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ABSTRACT

Advanced InP Based Monolithic Integration Using Quantum
Well Intermixing and MOCVD Regrowth

By

James Wade Raring

The proliferation of the internet has fueled the explosive growth of
telecommunications over the past three decades. As a result, the demand for
communication systems providing increased bandwidth and flexibility at lower cost

continues to rise. Lightwave communication systems meet these demands.

The integration of multiple optoelectronic components onto a single chip could
revolutionize the photonics industry. Photonic integrated circuits (PIC) provide the
potential for cost reduction, decreased loss, decreased power consumption, and
drastic space savings over conventional fiber optic communication systems
comprised of discrete components. For optimal performance, each component within
the PIC may require a unique epitaxial layer structure, band-gap energy, and/or
waveguide architecture. Conventional integration methods facilitating such
flexibility are increasingly complex and often result in decreased device yield,
driving fabrication costs upward. It is this trade-off between performance and device

yield that has hindered the scaling of photonic circuits.

This dissertation presents high-functionality PICs operating at 10 and 40 Gb/s
fabricated using novel integration technologies based on a robust quantum-well-

intermixing (QWI) method and metal organic chemical vapor deposition (MOCVD)

Xvil



regrowth. We optimize the QWI process for the integration of high-performance
quantum well electroabsorption modulators (QW-EAM) with sampled-grating (SG)
DBR lasers to demonstrate the first widely-tunable negative chirp 10 and 40 Gb/s
EAM based transmitters.

Alone, QWI does not afford the integration of high-performance semiconductor
optical amplifiers (SOA) and photodetectors with the transmitters. To overcome this
limitation, we have developed a novel high-flexibility integration scheme combining
MOCYVD regrowth with QWI to merge low optical confinement factor SOAs and 40
Gb/s uni-traveling carrier (UTC) photodiodes on the same chip as the QW-EAM
based transmitters. These high-saturation power receiver structures represent the
state-of-the-art technologies for even discrete components. Using the novel
integration technology, we present the first widely-tunable single-chip device capable
of transmit and receive functionality at 40 Gb/s. This device monolithically
integrates tunable lasers, EAMs, SOAs, and photodetectors with performance that
rivals optimized discrete components. The high-flexibility integration scheme
requires only simple blanket regrowth steps and thus breaks the performance versus
yield trade-off plaguing conventional fabrication techniques employed for high-

functionality PICs.
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Chapter 1. MoNOLITHIC INTEGRATION AND PREVIEW OF
DISSERTATION

The proliferation of the internet has fueled the explosive growth of
telecommunications over the past three decades [1]. As a result, the demand for
communication systems providing increased bandwidth and flexibility at lower cost
continues to rise. Fiber optic communication systems meet these demands. The
terahertz carrier frequencies offered by lightwave systems can facilitate the
simultaneous transport of 17 million phone conversations or 500 thousand digital
television stations through a single strand of fiber thinner than a human hair [1].
Optical communication systems provide low-dispersion and low-loss (0.2 dB/km)
transmission enabling higher-bit-rate and longer-distance data transport with reduced
repeater spacing over that of electrical coaxial lines [2]. In the year 2000, the first
coast-to-coast 10 Gb/s transmission system was installed in the U.S [3]. This
milestone has been succeeded by the deployment of numerous 10 Gb/s systems and

more recently live 40 Gb/s field tests through 3040km without regeneration [4].
11 CONVENTIONAL OPTICAL SYSTEMS: DISCRETE COMPONENTS

The global optoelectronics market reached $27 billion in 2004, much of which was
invested in components to support modern day and next generation lightwave
communication systems [5]. Optoelectronic components serve a wide variety of
functions in such systems. Active components are used for light generation,
detection, modulation, and amplification. Passive components serve as point-to-point
links in the form of fibers or waveguides, wavelength multiplexers, wavelength de-
multiplexers, polarizers, isolators, and switches. A majority of present day
communications systems are assembled using discrete optoelectronic components as
building blocks. The discrete components can be viewed as individual puzzle pieces

(Fig. 1.1) that must be arranged in such a way to provide the required system
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Fig. 1.1 Puzzle pieces representing various discrete active optoelectronic components forming the
building blocks for optical communication systems.

functionality. The pieces are contained within their own package and are
interconnected using fiber splices. A few of this discrete components are shown in
Fig. 1.1. The tunable laser provides a wavelength-agile light source. The photodiode
serves to convert signals from the optical to the electrical domain. Optical
modulators function to encode data on the continuous wave (CW) light from a laser.
Finally, the semiconductor optical amplifier (SOA) is used to boost the power of an

optical signal.

