltage and
higher electro-optic (EO) bandwidth. They are the most suitable candidates to
replace the widely deployed large foot print Lithium Niobate (LiNbO3) based
MZMs. This thesis is focused on the design and development of travelling wave
InP MZMs operating in the conventional optical C-band and also at 2000 nm
which is one of the newly proposed possible alternatives for optical transmission
to avoid highly anticipated ‘Capacity Crunch‘ in the currently deployed standard
single mode fiber (SSMF) in the next decade.

The traveling wave InP MZMs utilize the coplanar waveguide travelling
wave electrode (CPW-TWE) structure which is optimized using an equivalent
circuit model and 3D electro-magnetic (EM) simulations to maximize the band-
width of the modulator. Based on different design variables, the main factors
limiting the bandwidth performance of the optical modulators are identified.
InP MZMs working around the 1550 nm wavelength range were developed and
characterized under DC and high frequency in order to validate the optimal
TWE design. The modulators achieve a 7 phase shift in the interferometer arms
through the quantum confined Stark effect (QCSE) based electro-refraction in
20 periods of strained InAlGaAs/InAlGaAs multiple quantum wells (MQWs).
The modulators demonstrate a DC switching voltage (V,) of 4.5 V with an 3-
dB EO bandwidth of 7.5 GHz with a linear roll-off enabling the large signal
performance of the devices upto 28 Gb/s for NRZ modulation.

An important aspect of the presented work is the development of the first
InP MZMs for operation around 2000 nm wavelengths for used in future optical

transmission systems. To make the operation feasible around 2000 nm wave-
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length, compressively strained InGaAs QWs are used in the optical waveguide.
Based on the optimized TWE structure, the developed modulators exhibit a 3-
dB EO bandwidth of 9 GHz with switching voltage as low as 3.2 V for a 3 mm
long electrode. It is also shown that maximizing the electro-optical overlap by
increasing the number of quantum wells can significantly reduce the Vr, hence
the modulator driving conditions for higher order modulation formats, with-
out sacrificing the EO modulation bandwidth and device dimensions. Further,
the devices are packaged using specially designed RF interposer to be used in
an efficient, high-capacity WDM transmitter for communication over 1.15 km
hollow-core photonic bandgap fiber (HC-PBGF) in the 2 um spectral region.
A WDM capacity of 40 Gb/s is accomplished by using four 10 Gb/s NRZ-OOK
externally modulated channels employing the InP MZM for the first time and
transmission performance is evaluated using a direct detection receiver.

To further improve the EO bandwidth and V. of the TWE-CPW based InP
MZM, a n-p-i-n structure is also proposed and the DC performance of the test
devices is reported.
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Chapter 1
Introduction

In the past two decades, there has been a phenomenal increase in the inter-
net data traffic over fiber optic transmission systems which is estimated to be
around 40% on average year-on-year depending on the geographical region [1].
This massive growth in data traffic is driven by widespread use of social net-
working, cloud computing and high bandwidth video streaming services. Al-
most any network based service we use through our laptops or hand-held de-
vices at some point is converted to photons that travel down a vast network of
optical fibers, which is estimated to be two billion kilometers, corresponding
to a string of glass which can be wrapped 50,000 times around the globe [2].
According to a recent (2014) visual network index (VNI) report by Cisco [3],
the global IP traffic has seen fivefold increase over the past 5 years and a fur-
ther threefold increase is expected over next 5 years. In addition, by year 2018
the busy-hour internet traffic will reach 1 Pbit/s with average internet traffic
of 300 Tb/s and the total number of devices connected to the networks will be
three times the total global population. This relentless growth of data volume
over decades has been dealt with the huge intrinsic bandwidth of conventional
standard single mode fibers (SSMF) through technological evolution.

1.1 Evolution of optical communication systems

The increase of transmission capacity per fiber on yearly basis is shown in Fig
1.1. Since the deployment of optical fiber communication systems in 1970s, the
first major breakthrough in terms of fiber capacity was achieved in 1990s, by
the availability of wavelength division multiplexing (WDM) and optical ampli-
fiers, which allowed the capacity of system to be enhanced from a few Gb/s to
over 1 Tb/s resulting in an increase of capacity by more than 10 000 times [4].



1.1 Evolution of optical communication
1. INTRODUCTION systems

The steep growth in WDM enabled optical transmission capacity was around
2.5 dB/year. This rapid growth also reflects the advancements of electronic,
optical and optoelectronic device technologies employed in the fiber optic com-
munication systems in that time frame, leading to the single channel rates up
to 10 Gb/s [5]. Dense WDM (DWDM) technology with 50 GHz channel spac-
ing in combination with optical amplification readily populated the available
spectrum of ~5 THz, which is basically the amplification range of an Erbium
doped optical amplifier (EDFA) in optical C-band (1530 — 1565 nm). This rapid
growth in capacity slowed down in early 2000 when the optical and electri-
cal bandwidths became equal as the channel rates were increased beyond 10
Gb/s [5]. Simple intensity modulation format (ON/OFF keying) were used for
both the channel rates of 2.5 Gb/s up to 10 Gb/s. However, the move to further
increase the single channel modulation rate to 40 Gb/s was hindered by the fact
that simple intensity modulated signal is highly prone to the fiber impairments
such as chromatic dispersion (CD) and polarization mode dispersion (PMD) for
data rates > 10 Gb/s, thereby limiting the optical reach for the long-haul optical
communication system deployment [6].
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Figure 1.1: Transmission capacity per optical fiber in research and commercial
systems [11].

The consequence was the change in research focus to increase the spectral
efficiency (SE), which means to pack more information in the 5 THz bandwidth
of the Erbium doped fiber amplifier (EDFA) efficiently [5]. From 2002 onwards,
much research was performed on advanced optical modulation formats such
binary and quaternary phase shift keying (BPSK, QPSK) using direct detection
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with differential demodulation (DPSK) [7]. Using 40 Gb/s DPSK modulation
format with 50 GHz WDM channel spacing increased the SE to 0.8 b/s/Hz and it
allowed long-haul transmission with better optical signal to noise ratio (OSNR)
performance using advanced filtering, due to higher resilience to fiber impair-
ments compared to simple intensity modulated 40 Gb/s signal [8,9]. To further
increase the SE, hence the system capacity, the transmission systems had rely
on the concept of optical parallelism [2]. The SE of ~ 2 b/s/Hz was achieved
by using QPSK modulation format, which in combination with polarization di-
vision multiplexing (PDM) further increased the SE by another factor of 2 with
the reduction in baud rates by a factor of 4 [10]. Thus the use of PM-QPSK en-
abled the reduction of baud rates or symbol rates for 40 Gb/s and 100 Gb/s data
rate to 25 and 10 Gbaud respectively. The reduced symbol rates were within
the operational capabilities of fast analogue to digital converters (ADCs) and
opened the door for the coherent receivers which were sidelined with the rise
of WDM and EDFA technology in early 90s [11]. In addition, it also reduced
the high bandwidth requirement on the electro-optics used. The use of digital
coherent receivers with advanced signal processing techniques has enabled the
commercial deployment of system at 40 Gb/s and 100 Gb/s using PM-QPSK
in late 2000 [12-15]. In addition to PM-QPSK, higher order quadrature am-
plitude modulation (QAM) formats such as 16-QAM, 64 QAM and higher is
another option to increase the capacity of the system [16]. However, the major
compromise in using these higher order optical modulation formats is the re-
quirement of higher OSNR, which directly translates to the maximum attainable
transmission distance before optical regeneration. As the bandwidth demand
on optical transmission systems is a continuous process, so future systems will
need per channel modulation data rates of 400 Gb/s or even 1 Tb/s with much
efficient use of available spectrum which implies that the use of higher order
modulation formats will be inevitable [17].

1.2 Optical Modulators

In above section, a brief summary of the evolution of single channel modula-
tion data rates and total capacity per fiber has been discussed. The last decade,
specially the past five years has seen the rise in implementation of digital coher-
ent technology complemented by availability of high speed ADCs and advanced
DSP based techniques for fiber impairment mitigation [18, 19]. The research
on future 100 Gb/s, 200 Gb/s and 400 Gb/s coherent optical transceivers based
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on PM-QPSK and PM-M-QAM modulation formats is driven by the three main
factors [18]:

* Reduction in foot-print of optical transceiver assemblies
* Low power consumption
* Cost reduction of hardware implementation

A typical coherent optical transceiver is comprised of the following main
photonic components, narrow linewidth tunable lasers, high-speed optical mod-
ulators, high-speed optical detectors, polarization splitters/combiners and 90°
optical hybrids [19]. As the main focus of this work is on the design and im-
plementation of high-speed optical modulators, so I will limit my discussion to
modulators only.

To achieve high modulation rates the optical modulators are they key build-
ing blocks of optical transmitters assemblies. Lithium Niobate (LiNbO3) based
Mach-Zehnder modulators (MZMs) have been widely deployed in today’s ad-
vanced optical communication systems. Although, presently MZM technology
based on LiNbO; is very mature and widely tested. Also, modulators with
low switching voltage (V,), high electro-optic (EO) bandwidth and low inser-
tion loss are available from different vendors. These modulators are widely
deployed in different applications ranging from 10 Gb/s to 100 Gb/s trans-
mitters based on either simple ON-OFF keying or advanced modulation for-
mats [19-22]. First generation 100 Gb/s PM-QPSK transceiver systems also
used double nested IQ LiNbO; modulators. Such transceivers are generally
assembled in a industry standard package MSA-168 by combining together dis-
crete photonic components from different vendors through multiple-supplier
agreements (MSA) [19,23]. The major drawbacks of using the LiNbO3; modu-
lators in such optical transceiver assemblies are:

* Large module size of packaged modulator chip.

* Inability to integrate monotonically with other active and passive photonic
components.
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Discrete Component MSA-168
(Gold Boxes) (Transgonder]

NEM card, >100W | 7x5”, ~80W
CFP2 I CFP
(Analogue Pluggable) (Digital Pluggable)

108x42x12.4mm, 12W I 145x82x13.6mm, 32W

Figure 1.2: Dimensions and power requirements of C form-factor pluggables
formats (CFP) for optical transceivers [19].

1.2.1 Photonic Integration

The technology limitations mentioned above will eventually restrict the use of
LiNbO; MZMs as the second and third generation of optical transceivers will
be dominated by the requirement of different set of photonic components as
the next level transceiver assemblies are much more compact with lower power
dissipation [19,20]. Next generation pluggable transceiver packages such as
CFP, CFP2 are not only much more compact in size but also have expected to
operate with lower power dissipation [23]. The size and power requirements
of discrete components and different pluggable packages are shown in Fig 1.2.
Current and future photonic devices are dictated by the requirements of these
pluggables modules and will require a new level of integration in order to re-
duce the device foot print, increase the device density on a single chip and
reduce power dissipation.
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Figure 1.3: Examples of InP based photonic integrated circuits (PICs): (a) 4-
and an 8-channel WDM transmitter. A single PIC integrates 74 components on
a chip area of 3 mm x 5 mm [24]. (b) Four InP MZMs integrated to form dual
polarization IQ modulator with multiple monitor and control functions on a 6.4
mm x 2.6 mm chip [18].

InP based photonic integrated circuits (PICs) address all the requirements
of compact device foot print and low power needs of these evolving transceiver
modules. PICs based on InP enable the possibility to integrate laser, modula-
tors, semiconductor optical amplifiers (SOAs), photodetectors (PDs) within a
single chip. With the advancement in InP based semiconductor growth and
processing technology, along with reduction in killer defect densities in InP
wafers to a comparable level with Silicon CMOS [24], large scale PICs have
become a reality. In addition, the commercial availability InP based generic
integration foundaries will be a game changer specially to implement optical
transmitter chips operating at 100 Gb/s or beyond [24-26] as highly dense
and compact level of photonic integration will be possible at a reduced cost.
Generic foundary based integration will also help to realize InP PICs for ap-
plications beyond telecommunications such as optical metrology, medical diag-
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nostics and gas sensing [24, 25]. Fig 1.3 shows a few examples of InP based
PICs. In the recent years several PICs have been demonstrated. First large
scale PIC circuit chip with aggregate data rate of 100 Gb/s came in operation
on commercial level in 2005 [27]. This chip achieved an aggregate data rate
of 100 Gb/s using 10 Distributed feed back (DFB) tunable lasers integrated
with 10 eletro-absorption modulators (EAMs) with all modulated channel mul-
tiplexed to a single output using arrayed waveguide grating (AWG). Following
this several PICs demonstrating aggregate data rate of ranging from 100 Gb/s
to multiple Tb/s have been demonstrated using InP based MZMs instead of
EAMs to implement advanced PM-QPSK modulation format [25, 28, 29]. Re-
cently, a 2.25 Tb/s InP monolithic integrated coherent transmitter PIC has been
demonstrated. This single chip contains 40 x57 Gb/s PM-QPSK transmitters
(40 DFB tunable lasers, 80 nested MZMs) all integrated together with total of
over 1700 integrated functions [30]. Such large scale PIC chips show the po-
tential of InP based technology to realize compact small-form factor compatible
optical transceivers.

1.2.2 InP based modulators suitable for Photonic Integration

InP based optical modulators are the main functional blocks of the small-form
factor optical transmitter PICs utilizing advanced modulation formats to achieve
high data rates per wavelength channel. As mentioned above, the large module
size of LiNbO3 based MZMs makes them incompatible for the coherent plug-
gable modules. The large size of such modulators is due to the fact that they
mainly rely on phase change due to the linear electro-optic effect (LEO) in
the LiNbO; material, which results in long phase shifting electrodes to achieve
lower V.. Although, the LEO coefficient in InP (~1.4 pm/V) based material is
15 to 20 times less than LiNbO3 (~30 pm/V). However, the low value of LEO
coefficient can be overcome by the high refractive index of the InP based mate-
rials which is usually around 3.5 as compared to 2.2 in LiNbOs. As the refractive
index change due to LEO with applied field is proportional to the cube of refrac-
tive index (See section 2.2), which provides a four-fold improvement in over all
index change. For the same electric field, the index change in LiNbO3 based
modulator is just ~ 5 times high as compared to InP based MZM. Morever, re-
fractive index change in InP based MZM devices is further enhanced greatly
by quantum confined Stark effect (QCSE) in multiple quantum well structures,
this enhancement allows InP based phase MZMs to be compact in size [31]. In
addition, photonic integration capability and low power consumption, makes
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MZMs on InP platform even more attractive for future generation transmission
systems.

InP MZMs based on QCSE for 10 Gb/s optical communications were first
reported in early 1990s followed by commercial deployment of 2.5 Gb/s mod-
ulators co-packaged with single wavelength lasers in 1995. Due to lack of uni-
formity in processing technology, InP MZMs were not able to compete with 10
Gb/s LiNbO3 modulators [32,33]. Still, due to the potential of integration with
lasers and other components, the research on InP MZMs continued and many
ground breaking results were achieved in terms of higher EO-bandwidth and
lower V... Mostly, research on InP based modulators was performed using p-i-n
epitaxial layers structure by driving RF electrodes on each inteferometric arms
independently [31]. To drive the arms of MZMs either the lumped or copla-
nar waveguide (CPW) traveling wave electrodes (TWEs) can be used. Another
approach is using two interferometric arms in series push-pull by capacitively
loading (CL) a coplanar strip (CPS) electrode structure. CL approach was in-
troduced by R.G Walker in [34] in 1991 for Gallium Arsenide (GaAs) based
modulators. Fig 1.4 shows the typical implementation of an IQ modulator us-
ing two nested InP based MZMs. The major difference between two schemes is
that for CPW-TWE IQ modulators four electrical drivers are needed to drive the
device in push-pull configuration. While for CPS-CL-TWE, only two electrical
drivers are needed.

1.2.3 Development of InP MZMs 2000-onwards

InP MZMs based on either CPW or CPS-CL electrodes have evolved in terms
of performance in the last 15 years. A summary of the major contributions in
continuous development of InP based MZM developed from 2000 onwards is
shown in Table 1.1.

First major result in terms high EO-optic bandwidth was reported by S.
Akiyama et al [35] in 2002 and it demonstrated a 40 Gb/s eye diagram using
MZM based on semi-insulating (SI) InP for the first time. As the capacitance per
unit length of a conventional p-i-n structure is usually very high and it is difficult
to achieve a 50 €2 impedance until unless the i-region is made thicker which re-
duces EO efficiency of the modulator increasing V.. This problem was overcome
in [35] by introducing a novel structure by creating small sections of low and
high capacitance on phase shifting section, which resulted in better impedance
matching and EO bandwidth improvement. Followed by this in 2003, another
way to reduce the capacitance and enhance EO bandwidth was introduced by K.
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Figure 1.4: Layout of InP based IQ modulators using: (a) CPW-TWE [42]. (b)
CPS-CL [46].

Suzuki et al in [36] by replacing p-i-n structure with n-i-n structure. This struc-
ture allowed a thicker i-region with a Fe-doped InP as current blocking layer
to reduce the capacitance at the expense of reduced electro-optic efficiency.
However, reduced efficiency was compensated by longer length of phase shift-
ing electrode (3 mm) due to lower electrical and optical losses associated with
n-doped InP. In 2004, a 45 GHz EO bandwidth MZM was published by D. Hoff-
mann et al in [37] using capacitive loading (CL) series push-pull arrangement
to achiever better impedance match and low chirp. In addition to the higher re-
ported bandwidth, a special feature of the reported device was the integration
of a spot size converter (SSC) to reduce the coupling loss (~ 4 dB improve-
ment) between fiber and MZM chip. In the similar year, based on the CL-TWE
SI-InP MZM structure, S. Akiyama et al [38] reported a 40 GHz EO bandwidth
with 3 V V. which was 2.3 V lower than their previous implementation using
CPW in [35]. In year 2005, a negative chirp 10 Gb/s MZM on N* InP substrate
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with integrated SSCs was demonstrated by Oclaro (Bookham previously) [39].
The device exhibited the lowest insertion loss of 4.5 dB and also showed that
chirp conditions can be adjusted by applying different biases to the RF elec-
trodes. Based on the same platform, zero chirp modulation characteristics were
demonstrated in 2007 by the same group by including DC phase imbalance
electrodes [40]. In the same year, the group at Fraunhofer HHI presented their
SI-InP modulator based on CL-TWE with improved bandwidth of 45 GHz and
63 GHz with further optimizations in electrode design suitable for 80 Gb/s NRZ
modulation [41].

Another design of InP MZM was demonstrated by N. Kikuchi et al in 2007
but this time using n-p-i-n structure. In this design a p-doped layer acted as the
current blocking layer. Using two such modulators integrated as an IQ nested
structure in push-pull mode (V,=1.5V) 80 Gb/s data rate using DQPSK modu-
lation format was reported [42]. In the following year, similar group presented
the SOA integrated MZM to overcome the insertion loss of the modulator but
only operating at 10 Gb/s [43].

From 2008 till now, all the modulators described above served as a basic
platform for further improvements in EO bandwidth and switching voltage
through RF engineering and MQW material optimization. With the develop-
ment of these compact and low drive voltage modulators, the main emphasis of
the research was to establish the applicability of these MZM devices to imple-
ment higher order modulation formats to enhance the data rate per wavelength.

The results of implementation of advanced modulation formats using the
InP MZMs in IQ nested arrangement have been published by a number of
groups in recent years. A 40 Gb/s DQPSK per wavelength channel was demon-
strated by many groups from 2008-2009 [44,45]. In 2010, 45.6 Gb/s per chan-
nel was achieved using external polarization multiplexed (PM-DQPSK) by In-
finera [28]. Following this work, there has been a continuous improvement
in per wavelength channel data rate. A transmitter capable of 160 Gb/s PM-
QPSK using CL SI-InP MZM monolithically integrated in IQ arrangement was
demonstrated in 2011 by Fraunhofer HHI [46]. In the same year, 112 Gb/s per
wavelength using PM-QPSK was demonstrated by Infinera [29]. In 2013, an-
other InP MZM transmitter module based on CPW electrode demonstrated the
suitability for 128 Gb/s DP-QPSK was presented by Sumitomo Electric Indus-
tries [47]. In this work, the IQ modulators for both the polarization states were
fabricated on a single chip. In 2014, Oclaro demonstrated fully integrated dual
IQ InP MZM modulator on N* InP substrate with the improvement in EO band-
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1. INTRODUCTION 1.3 Motivation of this work

width of individual MZM to 20 GHz [18]. In the same year, n-i-p-n epitaxial
structure for realizing InP MZM was proposed by NTT, where p-doped (Zn as p-
dopant) InAlAs layer was used as a current blocker [48]. The authors suggested
that this structure allows InP MZM phase shifters to be orientated along [011]
direction i.e. perpendicular to major flat of InP wafer (EU/Japanese standard)
(See chapter 2). From the fabrication point of view, this orientation is favorable
to integrate a buried heterostructure (BH) laser diode with MZM [33,48]. The
results of this work were only limited to DC performance of the device. Initial
results based on n-i-p-n are also included in Chapter 6 of this thesis. In 2015,
TeraXion presented CL-InP MZM with a reduced V;; of 1.5 V as compared to their
previously reported value of 2.5 V by increasing number of MQWs from 22 to
32. The reported insertion loss of device is < 7.5 dB [49]. The InP MZM devices
summarized in Table 1.1 show a constant improvement in EO bandwidth with
a reduction in V. which is one of the main requirements to implement higher
order phase modulation formats for coherent optical transmitters.

1.3 Motivation of this work

The major limitation on the bandwidth is imposed by the non-linearities of the
silica-based standard single mode fiber (SSMF) and the optical amplifiers which
mostly operate within the 4-5 THz bandwidth of the C-band (1530 — 1565 nm).
Nevertheless, as shown in Fig 1.1, the use of the spectrally efficient advanced
optical modulation formats with pulse shaping and decreasing WDM channel
spacing has allowed a significant increase in the capacity of the long-haul opti-
cal transmission systems even within this limited bandwidth [1,2,5,12]. Com-
mercially available WDM products have a capacity of around 10 Tb/s. Recently,
a record-breaking transmission capacity of 38.4 Tb/s using 64 QAM with a
spectral efficiency (SE) of 8 b/s/Hz over 762 km was demonstrated through
a field trial [52]. These transmission results are already within a factor 2 of
the theoretically predicted nonlinear Shannon limit for the current optical fiber
systems [1,2,4,11,53]. Several other experiments have even shown higher
transmission capacity greater than 50 Tb/s over standard SMF using the state-
of-the-art transmitters, receivers and DSP techniques to mitigate fiber impair-
ments [54,55]. It clearly suggests that the current fiber infrastructure is rapidly
approaching its anticipated ultimate transmission capacity limit (100 Tb/s per
fiber) in next 5 years and by the year 2020 there may be the predicted ‘capac-
ity crunch’ [53] unless further radical innovation and breakthroughs in current
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physical layer technology are achieved.

To circumvent such capacity limitations, the research community has pro-
posed many ground breaking solutions such as exploiting the spatial dimen-
sion of an optical fiber by using space division multiplexing (SDM) based on
multiple-input-multiple-output (MIMO) signal processing which has shown no-
table data transmission performance with the total capacity of around 1 Pb/s in
recent years [11,56].

Another potential solution proposed in recent years is to shift the optical
transmission to the 2 ym wavelength region. To date the mid-infrared (MIR)
wavelength range (2 - 20 um) has been particularly interesting for spectroscopic
sensing and detection applications [57]. However, in this thesis, we focus on
the use of the 2 ym wavelength for data communication over an entirely new
physical layer based on hollow-core photonics bandgap fibers (HC-PBGF). HC-
PBGFs guide light in a hollow core which is surrounded by a complex glass
microstructure and offers many interesting optical properties for optical com-
munications such as ultra-low optical nonlinearity, low latency and excellent
power handling as compared to SMF. In addition, it has potential to achieve a
loss as low as 0.2 dB/km at 2 ym [58,59]. In combination with the recently
developed ultra-broadband ( 1.85-2.05 yum), low noise and high gain Thulium
Doped Fiber Amplifier (TDFA) [60-62], HC-PBGF has emerged as a potential
option for future transmission systems [63].

1.4 Main contribution and outline of this thesis

In order to make optical transmission at 2 um viable, a new range of differ-
ent photonic components such as lasers [64,65], modulators [50,51], optical
hybrids [66], arrayed waveguide gratings (AWGr) [67] and photo-detectors
(PD) [68] had to be developed. Initially, the availability of these active and
passive photonic components at 2 ym was limited. The first optical transmis-
sion experiments were successfully using photonic components based on differ-
ent platforms using HC-PBGF fiber as a transmission medium demonstrating a
steady increase in the transmission capacity with time. Most of these exper-
iments used directly modulated lasers, optical injection locked lasers together
with commercially available LiNbO; MZM based transmitters to implement var-
ious modulation formats [69-72]. Conventional LiNbO; based modulators at
2 pm usually have very high switching voltage (V, ~11-13 V), large module
size and may also suffer from bias point instability. Moreover, they cannot be
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integrated with III-V active components which make them unsuitable for the re-
alization of cost-effective, low power and small form factor compatible photonic
subsystems with high functionality.

This thesis is focused on the design and development of the InP based Mach-
Zehnder modulators operating at conventional 1.5 ym wavelengths and also at
the newly proposed optical transmission wavelength of 2 ym. MZMs operating
at 2 ym with EO bandwidth of ~ 9 GHz suitable for 10 Gb/s NRZ modulation
are the first reported devices on InP platform and demonstrate V. of 2.7 V only,
which is ~ 4 times lower than commercially available LiNbO3 MZM exhibiting
10 GHz EO bandwidth.

This dissertation is organized as follows:

Chapter 1 had discussed the evolution of optical communication systems
and role of InP based PICs to realize compact and low power transceivers for
future transmission systems. Results from the state-of-the-art InP MZMs devel-
oped in last 15 years are also summarized to highlight the continuous effort of
research community to realize compact pluggable package compliant InP MZM
devices. The concept of capacity crunch in the current fiber infrastructure ex-
pected in the next few years is explained. This phenomenon formed the basis of
this research work as one of the solutions proposed to avoid this capacity crisis
is to shift the optical transmission wavelength to 2000 nm and it will be not be
possible without realizing photonic devices specially lower power and compact
MZMs suitable for this wavelength operation.

Chapter 2 introduces the basic layout and operation of a Mach-Zehnder in-
terferometer (MZI) based on multi-mode interference (MMI) couplers. It pro-
vides a theoretical background of different electro-optic effects in III-V semi-
conductors utilized to achieve electric field induced phase change in the inte-
fermoeteric arms of a MZM. Importance of device orientation with respect to
InP wafer and its impact on the over all change in refractive index is high-
lighted. In addition, electro-absorption effect i.e. QCSE is explained quali-
tatively and then demonstrated experimentally by evaluating refractive index
change through QCSE in asymmetrically ramped MQW structures around 1550
nm.

Chapter 3 explains merits and demerits of different types of RF transmis-
sion lines used to realize RF electrode structures for driving InP based MZM:s.
Also, different trade-offs in high frequency design of electrodes to achieve high
bandwidth optical modulators are explained in detail through a comprehensive
equivalent circuit model of a traveling wave electrode.
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Chapter 4 discusses the III-V modulator specific material design and exper-
imental procedures to validate the material properties through fabrication of
test structures. It also explains different experimental techniques to character-
ize the DC and high frequency performance of fabricated InP MZM devices. The
RF electrode design rules established in previous chapter are validated by the
experimental results from fabricated high speed QCSE based InP MZM devices
operating at 1550 nm. Further, a comparison of measured results with sim-
ulation results is also shown and the EO bandwidth limiting factors are also
highlighted.

Chapter 5 focuses on the design and characterization of high speed InP
MZMs at a new optical transmission wavelength of 2000 nm. The knowledge
developed in previous chapters regarding design, fabrication and testing of high
speed InP based MZMs at 1550 nm served as the basis to realize different
test structures and MZM devices for operation at 2000 nm. It is experimen-
tally demonstrated that switching voltage of MZM can be greatly reduced by
enhancing the electro-optical overlap efficiency by increasing the number of
MQWs without sacrificing high-speed performance of the modulators. In ad-
dition, high frequency design of a low cost PCB based RF interposer for the
modulator packaging is discussed. The performance of RF package is tested by
wire bonding the fabricated modulator devices and 50 §2 termination resistors
on to the interposer and measuring the large signal response of mounted mod-
ulator device. Finally, packaged modulator performance is evaluated in terms
of OSNR vs. BER by transmitting 40 Gb/s WDM signal over 1.15 km HC-PBGF.

In the end, a conclusive summary of the contributions of this research work
is given in Chapter 6. Ideas for future research directions that can be drawn
from this research and have potential leading to proposals for further develop-
ments of InP based MZMs are also discussed.

Note: The main contribution of author in this work is the design and charac-
terization of epitaxial material; high frequency design and simulations of modu-
lator and RF package; DC and high frequency characterization of the fabricated
modulator devices. Fabrication was performed by the other group members.
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Chapter 2

Electro-optic effects in III-V
semiconductors

This chapter explains the fundamental physical effects required to realize a high
speed InP based Mach-Zehnder modulator. In Section 2.1, basic operation of
Mach-Zehnder interferometer in discussed. Section 2.2 explains the advantage
of utilizing InP-based ternary and quaternary compound semiconductors for
multiple quantum well structures to realize optical waveguides and phase shift-
ing sections of the modulator. Section 2.4 introduces the electro-optic effects
which are most important to achieve the phase shift in reserve biased shift-
ing region of a MZM. Through basic calculations, the importance of selecting
the proper waveguide orientation with respect to the crystal axis of InP wafer is
highlighted. In addition, the principle of quantum confined Stark effect (QCSE)
is explained with the help of experimental study of two sequentially grown
epitaxial layer structures with intrinsic region consisting of oppositely ramped
asymmetric quantum wells in Section 2.5. Also, the effects of loss of excitonic
confinement in quantum well structures is explained by comparing the phase
and refractive index change with applied field in both the structures.

