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In the last few years, there has been a great interest in all-optical switching de-

vices due to the high demand on optical communication systems and networks. Unlike

conventional electronic switches, photonic switching devices are ideal candidates for ul-

trafast data stream processing, approaching the THz regime. It is the goal of this thesis

to propose, study, and demonstrate a new class of compact optical switches based on

semiconductor microring resonators.

A detailed theoretical analysis of the nonlinear behavior of the microring resonator

shows that, due to the resonance effect, there is an enhancement of the overall switching

efficiency by up to the third power of the cavity finesse.

Two different semiconductor materials are used in fabricating these devices, GaAs



and InP. Both materials are analyzed and compared in terms of switching energy require-

ment, nonlinear coefficients, speed limitation and ease of fabrication. In addition, two

different fabrications techniques are used to realize the ring structure layout, laterally

and vertically coupled.

The round trip phase of the microring resonator can be controlled by changing its

refractive index. This can be accomplished by free carrier injection induced by two-

photon absorption or single-photon absorption. As a result, a temporal blue shift in the

resonator resonance wavelength is observed. When these carriers diffuse to the waveg-

uide walls, the effect diminishes. A probe beam, tuned to one of the resonator resonant

wavelengths, is used to capture the dynamic change in the transmission function of the

resonator.

All-optical switching is demonstrated using a single microring resonator, with few

tens of picojoules switching energy and a switching window approaching 30 GHz, lim-

ited by the carrier lifetime of the guiding material. Moreover, such a device is used

in time division demultiplexing a stream of data channels as well as spatial pulse rout-

ing with approximately 8 dB cross-talk noise, limited by fabrication tolerances. More

complicated structures of these resonators are proposed and used to achieve a set of

functionally complete photonic logic gates.



NONLINEAR OPTICAL SEMICONDUCTOR

MICRO-RING RESONATORS

by

Tarek A. Ibrahim

Dissertation submitted to the Faculty of the Graduate School of the
University of Maryland, College Park in partial fulfillment

of the requirements for the degree of
Doctor of Philosophy

2003

Advisory Committee:

Professor Julius Goldhar, Chair/Advisor
Professor Ping-Tong Ho, Co-advisor
Professor Chi H. Lee
Professor Wendell T. Hill, III
Dr. Kenneth J. Ritter



c© Copyright by

Tarek A. Ibrahim

2003



DEDICATION

To my wife, Dalia, with love.

ii



ACKNOWLEDGEMENTS

First of all, I would like to express my greatest appreciation and my gratitude to my

advisor, Professor Julius Goldhar, for his generous support and guidance. His profound

insight into physics and inspiring suggestions helped me not only to understand but also

to solve and move forward through many challenging problems.

Equally, sincere appreciation also goes to Professor Ping-Tong Ho for leading me

into the world of micro photonics and guiding me through the course of this project. I

have benefited from his knowledge, experience, and nice personality.

I am very grateful to Professor Chi H. Lee for his support, encouragement, and

suggestions. The collaboration with his group was very fruitful. In particular, I would

like to thank Dr. WeiLou Cao, J. Li and, Y. Kim.

I sincerely appreciate Dr. Ken Ritter for his fruitful discussions and positive feed-

back. I would also like to thank Professor Wendell T. Hill III for reading, discussing,

and commenting on my thesis.

I would also like to gratefully acknowledge some of my current and former col-

legues, Dr. Phillipe Absil, Dr. Sai Chu, Dr. Yongzhang Leng, Dr. Victor Yun, Li-Chiang

Kuo, and Kuldeep Amarnath, for all the precious time that they have dedicated to teach

and help me either inside the clean room or inside the lab. In particular, I would like

iii



to thank Dr. Vien Van and Dr. Rohit Grover for supervising and training me inside the

clean room. I am very thankful to Dr. Marshall Saylors, Dr. Christopher J. K. Richard-

son, Dr. Paul Petruzzi, Dr. P. Cho, E. Awad, Russell Frizzell, Lisa Lucas, Toby Olver,

Dan Hinkel and Scott Horst for their instructions and advices in the different stages of

my graduate study. I have learned so much from them as I gradually gained experience

in the field of photonics.

The electron beam lithography for the InP microresonators was performed at the

Cornell Nanofabrication Facility (a member of the National Nanofabrication Users Net-

work) which is supported by the National Science Foundation under Grant ECS-9731293,

its users, Cornell University and Industrial Affiliates.

This work was supported by the University of Maryland Graduate Fellowship, and

the Distinguished LPS-ECE Graduate Research Assistantship.

iv



TABLE OF CONTENTS

List of Tables x

List of Figures xi

1 Introduction 1

1.1 Goal of this Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 What is a Ring Resonator?. . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.1 Field Enhancement. . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.2 Critical Coupling . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.2.3 Resonator Bandwidth. . . . . . . . . . . . . . . . . . . . . . . 8

1.2.4 Resonator Finesse. . . . . . . . . . . . . . . . . . . . . . . . . 10

1.2.5 Cavity Lifetime . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.2.6 Cavity Q Factor. . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.3 All-Pass or Phase Filter. . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.4 Optical Add/Drop Filter. . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.5 Why Microring Resonators?. . . . . . . . . . . . . . . . . . . . . . . 15

v



2 Nonlinear Characteristics of Semiconductors 17

2.1 Thermal Nonlinearities. . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.1.1 Temperature Tuning. . . . . . . . . . . . . . . . . . . . . . . . 19

2.1.2 Optical Bistability. . . . . . . . . . . . . . . . . . . . . . . . . 20

2.2 Nonresonant Nonlinearity. . . . . . . . . . . . . . . . . . . . . . . . . 24

2.3 Two-Photon Absorption. . . . . . . . . . . . . . . . . . . . . . . . . . 26

3 Enhanced Nonlinear Response in Microring Resonators 31

3.1 Small Signal Analysis. . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.1.1 Nonlinear Kerr Effect. . . . . . . . . . . . . . . . . . . . . . . 35

3.1.2 Two-Photon Absorption. . . . . . . . . . . . . . . . . . . . . 36

3.2 Discussion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4 Fabrication of Semiconductor Microring Resonators 41

4.1 Laterally Coupled InP-based Microring Resonators. . . . . . . . . . . 41

4.1.1 Sample Preparation. . . . . . . . . . . . . . . . . . . . . . . . 42

4.1.2 SiO2 Deposition in PECVD Chamber. . . . . . . . . . . . . . 44

4.1.3 PMMA Deposition . . . . . . . . . . . . . . . . . . . . . . . . 44

4.1.4 Electron-Beam Lithography. . . . . . . . . . . . . . . . . . . 44

4.1.5 Chromium Deposition and Lift off. . . . . . . . . . . . . . . . 44

4.1.6 Mask Transfer to SiO2 . . . . . . . . . . . . . . . . . . . . . . 45

4.1.7 Mask Transfer to InP. . . . . . . . . . . . . . . . . . . . . . . 45

4.1.8 Mask Removal . . . . . . . . . . . . . . . . . . . . . . . . . . 45

vi



4.2 Vertically Coupled GaAs-based Microring Resonators. . . . . . . . . . 45

4.2.1 Photolithography. . . . . . . . . . . . . . . . . . . . . . . . . 49

4.2.2 Multilevel Alignment. . . . . . . . . . . . . . . . . . . . . . . 49

4.2.3 GaAs Feature Etch. . . . . . . . . . . . . . . . . . . . . . . . 49

4.2.4 Chip Flip-Bonding . . . . . . . . . . . . . . . . . . . . . . . . 50

4.2.5 GaAs Substrate Removal. . . . . . . . . . . . . . . . . . . . . 50

4.2.6 Clearing the Alignment Keys and the Vernier Marks. . . . . . . 51

4.2.7 Sample Thinning and Cleaving. . . . . . . . . . . . . . . . . . 51

4.3 Light Coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.4 Anti-Reflection Coating. . . . . . . . . . . . . . . . . . . . . . . . . . 54

5 All-Optical Signal Processing using Semiconductor Microring Resonators 57

5.1 All-Optical Switching. . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.1.1 Theory. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.1.2 Device Characteristics. . . . . . . . . . . . . . . . . . . . . . 60

5.1.3 Simulation Results. . . . . . . . . . . . . . . . . . . . . . . . 60

5.1.4 Experiment and Results. . . . . . . . . . . . . . . . . . . . . . 66

5.2 Thresholding and Pulse Reshaping. . . . . . . . . . . . . . . . . . . . 70

5.3 Simultaneous Time Division Demultiplexing and Spatial Pulse Routing72

5.3.1 Device Characteristics. . . . . . . . . . . . . . . . . . . . . . 73

5.3.2 Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

vii



6 Photonic Logic Gates using Semiconductor Microring Resonators 80

6.1 Theory. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

6.2 Experiment and Results. . . . . . . . . . . . . . . . . . . . . . . . . . 83

6.2.1 InP Devices. . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

6.2.1.1 Device Description. . . . . . . . . . . . . . . . . . . 83

6.2.1.2 Experimental Setup. . . . . . . . . . . . . . . . . . 85

6.2.1.3 Results. . . . . . . . . . . . . . . . . . . . . . . . . 86

6.2.1.4 Device Speed. . . . . . . . . . . . . . . . . . . . . . 88

6.2.2 GaAs Devices. . . . . . . . . . . . . . . . . . . . . . . . . . . 88

6.2.2.1 Device Description. . . . . . . . . . . . . . . . . . . 88

6.2.2.2 Setup and Results. . . . . . . . . . . . . . . . . . . 90

6.3 Discussion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6.3.1 Nonlinear Loss. . . . . . . . . . . . . . . . . . . . . . . . . . 92

6.3.2 Device Speed. . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6.3.3 Nonlinear Refraction. . . . . . . . . . . . . . . . . . . . . . . 96

6.3.4 Switching Energy. . . . . . . . . . . . . . . . . . . . . . . . . 96

6.4 Multiple-Microring based Photonic Logic Functions: NOR Gate. . . . 97

6.4.1 Device Description. . . . . . . . . . . . . . . . . . . . . . . . 97

6.4.2 Linear Characteristics of the Device. . . . . . . . . . . . . . . 100

6.4.3 Experimental Setup and Logic Operation. . . . . . . . . . . . 100

6.5 Fabrication Limitations. . . . . . . . . . . . . . . . . . . . . . . . . . 104

6.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

viii



7 Free Carrier Injection in Semiconductor Micro-Ring Resonators 109

7.1 Transmission Switching. . . . . . . . . . . . . . . . . . . . . . . . . . 111

7.1.1 Theory. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

7.1.2 Device Characteristics. . . . . . . . . . . . . . . . . . . . . . 111

7.1.3 Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

7.1.4 Discussion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

7.2 Phase Switching. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

7.3 Carrier Lifetime. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

7.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

8 Conclusions 125

Bibliography 127

ix



LIST OF TABLES

1.1 Advantages and disadvantages of optics in signal processing.. . . . . . 2

6.1 Electrons, holes, and ambipolar properties of GaAs and InP intrinsic

materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

x



LIST OF FIGURES

1.1 Schematic diagram for a ring resonator coupled to a single waveguide.. 4

1.2 Field Enhancement, FE, versus the coupling coefficientκ, for: (a)a =

0.96, (b)a = 0.98, (c)a = 0.99, and (d)a = (1−κ2)1/2 . . . . . . . . 7

1.3 Throughput intensity transmission (solid line) and normalized resonat-

ing intensity (dashed line) for a critically coupled microring resonator

that has a refractive index of 3.4, diameter of 20µm, and a power cou-

pling coefficientκ2 = 10%. . . . . . . . . . . . . . . . . . . . . . . . 8

1.4 Phase enhancement of a lossless microring resonator and different val-

ues of the field coupling coefficient,κ. . . . . . . . . . . . . . . . . . . 13

1.5 Schematic diagram for a ring resonator coupled to two waveguides, in

an add/drop filter configuration.. . . . . . . . . . . . . . . . . . . . . 14

2.1 Measured temperature dependence of a resonant mode wavelength of

GaAs and InP microring resonators around 1550 nm.. . . . . . . . . . 20

xi



2.2 (a) Time traces for the input and dropped power of the bistable GaAs

microring resonator. (b) The dropped power versus the input power

showing the bistability hysteresis.. . . . . . . . . . . . . . . . . . . . 23

2.3 Schematic representation for the two-photon absorption process in a

two-band model. The small circles denote electrons, C is the Conduc-

tion band, and V is the Valence band.. . . . . . . . . . . . . . . . . . 27

2.4 Inverse transmittance as a function of irradiance of 1550 nm 35 ps pulse

for InP and GaAs straight waveguides.. . . . . . . . . . . . . . . . . . 29

3.1 A schematic diagram of a ring resonator coupled to a straight waveguide.32

3.2 Throughput transmittance (solid line) versus phase detuning near reso-

nance, for a microring notch filter with critical coupling andκ2 = 10%.

