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Abstract

Three-dimensional Photonic Devices and Circuits
By

Bin Liu

Photonic integrated circuits have held the promise that the success of electronic
integrated circuits could be transferred to the realm of optics. The complexity of
both electronic and photonic ICs comes from a combination of pushing the
performance of individual components and increasing the complexity of their
interconnections. Compared to the development of microelectronic ICs, one
missing key technology in PICs is the three-dimensional optical interconnection.
The major breakthrough for PICs can be expected when technology is ready for
3D multilevel photonic devices and circuits with an increased functionality due to
large-scale integration.

In this dissertation, we explore the possibility of the fabrication of 3D
photonic devices and circuits using the wafer bonding technique. Several novel 3D
multilevel photonic devices and circuits for WDM applications are demonstrated.
They include wafer fused vertical coupler with a very short coupling length, push-
pull coupler switch by inverting the crystal symmetry macroscopically, multi-
channel wavelength multiplexers using cascaded vertical couplers, and optical
add/drop multiplexers based on X-crossing vertical coupler filters. The detailed
design, fabrication and characterization of these devices are presented in this
dissertation. Since wafer bonding gives us an extra degree of freedom for the
integration of different materials and structures, it is a potential and viable tool for

future complex 3D photonic devices and circuits.
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Chapter 1

Introduction

1.1 Wavelength Division Multiplexing Networks

During the last decade, we have witnessed an explosive growth of the Internet and
a rapid increase of data and voice traffic in telecommunications and computer
networks. A conservative estimate of Internet traffic growth is that it will double
every six months. If this growth rate continues, the aggregate bandwidth required
for the Internet by 2005 in the United States will be in excess of 280Tb/s [1]. This
current unprecedented demand for network capacity drives revolutionary changes
of communication networks: Optical wavelength division multiplexing (WDM)
[2-4] networking is replacing the conventional communication networks. WDM
systems combine multiple wavelengths so they can be amplified as a group and
transported over a single fiber. Using a WDM system for capacity expansion
offers a more economical and efficient way to increase transport capacity without
upgrading the existing fibers or terminal equipment. In addition, it allows room
for future capacity expansion to the full bandwidth of the existing fiber plant by
making many more wavelengths available on each fiber.

Although the concepts for WDM started being explored in the laboratory
more than two decades ago, cost-effective WDM systems were commercialized
after the creation and perfection of various photonic devices and circuits used to
combine, distribute, isolate and amplify optical signals at different wavelengths.
Figure 1.1 shows the implementation of those photonic devices in a point-to-point
WDM system. Current photonic devices and circuits may be entirely adequate for

many of today’s point-to-point applications, but they fall short of what is required
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Figure 1.1. Implementation of a typical point-to-point WDM link.

for practical implementation of the future networking techniques as optical
networking grows in sophistication and complexity. After point-to-point WDM

links have being successfully deployed worldwide, future growth of optical

(0).(8

OADM: optical add/drop multiplexer
OXC: optical cross connect

Figure 1.2. Optical transport networking

networks requires new photonic components and circuits, such as optical add/drop

multiplexers (OADM) and optical cross connects (OXC), to select and route
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individual wavelengths. The ability of these WDM nodal elements allows optical
channels to be manipulated in WDM networks and enables new optical transport
networks (also called all-optical networks, Figure 1.2). An all-optical network
implies that the service providers will have optical access to traffic at various
nodes in the networks, just as they have electrical access to today’s networks. To
make all nodes optical, which will solve the limitation of slow electrical circuits,
photonic devices and circuits must be more sophisticated and cost-effective. In
current WDM experiments carried out in the research laboratory, fiber optically
interconnected photonic devices, such as lasers, waveguide modulators, tunable
filters, optical amplifiers, isolators, couplers, attenuators, and detectors, are
arranged on an optical table. Even if the combination of all individual photonic
devices can meet the system requirements, a major problem here is that making
the fiber connections to the various photonic devices used in these experiments is
a laborious and costly process, and the coupling loss is often too large. This
situation is often tolerable in point-to-point WDM links when only one or a few
fiber connections are needed. However, when each node in the future optical
transport networks must be optically accessible, such connections will become
requirements and the cost will be unacceptable. One solution for this problem is
photonic integrated circuits (PICs). PICs refer to the integration of optically
interconnected guided-wave devices. By replacing the separate, sequential
alignmept of fiber interconnections between the discrete devices with single-
crystal optical waveguides, PIC technology would not only yield substantial
savings, but would also improve system robustness and produce more functional
components to meet specific new requirements imposed by the coming and the

future WDM networks.