2.1 Mach-Zehnder Interferometer

The Mach-Zehnder interferometer (MZI) based electro-optic (EO) modulator
design is perhaps the most successful modulator design that converts phase
into intensity modulation. It is based on the interferomteric principle which is
used to determine the relative phase shift between two light beams which have
been split from a single light source and then recombining them. The idea was
first proposed by Ludwig Mach and Ludwig Zehnder in 1891 and then refined
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in 1892 [1,2]. The EO modulators based on this principle are called Mach-
Zehnder modulators (MZMs). In MZ modulators used in the telecommunica-
tions industry, the interferometer paths are fabricated using electro-optically
active materials such as LiNbO3, polymers or III-V semiconductors. For semi-
conductor materials, the optical waveguides are defined using a p-i-n structure,
where the instrinsic region consists of multiple quantum well (MQW) structures
and confines the optical mode. The simplest form of MZI based EO modulator
has three sections consisting of a divider and a combiner at the input and out-
put respectively connected by two phase shifting arms (modulation sections) as
shown in Fig 2.1.

The operation of this simple configuration is straightforward. The input light
is split into two phase shifting arms of the interferometer equally using a 50:50
splitter (MMI, Y-branch coupler). The length of phase shifting arms is equal and
it is adjusted keeping in view the both the electrical and optical signal losses.
By applying an electric field across the phase shifter which is a p-i-n diode
structure, the refractive index in the phase shifter is changed. Each of the phase
shifters can also be manipulated individually. This refractive index variation
property of the material under applied bias is known as EO effect. Different EO
effects and their influence on the performance of a MZM will be explained later.
At the output, the light from two phase shifting arms is combined again using
another combiner. By applying reverse DC bias on one of the phase shifting
arms, the phase difference between two arms can be varied from 0° to 180°.
For this particular configuration, 0° phase difference between two arms results
in constructive interference and 180° phase difference results in destructive
interference. The constructive and destructive interference is represented by
ON and OFF state of the MZM amplitude transfer function shown in Fig 2.1b.
The light is transmitted for the ON state and radiated away for the OFF state.
The drive voltage required to achieve 7 phase difference between two arms is
termed as the ‘switching voltage’ (V) and it depends on the length of phase
shifter and strength of the EO effect.

If the phase shift is linear with the applied voltage then the optical power
transfer function (T) of a MZM is simply a cosine function by dividing P,.; by
P, as given below in Eq 2.1,

Pout
P,
where b, represents the optical represents the optical imbalance between
two arms of MZI defined as:

T =

_ ;[1 1 beos(Aé + o)) 2.1)
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Figure 2.1: (a) Schematic of a general Mach-Zehnder modulator structure. (b)
Transfer function of modulator for ideally symmetric balanced design (b = 0).
(c) Transfer function of modulator for non-symmetric design (b = 0.8).
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24 A
AT+ A2
A; and A, represent the optical field amplitudes in two phase shifting arms,

b (2.2)

¢o is the initial phase shift between arms, A¢ is the refractive index change
induced phase difference between two light paths due to voltage applied. Con-
sidering an ideal lossless case A; = A, i.e. b =1 and ¢, = 0, then Eq 2.1 can be
simplified to Eq 2.3.

T = ;[1 + cos(Ag)] = cosQ(A;b) (2.3)

The resulting transfer function for the ideal case of single input-single out-
put MZM is shown in Fig 2.1b. However, if there is an unequal splitting of
optical power at the input y-branch coupler, then imbalance factor b will be <1.
Transfer function for b = 0.8 is shown in Fig 2.1c. It can be clearly seen the
unbalancing limits the extinction ratio (ER) of the transmission curve of MZM
and also increases the insertion loss of the modulator.

The above case is the most general model of the MZM comprising of Y-
branch couplers at the input and output [3]. However, a major disadvantage
associated with this arrangement of single input and single output is that dur-
ing the OFF state the radiated light can back scatter into the modulator chip
resulting in unwanted reflections and overheating of modulator device. An-
other approach is to use the multimode interference (MMI) couplers both at
the input and output. Properly designed MMI couplers have greater fabrication
tolerance as compared to Y-branch couplers [4]. In addition, the MMI couplers
are much more compact when deeply etched and present low excess loss, low
polarization sensitivity and wide band operation and have been successfully
used as power splitters and combiners [5,6]. The schematic of MZM imple-
mentation with MMI couplers is shown in Fig 2.2a. In this case a 1x2 MMI
coupler is used at the input for splitting the light and a 2x2 MMI coupler is
used at the output. The use of the 2x2 MMI at the ouput is very useful as it al-
lows the the light to be switched from one output port to the other output port
rather being absorbed as in the case of single output combiner. The operation
of the MZM with 2x2 MMI at the output is rather complicated as compared to
a single output. To explain it in a better way, the transfer matrix method is used
to describe the behavior of this arrangement. All the three main elements of the
MZM structure i.e. 1x2 MMI, phase shifter and 2x2 MMI can be represented
by a transfer matrix. Cascading the matrices will give the total response of the
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Figure 2.2: (a) Schematic of a general Mach-Zehnder modulator structure with
1x2 MMI and 2x2 MMI at input and output respectively. (b) Schematic of the
output 2x2 MMI. The phase difference between two output arms is 7 /2.

MZM.
If the input light is equally split at the output of 1x2 MMI to both the phase
shifting arms then in the form of matrix it can be written as Eq 2.4.

1

Ain NG
Y= |2 A (2.4)
Aina 7z

By applying bias to a single arm or both arms of the modulator, the phase
can be varied. In this case the phase change is applied only to the lower arm.
In matrix form this phase change in the shifters can be represented simply as a

oo
o e

where A¢ is the reverse bias induced phase change. At the output of 2x2

2x2 matrix as in Eq 2.5.

Ay
Ay

Ainl

2.5
Ain2 ( )

MMLI, the field at both the upper arm and lower arm is
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A 1 =i A
upper _ \/i \/5 1 (2 6)
lower V2 V2 2

The overall transmission response of MZM in for both the outputs can be
calculated by simply cascading the matrices from output to input.

1 =1 1 o 1
e e B N B (2.7)
V2 V2 V2

By employing matrix multiplication and applying Euler’s identity T,z is
reduced to Eq 2.8

(14 sinA¢) — icosA¢

o (2.8)
cosA¢ +i(sinA¢p — 1)

T]V[ ZM —

1
5

The output power in both the arms of the output MMI can be calculated
using Eq2.9 and 2.10.

Poupper = |=-((1 + sinA¢) —icosAp)[* = = .(1 + sinAg) (2.9)

DO —
N | =

Plower — |;.(COSA¢ +i(sinAg— 1) = ;(1 ~ sinAg) (2.10)

The MZM transfer functions are shown graphically in Fig 2.3. It can be seen
that when phase difference between the two arms is + 90° the power transfers
to the upper arm and for -90° phase difference, the power is coupled to the
lower arm. For 0° or 180° phase shift between the arms means that optical
power is equally coupled to both the output waveguides. The devices are con-
sidered lossless and only linear phase change with applied voltage is considered
for to make the description simple and clear. The derived transfer functions
are good approximation in the case of LiNbO3; and polymers based modulators
where only the linear electro-optic effect (LEO) is present. However, in the
case of modulators based on III-V semiconductors, which also have a quadratic
electro-optic (QEO) effect then the transfer function is cannot be represented
by a simple cosine function and is more complicated and can be distorted. An
example of transfer function measured for the InP based modulator operating
at 2 ym wavelength is shown in Fig 2.4. It can be observed that the optical
power transfer function is not periodic which indicates the presence of higher
order EO effects. The details of device layout and performance is explained in
Chapter 5.
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Figure 2.3: Transfer function of MZM with 2x2 MMI at the output. Blue trace
shows the optical power in upper arm and red trace in lower arm.
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Figure 2.4: Measured transfer function of InP based MZM operating at 2um.

The length of phase shifting electrode is 2.5 mm with reverse bias applied to a
single arm only.

The main purpose of the MZM is to convert the electrical modulating signal
to an optical signal modulation to be used in either short or long-haul optical
communication systems. Once the DC transfer function of an MZM is deter-
mined as discussed above. The MZM can be biased at a a fixed DC bias point
and an external electrical modulating signal of certain frequency can be applied
to achieve different optical modulation formats depending on the position of
DC operating point. Details of the advanced optical modulation formats can be
found in [7]. The simplest of modulation formats is non-return to zero (NRZ) or
ON-OFF keying. By biasing the MZM at 50% of transmission point (also called
quadrature point indicated by red circle in Fig 2.5) and applying the driving sig-
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nal of peak to peak voltage equal to V,, the intensity modulated optical signal
can be generated as shown in RF switching curve in Fig 2.5.
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Figure 2.5: RF switching curve of a Mach-Zehnder modulator. Modulator is
biased at quadrature point of transfer function.

2.2 1III-V compound semiconductor materials

In addition to LiNbO; and polymers, III-V semiconductor materials are the most
important electro-optically active materials in existence. These materials play
an important role in realization of various active and passive photonic com-
ponents such as lasers, modulators, photodetectors. They are compounds of
group III and ground V of the periodic table. Binaries such as Indium phos-
phide (InP) and Gallium Arsenide (GaAs) are available as wafers on industrial
scale. Ternaries and quaternaries are grown as epitaxial layers to form the p-
i-n hetero-structures grown by metal organic vapour phase epitaxy (MOVPE)
or molecular beam epitaxy (MBE) [8]. By controlling composition and thick-
nesses of these epitaxial layers i.e. MQWs in the i-region, the devices can be
either made to emit or absorb light [9]. Fig 2.6 shows the variation of bandgap
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or wavelength versus lattice constant of different III-V compounds based on InP
and GaAs. For the operation of Mach-Zehnder modulators particularly, it is im-
portant for bandgap to be ~120-150 nm (70-86 meV) below the wavelength of
operation. The main purpose of this band edge detuning is to make the ma-
terial transparent for the input wavelength and reduce the optical propagation
loss (details are explained in Section 2.5). The composition and thickness of
wells and barriers in the MQW structure determine the bandgap of the grown
material structure and it is important to choose them carefully.
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Figure 2.6: Lattice constant and bandgap energies of III-V semiconductor mate-
rials. The legend on right side shows different optical bands of operation with
C and L band of highest interest to telecommunications [9].

The quality of the grown III-V material can be limited by the quality of the
interfaces. The quality of the material is determined by the lattice defects in-
troduced by the lattice mismatch between the substrate and all grown epitaxial
layers. The lattice constants of all the layers including barriers and wells need
to be matched to the substrate on which they are grown. High mismatch be-
tween the lattice constant results in generation of dislocation which can lead
to degradation of both electrical and EO properties of the grown material [9].
Despite this problem, introducing strain in the III-V based epitaxial layers can
be advantageous. It allows much wider choice of bandgap available, which may
not be achievable using the equivalent unstrained wells. A practical example
is the realization of 2 ym InP based MZMs in this thesis for which bandgap
around 1800-1900 nm is required. This bandgap can only be achieved using
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compressive strained Indium Gallium Arsenide (InGaAs) wells [10]. However,
the presence of strain in the wells poses structural limits. First limit is the critical
thickness of the strained layer itself which restricts the thermodynamic stability
of each layer. Increasing the strain decreases the critical thickness of the layer.
The critical thickness is the minimum thickness up to which a layer an be grown
without being relaxed and producing dislocations. The second limit is the over
all stress on the whole stack while growing strained wells. This stress can lead
to relaxation of the top and bottom of the epitaxial material stack [9,11]. Nev-
ertheless, this can be avoided by oppositely strained barrier layers. This is called
strain balancing/compensation, which allows the compositional deviation from
the precise lattice matching.

It is important to highlight why InP based materials were chosen over GaAs
to develop modulators in this work. Historically, there has been a competi-
tion between GaAs and InP based compound semiconductors. GaAs has been
a preferred base material over InP due to high intrinsic resistivity, high elec-
tron mobility, low fabrication cost, high process yield and ability to operate
in harsh radiation environment. Mature foundry processes originally devel-
oped for monolithic microwave integrated circuits (MMICs) were available to
be used for GaAs based optoelectronic devices. Based on these factors, initial re-
search in optical modulators was focused on GaAs based materials [8, 12-14].
In Fig 2.6, it can be seen that bandgap of GaAs and InP is around 1.424 eV
and 1.35 eV respectively. The dashed red line shows the lattice matched com-
positions for GaAs. Optical modulators can be realized using AlGaAs /GaAs
hetero-structures. AlGaAs is lattice matched to GaAs for all the fractions of Al
but the bandgap is too high to realize lasers and photodetectors based on GaAs
platform and for these devices there should be a different material active re-
gion to operate in telecomm wavelengths [9,14]. On the other hand, InP based
quaternaries such as Indium Gallium Aluminum Arsenide (InGaAlAs) and In-
dium Gallium Arsenide Phosphide (InGaAsP) can cover the bandgap between
0.75 um (1.46 eV) to 1.65 um (0.75 eV) and all the compositions in this range
are lattice matched to the InP substrate represented by a solid red line in Fig
2.6. This allows realization of active and passive components such as tunable
laser, MZMs and amplifiers based on InP based platform. Photonic integration
techniques further allow all these components to be integrated on a single InP
chip to realize dense, compact and multi-wavelength coherent transmitters and
receivers [15]. The ability to realize densely integrated and multi-functional
photonic integrated circuits (PICs) on InP is the main reason that future high-
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speed optical communication systems are relying more on InP technology as
compared to GaAs.

2.3 Light propagation through a medium

When the light travels through a medium, its propagation properties are deter-
mined the susceptibility (y) of the medium, which is a complex tensor given by
Eq 2.11.

x=x—Jx (2.11)

Both the real and imaginary part of y determine how the light wave prop-
agating in a medium is absorbed or amplified. With out any EO effect in a
lossless medium, permitivity (¢) can be written as Eq 2.12,

€= Xoto =1, X, =n%x!=0 (2.12)

Optical modulators based on III-V semiconductor materials take advantage
of the EO properties of these materials. Whenever, there is an EO effect, the
x of propagation medium changes from x to x., by Ax. The Ax has both real
and imaginary components [16].

Ax =AY — jAY (2.13)

€ = Xeofo = (Xo + AX)e, = N6, + (AX)e, (2.14)

Xeo Can be written in the complex form in general such that x., = X', —J X" o
and the real and imaginary parts of y., can be defined as

Xby = n>+AY and X = Ax" (2.15)

The propagation of a plane wave in the z direction in any electro-optically
active material with y., is given by Eq 2.16

E(z,t) = Bel@!mheo?) (2.16)

where k., is the propagation constant in the material and can be defined as

AX/ AX/I
keo = o€eo = o 2 o |1 - 2.1
W/ Tlo€eo = WA/ floN€ [( + 2n2) <2n2) (2.17)
Substituting Eq 2.17 in 2.16 results in Eq 2.18
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E(Z7 t) — [Eejwte—jw\ / uon2€oz] e—jwv Honeo QATXQ/Ze—w\/ Hon2€o 2:;/ z (2 18)
The intensity of the plane wave can be written as

2F?

2
\ Ho/ €co \ Ho/M%€co

From the above expressions, it can be seen that a plane wave acquires an
additional electro-optic phase shift of w. /o6, 2X

0 2n

z through the material. Also, the intensity of a plane wave can be attenuated or

I(z) = |E(z, )2 = e~V Honteo Sz (2.19)

after propagation of distance

amplified depending on the sign of Ax”.
The real (y)and imaginary part (x”) of the y for any material are further
related to each other through Kramers-kronig relation.

1 0o M,

V(@) = —PV /0 f}/ (_WCZdw’ (2.20)
1 00 / !/

X”(w):—;P.V/O :f/(fz)dw’ (2.21)

Where P.V stands for the Cauchy principle value that excludes the singular
point w’ = w. The significance of relation of x’ and imaginary part x” through
Kramers-Kronig can be described as follows: Any change in the absorption spec-
tra of the material will result in refractive index spectra change and if the any
of them is known over a wide spectral range, the complementary function can
be calculated through the use of above relations [16].

2.4 Electro-optic effects in III-V semiconductors

The electro-optic effects in general can be further classified as field effects and
carrier effects. There are three main field induced effects namely linear electro-
optic (LEO) or Pockels effect, quadratic electro-optic (QEO) or Kerr effect and
electro-absorption effect. The Pockels effect is linearly proportional to the ap-
plied field and is only found in the crystals which lack inversion symmetry [8].
Because of this reason, LEO is absent in pure silicon (Si) and Si-based mod-
ulators rely on carrier induced refractive index changes or strain induced re-
fractive index change [17]. The quadratic effects are universal and are found
in all, transparent semiconductors [8]. As compared to LEO, QEO is usually
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very small and in presence of both effects LEO dominates. Lastly, field in-
duced electro-absorption effects are related to the bandgap of the semicon-
ductor, where the applied electric field changes the energy difference between
the conduction and valance band in a semiconductor. In bulk semiconductors
it is called as Franz-Keldysh effect (FKE). However, it is strongest in the multi-
ple quantum well (MQW) structures, where its called qunatum confined Stark
effect (QCSE). In both of these effects, applied bias voltage changes the opti-
cal absorption, which leads to the phase change through the Karmers-Kronig
relations explained above. For the carrier based effects, there are two modes
of operation. Carriers can be injected or depleted in the intrinsic region of the
p-i-n optical waveguide to achieve a refractive index change [17]. Even though
high refractive index changes can be achieved, the carrier injection limits the
modulation bandwidth which depends on carrier lifetime which is typically 1-
20 ns in II-V materials [18]. The carrier lifetime can be reduced at the expense
of increased V. by introducing intentional material defects or by changing the
injection mode to depletion mode, where carriers are removed [8]. The details
of carrier induced refractive index change can be found in [19]. The InP based
MZM developed in this work mainly use LEO and QCSE in based refractive
index change in which reverse electric field is applied across the MQW based
intrinsic region of the phase shifting waveguides.

2.4.1 Linear electro-optic effect

When materials such as III-V compound semiconductors e.g. InP or GaAs, are
subjected to an external field, the atoms or molecules constituting the mate-
rial are polarized due to oppositely charged forces on positively and negatively
charged parts of these molecules or atoms resulting in redistribution of these
bound charges. The net result of this redistribution is a change in the per-
mitivity tensor. When the change in inverse of permitivity tensor is linearly
proportional to the applied field, the response is called linear electro-optic ef-
fect which is also known as pockels effect [20]. The induced polarization field P
can be represented as P = yE. In the presence of an external field the electrical
flux density D (C/m?) can be written as D = ¢,E + ¢,P = ¢,(1 + \)E = ¢,6,F ,
where ¢, is the permitivity of free space and e, is the relative permitivty of the
material subjected to external field. The refractive index of material is defined
as n = \/¢,. Based on which D can be written as, D = ¢,n’E. It means that
the refractive index of the material depends on the the relative permitivity and

any change to the permitivity of a medium results in a change in the refractive
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index.
Generally in tensor form D can be written as in Eq 2.22,

2 2 2
_ _ 2 2 2

Dy| = |ey €y €| - |Ey| = €0 |nya™ Ny Ny |- | By (2.22)
2 2 2

where €,,, €,,... are the dielectric constants of the medium. The elements
of the dielectric tensor should be symmetric i.e. ¢, = ¢;. Eq 2.22 can be
rearranged to Eq 2.23.

Bl = |G, Gy Gl | Dy (2.23)

The energy density in a medium is given as W = 1E.D. Using the Eq
2.23 with the help of some basic matrix operations, the final expression can be
written in the form of Eq 2.24. The complete derivation can be found in [20].

1 1 1 1 1 1
(55), G+ () o) (), rom(5), =1 a2
n?/q n?/q n2/s n2/4 n?/x n2/g

Where x,y and z are the dielectric axis of a crystal. Eq 2.24 represents
an ellipse and is called as ellipsoid or optical indicatrix in the presence of an
electric field [20]. The index ellipsoid is the most convenient way to describe
the behavior of an anisotropic material. The linear change in permitivity tensor

(;) (i=1,.,6)

in the presence of an external electric field is given by Eq 2.25.

elements

where E;, is the kth component of applied electrical field, 1;; is linear electro-
optic coefficient or pockels coefficient. In the matrix form the above Eq can be
written as Eq 2.26.
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A(1/n*) i T2 713
A(I/TLQ)Q To1 T22 T23 E
A(1/n? 31 T3 T *
( / 2)3 _ | Ts2 Tss) E, (2.26)
A(1/n%)4 41 T4z T43 5
A(1/n%)s Ts1 Ts2 753 ’
A(1/n*)s|  |re1 Tex Tes)

The electro-optic coefficent tensor [r;;] is a third-rank 6x3 matrix. The
value of electro-optic coefficients in [r;;] tensor depends on the crystal symme-
try. For the crystals having a center of symmetry, such as Si, the electro-optic
tensor elements are zero and there will be no LEO effect [20]. III-V compound
semiconductors and other materials grown epitaxially on them have no center
of symmetry and they have Zinc Blende (43) crystal structure with the only
non zero electro-optic coefficients of ry; =150 =r43. This reduces the electro-optic
coefficient tensor as represented in Eq 2.27. It must be noted that III-V mate-
rials are not intrinsically bifringent and it is only introduced when the external
electric field is applied.

[A(1/n2);] 0 0

A(1/n2), 0 0]

A(1/n?)3 _ 0 0 0 g 2.27)
A(l/n2)4 T41 0 0 Ey

A(1/n?)s 0 rgq O -

A(1/n*)s| |0 0 1y

The total refractive index change in the presence of applied field will be
the sum of the original index terms shown in Eq 2.24 plus the A(1/n?) terms
calculated using the Eq 2.27. The new index ellipsoid equation for any Zinc
Blende crystal calculated in the presence of electric field is expressed in Eq
2.28.

2 2 2
w +2ry (yzE; + 2B, + 2yE,) =1 (2.28)
n

where n is the refractive index of material such that n=n,=n,=n, due to
cubic crystalline symmetry of Zinc Blende. If the electric field is applied in Z-
direction Eq 2.28 reduces to Eq 2.29 such that £, = £, = 0 and the only electric

field component is ..

2 2 2
Tty +z
y2 + 2T41xyEz — 1 (2.29)
n
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From Eq 2.29 it can be seen that once the electric field is applied, the index
ellipsoid is no longer a diagonal and two off-diagonal elements (r4zyFE.) are
present, resulting in the 45° rotation of the index ellipsoid in x-y plane. The
index ellipsoid can be easily diagonalized again using simple coordinate trans-
formation with respect to x-y plane. In the new coordinate system x’,y’ and z,
the equation of diagonalized index ellipsoid becomes ,

12 1 12 1 Z2
T (712 + 7’41Ez> +y (712 - 7"41Ez) + 2 =1 (2.30)

It is clear from Eq 2.30, that there will be no refractive index change for the
light polarization in z-direction i.e. transverse magnetic (TM) polarized optical
mode, which has electric field component only normal to the crystal plane. The
total refractive index for the optical mode polarized in x’ direction and traveling
iny’ direction is given by Eq 2.31

1
Ny =N+ Any =n+ §n37’41EZ (2.31)

Similarly, for the optical mode polarized in y’ direction and traveling in x ’
direction , the total refractive index is represented by Eq 2.31

1
ny =n+An, =n— §n3r41EZ (2.32)
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Figure 2.7: (100) InP wafer with [011] and [011] directions parallel to major
flat and minor flat respectively (EU/Japanese standard). The solid circle rep-
resents the isotropic ellipsoid of InP crystal in absence of field with refractive
index of n in all directions. The dotted ellipse represents the index variation
due to LEO.

Fig 2.7 shows the graphical representation of this effect of increase and
decrease in refractive index as a function of waveguide orientation in Eq 2.31
and 2.32 respectively. It depicts the major flat and minor flat of (100) InP
wafer used in the fabrication of devices in this work. The direction [011] is
parallel to the major flat and [011] is perpendicular to the major flat. For

TE polarized input light, the optical waveguide oriented parallel to [011] i.e.
>
LEO effect. On the other hand, for the waveguides that run parallel to minor

major flat, the intrinsic refractive index increases by factor in®ry E, due to
flat i.e. [011] direction, the refractive index is decreased by factor %n:”mlEz
for TE polarization. The typical reported value of LEO coefficient 74, in InP is
around 1.4 pm/V [11,20]. For TM polarization, there will be no refractive index
modulation due to LEO. It implies that to maximize the refractive index change
in the phase shifter of an InP based MZM comprising of p-i-n structure, the
optical waveguides should be fabricated in the direction parallel to the major
flat of (100) plane InP wafer. Higher refractive index change will results in
higher phase change efficiency, which in turn reduces the V. In this thesis, the
same InP wafer crystal orientations explained here is used in the next chapters.
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2.4.2 Quadratic electro-optic effect

In the Eq 2.25, only the term depending on the linear electric field was con-
sidered. However, in reality, the refractive index of all materials also show a
quadratic dependence on the externally applied field. This effect is present in
all materials irrespective of crystal symmetry and is known as Kerr effect or
qudratic electro-optic effect (QEO) [20]. Eq 2.25 can be expanded to Eq 2.10
include the quadratic dependence of the refractive index change on electric
field due to the second order distortion. Terms higher than second order can be
neglected.

A(l/?’ﬂ)i = ’f‘ijkEk + R,‘jklEkEl =+ ... (Z = 1, ey 6) (233)

where R, is the quadratic electro-optic fourth rank tensor. The R;;; coeffi-
cients are usually very weak as compared to 1;; coefficients for LEO effects. In
matrix form, the above equation can be expressed as shown below. The R,y
tensor used is for Zinc Blende crystal structure.

] L. [ B2
A(l/n2)1 R11 R12 R12 0 0 0 E 2
A(I/TLQ)Q R12 R11 R12 0 0 0 EyQ
A(1/n? Ry R Ry 0 0 0 y
(1/n*)3 _ [Pz R R ok (2.34)
A(l/n2)4 0 0 0 R44 0 0 EE
A(1/n?)s 0 0 0 0 Ry O EyEZ
A(1/n? o 0 0 0 0 R .
A/n%)s| | u | g g,

For the z-directed electric field such that (E,=E,=0), the index ellipsoid in
the matrix form can be written as in Eq 2.35.

n% + ngEz2 0 0 xz
[z y 2] 0 L+ RiE.? 0 Ny (2.35)
0 0 L+ RuE?| |z

Due to absence of any non-diagonal elements in the ellipsoid equation, the
transformation to x’-y’ coordinate systems has no effect on the ellipsoid equa-
tion. The final expressions for the index change due to QEO can be written as
Eq 2.36 and 2.37.
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1 3 2

Anx/ = 571 R12Ez (236)
L 4 2

Any/ = 577/ RllEz (2.37)

Generally, a single value is quoted for quadratic electr-optic coefficient in
literature such that R;; ~ Ry, [20]. From Eq 2.35, it is clear that refractive index
change due to QEO is isotropic and is also independent of polarization. Typical
values of QEO coefficient in InP is in the range of 107°- 102! m 2/V? [20] and is
highly wavelength dependent and it can be strongly enhanced at wavelengths
near the bandgap of material by the electro-absorption effects explained the
next section.

2.4.3 Electroabsorption Effect: The Franz-Keldysh effect

Electroabsorption induced electro-optic effects involve the bandgap of the semi-
conductor. According to basic semiconductor theory, when the incident photon
energy is less than than bandgap of semiconductor i.e. hv < E. — FE,, it can-
not be absorbed to excite an electron from valence band to conduction band.
However, experiments show that in the presence of an external electric field,
the absorption behavior of the semiconductor is complex and in longer wave-
length region an exponential tail is introduced in the fundamental absorption
edge of the material as shown in Fig 2.8. This tail in absorption spectrum is ex-
plained by photon-assisted tunneling of electrons from valence band to conduc-
tion band, thus allowing the absorption of photon with energy slightly less than
the bandgap of the semiconductor to absorbed. This effect is called the Franz-
Keldysh effect (FKE) which was predicted independently by German physicist
W. Franz [21] and Russian physicist L.V. Keldysh [22]. Fig 2.9, depicts this ef-
fect graphically. When the external electric field is applied to a semiconductor,
the semiconductor bandgap is tilted in the direction of the applied electric field
such that electron and hole wave functions penetrate in the bandgap. The result
is the non-zero overlap between electron and hole wave functions, facilitating
low energy photons to be absorbed.
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Figure 2.8: Example of absorption spectrum in bulk semiconductor with and
without external field (F) [9].
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Figure 2.9: (a) Bandgap absorption in thermal equilibrium (No external field).
No absorption is allowed for photon with energy E<E, (b) Electron-hole transi-
tion for photon with energy E<E, due to tilting of bandgap in the Franz-Keldysh
effect in the presence of external field.

In the above discussion for FKE, for simplicity, the effect of Coulomb interac-
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tion between electron and holes generated during the absorption process for the
photons with energy larger than bandgap was neglected. In practice, when the
energy of the absorbed photon is larger than the semiconductor bandgap, an
electron transition takes place from valence to conduction band leaving behind
a positively charged localized hole. As the electron-hole move to their lowest
energy states, there will be Coulomb attraction between electron-hole pair re-
sulting in formation of an exciton [23,24]. The exciton will experience three
dimensional Coulomb forces similar as the hydrogen atom. The energy of the
exciton pair is less than the energy of free electron-hole pairs. The result is the
creation of exciton energy levels just below the bandgap of the semiconductor.
The creation of these states will allow the absorption of photons with energy
just below the bandgap. However, in bulk semiconductor the excitonic effects
cannot be observed at the room temperature as the binding energy of the ex-
citons is less than the the thermal energy of particles at the room temperature
which readily ionizes the electron-hole pair (typically in 300 fs). The S** state
bound exciton energy (Exsp) in bulk semiconductor is given by Eq 2.38 [25].