The slop of the transmittance,dT/dφ (dashed line), shows that maxi-

mum switching enhancement is obtained atφmax located just off reso-

nance.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.3 Dynamic FE and transmission of a microring resonator when a pump

beam is tuned to its resonance.. . . . . . . . . . . . . . . . . . . . . . 39

4.1 Schematic of the InP wafer layout showing the different layers thick-

nesses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

xii



4.2 Schematic diagrams showing the fabrication steps for a laterally cou-

pled InP microring resonator: (a) deposition of SiO2, (b) spin of PMMA

photoresist, (c) electron-beam lithography, (d) photoresist developing,

(e) chromium deposition and lift off, (f) pattern is transferred to the

SiO2 layer, (g) pattern is transferred to the epilayer, and (h) the Cr-SiO2

mask is removed by soaking in hydrofloric acid, which dissolves the

SiO2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.3 SEM picture of a GaInAsP-InP micro-racetrack resonator. The race-

track has a straight section length of 20µm and a radius of 10µm. The

etch depth is 3.5µm and the coupling gap is 100 nm. The microring

and bus waveguides widths are 0.5µm. . . . . . . . . . . . . . . . . . 46

4.4 Schematic layout of the vertical coupling GaAs wafer showing the dif-

ferent layers thicknesses. The 20 nm top layer of GaAs prevents the

AlGaAs cladding layer from being exposed to air and therefore not to

be oxidized.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.5 Schematic diagrams for the fabrication process steps of vertically cou-

pled microring resonators: (a) sample cleaning, (b) microring level ex-

posure and etch, (c) chip flip bonding using BCB, (d) substrate removal,

(e) etch stop removal, and (f) bus waveguides exposure and etch.. . . . 48

xiii



4.6 3-dimensional plot of the measured Gaussian mode at the output of a

single mode waveguide vertically coupled to a microring resonator. The

input light wavelength is tuned away from the microring resonance. The

waveguide width is parallel to the X-axis and the waveguide height is

parallel to the Y-axis. . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.7 Normalized throughput transmission of a vertically coupled GaAs mi-

croring resonator notch-filter with the bus waveguide facets: (a) un-

coated, (b) single-side AR coated, and (c) both sides AR coated.. . . . 56

5.1 Optical micrograph of a vertically-coupled GaAs-AlGaAs microring

resonator. The microring resonator appears with a different color than

that of the bus waveguide because the picture is taken in the dark field

and the microring is below the bus waveguide.. . . . . . . . . . . . . 58

5.2 Measured spectral response and its theoretical fit for a 10µm-radius

GaAs-AlGaAs microring resonator at the 1562 nm resonance. The dis-

crepancy between measurement and model on both sides of the reso-

nance peak is due to the Fabry-Perot modulations in the bus waveguide.61

xiv



5.3 Simulated nonlinear propagation of a 300-ps pump pulse through a

10 µm-radius GaAs-AlGaAs microring resonator. The output inten-

sity is normalized with respect to the peak input intensity. The pump

intensity circulating inside the resonator is normalized with respect to

its peak value, which is 12 times higher than the peak intensity of the

input pump. The input pump is a real experimental pulse captured by

the oscilloscope to be used in the simulation.. . . . . . . . . . . . . . 63

5.4 3-dimensional plot of the simulation results for the throughput probe

intensity versus wavelength and time. The DC level has been removed

for clarity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.5 Simulated pump-probe interactions. (a) Probe beam initially off res-

onance. (b) Probe beam initially on resonance. The probe beam in-

tensities are normalized with respect to the maximum transmittance at

resonance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.6 Experimental setup for the pump-probe technique to demonstrate all-

optical switching using a 10µm-radius GaAs-AlGaAs microring res-

onator. PG: pulse generator. FPC: fiber polarization controller. MZI:

Mach-Zehnder interferometer. EDFA: Erbium doped fiber amplifier. D:

detector. BPF: band pass filter.. . . . . . . . . . . . . . . . . . . . . . 67

5.7 3-dimensional plot of the measured throughput probe intensity versus

wavelength and time. The DC level has been removed for clarity.. . . 68

xv



5.8 Measured time traces of the pump and probe beams intensities with (a)

probe beam initially tuned off resonance (high transmission), and (b)

probe beam initially tuned in resonance (low transmission).. . . . . . 69

5.9 Time traces of the input and output pulses of a GaAs-AlGaAs microring

resonator. Input and output intensities are normalized by their respec-

tive peak values. The output pulse has been shifted by 25 ps to overlap

the input pulse to demonstrate the pulse reshaping.. . . . . . . . . . . 71

5.10 A dark field optical microscope picture of a vertically coupled GaAs

OCDF microring resonator.. . . . . . . . . . . . . . . . . . . . . . . 73

5.11 Normalized measured spectral response for the throughput and drop

ports of the OCDF microring resonator.. . . . . . . . . . . . . . . . . 74

5.12 Time traces for: (a) the input pump pulse at 1545 nm, and (b) the out-

put dropped signal when the input probe is initially blue tuned to the

1555 nm resonance.. . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.13 Time traces for: (a) the input 5 GHz RZ data stream slightly detuned to

the resonance at 1555 nm, (b) the control signal at the 1545 nm reso-

nance, (c) unswitched data at the throughput port, and (d) demultiplexed

data at the drop port.. . . . . . . . . . . . . . . . . . . . . . . . . . . 78

6.1 Scanning Electron Microscope (SEM) picture of the InP racetrack res-

onator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

xvi



6.2 Measured (solid line) and fitted (dashed line) spectral response at the

throughput port of the racetrack resonator.. . . . . . . . . . . . . . . . 84

6.3 Experimental setup for the photonic logic AND gate using the micro-

racetrack resonator. PG: Pattern generator, PC: Polarization controller,

BPF: Band-pass filter. . . . . . . . . . . . . . . . . . . . . . . . . . . 85

6.4 Time traces showing the AND logic gate operation using the InP mi-

croresonator. (a)‘A’ and (b)‘B’ are the two input pumps tuned to the

resonance at 1550 nm and (c)‘F=A.B’ is the output probe signal tuned

to the next higher resonance at 1560 nm.. . . . . . . . . . . . . . . . 87

6.5 Transient response of the InP micro-racetrack resonator when (a) the

probe beam is initially blue tuned to the 1550 nm resonance, and (b)

the probe beam is initially tuned to resonance.. . . . . . . . . . . . . . 89

6.6 Time traces showing logic operation using the GaAs microresonator:

(a) and (b) are the inputs ‘A’ and ‘B’ tuned to the resonance at 1548 nm;

(c) output ‘F’ when the probe is initially in resonance at 1559 nm; and

(d) output ‘F’ when the probe is initially blue tuned out of resonance at

1558.6 nm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

6.7 Optical micrograph picture of the NOR logic gate. The two microring

resonators are symmetric and of radii 9µm. The etched features appear

in orange while the waveguides and the top of the trenches appear in

cyan. The subset shows a magnified picture of the microring resonators

underneath the bus waveguides.. . . . . . . . . . . . . . . . . . . . . 98

xvii



6.8 SEM picture of the microring level of the NOR logic gate showing the

two microring resonators. The picture was taken after the microring

level feature etch and before chip-flip bonding to the new carrier.. . . . 99

6.9 Normalized spectrum for the: (a) throughput port, (b) drop port of the

first microring resonator, and (c) drop port of the second microring res-

onator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

6.10 Schematic diagram for the experimental setup used to demonstrate a

NOR logic function. ‘A’ and ‘B’ are the input data while ‘C’ is the CW

probe beam. ‘F’ is the output probe spectrally filtered aroundλc. . . . . 102

6.11 Time traces for the input pump data streams (a)‘A’, (b)‘B’ at 1546 nm,

and (c) the output probe signal at 1557 nm.. . . . . . . . . . . . . . . 103

6.12 Optical microscope picture of two symmetric microrings NOR logic

gate in the drop configuration. The red arrows show the path of the

probe beam from input to output. The blue arrows show where the

pump data, ‘A’ and ‘B’, are coupled to the device.. . . . . . . . . . . . 105

6.13 Normalized measured throughput power at the output of the S-waveguide

of the device. The device is not anti-reflection (AR) coated.. . . . . . 107

7.1 (a) Schematic diagram for a racetrack resonator coupled to two straight

waveguides and (b) Scanning Electron Microscope picture of the device

used in the experiment.. . . . . . . . . . . . . . . . . . . . . . . . . . 112

xviii



7.2 Measured (solid lines) and fitted (dotted lines) spectral response at the

throughput and drop ports of the microring resonator around 1543.4 nm.113

7.3 (a) Measured and (b) simulated modulation of the dropped signal for

different input probe beam wavelength (The DC level has been removed

in both (a) and (b) for clarity).. . . . . . . . . . . . . . . . . . . . . . 116

7.4 (a) Real (solid) and imaginary (dotted) parts of the refractive index and

(b) real part of the refractive index change versus carrier density for the

microring GaAs waveguide at the probe wavelength.. . . . . . . . . . 118

7.5 (a) A Scanning Electron Microscope picture of the MZI loaded with

a microring resonator device and (b) measured (solid line) and fitted

(dashed line) spectral response of the device around its resonance wave-

length at 1556 nm.. . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

7.6 The Off-On switching behavior of the MZI loaded ring device when the

probe beam is initially tuned to the microring resonance at 1556 nm.. . 122

7.7 (a) Normalized transmitted probe intensity when the tapered straight

waveguide was optically pumped at its width of (i) 2.0 µm, (ii) 1.5 µm,

(iii) 0 .8 µm, and (iv) 0.5 µm. (b) Measured and quadratic fit of the

carrier lifetime of the GaAs waveguide versus the carrier diffusion length.123

xix



CHAPTER 1

INTRODUCTION

The use of light for communication purposes dates back to the use of smoke and fire

to convey a piece of information, such as a victory in a war. There are many reasons

that made photons more popular to use in information processing. Photons are able to

accomplish certain functions better than electrons by virtue of their special properties.

The very large bandwidth,∼1015 Hz, gives optics a potential speed for signal processing

which is well beyond any electronics. Indeed, the shortest optical pulses of< 10 fs give

light three order of magnitude advantage over the shortest electrical pulse [1]. When

it comes to interconnects on a chip, the wiring capacitance will set the speed limits of

integrated circuits. Besides, photons can pass through each others unperturbed in the

absence of a nonlinear interaction, whereas electrons interact with each other even at

a distance. In Table1.1, we summarize the potential advantages and disadvantages of

using optics in signal processing.

The turn of the new millennium witnessed an explosion in data-traffic volume, due to

the ongoing increasing demand on the Internet. Therefore, all-optical switching devices

have been looked at as key components for future high-speed optical communication

systems. Such devices would enable highly parallel logic operations as well as ultrafast
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Table 1.1: Advantages and disadvantages of optics in signal processing.