Constructing a system from discrete components facilitates state of the art
component deployment since each device can be independently optimized for one
specific function. However, there are several shortcomings involved with this
method. The mismatch between the optical mode in the fiber and that in a typical
semiconductor waveguide makes efficient coupling of light on and off each discrete
chip difficult. Typical coupling losses between a lensed fiber and a standard
waveguide are in the 4-6dB range. The use of optical spot size converters (SSC) on
the semiconductor chip can reduce the coupling loss to 2-3dB and significantly
improve alignment tolerances, however coupling is still a dominant source of optical
loss. Another drawback to discrete components is the expense involved with
packaging each component separately. Packaging is the major cost as devices are
taken from fabrication to deployment. A reduction of the packaging cost can be
accomplished by placing two or more optoelectronic chips into one package (co-

packaging), but the device-to-device coupling issue still exists.
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Fig. 1.2 Schematic of typical wavelength management system within an optical
communication network. The system is assembled using discrete optoelectronic components.

An example of a typical system assembled with discrete components found within a
communication network is shown in Fig. 1.2. In this system, a multiplexed signal is
detected in a photodiode, amplified in the electrical domain with a transimpedance
amplifier (TTIA), and then de-multiplexed. At this point, the separated signals are
subjected to conditioning functions, re-routed, and re-multiplexed in the electrical
domain. Finally, the multiplexed signal is transferred back to the optical domain
using a laser source and a modulator, and then launched into fiber en route to its next
destination. In addition to the increased loss and cost associated with the high
number of packages and the fiber splices necessary to couple the optical
components, a large amount of space is required to house the components within this

system.



12 NEXT GENERATION SYSTEMS: PHOTONIC INTEGRATED CIRCUITS

The generation, detection, modulation, amplification, switching, and transport of
light on a single chip allows for a new generation of high-functionality photonic
integrated circuits (PICs) with reduced cost, size, and power dissipation. The
monolithic integration of multiple optoelectronic devices onto a single chip
eliminates the device-to-device coupling problem since fiber is not required for light
transport between components. The removal of coupling loss can provide a reduction
in power dissipation since lower drive currents will be necessary to achieve
equivalent power levels. Fewer packages are required due to the fact that multiple
components can be placed on a single chip contained within one package. This leads
to decreased cost, decreased total package size, and increased reliability. Increased
reliability results from the elimination of possible mechanical movements amongst
the elements of an optical train and the reduced driving currents allowed by the

reduction in optical coupling loss between elements.

If the discrete component puzzle pieces of Fig. 1.1 are merged onto a single chip,
there are several examples of high-functionality PICs that can be created as shown in
Fig. 1.3. Placing an SOA and a photodetector on a single chip forms a pre-amplified
optical receiver. By combining a wavelength-agile laser with a modulator, a widely-
tunable transmitter can be formed. If the transmitter and receiver are merged onto a
single chip, a widely-tunable transceiver is realized. By defining an electrical
connection between the photodetector and the modulator, the input data pattern can
be transferred onto the output of the widely-tunable transmitter, resulting in
wavelength conversion. The wide-tuning capabilities of the transmitter, transceiver,
and photocurrent driven wavelength converter (PD-WC) shown in Fig. 1.3 can
facilitate enabling technologies in wavelength division multiplexing (WDM)
applications such as dynamic provisioning, reconfigurable optical add/drop

multiplexers (ROADMs), wavelength routing, and optical packet switching.










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