R
Exsp = _87;’ (2.38)

where R, is the Rydberg energy

R m,e?
Y 2R (drmeye, )2

2.4.4 Electroabsorption Effect: The Quantum Confined Stark
Effect

As compared to bulk semiconductors, in quantum well/barrier structures, the
situation is different. A quantum well is formed when a lower bandgap (Egw)
well is sandwiched between high bandgap barriers (Eg). The width of barrier
is usually kept 5 to 10 nm to avoid the coupling of electron and hole wave
function in two neighboring wells. Due to conduction and valence band poten-
tial barriers, the electrons and holes are localized in the well structures. The
potential barriers result in the formation of discrete energy levels for both con-
duction and valence band. An example of a single quantum well with lowest
energy level E.; for conduction band and the highest energy level for the holes
Enn1 with the respective wave functions confined in the well is shown in Fig
2.10a. Some holes in the valence band are heavier and some are lighter. Each
energy level for the holes is further classified as light-hole (E;;,) and heavy-hole
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(Enn). Usually, Eyj, is the highest energy level and in this example only heavy
hole energy level is shown for explanation of basic phenomenon. Without any
external field applied the electron and hole wave functions for the each subband
level is symmetric around the center of well. Due to localization of electron and
hole wave functions with the well, the binding energy and oscillator strength
of exciton formed will be high as compared to the bulk material. High confine-
ment allows sharp excitonic peaks to be visible even at room temperature. The
exciton binding energy for 2D case is give by Eq 2.39 and is usually less than
15 meV [25].
Exsp = _(S}jyé)Z (2.39)
From Eq 2.39, it can be deduced that for 1st bound state, S=1, the exciton
binding energy is four times higher in two dimensional exciton as compared
to three dimensional case. Also, the photon energy absorbed in the quantum
well is given by Eq 2.40, where the exciton binding energy must be taken into
account.

hv = EQW + Eel + Ehhl — Eex (240)

When the electric field is applied in direction perpendicular to the single
quantum well layers as shown in Fig 2.10b, the effect which causes the red
shift of the absorption spectrum is called the quantum confined Stark effect
(QCSE). It can be seen that the field pulls the electron and hole towards the
opposite side of the wells resulting in the reduction of energy of electron-hole
pair with a corresponding shift of the exciton absorption peak. The distinct
feature of the QCSE is that the excitonic resonances are not smeared away as
in case of FKE by the applied electric field and can be observed even at the high
applied fields. The electron and holes are basically impeded by the walls of the
well from tunneling out of the well. Also, since the quantum well structures are
usually of the order of 10 nm as compared to three dimensional exciton size
(30 nm) in bulk material, despite the reduction of electron-hole wave function
overlap due to spatial separation with the applied field, the excitonic peaks
still exist with slight broadening. The persistence of the excitons in the case of
GaAs-AlGaAs quantum well structures was explained by Miller et al. in [26].
The dependence of excitonic peak shift with applied electric field is quadratic
and it is proportional to the fourth power of the quantum well thickness. Details
of the complete analysis based on the variational method can be found in [27].
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Mathematically, field induced excitonic peak shift (AE) is given as Eq 2.41.

AFE = const. E* Low" (2.41)

It is clear that increasing the well thickness (Lgw ), increases the field in-
duced shift. But at the same time it broadens the excitonic peak due to reduced
exciton binding energy in the wider wells. The reduced binding energies will
eventually result in deterioration of the absorption change. The effect of loss of
excitonic confinement and its effect on the refractive index change and absorp-
tion will be discussed in detail in the next section.

barrier Well barrier

Ec

(a)

barrier Well barrier

Ec

(b)

Figure 2.10: (a) Electron-hole wave confinement in a typical potential well in
the absence of an external field. (b) Deformed wave function with reduced
energy level in the presence of an external field.
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As mentioned previously, the electro-refractive index spectra is inherently
related to the the absorption spectra change generated by electro-absorption
effects i.e. both the FKE and QCSE. If change in absorption (Aa) is known then
the change in real part of refractive index change An can be calculated through
Kramers-Kronig equation:

A rv [” B (2.42)
22" Jo N2 — A2 '
In III-V MQW based modulators, there is a choice to either use Aa or An

to achieve optical modulation. In electro-absorption modulators (EAMs), quan-

An =

tum wells are designed to achieve maximum Aa/AV at the wavelength of op-
eration, which is near the band edge (AV is the change in applied reverse
bias). However, near band edge, there will be always a An induced phase shift
associated with absorption change causing frequency chirp in the data modu-
lated signal [8]. The MZMs are electro-refractive modulators, which operate
at a wavelength detuned from the bandgap. In MZM case, the selection of de-
tuning wavelength and MQW design is to maximize An/AV and reduce the
absorption induced optical loss. It should be noted that the An achieved using
electro-refraction is much higher than achieved through LEO.

2.5 QCSE in shaped quantum well

There are a number of possibilities in the rich MQW design space which can
be exploited to achieve better modulation characteristics for MZMs. The pos-
sibilities include the MQW material system selection, the well / barrier widths
which can induce coupling as well as the quantum well number and shape.
MZMs exploring the possibilities of an enhanced electro-optic effect in rect-
angular [28], asymmetric coupled [29, 30], two step [31] and three step QW
structures [32] have been reported. In the above section, the QCSE effect has
been discussed only qualitatively. In this section, the performance of asymmetri-
cally ramped MQW structures based on the InAlGaAs material system for use in
an electro-refractive modulator is discussed and experimentally demonstrated.
The electro-optic effects on TE polarized light at 1550 nm are experimentally
compared for two 10 x QW structures which are mirrored in their growth di-
rection. First the performance of two expitaxial structure is compared in terms
of QCSE induced red shift in the absorption spectrum. Then the index, An, and
phase change, A¢, with applied bias in both the structures is used to for further
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performance comparison.

2.5.1 Ramped Quantum wells

As explained in Section 2.2, the tri-metal InAlGaAs alloy is lattice-matched to
InP for an In composition of 53% and the bandgap of the alloy can be varied
from 1650 nm to 850 nm by varying the ratio of Al to Ga from O to 1. Thus
shaped quantum wells can be envisaged. In order to study the effect of ramp
shape on electro-optic properties two different epitaxial structures with increas-
ing (Wafer A) and decreasing (Wafer B) ramps of the bandgap in the quantum
wells have been grown using low-pressure (80 mbar) MOVPE on n-doped (100)
InP substrates at 630 °C. The structures were grown sequentially to avoid vari-
ations in the growth environment. Shaping of quantum wells was achieved by
linearly ramping the flux of Al and Ga through mass flow controllers into the
reactor during epitaxial growth, resulting in a linear grade in Al to Ga concen-
tration ratio whilst maintaining a ‘total’ group-III flux throughout ramp. Each
wafer contains 10 MQWs with a thin undoped InP cladding on the P-doped
side leading to the total intrinsic region thickness of 308 nm. A P-doped InP
cladding layer is followed by a highly P-doped InGaAs layer for contacting pur-
poses. For each wafer the thickness of the well (barrier) is 12 nm (8 nm). Each
12 nm well comprises 5 nm base and 7 nm ramp sections with the bandgap
ramp in opposite direction for the respective wafers. The grown samples emit
photoluminescence (PL) peaks at 1337 nm and 1310 nm for Wafers A and B
respectively with full width half maximum (FWHM) of 59 nm.

Wafer A Wafer B
i —
Growth direction Growth direction
(@ (b)

Figure 2.11: Schematic representation of quantum wells in the growth direction
in: (a) Wafer A (Ramp up). (b) Wafer B (Ramp down).

The quantum well structures in both the wafers are shown schematically
in Fig 2.11. The EO characteristics of the respective designs have been inves-
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tigated by fabricating 1 mm diameter photodiodes with surface normal access
with top InGaAs contact layer removed . This configuration allows the measure-
ment of the direct absorption associated with TE polarized light under biased
conditions. The photoabsorption measurement setup will be explained later in
Chapter 5 of thesis (see Fig 5.2). Here we show the measurement results only.

Fig 2.12a shows the photoabsorption spectra of Wafer A (ramp up) as a
function of reverse bias. A strong excitonic resonance peak is observed at 1333
nm at 0 V bias corresponding to an inbuilt electric field of 35 kV/cm from
the PN junction. However, when the photoabsorption spectrum is measured
at the forward bias of 0.4 V as shown in Fig. 1(b), we can observe two clear
resonance peaks at 1333 nm and 1347 nm respectively. These peaks can be
attributed to ground-state light-hole (e1-lh) and ground-state heavy-hole (el-
hh) transitions respectively as discussed before. The merger of two resonance
peaks can be due to background doping effect which causes le-lh and 1le-hh
peaks to merge [33,34] or it can also happen due to additional alloy broadening
during growth process [35].

The red shift of the absorption peak with the applied reverse bias can be
seen and is due to the Stark effect shown in Fig 2.10. While the electrons and
holes are still confined within the wells, the increase in reverse bias reduces the
electron-hole overlap as explained before. The increase of the field results in the
broadening of the excitonic resonance and a decrease in exciton binding energy.
At a reverse bias of -5V, the 1e-1hh loses its quantum confinement which results
in de-localization of the exciton. Due to the quenching of the exciton at high
reverse bias, the absorption tail extends into the 1550 nm region which is the
intended wavelength of operation. The extension of absorption tail will result in
higher absorption at 1550 nm for TE polarized light which will result in higher
An.

The photoabsorption spectrum of Wafer B (ramp down) as a function of
reverse bias is shown in Fig 2.12c. As opposed to Wafer A, two well resolved
excitonic features due to light and heavy hole transitions can be seen in the
measured spectrum. The multiple resonance peaks occur at 1290 nm (le-lh)
and 1319 nm (le-hh) respectively. With the increase in reverse bias, Wafer
B behaves similarly to Wafer A and there is a clear Stark shift. However, the
excitonic feature retains its shape even for a reverse bias voltage of -7 V unlike
Wafer A. It also indicates that the exciton lifetime in Wafer B is longer than in
Wafer A. This results in a lower absorption tail around 1550 nm as evident from
Fig 2.12c.
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Figure 2.12: Normalized photo-absorption spectra for the oppositely ramped
MQW structures at different biases (a) Wafer A (Ramp up). (b) The photoab-
sorption spectrum of Wafer A (Ramp up) at forward bias of 0.4 V. Inset shows
the resolved peaks due to el-lh and el-hh. (c) Wafer B (Ramp down).
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2.5.2 Refractive index change

To further evaluate the EO effect in the asymmetric MQW structures, both
wafers are processed into ridge waveguides of different widths varying from 2
to 4 pm using standard lithography and Cl,/CH,/H, based inductively coupled
plasma (ICP) etching. The ridges are aligned along the [011] axis to achieve
refractive index change due to both LEO + QCSE as explained in Section 2.4.
The ridges are passivated, metallized and cleaved into 1 mm long bars. The
measured leakage current in the fabricated ridges is less than 1 pA for all ap-
plied biases as shown in Fig 2.13. Both the wafers have breakdown voltages of
around 16 V in the dark. An increased photo-detected current can be observed
in Fig 2.13 when TE polarized light at 1550 nm is coupled into the waveguide
due to absorption associated with the QCSE. For the same input power the pho-
todetected current at -10 V in Wafer A is around 0.48 mA as compared to 0.22
mA in Wafer B. The current is plotted on logarithmic scale to allow a clear vi-
sualization of dark and photodetected current. The higher absorption in Wafer
A is mainly due to the extension of the absorption tail at 1550 nm due to exci-
ton ionization. Although, An due to high absorption tail will be high, resulting
in lower V. but in interferometric arrangement of MZM it will result in imbal-
ance between the arms affecting the transfer function ER and also increases the
insertion loss of the device.

10°
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Figure 2.13: Current-voltage characteristics of 1 mm long metallized ridge with
and without TE polarized light at 1550 nm. Inset shows the SEM image of the
fabricated sample with 2.5 ym wide ridge.
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Figure 2.14: (a) Measured An for Wafer A and B for TE polarization. (b)
Measured A¢ for Wafer A and B for TE polarization.

The change in refractive index (An) and phase change (A¢) is measured in
1 mm long uncoated waveguides by measuring the Fabry-Perot fringe shift with
applied reverse voltage for TE polarized input light at different wavelengths
ranging from 1550 nm to 1580 nm. Measurement setup and procedure to ex-
tract both An and A¢ is described in Chapter 4 (See section 4.1). The extracted
An and A¢ at different wavelengths are plotted in Fig 2.14a and 2.14b respec-
tively. It can be seen that Wafer A has a voltage length product (V,.L) of 6
V-mm as compared to 7 V-mm for Wafer B at 1550 nm. The reduction of the
switching voltage (V,) in Wafer A is due to the higher absorption as shown in
Fig 2.12a and 2.13 respectively. Due to the lower exciton lifetime in Wafer A
as compared to Wafer B, the exciton peak broadening is higher which results in
higher residual absorption. It is also evident from Fig 2.14a and 2.14b that for
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Wafer A at 1550 nm, the An and A¢ curves are linear with voltage up to -4 V
and become non-linear as the quantum confinement is lost. On the other hand,
the An and A¢ response for Wafer B are relatively more linear up to -7 V. Also,
it is important to note that there is a difference of more than 20 nm between
the PL peaks of Wafer A (1337 nm) and Wafer B (1310 nm). For a better com-
parison, both An and A¢ are also measured at a longer wavelength of 1580
nm, where the residual absorption in Wafer A will be minimal. A VL of 7.2 V-
mm was measured which is less than for Wafer B. Further material optimiza-
tion of Wafer B i.e. by increasing the number of quantum wells and increasing
the electro-optical mode overlap would make it a good candidate material to
achieve low V,; ( 3 V,-mm) for an optical modulator with low optical insertion
loss.

2.6 Summary

This Chapter highlights the most important electro-optic effects in III-V semi-
conductors utilized to achieve the maximum refractive index change (An) with
minimum absorption at the wavelength of operation in InP based MZMs. For
p-i-n arrangement, the effect of direction of phase shifter waveguide in MZM
with respect to crystal axis of the (100) plane InP wafer is concluded in Table
2.1. In order to maximize the over-all An due to TE polarized input light, the
phase shifters should be fabricated parallel to the major flat of InP wafer. In this
orientation the sign of the An due to LEO is positive and adds up to the refrac-
tive index change due to QCSE. For TM polarization, there will be no refractive
index change due to LEO and only QCSE will play its role in the modulation of
refractive index.

Table 2.1: P-i-n waveguide orientation dependence on refractive index change.

MZM Orientation LEO QCSE
(TE polarization only )

[011] -An +An

[011] +An +An

It is important to highlight that, that the sign of An due to LEO will be re-

versed if the waveguide arrangement is n-i-p, where is n is top contact layer,
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which means the waveguide orientation should be selected accordingly. This
sign reversal is due to the change in the direction of reverse bias induced exter-
nal electric field. This fact will be demonstrated experimentally in chapter 6 of
this thesis.

Also, in order to develop a better understanding of quantum-confined Stark
effect (QCSE), the experimental analysis of QCSE induced An and A¢ has been
performed on InAlGaAs MQW structures on an InP substrate with mirrored
asymmetrically ramped bandgaps. Room temperature photoabsorption spec-
troscopy shows that there are significant excitonic absorption changes when
the electric field is applied perpendicular to the multiple quantum well layers
due to the QCSE. For both the structures, the quantum confinement is lost in
the presence of high electric field. In the wafer with the ramp down profile in
the wells along the growth direction, the excitonic resonance is still retained at
-7 V reverse bias as compared to the wafer with a ramp up where the excitonic
peak is quenched at -5 V. This leads to a lower switching voltage associated with
the higher absorption change which induces non-linear phase change at high
reverse bias. The phase change in the ramp down structure is relatively lin-
ear with voltage and shows low absorption. The switching voltage can further
be reduced by increasing the number of wells and optimizing both the phase
electrode length and total thickness of the intrinsic region keeping the capaci-
tance requirement for high-speed (demonstrated in Chapter 5 with rectangular
wells). The strong electro-optic properties of asymmetric quantum wells show
their suitability for high speed and low switching voltage InP based electrore-
fractive modulators. The best comparison of their enhanced performance as
compared to typical rectangular shaped QW structures should be done by se-
quentially growing alternate epitaxial layer structures with equal number of
both well types i.e. rectangular and asymmetrically ramped wells [32]. How-
ever, in this work only the EO performance of asymmetrically ramped wells is
compared with respect to each other only. Also, for final MZM devices only
rectangular MQWs have been used to achieve the modulation at 1550 nm and
2000 nm wavelengths.
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Chapter 3
Traveling wave electrode design

The three basic elements which should be considered for the design of a electro-
optic modulators are: the type of electro-optic (EO) effect used, the material
design based on EO effect and then the device layout i.e. optical waveguide
design and high-frequency electrode design. This chapter focuses on the basic
concepts related to the high frequency design of the electro-optic modulators.
Theoretical model and design considerations for the high-speed modulators in-
cluding the effects of different material parameters and device geometry are
discussed in detail. The different types of transmission line structures gen-
erally used in the design of high-speed devices are presented in Section 3.1.
Based on the appropriate choice of the transmission line, different electrode
configurations and their limitations are introduced in Sections 3.2 and 3.3.
High-frequency electrode design rules and derivation of modulator frequency
response is shown in Sections 3.4 and 3.5, where the effect of each design pa-
rameter on the modulator electro-optic bandwidth is described with the help of
special test cases. Finally, an equivalent circuit model of the electrode structure
is devised in Section 3.6, by comparing it to a general transmission line model.
The equivalent circuit model is then used to optimize the modulator bandwidth
performance by adjusting the variables related to optical waveguide geometry,
semiconductor material properties and electrode configuration. The main goal
of optimization is to reduce microwave propagation losses, enhance electrode
characteristic impedance and match electrical and optical propagation veloci-
ties.
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3.1 Planar transmission structures

The first step in the high-speed electrode design is to choose the most suitable
transmission line structure to deliver the high frequency microwave signal to
the optical device. Due to the small size of the high-speed optical modula-
tors, appropriate choice and design of the microwave transmission feed lines
and contact pads are necessary to achieve the desired performance. One of the
main requirements of the traveling wave electrode structure is that the trans-
mission structure should be planar in configuration to allow easy device access
through RF probes and should be compatible with the standard packaging tech-
nology i.e. wire bonding and flip-chip bonding technology. Fig 3.1 shows the
most commonly used different types of planar transmission lines in microwave
circuits.

3.1.1 Microstrip line

The most popular type of planar transmission line is the microstrip line which
is widely used in both active and passive monolithic integrated microwave cir-
cuits (MMICs). It originated from the stripline which like a coaxial transmis-
sion line supports a true transverse electromagnetic (TEM) mode i.e. electric
and magnetic fields have no component in the direction of propagation. The
stripline consists of a central conductor covered in a dielectric slab with top and
bottom ground planes. Due to the inaccessibility of the circuit plane for mount-
ing transistors, lumped capacitors and resistors, the stripline was replaced by
the microstrip line. The microstrip line comprises of a central conductor line
printed on a grounded dielectric medium of a certain permitivity (e,) Fig 3.1b.
In contrast to the stripline (Fig 3.1a), where the field is contained in a homoge-
neous dielectric medium, the microstrip line has its field lines distributed in two
media i.e. in air above the substrate and in dielectric medium between upper
conductor and ground plane. The presence of field in inhomogeneous dielec-
tric medium restricts microstrip line to support a pure TEM mode as the phase
matching condition at the air-dielectric interface for the electric and magnetic
field can not be satisfied [1,2]. Thus only at very low frequencies up to ~ 30 kHz
microstrip line shows pure TEM characteristic but as the frequency increases the
currents on the conductor develops transverse components. These transverse
components are due to the presence longitudinal components of the field which
leads to the concept of the quasi-TEM mode. In the case of InP based modulator,
the microstrip structure must be fabricated on highly doped n*-InP substrate
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Substrate €,

Substrate €,

(c) Coplanar waveguide

Substrate €,

(d) Coplanar stripline

Figure 3.1: Commonly used transmission lines

which can cause many practical problems to realize high bandwidth optical
modulator. Foremost is the microwave loss arising from the current flow in the
conductive substrate loss due to skin effect. Also, above the microwave fre-
quency range, the thickness of dielectric substrate must be reduced in order to
ensure the propagation of only quasi-TEM mode without coupling to any higher
order modes. Substrate thinning process not only adds an additional fabrication
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step, it also requires very precise control as the characteristic impedance of the
microstrip structure is directly dependent on the substrate thickness. Another
potential disadvantage of designing high speed modulator on the n*-InP sub-
strate is realizing low loss and low capacitance passive interconnects and probe
contact pads to access the phase shifting region of the device. Although, this is-
sue can be solved using the metal-insulator-semiconductor (MIS) arrangement
as discussed in [3], [4] and the microwave loss can be reduced to ~ 0.5 dB/mm
but it requires an extra development step which complicates overall design and
fabrication process.

3.1.2 Coplanar transmission lines

From the above discussion, it is clear that the microstrip is not the most suitable
structure for the design of a high-speed optical modulator. Most of the practical
issues related to the modulator design based on microstrip transmission lines
can be addressed using coplanar transmission line (CTL) structures [2] such as
coplanar waveguide (CPW) and coplanar strip (CPS) as shown in Fig 3.1. The
term ‘coplanar’ means that both the ground and signal conductors lie on the
same plane. Easy access of the signal and ground planes in CTLs and high inte-
gration capability has resulted in widespread use of both CPW and CPS trans-
mission lines in many high-speed photonic devices specially modulators [3-7].
The CPW was first introduced by C.P.Wen in 1969 in [8], where he also devised
the first analytic formulas for calculating the quasi-static wave parameters us-
ing the conformal mapping technique. The CPW consist of two ground planes
surrounding and running parallel to the central signal conductor and allows
low wave-propagation dispersion as compared to the microstrip lines for very
high frequency operations. One of the distinct advantage of using CPW lines is
that both the signal and ground planes are deposited on the top of the dielec-
tric substrate which can be semi-insulating (SI) instead of highly conductive
substrate as in microstrip based structures. The use of SI substrate reduces the
extra microwave loss due to substrate conductivity and allows the fabrication
of large low capacitance contact pads, making the devices suitable for on-chip
testing through standard microwave probes and opto-electronic packaging. Uti-
lizing the CPW as TWE structures in MZM design also simplifies the fabrication
process by eliminating the need of substrate thinning, backside metallization
and extra through-substrate plated via holes to contact the ground plane. The
inclusion of via holes can severely affect the modulator bandwidth performance

due to extra inductance and loss induced by via connections. The characteristic
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impedance of the CPW structure is almost independent of the substrate thick-
ness and is mainly controlled by the signal pad width and the spacing of the
ground planes to the central conductor. Any required characteristic impedance
can be reached using different combinations of the signal conductor width and
ground electrode gap spacing as shown in 3.2. Also, as the ground planes pro-
vide shielding between the adjacent devices, the use of CPW transmission lines
will allow multiple modulator devices to be placed closely together. Such ar-
rangement will help to realize densely packed large-scale InP-based photonic
integrated circuits (PICs) by integrating large number of discrete components
on a single transmitter chip [4], [9], [10].
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Figure 3.2: (a) Schematic of a CPW transmission. (b) Plot of signal pad width
vs. gap width for different impedance values at 25 GHz on 100 um InP substrate
[27].
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In addition to the CPW, another promising approach to design traveling
wave MZM is using CPS transmission lines. The basic structure is shown in Fig
3.1(d). The CPS and the conventional CPW with infinite ground planes have the
complimentary metal structures, which means that where CPW has metal, CPS
has a slot and vice versa. The complementary structure further classifies them
as balanced and unbalanced structures as CPS is balanced electrically with re-
spect to ground whereas CPW is unbalanced. This feature gives CPW structure
better compatibility with the external high-speed coaxial connectors such as K
(2.92 mm) or V (1.85 mm) connectors, which are also unbalanced transmission
lines. Such high speed connectors can either be directly attached on to the de-
vice or to another external RF interposer which can be then wire bonded to the
modulator chip. In any case, no special transition structure design is needed as
transition will be between two symmetric structures. On the other hand, transi-
tion from symmetric coaxial connector to asymmetric CPS TWE based MZM will
incur extra microwave loss specially at frequencies greater than 25 GHz. This
extra loss can be avoided by designing special wide-band transition structure
from CPW i.e. ground-signal-ground (G-S-G) to CPS ground-signal (GS) transi-
tion to make the modulator devices more suitable for the standard electro-optic
packaging [11]. Despite of the requirement of transition structure at the RF
input/output interface, the CPS transmission line has been widely used in high
bandwidth optical modulators as the capacitvely loaded TWE [5], [7], [12]. Ca-
pacitively loaded traveling-wave electrodes (CL-TWE) have a segmented struc-
ture which employs a separate CPS transmission line which is placed parallel
to the optical waveguide as shown in Fig 3.3. The characteristic impedance of
the line is higher than 50 ). The capacitance in the optical waveguide which
is a p-i-n structure is segmented and periodically connected to the microwave
transmission line. Through proper design, the length of these small periodic
structures and spacing between them, allows better control of the microwave
velocity and characteristic impedance as compared to CPW TWE structure.

3.2 Electrode selection

The static operation of the modulator has been discussed in Chapter 2. InP
MZMs based on LEO effect and QCSE always operate in reverse bias mode and
as a result very low or negligible current flows through the p-i-n junction. The
EO bandwidth of such revere biased devices is mainly limited by the intrinsic
capacitance of the optical waveguide depending on the electrode design. Elec-
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Microwave Transmission Line

I 1 1 1 I 1 1 I 1 11

Optical Waveguide

Figure 3.3: Schematic of the capacitvely traveling-wave electrode design. This
can be seen as EAM or one arm of the MZM [12].

tric field is applied across the intrinsic region, which results in refractive index
change leading to the optical phase change causing intensity modulation at the
output of MZI. The electric field is formed by the modulating electrical signal
applied at a specific bias point through the metal electrode which is deposited
on the top of the optical waveguide. The modulator bandwidth directly de-
pends on the electrical properties of the metal electrode. There are two types of
electrode design generally used: lumped and traveling wave electrodes. Both
the approaches are discussed briefly in the next section.

3.2.1 Lumped electrode

For InP MZMs based on lumped electrode design, the electrodes are driven as
capacitors. A number of InP based MZMs have been reported with lumped
electrodes [9], [13]. A p-type ohmic metal contact is deposited on the top of
one arm of the MZI. To deliver the signal to the electrode a square metal block
is deposited next to the optical waveguide, which is electrically connected to
the middle point of the lumped electrode as shown in Fig 3.4. These bond pads
are included in design because the metal on the optical waveguide cannot be
contacted directly as it is is usually 2 ym to 3 ym in width, which is too narrow
to be accessed through wire bonds and probes. The bandwidth of the modulator
will be limited by electrical transit time determined by the the capacitance of
the bond pad and intrinsic capacitance of the electrode section.

The equivalent circuit of the MZM with lumped electrode configuration is
represented in Fig 3.5 , where C,, is pad capacitance, C; is the junction capaci-
tance of the optical waveguide, R, is the series resistance due to doped layers
and Z, is the source impedance. If C,, < C,, then the 3-dB bandwidth can be
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expressed as Eq 3.1,
1

f3iaB = 727rRC’i

where R is the sum of R, and Z,. It also explains the trade off between the

3.1

bandwidth and V} i.e. if the the electrode length is increased to decrease V,
3-dB bandwidth will be reduced due to increase in capacitance and vice versa.

Input Light
— s Lumped :eLIectrode

Bond pad ——>

Qutput Light
— >

1

Input RF + DC signal

Figure 3.4: Single arm driven lumped electrode MZM design

Figure 3.5: Equivalent circuit model of MZM with lumped electrode

3.2.2 Traveling wave electrode

A traveling wave structure is formed when optical and electric fields interact
over the propagation distance while they travel down their respective waveg-
uides. The fundamental idea of TWE is that the bandwidth of modulator is
not restricted by the RC time constant as the capacitance is distributed along
the length of phase shifting electrode. The capacitance of the transmission
line, dominated by the active junction capacitance is compensated by the in-
ductance of electrode. Since the bandwidth is not capacitance limited, the elec-
trode length can be kept long, typically thousands of wavelengths. The longer
electrode length will relax the large driving voltage requirement significantly.
However, the electrode length must be adjusted very carefully in design process
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Figure 3.6: Single arm driven traveling wave electrode MZM design.

keeping in view the microwave and optical losses, which are the main band-
width limiting factors in traveling wave case. EO modulators based on traveling
wave design have been successfully demonstrated in different material systems
such as LiNbO;3 [14], Si [15],GaAs [16], InP [5-7] and polymers [17]. In ad-
dition to TWE application in EO modulators, this approach is very desirable in
many other high speed photonic devices.

VA A A A AN optical carrier
f | |

" \ALA A

optical [ AN AANWAW. WAWANAWA SAWA! Z
E \ (T | \ | { | | i {

amplitude VARV RVARVERVARVELVERVEE VARVAR VARVER

. \\ ! \ / modulating
microwave [ / \

Vo

4 \ electric field
amplitude
\/ \ V,=Vo, ot,=0
0 Z ) )
accumulated
relative optical o . T / i
phase shift [ 0 %

Figure 3.7: Co-propagation of electrical and optical waves in lossless velocity
matched scenario.