Advantages of optics Disadvantages of optics

Large bandwidth∼ 1015 Hz High power requirement∼ 1 W peak power

Low propagation loss Interfacing with electronics

Low cross talk Wavefront distortions

High degree of parallelism

Small dimensions

Ultrashort pulses≤ 10 fs

Coherence properties

switching because of the instantaneous nature of virtual optical transitions [2]. With the

recent advances in semiconductor fabrication, there has been a noticeable effort to bring

those devices on semiconductor platforms to the real world.

An ideal all-optical switch is the one that poses the following characteristics. It

would only require as little as sub picojoule of energy to switch with at least 20 dB

switching contrast. Beside compactness, it is desirable to integrate such a device with

already established optoelectronics devices on a planar integrated photonic circuit. One

category of devices that has a great potential to meet those requirements is microring

resonators.
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1.1 Goal of this Work

In the last few years microring resonators have been proposed and fabricated on glass [3,

4], SiO2 [5], GaAs [6–9], InP [10–13], and polymer [14–16] platforms. The foci of the

previous work have been the realization, fabrication and optimization of these devices

for linear applications such as Wavelength Division Multiplexing (WDM) and add/drop

filters. It is the goal and novelty of this work to investigate the nonlinear characteristics

of GaAs and InP based semiconductor microring resonators and demonstrate the use of

such passive devices for optical switching applications and photonic logic gates.

1.2 What is a Ring Resonator?

A ring resonator is simply a waveguide shaped into a ring structure as shown in Fig.1.1.

When an input electric field,Ei , is coupled to the ring waveguide through an external

bus waveguide, a positive feedback is induced and the field inside the ring resonator,

Er, starts to build up. Coupling between the straight and the ring waveguide is achieved

through the evanescent wave. Therefore, the gap and coupling length between them

determine how much power is coupled from the straight waveguide to the ring waveg-

uide and vise versa. The feedback mechanism is simply induced by the ring waveguide

and therefore there is no need for any Bragg gratings, mirrors, or distributed feedback

waveguides which are more difficult to fabricate. In such configuration, only certain

wavelengths will be allowed to resonate inside the ring waveguide, thus frequency se-
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Ei
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E t

Figure 1.1: Schematic diagram for a ring resonator coupled to a single waveguide.

lectivity is obtained. A resonant mode will have a wavelength that satisfies

mλm = nL, m= integer. (1.1)

Here,m is the longitudinal mode number,λm is the resonant mode wavelength,n is the

refractive index of the guiding material, andL is the circumference of the ring resonator.

The electric field circulating inside the resonator is given by

Er(t) =− jκEi(t)+ ra ejφEr(t− τ), (1.2)

whereκ andr are the field coupling and transmission coefficients between the straight

and ring waveguides such thatκ2 + r2 = 1, a = e−α0L/2 is the round trip field transmis-

sion,α0 is the propagation loss inside the microring in cm−1, andτ is the round trip time
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of the ring resonator. The resonator round trip phase,φ, is given by

φ =
2π
λ

nL. (1.3)

The transmitted or throughput field at the output of the straight waveguide,Et, is given

by

Et(t) = rEi(t)− jκaejφEr(t− τ), (1.4)

At steady state, the transmission-transfer function of the resonator can be written as

Et

Ei
=

r−aejφ

1− raejφ . (1.5)

A close examination of Eq.1.5indicates that a ring resonator is very similar to a Fabry-

Perot cavity. In the particular case shown in Fig.1.1, the corresponding Fabry-Perot

cavity would have an input mirror with a field reflectivityr, and a fully reflecting output

mirror. However, the field propagating inside the ring cavity is a traveling wave in

contrast to the Fabry-Perot cavity which resonates a standing wave.

1.2.1 Field Enhancement

At steady state, the field circulating inside the resonator can be also written as

Er =− jκEi + raejφEr. (1.6)

Therefore the ratio of the circulating field to the input field is given by

Er

Ei
=

− jκ
1− raejφ . (1.7)
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We define the Field Enhancement Factor, FE, as the magnitude of the ratio of the circu-

lating field inside the resonator,Er, to the input field,Ei , at resonance, i.e.,φ = 0. The

FE is thus given by

FE=
∣∣∣∣Er

Ei

∣∣∣∣
φ=0

=
κ

1−ar
. (1.8)

The higher the FE, the higher the built up intensity inside the resonator and thus the

lower the amount of input power required to induce nonlinear effects. Therefore, it is

very important to understand what factors limit the FE for a given microring resonator.

In Fig. 1.2, we plot Eq.1.8, for different values of the round trip field transmission,a,

and field coupling coefficient,κ. As can be seen, the higher the value ofa and therefore

the lower thr round trip loss, the higher the FE obtained by the resonator. Also, for a

given value ofa, the FE peaks at a maximum then decreases as a function ofκ, as we

will discuss in the following subsection.

1.2.2 Critical Coupling

The maximum FE that is feasible by a ring resonator can be obtained mathematically by

differentiating Eq.1.8with respect toκ, and equating the result to 0. Doing the math, we

find that this happens whena = r, and it yields a maximum FE equal to 1/κ. Moreover,

at resonance, the transmission-transfer function, given by Eq.1.5, has a magnitude of 0,

when the above condition is met. That is all the power coupled to the resonator is equal

to the power consumed by or lost inside the resonator. This criterion is known as critical

coupling and is desirable in some applications where high switching contrast is required.

In Fig. 1.3, we plot the throughput transmission and the normalized resonating intensity
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Figure 1.2: Field Enhancement, FE, versus the coupling coefficientκ, for: (a)a = 0.96,

(b) a = 0.98, (c)a = 0.99, and (d)a = (1−κ2)1/2

for a critically coupled microring resonator. At resonance, a complete extinction is

achieved for the throughput transmitted intensity. On the other hand, the circulating

intensity inside the ring is much higher than the input intensity due to the FE effect.
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Figure 1.3: Throughput intensity transmission (solid line) and normalized resonating

intensity (dashed line) for a critically coupled microring resonator that has a refractive

index of 3.4, diameter of 20µm, and a power coupling coefficientκ2 = 10%.

1.2.3 Resonator Bandwidth

The resonance bandwidth determines how fast optical data can be processed by a mi-

croring resonator. The resonator bandwidth is given by the full width at half maximum

(FWHM) of the microring intensity resonance or its 3-dB bandwidth. From Eq.1.7, the
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intensity inside the resonator can be written as

Ir
Ii

=
∣∣∣∣Er

Ei

∣∣∣∣2 =
κ2

1+a2r2−2arcos2φ
. (1.9)

At FWHM, this yields

cosφ± =
4ar−a2r2−1

2ar
, (1.10)

whereφ± = φ0±δφ. Using Taylor expansion,

cos(φ0 +δφ) = cosφ0−δφsinφ0−
(δφ)2

2
cosφ0 + . . . , (1.11)

whereδφ � 2π, andφ0 = 2mπ is the phase at resonance. From Eq.1.10and Eq.1.11,

we obtain

δφ≈ 1−ar√
ar

. (1.12)

Using Eq.1.3and Eq.1.12, the FWHM bandwidth is given by

δλFWHM = 2δλ

= 2

(
λ2

0

2πnL
δφ
)

≈
λ2

0

πnL
1−ar√

ar
. (1.13)

To understand how the bandwidth of the resonator is affected by the coupling coefficient,

κ, we will consider a critically coupled microring resonator. In such a case, Eq.1.13

results in

δλFWHM ≈
λ2

0

πnL
κ2

√
1−κ2

. (1.14)

Therefore, the lower the coupling coefficient,κ, the smaller the resonance bandwidth.

On the other hand, Eq.1.8 shows that the lower the coupling coefficient,κ, the higher

the FE of the resonator.
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1.2.4 Resonator Finesse

The finesse of the resonator is given by

F =
∆λFSR

δλFWHM
, (1.15)

where∆λFSR = λ2
0/nL is the free spectral range or axial mode spacing between reso-

nances. By substituting from Eq.1.13into Eq.1.15, we obtain

F =
π
√

ar
1−ar

. (1.16)

The finesse gives the resoling power of the resonator when used as a transmission filter.

An interesting fact is that a resonator finesse is independent on its dimension or circu-

lating light wavelength. It is only a function of coupling coefficient and internal loss.

The finesse of a critically coupled microring resonator can be approximated byπ/κ2,

for κ� 1.

1.2.5 Cavity Lifetime

A parameter that is inversely proportional to the resonator bandwidth is the cavity or

photon lifetime. It can be defined as the average time that a photon coupled to the

resonator will stay inside the cavity before it is absorbed or transmitted. The photon

lifetime is thus given by

τph =
1

δ fFWHM
=

c
πnL

√
ar

1−ar

=
nL
c

F, (1.17)
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wherec is the speed of light in free space. Eq.1.17states that a photon will circulates

inside the resonator for a number of round trip times equal to the cavity finesse, before

it is transmitted to the throughput port or absorbed inside the resonator. This will be

the ultimate time limit of optical signal processing by ultrafast nonlinear processes in-

side the microring cavity. Therefore, cavity size and finesse have to be considered in

designing the device for a particular application.

1.2.6 Cavity Q Factor

In analogy with electrical circuits, the quality factor of an optical cavity due its internal

losses and external coupling can be defined as

1
Q
≡ energy dissipated

ω×energy stored
, (1.18)

whereω is the frequency of light coupled to the resonator. The quality factor of the

resonator can be calculated from [17]

Q ≡ λ0

δλFWHM

≡ πnL
λ0

√
ar

1−ar
. (1.19)

As can be seen in Eq.1.19, the quality factor of the resonator is a function of its di-

mension as well as the resonance wavelength. Therefore, from now on we will always

use the finesse, F, and the field enhancement factor, FE, of the resonator in measuring

nonlinear enhancements.
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1.3 All-Pass or Phase Filter

For a lossless microring resonator, i.e.a= 1, the magnitude of the transmission-transfer

function, given by Eq.1.5, is 1 regardless ofφ. However an examination of its phase

reveals a phase enhancement similar to the field enhancement discusses earlier. The

phase function of the ring resonator,φeff, can be obtained by considering the phase of

the right hand side of Eq.1.5. This is given by [18]

φeff = π+φ+ tan−1 r sinφ
a− r cosφ

+ tan−1 arsinφ
1−arcosφ

. (1.20)

In Fig. 1.4, we plot Eq.1.20for different values of the field coupling coefficient,κ, for

a lossless resonator(a = 1). Near resonance, i.e.φ = 0, the slope of the effective phase

becomes very steep, and hence the device output phase is very sensitive to change in

the single-pass phase shift of the microring. This phase enhancement can be observed

by introducing the microring resonator into one arm of a Mach-Zehnder interferometer

(MZI), for example.

1.4 Optical Add/Drop Filter

Unlike Fabry-Perot cavities, Bragg gratings, and distributed feedback waveguide de-

vices, the ring geometry permits more than one waveguide to be coupled to the ring res-

onator. This in return allows multiple input/output accessibility and no need for external

circulators to manipulate the input, reflected and throughput data streams. For instance,

if one more waveguide is coupled to the phase filter described earlier, an optical add/drop
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Figure 1.4: Phase enhancement of a lossless microring resonator and different values of

the field coupling coefficient,κ.

filter is obtained, as shown in Fig.1.5. At steady state, the transmission-transfer function

at the drop and throughput ports are given by

Ed

Ei
=

−κ1κ2a1/2ejφ/2

1−ar1r2ejφ , (1.21a)

Et

Ei
=

r1−ar2ejφ

1−ar1r2ejφ , (1.21b)
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Figure 1.5: Schematic diagram for a ring resonator coupled to two waveguides, in an

add/drop filter configuration.

whereκ1, andr1 are the field coupling and transmission coefficients between the ring

and the input waveguide whileκ2, andr2 are the field coupling and transmission coef-

ficients at the output waveguide. An interesting criterion of this device can be observed

in Eq. 1.21. That is, a complete power transfer between the input port and the drop

port can be obtained at resonance (φ = 0), for a lossless microring resonator that has

a symmetric coupling, i.e.κ1 = κ2. At the same time, the throughput port will have

a complete extinction, thus this condition is referred to as critical coupling in analogy

with what have been discussed earlier in subsection 1.1.2.
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1.5 Why Microring Resonators?

