
Semiconductor Optical Microcavities for Chip-Based Cavity QED

Thesis by

Kartik Srinivasan

In Partial Fulfillment of the Requirements

for the Degree of

Doctor of Philosophy

California Institute of Technology

Pasadena, California

2006

(Defended May 3, 2006)



ii

c© 2006

Kartik Srinivasan

All Rights Reserved



iii

To my friends and family



iv



v

Acknowledgements

The work described in this thesis would not have been possible without the contributions of a num-

ber of people. First and foremost, I would like to thank my advisor, Professor Oskar Painter, for

the time and energy he has invested in my research and training as a scientist. Oskar’s genuine

enthusiasm and passion for physics are remarkable, as is his willingness to provide his students

with tangible help with their research. In addition to his role as my advisor, I have also enjoyed his

friendship over the years.

Since my undergraduate days at Caltech, I have benefited from the guidance of Professors Kerry

Vahala and William Bridges. Professor Vahala gave me my first introduction to an optics research

lab as a sophomore and my first industry job at XPonent Photonics after I graduated with my bache-

lor’s degree, and my subsequent choices in research have been greatly influenced by these rewarding

experiences and his mentorship. Professor Bridges served as my undergraduate advisor, and I ap-

preciate the time and care he put into what is a largely unrecognized role.

There are a number of other researchers at Caltech and abroad that have played a part in shaping

my time in graduate school. I appreciate the interactions I have had with Professors Amnon Yariv

and Hideo Mabuchi, who are two scientists that I admire as researchers and teachers. During my

first three years in graduate school, I greatly enjoyed a collaboration with the quantum cascade laser

group at Bell Laboratories, and in particular, Dr. Raffaele Colombelli (now at Université Paris-Sud)
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Abstract

Optical microcavities can be characterized by two key quantities: an effective mode volume Veff,

which describes the per photon electric field strength within the cavity, and a quality factor Q,

which describes the photon lifetime within the cavity. Cavities with a small Veff and a high Q of-

fer the promise for applications in nonlinear optics, sensing, and cavity quantum electrodynamics

(cavity QED). Chip-based devices are particularly appealing, as planar fabrication technology can

be used to make optical structures on a semiconductor chip that confine light to wavelength-scale

dimensions, thereby creating strong enough electric fields that even a single photon can have an ap-

preciable interaction with matter. When combined with the potential for integration and scalability

inherent to microphotonic structures created by planar fabrication techniques, these devices have

enormous potential for future generations of experiments in cavity QED and quantum networks.

This thesis is largely focused on the development of ultrasmall Veff, high-Q semiconductor opti-

cal microcavities. In particular, we present work that addresses two major topics of relevance when

trying to observe coherent quantum interactions within these semiconductor-based systems: (1) the

demonstration of low optical losses in a wavelength-scale microcavity, and (2) the development of

an efficient optical channel through which the sub-micron-scale optical field in the microcavity can

be accessed. The two microcavities of specific interest are planar photonic crystal defect resonators

and microdisk resonators.

The first part of this thesis details the development of photonic crystal defect microcavities.

A momentum space analysis is used to design structures in graded square and hexagonal lattice

photonic crystals that not only sustain high Qs and small Veffs, but are also relatively robust to im-

perfections. These designs are then implemented in a number of experiments, starting with device

fabrication in an InAsP/InGaAsP multi-quantum-well material to create low-threshold lasers with

Qs of 1.3×104, and followed by fabrication in a silicon-on-insulator system to create passive res-

onators with Qs as high as 4.0×104. In the latter experiments, an optical fiber taper waveguide

is used to couple light into and out of the cavities, and we demonstrate its utility as an optical
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probe that provides spectral and spatial information about the cavity modes. For a cavity mode with

Q ∼ 4×104, we demonstrate mode localization data consistent with Veff ∼ 0.9(λ/n)3.

In the second part of this thesis, we describe experiments in a GaAs/AlGaAs material containing

self-assembled InAs quantum dots. Small diameter microdisk cavities are fabricated with Q ∼
3.6×105 and Veff ∼ 6(λ/n)3, and with Q ∼ 1.2×105 and Veff ∼ 2(λ/n)3. These devices are used

to create room-temperature, continuous-wave, optically pumped lasers with thresholds as low as

1µW of absorbed pump power. Optical fiber tapers are used to efficiently collect emitted light from

the devices, and a laser differential efficiency as high as 16% is demonstrated. Furthermore, these

microdisk cavities have the requisite combination of high Q and small Veff to enable strong coupling

to a single InAs quantum dot, in that the achievable coupling rate between the quantum dot and

a single photon in the cavity is predicted to exceed the decay rates within the system. Quantum

master equation simulations of the expected behavior of such fiber-coupled devices are presented,

and progress towards such cavity QED experiments is described.
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