Figure 3.6 shows the schematic of a MZM device based on traveling wave
approach. As compared to lumped electrode scenario, high frequency electrical
signal is applied at one end of the optical waveguide rather than in the middle.
Ideally, both the electrical and optical waves should travel at the same velocity
with very low microwave and optical losses for coherent phase accumulation.
Fig 3.7 illustrates the lossless case of co-propagation of electrical and optical
waves without any velocity difference. The accumulated optical phase shift
experienced by the optical field retains the sinusoidal shape of the modulat-
ing microwave field along the direction of propagation. However, in practice,
with increasing frequency, the optical signal sees the drop of electrical signal
along the length of electrode due to velocity mismatch and absorption losses of
the microwave signal along the waveguide length. Total accumulated phase is
calculated by the integral of interacting modulating fields.
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3.3 Hybrid co-planar TWE

The schematic of hybrid co-planar TWE MZM is depicted in Fig 3.8. The term
‘hybrid-coplanar’ arises from the fact that the propagating mode of such ar-
rangement has properties of both microstrip and CPW modes. The RF signal is
fed to the phase shifting section of the modulator by a Ground-Signal-Ground
(GSG) pad which is optimized for 50 2 impedance with CPW mode as its major
mode of propagation. The GSG pad is then tapered down to meet the dimen-
sions of the optical ridge and then turned along the optical wave guide to allow
co-propagation of the RF and optical signals. The output RF signal is collected
using another set of GSG pads. For electro-optic (EO) bandwidth measurement
of modulator, the output GSG pad must be terminated to avoid electrical reflec-
tions at the output. On the contrary, if the electrical signal is not terminated
with proper impedance value then a standing wave pattern will be formed on
the electrode, reducing the optical modulation efficiency. The effect of the ter-
mination impedance mismatch will be discussed in detail in later sections.
Figure 3.8a shows the cross section of the GSG pads with the correspond-
ing field distribution. To ensure minimum microwave absorption loss in the
feed in paths, both the output and input GSG pads are placed on planarized
Benzocyclobutene (BCB) deposited on the top of semi-insulating (SI) InP sub-
strate. The pitch of the GSG pads should be selected to match the pitch of
testing microwave probes and the pad dimensions should also be compatible
with the packaging technology. The structure in Fig 3.8b shows the cross sec-
tion of the phase shifting arm and it contains the signal electrode on top of the
optical ridge waveguide and a ground electrode on both sides. The coplanar
waveguide (CPW) mode fed in to the GSG pad is transferred into a microstrip
mode as soon as the phase shifting region starts. Thus, the currents are primar-
ily carried in the metal and nearly all the voltage drop is across the undoped
region of the optical waveguide. Mode transformation from CPW to microstrip
is due to the presence of a highly doped n-type InP plane under the optical
waveguide which acts as a ground plane. It is reasonable to consider hybrid-
coplanar geomtery as quasi-TEM waveguide as both the CPW and microstrip
are quasi-TEM waveguides. Fig 3.8b also shows the field distribution in the
phase shifting region of MZM. The electric field distribution is like microstrip
mode, where the profile of p-i-n structure forces the electric field to travel in
ridge rather than in air with higher propagation speed. The n-doped layer acts
as the ground plane preventing the further penetration of field into substrate.
The magnetic field distribution on the other hand is nearly same as CPW on any
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(a) Cross section of GSG bondpad section.
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(b) Cross section of phase shifting electrode.

Figure 3.8: Electric and magnetic field distribution in hybrid coplanar TWE.

SI substrate and the field lines are free to penetrate in the n-InP and substrate.
The quasi-static penetration of magnetic field is far less than the skin depth of
SI-InP substrate, which is in mm-range. Also as n-InP is a nonmagnetic material
so the skin depth becomes unimportant and magnetic field doesn’t see n-layer
at all. The physical separation of electric and magnetic fields will result in a
slow-wave mode propagation, which is usually supported by Metal-Insulator-
Semiconductor (MIS) structures [18]. The slow-wave mode means that the
propagation speed of electromagnetic mode will be less than in a CPW line de-
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posited on the pure SI-InP substrate. The decrease in propagation speed is due
to raise in the imaginary part of refractive index of the doped semiconductor
layers.

3.4 Electrode design considerations

Design requirements of the hybrid-coplanar TWE EO modulators are well es-
tablished in literature and can be found in [5,16,19]. The main requirements
are summarized as follows:

3.4.1 Velocity matching

As discussed in previous Section 3.2, the aim of traveling wave design of the
electrode is to achieve the modulating electrical wave which travels at the same
speed as the optical wave. Any velocity mismatch between two wave will result
in phase walkoff causing reduction of induced phase modulation by antiphase
modulation. The phase walkoff further increases with either interaction length
and frequency. For a lossless RF electrode, the relationship between electrical
bandwidth (f345) and velocity mismatch factor is expressed as

J3aB = M (3.2)

where c is the speed of light in vacuum, n, and n, are the optical and mi-
crowave refractive indices respectively, [ is the phase shifting electrode length.
From Eq 3.2, it is clear that decreasing the velocity mismatch increases the 3-dB
electrical bandwidth. Hence, both the optical and electrical waves propagation
speed should be as close as possible to improve the 3-dB EO bandwidth. Once
the microwave and optical refractive indices are known, the respective veloc-
ities can be easily calculated. But one of the unclear issue here is that which
velocities should be matched as the velocities which are needed to be matched
present a choice and it can either phase velocity or group velocity. This issue
has been explained in detail by R. Spickermann et al in [20]. It is well known in
theory that the the rate at which phase of the wave propagates i.e. the velocity
at which the phase of any one frequency component of the wave travels is the
phase velocity. The group velocity is defined as the rate at which the shape
of the waveform i.e. the envelope or modulation of the waveform propagates.
In an optical wave guide, as soon as optical signal starts interacting with the
microwave modulating signal, it is no longer a single frequency and it is phase
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modulated. The center of gravity of this phase modulated waveform travels
with the group velocity. It means that the optical group velocity should be same
as the electrical waveform group velocity so that interaction between them is
coherent leading to monotonic phase accumulation along the phase electrode.

3.4.2 Microwave and optical losses

The second most important design parameter is controlling the microwave and
optical losses in the phase shifter. The origin of microwave losses can be at-
tributed to three processes: metallic conductor loss, doped semiconductor loss
and radiation losses. The radiation losses are usually very low as compared to
the other two and can be ignored. The conductor losses are mainly due to the
skin effect and can be minimized by depositing thick and broad low resistance
electrodes on the top of the optical waveguide as shown in Fig 3.8b. With the
increasing frequency, the skin depth of the conductor (4.) decreases and intro-
duces the metal loss by pushing the electromagnetic wave towards the surface
of the conductor. Mathematically (J.) can be written as Eq 3.3
1

g = ————— 3.3
VT o0 (3-3)

Where p, is the permeability of the material and o is the conductivity of
metal. The skin depth of gold (Au) is 385 nm at 40 GHz, so to avoid the
microwave attenuation due to ¢, the electrode thickness should be atleast three
times the skin depth i.e. 1.5 um in this particular case [14].

The microwave and optical losses from semiconductor are interdependent
and can not be treated individually. In an optical ridge, light is vertically con-
fined in the intrinsic region which consists of MQWs and undoped InP spacer
layers. Lateral confinement is provided by the deep etched optical waveguide
ridge. The highest EO interaction will be achieved if electric field is highest
in the intrinsic region. Spacer layers have been added above and below the
MQWs to keep the optical mode away from the p and n doped region. Any
overlap of the optical mode with doped layers can increase optical absorption.
Optical absorption from a p-doped semiconductor layer is almost 10 times as
high as a comparably doped n-doped semiconductor layer. To minimize the ab-
sorption losses due to doping, the doping profile of the p-doped layer above the
InP spacer is increased gradually from 10'7 ¢m ™3 to 10! em™3. However, low
p-doping can increase the RF microwave loss so a compromise has to be made.
To achieve low contact resistance between the signal electrode and p-doped
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InP layer, a 20-100 nm highly doped ( 10 ¢m™3) Indium Gallium Arsenide (In-
GaAs) layer should be added. The individual effect of the resistance of each
cladding layer and contact resistance on the electrical bandwidth must be ac-
counted for in the design of optimum TWE structure.

3.4.3 Characteristic impedance

The characteristic impedance (Z,) of traveling wave MZM is another critical
design parameter which requires very careful optimization. It is determined by
the capacitance of the intrinsic region, which also defines the phase efficiency
of MZM. In practice, the feed in RF lines and phase shifting electrodes should
have Z, of 50 ) to avoid large electrical signal reflections both at the input
and output. If the driver is not well matched to the input feed line of the
modulator, the incoming signal will be reflected without any contribution to the
modulation. The mismatch at the input will not only increase the overall power
consumption but may also distort the input driver signal itself. In addition to
the GSG pad section, the phase shifting electrode section must be optimized to
match the source and load impedance. However, usually in InP based MZMs
have impedance in the range of 20 €2-30 2 due to large capacitance per unit
length arising from their high phase efficiency of p-i-n waveguide structure [5,
6,21].

Two widely applied RF electrode design approaches for InP-Based MZMs are
demonstrated in [3,5]. The first approach, uses the conventional coplanar hy-
brid TWEs on each interferometric arm of MZI. The second approach is to use
the p-i-n epitaxy in series push pull mode by capacitvely loading the coplanar
stripline electrode as shown in Fig 3.3. However in this work, we picked the
conventional electrode approach to design InP based MZM devices. Also, from
above discussion, it is clear that the main requirements of for the successful
design of MZMs are coupled i.e. large bandwidth, low V. and low optical inser-
tion loss, so usually compromises are necessary in design process and both the
microwave and optical design issues should be considered in design phase.

3.5 TWE frequency response

The frequency response of any high-speed EO modulator is one of the most im-
portant quality metric of its performance and it is quantified by its electro-optic
bandwidth. In [19], the electro-optic bandwidth of a traveling wave MZM is
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defined as the electrical -3 dB frequency for which optical intensity modula-
tion has fallen to 70.7 % of the reference level, resulting in a 3 dB reduction
in received signal, simulating a 3 dB reduction in RF drive power. This is most
commonly used definition of electro-optical bandwidth in literature. In order to
determine the electro-optic bandwidth of an EO modulator analytically, the first
factor to be determined is the accumulated phase shift experienced by a photon
entering and exiting the optical waveguide. This phase shift is proportional to
the modulating voltage applied across the intrinsic region of the optical waveg-
uide structure with constant of proportionality containing parameters such as
optical ridge dimensions, wavelength of operation, index of refraction of mi-
crowave and optical, the electro-optical overlap and the electro-optical coeffi-
cient. Due to the traveling wave nature of the applied input voltage, the total
amount of phase shift attained by a photon is cumulative of all the phase shifts
induced by the instantaneous voltage as seen by the photon at the particular
position along the optical waveguide [22].
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Figure 3.9: Equivalent circuit of traveling wave modulator as single electrical
transmission line with load and source impedance

The equivalent circuit of the traveling wave modulator is shown in Fig 3.9,
where the whole TWE is considered electrically as the transmission line model.
The modulating voltage at any point = along the transmission line of length [ is
given as [22,23]

V. . e(=3Bopt)® o oo~ (1=3B0pt)
V(2 wm) = =2 (1+ py) - edPerth. 3.4
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where,

V, amplitude of driving voltage,

w,, modulation frequency,

[ total length of traveling wave electrode,

c speed of light in vacuum,

p1 electrode input reflection coefficient,

po electrode output reflection coefficient,

Zmoq modulator characteristic impedance,

Z input source impedance,

Zr termination impedance,

~ complex microwave transmission constant,

a microwave attenuation constant,

3, microwave propagation constant of electrical signal in electrode,
Bopt Optical propagation constant in optical waveguide,
n,, microwave refractive index,

nept Optical refractive index,

The average voltage (V,,,) experienced by a photon as it traverses a modu-
lator of interaction length [ is expressed as integral of the instantaneous voltage
seen by photon while traveling along the length of electrode. By integrating Eq
3.4,
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In Eq 3.5, V, is the single pass voltage experienced by a photon due to for-

ward traveling microwave signal, V_ is the single pass voltage experienced by
a photon due to reverse traveling microwave signal, ¢, is the complex phase
differential between the microwave and optical signals for a forward traveling
microwave signal and ¢_ is the complex phase differential between the mi-
crowave and optical signals for a reverse traveling microwave signal.

Under small signal modulation, the modulation reduction factor can be de-
fined as :

Vavg (W)
Vavg (0)

By normalizing the Eq 3.6, the frequency response of a TWE modulator can

(3.6)

(W) =

written as Eq 3.7.

Fwn) = ’1 —pips Vit pVo (3.7)

L4+ p2 et — pipre=t

Equation 3.7 includes all the important design parameters mentioned in Section
3.4 to achieve a broad-band TWE EO modulator. The complex phase difference
term ¢4 takes into account the velocity match between optical and electrical
waves including the microwave propagation loss (o). The terms p; and p, de-
termine the effect of impedance mismatch of TWE modulator to source and
load impedance on the modulator bandwidth performance. To develop a better
understanding of the dependence of design variables on the modulation perfor-
mance, different cases are discussed below.

3.5.1 Case I: Perfect impedance match

If the impedance of the modulator i.e. Z,,,, is fully matched to the source and
load impedance such that 7,,,,=Zr=7,=50  which makes p;=p,=0, Eq 3.6
reduces to [22].
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Vavg = 9 ¢+ (38)
and r(w,,) becomes,
(W) = e sin(g+) (3.9)
o

where,

T fnl(ny — nope)  jal
c 2

op= CI P L] T )~ o] =

In this particular case, the only factors affecting the 3-dB electro-optical
bandwidth will be microwave loss and velocity mismatch.

Practically, in conventional TWE approach, it is difficult to achieve the mod-
ulator impedance as 50 2. To study the effect of impedance mismatch, we
assume here a perfect lossless velocity matched case for simplicity i.e. o = 0
and n, = nqy, which makes V, = 1. The microwave source impedance is al-
ways Z, 50 Q2 which means that the modulator frequency response in this case
depends mainly on two variables, modulator impedance Z,,,; and termination
impedance Zr. By choosing Z,,,q to be 30 (2, the dependence of modulator
frequency response on Zr can easily be isolated. Fig 3.10 shows the intensity
modulation response of the modulator device corresponding to 1 mm long TWE
for different values of the terminations.

When the device is terminated by the matched impedance of 30 (2, the fre-
quency response is maximum. Similarly from Fig 3.10b, it is also clear that
the available modulating voltage will be constant through out the frequency
range as there is no microwave loss. The termination impedance value differ-
ent than 30 (2 pre-emphasizes the RF signal, causing the formation of standing
wave on the TWE which influences the modulation bandwidth. In comparison
to the matched termination case, the frequency response for the terminations
less than 30 2 show a strong peaking characteristic at high frequencies. The
peaking effect can help to increase the bandwidth of TWE modulator and will
be beneficial in compensating the metal and semiconductor losses. However,
the trade-off is that less modulating voltage is available at low to drive the
modulator at low frequencies, thus reducing the signal-to-noise ratio (SNR).
The reduction in SNR will lead to nonlinear phase response of the device which
will result in pattern effects for large signal modulation response. On the other
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Figure 3.10: (a) Frequency response of the modulator with with Z,,,; = 30 2
and TWE length of 1 mm for different terminations Z;. (b) Average voltage of
the modulator for different termination values

hand, when TWE modulator is terminated with Z; greater than 30 €2, the mod-
ulation response decreases rapidly with the frequency due to the same effect,
greatly reducing the modulation bandwidth [22,23].

The case study points out the importance of impedance match. There are
two main conclusions to this case study: first is to increase the modulator
impedance it self by minimizing the capacitance to match it as close as pos-
sible to the standard 50 (2 load impedance by comprising the phase efficiency.
Second option is to select the Z7 < Z,,,,4, which will introduce bandwidth peak-
ing in the frequency response. The drawback of second approach is that the
bandwidth gained due to peaking effect is limited by the tolerated large signal
distortion, which may get very high if the mismatch is too large.
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3.5.2 Case II: Velocity mismatch only
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Figure 3.11: Frequency response of the modulator with with 7,,,,=Zr=7, =50
2 and TWE length of 1 mm for different value of micorwave index.

If the microwave loss is also ignored i.e. « = 0, Eq 3.9 becomes,

sind

5 (3.10)

r(wm) =

where, ¢ is velocity walk-off factor defined as

5= T fnl (N — Nopt)
c

As defined earlier, the electro-optic bandwidth of the modulator is the fre-
quency at which the optical intensity modulation reduction factor r(w,,) drops
to 70.7 % of the reference level which allows Eq 3.6 to be written as Eq 3.11

r(wm) = b (3.11)
V2

Inserting Eq 3.10 into Eq 3.11, the 3-dB modulator bandwidth is given by

Eq 3.12, and it is only limited by the velocity walk-off factor.
foap = = (3.12)
T Nopt — M

Fig 3.11 shows the effect of velocity mismatch on the frequency response
of the modulator with TWE length of 1 mm. The value of optical group in-
dex (n,,:) considered here is 3.6, and microwave index is varied from 4 to 5.5.
As expected the frequency response drop increases with the increasing veloc-
ity walk-off factor. The drop in bandwidth due to velocity mismatch of 1.9
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is around 0.8 dB less than 1 dB at the frequency of 25 GHz. It means for a
short device the velocity walk-off may not be the most critical design param-
eter. However, velocity-mismatch will degrade the performance further with
increasing length and frequency.

3.5.3 Case III: Microwave loss only

(1-e™)/x=0.707
0.8 N7
o6 N\ (1-e*)x=0.5
N
0.4 N
\
\

0.2

0

0 1 2 3 4 5

Figure 3.12: Plot of function in Eq 3.15 and its intersection with optical and
electrical 3-dB bandwidth.

The third test case is formed when the propagating electrical and optical
waves are perfectly velocity matched with the source and load impedances
matched to device impedance. In this case, the 3-dB bandwidth of the mod-
ulator will be dominated by the microwave loss only. Mathematically, Eq 3.9
reduces to Eq 3.13 by using the Euler’s identity,

—j-al
r(wm) = e Sm(,of ) (3.13)
2
1 —e
r(wm) = g (3.14)
Inserting Eq 3.14 into Eq 3.11
1 —e ™ 1 (3.15)
e—al - \/5 :
al = 0.738Np
where 1 Np = 8.686 dB,
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al = 6.41dBe

l1—e %
T

Figure 3.12 shows plot of relation , Where x = «l and its intersection
with % and ; is shown. The 3 dBe modulation bandwidth corresponds to 1.5
dBo reduction in modulated optical power. The value of z is 0.7384 and 1.5936
for 3 dB electrical and optical response respectively. Therefore, in velocity and
impedance matched case, the frequency at which the electrical loss falls to -6.4

dB, is the 3 dB electro-optical bandwidth.

3.6 Equivalent circuit model

Table 3.1: Definition of structure and material parameters of TWE.

Layer Width Thickness Permitivty conductivity
p-metal Wy, Ay Emp Trmp
n-metal Wy, Ann Emn Omn
p-contact Wep dep €cp Ocp
p-cladding Wpelad dpelad Epclad Tpclad
intrinsic region w; d; €; 00
n-cladding Wnelad dnelad €clad Tnelad
n-bottom dpp €nb Tnb
n-contact den, €en Ten
substrate Agup €sub T sub

w, is the optical ridge width
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Figure 3.13: (a) Cross section of phase shifting electrode. All the structural
parameters are defined in Table 3.1. (b) Equivalent circuit model of electrode
structure. (c) General transmission line equivalent model.
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The bandwidth of the modulator based on TWE is determined by 3 main factors:
velocity matching between optical and microwave carrier, impedance matching
and the microwave losses. In the previous section, the individual effect of these
three factors on the modulator bandwidth performance have been discussed
in detail by considering the whole TWE as a single electrical transmission line
with characteristic impedance (~7,,,4) and microwave transmission constant (v).
However, when the operating frequency is up to 40 GHz, the electrode length is
basically comparable to multiples of electrical wavelength. In this case, the elec-
trode cannot be treated as simple circuit based on lumped elements. Instead, a
specific transmission line model is essential to accurately calculate transmission
line parameters Z,,.4, 7 to analyze the modulation frequency response. Total
electrode length is divided in to multiple sections and each section is treated
as a single transmission line, which can be later cascaded to get the overall
reponse of electrode. The properties of a transmission line deposited directly
on dielectric substrates can be readily calculated from the analytical formulas
developed over years [24] but such formulas fail to describe the behavior of InP
based TWE structures as they are deposited on multiple semiconductor layers
stacked on the top of SI-InP substrate to form a p-i-n structure. In design phase,
the microwave loss factors generated by these doped semiconductor layers have
to considered precisely in order predict the device response.

In general three dimensional (3D) full-wave analysis is the most accurate
method to study the microwave mode propagation properties in microstrip and
CPW transmission lines fabricated on multiple layer stack of semiconductor ma-
terials. However, full-wave analysis is numerically intensive, requiring consid-
erable computational time. The active TWE structure can also be described by
a quasi-TEM equivalent circuit model. This analysis can accurately describe the
propagation characteristics of quasi-TEM waveguides and it is not only compu-
tationally efficient, it also gives a deeper physical insight into TWE design [25].
All the metal and semiconductor layers can be represented by an equivalent
circuit element which can be directly calculated from the device geometry us-
ing closed form analytical formulas. Once the equivalent circuit parameters are
determined, propagation constant and electrode impedance can be easily cal-
culated, which are then used to determine the small-signal frequency response
of the TWE modulator using Eq 3.8.

Different equivalent circuit models such as [25,26] have been developed for
TWE structures on multilayer semiconductors and have shown good agreement
with the full-wave solutions and experimental results. Here we use the equiva-
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lent circuit model described in [26-28]. The model is based on a parallel plate
approximation in combination with a CPW approximation. Fig 3.13a shows
the cross section of a typical TWE with the structural dimensions and material
properties which are then used to calculate different elements of the equivalent
circuit shown in 3.13b. Table 3.1 defines all the variables of Fig 3.13a. Each
element of equivalent circuit of hybrid-co-planar TWE structure is discussed
below.

Z,, in Eq 3.16 is the transverse wave impedance of metal air layer assuming
the wave impedance of air is much larger than of the metal.

T =1 coth [(1 +j)d’”] (3.16)
We Om,

where 7,, is the wave impedance in air and 4,, is metal skin depth defined
below:

Wit
Nm =
Om
2
O =
WhoOm

Zm s the impedance of CPW inductance L,,(H/m) and is given by

G, is the conductance of semiconductor layers and represent the longitudi-
nal resistance due to doped multilayers in the direction of propagation and is
represented by Eq 3.18.

wcdpc wcdpclad wcdnclad

G, =
: 3ppc 3ppclad 3pnclad

(3.18)

Z,; is the transverse impedance of each layer in x-direction i.e. p-contact
layer, p-cladding layer and n-cladding layer. The impedance of each layer is
basically a parallel combination of a capacitor and a resistor. Total impedance
is given by the sum of impedance of individual layer and is given in Eq 3.19.

t:

1 cdc cadca ncla dnca
< P.p P i P;.udpzd 1 P.ld lad ) (3.19)
We 1 + JWPcp€ep 1 + JWPpclad€pclad 1 + JWPnclad€nclad

The impedance of the bottom n-conducting layer is given by Z, in Eq 3.20,
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where b is designated to represent the impedance from the bottom layer of the
mesa. Basically, it accounts for the the spreading resistance term under the top
mesa, the bulk resistance of the gap wy,, between the mesa and the bottom
contact and the resistance of the bottom contact. Due to structural symmetry,
the spreading resistance has a factor of 1/2 and another factor of 1/3 due to
the current distribution.

Pnb . wc/6 + Wgap + wr .

= 3.20
’ I+ jwpnbenb 2dnb or ( )

where wy is the contact transfer length given as,

cn 1—"_ ] T N
oy — \/p Lt gwpmen o

Pnb 1+ jwpcn€cn
Z; is another important element of the equivalent circuit, which represents
the impedance of the intrinsic capacitance (C;). Once the active region is de-

pleted under applied reverse bias C; can be approximated as €o€il and can be
written as Eq 3.21 in impedance form, Z
1
Zi= oC (3.21)

Using the above analytical formulas the equivalent circuit elements can be
readily calculated and the influence of device geometry including material pa-
rameters can be analyzed. The transmission line properties can be evaluated by
comparing the equivalent circuit model of TWE structure shown in Fig 3.13b to
the general transmission line model shown in Fig 3.13c. The transmission line
model is comprised of series impedance and shunt impedance, represented by
Z and Y per unit length receptively. Using the basic circuit theory, the coupled
differential equations for the voltage and current waves can be written in terms
of Z,., and Y,,, as in Eq 3.22. These differential equations relate voltage (V)
and current (I) on a infinitesimal section of the transmission line.

d

dV = 1 Zer (3.22a)
z

dl

==V (3.22b)

Further manipulation of these equations lead to second order wave equation
for both V and I given as,
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4’V
==V (3.23a)
d*1

The general solution for the wave equation is given by Eq 3.24,

V(z)=Vie 7 + V- e* (3.24a)

[(2) = [Je " + I e (3.24b)

where v is the propagation constant is given by Eq 3.25, using which the
microwave loss («,,) and propagation phase constant () can be determined.

Y= YS@TZpaT =, + .]6 (325)

The characteristic impedance of transmission line can be defined as

Zser
Zo = Zmod = Y (326)
par

From the equivalent circuit of the TWE structure, it can be observed that
total series impedance Z,,, is basically sum of the transverse metal impedance,
impedance due to CPW inductance, both of them are parallel to the longitu-
dinal conductance from the doped semiconductor layers. On the other hand,
the total admittance (Y),,) is basically the sum of transverse impedance of top
layer, impedance due to intrinsic capacitance and impedance due to resistance
arising from the conducting bottom n-layer. Mathematically, Z,., and Y,,, can
be written as Eq 3.27 and Eq 3.28

1
Zser = (Zm + Zml) H 5[ (327)

Your = (Zi+ Zy+ Z;) ! (3.28)

Using the Eq 3.25 - 3.28, the transmission properties of the small electrode
section can be readily calculated. These properties can be related to the linear
two port network parameters (S-parameters) as given below
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B (Z2 — 1)sinh(y1)
~ 2Zcosh(yl) + (Z2 + 1)sinh(v])

(3.29)

27
So1 = S = 3.30
2 27 2Zcosh(yl) + (22 + 1)sinh(~1) (3.30)

[ is the length of electrode section, ~ is the propagation constant as defined

previously in Eq 3.25, Z is the normalized modulator impedance defined as
Zmod/ Zref, Zres is the impedance of the measurement system and it is usually
50 ). To determine the electrical response of the the electrode structure, the
electrode sections can be cascaded as shown in Fig 3.14. S-parameters of each
small electrode section can be converted to transmission matrix or T-matrix.
The T-matrix directly relates the waves on input and output of each small elec-
trode section in cascade. The T-matrix of the cascaded two port network can be
given by the product of T-matrix of each section from left to right. Finally, the
T-matrix of the cascaded network can be converted back to S-parameters. The
transformation from S to T parameters and T to S-parameter is given in Eq 3.31
and Eq 3.32 respectively.

1 [S1292 — 511892 S
T |P12en 11022 211 (3.31)
521 —522 1
1 |1 Ti1.159 — Tho. T
g - |f1z fudz 12-421 (3.32)
T22 1 —T21
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Figure 3.14: (a) Equivalent circuit of TWE with source and termination con-
nections.(b) Transmission matrix representation of the equivalent circuit with
source and termination connections.

3.7 Microwave properties using circuit model

Table 3.2: TWE structure parameters used in the simulation.

Layer Width (um) Thickness (um) Permitivity Resistivity (Qm)
p-metal Wy, = 4 Amp = 2 Pmp = 2.5e78
n-metal w,, = 40 A, = 2 P = 2.5e78
p-contact W, = 2 dep = 0.1 13.8 Pep = 0.02685
p-cladding Wpelad = 2 dpetaa = 0.835 12.56 Ppelad = 1.714e73
intrinsic region w; = 2 d; = 0.6 13.8

n-cladding Whelad = 2 dpetaq = 0.2 12.56 Prciad = 2.43e7°
n-bottom dy = 0.8 12.56 Py = 2.43e75
n-contact den, = 0.01 12.56 Pen = 0.01
substrate dsup = 30 SI

w, is the ridge width

In this section, the transmission line properties are analyzed based on the equiv-

alent circuit model presented in the previous section.

Design and Characterization of InP based 89 Muhammad Usman Sadiq
Mach-Zehnder Modulators at 2 um wavelength



3. TRAVELING WAVE ELECTRODE DESIGN 3.7 Microwave properties using circuit model

3.7.1 Major source of microwave loss

Before optimizing the TWE structure, it will be interesting to determine the
major source of microwave loss arising from different resistive elements of the
equivalent circuit. These elements are real parts of air-metal impedance, re-
sistance from the semiconductor layers in optical mesa which are, p-contact,
p-cladding and n-cladding and resistance from the bottom n-conducting layer.
By artificially setting the real part of Z,,, Z; and Z, to zero without changing
the imaginary parts, the contribution from each element can be easily identified
as shown in Fig 3.15. It can be seen that the major source of the microwave
source is the metal resistance which can be reduced by using thicker metal elec-
trodes. By setting it to zero, the microwave loss drops from 3.4 dB/mm to 1.7
dB/mm at 25 GHz. The remaining losses mainly come from top and bottom
doped semiconductor layers. The resistance from bottom conducting layer only
has minute effect on the loss, when the thickness is optimum (effect of thick-
ness of n-conducting layer is shown in Fig 3.19). When the resistance from
the top semiconductor layers of mesa is also taken off, the loss value drops to
zero. It shows that the resistance of the top mesa layers have the second high-
est contribution to microwave loss after the metal. It also verifies that due to
very low value of longitudinal conductance, (G; has no contribution at all to the
microwave loss.

5 ; ;
— W/ Zm,Zb,Zt
— W/O Zmr
4 m—W/O Zmr,Zbr [
E W/O Zmr,Zbr Ztr
E3 //
m
) e
@2
3 /
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Figure 3.15: Microwave loss due to different elements of the equivalent circuit
shown in Fig 3.13b. Simulated parameters are in listed in Table 3.2.

Another important issue worth considering here is the contribution of the
p-contact resistance (R.) to the microwave loss from the top mesa layers. The
signal metal electrode on the top of the ridge makes an ohmic contact with the
p-doped semiconductor. A thin 0.1 um layer of high doped InGaAs is included
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to help achieve low ohmic contact resistance. To get a clear picture of TWE per-
formance, the p-contact resistance should be included in the equivalent circuit
model. However, due to the very thin nature of the p-contact layer, it cannot be
modelled separately [29]. The alternative way to include p-contact resistivity
is to calculate the p-contact resistance separately using Eq 3.33 and add it to
resistance of the contact layer as shown below,

R, = Porecr (3.33)
wel
2
d
R,. = R. —r 3.3
P * nz::l OpeWel (3.34)

where p,,.., is the specific contact resistance on p-metal, p,. of the contact
layers can be calculated in the. The effective conductivity of the p-contact pad
can be directly calculated using Eq 3.34

2
spec d C
R (3.35)

wel = Opewel

Finally conductivity of contact layer (c.) based on R, can be calculated as
follows,
dpe

O = o] (3.36)

Table 3.3 shows different values of R. and corresponding conductivity of
contact layer. It can be seen that p,.., has major effect on the R.. Fig 3.16
shows the effect of contact resistance on the microwave loss. As expected,
higher the contact resistance, higher will be the microwave loss and vice versa.
To ensure, low value of contact resistance, the electrode deposition process i.e.
metal layer stack and annealing conditions should be optimized very carefully
during the fabrication process.
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Figure 3.16: Influence of specfic contact resitance (psp.,) on microwave loss.