Now we can summarize the advantages attained by microring resonators over other con-

ventional optical cavities:

• Geometry:

The ring geometry by itself is unique. The ring waveguide supports a traveling

wave rather than a standing wave. Hence, coupling can be at any point on the ring

circumference. Furthermore, it allows more than one waveguide to be coupled to

the ring. Therefore, multiplexing, demultiplexing, and routing can be achieved

with no need for external circulators.

• Simplicity:

Fabrication of microring resonators is straightforward. There is no need for any

mirrors, Bragg gratings, or distributed feedback waveguides to achieve the posi-

tive feedback.

• Materials:

There is no need for any exotic materials to fabricate microring resonators. Semi-

conductors fabrications are well developed and their high refractive indices allow

smaller radii bends to be feasible. Bending losses decrease exponentially with

increasing core-cladding refractive index contrast. This made high index contrast

a fundamental requirement for very large scale integration (VLSI) photonics [19].

A 2 µm microring resonator with a finesse of 100 will have a cavity lifetime of

15



10 ps. Therefore, 100 GHz data can be processed by such a device. Semiconduc-

tors also allow microrings to be integrated with other optoelectronics devices such

as micro lasers, amplifiers, and detectors.
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CHAPTER 2

NONLINEAR CHARACTERISTICS OF

SEMICONDUCTORS

The use of semiconductor materials as nonlinear optical elements bridges the gap be-

tween optics and electronics. It opens the possibility for integrating the laser sources,

signal processing elements, and detectors on the same platform. In this regard, the III-

V binary semiconductors, such as GaAs and InP, have acquired great attention in the

last few decades because they are direct bandgap materials and possess higher non-

linear coefficients than their competing materials. Another attractive feature of binary

semiconductors is that they can be combined or alloyed to form ternary or quaternary

compounds. Doing so, makes it possible to vary the bandgap of the material continu-

ously together with its band structure, electronic, and optical properties. As an example,

the bandgap energy of the ternary compound AlxGa1−xAs depends on the mole fraction

x. Another important quaternary compound that we will consider is In1−xGaxAsyP1−y.

Therefore, one can design ternary and quaternary compounds to be transparent for opti-

cal channel waveguides or active for lasers and amplifiers at the 1550 nm communication

window.
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In this chapter we will discuss different nonlinear processes that affect the perfor-

mance of semiconductor microring resonators as all-optical signal processing tools.

2.1 Thermal Nonlinearities

Semiconductors band gap energies decrease with increasing temperature due to the

change in the Fermi-Dirac distribution. The bandgap change in most semiconductors

is -0.5 meV/K [20]. In addition, as temperature changes the thermal expansion of a

semiconductor cavity and the change in the refractive index alters the position of the

resonant modes. As we showed in chapter 1, the resonant modes of a microring res-

onator are given by

mλm = nL. (2.1)

By differentiating Eq.2.1with respect to temperature, T, we obtain

m
dλm

dT
=

dn
dT

L+n
dL
dT

. (2.2)

By dividing Eq.2.2by Eq.2.1, we obtain

1
λm

dλm

dT
=

1
n

dn
dT

+
1
L

dL
dT

. (2.3)

Eq. 2.3 shows the temperature dependence of the microring resonant wavelength as a

function of the material thermo-optic coefficient,dn/dT, and the thermal expansion

coefficient,L−1dL/dT.
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2.1.1 Temperature Tuning

Using GaAs and InP microring notch filters devices, we measured the thermo-optic

effect in both materials as follows. We mounted the devices on a temperature controlled

base which has a thermo-electric (TE) cooler and a thermometer. We used the output

spontaneous emission of an erbium doped fiber amplifier (EDFA) as the input light

to the device. This allows us to monitor the change in the spectrum of the microring

resonances. By changing the substrate temperature and monitoring one of the resonant

modes wavelength, we measured the left hand side of Eq.2.3. In Fig. 2.1, we plot

the wavelength detuning of one of the microring resonant modes for both GaAs and

InP around 1550 nm. As expected, a linear line is obtained with a slope of 0.109 and

0.113 nm/oC, respectively. The thermal expansion coefficient for GaAs is 6×10−6/oC,

and for InP is 4.56×10−6/oC at room temperature [21,22]. From Eq.2.3, we calculate

the the thermo-optic coefficient,dn/dT, for GaAs to be 2.17×10−4/oC, and for InP to

be 2.19×10−4/oC.

The above experiment suggests that tuning of microring filters can be accomplished

by locally heating the microring devices, which is a useful feature for applications such

as widely tunable wavelength filters for reconfigurable Wavelength Division Multiplex-

ing (WDM) systems [23].
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Figure 2.1: Measured temperature dependence of a resonant mode wavelength of GaAs

and InP microring resonators around 1550 nm.

2.1.2 Optical Bistability

The phenomenon of Optical Bistability (OB) arises from a combination of the nonlinear-

ity in the radiation-matter interaction and of a feedback mechanism [24,25]. Generally,

there are two classes of OB: absorptive and dispersive OB. Absorptive OB occurs when-

ever the input wavelength is close to the atomic resonance of the material. An increase

in the input power produces an increase in saturation, i.e., in the degree of transparency
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of the medium. This allows the internal field of the cavity to increase, which in return in-

creases the saturation. Such positive feedback loop causes the switch-up process. When

the input power is decreased, the internal field is intense enough to maintain the satura-

tion. As a consequence, the transmitted power is held “ON” and one obtains a hysteresis

curve. InGaAsP can be designed to have the band edge around 1.45 µm and thus can

show absorptive OB when pumped at 1.55µm. On the other hand, dispersive OB occurs

whenever the input wavelength is tuned far away from the atomic resonance and hence

the material is transparent. The frequency of the incident field is kept near one of the

cavity frequencies, but detuned enough so that the transmission is low. An increase in

the input intensity produces an increase in the intensity of the internal field. Because the

refractive index is a function of intensity, this changes the optical length of the medium

in such a way that the cavity resonance is driven closer to the input frequency. In return,

it increases the internal field intensity. Thus, again, we have a positive feedback loop

which produces up-switching. When the incident power is decreased, the internal field

is intense enough to maintain resonance between the cavity and the input frequency, and

therefore one again obtains a hysteresis. This will be the case for GaAs, whose band

edge is around 0.8 µm and the input wavelength is at 1.55µm.

Experimentally, we have demonstrated OB in GaAs/AlGaAs microring resonators

using an add/drop filter [26]. Even though, the bistability was due to the thermal effect, it

follows the theory and proves the concept. The output power of a tunable external-cavity

laser diode was modulated at a low frequency (10 Hz) using a mechanical chopper. Its

wavelength was tuned to one of the microring resonant modes. The polarization of the
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input beam was controlled using a fiber polarization controller (FPC) to match that of the

microring mode. The input beam was optically amplified using an EDFA. The amplified

beam was then split into a reference beam and a probe beam. The reference beam was

attenuated and monitored by a photodetector, D1. The probe beam was coupled into

the input waveguide of the microring resonator using a conically tipped fiber, and the

output was measured at the drop-port of the device using a second conically tipped fiber

and then fed to a photodetector, D2. In the add/drop configuration used here, when the

source is tuned to one of the microring resonances, the field circulating in the ring builds

up to a much higher value than the input field, thus effectively lowering the switching

threshold. In the switching measurement the source wavelength was tuned to 1561.3 nm,

which is 0.3 nm red-detuned from the microring resonance wavelength of 1561 nm. The

laser power was modulated at a 10 Hz frequency to give a 0 to 60 mW power variation

at the input of the device. The time traces for the input and output signals are shown in

Fig. 2.2(a). The switching time is in the microseconds range, indicating that switching

was mainly due to the thermal effect. In Fig.2.2(b), the dropped intensity is plotted

versus the input intensity. Switching thresholds and hysteresis are clearly observed.

This bistable behavior of the microring can be explained by a thermal increase in the

effective ring index with increasing intensity.

Such device can be used as an optical buffer where a data of “1” can be latched on

the “ON” state. Resetting the buffer to “0” can be achieved by cooling the microring

resonator so that the effective refractive index of the resonator is reset to its original

value. It can be used as a thermo-optical switch for packet routing and similar low
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frequency optical switching applications.

2.2 Nonresonant Nonlinearity

The instantaneous nonlinear optical response of a material can be described by writing

the material polarization,P, as a power series of the electric field strength,E, as [27]

P(t) = ε0[χ(1)E(t)+χ(2)E2(t)+χ(3)E3(t)+ . . .], (2.4)

whereε0 is the free space permittivity, andχ(N) refers to theNth order nonlinear optical

susceptibilities. The first order susceptibility,χ(1), gives rise to the linear refractive

index,

n0 = Re

{√
1+χ(1)

}
, (2.5)

and the linear absorption coefficient,

α0 =
4π
λ

Im

{√
1+χ(1)

}
. (2.6)

The second order of the nonlinear susceptibility,χ(2), is responsible for describing sec-

ond harmonic generation, sum and difference frequency generation, and optical para-

metric oscillation. The second order nonlinear optical interactions can occur only in

noncentrosymmetric crystals, that is in crystals that do not display inversion symmetry.

The third order nonlinear susceptibility,χ(3), describes third harmonic generation, and

intensity-dependent refractive index processes such as self- focusing, four-wave mixing,

saturable absorption, and two-photon absorption. These third order nonlinear optical in-

teractions can take place both in centrosymmetric and noncentrosymmetric media. The
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third order contribution to the nonlinear polarization is given by

P(3)(t) = ε0χ(3)E3(t). (2.7)

Let us consider the case in which the applied field is monochromatic and is given by

E(t) = Ecosωt. (2.8)

Then, since cos3ωt = 1
4 cos3ωt + 3

4 cosωt, the nonlinear polarization can be expressed

as

P(3)(t) =
1
4

ε0χ(3)E3cos3ωt +
3
4

ε0χ(3)E3cosωt. (2.9)

The first term in Eq.2.9describes a third harmonic generated term at 3ω due to an ap-

plied field at frequencyω. The second term in Eq.2.9describes a nonlinear contribution

to the polarization at the frequency of the incident field. Therefore, this term leads to

a nonlinear contribution to the refractive index experienced by a wave at frequencyω.

The refractive index can be represented as

n = n0 +n2I , (2.10)

where

n2 =
3

n2
0ε0c

Re[χ(3)] (2.11)

is an optical constant that characterizes the strength of the optical nonlinearity, andI is

the intensity of the incident field. On the other hand, the imaginary part ofχ(3) gives

rise to a nonlinear absorption coefficient given by

α = α0 +α2I , (2.12)
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whereα2 is the two-photon absorption coefficient and is given by

α2 =
12π

n2
0ε0cλ

Im[χ(3)]. (2.13)

2.3 Two-Photon Absorption

Multi-photon absorption is a nonlinear process through which more than one photon

of energy lower than the bandgap energy of the material are absorbed simultaneously.

This, in result, excites an electron-hole pair or a free electron in the conduction band

and a free hole in the valence band. These free carriers therefore alter the electronic and

optical properties of the material and result in nonlinear refraction as well as nonlinear

absorption. When two photons having the same energy are involved, the process is al-

ways referred to as degenerate two-photon absorption (TPA), as shown in Fig.2.3. TPA

in direct bandgap semiconductors has been extensively analyzed and measured at dif-

ferent wavelengths [28–32]. It has been considered to be a limiting factor for ultrafast

nonlinear switching in semiconductors because it degrades the signal as it propagates

through the waveguide. On the other hand, various applications based on TPA have

been demonstrated such as autocorrelation, optical thresholding, and all-optical switch-

ing [33–35]. In this section we will measure the TPA coefficient,α2, for both GaAs and

InP straight waveguides. This will help us to characterize its effects and limitations on

our semiconductor microring resonators.