Table 3.3: Contact layer properties for different values of pgpec -

p-contact resistivity (Q.cm?) R. (Q) Conductivity (S/m) Resistivity (£2.m)

3x107° 15 37.2 .02685
1x107° 5.03 99 .010
3x 107 1.53 326 3.06 x 1073
1x10°° 0.53 943 1.06 x 1073

3.7.2 Traveling wave electrode optimization

Keeping the geometrical and material parameters of TWE structure as variables,
most important transmission line properties such as microwave loss, character-
istic impedance (Z,,) and electrical Sy; have been studied. Initial values of
different variables of TWE structure (shown in Fig 3.13a) are depicted in Ta-
ble 3.2. These values were selected after the comprehensive literature review
most important of which are [22,25-29]. The main selection criteria was to
achieve the design goals of the TWE i.e. velocity matching, high impedance
close to 50 €2 and low microwave losses by choosing the most appropriate de-
vice dimensions and material properties. In all the simulations, ¢.=0.02685
has been used, which corresponds to the R,=15 Q and pgpec,=3 x 107° Q.cm?
respectively.

High impedance means to reach as close as possible to 50 2. The easi-
est way to do is to increase the thickness of the intrinsic region of the optical
optical, which is basically a parallel plate capacitor. Fig 3.17 shows the ef-
fect of variation of d; from 0.2 to 1 ym on Z,,, o« and electrical Sy;. It can be
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seen that increasing d;, increases the structure impedance from 22 to 42 (2 at
20 GHz, which is due to the reduction in capacitance of the intrinsic region.
Thicker intrinsic region reduces the microwave loss by at least 5 dB/mm at 20
GHz. However, thicker intrinsic region, reduces the available modulating elec-
tric field across the MQWs. It means that higher V, will be required for the
same length of device with the thicker intrinsic region to achieve the same EO
effect. Here, we choose d; as 0.6 ym which gives Z,, and « of 35 Q and 2.7
dB/mm respectively at 20 GHz.

Another, important parameter which can control the capacitance and mi-
crowave loss is the ridge width (w,.). Keeping the other simulation parameters
same as shown in Table 3.2, w, is varied in Fig 3.17. The narrowing of the
horizontal dimension of the optical ridge has effects on all the resistive, capac-
itive and inductive elements of the TWE structure. Reducing the ridge width
decreases the capacitance due to decrease in area of the intrinsic region but at
the same time it will increase the inductance and resistance of the transmission
line. The overall prevailing effect is reduction in capacitance here which results
in low a and microwave index (n,) and high Z,,. Despite the fact that simula-
tions suggest a better RF performance for the narrow widths, it cannot be too
narrow, otherwise there will be high optical input coupling losses and also fab-
rication challenges posed by high aspect ratio. Likewise, ridge cannot be two
wide, otherwise it may support multimode optical propagation. Based on these
considerations, an optical ridge with of 2 ym has been used in the simulations.

The results in Fig 3.19 depict the RF performance for different thickness of
the bottom n-conducting layer (d,;). From the TWE structure and equivalent
circuit model, it is obvious that increasing the thickness of d,..q and dy,cqq in-
creases the series resistance of the admittance part resulting in the increase of
microwave loss. In addition to the thicknesses, resistance of the p-cladding and
n-cladding layer depends on the the doping concentration on these layers and
should be high enough to avoid the large microwave loss. On the other hand,
increasing d,;, results in decrease of the microwave loss. From the thickness
variation, it is clear that d,; should be greater than 0.5 ym for low microwave
loss. It can also be observed that 7, is independent of the thickness of bottom
n-conducting layer.

Once the simulation variables related to optical waveguide geometry are op-
timized. The next step is to choose the signal electrode width (w,,) and ground
electrode gap (w,q,). The best electrode configuration choice is less clear. For
this purpose, simulation is performed by changing both the variables i.e. w,,
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and w,,, simultaneously at 20 GHz, keeping other TWE structural and material
parameters fixed as optimized. Fig 3.20 shows the simulation results for 7,,.4,
a and n,,. Fig 3.20 shows that at wider electrode widths compared to the ridge
width decreases the microwave loss and impedance but the microwave index
increases. Similarly, reducing the wg,, with w,, fixed increases the microwave
loss slightly and decreases impedance. The reason for lower microwave loss is
that the electric field due to a wider signal electrode is more concentrated in
air than in the doped p-i-n structure. Also, there can be a small increase in loss
with increase in w,,,. This increase arises from the resistive n-plane, to which
the electric field is exposed if the ground electrodes are moved too far away
from the signal electrode. As discussed above, there is an optimum thickness
(d,;) of n doped plane below the ridge as well to minimize this loss. In this
case, the thickness of n-plane (d,;) below ridge is 0.8 pm.

It can be further observed that a wider signal electrode reduces both Z,,, and
n, at a constant electrode gap. If the electrode gap is also increased at a fixed
wnm, both Z,, and n, get higher once again. At the frequency range of our inter-

. . | L . . . .
est, Z,, is proportional to 77”, where L,, is the inductance of the signal line
%

and C; is the capacitance of the intrinsic region. Increasing the signal electrode
width decreases the inductance which in turn reduces Z,,. In order to main-
tain the value of inductance, the gap between electrodes has to be increased as
well, at the cost of a slight increase in microwave loss. The optimized solution
is to keep the signal metal width same as the ridge width. However, for the
ease of fabrication process it is better to keep the signal electrode slightly wider
than ridge, hence a value of 2.5 ym for w,,, is chosen. The electrode struc-
ture wider than optical ridge width is supported by Benzocyclobutene (BCB),
which is used for the of the electrode structure planarization for the ease of

performing measurements.
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Figure 3.17: Trasnmission line properties as a function of intrinsic region thick-
ness (d;).

Design and Characterization of InP based 95 Muhammad Usman Sadiq
Mach-Zehnder Modulators at 2 um wavelength



3. TRAVELING WAVE ELECTRODE DESIGN 3.7 Microwave properties using circuit model

100

80

60

£
Il

1,2,3,4 um
40 !

gL

Impedance (Q)

20

0’ ,,,,,,,,,,,,,,,,,,, o

0 5 10 15 20 25
Frequency (GHz)

Loss (dB/mm)

0 5 10 15 20 25
Frequency (GHz)

0
w =11,23,4um
-2 \\\{ ¢
N

—_— _4 \ Kl \ ™~
; BN
WN -6 A N N

8 \\\\\\

-10
0 5 10 15 20 25

Frequency (GHz)

Figure 3.18: Trasnmission line properties as a function of ridge width (w.).

Design and Characterization of InP based 96 Muhammad Usman Sadiq
Mach-Zehnder Modulators at 2 um wavelength



3. TRAVELING WAVE ELECTRODE DESIGN 3.7 Microwave properties using circuit model

100

80

60

40 4

20 d_ =0050.1,051p

Impedance (Q)

emmemEEREEERE

e
4

!

]

0 5 10 15 20 25
Frequency (GHz)

5
4 /
= d  =0050.1,0.51um \ /
E3 X /
o X
@2 o
g //

0 5 10 15 20 25
Frequency (GHz)

(dB)

21

S

0 5 10 15 20 25
Frequency (GHz)

Figure 3.19: Transmission line properties as a function of bottom n-conducting
layer thickness(d,;).

Design and Characterization of InP based 97 Muhammad Usman Sadiq
Mach-Zehnder Modulators at 2 um wavelength



3. TRAVELING WAVE ELECTRODE DESIGN 3.7 Microwave properties using circuit model

Impedance(Q)

5 10
Wgap(um)

Loss (dB/mm)

5 10 15
Wgap(um)

Microwave Index (n )
n

5 10 15
Wgap(um)

Figure 3.20: Transmission line properties as a function of signal metal width
(wm) and electrode gap (w,q,). Dotted line shows the ridge width (w,)
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3.8 Summary

This chapter introduces the electrode design, necessary for the high frequency
operation of the MZMs. Merit and demerits of different transmission line struc-
tures have been discussed in detail. Based on the traveling wave approach for
the electrode design, different bandwidth limiting factors have been highlighted
through case studies, using the analytical model to evaluate the frequency re-
sponse of the modulator. It is shown that the velocity mismatch between electri-
cal and optical co-propagating signals is not the most critical design parameter,
specially for the frequencies below 20 GHz. The bandwidth performance of a
traveling wave modulator is mainly affected by the electrical/optical losses and
impedance mismatch between the modulator structure and driving electronics.
After identifying the key design parameters, the transmission line properties of
a CPW transmission line on multilayer epitaxial p-i-n structure are determined
using an equivalent circuit model. This circuit model is then used to optimize
the CPW traveling wave electrode geometry with the goal to minimize the mi-
crowave losses and to achieve high characteristic impedance. These optimized
electrode dimensions are used to fabricate the InP based MZMs operating the
wavelengths of 1550 nm and 2000 nm. The measured high frequency perfor-
mance of these fabricated devices is evaluated in Chapter 4 and 5 respectively.
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Chapter 4

InP based TWE Mach-Zehnder
modulators at 1.55 ym

This chapter explains the modulator specific III-V material design, its validation
procedure and testing of the fabricated InP based TWE Mach-Zehnder mod-
ulators (MZM). In Section 4.1, the design of MQW based materials suitable
for InP based MZM and its characterization is discussed. The suitability of the
material is tested through room temperature photoluminescence measurement
and by measuring the electric field induced phase shift in specially fabricated
test waveguide structures. Section 4.2 focuses on the importance of multimode
interference (MMI) coupler design. Based on the high frequency design con-
siderations discussed in Chapter 3, MZMs are fabricated and their performance
was analyzed through general experimental techniques and explained in Sec-
tion 4.3. These experimental techniques include DC and RF characterization.
Firstly, the basic functionality of fabricated MZM devices is confirmed on bar
level through static optical transfer function measurements. The working de-
vices are then tested for small signal electrical and electro-optic response. The
tested modulator devices exhibit an EO bandwidth of 7.5 GHz. It was found that
small-signal bandwidth is mainly limited by the impedance mismatch which can
be further improved by using n-i-p-n epitaxial layer structure explained in Chap-
ter 6 of this thesis. The high frequency experimental results are validated by the
simulation results. In the end, large signal modulation response of diced MZM
is measured in optical C-band and clearly open eye diagrams were measured
up to 28 Gb/s.
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4.1 Material design and characterization

The realization of high speed InP MZM starts with the selection of most appro-
priate material layer structure to exploit electro-optic effects to achieve phase
change through refractive index modulation under applied electric field. A high
degree of design freedom is available in InP based semiconductor materials,
which allows to achieve desirable modulator device performance through band
gap engineering. As discussed in Chapter 2, the intrinsic core of the optical
waveguide of an InP MZM is based on MQW epitaxy, where thin layers of nar-
row bandgap material are stacked between the high bandgap material in order
to form periodic confinement regions i.e. potential wells for electrons and holes.
Layers composition of MQW layers and thicknesses determine the overall ab-
sorption response of the modulator material. As opposed to an EAM, direct
absorption is undesired in InP MZMs and the absorption band edge is designed
to be 120-150 nm below the region of operation. The most desired wavelength
range for the modulator operation is the optical C-band (1530-1570 nm), due
to the lowest value of fiber attenuation in this window and availability of signal
re-amplification through Erbium doped fiber amplifiers (EDFAs). It means that
the absorption band eddge for an InP MZM material should be engineered to
be around 1370-1430 nm.

4.1.1 Modulator material design and structure

Table 4.1 shows the epitaxial layer structure grown to fabricate InP based MZMs
for operation around 1550 nm. The epitaxial layer structure was grown using
metalorganic vapour phase epitaxy (MOVPE) both on 2" semi-insulating (SI)
(100) InP and an n-InP substrate. The optical waveguide structure is simply
a separate confinement heterostructure (SCH), with MQW layers, InP cladding
layers sandwiched between p and n-doped layers. The MQW and cladding
layers were kept undoped to ensure low optical propagation loss through the
waveguide. For MQW region, 20 periods of quantum wells of Aluminium (Al)
based Quaternary material InAlGaAs were used. Traditionally, Phosphide (P)
based Quaternary materials have also been widely used to develop high-speed
InP modulators [1,2]. Both the materials show considerable flexibility in terms
of bandgap and refractive indices and can be achieved in low defect density InP
substrates. However, due to inherent large conduction band-offset in InAlGaAs
AE,=0.72AFE, as compared to AE.=0.42AFE, in InGaAsP [3], former is used
in this work. Higher conduction band offset leads to a better electron confine-
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Table 4.1: Epitaxial layer structure grown (Sample: A-1593).

Material Thickness Doping Conductivity
(nm) (em™2) (S/m)

P-InGaAs 20 1lel9 69183

P-InGaAs 80 2el8 13864

P-InP 600 1el8 2403

P-InP 100 2el7 480

P-InGaAsP (ESL') 6 lel7 387

(A=1.1 um)

P-InP 130 lel?7 240.3

i-InP 270 NUD? 0

InAlGaAs (barrier) 7 NUD 0

(A=0.97 um)

20xInAlGaAs 9 NUD 0

(well, 0.43%compressive)

(A=1.38 um)

20xInAlGaAs 7 NUD 0

(barrier, 0.32%tensile)

i-InP 50 NUD 0

n-InP 1000 1lel8 41152

_SU/n-InP substrate - - -

1-ESL Etch stop layer
2-Nominally undoped

ment in wells, resulting in sharper excitonic peak with low absorption under no
bias around wavelength of operation [4].

Another important factor, which must be considered in the modulator ma-
terial design is the biaxial strain. Since it is well know that biaxial strain in
the wells changes the separation and coupling between the heavy-hole (HH)
and light-hole (LH) excitonic transitions. HH absorption dominates the absorp-
tion edge if the qunatum wells are compressively strained and LH absorption
dominates incase of tensile strain. The traverse electric (TE) polarized light cou-
ples to HH and transverse magnetic (TM) couples to the LH and biaxial strain
also affects the electro-optic properties of the MQW [5]. In order to produce
a clear excitonic peak due to TE polarized light, compressive strain of 0.43 %
was introduced in the wells. Also, to maintain the pseudo morphic growth, the
compression strain in the well layer was balanced by a tensile strain of -0.325
% in the barrier layer to form a strain-balanced structure [6]. The thickness of
barrier/well layer was chosen as 7/9 nm respectively. The calculated confine-
ment of the optical mode within the MQW region is 54 % and it is designed

Design and Characterization of InP based 106 Muhammad Usman Sadiq
Mach-Zehnder Modulators at 2 um wavelength



4. INP BASED TWE MACH-ZEHNDER
MODULATORS AT 1.55 uM 4.1 Material design and characterization

to to have a HH band edge at 1380 nm. Undoped cladding layers were used
to keep the optical mode away from doped region. A thicker cladding layer of
270 nm was inserted towards P-side as compared to 50 nm InP layer towards
n-contact layer as P-doped layers have 7-8 times higher contribution to optical
loss as compared to same level doped n-layer [4]. The total intrinsic region
thickness including cladding layers is 647 nm. The thickness of the intrinsic re-
gion is optimized for low optical loss, low V. and characteristic impedance > 30
Q. To further minimize the optical loss due to overlap with any of the P-doped
InP layer, P-doping was graded gradually from 10" ¢m =3 to 10! ¢m =3 towards
the P-contact layer. Another reason to introduce graded doping is to reduce the
diffusion of P-dopant Zinc (Zn) into the MQW region. To achieve low specific
contact resistance, a highly doped 10 ¢m ™3 thin layer of Ing 53Gag 47As is used
to form an ohmic P-contact. The optical absorption of Inj 53Gag 47As due to its
smaller bandgap as compared MQW structure is not a concern as it is too far
from the intrinsic region, which confines most of the optical mode.

4.1.2 Photoluminescence characterization

The layer compositions and uniformity of grown wafers was confirmed by room
temperature photoluminescence (PL). PL is a very simple, versatile and nonde-
structive measurement technique. Fig 4.1 shows the measured PL map acquired
for the epitaxial layer structure (shown in Table 4.1) grown on SI-InP substrate.
The excitation source was continuous wave (CW) YLF laser emitting at 1047
nm and PL spectrum is measured using an InGaAs detector. The measurement
was performed at the spatial resolution of 1 mm and spectral resolution of 1
nm. The average peak wavelength of the sample is around 1375 nm, which is
well within the range of intended bandgap. The deviation of PL wavelength
at the edge of wafer is due to nonuniform temperature distribution at the InP
wafer edges during growth. The average full-width half maximum (FWHM) of
the PL spectrum map is around 67 nm, which shows the good quality of wafer.

4.1.3 Modulation efficiency

To further determine the modulation efficiency due to electro-optic (EO) ef-
fect in the grown material, test structures were fabricated on epitaxy based on
n-InP substrate. The quarter wafer was processed into ridge waveguides of dif-
ferent widths varying from 2 to 4 ym using lithography and Cl,/CH,/H, based
inductively coupled plasma (ICP) etching. The ridges were then passivated,
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Figure 4.1: (a) PL wavelength map of the Sample A1593C. The wafer is orien-
tated with major flat on the top.(b) FWHM map for different emission wave-
lengths across A1593C wafer.

metalized and cleaved into 1.5 mm long bars. The fabricated test ridges are
shown in Fig 4.2. As discussed in Chapter 2, to maximize the refractive index
change with the applied voltage, the test ridges are aligned along the [011] axis.
The measured leakage current in the fabricated ridges is less than 10 pA in the
dark for all applied biases as shown in Fig 4.3, which is low enough not to in-
duce any significant thermal EO effects. The material has a breakdown voltage
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greater than than 16 V.

Cl'1 2, O um 2 O unpt2 il

Figure 4.2: Image of fabricated test ridges with ridge widths varying from 2 m
to 4 ym. Both the P and n metal contacts are on the top.
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Figure 4.3: Current-voltage (IV) measurement for metalized 2.0 xm wide ridge
waveguide. Inset shows the measured leakage current at the reverse bias of 8
Vis 2 pA.

The optical transmission measurements were performed on the fabricated
test structures by coupling light from a tunable laser source (81600B from Agi-
lent) in to the waveguides using the polarization maintaining lens ended fibers.
A polarization controller (PC) is added after laser in order to set the polariza-
tion state of interest i.e TE and TM at the facet of the input waveguide. The
Fabry-Perot fringes are formed by the reflections from cleaved ends of waveg-
uides and can be used to analyze the fringe contrast (K), phase change (A¢)
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Figure 4.4: Experimental setup showing an optical waveguide device under
test.

Xyz
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Figure 4.5: Schematic of the experimental setup. DC probes were used to apply
voltage to the device. Lensed fibres were aligned precisely to the input and
output waveguides of the device using XYZ controllers.

with applied reverse bias and optical group index (n,,) for a given polarization
state. Using the experimental setup shown in Fig 4.4, a Fabry-Perot spectrum
for 1.5 mm long and 2.5 ym wide optical waveguide was measured over the
wavelength span of 1440-1550 nm for both TE and TM polarizations with no
applied bias. The recorded spectrum shown in Fig 4.6 is normalized to the in-
put laser power to remove the effect of tunable laser power profile, which is
not constant over the measured wavelength range. The main purpose of this
measurement is to confirm the HH and LH splitting to the conduction band.
The measurement shows that at shorter wavelengths closer to the band edge,
TE transmission spectrum is majorly domination by band edge absorption due
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to HH transition to the conduction band and TM spectrum has better fringe
contrast as compared to TE polarized light due to low absorption. Away from
band edge i.e. at wavelengths longer than 1500 nm, the spectrum for both po-
larizations will be dominated only by the intrinsic loss of the waveguide. Fig
4.7 shows the Fabry-Perot spectrum for TE polarized input light measured over
a shorter wavelength span for the same dimensions of the optical waveguide,
indicating a high fringe contrast.

Transmission (dB)

-‘%§140 1460 1480 1500 1520 1540 1560
Wavelength (nm)

Figure 4.6: Measured TE and TM Fabry-Perot spectrum for ridge of 2.5 ym wide
and 1.5 mm long ridge waveguide.
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-%548 1549 1550 1 551 1552
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Figure 4.7: Measured TE polarized Fabry-Perot spectrum for ridge of 2.5 ym

wide and 1.5 mm long ridge waveguide over a short wavelength span.

The fringe contrast of Fabry-Perot spectrum shown in Fig 4.7 can estimate
the waveguide propagation loss using Eq 4.1 given in [7].

In(l1—-+v1—-K?)=In(R)—aL “4.1)
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where K is defined in Eq 4.2,

Tnaw — Timin

N Trnae + Tomin (4.2

In Eq 4.1, R is the cleaved facet reflectivity, o is waveguide propagation

loss coefficient, L is the length of waveguide. In Eq 4.2, T,,., and T,,;, are the

maximum and minimum transmitted optical power. Assuming facet reflectivity
of R=0.32, gives the propagation loss 0.33 dB/mm for TE polarized light.

The optical group index (n,,), is related to free spectral range (FSR) using

Eq 4.3. FSR is basically the spacing in optical frequency (A f) or wavelength

(A\) between two adjacent Fabry-Perot fringes of an optical waveguide etalon.

Cc

Af = 4.3
/ 2nop L 4.3)
C
= — 4.4
f 3 (4.4)
By differentiating, Eq 4.4 with respect to A,
)\2
AN = 4.5
QHOPtL ( )
Inserting Eq 4.5 in Eq 4.3, n,, can be determined using Eq 4.6
/\2
nopt = m (4.6)
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Figure 4.8: Measured fringe shift as a function of reverse bias for a 1.5 mm long
waveguide and 2.5 ym wide ridge: (a) TE Polarization (b) TM Polarization (c)
The TE Fabry-Perot fringes for reverse biases of 0 V.and 7 V.
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Using the Eq 4.6, n,,, can be extracted from the spectrum shown in Fig 4.7.
The average A\ between two adjacent peaks is calculated to be 0.2205 nm.
The calculated optical group index is 3.8 for TE polarized light. The phase shift
(Ag) due to electro-optic effect in optical waveguide is given Eq 4.7.

2w AnL
A

where An is the change in refractive index with applied voltage, \ is the

Ap =

4.7)

wavelength of operation and L is length of waveguide. In Zinc blende semcon-
ductors, the change is refractive index (An) is comprised of contributions from
both linear (LEO) and quadratic electro-optic effect (QEO) for TE polarization
and for TM optical mode QEO is the only contribution [8,9]. The electro-optic
shift is measured by analyzing the Fabry-Perot fringe shift with the applied volt-
age. The voltage at which the fringes get in phase with the reference spectrum
at 0 V is the switching voltage V., which is the voltage required to get a = phase
shift in one arm of MZM. The A¢ measured in this way can be compared to
a push-pull phase shift in a MZM with two arm lengths equal to the length of
phase electrode measured here [9]. It means that the measured A¢ for a given
wavelength is twice the phase shift of Eq 4.7. The Fabry-Perot fringe shift with
applied voltage for TE and TM polarized input light is shown in Fig 4.8a and
4.8b respectively. The measurements are performed at the voltage step of 0.5
V and wavelength step of 0.005 nm. From the experimental results, it can be
seen that for 1.5 mm phase electrode, around 7 V is required to get the fringes
back in phase to the reference fringe pattern at O V for TE orientation. For TM
polarization V, required is even higher than 10 V as compared to TE as ex-
pected due to compressive strain enhanced splitting of LH, HH transitions and
also due to absence of LEO for TM. However, as the main aim of this work is
to maximize the modulator performance for TE polarization as eventually they
will be integrated with TE emitting InP-based lasers. The in phase fringe pat-
terns at O and 7 V for TE polarized light are shown in Fig 4.8c. By rearranging
Eq 4.7 and putting A¢ = 7, An required to achieve a 7 phase shift between two
interferometric arms of MZM can be determined analytically.
A A
An = Aqbﬁ =37 (4.8)
From Eq 4.8, An required to achieve a 7 phase shift for 1.5 mm phase
shifting electrode is 5.1x10~%. By measuring the shift of resonance peak versus

the applied voltage, with respect to reference peak, the An can be extracted
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from the measured Fabry-perot fringe pattern shown in Fig 4.8 using Eq 4.9,

An = Mn (4.9)
)\T‘Bf

x10™
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Figure 4.9: (a) Measured refractive index change with applied bias for TE and
TM polarizations. (b) Measured phase change with applied bias based on re-
fractive index change.

where A)g;, s is wavelength difference between the \,.; and shifted wave-
length, n is the refractive index. The extracted An and A¢ at 1550 nm from
Fabry-Perot fringe shift with applied bias are shown in Fig 4.9a and 4.9b. It is
evident that An (green curve) for TM polarization is much lower as compared
to TE. It is due to the fact that LEO is not present for TM and refractive index
change is only due to QEO. On the other hand, An due to TE polarization which
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has contributions from both QEO and LEO is higher as compared to TM. Also,
phase change of 180° is achieved when An is 5.1 x10~* as calculated before
for phase shifter length of 1.5 mm. The phase change efficiency for TE and TM
polarization is 27 °/V/mm and 12.2 °/V/mm respectively.

4.2 MMI coupler design and optimization

In the previous section, the suitability of the grown epitaxial material (Table
4.1) to realize an InP based MZM is discussed and verified through PL and
applied field induced Fabry-perot fringe shift measurements. The next step in
MZ modulator design is to arrange two phase shifting arms to form an inter-
ferometer for light switching operation through phase modulation by adding
splitter/combiner at the input/output respectively.

I-MMI

(a)

I-I\IIMI

(b)

Figure 4.10: Schematic representation of (a) 1x2 MMI. (b) 2x2 MMI.

The design of an optical splitter and combiner is very critical to the key per-
formance parameters of MZM such as optical insertion loss and the extinction
ratio. Large extinction ratios for MZMs are only possible using MZ interfeome-
ter if the optical power in each arm is balanced. For the optimal function of
light splitting/combining, multimode interference (MMI) couplers are consid-
ered as the as the most appropriate structures as they can split/combine op-
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tical signals more compactly and efficiently as compared to y-branch and star
couplers. MMIs are the integral part of the photonic integrated cirucits (PICs)
with major advantages of small footprint, better fabrication tolerances and wide
wavelength operation [10].

In this work, 1x 2 MMI is used at the input and serves as the power splitter
for MZM. At the output, 2x2 combiner is used as the power combiner. The
use of 2x2 MMI at the output allows further integration of photonic compo-
nents such as semiconductor optical amplifiers (SOAs) [11,12] or photodetctors
(PDs) allowing on chip performance monitoring of InP MZMs. Fig 4.10 shows
the schematic representation of both splitter and combiner, where W, ,,; is the
width of MMI section, Ly is the length of MMI section, W, is the width of
MMI access waveguide and W, is the width of input waveguide.

A separate lithographic mask was designed to select the optimum MMI di-
mensions best suited to the grown epitaxial structure. In MMI mask, the ratio
of W,/W,,/; was kept as 0.25 (for 1x2 MMI) and as 0.27 (for 2x2 MMI) for
both the input/output in order to minimize the excess losses and imbalance
between the output arms [13, 14]. Wj,,; was chosen as 13 ym and 14 um
for 1x2 and 2x2 MMI couplers respectively. Keeping the W,;,,; constant, the
length of the MMI section was varied on mask. The initial values of the Lj;y;;
and W,;,,;; were chosen by performing basic simulations in FIMMWAVE simu-
lation software by Photon Design Inc. The inbuilt material database was used
to defined the refractive indices for the material layer stack shown in Table
4.1. In actual material growth, there are always slight variations in the mate-
rial compositions and designated thicknesses which can lead to deviation of de-
vices from intended performance. Because of this reason, simulations were only
used to get the basic MMI parameters and based on them a mask was deigned
having both 1x2 and 2x2 MMIs with different length of MMI sections. The
devices were fabricated on the epitaxial material (A1593- Table 4.1) using the
standard lithography and Cl,/CH,/H, ICP etching. Both the MMI section and
input/output waveguides were deeply etched through the MQW layer in order
to maximize the lateral confinement. It also eliminates uncertainties in index
contrast and effective waveguide widths due to etch-depth tolerances [13,15].

The microscopic image of the fabricated MMI devices is shown in Fig 4.11.
The s-bends were introduced to increase the separation between MMI output
waveguides to 100 um to make the devices compatible for standard lensed fiber
testing. In addition, these s-bands also give an offset to the MMI outputs with
respect to the input waveguide. This offset was to ensure that light collected at

Design and Characterization of InP based 117 Muhammad Usman Sadiq
Mach-Zehnder Modulators at 2 um wavelength



4. INP BASED TWE MACH-ZEHNDER
MODULATORS AT 1.55 um 4.2 MMI coupler design and optimization

the output is only through the MMI waveguides. The fabricated devices were
cleaved and then tested using the same fiber coupled setup shown in Fig 4.4
at the wavelength of 1550 nm for TE polarized input light. The experimentally
measured MMI dimensions with maximum coupling efficiency are summarized
in Table 4.2. Also, in Fig 4.12, the trend of the coupling loss with deviation from
optimum L,;,,; of both 1x2 and 2x2 MMIs is shown. From the measurement
results, it is clear that the coupling losses increase for any positive/negative
deviations from the optimum length of the MMI sections. It also shows that
2x2 MMIs are more tolerant to fabrication errors as compared to 1x2 MMISs.
The coupling loss for a 2x2 MMI is -1.8 dB for +40 um deviation from the
optimum length. Whereas, for 1x2 MMI the coupling loss reaches -3 dB even
for half of this variation i.e. + 20 ym.

Table 4.2: Optimized MMI dimensions (Sample: A-1593 see Table 4.1).

MMI Type Wynir Lymr W,
(um)  (pm) (pm)

1x2 13 188 3.5

2x2 14 288 3.5

Figure 4.11: Microscopic image fabricated 2x2 MMI devices with variations in
length of an MMI sections.
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Figure 4.12: Trend of coupling loss with deviation from the measured optimum
MMI length.

4.3 Modulator characterization

After selecting the most suitable MMI dimensions for combing and splitting
operations, full MZM structures were fabricated on the SI-InP based A1593 ma-
terial. The SEM image of array of fabricated InP based MZM devices is shown
in Fig 4.13a. The important features of a single MZM device are highlighted
in the scaled up image shown in Fig 4.13b. The chip is comprised of 1x2
MMI coupler at input and 2x2 MMI at the output connected by equal length
phase shifters. The CPW GSG bond pads were fabricated on planarized BCB
to access the devices through standard microwave/DC probes. BCB planariza-
tion helps to reduce the parasitic capacitance of the feed-in paths of the phase
shifting electrodes and also provides provides additional passivation to the op-
tical waveguide. Similar GSG bondpads and traveling wave electrodes (TWEs)
were fabricated on both the arms of the MZ interferometer to enable testing of
devices in push-pull mode. Dimensions of GSG bond pads were optimized us-
ing High Frequency Structural Simulator (HFSS) by ANSYS. The phase shifting
electrode dimensions were selected based on the electrode design optimization
procedure discussed in detail in the previous chapter. The fabricated devices
have phase shifting electrodes of lengths 1.5 mm and 2.5 mm. The electrodes
were electroplated to 2 um of gold (Au) to avoid skin-depth losses. To maxi-
mize both the RF and optical performance of the modulator devices, the width
of the optical waveguides for the phase shifting sections were selected as 2 ym
and 2.5 ym. The effect of ridge width on electrical and optical performance is
already discussed in Chapter 3 (See Fig 3.18). The width of the signal electrode
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on the top of ridge was kept slightly wider than the final ridge widths and was
selected as 2.5 ym and 3 um respectively for the ease of fabrication. The total

size of a single MZM device is 1.5 mm x7 mm.

/
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Figure 4.13: (a) SEM image of fabricated array of InP based MZM devices.
(b)Scaled up image of fabricated MZM device.
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4.3.1 DC characterization

The fabricated modulators were tested in three stages which are: first the
DC characterization was performed, then RF small-signal characterization and
lastly electro-optic (EO) bandwidth and large signal optical response was mea-
sured.

Before performing optical transmission experiment, the IV characteristics of
all the fabricated MZM devices were measured. The leakage current measured
at the reverse bias of -10 V was less than 1 pA for most of the devices. An
example of measured IV curves for two arms of fabricated modulator device
is given in Fig 4.14. Low leakage current is an indication of a good side wall
passivization during fabrication process. It also ensures that the applied elec-
tric field is across the MQW region of the optical waveguide and there are no
extra resistive paths along the optical waveguide. Low leakage current also en-
hances the break down voltage of devices under reverse bias, thus increasing
the modulator device long term reliability [12].

10

8 "

Current (pA)

-2 0

Current (mA)
F =N

-8 -6 -4
2 Voltage (V)

20 -5 0 5
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Figure 4.14: 1V characteristics of fabricated MZM devices. Inset shows the
measured leakage current at the reverse bias of 10 V is less than 1uA.

The DC extinction characteristics of the fabricated MZM devices were mea-
sured using the same setup shown in Fig 4.5. An optical signal of 5 dBm from
a tunable laser source was coupled in to the MZM using a lensed fiber and col-
lected using the same type of lensed fiber. The optical coupling to the modulator
device was optimized using the XYZ piezoelectric stages at both the input and
output of the devices. The polarization was precisely set to TE using polariza-
tion controller. Fig 4.15 shows the measured DC transmission response of the
MZM devices with the electrode length of 1.5 mm (Fig 4.15a) and 2.5 mm (Fig
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4.15b) at the wavelength of 1550 nm for both the outputs of 2x2 MMI coupler.
For these measurements, only a single arm of MZM was biased, while the other
arm was kept at 0V, this arrangement is called single electrode operation. The
device with 1.5 mm phase shifting electrode shows an extinction ratio (ER) of
20 dB and V,; of 7 V, which is same as measured using Fabry-Perot fringe shift.
Also, there is a slight imbalance between two arms of the measured device. For
device with electrode length of 2.5 mm, V, decreases to 4.5 V as expected but
ER drops down to 15 dB. The measured devices exhibit fiber-to-fiber insertion
loss of 12-14 dB measuring from the maximum of MZM transfer function which
can be further reduced by atleast ~2 dB per facet using anti-reflective (AR)
coating at the input and output facets.
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Figure 4.15: Normalized optical transmission characteristics for TE polariza-
tized input light for: (a) MZM with 1.5 mm electrode length at 1550 nm. (b)
MZM with 2.5 mm electrode length at 1550 nm.
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Fig 4.16 shows the dependence of ER and V, on input wavelengths for TE
polarization. Decreasing input wavelength from 1550 nm to 1520 nm improves
V. slightly from 7 to 5.3 V. Also, the transfer function becomes marginally asym-
metric at the lower wavelengths. The ER remains between 17 dB to 20 dB
over the wavelength range. The slight improvement in V. is mainly due to de-
crease in bandgap detuning. It also validates the fact that closer the operating
wavelength is to the band edge higher is the refractive index change resulting
in lower V. but at the expense of voltage induced induced absorption. How-
ever, in this case, the wavelength depedence of V,; and ER is rather low, which
means that the signal wavelength is still far from enough from the waveguide
absorption band edge and optical transmission is not degraded drastically by
absorption.

1540 nn
1550 nm

Normalized output power (dB)
S

0 5 10 15
Reverse Bias (V)

Figure 4.16: Normalized optical transfer function for MZM with 1.5 mm elec-
trode for different input wavelengths for TE polarization.

4.3.2 Electrical small-signal characterization

The high frequency characterization of the fabricated MZM devices starts by
first investigating the electrical small-signal response. The small-signal mea-
surement setup is shown schematically in Fig 4.17. On-wafer small signal
measurements were performed using two ACP-GSG-40 probes from Cascade
Microtech and an Anritsu 37397D Vector Network Analyzer (VNA). To move
the reference measurement plane to the probe tips, standard Short-Open-Load-
Thru (SOLT) on-wafer calibration has been performed using an on-wafer cali-
bration substrate by Cascade Microtech.
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Figure 4.17: Schematic of high frequency measurement setup.

Electrical small signal measurements and their comparison with the simula-
tion results are shown in Fig 4.18. It can be clearly seen that the experimental
results agree very well with the simulation model. The measurements were
performed for fabricated MZM devices both with 1.5 mm and 2.5 mm TWE.
For MZM with 1.5 mm TWE, a 3-dB electrical bandwidth of almost 19 GHz was
measured. As expected, for MZM with longer TWE of 2.5 mm, the measured
3-dB electrical bandwidth is 10 GHz. The lower bandwidth for device with
longer electrode is due to higher interaction with the doped semiconductors
and metal electrode resulting in higher microwave loss. Measured electrical S,
less than -9 dB shows that device will perform well if properly terminated in 50
(2 environment. Both the structures were also simulated in HFSS by importing
the TWE metal patterns from the fabrication mask design file to simulate as
close as possible to the actual fabricated devices. The optical ridge structure
was defined manually. The properties of the semiconductor layers in HFSS are
defined in terms of bulk conductivity (¢), relative permitvity (¢,) and relative
permeability (u,). The value of u, for all the materials is set as 1 in all simula-
tions except for air ( i, =1.0000004 ) and gold (1,=0.99996), these values are
predefined in material database by HFSS. The TWE losses in the MZ modulator
design are strongly dependent on the value of bulk material conductivity and
must be very carefully included in the simulation model. The effect of differ-
ent parameters of material layer structure on TWE RF performance has already
been discussed thoroughly in Chapter 3. The calculated o for each semiconduc-
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tor layer are also given in Table 4.1. The formulas for conductivity calculation
are given in Appendix A. As the TWE dimensions on both the interferometric
arms of MZM are same, so only a single TWE structure is simulated in HFSS.
The effect of the contact resistance (R,.) must be included in the simulation
model to achieve much more realistic results (See Section 3.7). In all the sim-
ulations performed, specific contact resistance (pspe.,) value of 3x107° Q.cm?
is used for the p-contact. The HFSS simulation model is shown in Fig 4.19.
Fig 4.19c, shows the model of GSG bond pads connected back to back. The
simulated microwave loss due to bondpads is less than 0.35 dB at 30 GHz.
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Figure 4.18: Small-signal measurement results for MZM with different TWE
lengths. Solids line represent HFSS simulation results: (a) Electrical S;; (1.5
mm). (b) Electrical Sy; (1.5 mm). (c) Electrical S;; (2.5 mm). (d) Electrical So;
(2.5 mm).

The measured S-parameters can be further used to extract electrical prop-
erties of the lossy CPW transmission only excluding the effect the feed-in GSG
bond pads. To remove the effect of GSG bondpads, measured S-Parameters
of two MZM structures with different lengths of TWEs are used [16]. This

procedure is valid only if measured S-parameters of devices are symmetric i.e
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S11=Ss5 and Sy;=S;,. If this is true then it works well in the desired frequency
range. The measured S-parameters can be converted into T-matrix using for-
mulas given in Eq 3.31 (Chapter 3). The pad de-embedding procedure is given
in Eq 4.10.

Eong—short = EongT_l (410)

short

where Tj,,, is the T-matrix for device with 2.5 mm TWE and where T, is
the T-matrix for device with 1.5 mm TWE. T,,,,,—_snor+ is the extracted T-matrix of
1 mm transmission line only. The ABCD transmission matrix can then be used
to determine different transmission line parameters such as device impedance
(Z), microwave loss () and microwave index (n,,) using Eq 4.11-4.13. The con-
version from S-parameters to ABCD transmission matrix is given in Appendix

B.
| B
Zmod = 5 (4.11)

A+£+BC]

7 (4.12)

yzoz—i-iﬁzln[

where L is the length of transmission line. The microwave index can be
calculated as a function of frequency using Eq 4.13,

_ o)
e = 2rfL

where ¢(f) is accumulated phase delay of S, in radians.

(4.13)

The extracted properties are given in Fig 4.20 and are compared with the
properties extracted using HFSS simulations. The extracted device impedance
is around 35 (2 and agrees closely with the simulation results. The measured
microwave loss is 3.25 dB/mm at 25 GHz, whereas simulation results give 3.02
dB/mm loss value which is in close agreement with the measurement and the
difference is negligible. Another important factor is the microwave index (n,),
which should ideally be as close as possible to the optical group index, in order
to achieve velocity matching between propagating optical and electrical waves.
The measured value of n, at 20 GHz is 3.825 which is very close to the mea-
sured optical group index (n,,) of 3.8, the simulation results show higher index
value of 4.2 at 20 GHz. Minor deviation of extracted parameters from simula-
tion results may be due to the roughness of the TWE metal due to patterning
of BCB during curing process and also the designed doping levels can change
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during growth which may lead to a change in depletion width. Another cause
can be lack of reliable material parameters at RF frequencies. In addition, the
ridge profile and etch depth variation can be another cause of slight deviation
of results. However, generally, the measurement results are within 10% of the
simulation results obtained using HFSS and equivalent circuit model presented
in Chapter 3 over the frequency range of interest.
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Figure 4.19: (a) Top view of the simulated CPW TWE structure in HFSS. (b)
Cross section of the simulated CPW TWE structure (along A-A"). (c) HFSS
model of G-S-G bondpads connected back to back.
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4.3.3 Electro-optic response

The experimental setup to measure the electro-optic (EO) reponse of fabricated
MZM devices is shown Fig 4.22. The measurements were performed from 40
MHz up to a frequency of 15 GHz using two ACP-GSG-40 probes from Cascade
Microtech and an Anritsu 37397D VNA. The electrical signal was fed into the
modulator using GSG probe at the input GSG pad with the output GSG pad
terminated through 50 €2 . The EO response was measured at electrical signal
power of -7 dBm from VNA. The input optical power to the modulator was O
dBm from a tunable laser source at 1550 nm and input polarization was set to
TE using a PC. The optical signal was delivered using polarization maintaining
lens ended fiber and output was collected using the same type of fiber. To com-
pensate for the insertion loss of the modulator device, the output modulated
signal was amplified optically using an EDFA followed by a 1.5 nm wide tun-
able optical filter to remove amplified spontaneous emission (ASE) noise from
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the EDFA. The modulated optical was measured by a DC-coupled photodetec-
tor (U?T XPDV2320R, 3-dB bandwidth 50 GHz). Such mixed probe/connectors
measurements required a two-tier RF calibration, which was performed using
Wincal XE software by Cascade Microtech [17]. Before the final measurement
of modulator EO-response, the modulator bias was adjusted to the quadrature
working point of the modulator transfer function. In addition,the input polar-
ization was also adjusted to achieve the maximum modulation response at 1
GHz. The quadrature operating point in modulator transfer function has the
maximum slope and gives the highest response under small-signal modulation.
The measured EO-response for the MZM device with a 1.5 mm TWE is shown
in Fig 4.21 at -2.27 V reverse bias. Experimentally, measured 3-dB EO S21
bandwidth is 7.5 GHz with a linear roll-off, which is sufficient for atleast 10
Gb/s data modulation. The measured EO response follows the the simulated
response very closely, which predicts a 3-dB bandwidth of 8.5 GHz. The small
offset between the measured and simulated modulation response may be due
the reflections from cleaved facets, which can result in counter propagating
optical waves lowering the modulation efficiency. The simulated EO response
is calculated using Eq 3.5 in Chapter 3 and takes into account only the co-
propagation of electrical and optical waves in a TWE.
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Figure 4.21: Measured EO response of InP MZM with 1.5 mm TWE.
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Figure 4.25: Measured ER and SNR for 10 Gb/s NRZ eye.

After measuring the small-signal EO reponse, the modulator devices were
tested for large signal modulation response. The experimental setup is shown
in Fig 4.23. A 10 Gb/s non-return to zero (NRZ) pseudo-random binary se-
quence (PRBS) of length 27-1 drive signal was provided by the pseudo-random
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bit sequence (PRBS) generator by Centellax TG2P1A PRBS source. The source
provides only 250 mV peak to peak signal which was then amplified to ~ 6.6
V,_, using a Centellax (OASMVM) 40 Gb/s driver amplifier. The electrical sig-
nal was fed into MZM using the same probing arrangement explained before.
The modulated optical signal was amplified and filtered before photodetector.
The resulting eye diagram after photodetector was measured using an Agilent
86100C digital communication analyzer (DCA). Fig 4.24a shows the measured
eye diagram at the input signal wavelength of 1550 nm for 10 Gb/s NRZ signal.
The same MZM device used for the measurement of EO response was tested for
large signal modulation. The measured dynamic extinction ratio for 10 Gb/s
signal at 1550 nm was 13.75 dB with signal-to-noise ratio of 13.81 dB. To test
the performance of the fabricated devices in optical C-band, eye diagrams were
measured at different wavelengths. The plot of the dynamic extinction ratios
and SNR over C-band is given in Fig 4.25. Both the ER and SNR are higher
than 11 dB for 10 Gb/s eye diagram. In addition, Fig 4.24b shows the resulting
eye diagram for 28 Gb/s NRZ signal. It can be seen that the eye is still open at
the center with ER and SNR of 5.06 dB and 4.58 dB. Large signal modulation
results shows that the fabricated devices have high potential to be deployed in
high-speed optical communication systems up to the data rate of 28 Gb/s.

4.4 Summary

This Chapter highlights the design process flow to realize high-speed InP based
MZMs. The importance of each step from the choice of right epitaxy material,
its growth and device fabrication to the measurement techniques involved in
testing of InP based modulator have been discussed in depth. The InP based
MZM modulators with different length of TWEs were fabricated and tested.
The modulators with 3-db EO bandwidth of 7.5 GHz and V7 as low as 4.5V
have been demonstrated. The V, can be further improved by operating the
modulator devices in dual arm drive arrangement i.e. by biasing both the arms
of the MZM and by increasing the length of the phase shifting arms. The low-
est value of Vr reported by Teraxion for InP MZM modulator operated in dual
arm is 1.5 V (See Table 1.1). Further, the number of MQWs in th intrinsic re-
gion of phase shifter can be increased to enhance the EO efficiency and reduce
V. This effect is demonstrated in Chapter 5, where the number of wells are
increased from 15 to 25 and considerable reduction in Vr is achieved. The
operation of the modulator and dependence of V.. on operating wavelength in
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optical C-band is also discussed briefly. The operation of modulator up to 28
Gb/s is demonstrated by measuring the large signal response. In addition, CPW
transmission line parameters extracted from the measurements show that as
microwave index is reasonably close the optical group index so velocity mis-
match is not the main bandwidth limiting factor. The major factor affecting the
affecting the EO bandwidth is the low impedance of the TWE (35 (2). The mod-
ulation bandwidth response can be enhanced by terminating the devices with
with low impedance values at the expense of reduced SNR of the large signal
due to peaking effect in modulation response. The details to further enhance
the EO bandwidth and reducing the switching voltage will be discussed in next
chapters.
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Chapter 5

InP based Mach-Zehnder
modulators at 2 ym

In the previous two chapters, simulation and experimental results for InP based
MZMs operating in the optical C-band were discussed. High frequency band-
width limitations and design constraints of a TWE were elaborated in detail.
The main purpose of developing the high speed InP MZMs at 1550 nm was
to develop know-how of the complexities involved in design, fabrication pro-
cess and testing of the InP MZMs. This chapter is focused on the design and
fabrication of InP MZM for a new optical transmission wavelength of 2000 nm
using the knowledge base developed in previous chapter. Section 5.1 briefly dis-
cusses the importance of photonic components working around 2000 nm wave-
length. Two different generations of InP MZM suitable for operation around
2000 nm were fabricated and experimentally evaluated. Material design and
testing of both the generations of fabricated devices have been discussed in
detail in Sections 5.2 and 5.3 respectively. It is demonstrated that V, of InP
based MZMs can be reduced to 2.7 V or even less for longer TWEs by increas-
ing the electro-optical overlap in the optical waveguide without changing the
electro-optic bandwidth. In addition, Section 5.4 describes the RF packaging of
the modulators and highlights important aspects involved in the design of a RF
package. As the ultimate evaluation of the performance of any photonic device
developed for telecommunications is by deployment in real fiber-optic transmis-
sion systems. For this purpose, an externally modulated 4x10 Gb/s NRZ-OOK
WDM signal was transmitted over 1.15 km of low-loss HC-PBGF employing a
packaged InP based MZM in the transmitter for the first time and an OSNR re-
quirement of 25 dB on 100 GHz spaced channels is determined using a direct
detection scheme in Section 5.5.
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5.1 The need of InP based MZMs for 2000 nm

There are an increasing number of applications that would benefit if high per-
formance, low-cost photonic components, developed and commercialized at
wavelengths between 1300 nm and 1600 nm for telecommunication applica-
tions, were to be extended to wavelengths beyond 1600 nm. For example, a
large range of important environmental gas species can be readily sensed us-
ing tunable laser spectroscopy around 2000 nm. LIDAR systems can be used
at 2050 nm for the 3-dimensional mapping of CO, in the environment [1-3].
In this thesis, we focus on a particular opportunity in telecommunications en-
abled by the potential ultra-low loss that could be achieved with hollow-core
photonic bandgap fibers (HC-PBGF) [4]. Such fibers offer low latency and low
non-linearity due to light propagation through the air core and, in combination
with the ultra-broad bandwidth of Thulium doped fiber amplifiers (TDFA) [5],
will permit the extension of the transmission band from the conventional C and
L-bands to 2000 nm. As discussed in the introduction of this thesis, the current
single mode fiber (SMF) infrastructure will ultimately be limited by the total
capacity per fiber due to exponential growth in high bandwidth data traffic per
year. In future, the network operators will be challenged with a decision as how
to best upgrade the current fiber links with new type of optical fibers with po-
tential to fulfill the ever increasing capacity requirements. One solution is to use
the new fiber types such as HC-PGBF at entirely new wavelength band i.e. at
2000 nm. The first communication system experiments using HC-PBGF at 2000
nm have already been performed and have shown promising results [5-7]. The
shift to the new transmission window will require a development of full range of
photonic components capable of operating at a telecommunications grade [8],
which includes modulators operating around 2000 nm for data encoding. For
an error free and spectrally efficient data communication such modulators must
have a high bandwidth and operate with low modulation voltages. Lithium
Niobate (LiNbO3) modulators can be configured to operate in this wavelength
range, but generally at the expense of high drive voltages with a large footprint.

The semiconductor materials operating in the wavelength range around
2000 nm can be grown either on gallium antimonide (GaSb) or indium phos-
phide (InP) substrates. The Sb based materials are generally grown by molecu-
lar beam epitaxy (MBE) technique and it is very difficult to control the growth
quality specially on industrial scale. As compared to Sb based materials, InP
based materials are a better choice for large scale industrial applications due
to mature growth and device fabrication processes [9]. In addition, InP based
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materials have the advantage that high quality quantum well structures can be
achieved, monolithic integration with other devices is possible, and these mate-
rials have been validated by widespread deployment at the 1550 nm waveband
[10-12]. For 2000 nm wavelength range, we have already successfully demon-
strated both the active and passive InP based photonic components including
laser, photodetector and arrayed waveguide grating coupler (AWG) [13]. In
this work we focus on the realization of the InP based MZM operating at 2000
nm.

5.2 Mach-Zehnder modulator - First generation

As discussed earlier, InP MZMs operate by applying a differential phase modu-
lation between the two arms of an interferometer using materials with a large
electro-optic effect. A variety of electro-optic (EO) effects can be used with
semiconductor materials to achieve the desired refractive index modulation.
Carrier depletion, for example, is limited in the achievable index change and
has an associated change in material absorption [14]. The linear Pockels ef-
fect, which is relatively wavelength independent, is limited in the index change
achievable. A preferable effect, widely used at 1550 nm wavelengths, is the
QCSE in quantum wells due to the large dependence of the refractive index
change on the applied field. The InP based modulators based on QCSE operat-
ing around 1550 nm wavelength of operation are demonstrated in Chapter 4.
The strength of the QCSE is dependent on the wavelength offset from the band-
edge and thus, to access wavelengths longer than 1650 nm on an InP substrate,
multiple strained quantum wells are required. Furthermore these wells can only
be compressively strained [13]. For the design of material suitable for modu-
lator operation around 2000 nm, the bandgap of the quantum wells is selected
to be ~150 nm (43 meV) below the operating wavelength in order to provide
a good balance between minimizing residual absorption while achieving use-
ful index changes through electro-refraction. The bandgap of the material can
be further shifted closer to 2000 nm to exploit electro-absorption effect of the
QCSE in the modulation. Higher optical modulation bandwidths are achievable
using electro-absorption modulators (EAMs) but they have high inherent optical
loss, chirp and more complex implementation of the phase modulation formats
as compared to the MZM [15]. For this reason, in this work we implement
MZM which can be used to generate advanced multi-level optical phase modu-
lation formats such as differential phase shift keying (DQPSK) and quadrature
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amplitude modulation (QAM).

5.2.1 Modulator material design and structure

For InP based MQW structures, an effective way to achieve material bandgap
at wavelengths longer than 1800 nm is to use InGaAs layer with high Indium
(In) content. The Ing53Gag47As when lattice matched to InP has a bandgap
of 0.75 ev (~1650 nm). By increasing the Indium (In) content x from 0.53
in In,Ga;_,As layer, the bandgap increases [16]. Fig 5.1, shows the trend
of bandgap variation with the increase of In content both in a 10 nm quan-
tum well and bulk layer. The quantum wells with high In content exhibit
compressive strain due to larger lattice constant as compared to InP substrate
(5.8687 A) and must be carefully strain balanced. In order to have a band-edge
around 1850 nm we used a 10 nm thick quantum well with 0.66 % compres-
sive strain (Ingg3Gag37As). To accommodate the strain in the multi-quantum
well (MQW) structure a 10 nm thick barrier layer with -0.84 % tensile strain
(Alp 145Gag 445In0 41As) and bandgap of 1.05 eV was used. This composition pro-
vides a large confinement barrier [17]. To avoid generation of dislocations
despite strain balancing in grown epitaxial layer structure, only 15 QW struc-
tures were initially used in the material grown for the first generation devices.
However, the number of qunatum wells using the same composition were in-
creased from 15 to 25 for the second generation devices discussed in the Section
5.3. Increasing the number of MQWs beyond 25 may need additional MOVPE
growth optimizations which is out of scope of this work.

As mentioned above, for the first generation MZM devices, the grown epi-
taxial structure had 15 quantum wells which were cladded by undoped InP
spacer layers providing an 810 nm thick intrinsic region. The intrinsic region
was bound by p- and n-type contacting regions. The calculated overlap of the
transverse mode with the quantum wells was 22% and the mode had a trans-
verse 1/e? width of just over 1 um. The grown epitaxial layer structure grown
for modulator operation around 2000 nm is shown in Table 5.1. The structure
was grown by Metal Organic Vapor Phase Epitaxy (MOVPE) on both n-type and
semi-insulating (SI) InP substrates.
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Table 5.1: Epitaxial layer structure grown (Sample: A-1545).

Material Thickness Doping Conductivity
(nm) (em™®) (S/m)
P-InGaAs 20 5e19 69183
P-InGaAs 80 1lel9 13864
P-InP 800 1el8 2403
P-InP 200 5el7 1201
i-InP 400 NUD 0
InAlGaAs (barrier) 10 NUD 0
15xInGaAs 10 NUD 0
(well, 0.66% compressive)
(A=1.85 um)
15 xInAlGaAs 10 NUD 0
(barrier, 0.84% tensile)
(A=1.18 ym)
i-InP 100 NUD 0
n-InP 100 5el7 27000
n-InP 100 1lel8 41152
SI/n-InP - - -
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Figure 5.1: Variation of bandgap by increasing In composition from 0.53 to

0.85 in bulk In,Ga;_,As. Red dots show the measured bandgap variation in 10
nm thick quantum well. Dotted line represents the lattice constant of InP [8].

Design and Characterization of InP based 143 Muhammad Usman Sadiq
Mach-Zehnder Modulators at 2 um wavelength



5. INP BASED MACH-ZEHNDER MODULATORS 5.2 Mach-Zehnder modulator - First
AT 2 puM generation

5.2.2 Photoabsorption response

The EO properties of the quantum well structure were investigated by fabri-
cating photodiodes with surface normal access. This configuration allows the
measurement of absorption associated with in-plane TE polarization only which
is appropriate for the compressively strained wells used. The absorption spectra
were recorded by the photocurrent measurement with applied reverse bias volt-
ages using the commercial photoresponse measurement kit by Bentham Instru-
ments Ltd. The measurement setup is shown in Fig 5.2. The probe light source
employed is a dual Xenon/Quartz halogen source followed by a monochroma-
tor with 0.74 mm (FWHM bandwidth ~ 4 nm) exit slit width and 600 lines/mm
grating. The light is chopped with an optical chopper operating at a frequency
of 470 Hz and illuminated normally onto the fabricated photodiodes. The pho-
tocurrent is measured using a lock-in amplifier. The photocurrent generated
as a function of incident wavelength and reverse bias is shown in Fig 5.3a. It
demonstrates an excitonic absorption resonance at 1850 nm which marginally
broadens and shifts to longer wavelength with applied reverse voltage in line
with the QCSE. It can be observed that even at a high reverse bias i.e. at 9V,
the absorption peak associated with the exciton is still present but it is slightly
broadened which means that the exciton confinement is reduced. The ideal
QCSE behavior required for MZM operation should cause a large red shift of
the absorption bandedge with applied reverse bias and should maintain exci-
ton confinement with the minimal broadening of the associated peak [18]. The
broadening of the exciton peak at high reverse bias i.e. after 7 V will result in
a higher absorption tail at 2000 nm which will in turn affect the device perfor-
mance interms of IL and ER. The exciton absorption peak wavelength shift with
reverse bias is shown in Fig 5.3b and exhibits a weak quadratic dependence.
The capacitance of the material was measured using capacitance-voltage (CV)
measurement and it is ~140 pF/mm? when fully depleted at bias greater than
-3 V (measurement shown in Section 5.3).
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Figure 5.2: (a) Photoabsorption measurement setup. (b) Sample under test
with DC probes to apply the reverse bias. Visible green light is used to show the
surface normal illumination.
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Figure 5.3: (a) Bias dependent spectral response of 15 quantum well strain-
balanced structure under surface normal illumination. (b) Exciton absorption
peak wavelength with the applied reverse voltage.

5.2.3 Modulator design and layout

The mask layout of a single InP based MZM designed is shown in Fig 5.4. The
basic device architecture is same as MZM operating at 1550 nm. At the input
of the MZM passive multi-mode interference (MMI) couplers were used for low
loss 1x2 and 2x 2 splitting and combining of the light paths to realize the MZM
structure. A CPW TWE was again selected for delivering the RF signal to the
MZM. As explained in previous chapters, the main reason of using TWE is to
allow the synchronous co-propagation of RF and optical signal in the phase
shifting section of the MZM with low loss. The signal electrode resides on the
top of the optical ridge waveguide while the ground electrodes connected to the
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n-doped layer are placed on both sides of ridge. Such Ground-Signal-Ground
(GSG) coplanar arrangement allows the applied electric field to be confined
in the intrinsic region of the optical waveguide i.e. MQW and the InP spacer

layers.
DC Phase
Optical Input control Optical Output
s g 6500um P P
B -
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= é%%’ ......................... —_— ]i
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“80pm

100pm 80pm 30pum

(b)

Figure 5.4: (a) Mask layout of a single MZM showing RF GSG pads, DC phase
control electrodes, input and output MMIs. (b) Dimensions of the input/output
RF GSG pad.