The attenuation of light as it propagates through an optical waveguide can be de-

26



V

C

ωh

ωh

Figure 2.3: Schematic representation for the two-photon absorption process in a two-

band model. The small circles denote electrons, C is the Conduction band, and V is the

Valence band.

scribed by

dI
dz

=−α0I −α2I2− (σ∆N)I , (2.14)

whereα0 is the linear absorption coefficient including both intrinsic loss and scattering

loss, I is the intensity across the waveguide, andσ is the free carrier absorption cross

section in cm2. The generated free carrier density,∆N, by TPA is governed by

d∆N
dt

=
α2I2

2h̄ω
− ∆N

τc
, (2.15)

whereω is the incident photons frequency,τc is the free carrier recombination or life
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time. Neglecting the carrier induced nonlinear loss, i.e.,σ = 0, the intensity at the end

of a waveguide of lengthL can be obtained by integrating Eq.2.14with respect toz.

This leads to

I(L) =
I(0)e−α0L

1+α2I(0) (1−e−α0L)
α0

, (2.16)

whereI(0) is the intensity atz= 0. The total throughput of the waveguide,T, is defined

as the ratio of the peak transmitted intensity after the waveguide to the peak incident

intensity before the waveguide and is given by

T =
Itrans

Iinc

= (1−R)2Γ2 I(L)
I(0)

= (1−R)2Γ2 e−α0L

1+α2(1−R)ΓIinc
(1−e−α0L)

α0

, (2.17)

whereΓ is the coupling efficiency into the waveguide, andR is the Fresnel reflectivity of

the front and end facets. It is clear from Eq.2.17that a plot of the inverse transmittance,

T−1, versus the input incident light,Iinc, should consist of a straight line having a slope

that is proportional to the TPA coefficient,α2.

Experimentally, we used a mode-locked external cavity laser diode as the pump

source tuned to 1550 nm. The typical pulse width was 35 ps. An external modulator

was used to reduce the repetition rate from 5 GHz to 140 MHz. The pulses were then

amplified using pre and post erbium doped fiber amplifiers (EDFA). A band-pass fil-

ter was used to suppress any amplified spontaneous noise before coupling light to the

waveguide. The pump pulses were coupled to the waveguide using a conically tipped

fiber. The output light was collected in the same manner, and then fed to a power me-
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Figure 2.4: Inverse transmittance as a function of irradiance of 1550 nm 35 ps pulse for

InP and GaAs straight waveguides.

ter. The input power at the waveguide was controlled by controlling the current of the

post EDFA amplifier and measured by detecting a tapped portion of the input light. In

Fig. 2.4, we plot the inverse transmittance as a function of the input pump intensity for

both GaAs and InP straight waveguides. As predicted by Eq.2.17, a straight line is

obtained. With the value ofα0 known from linear measurements using the Fabry-Perot

technique [36] , one can estimate(1−R)Γ from the intersection with the y-axis. More-
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over, from the slope of the line,α2 can be obtained. From the lines slopes, we estimate

a value of 18 and 43 cm/GW for the TPA coefficient,α2, for the GaAs and InP straight

waveguides, respectively.
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CHAPTER 3

ENHANCED NONLINEAR RESPONSE IN

M ICRORING RESONATORS

Steady-state and dynamic transmission properties of resonators with intensity depen-

dent nonlinearity have been extensively studied for Fabry-Perot resonators and fiber

rings [37–40]. In chapter 1, we showed that at resonance the intensity inside a ring res-

onator is much higher than that at the input waveguide due to the positive feedback. In

this chapter, we will carefully study such enhancement and its projection on the dynamic

performance of the microring resonator for all-optical switching applications. We will

concentrate on the reduction achievable in the switching power of a microring due to the

resonant condition.

3.1 Small Signal Analysis

For a small range of detuning, i.e., much smaller than the 3-dB bandwidth of the mi-

croring resonance, a small signal analysis approach is enough to understand the dynamic

behavior of the resonator and to determine its switching enhancement. In such analysis,

we will assume that the linear parameters of the microring resonator are constants with
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Figure 3.1: A schematic diagram of a ring resonator coupled to a straight waveguide.

respect to time. Without loss of generality, we will consider the notch filter case that

we have introduced in chapter 1. As shown in Fig3.1, it consists of a ring waveguide

coupled to a single straight waveguide. At steady state, the field transmittance of the

filter is given by

Et

Ei
=

r−aejφ

1− raejφ , (3.1)

wherea is the round trip field attenuation of the microring,r is the field transmittance

coefficient, andφ is the round trip phase. At critical coupling, where the round-trip

power loss is equal to the bus-to-ring coupling, the power transmittance of the filter can

be written as

T =
∣∣∣∣Et

Ei

∣∣∣∣2 =
2r2(1−cosφ)

1+ r4−2r2cosφ
. (3.2)
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As can be seen in Fig.3.2, a complete power extinction is obtained at the resonance

frequency. At the same time, the optical intensity inside the ring is enhanced at reso-

nance and results in a reduction in the effective switching threshold of the device. Such

switching threshold can be calculated by taking the derivative of Eq.3.2with respect to

the input power,Pi . This can be expressed as

dT
dPi

=
dT
dφ

dφ
dPr

dPr

dPi
, (3.3)

where,Pr is the power circulating inside the microring. The first term on the right-hand

side of Eq.3.3 represents the change in the device transmission due to resonance. This

term is computed from Eq.3.2to give

dT
dφ

=
2r2κ4sinφ

(1+ r4−2r2cosφ)2 . (3.4)

To maximize the switching enhancement, we choose to operate the device where the

transmittance has a maximum slope. It can be shown that this point occurs atφmax just

off the resonance phase, as shown in Fig.3.2, with

cosφmax≈ 1− κ4

6
, for κ� 1. (3.5)

Substituting from Eq.3.5 into Eq.3.4gives

dT
dφ

∣∣∣∣
φmax

≈ 3
√

3
8κ2 . (3.6)

The last term on the right-hand side of Eq.3.3represents the power enhancement factor

in the microring resonator. Since the ratio of the circulating intensity in the microring to

the input intensity is given by∣∣∣∣Er

Ei

∣∣∣∣2 =
κ2

1+ r4−2r2cosφ
, (3.7)
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Figure 3.2: Throughput transmittance (solid line) versus phase detuning near resonance,

for a microring notch filter with critical coupling andκ2 = 10%. The slop of the trans-

mittance,dT/dφ (dashed line), shows that maximum switching enhancement is obtained

at φmax located just off resonance.
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therefore atφmax we obtain

dPr

dPi
≈ 3

4κ2 . (3.8)

3.1.1 Nonlinear Kerr Effect

If the microring resonator guiding material posses a third order nonlinearity manifested

as an intensity-dependent refractive index, then the material refractive index can be writ-

ten as

n = n0 +n2Ir, (3.9)

wheren0 is the linear refractive index,n2 is the nonlinear refractive index coefficient,

andIr is the resonant field intensity. As a result, the round trip phase shift can be written

as

φ = φ0 +
2πLn2

λAeff
Pr, (3.10)

whereφ0 is the linear phase term,L is the circumference of the microring,λ is the wave-

length of the input light, andAeff is the effective mode area of the microring waveguide.

Thus

dφ
dPr

=
2πLn2

λAeff
. (3.11)

Substituting from Eqs.3.6, 3.8and3.11into Eq.3.3, we obtain the switching threshold

of the microring resonator

dT
dPi

∣∣∣∣
φmax

≈ 9
√

3
16

πn2L
λAeff

1
κ4 . (3.12)
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Since the field enhancement, FE, of the resonator is inversely proportional to the cou-

pling coefficientκ, then

dT
dPi

∣∣∣∣
φmax

∝ (FE)4. (3.13)

Therefore, the effect of the resonator is to introduce two separate enhancements. One is

due to operating near resonance where the slope of the transmittance is maximum. The

other is due to the field enhancement inside the microring. The combined effect is to

enhance the nonlinear response by the fourth power of the FE.

3.1.2 Two-Photon Absorption

When pumping the microring with photons that have energy above half the bandgap

energy of the materials, TPA takes place and can dominate over the nonlinear ultrafast

Kerr effect. The free carrier generation inside the resonator by such process is given by

dNc(t)
dt

=
α2

2h̄ω
I2
r −

Nc

τc
, (3.14)

whereNc is the generated free carrier density,α2 is the TPA coefficient,ω is the input

light frequency,Ir is light intensity, andτc is the free carrier life time. For a pump pulse

of pulse width∆t that is shorter than the carrier lifetimeτc, Eq.3.14can be approximated

as

∆Nc≈
α2∆t
2h̄ω

I2
r . (3.15)

These free carriers generated by TPA change the refractive index of the microring res-

onator according to

∆n =−σr∆Nc, (3.16)
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where σr is the refractive volume of the material. Substituting from Eq.3.15 into

Eq.3.16, we obtain

∆n≈−σrα2∆t
2h̄ω

I2
r . (3.17)

Unlike the linear intensity dependence of the Kerr effect, Eq.3.17shows that the non-

linear refractive index change due to TPA has a quadratic dependence on the pump

intensity. Therefore, TPA dominates over Kerr effect for pump intensities higher than

the crossing point between the linear and the quadratic dependence. In such a case, TPA

has to be taken into consideration. The phase change inside a microring resonator due

to the contribution of the free carriers generated by TPA is thus given by

∆φ≈−πL
λ

σrα2∆t
h̄ω

I2
r , (3.18)

and hence

dφ
dPr

≈− 2πL

λA2
eff

σrα2∆t
h̄ω

Pr. (3.19)

By substituting from Eqs.3.19, 3.6, and3.8into Eq.3.3, we obtain the magnitude of the

switching threshold to be ∣∣∣∣dT
dPi

∣∣∣∣
φmax

≈ K
1
κ6 , (3.20)

where

K =
27
√

3
64

πLσrα2∆t

λA2
effh̄ω

Pi . (3.21)

Rewriting Eq.3.20as a function of the resonator FE, we obtain

∣∣∣∣dT
dPi

∣∣∣∣
φmax

∝ (FE)6. (3.22)
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Therefore, an enhancement of the sixth power of the cavity FE is obtained when TPA

is the nonlinear process involved. In doing the above analysis, we have ignored any

contribution of the Kerr effect. Also, we have assumed that the resonator round trip

loss is constant and ignored any nonlinear loss contribution. If the nonlinear loss is

significant, then the round trip loss will change dynamically and the critical coupling

condition will be broken, degrading the switching enhancement.

3.2 Discussion

After we have considered and studied the nonlinear enhancement offered by the mi-

croring resonator using small-signal analysis, here we discuss the limitations of such

analysis. We assumed that a small range of detuning is considered which is not prac-

tical for all-optical switching purposes where at least 10 dB switching contrast is re-

quired. Such contrast is only achievable by detuning the microring resonance by at least

the resonance 3-dB bandwidth. Therefore, the assumption that we are operating at the

transmission maximum slop point,φmax shown earlier in Fig.3.2, is not always valid.

In addition, the field resonating inside the resonator is dynamically changing as the mi-

croring resonance is detuning across a certain input signal wavelength. The same is

valid for the resonator FE. In Fig.3.3, we plot the dynamic FE (solid line) versus the

input power, for a critically coupled microring resonator notch filter that has a radius of

10 µm, κ2 = 10%, and a nonlinear Kerr indexn2 = 10−17 m2/W. As the input power

increases, the nonlinear refractive index change detunes the microring resonance away
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Figure 3.3: Dynamic FE and transmission of a microring resonator when a pump beam

is tuned to its resonance.

from the input signal, and hence the FE decreases. On the other side, the resonator

transmission (dotted line) increases. This situation resembles shooting a moving target.

There are two possible solutions to overcome the moving resonance problem. The first

one is to detune the input pump wavelength to track the moving resonance dynamically

in the same way a moving target can be shot. In a real system, this is not practical.

The other solution is to make the target wider in spectrum so that it can be hit more
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easily. For instance, the resonance can be designed to have a box shape where it has a

flat top and higher roll off sides on the drop output and flat notch bottom on the through-

put output. Even so the resonance can be detuned by the input pump signal, the pump

signal is still in resonance because of the box like shape of the resonance. Such box

like resonance shape has been proposed and demonstrated using higher order microring

resonator filters, in which more than one microring are cascaded either in parallel or in

series [41–46]. In [47], a notch was added inside the resonator to have a clockwise and

counter clockwise propagation in the resonator and therefore a second order filter was

proposed.
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CHAPTER 4

FABRICATION OF SEMICONDUCTOR

M ICRORING RESONATORS

In this chapter I will review the fabrication processes and steps that have been used

to fabricate the optical semiconductor microring resonators. These devices have been

fabricated in GaAs and InP material systems and have been used in the experimental

work demonstrated in this thesis. The fabrication process of the laterally coupled InP

devices has been developed by R. Grover and the fabrication process for the vertically

coupled GaAs devices has been developed by P. Absil and J. Hryniewicz. V. Van, R.

Grover, K. Amarnath and L.-C. Kuo have assisted me through the various stages of

fabricating my own devices.

4.1 Laterally Coupled InP-based Microring Resonators

In a laterally coupled scheme both the ring and the bus waveguides are in the same

plane and therefore have the same guiding material. The epitaxial layer structure for

the laterally coupled InP devices is shown in Fig.4.1. The epilayer is grown by solid-

source Molecular Beam Epitaxy (MBE) on an InP substrate. The core layer is made of
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Core

Ga0.31 In0.69As 0.71P0.29

300 nm upper cladding

InP

60 nm

50 nm

Buffer growth and substrate

Lower cladding

Figure 4.1: Schematic of the InP wafer layout showing the different layers thicknesses.

interlaced layers of InP and GaInAsP because we had difficulty growing thick layers of

GaInAsP using the MBE. The fabrication steps are shown schematically in Fig.4.2and

are summarized below [13].

4.1.1 Sample Preparation

The wafer is cleaved into 15×15 mm pieces. Each piece, called a “sample” hereafter,

is processed one at a time. The sample is cleaned by solvent rinse in acetone, methanol,

and isopropanol, successively. The sample is then dried using an N2 air brush.
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(a) (b) (c)

(d) (e)

(g)

(f)

(h)

Figure 4.2: Schematic diagrams showing the fabrication steps for a laterally coupled InP

microring resonator: (a) deposition of SiO2, (b) spin of PMMA photoresist, (c) electron-

beam lithography, (d) photoresist developing, (e) chromium deposition and lift off,

(f) pattern is transferred to the SiO2 layer, (g) pattern is transferred to the epilayer, and

(h) the Cr-SiO2 mask is removed by soaking in hydrofloric acid, which dissolves the

SiO2.
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4.1.2 SiO2 Deposition in PECVD Chamber

The sample is coated with 800 nm of SiO2 using the Plasma Enhanced Chemical Vapor

Deposition (PECVD) to serve as a hard mask to etch the epilayer (Fig.4.2(a)).

4.1.3 PMMA Deposition

A PMMA bi-layer of total thickness of 300 nm is spun-on the sample, and pre baked at

170oC for 15 minutes (Fig.4.2(b)).

4.1.4 Electron-Beam Lithography

For lateral coupling, the gap between the ring waveguide and the bus waveguide has to

be within 0.1 µm for proper coupling. Such high-resolution can be achieved by electron-

beam lithography. This step was done at the Cornell Nano-Scale Facility, Ithaca, NY.

The bus and microring waveguides pattern are exposed by direct write of the electron

beam on the PMMA (Fig.4.2(c)). After exposure, the photoresist is developed by soak-

ing the sample into the developer solution. The microring and bus waveguides are the

developed area of the photoresist (Fig.4.2(d)).

4.1.5 Chromium Deposition and Lift off

Using the electron-beam evaporator, a 100 nm of Cr is deposited on the sample. Then,

the sample is soaked in acetone for 30 minutes to lift off the unexposed PMMA with

any Cr on top of it and leaving behind the developed PMMA pattern covered with Cr.

The Cr pattern is used as a hard mask to etch the SiO2 layer (Fig.4.2(e)).
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4.1.6 Mask Transfer to SiO2

The Cr features are transferred to the SiO2 layer by feature etch in the Reactive Ion

Etching (RIE) chamber (Fig.4.2(f)).

4.1.7 Mask Transfer to InP

Both Cr and SiO2 are used to dry etch the InP epilayer in the RIE chamber (Fig.4.2(g)).

4.1.8 Mask Removal

The sample is soaked in hydrofloric acid for 3 minutes to remove the SiO2 mask together

with the Cr mask on top of it (Fig.4.2(h)).

A scanning electron micrograph (SEM) picture of a fabricated GaInAsP-InP add/drop

microring resonator is shown in Fig.4.3.

4.2 Vertically Coupled GaAs-based Microring Resonators

In the vertical coupling scheme, the coupling between the microring waveguide and

the bus waveguide is in the vertical direction through an epitaxially-grown mid layer

in contrast to the lateral scheme in which coupling is through an etched low refractive

index gap [4, 11, 48]. Therefore, the vertically coupled microring guiding material can

be different from that of the bus waveguide. As a result, active-passive integration is

now feasible. For instance, the microring guiding material can be designed to have a

bandgap close to the input light wavelength for higher nonlinearity or can be made of a
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Figure 4.3: SEM picture of a GaInAsP-InP micro-racetrack resonator. The racetrack

has a straight section length of 20µm and a radius of 10µm. The etch depth is 3.5µm

and the coupling gap is 100 nm. The microring and bus waveguides widths are 0.5µm.

quantum well structure for active and tuning purposes while the bus guiding material can

be designed to have a bandgap larger than the photon energy and therefore transparent

to the input light. Moreover, the coupling gap no more has to be precisely controlled

through the electron beam lithography since coupling is through a pre-grown mid layer.

This allows the use of photolithography for exposing both the microring and the bus

waveguide. Photolithography has the advantage of higher throughput yield in contrast
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GaAs top layer (20 nm)

Al0.5Ga0.5As cladding (300 nm)

GaAs core (500 nm)

GaAs core (500 nm)

GaAs substrate

In0.48Ga0.52P etch stop layer (100 nm)

Al0.5Ga0.5As cladding (300 nm)

Al0.5Ga0.5As cladding (500 nm)

Figure 4.4: Schematic layout of the vertical coupling GaAs wafer showing the different

layers thicknesses. The 20 nm top layer of GaAs prevents the AlGaAs cladding layer

from being exposed to air and therefore not to be oxidized.

to the low throughput yield of the electron beam lithography. In addition, more complex

structures, where two or more symmetric microrings are involved, can be fabricated.

The layer structure for the vertically coupled GaAs-AlGaAs microring resonators is

shown in Fig4.4. The fabrication steps for this scheme are shown in Fig.4.5 and are

summarized as follows [49].
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(a) (b) (c)

(d) (e) (f )

Figure 4.5: Schematic diagrams for the fabrication process steps of vertically coupled

microring resonators: (a) sample cleaning, (b) microring level exposure and etch, (c)

chip flip bonding using BCB, (d) substrate removal, (e) etch stop removal, and (f) bus

waveguides exposure and etch.
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4.2.1 Photolithography

Since there is no small gap needed, a 10× i-line stepper is used to pattern the devices on

photoresist. For each exposure level, an OIR 906-10 photoresist is spun on the sample

for 1 minute at 3500 rpm (for a thickness of 1.1µm) and pre baked at 90oC for 1 minute.

After exposure, the photoresist is post-baked at 120oC, then soaked for 1 minute in the

developer solution, OPD 4262, followed by rinsing in deionized water, and blow-dried

with nitrogen.

4.2.2 Multilevel Alignment

To align the microring waveguide precisely with the bus waveguides, both the ring

waveguide mask and the bus waveguide mask have alignment keys and Vernier marks.

The alignment keys help in aligning the bus waveguide with respect to the microring

waveguide. The Vernier marks help in measuring the misalignment error.

4.2.3 GaAs Feature Etch

First we expose the microring waveguide level using the appropriate mask together with

the alignment keys and Vernier marks. Then the exposed photoresist is used as a soft

mask to etch down the microring waveguide using the Inductively Coupled Plasma

chamber (ICP) to achieve an etch depth of 950 nm. After that, the sample is soaked

in acetone for 30 minutes to remove the soft mask. The sample is examined in the SEM

to determine the etching quality and the side wall verticality.
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4.2.4 Chip Flip-Bonding

A 15×15 mm2 GaAs piece, back-side polished, is used as a transfer substrate or carrier.

The carrier is cleaned and coated with adhesion promoter, AP 3000. The same promoter

is used to coat the sample. The promoter helps the benzocyclobutene (BCB) that is used

as a bonding material to stick well to both the carrier and the sample surfaces. A drop

of BCB is placed on the new carrier and the sample is flipped with the epilayer facing

downward and is placed on top of the carrier with rough alignment of the crystal axes

of both pieces. The sample is pressed down gently on the carrier to remove any air

bubbles that might have been trapped during the bonding step. After that, the sample

is placed under an Infra Red (IR) transmission microscope with an IR lamp underneath

the whole sample to examine for any air bubbles trapped in between the two samples

before curing the BCB. If any bubbles are found, the BCB is dissolved and the bonding

step is repeated. After that, the sample is placed in the furnace to cure the BCB, which

bonds the sample to the transfer substrate.

4.2.5 GaAs Substrate Removal

The growth substrate is removed in 3 steps. The first step is a fast nonselective etch in

which the 650µm GaAs substrate is thinned chemically down to 150µm. The second

step is a slow but selective etch (GaAs over InGaP) that removes the remaining 150µm

GaAs substrate and is stopped by the 100 nm InGaP etch stop layer. The final step is a

selective etch (InGaP over GaAs) that removes the etch stop layer. Once the etch stop
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layer has been removed, the epilayer transfer is complete, and the epilayer is ready for

the next exposure level.

4.2.6 Clearing the Alignment Keys and the Vernier Marks

At this point, the total epilayer thickness is 2.1µm and the alignment marks have only

been etched down to 0.95µm from top side. Before we proceed with the next level,

we first clear the alignment marks from the bottom or flipped side of the epilayer. The

sample is coated with a fresh photoresist and is exposed using a special mask with

windows only on the alignments marks. After that, these exposed windows are etched

down using the ICP until the Alignment and Vernier marks are clear and can be seen

on the sample in the optical microscope. The unexposed photoresist is removed and the

sample is coated with photoresist to expose the bus waveguide level. We then pattern

the bus waveguides down to 950 nm. This leaves a mid layer of 200 nm between the

ring and the bus waveguide that provides mechanical strength and enhances the coupling

between the bus waveguide and the microring waveguide cores.

4.2.7 Sample Thinning and Cleaving

To obtain optical quality waveguide facets, the sample has to be cleaved properly. There-

fore, the carrier substrate is chemically thinned down to 150µm. The remaining thin

substrate is easy to cleave while strong enough to be handled and mounted later. The

cleaving process is initiated using a diamond tip scriber to scribe along the crystal axis

of the substrate. The scribe marks are equally spaced by 500µm to produce 500µm bars.
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The sample is cleaved by placing it on a razor blade aligned along the scribe marks. By

pushing the sample down on the blade, the scribe mark propagates along the crystal axis.

The cleaved bars are then mounted on 600µm wide brass mounts using silver epoxy,

and are ready for testing and handling.

4.3 Light Coupling

We use a special optical fiber to couple light to and from the device. The fiber we used

has a conically shaped tip that acts as a lens to focus the single mode guided by the

fiber core (typically 8µm diameter) to a narrow beam waist at the waveguide input.