Both the electrical and optical signals should travel at the same velocity
with low optical and electrical losses. The overall device impedance should
also be close to 50 € to reduce the electrical reflections along the phase shifter
and maximize the electro-optic (EO) response. Keeping in mind the design
requirements, rigorous design optimizations were carried out to determine the
optimum performance point of the CPW-TWE (See Chapter 3) [19]. Optical
waveguides based on a deep etched ridge of widths 2 ym and 2.5 ym were
selected for the phase shifting sections. Optical waveguides are deeply etched
to provide strong lateral confinement of the optical mode within the intrinsic
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region. It also allows the compact waveguide routing and input/output couplers
to be miniaturized. The width of the Au signal electrode on the top of ridge
was kept slightly wider than the final ridge widths and was selected as 2.5
pum and 3 um respectively. The gap between the signal and ground electrodes
around optical ridge was optimized to be 8.5 ym. In order to minimize the RF
signal loss due to the metal, the electrode thickness on the top of the ridge was
electroplated to 2 ym. The RF signals were delivered to the phase shifters via
GSG feed in lines which were designed to accommodate the dimensions of the
coplanar GSG probes as in Fig 5.4b). The signal pad is 80 ym wide and the
ground pads are kept at the spacing of 30 um from the central conductor. The
GSG pads were then linearly tapered and bent at a certain radius to match the
dimension of the ridge waveguide as shown in Fig 5.4b. Both the GSG pads and
ridge waveguide were designed to be close to 50 ).

MZMs with lengths for the TWE ranging from L = 1.5 mm to 3 mm were
fabricated. The structures included contacts for phase and amplitude control
to allow balancing of the two arms of the MZM. Waveguide sections were
used to produce an overall chip length of 6.5 mm. Ridge waveguides with
widths of 2 ym and 2.5 um were etched through the quantum well region
using Cl,/CH4/H, inductively coupled plasma (ICP) etching. Ridges were fab-
ricated along the [011] axis. The deeply etched ridges were buried in planarised
benzo-cyclobutene (BCB). The BCB planarisation allows the signal and ground
electrode to be on the same height which helps to reduce the parasitic capac-
itance formed in the GSG pad feed-in region. The electrical isolation between
different sections was achieved using a shallow etched slot with length of 10
pum. The measured value of isolation between two MZM arms is 0.72 M(Q.

5.2.4 DC characterization

The array of fabricated devices with varying length of phase shifting arms is
shown in Fig 5.5a. Total cleaved length of the chip remains the same i.e. 6.5
mm. The measured leakage current of the devices with different lengths is
indicated in Fig 5.5b. It can be seen that DC leakage current in devices is well
below 50 iA at a 10 V reverse bias, which shows that the side wall passivation
of the optical waveguide is fully intact.
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Figure 5.5: (a) SEM image of the fabricated devices with different lengths of
phase shifting arm. (b) Measurement showing the leakage current with varying
length of the phase shifting arm.

To measure the DC transmission characteristics of the modulator, a single
frequency laser emitting at 1996 nm (Eblana Photonics) was coupled into the
input waveguide using a lens ended fiber and collected with a similar lens ended
fiber. The reverse voltage was applied to the single arm of the MZM with the
other arm left unbiased. The input polarization was set to be to be transverse
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electric (TE) using polarization controller (PC) as there is an enhanced electro-
optic response for TE as compared to transverse magnetic (TM) polarization
due to the compressive strain and the ridge orientation. The optical transmis-
sion response of the modulator with 3 mm TWE for the TE polarized light is
shown in Fig 5.7a The voltage required for a 7 phase shift (V) is 3.2 V which
leads to a voltage length product (VL) of 9.6 V.mm. The measured DC extinc-
tion ratio (ER) and fiber to fiber insertion loss (IL) of the device is 9 dB and
16 dB respectively. Since the induced phase shift due to QCSE is a nonlinear
function of the applied reverse voltage, it can be seen that the period between
successive maxima and minima of the transmission curve is not constant. It
also suggests that at a high reverse bias, the voltage induced absorption will be
dominant and will affect the device throughput, ON-OFF switching voltage V.,
and DC ER as measured in Fig. 5.3a and 5.7a.

Figure 5.6: DC testing of a single modulator device. Reverse bias is applied to
single arm of the modulator through DC probes.
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Figure 5.7: (a) Optical transmission characteristics of modulator as a function
of DC voltage supplied to one arm of the interferometer. (b) Dual-electrode
(push-pull) operation of modulator.

In addition to the single electrode characterization, the optical transmission
is also measured for the dual electrode (push-pull) operation of the modula-
tor. However, for the high frequency characterization, the modulator was only
tested in a single electrode configuration. Fig 5.7b shows the two dimensional
DC transmission matrix plot for a 1.5 mm long device. In push-pull opera-
tion, voltages on both the phase shifting arms i.e. lower electrode and upper
electrode of the modulator were swept simultaneously. By careful biasing of
both arms, push-pull operation will allow for the chirp free operation of the
modulator at a reduced switching voltage [20]. Measurement shows that the
transmission is not entirely symmetric around 0 V in transmission matrix. The

asymmetry arises due to a slight variation in the fabricated dimensions of 2x2
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output MMI coupler during the fabrication process. This asymmetry can be
compensated by the careful tuning of the DC phase control electrode shown in
the device layout in Fig 5.4a. Also, the DC transmission matrix shows a change
in transmission when the electrodes are swept simultaneously. This behavior is
believed to originate from the constructive and destructive interference of the
reflections of the optical field from the cleaved end facets with the modulated
light. This effect can be eliminated by applying anti-reflecting (AR) coatings on
the end facets of the fabricated device.

5.2.5 Electrical small-signal characterization

The electrical S-parameters of the TWE MZM were measured using the same
setup shown in Chapter 4 (See Fig 4.17). On wafer SOLT calibration was per-
formed before measuring the electrical S-parameters of the devices. The mea-
sured electrical S11 and S21 are presented in Fig 5.8a and 5.8b respectively. De-
vices with phase shifting regions of different lengths were also characterized.
It can be seen from Fig 5.8b that with increasing length of the phase shifter,
the 3-dB electrical bandwidth reduces, which is primarily due to the increase
in overall RF loss due to the increased length. The measured 3-dB electrical
roll-off frequencies are 19.8 GHz, 15 GHz and 12.5 GHz for the devices with
1.5 mm, 2.0 mm and 2.5 mm long phase sections respectively. The electrical
S-parameter measurements match the full wave simulations performed in High
Frequency Structural Simulator (HFSS) software. The measured RF S21 for 1.5
mm phase electrode at 40 MHz starts at around -0.351 dB instead of 0 dB, this
is due to the metal track series resistance and RF probe contact resistance. This
value decreases further to -0.57 dB as the metal series resistance increases with
the increase in electrode length.

5.2.6 Electro-optic response

The high speed optical performance of the fabricated modulators was demon-
strated by measuring the 3-dB electro-optical (EO) bandwidth. For EO-response
measurement, the setup is shown in Fig 5.9. The basic arrangement of setup
is almost similar as one discussed in Chapter 4. A single wavelength laser in a
butterfly package from Eblana Photonics emitting at 2002 nm was used as in-
put optical signal source instead of a tunable laser source. An EOtech ET-5000F
photodetector which has a 3-dB bandwidth of 12.5 GHz was used to measure
the modulator EO bandwidth. The high speed RF signal of -1 dBm and DC bias
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Figure 5.8: Measured Electrical S-parameters for devices with different elec-
trode length: (a) S11. (b) S21.

was applied to the modulator input arm through a bias-tee and a high speed
GSG probe. The output RF pad of modulator arm was terminated using a 50
() terminated GSG probe for the EO measurement. The TE polarized light cen-
tered at 2002 nm was coupled into the sample using the lensed fiber. The PC
ensured that the coupled light was TE-polarized. The input optical power was 2
dBm. To compensate for the optical insertion loss of the modulator, the output
light was again collected using another lensed fiber and then amplified to 1 dBm
using a TDFA. In order to reduce the amplified spontaneous emission (ASE) of
the amplified optical signal, a tuneable optical filter with a 3-dB passband of 1.6
nm was used at the output. Fig 5.11 shows the measured EO response of the 2
mm long phase shifter modulator at a bias voltage of -6.74 V. A 3-dB EO band-
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width of 9 GHz was achieved (no signal processing was used). Ideally, if there is
a complete velocity and impedance match between electrical and optical waves,
then the frequency at which the electrical loss of the modulators has decreased
to -6.4 dB can be taken as 3-dB EO bandwidth. However, measurements show
that the 3-dB EO bandwidth of 9 GHz is less than the 6.4 dB electrical response
of the 2 mm long electrode device. This difference is mainly due to the velocity
and impedance mismatch, which can be improved by reducing the capacitance
i.e. making the intrinsic region slightly thicker. The thicker intrinsic region will
increase V. due to low electric field (kV/cm) across the MQWs which will lead
to a reduced EO effect. To enhance EO effect and reduce V,, the number of
the quantum wells can be increased within the thicker intrinsic region. The im-
provement in V, by increasing the number of wells keeping the total thickness
of intrinisc region same is described in the next section.

We further demonstrate the large signal response of the device at -6.74 V
shown in Fig 5.12. A 10 Gb/s non-return to zero (NRZ) pseudo-random binary
sequence (PRBS) of length 27-1 was generated using a Centellax TG2P1A PRBS
source. The output electrical signal from PRBS source had a 250 mV,,_,,, which
was amplified to ~6 V,,_, using a JDSU H301 10 Gb/s driver amplifier. The
device probing and termination arrangement was the same as described for
the EO response measurement. The optical signal output was amplified and
then filtered before the EOtech photodetector. An external electrical amplifier
(SHF A824H) with maximum available gain of 26 dB was used to amplify the
photodetected signal. The resulting eye diagram was measured using an Agilent
86100C digital communication analyzer (DCA). The measured eye diagram is
clearly opened at the center. The large noise observed may have roots from
different sources: broadband ASE falling into the detector, larger noise figure
of the optical amplifiers, and even impedance mismatches between RF probes
and devices.
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Figure 5.9: EO response measurement setup at 2000 nm.
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Figure 5.10: Large signal response measurement setup.
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Figure 5.11: Measured EO response of the 2 mm TWE MZM at a bias voltage of
6.74 V.
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Figure 5.12: Measured optical eye diagram at 10 Gb/s for 27-1 PRBS signal.

5.3 Mach-Zehnder modulator - Second generation

The performance of an InP MZM is usually evaluated by four figure-of-merits
(FOM) which are V,, insertion loss (IL), Electro-Optic (EO) bandwidth and the
length of the device. The MZM design is a compromise between these. The
V., can be reduced by increasing the DC bias across the MQW layers but at the
expense of voltage induced absorption which will in turn degrade the DC ex-
tinction ratio (ER) and IL. Another way to decrease V, without a considerable
effect on the other FOM is to increase the electro-optical overlap i.e. increase
the slope of change in refractive index with applied voltage for a fixed capac-
itance per unit length of the phase electrode [21]. The capacitance is deter-
mined by the total thickness of the intrinsic region and the width of the optical
waveguide.
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5.3.1 Modulator material design and structure

To establish the effect of an increase in the overlap on the overall device per-
formance, an epitaxial layer structure with an increased number of MQWSs was
grown on n-doped (100)-oriented InP substrates using MOVPE. The NUD re-
gion thickness was kept comparable to first generation of the modulator i.e.
710 nm. The epitaxial layer structure with increased number of wells is shown
in Table 5.2. The number of wells was increased by 66% from 15 to 25 while the
thickness and composition of the well and barrier is kept the same as previously.
The optical confinement within the wells is improved by 25% (72 % confine-
ment in MQW region), which leads to an enhanced electro-optic overlap. The
calculated mode field profile in 2 ym wide deep etched ridge in structures with
different number of wells is shown in Fig 5.13.

Table 5.2: Epitaxial layer structure grown (Sample: A-1914).

Material Thickness Doping Conductivity
(nm) (em™) (S/m)
P-InGaAs 20 5e19 69183
P-InGaAs 80 lel9 13864
P-InP 800 1el8 2403
P-InP 200 5el7 2403
i-InP 100 NUD 0
InAlGaAs (barrier) 10 NUD 0
25xInGaAs 10 NUD 0
(well, 0.66% compressive)
(A=1.85 um)
25 xInAlGaAs 10 NUD 0
(barrier, 0.84% tensile)
(\=1.18 um)
i-InP 100 NUD 0
n-InP 100 S5el7 27000
n-InP 200 1lel8 41152
n-InP - - -

The capacitance of the i-region of p-i-n diode is be related to the thickness of
intrinsic region by simple relation i.e. (C; = %), where d is the thickness of
i-region, A is the area of the, ¢, is the perimitivity of i-region. The capacitance of
the grown epitaxial layer structures i.e. with 15 MQW and 25 MQW was mea-
sured using C-V measurements. A series of circular diodes with a diameter of
1 mm were fabricated on both the structures and then CV measurements were
performed at room temperature using Agilent BIS500A Semiconductor Device
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(b)

Figure 5.13: Simulated mode profile in 2 ym deep etched ridge structure using
Fimmwave by PhotonD: (a) 15 MQW (47 % confinement). (b) 25 MQW (72 %
confinement).

Analyzer. To remove the influence of probes and cables short open calibrations
were performed. The comparison of measured capacitance normalized to area
for both the grown structures is shown in Fig 5.14. It can bee seen that capac-
itance of the structure with 25 MQW (Sample A1914) is slightly lower when
fully depleted as compared to the the other structure (Sample A1545). The
behavior of the C-V measurement shows slight deviation from the expected re-
sults. As the intrinsic region of Sample A-1914 was kept 100 nm thinner than
than A1545, it was expected that the sample with higher number of wells will
show slightly higher capacitance. However, the measurements shows that the
grown intrinsic region of the Sample A1914 is slightly thicker than A1545. The
slight deviation is due to difference in growth conditions of MOVPE as both the
samples were not grown sequentially. Despite the thicker intrinsic region than
intended, it is important to determine the EO behavior of the grown structure,
which is discussed in the next sections.
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Figure 5.14: Measured capacitance-voltage properties of the circular diodes.
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5.3.2 Photoabsorption response

The behavior of the pin structure with the increased number of wells was
characterized by photo-absorption measurements using surface normal photo-
diodes. This configuration results in absorption associated with in-plane TE
polarization. The photo-absorption spectra using photocurrent measurements
with the applied reverse voltage are shown in Fig 5.15. The measurements
show an excitonic absorption at 1868 nm as compared to 1850 nm for the
structure containing 15 MQWs. The absorption peak broadening with applied
reverse bias is higher than the structure with 15 wells. Fig 5.15b shows the com-
parison of excitonic peak shift with the applied voltage for both the structures.
At 6 V reverse bias, the structure with 25 MQW has a peak at 1964 nm with an
absorption tail around the wavelength of operation. Increasing the reverse bias
further shifts and broadens the excitonic peak due to decrease in electron-hole
overlap but at the same time increases the absorption around 2000 nm. The
effect of the higher absorption will be clear in the DC transfer function of the
fabricated MZM devices.

5.3.3 DC characterization

The grown wafer was then further processed to form MZMs with phase shift-
ing regions with different lengths of TWE varying from 1.5 mm to 3.0 mm.
The device layout remained the same as shown in Fig 5.4. The total size of
a cleaved single modulator chip was the same as i.e. 1.1 mm x 6.6 mm. The
measured leakage current for devices is less than 25 pA at -10 V. Fig 5.16 re-
ports the measured DC transmission response of the modulator with the TWE
length of 2 mm for both the outputs of the 2x2 MMI. The transfer function
was measured at the wavelength of 1994.260 nm for TE polarized input light
with the reverse bias voltage applied only to a single arm of the modulator. The
modulator achieved a V, of 2.7 V with DC extinction ratio of around 16 dB.
There is a significant improvement of around 1.3 V in V,, with the increase in
the number of wells. However, it was also observed that the fiber-to-fiber device
IL is increased to ~19.8 dB as compared to 16 dB in the first generation MZMs
containing 15 MQWs. The 3.8 dB increase in the loss can be attributed to the
increased absorption around 2000 nm due to slight shift ~18 nm in excitonic
absorption peak with the increase in QW number. This shift can also be due to
slight variations in the growth conditions of the respective wafers resulting in
a slight increase in quantum well/barrier thickness. In addition to the intrinsic

Design and Characterization of InP based 160 Muhammad Usman Sadiq
Mach-Zehnder Modulators at 2 um wavelength



5. INP BASED MACH-ZEHNDER MODULATORS 5.3 Mach-Zehnder modulator - Second
AT 2 puM generation

losses of the optical waveguide, the major source of the high IL of the devices
is the fiber to modulator chip coupling losses. The coupling efficiency can be
greatly improved by integrating spot-size converters (SSC) both at the input
and output of the modulators. Integrated SSCs will produce a more circularly
symmetric spot for efficient optical coupling to the input fiber with much higher
misalignment tolerance and hence the IL can be reduced to < 10 dB, making
the 2 ym MZM device performance more comparable to the currently available
InP MZMs operating at 1.55 pym [21]. Also, the absorption spectrum shift with
applied electric field is much stronger due to enhanced electro-optical overlap
as shown in Fig 5.15a and Fig 5.15b. The modulator transmission response
shows that the period between the successive maxima and minima is not con-
stant which depicts that the induced phase shift with applied reverse bias is not
the linear function of applied voltage. This nonlinear phase shift is caused by
the voltage induced residual absorption which severely affects the ER and IL of
the device as evident from the reduced transmission and degraded DC ER in Fig
5.16 at high reverse bias.
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Figure 5.15: (a) Bias dependent spectral response of 25 quantum well strain-
balanced structure under surface normal illumination. (b) Excitonic peak shift
with the applied reverse bias measured for the PIN diode structures with 15 and

25 multiple quantum wells.
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Figure 5.16: MZM transmission response with reverse bias applied to a single
arm of modulator with 25 quantum wells. The length of phase shifting arm is
2.0 mm.

5.3.4 Modulator electro-optic response

In the previous sections, the comparison of the absorption response and DC
transmission function for the grown epitaxial layer structures with different
number of quantum wells has been discussed. In this section, the high fre-
quency response of the fabricated second generation TWE MZMs is shown. Fol-
lowing the procedure adapted previously, the electrical small signal response of
the modulators were measured at first. Table 5.3 shows the comparison of 3-dB
electrical bandwidths of both the generations of MZMs measured for different
lengths of TWE.

Table 5.3: Comparison of 3-dB electrical small-signal bandwidth of MZM de-
vices fabricated on two epitaxial layer structures.

TWE Length A1545 (15 MQW/SI-InP) A1914 (25 MQW/n-InP)

(mm) (GHz) (GHz)
1.5 19.5 12.82
2.0 15 11.5
2.5 12 10

It can be seen that that the 3-dB electrical bandwidth for MZM with TWE
length of 1.5 mm is reduced from 19.5 GHz to 12.82 GHz. Similar trend was
observed for devices with longer TWE lengths. The difference in bandwidth
is believed to be due to the fact that first generation devices were fabricated
on SI-InP substrate, whereas second generation devices were fabricated on n-
doped InP substrate. Higher microwave losses were incurred in the feed in GSG
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pads of the devices fabricated on n-InP substrate, which increased the over all
microwave propagation loss and reduced the 3-dB electrical bandwidth. It can
be also observed that with the increase in length of the TWE, the difference in
3-dB electrical bandwidth of devices on SI-InP and n-InP substrate decreases. It
means that with the increasing length of the TWE, the microwave loss in TWE
starts dominating as compared to the loss in feed in probe paths.

EO Response (dB)

5 10 15
Frequency (GHz)

(a)

20 psidiv

(b)

Figure 5.17: (a) Normalized EO response for modulators based on 15 and 25
MQWs. (b) Measured NRZ eye diagram of the 25 MQW modulator at 10 Gb/s.

Despite the lower electrical bandwidth of the second generation devices, the
electro-optic response of the devices was measured using the same setup shown
in Fig 5.9. The normalized small signal response of the modulators with 15 and
25 MQW respectively measured using on chip probe arrangement is shown in
Fig 5.17a. Both the measured devices have a TWE length of 2 mm. It can be
seen that increasing the number of wells does not affect the small-signal S21
EO response and both the devices exhibit a 3-dB EO bandwidth of 9 GHz. Fig
5.17b shows the large signal response of the second generation modulator at
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10 Gb/s. The clearly open eye diagram shows the suitability of the fabricated
devices for 10 Gb/s operation. The large signal response measurement setup
is shown in Fig 5.10. The only difference in measurement was the gain setting
of the input amplifier placed soon after PRBS source. Due to lower Vr of the
second generation devices, the input PRBS sequence with 250 mV,,_,, was only
amplified to ~3.5V,_,, as compared to ~6 V,_, for the first generation devices
with the same length of TWE i.e. 2.0 mm.

5.4 Modulator packaging

In order to evaluate the performance of the fabricated InP modulators in a
transmissible system environment, the developed devices must be packaged.
Before packaging, all the fabricated modulators devices were tested on DC and
RF probe stations, which are mechanically very stable. However, probe stations
are bulky and pose extra difficulties for testing the device in a transmission
setup, which has many other photonic components in addition to the modulator
device itself. For this purpose, a special low cost RF package was designed in
HFSS and fabricated. The main idea of this package design was to reduce
the testing complexity of the modulator by eliminating the need of RF probes.
This was done by designing special RF interposer to deliver the RF modulating
signal to the fabricated modulator devices. The main design goal was to keep
the electrical insertion loss of the RF interposer assembly as low as possible upto
20 GHz in order to minimize its effect on the overall 3-dB electrical electrical
bandwidth of the modulator.

5.4.1 REF interposer design

The first step in the design of RF interposer is the selection a suitable low cost
RF coaxial connector with low insertion loss and high return loss in the desired
range of frequency of operation. There is a variety of RF connectors available
which have very small size and low insertion losses for frequencies upto 65 GHz
such as V and K-connectors RF connectors. However, from the measurement of
the electrical small-signal bandwidth of the modulator devices, it is clear that
the fabricated modulators have 3-dB bandwidth of ~20 GHz for the shortest
TWE. Keeping the device performance in view, high-speed mini-SMP connector
PE 44490 from Pastenack were selected. The connector is low cost and can be
soldered directly to the RF interposer board. It has a return loss of better than
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15 dB in the 0-18 GHz frequency range. The insertion loss of the connector is
0.42 dB from 6-18 GHz [22]. The connector layout is shown in Fig 5.18. The
central conductor pin of the coaxial connector is 0.5 mm with the ground pins

spaced at 1 mm.
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Figure 5.18: Layout of the mini-SMP connector from Pasternack (PE 44490).
The dimensions in square brackets are in mm.

The RF connector cannot be soldered directly to the modulator device due
to its small dimension and fragile nature. The wideband transition of RF sig-
nal from coaxial connector to the modulator devices is usually supported by
conductor backed coplanar waveguide transmission (CBCPW) structures. The
CBCPW structure acts as a bridge between coaxial RF connector and the device
to be packaged. The presence of back metallization in the CBCPW structure
makes it mechanically more robust and provides better heat sinking [23]. The
signal from coaxial connector is launched into CBCPW intermediate block (RF
interposer), which can be then connected to the modulator device through stan-
dard wire bonding. However, the transition from coaxial connector to CBCPW
is very crucial and it is well known to excite the higher order modes. Due
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Figure 5.19: (a) Cross section CBCPW with finite width side ground planes.
Solid lines show the CBCPW mode and dashed line show the parallel plate
(PPL) mode. (b) Plan view of CBCPW. Lg is the length and Wg is width of
ground plane.

to conductor backing, CBCPW becomes a multi modal structure resulting in
the leakage of the dominant CPW mode into parasitic modes such as surface,
parallel plate (PPL) and microstrip-like modes. The metal base represents an
additional ground in addition to the side ground planes of CPW, which can al-
ter the wave propagation properties of the structure [23,24]. Fig 5.19 shows
the cross section of a typical CBCPW transmission line. The dominant mode is
CBCPW which can couple into side ground planes of CBCPW resulting in exci-
tation of parallel plate (PPL) mode. These spurious modes will propagate along
the waveguide and can generate patch antenna mode resonances specially in
mm-wave frequency range depending on the width and length of ground plane
of CBCPW [24]. To achieve only single mode propagation in CBCPW structure
and suppress the excitation of parallel plate modes, several methods have been
proposed over years such as inclusion of vias and use of air bridges [23-26].
In this work, vias were used to keep the bottom and top ground planes at the
same potential and to avoid the leakage of RF energy into the substrate at any
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discontinuity resulting in spurious mode propagation. For the interposer design
high frequency laminate 4350B from Rogers was selected. The laminate has di-
electric constant of 3.66 (up to 40 GHz) with substrate thickness of 0.508 mm.
The substrate dielectric loss tangent (tand) is 0.004 and metal finish on the the
top of laminate is copper (Cu), electroplated to 32 pm.

Based on the material parameters full wave simulations were performed in
HFSS and optimum dimensions of RF interposer were determined for the lowest
insertion loss in desired frequency range. The final layout of the RF interposer
is given in Fig 5.20. Table 5.4 shows the values assigned to different variables.
The width of signal track (S1) on connector side is selected as 1 mm to accom-
modate the 0.5 mm wide central pin of the RF connector. The gap between
signal and ground electrode is G1 and it has a value of 0.5 mm. Again the dis-
tance of central pin of conductor to ground pin was taken into account. The RF
connectors layout with dimensions is shown in Fig 5.18. The signal track width
and gap to ground planes i.e 1 and 0.5 m gives the characteristic impedance of
50  for the selected R4350B laminate. It is important to keep the character-
istic impedance as close as possible to 50 2 to avoid any impedance mismatch
to the coaxial connector and also to ensure smooth transition of RF signal from
coaxial connector to RF interposer. The value of L1 was selected as 2.3 mm to
accommodate the 2 mm long central conductor pin of the RF connector. The
width of the side ground plane (W1) towards the connector side was kept as
1.75 mm. It was kept as short as possible to move the resonant mode frequen-
cies out of frequency band of interest (0-20 GHz) [24]. The GSG signal track
was then tapered to dimensions as close as possible to dimension of the modu-
lator input GSG pad. However, the low value of substrate permitivity e, restricts
the minimum achievable dimensions. The length of the linear taper (Lt) was
kept as 1 mm. The final dimension of the signal track (S2) was selected to be
0.4 mm and the gap between signal and ground electrode was 0.08 mm. This
was the minimum achievable clearance given by the manufacturer. Based on
the minimum clearance value, the width of signal track towards connector side
was chosen to achieve 50 2 impedance. The width of ground plane (W2) to-
wards the device side was kept as 0.92 mm. This value was selected to allow
the CPW termination resistance chip to be placed as close as possible to the
output GSG pad of the modulator. In order to avoid the leakage of CPW mode
into PPL mode, a number of vias were placed on both sides of the central signal
track. These vias act as a fence to leakage of RF energy into spurious modes
and must be strategically placed. The via radius and distance between vias were
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optimized in order to achieve resonance free response and low insertion losses.
The via radius was 0.150 mm with center to center spacing of 0.5 mm. The ef-
fect of number of vias and their effect on the RF insertion loss will be explained
later. A 2.1 mm diamter (for M2 screw) clearance hole was introduced at the
right side of interposer, so that the whole assembly including the terminated

modulator device can be mounted on a test bench.

14.5 mm
Connector side
«—> : IWZ
S1: : S
- g
%—_“ L2
85mm | A oo SRR 2.1mm
w1l o MzZM
Device
C_PW_ ; Clearance hole for M2 screw
Termination PCB mounting
1:5mm:
‘.
Via radius 0.150mm
Via spacing C-C 0.5mm

Figure 5.20: Layout of the RF interposer.

Table 5.4: Table listing dimensions of the RF interposer.

Parameter Value

(mm)
S1 1
G1 0.5
W1 1.75
L1 2.3
Lt 1
S2 0.4
G2 0.08
W2 1.75
L2 1.5

5.4.2 EM simulation setup and results

The RF interposer was simulated in HFSS to optimize its performance. The
simulated structure and port setup is shown in Fig 5.21. Ideally the whole
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structure including the RF connector should be simulated. However, modeling
a connector is not a straight-forward task because very accurate information
regarding structural dimensions and material used in connector assembly is
required which is not provided by the vendor usually. As the insertion loss of
the connector is very low, so is ignored in these simulations connector. In HFSS,
a 3D structure can be excited either using wave port (external) or a lumped port
(internal). A wave port is not suitable to emulate CBCPW structures because
the port edge shorts the coplanar waveguide side ground planes and bottom
ground plane, which introduces an artificial edge via holes at the start of the
structure [27]. In addition, the correct size and placement of the wave port is
mandatory to obtain the correct modal propagation characteristics. To avoid
this situation, we have used lumped port for the excitation of CBCPW structure
in these simulations. To set up the lumped port, the two side ground planes
of the structure were shorted by perfect electrical conductor (PEC) bridge and
lumped port was defined from center of the bridge to the central signal track.
The only drawback of the lumped port is that there are parasitics associated
with the bridge structure used to excite the RF interposer. In this case, the
size of the bridge structure was optimized by reducing its span and height as
much as possible to minimize parasitics. In mm-wave frequency range (30-300
GHz) effect of such parasitics must be de-embedded using the techniques given
in [27].

//\ Excitation port

/ e PEC Bridge

0 2 4(mm)

Figure 5.21: 3-D simulation model in HFSS.

The simulation results of the RF interposer layout described in the previous
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section are shown in Fig 5.22. It shows the effect of presence of vias on the
electrical S,; and S;; of the interposer. It can be observed that if there are no
vias in the structure, there is a large resonance peak in S,; (red trace) at 15.5
GHz which degrades the transmission drastically. By adding vias, the resonance
free response can be obtained up to 25 GHz with an insertion loss less than
1 dB. For 10 vias in the structure, an insertion loss of 0.35 dB was obtained
through simulations as compared to 0.4726 dB for the case of 6 vias at 20 GHz.
The simulated value of Sy; is just below -14.5 dB at 20 GHz for the interposer
with 10 vias. Because of low insertion loss, the RF interposer design with 10
vias was selected for the final fabrication.