The input and output fiber tips are aligned to the device input and output facets using

two micro controlled stages. Each stage has a 3 axes of freedom (X, Y and Z) and 2

angular tilting knobs (Θ and Φ). An imaging system, consisting of a video camera,

a light source and a magnifier, is used to roughly align the fiber tip to the center of

the waveguide. A fine alignment is obtained by executing an automated 3-dimensional

scan of the optical mode at the input and output facets and aligning the fiber tips to

the peak of the Gaussian mode. This is very critical to aligning the input power to the

device input waveguide. The use of the conically tipped fibers in combination with

the micro controlled stages helped us to obtain a reasonable coupling efficiency and

therefore succeed in investigating the nonlinear characteristics of microring resonators.

In Fig. 4.6, we plot the X-Y scanned mode profile at the output of a single mode GaAs

waveguide vertically coupled to a single microring resonator. The input light wavelength
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Figure 4.6: 3-dimensional plot of the measured Gaussian mode at the output of a single

mode waveguide vertically coupled to a microring resonator. The input light wavelength

is tuned away from the microring resonance. The waveguide width is parallel to the X-

axis and the waveguide height is parallel to the Y-axis.
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was tuned away from the microring resonance to obtain reasonable output power and to

isolate the bus waveguide from the microring resonator. As can be seen in Fig.4.6, the

measured Gaussian mode of the waveguide is asymmetric towards the negative Y-axis.

This asymmetry in the output mode can be explained by the asymmetry in the waveguide

structure caused by the presence of the high refractive index 0.5µm AlGaAs mid layer.

This asymmetry also allows the electric field to be coupled between the bus waveguide

and the microring waveguide.

4.4 Anti-Reflection Coating

A final step that enhances the performance and the coupling of light to the bus waveg-

uide is the application of an anti-reflection (AR) coating on the bus waveguide facets.

Semiconductors have refractive indices close to 3 and hence reflect light efficiently. This

in return degrades the coupling efficiency of light to a semiconductor waveguide. More-

over, the cleaved facets of a straight waveguide act as a Fabry-Perot resonator and will

have resonances with free spectral range determined by the length of the waveguide.

Using the Fabry-Perot technique, the linear loss of the waveguide can be estimated from

the spectrum of the uncoated bus waveguide [36].

In analogy with transmission line theory, the reflectance of the waveguide facet can

be brought to zero by impedance matching [50]. This requires coating the waveguide

facet with a material that has a refractive index,n, equal to the square root of the prod-

uct of the refractive indices on both sides of the facet. Additionally, the thickness of
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the material has to be equal to odd multiple ofλ/(4n), whereλ is the wavelength of

the incident light. Therefore, for a GaAs waveguide, the coating material should have

a refractive index of
√

1×3 = 1.73. A 240 nm layer of aluminum oxide, Al2O3, is

deposited on the facets of the devices using the electron-beam evaporator. The optical

constants of the deposited Al2O3 layer are accurately measured using an ellipsometer.

The refractive index of Al2O3 is measured to be 1.62.

In Fig. 4.7, we plot the spectrum of a vertically-coupled notch filter microring res-

onator before and after AR coating. From the uncoated device spectrum (Fig.4.7(a)),

we estimate the straight waveguide linear loss coefficient,α0, to be 2 cm−1 and a power

reflectivity of the uncoated facet of 25%. To determine the reflectivity of the AR coated

facet, the spectrum of the device single-side AR coated is measured (Fig.4.7(b)). The

power reflectivity of the AR coated facet is estimated to be 2%. In Fig4.7(c), we plot

the throughput transmission of the device with both facets coated. As can be seen, the

Fabry-Perot resonances have been almost eliminated and therefore the microring reso-

nances are clear and linear parameters of the microring can be determined precisely.
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Figure 4.7: Normalized throughput transmission of a vertically coupled GaAs microring

resonator notch-filter with the bus waveguide facets: (a) uncoated, (b) single-side AR

coated, and (c) both sides AR coated.
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CHAPTER 5

ALL -OPTICAL SIGNAL PROCESSING USING

SEMICONDUCTORM ICRORING RESONATORS

In this chapter I will demonstrate all-optical switching, pulse reshaping, time division

multiplexing/demultiplexing, and spatial pulse routing using GaAs-AlGaAs microring

resonators. As we discussed earlier, the transmittance of a microring coupled to a sin-

gle optical bus waveguide (Fig.5.1) is determined by the interference between the by-

pass wave and the wave extracted from the ring. This transmittance can be altered

by changing either the absorption or the refractive index of the ring, or both. For the

GaAs-AlGaAs microrings operated at the 1.55 µm wavelength, the absorption and in-

dex changes can be accomplished via two-photon absorption (TPA) of a high-intensity

pump beam tuned to one of the microring resonance modes. The subsequently induced

change in the transmittance is then used to switch a low-intensity probe beam tuned to

the vicinity of a different resonance mode.
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20 µm

Figure 5.1: Optical micrograph of a vertically-coupled GaAs-AlGaAs microring res-

onator. The microring resonator appears with a different color than that of the bus

waveguide because the picture is taken in the dark field and the microring is below

the bus waveguide.

5.1 All-Optical Switching

5.1.1 Theory

The interaction between the pump and probe beams as they circulate in the ring can be

described by a set of coupled nonlinear propagation equations using the slow envelope

approximation. LetAr(z, t) andBr(z, t) represent the field envelope of the pump and

probe signals, respectively, in the ring and designatezas the linear coordinate along the

ring path. Assuming|Br| � |Ar|, the propagation of the pump and probe beams in the

presence of TPA-induced nonlinearity is given by

dAr

dz
+

n0

c
dAr

dt
= −α0Ar− (α2 + jn2k0)IpAr− (∆αfc + j∆nfck0)Ar,

dBr

dz
+

n0

c
dBr

dt
= −α0Br− (α2 + jn2k0)IpBr− (∆αfc + j∆nfck0)Ar. (5.1)
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In the above,Ip ∝ |Ar|2 is the pump beam intensity,n0 is the waveguide effective index,

α0 is the linear absorption coefficient,α2 andn2 are the nonlinear TPA loss and refrac-

tion coefficients, respectively, and∆αfc and∆nfc are the changes in the absorption and

refractive index induced by free carriers generated from the TPA process. The contribu-

tions∆αfc and∆nfc are proportional to the free-carrier density,Nfc, via∆αfc = σaNfc and

∆nfc = σrNfc, with σa andσr being the absorption cross section and refraction volume,

respectively. The free-carrier density generated by TPA evolves according to

dNfc

dt
=

α2

2h̄ω
I2
p−

Nfc

τfc
, (5.2)

whereτfc is the carrier relaxation time. Coupling between the input pump,Ai(t), the

output pump,Ao(t), and circulating pump beamAr(z, t) in the ring is described by the

set of equations,

Ao(t) = rAi(t)− jκAr(t− τ)ejφ,

Ar(t) = rAr(t− τ)ejφ− jκAi(t), (5.3)

whereκ2 is the coupling coefficient,r2 = 1−κ2, τ is the round-trip time, andφ is the

round-trip phase. A similar relationship exists for the probe signalsBi(t), Bo(t), and

Br(t). Eqns.5.1, 5.2, and5.3 are time-difference equations which are numerically in-

tegrated to simulate the passage of the pump and probe beams through the microring

resonator. In chapter 3, steady-state analysis for the case where the pump pulse is much

longer than the cavity lifetime revealed a reduction in the switching threshold propor-

tional to the sixth power of the field enhancement, FE.
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5.1.2 Device Characteristics

The microrings used in our experiment consisted of a 10µm-radius GaAs/AlGaAs ring

vertically coupled to a straight waveguide bus, as shown in Fig.5.1. The wave-guiding

structure has high lateral index contrast (3.37:1.5) to minimize the bending loss. A

high-index, epitaxially-grown AlGaAs mid-layer allows for efficient coupling between

the ring and bus waveguides. Fig.5.2 shows the measured spectral response of the

micro-resonator at the 1562 nm resonance and the theoretical fit. At resonance, near

critical coupling causes a deep extinction of 8.5 dB in the signal. Assuming negligible

propagation loss in the bus waveguide, a coupling coefficient of 3% and a round-trip

power loss of 6% were obtained for the microring, giving a 3-dB bandwidth of 0.16 nm

and a quality factor of 9800. The finesse of the device as determined from the mea-

sured 3-dB bandwidth and free spectral range was 68. The device has a computed field

enhancement factor of 3.7 and a cavity lifetime of 42 ps.

5.1.3 Simulation Results

We first simulated the nonlinear propagation of a 300 ps pump pulse through the mi-

croring. The wavelength of the pulse was set at 1561.97 nm, which is 0.1 nm blue

detuned with respect to the cavity resonance mode at 1562.07 nm. The parameters used

in the simulation areα0 = 10.2 cm−1, α2 = 24 cm/GW, n2 = 1.5× 10−13 cm2/W,

σa = 1.5× 10−16 cm2, σr = 10−20 cm3 and τfc = 50 ps. The free carrier life time,

τfc, was an adjusted parameter in our simulations to fit measured transient responses.
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Figure 5.2: Measured spectral response and its theoretical fit for a 10µm-radius GaAs-

AlGaAs microring resonator at the 1562 nm resonance. The discrepancy between mea-

surement and model on both sides of the resonance peak is due to the Fabry-Perot mod-

ulations in the bus waveguide.

61



Fig. 5.3 shows the evolution of the normalized pump intensity,Ip, inside the microring

and the output pump intensity. The circulating pump intensity in the ring is normal-

ized to its peak value, and is actually 12 times higher than the peak input intensity, due

to field enhancement effect in the resonator. As can be seen in Fig.5.3, the circulating

pump intensity is lagging the input pump intensity by approximately the cavity charging

time. It is also observed that as the field in the ring charges up, carriers generated from

TPA cause a net decrease in the refractive index of about 2×10−4, which has the effect

of shifting the resonance mode toward shorter wavelengths by nearly 0.1 nm. Conse-

quently, the output pump is observed to initially rise with the field in the ring, but then

dip to a minimum as the microring resonance is pulled closer to the pulse wavelength.

We note that this dip exactly coincides with the peak of the pump intensity in the ring.

At the falling edge of the input pulse, the field in the ring begins to discharge, and the

output pump intensity is seen to rise again as the cavity resonance mode returns to its

initial position.

Next, we launched into the microring a low-intensity CW probe signal tuned to the

resonance mode at 1550.92 nm. By tuning the probe beam with respect to the resonance

and looking at the transmitted probe, one can determine how much refractive index

change is obtained and which direction the resonance wavelength is shifted. This is

demonstrated in the 3-dimensional plot shown in Fig.5.4. When the probe beam is

tuned to 1550.6 nm, far from resonance, it is totally transmitted to the throughput port or

in the “ON” state. As the probe beam is tuned closer to resonance, the probe experience

an increased attenuation as the pump pulse causes the resonance modes of the microring
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Figure 5.3: Simulated nonlinear propagation of a 300-ps pump pulse through a 10µm-

radius GaAs-AlGaAs microring resonator. The output intensity is normalized with re-

spect to the peak input intensity. The pump intensity circulating inside the resonator is

normalized with respect to its peak value, which is 12 times higher than the peak in-

tensity of the input pump. The input pump is a real experimental pulse captured by the

oscilloscope to be used in the simulation.

63



1550.6
1550.8

1551
1551.2

1551.4

0

200

400

600

800

-0.2

0

0.2

P robe Wavelength (nm)

T ime (ps)

In
te

n
si

ty
 (

a
.u

.)

Figure 5.4: 3-dimensional plot of the simulation results for the throughput probe inten-

sity versus wavelength and time. The DC level has been removed for clarity.

to shift to shorter wavelengths, thus effectively pulling the probe beam into resonance.