0 I T e —— T T
E — !
No Vias : N\
=— g Vias
-1 10 Vias
)
2 -2
N
[/2)
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Frequency (GHz)
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0 5 10 15 20 25
Frequency (GHz)
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Figure 5.22: HFSS simulation results of the interposer structure with different
number of vias (a) S21. (b) S11.

After optimizing the RF interposer structure, the next step was to determine
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the performance of the interposer when connected to the modulator device
through Au bonding wires (BW) through HFSS simulations. The Au wires used
in the simulations have a diameter of 18 um. The length of BWs were kept as
short as possible to keep the inductance low. Fig 5.23 shows different struc-
tures simulated in HFSS. The only difference between the two structures is the
ground of the wire bonded MZM device. In Fig 5.23a, the ground between the
input and output GSG bond pad of the MZM is not continuous, which is similar
to the fabricated MZMs. On the other hand, MZM device shown in Fig 5.23b
has a continuous ground which allows more BWs to be connected. The di-
mensions of RF interposer were kept same as described in the previous section.
The MZM device used in simulations is based on an SI-InP substrate with TWE
length of 2 ym and the device layout is the same as the actual fabricated device.
The simulation results of the modulator device closely follow the measured re-
sults for MZM with 2 mm TWE shown in Fig 5.8 previously. The simulated So;
and S;; of RF interposer wire bonded to MZM are shown Fig 5.24. It can be
seen that when the MZM with discontinuous ground was wire bonded to RF
interposer, a resonance was observed in simulated S,; at the frequency of 13.06
GHz (blue trace). However, this resonance goes away, when the grounds were
connected and extra BWs were added. The addition of more BWs gives more
smoother Sy; (red trace). The simulation results also show that the insertion
loss of the RF interposer has negligible effect on overall electrical small-signal
performance of MZM, which was one the main design goal of the interposer
design. Also, as mentioned above, the actual fabricated MZM devices are with
discontinuous ground planes, which means only 3 BWs can be used to connect
the RF interposer due to space limitation.
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Figure 5.23: Plan view of the different structures simulated in HFSS: (a) RF
interposer wire bonded to MZM with discontinuous ground. (b) RF interposer
wire bonded to MZM with continuous ground and additional BWs. (c) Scaled
up image of wire bond transition of RF interposer to MZM with dimensions.
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Figure 5.24: Simulation results of RF interposer wire bonded to a MZM device.
Blue trace represents the MZM with discontinuous ground + RF interposer, red
trace shows the the MZM with continuous ground + RF interposer and green
trace represents the MZM device only. (a) S21. (b) S11.

5.4.3 Experimental verification of packaged modulator

An array of fabricated RF interposer chips is shown in Fig 5.25. Due to the
large size of a single RF interposer board, it cannot be fixed in a standard but-
terfly package. Because of this reason the RF interposer was only helpful to
eliminate the need of GSG RF probe for input RF+DC signal and termination
of the modulator. However, input optical signal into the modulator device was
still manually coupled using a pair of lensed fibers arranged on XYZ manual
alignment stages to align the fibers to the input and output waveguide facets of
MZM. For the ease of testing of the modulator, a special mounting assembly was
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designed according to the dimensions of interposer board and fiber alignment
tolerance. The CAD model of the optical test setup is shown in Fig 5.26.

Figure 5.25: Array of fabricated RF interposer boards before soldering of the
connectors.

Lensed fiber

Figure 5.26: CAD model of the mounting assembly designed for testing of the
packaged modulator.

The modulator chips were then cleaved and wire bonded to a low-cost PCB
RF interposer and 50 () off-chip termination. The off-chip termination resistor
is basically an array of CPW transmission lines terminated with 100 2 resistors
which act as 50 §2 when connected in parallel to GSG pads of the MZM. The
chips were fabricated on Aluminium Oxide substrate (Al,O3) and termination
resistors were trimmed to adjust the value of resistors. The design and fabri-
cation of termination resistors was performed by IMST (Germany). Fabricated
array of termination resistors is shown in Fig 5.27a.
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Figure 5.27: (a) Image of the fabricated off-chip termination resistor. (b) Im-
age of test bench with packaged modulator device. (c) Optical image of the
packaged InP MZM chip. Inset shows the measured diagram at 10Gb/s after
packaging.
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To test the performance of the RF interposer board wire bonded to MZM
and off-chip termination resistor, it was mounted on the test bench as shown
in Fig 5.27b. A clear optical image of the MZM and termination resistor wire
bonded to the RF interposer is shown in Fig 5.27c. The DC and RF modulating
signal was delivered to the modulator through a bias-tee. A 10 Gb/s modulating
signal was provided by the PRBS source and was amplified before bias-tee. DC
bias was adjusted carefully at the quadrature point of MZM transfer function. A
mini-SMP to K-connector adapter from SHF Technologies (CA292M119SMPM)
was used to connect the output of bias-tee to high-speed mini-SMP connector
which was soldered on to the PCB board. Optical signal from a packaged laser
emitting 2 dBm peak power at 2002 nm was launched in to MZM using lensed
fibers. The high-speed performance of the packaged modulator was confirmed
by measuring a clearly open eye diagram at 10 Gb/s. The inset of Fig 5.27c¢
shows the large signal response of the modulator chip after the packaging.

An important observation made during the wire bonding process of the sec-
ond generation modulator devices was the delamination of the bond pads. The
bondpad delamination is shown in Fig5.28. This can occur due to poor adhe-
sion of the Au contacts to the planarised BCB. To improve the adhesion silicon
dioxide layer must be deposited on the top of planarized BCB. This adhesive
layer was not included during fabrication process of the second generation de-
vices resulting in failure of wire bonding. Because of this reason only the first
generation devices were packaged and further tested for optical transmission
performance.

Figure 5.28: Delamination of bondpad during wire bonding process.
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5.5 40 Gb/s WDM transmitter

The packaged modulator was then used to perform the WDM transmission ex-
periment. To analyze the transmission performance, a 40 Gb/s WDM signal is
transmitted over 1.15 km HC-PBGF. The total capacity is achieved by externally
modulating four lasers with NRZ-OOK at 10 Gb/s each, spanning a total band-
width of 300 GHz. The transmission performance of the modulator is discussed
in details in this section.

5.5.1 Experimental setup for WDM transmission

The complete experimental setup is shown in Fig 5.29. The transmitter con-
sisted of four externally modulated channels with the spacing of 100 GHz at
1991.32, 1992.67, 1994.00, 1995.29 nm respectively. The lasers used in the
transmitter have maximum output power of 2 dBm and are based on highly
strained Ing75Gag5As MQW structure grown on InP substrate optimized for
single mode operation at these wavelengths with SMSR > 40 dB [8]. The
lasers were packaged in 14-pin butterfly modules with a TEC, thermistor, and
dual-stage optical isolators. The four channels were passively multiplexed and
then externally modulated using the InP MZM driven by a 23'-1 PRBS from a
pulse pattern generator PPG. The fiber-based passive multiplexer had an inser-
tion loss of 10 dB.

Keeping in view the polarization sensitive nature of the QCSE effect in
strained quantum wells, PCs were added after each laser channel to set the
input light to TE polarization. Prior to the transmission, the signal was am-
plified using a TDFA to compensate for the losses incurred at the transmitter.
WDM signal was launched in to HC-PBGF of 1.15 km, typically consisting of 19
cells, with a loss of 2.8 dB/km. Single mode operation was ensured by splicing
to SMF at both ends via a short large mode area (LMA) buffer fiber with mode,
resulting in an end-to-end total loss of ~9.8 dB at 2000 nm. The attenuation
spectrum of HC-PBGF used in the experiment is shown in Fig 5.30. The fiber
has a reported 3-dB spectral bandwidth of 85 nm [6,28]. To date, the longest
available HC-PBGF for operation around 2 ym wavelengths is 3.85 km which
has been very recently reported in [29]. The measured full WDM spectrum
before and after transmission over 1.15 km HC-PBGF is shown in Fig 5.31.

The pre-amplified receiver comprised of a variable optical attenuator fol-
lowed by a 2nd TDFA which was used to amplify the received WDM signal after
transmission over HC-PBGF. The optical attenuator was used to vary the op-
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tical signal-to-noise ratio (OSNR) measured within a 0.1 nm bandwidth. The
OSNR was varied by controlling the input power to the 2nd TDFA. The output
of the TDFA was fed into a fully packaged in-house developed arrayed waveg-
uide grating (AWGr) which was designed to act as 100 GHz filter. The AWGr
chip size was 13 mm x 7 mm and it was packaged in a housing containing a
Peltier device for temperature control with single input channel and 10-channel
output array. The measured adjacent crosstalk was better than 18 dB. The ther-
mal dependence of the AWGTr chip was measured to be 0.108 nm/°C while the
average insertion loss per channel was up to 18 dB. Further details on the AWGr
design and performance can be found in [13, 30].

To compensate for the losses of the packaged AWGr, a 3rd TDFA was re-
quired to ensure constant optical power to the receiver PD. The amplified opti-
cal signal after the 3rd TDFA was filtered using a commercially available optical
tunable filter with a 3-dB bandwidth of 1.6 nm to minimize the effect of out-
of-band ASE. Another variable attenuator was incorporated before PD, and it
was adjusted to guarantee a constant optical power of -3 dBm at the PD for
all the wavelengths. A 7 GHz bandwidth, 2 ym PD was used in combination
with an RF amplifier for the direct detection. The resulting amplified electrical
signal was then analyzed using an Agilent 86100C DCA for eye diagram and
error detector for bit error rate (BER) measurement.
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Figure 5.29: WDM transmission experimental setup.
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Figure 5.31: WDM spectrum before (after 1st TDFA) and HC-PBGF transmis-
sion.

5.5.2 Transmission performance of InP MZM

Fig 5.32 shows the transmission performance of the WDM system at 2 um. The
performance is evaluated in terms of BER vs. OSNR for each channel externally
modulated at the data rate 10 Gb/s using a PRBS sequence length of 23!-1 after
transmission over 1.15 km HC-PBGF. The average OSNR required to achieve a
BER of 10-9 is 25.76 dB and OSNR spread between the channels is around 2 dB.
The spreading is believed to be due to the limited extinction ratio of the AWGr.
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Another probable cause can be the unequal amplifier gain for different channels
as shown in the WDM spectrum of Fig 5.31. Also, it should be noted that due
to the short length of HC-PBGF used in the experiment the OSNR penalty due
to the transmission for the externally modulated channels is negligible, <0.5
dB as reported earlier [6]. This is also evident from the received eye diagram
of externally modulated channels at 1994.00 nm and 1995.29 nm respectively
after transmission as shown in Fig 5.33. It can be seen clearly that the eye
is fully-open even after the transmission over 1.15 km HC-PBGF showing no

significant effect of fiber induced impairment.
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Figure 5.32: BER vs. OSNR performance of individual externally modulated
WDM channels on 100 GHz grid after transmission over 1.15 km HC-PBGF.
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Figure 5.33: Eye diagram of NRZ-OOK externally modulated channel after
transmission at: (a) 1994.00 nm. (b) 1995.29 nm.
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5.6 Summary

In this chapter, InP based modulators working around 2000 nm with EO band-
width of 9 GHz suitable for 10 Gb/s NRZ modulation rate were demonstrated
for the first time. Two generations of the devices were fabricated on two dif-
ferent epitaxial material and fully tested. The number of MQWs in material
(A1545) used for the fabrication of the first generation devices were 15 with
total i-region thickness of 810 nm. On the other hand, second generation of de-
vices were fabricated on material (A1914) with higher number of MQWs (66%
higher-25 MQWs) with total i-region thickness of 710 nm. The C-V measure-
ments on specially fabricated circular diodes structures for both the epitaxial
materials reveal that the second generation devices have lower capacitance as
compared to the first generation devices. Despite the thicker growth of i-region
than intended, second generation devices have lower V, as compared to first
generation devices for the same length and dimensions of TWE. The photab-
sorption response measurements on surface entry diodes also shows the higher
shift of excitonic peak. Lower V, and higher excitonic peak shift means that
even with the thicker i-region, second generation devices have higher electro-
optic overlap due to higher number of MQWs. The thicker i-region may be due
to the increase in thickness of wells/barriers during MOVPE growth in A1914
material as both the materials were not grown sequentially. This may lead to
slight deviation in growth conditions.

The fabricated MZMs were also packaged using a specially designed RF in-
terposer with electrical insertion loss less than 0.5 dB at 20 GHz. The packaged
devices were then deployed in a high-capacity WDM transmitter for communi-
cations in the 2 um spectral region. A WDM capacity of 40 Gb/s was achieved
by using four 10 Gb/s NRZ-OOK externally modulated channels employing the
InP MZM. An OSNR requirement of 25-27 dB was measured to achieve a BER
of 107°. The OSNR requirement can be relaxed through reduction in the in-
sertion loss of the modulator and AWGr by improving the design which will in
turn reduce the need for TDFAs, thus reducing the noise in the system. Due to
low V7, the presented modulators can also be used to develop the integrated IQ
modulator to implement higher order phase modulation formats at 2000 nm.
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Chapter 6
Summary and future work

In this chapter, a summary of the research work presented in thesis is discussed
and major conclusions drawn from it are highlighted. In addition, an alternative
epitaxial layer structure design to further improve the performance of an InP
based MZM is discussed for future extension of this research work.

6.1 Summary

External optical modulators are the main building block of an optical fiber trans-
mission system, which are deployed at the start of an optical link to encode the
electrical data on to an optical carrier before transmitting it down the optical
fiber. The primary goal of this dissertation was to design and develop the trav-
eling wave electrode (TWE) InP based Mach-Zehnder modulators (MZMs) for
the current and future optical communication systems. A complete overview of
the important steps involved in an InP MZM design, from epitaxial material and
traveling wave electrode design to the demonstration of a packaged modulator
device in an optical communication system is given in thesis.

Epitaxial materials based on InP are naturally well suited for use in the
optical transmitters and receivers operating in 1.3 ym to 1.6 ym and beyond.
Also, the use of InP based materials enable integration of a number of devices
on a single chip using various photonic integration techniques. The potential
to integrate a number of otherwise discrete photonic devices on a single chip
will lead to a compact, power efficient and cost effective solution to the next
generation optical networks to fulfill ever increasing demand of the bandwidth.
A brief discussion on the current state-of-the-art InP MZMs and their use to
achieve spectrally efficient advanced modulation formats to increase the data
rate per wavelength channel has been included in the Chapter 1 of this thesis.
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It is also shown that the possibility to achieve the driving voltages as low as
1.4 V with compact foot-print MZM devices on InP platform has made them
front-runner for deployment in coherent pluggable tranceiver modules.

Chapter 2 discussed different electro-optic (EO) effects present in III-V
semiconductor compounds. The phase shifting regions in an interferometric
arrangement in InP based MZMs make use of these EO effects i.e. quantum
confined Stark effect (QCSE) in addition to linear electro-optic effect (LEO) in
the multiple quantum wells (MQWs) sandwiched between p and n doped lay-
ers to achieve refractive index change (An) through externally applied electric
field. The efficiency of the phase change (A¢) in the phase shifting arms of
an InP based MZ interferometer is mainly dependent on the design of MQWs.
The operational wavelength of an InP MZM is detuned from the excitonic ab-
sorption edge to achieve the modulation only due to change in real part of the
refractive index with minimum residual absorption. Generally, the phase shifter
sections in an InP MZM, make use of rectangular MQW structures to achieve
the refractive index modulation at a detuned wavelength. In this work, we
experimentally compared the QCSE induced An in asymmetrically ramped In-
GaAlAs MQW structures grown sequentially on two n-doped InP wafers. Both
the wafers with oppositely ramped MQWs were first characterized using pho-
toabsorption measurement using surface-entry p-i-n diodes. The An and A¢
were extracted for TE polarized light using the Fabry-Perot fringe shift method
in 1 mm long deep etched metallized ridge waveguides. It was observed that at
1550 nm wafer with ramp up MQWs achieves a V. of 6 V as compared to 7 V
in the other wafer with ramp down MQWs at the expense of higher absorption
due to loss of excitonic peak confinement.

In Chapter 3, high frequency design of a traveling wave electrode (TWE) is
presented. The main advantage of using the traveling wave approach for elec-
trode design in an InP based MZM is that the bandwidth of the modulator is
not limited by the RC constant as in the case of a lumped electrode. The three
most important design considerations of a TWE design i.e. velocity mismatch
(between co-propagating optical and electrical signals) , microwave losses and
impedance mismatch (between the TWE structure and termination impedance)
were identified and the effect of each parameter on the analytically derived
frequency response of the TWE was studied individually. These design param-
eters are directly related to the structural and material properties of the opti-
cal waveguide used in the phase shifter of an InP MZM. An equivalent circuit
model approach was used to study the dependence of these variables on the
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modulator waveguide layer stack. Based on this model, rigorous simulations
were performed to identify the key design trade-offs in the modulator perfor-
mance and the effects of structure parameters on the modulators characteristic
impedance (Z,,), microwave attenuation constant («) was established.

In Chapter 4, the optimized TWE design obtained using the equivalent cir-
cuit model was used to fabricate InP based MZMs. The fabricated modula-
tor devices used 20 InGaAlAs/InGaAlAs MQWs in the p-i-n optical waveguide
structure with a total intrinsic region thickness of 647 nm. MQWs were de-
signed to operate in the optical C-band with the measured average PL peak at
1375 nm. The measured small-signal electrical response for the MZMs with
the TWE lengths of 1.5 mm and 2.5 mm respectively were found to agree well
with the simulated TWE structures with the GSG bond pads in HFSS. Also, the
fabricated modulator devices exhibited a 3-dB EO bandwidth of 7.5 GHz with
a Vrr of 5.3 to 7 V in C-band. Large signal measurements showed that the
modulators give a clearly open eye diagram up to 28 Gb/s NRZ-OOK despite
the limited EO-bandwidth due to linear roll-off of the frequency response. Fur-
ther investigations showed that the main limiting factor of the EO-bandwidth
was the impedance mismatch between the TWE structure (measured value 35
) and 50 (2 termination. The EO-bandwidth can be improved by terminating
modulators with a lower value of impedance.

The highlight of this research work was presented in Chapter 5 of this the-
sis. To avoid the predicted capacity crunch in the current SSMF based optical
transmission systems, the 2000 nm wavelength range has emerged as a low
loss and low latency optical transmission window when using hollow-core pho-
tonic band gap fiber (HC-PBGF) and high gain Thulium Doped Fiber Ampli-
fiers (TDFA). In this work, we successfully developed and demonstrated the
InP based MZMs to be used in optical transmitters operating at these wave-
lengths for the first time. These modulators employed strained rectangular
InGaAs/InGaAlAs well/barrier MQW structures to achieve bandgap ~ 1850 nm
and mainly used QCSE to achieve refractive index modulation at 2000 nm.
Two generations of InP MZMs were designed and fully characterized for DC
and high frequency performance. The TWE design remained the same as used
in modulators operating at 1550 nm. First generation of MZM devices used
15 MQWs with total intrinsic region thickness of 810 nm. Fabricated devices
demonstrated a V,. of 4 V for TWE length of 2 mm. In terms of high frequency
performance, an EO-bandwidth of 9 GHz was achieved with clearly open open
eye diagram for NRZ-OOK at 10 Gb/s. In order to further reduce the size and
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power consumption of the InP MZM at 2 pm, we optimized the MQW core for
an enhanced electro-optical overlap by increasing the number of MQWs to 25,
resulting in the reduction of the V, from 4 V to 2.7 V while maintaining the
chip dimensions and EO bandwidth of ~ 9 GHz. The demonstrated modulator
with a V. of 2.7 V is the lowest reported so far at 2 ym. The modulator devices
were packaged in a specially designed low cost RF interposer with an insertion
loss of ~ 0.35 dB at 20 GHz to be used in a WDM transmitter. A WDM capacity
of 40 Gb/s was achieved by using four 10 Gb/s NRZ-OOK externally modulated
channels employing the packaged InP MZM. An OSNR requirement of 25-27 dB
was measured to achieve a BER of 10~? using direct detection.

6.2 Future work

In all the InP based MZMs demonstrated in this work operating at the wave-
lengths of 1550 nm and 2000 nm, used p-i-n epitaxial layer structures in the
phase shifting regions of the interferometer arms. As discussed in detail in
Chapter 3 of this thesis, one of the main design goal in the high frequency
design of the CPW-TWE in InP MZM is to match the characteristic impedance
of the TWE structure to the system impedance of 50 (2 to avoid any reflections
of RF modulating signal due to impedance mismatch which eventually limits
the EO-bandwidth. However, in TWE based on p-i-n structure, this impedance
matching is generally very difficult without sacrificing the modulation efficiency
due large capacitance asscoiated with sub-micron thick intrinsic region. The
impedance of a TWE structure can be increased to 50 2, by increasing the thick-
ness of intrinsic region. However, this in turn increases the switching voltage
(V) of the modulator due to low field across the MQW structure. Although,
the increase in V,. can be compensated by increasing the length of TWE, which
increases the microwave loss due to increase in RF field overlap specially with
the lossy p-doped cladding layers. For p-doping between 10'" to 10'® per cm?
p-doped InP is ~ 100 times more resistive as compared to n-doped InP layer.
In order to achieve the 50 {2 impedance in the TWE, many solutions have
been proposed in recent years such as using n-i-n [1], n-p-i-n [2] or n-i-p-n [3]
layer stack instead of a simple p-i-n structure for the TWE InP based MZMs.
Using n-doped InP layers for both the signal and ground contact layers is useful
to achieve low contact resistance which minimizes the RF attenuation. In addi-
tion, intrinsic region can be made thicker to achieve TWE with 50 2 impedance.
Low RF loss associated with n-doped InP layers due to high mobility allows to
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overcome the reduction in phase efficiency due to thicker intrinsic region by
increasing the length of the TWE.

The possible future extension of this work on InP MZMs can be to use n-i-p-n
waveguide layer stack for TWE design to further increase the EO-bandwidth of
the demonstrated modulators currently limited mainly by impedance mismatch.
A schematic representation of conventional p-i-n and proposed n-i-p-n structure

Electric |

field -
I 1
|

is shown in Fig 6.1.
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Figure 6.1: Schematic representation of biasing arrangement for: (a) Conven-
tional p-i-n . (b) n-i-p-n.

The advantage of using an n-i-p-n structure is not only limited to increase
EO-bandwidth of a MZM. Such an arrangement can also be used to integrate
laser on the top of n-i-p-n layer stack using multi-guide vertical integration
(MGVI) also called twin waveguide integration (TWI) platform. The main ad-
vantage of using MGVI to realize laser integrated MZM is that the laser and
MZM waveguide can be grown in one epitaxial growth process which can im-
prove the yield and cost issues associated with photonic integration approaches
based on multiple growth methods [4]. Also, both the fabrication and growth
process can be decoupled and optimized separately. In 2013, our group has al-
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ready demonstrated the slotted tunable laser coupled to lower waveguide using
the TWI approach with the coupling efficiency of 90 % [5]. Further developing
n-i-p-n modulators will allow to take this TWI approach one step further by
integrating laser to a MZM to realize a tunable, compact and power efficient
optical transmitter. Fig 6.2 shows the implementation of this approach.
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Figure 6.2: (a) Simulated optical coupling between upper and lower waveg-
uide. (b) SEM image of laser to lower waveguide coupler using MGVI approach

[5].

6.2.1 DC characterization of n-i-p-n

In order to investigate the properties of a n-i-p-n structure, an epitaxial layer
structure was grown on SI-InP (100) substrate using MOVPE growth technique
and characterized using different experimental techniques already discussed
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in this thesis. The grown layer structure consisted of 20 InGaAlAs/InGaAlAs
strained MQW structure with the total intrinsic region of 790 nm. A thin layer
(120 nm) of p-doped InAlAs layer was used as a current blocking layer. InAlAs
forms a type II hetero-junction with InP and acts as an effective current blocking
layer. Also, it should be noted that for p-doping InAlAs, carbon (C) can be used
as a dopant instead of widely used zinc (Zn) due to its low diffusion coefficient
[6,7].

Due to time limitation, in this thesis only basic work was performed to inves-
tigate the DC properties of n-i-p-n structure. The electro-optic (EO) properties
of n-p-i-n structure were experimentally investigated by fabricating surface en-
try photodiodes using wet etching process and measuring the photabsoprtion
reponse under applied bias. Before the photoabsorption measurements, current
voltage (IV) characteristics of the fabricated circular diodes were measured. It
is important to point out that in n-i-p-n structure, two back to back photodiodes
are formed. In order to reverse bias the upper n-i-p diode, positive bias must
be applied to the upper n-contact with respect to the lower n-contact as shown
in Fig 6.1b. Figure 6.4 shows the IV response of a fabricated circular test struc-
ture. It can be seen that in forward bias the upper n-i-p diode is reverse biased
and the measured leakage current is less than 50 A even at the bias voltage of
15 V, which shows that InAlAs layer is working properly as a current blocking
layer.

300

200

100

-100 [

-5 0 5 10 15
Voltage (V)

Current (p A)

Figure 6.3: Current-voltage characteristics of circular test structure fabricated
on n-i-p-n. Measured leakage current is 26 pA.

Fig 6.4a, presents the measured photoabsoprtion response of a surface-entry
test structure. Measurement results show that with the increasing bias the pho-
tocurrent increases as compared to the photoabsorption spectra measured for
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the normal p-i-n epitaxial layer structures. This shows n-i-p-n semiconductor
layer structure behaves as a phototransistor. For any finite absorption of light,
the accumulation of generated holes occur at the p-blocking layer. The hole
accumulation results in the decrease in barrier height and the current starts
flowing across the barrier. It can be observed that this phototransistor behavior
is much more dominant near near and below bandgap where the light absorp-
tion is stronger. To visualize the QCSE in n-i-p-n structure in a better way, the
measured spectra are normalized to maximum absorption as shown in Fig 6.4b.
An excitonic absorption peak can be clearly seen at ~ 1410 nm, which red shifts
with the applied voltage. However, the shift of excitonic peak is just 20 nm at
applied bias of 9 V.
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Figure 6.4: (a) Photoabsorption spectra for the n-i-p-n epitaxial layer struc-
ture under applied bias showing the phototransistor behavior. (b) Normalized
photoabsorption spectra for the n-i-p-n .
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The n-i-p-n wafer was further processed to form the metallized ridges us-
ing standard lithography and Cl,/CH,/H, inductively coupled plasma etching
(ICP) to determine An and A¢ using Fabry-Perot fringe shift method. Initial
IV measurements showed that all the fabricated ridges were short circuit. After
further investigations, it was figured out that short circuit was due to the hy-
drogen passivation of C-doped InAlAs layer during the dry etch process based
on hydrogen chemistry [8]. This problem was solved by using the hydrogen
free dry etching chemistry during fabrication process. The fabricated devices
were then used to measure An and A¢ for TE polarized input light at 1550
nm. Again an important observation was made that An is higher for the ridges
fabricated along [011] direction i.e. perpendicular to major flat as compared
ridges fabricated along [011] direction i.e. parallel to major flat. This trend is
opposite as compared to a normal p-i-n structure where phase shifters in MZMs
should be fabricated along the [011] to maximize the An due to both LEO and
QCSE. The higher An for ridge along [011] direction is due to the fact that LEO
depends on the both the waveguide orientation and direction of applied electric
field. As for n-i-p-n, the direction of applied electric field is reversed (shown in
Fig 6.1) which results in positive An in direction perpendicular to major flat.
Another important observation is that measured An is mainly due to LEO only
in the grown n-i-p-n wafer and QCSE plays almost no role in refractive index
variation as An becomes almost negligible along [011]. The measured V, to
achieve A¢ in a Imm long ridge waveguide was 14 V, which can be further

minimized by optimizing the intrinsic region.
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Figure 6.5: Measured An for TE polarized light at 1550 nm in 1 mm long ridge
waveguides. The ridges were fabricated both along [011] direction (perpendic-
ular to major flat) and [0 11] (parallel to major flat) for ridge widths of 2.0 and
2.5 pm.
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DC characterization results show that n-i-p-n waveguide structure is a suit-
able candidate to replace the p-i-n structure and can be used to achieve InP
based MZMs with EO-bandwidth 20 GHz.
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Appendix A

Material Properties

The relation of the material conductivity (¢) to the applied electric field (E) and
current density (J) is given in Eq A.1,

J=0k (A.1)

Where o can be defined as the the product of the mobile charge carriers and
and their mobilities as shown in Eq A.2

0 = qpen + qupp (A.2)

where q is the charge of the carrier (q=1.6021766208 x 10~ C), u. and py,
are the electron and hole mobilities in the semiconductor. The values of electri-

cal properties of InP semiconductor material used in this thesis are summarized
in Table A.1%.

Table A.1: Electrical peroperties of InP.

Properties Units InP
Relative permitivity (e,) 12.56
Electron mobility (y.) cm?/V.s 4600
Hole mobility (y) cm?/V.s 150

If the doping concentration (n,p) and electron,hole mobilities (i, i) of
a doped semiconductor material are known, its electrical conductivity can be
readily calculated using the above formulas.

1S. Chuang, Physics of Optoelectronic Devices. Wiley, 707-708 (1995)
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Appendix B

ABCD transmission matrix

The ABCD transmission matrix for the two port network is defined in terms of
total voltages and currents as Eq B.1.

i I
L | =
— —_—
Port Ty A B ¥y, Port
| ' C D g
— —

Figure B.1: A two port network.

Vi
I

A B
¢ D

Va
I

(B.1)

Using the ABCD matrix, propagation constant (v) and impedance (Z) of the
transmission line of length L can be determined as shown in Eq 4.11 and 4.12.
The following relations are used to convert the measured S-parameters to ABCD
transmission matrix?.

A— (14 S11)(1 — Sa2) + S12591
259

B— Zo(l + S11)(1 + Sa2) — S12591

2521 (B.2)

o 10 50)(1— S2) ~ SuSy
Zy 259

D— (1 —=511)(1 + Sa2) + S12591
259

2David M Pozar, Microwave Engineering. 4" Ed. Wiley, 188-192 (2011).
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B. ABCD TRANSMISSION MATRIX

Where Z, is the measurement system impedance, which is usually 50 €.
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