When the probe wavelength is tuned to resonance at 1550.92 nm and prior to the arrival

of the pump pulse, the transmitted probe signal is strongly attenuated. When the pump

pulse arrives, it shifts the resonance away from the probe beam and as a result we see

a rapid increase in the transmission of the probe signal as it switches on. We have

removed the DC level from all time traces for clarity. In Fig.5.5, we plot the input

pump intensity and the switched probe for the two cases when the probe beam is initially
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Figure 5.5: Simulated pump-probe interactions. (a) Probe beam initially off resonance.

(b) Probe beam initially on resonance. The probe beam intensities are normalized with

respect to the maximum transmittance at resonance.

blue-detuned off resonance at 1550.75 nm, and when it is initially tuned to resonance

at 1550.92 nm. These represents the ideal scenarios for the “ON-OFF” and “OFF-ON”

switching, respectively.
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5.1.4 Experiment and Results

The experimental setup for the pump and probe experiment is shown in Fig.5.6. An

externally modulated laser diode is used to produce a 300 ps pump pulse signal with a

20 MHz repetition rate. The pump beam is then amplified using an Erbium Doped Fiber

Amplifier (EDFA) to compensate for the external modulator and fiber to waveguide

coupling losses. The average input power is 8 mW at the device input waveguide, giving

an estimated peak intensity of 4.8 GW/cm2 in the microring at resonance. The pump

wavelength is set at 1562.0 nm, which is slightly blue-detuned from the resonance. A

3 mW CW probe signal tuned to the next higher resonance at 1550.9 nm is coupled to

the pump beam via a 50/50 fiber coupler and fed to the device input using a conically

tipped fiber to minimize the mode mismatch between the fiber and the waveguide. At

the output the pump and probe signals are collected using another conically tipped fiber,

optically amplified, then separated by a band-pass filter and detected using a 40 GHz

detector and a 50 Ghz oscilloscope. In Fig5.7, we plot a 3-dimensional graph for the

measured throughput probe intensity as function of time and probe wavelength. It can

be seen to be in very good agreement with the simulated 3-dimensional graph shown

earlier in Fig.5.4. Fig. 5.8 shows the time traces of the input pump, the output pump

and the transmitted probe power for the switch-off and switch-on cases. The measured

responses of both the pump and probe signals are seen to match with the simulated

responses shown in earlier in Fig.5.5. The pump pulse is strongly distorted and partially

absorbed due to near critical coupling and TPA inside the microring resonator. The on
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Figure 5.6: Experimental setup for the pump-probe technique to demonstrate all-optical

switching using a 10µm-radius GaAs-AlGaAs microring resonator. PG: pulse gener-

ator. FPC: fiber polarization controller. MZI: Mach-Zehnder interferometer. EDFA:

Erbium doped fiber amplifier. D: detector. BPF: band pass filter.
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Figure 5.7: 3-dimensional plot of the measured throughput probe intensity versus wave-

length and time. The DC level has been removed for clarity.
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Figure 5.8: Measured time traces of the pump and probe beams intensities with (a) probe

beam initially tuned off resonance (high transmission), and (b) probe beam initially

tuned in resonance (low transmission).
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and off switching times of the probe beam are slightly less than 100 ps. Also, it is

observed that the probe beam quickly returns to the original state after the pump beam

has passed. This fast recovery time, which is predicted by our simulation model to be in

the order of 50 ps, is due to a large contribution from surface-state recombination at the

microring waveguide sidewalls as we will discuss later.

5.2 Thresholding and Pulse Reshaping

The nonlinear transmission transfer function of a notch filter-based microring resonator

can be used for thresholding. If an input signal is tuned exactly to a critically coupled

microring resonance, it is initially absorbed by the resonator and there is no output

signal transmitted. When the input signal intensity goes up, the self induced phase shift

in the resonator results in a detuning in the microring resonance wavelength. If the

detuning is large enough, the signal will be out of resonance and no longer absorbed by

the microresonator. In return, the input signal is temporary out of resonance and totally

transmitted to the output port. Such intensity-dependent nonlinear transmission function

can be used for thresholding and pulse reshaping.

Fig 5.9shows the output time trace of a GaAs-AlGaAs microring notch filter when

excited by a 35 ps input pulse carrying approximately 50 pJ of energy and tuned exactly

to the resonator resonance wavelength around 1550 nm. The input signal has a rise time

of 40 ps, while the rise time of the output pulse was measured to be 20 ps. The output

pulse is found to be delayed with respect to the input pulse by 25 ps which corresponds
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Figure 5.9: Time traces of the input and output pulses of a GaAs-AlGaAs microring

resonator. Input and output intensities are normalized by their respective peak values.

The output pulse has been shifted by 25 ps to overlap the input pulse to demonstrate the

pulse reshaping.
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to the charging time of the resonator. We have plotted both pulses on each others to

show the reshaping feature attained by the resonator.

5.3 Simultaneous Time Division Demultiplexing and Spatial Pulse Rout-

ing

A routing switch connects the input port to one of several output ports and physically

moves photons from one port to another. Routing can be based on either the intensity of

the input signals or an external control beam. Typically, the control beam is in different

physical format than the data. For example, the pump beam might have a different

wavelength or polarization than the data beam. Nonlinear directional couplers [51], and

distributed-feedback waveguides [52] are two examples of passive all-optical routing

and demultiplexing switches.

When a microring resonator is used in the add-drop configuration (Fig.5.10), a

pump beam tuned to one of the resonator resonances can be used to spatially route an

incoming signal, tuned to another resonance, to the through port or the drop port of the

device depending on the presence or absence of the control beam [53]. If the incoming

signal consists of a train of time multiplexed data channels, then the pump pulse can be

applied at the appropriate time slot to pick out or demultiplex an individual data channel

and route it to the drop port, while the remaining data channels are passed on via the

through port for further demultiplexing using other microrings. The microring device

in this case functions as an optical time-division demultiplexer. In a similar manner,
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Figure 5.10: A dark field optical microscope picture of a vertically coupled GaAs OCDF

microring resonator.

data pulses can also be multiplexed onto the incoming signal through the add port of the

device.

5.3.1 Device Characteristics

The micro-resonator used in the experiment consists of a single 10µm radius GaAs/AlGaAs

microring vertically coupled to two straight waveguide buses as shown in Fig.5.10. The

wavelength spectrum of the throughput and drop ports are shown in Fig.5.11. The

resonator has a bandwidth of 0.22 nm, a finesse of 45, and a quality factor of 7000.
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Figure 5.11: Normalized measured spectral response for the throughput and drop ports

of the OCDF microring resonator.

5.3.2 Experiment

We first measured the response time of the microring as follows. A semiconductor CW

source, tunable in the 1.5−1.6 µm range, is used to provide a low-power (signal) beam

with a typical coupled power of 1 mW at the device input. Another semiconductor laser

diode is gain-switched at 8.5 GHz to produce 25 ps pulses and is fed to an external

modulator to reduce the repetition rate to 125 MHz. It is then amplified by an EDFA
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to 10 mW average power. The CW signal (probe) beam is blue tuned to the micror-

ing resonance at 1555 nm while the control beam is tuned to the next higher microring

resonance at 1544 nm. Wavelength tuning is achieved by both tuning the input laser

sources wavelengths and by thermally tuning the microring resonator using a thermo-

electric cooler. As we mentioned in chapter 2, the temperature sensitivity of the GaAs

microring is measured to be 0.11 nm/oC. The probe and pump beams are coupled to-

gether using a 10:90 fiber coupler and are fed to the device input waveguide using a

conically tipped single mode fiber. The dropped and throughput beams are collected

using conically tipped fibers, spectrally filtered from the pump beam using a band pass

filter centered at the probe beam wavelength, and analyzed as functions of time using

a 45 GHz detector and a 50 GHz digitizing oscilloscope. Therefore, our measurements

are instrument limited.

Fig. 5.12 shows both the input pump pulse at 1545 nm and the output probe sig-

nal at the drop port when it is slightly blue tuned out of resonance at 1555 nm, thus

initially not dropped. When the 25 ps pump beam comes in, it is partially absorbed

by the ring material via TPA, and free carriers are generated causing a change in ring

waveguide refractive index. This results in a shift in the microring resonances towards

shorter wavelengths and thus the CW signal beam temporary becomes in resonance and

becomes highly transmitted at the drop port. As can be seen in Fig.5.12(b), the dropped

signal exhibits a switching window of 30 ps demonstrating that the device is capable of

switching data up to 33 Gb/s.

In the second part of our experiment we demonstrate the use of the OCDF micror-
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Figure 5.12: Time traces for: (a) the input pump pulse at 1545 nm, and (b) the output

dropped signal when the input probe is initially blue tuned to the 1555 nm resonance.
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ing resonator as a spatial pulse router to switch incoming data to either the drop port or

the through port, depending on the presence or absence of a control pulse. The signal

(probe) beam is a 5 GHz, 40 ps, RZ data stream, and blue tuned to the microring reso-

nance at 1555 nm. For the control beam, an external modulator is used to chop a CW

beam, which is tuned to the next microring resonance at 1544 nm. The pump pulse is

a train of 150 ps at 80 MHz repetition rate. The data signals detected at the drop and

through ports are shown in Fig.5.13. It can be seen from the figure that the drop port sig-

nal is the demultiplexed data from the input data stream, while the remaining unswitched

data are passed on to the through port where further demultiplexing can be performed

using a series of microring resonators. The cross talk at the drop port was measured to

be approximately 8 dB. This cross talk error is primarily due to the asymmetry between

the input and output coupling coefficients, which arose from fabrication errors. The

asymmetry in the coupling coefficients together with the loss inside the resonator are

the reason for incomplete extinction at resonance for the throughput spectrum shown in

Fig 5.11. Higher contrast and therefore less cross talk can be obtained by better match-

ing of the input and output coupling coefficients and reducing the round trip loss as well,

which will result in a critically coupled OCDF resonator. The pulse energy required for

switching is approximately 50 pJ/pulse at the input of the waveguide. The actual energy

coupled to the resonator is much less due to scattering and waveguide tapering losses.

Engineering the material bandgap and increasing the resonator field enhancement will

lower the switching power. The device can be also used in a similar manner to multiplex

data onto the incoming data stream via the add port of the device.
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Figure 5.13: Time traces for: (a) the input 5 GHz RZ data stream slightly detuned to the

resonance at 1555 nm, (b) the control signal at the 1545 nm resonance, (c) unswitched

data at the throughput port, and (d) demultiplexed data at the drop port.
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5.4 Conclusion

In this chapter, we demonstrated all-optical switching in a GaAs-AlGaAs microring

resonator coupled to a single bus waveguide by TPA using the pump-and-probe method.

The dominant nonlinear effect observed experimentally is the carrier-induced change

in the refractive index by TPA. The dynamic performance of the device is confirmed

by our simulation model to match with measured data. Also, we demonstrated the use

of such device in pulse reshaping. Moreover, using a microring resonator in the OCDF

configuration, we demonstrated demultiplexing and spatial pulse routing. The switching

speed of these devices is currently limited by the carrier life time, and the performance

may be further improved by DC biasing the ring waveguide to sweep out free carriers

more rapidly. The pump energy required for switching can be drastically reduced by

designing the resonator to have a higher FE, or by more efficient absorption mechanism

such as single-photon absorption. While employing a gain section inside the resonator

as well as between cascaded devices is challenging, it can reduce the input switching

energy and compensate for the propagation losses suffered by the device.
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CHAPTER 6

PHOTONIC LOGIC GATES USING

SEMICONDUCTORM ICRORING RESONATORS

Photonic logic gates are key elements for realizing optical signal processing and comput-

ing systems. Intensity-dependent all-optical logic gates have been proposed using non-

linear planar waveguide devices such as Mach-Zehnder interferometers and Distributed-

Bragg gratings [54, 55]. Microring resonators are good candidates for building logic

gates because: (i) they are ultra compact [13, 19], (ii) they offer reduced switching

threshold [18,56], (iii) and they have been fabricated on semiconductor platforms which

can be highly nonlinear while transparent at the 1550 nm communication window [57].

As we discussed earlier in chapter 1, the intensity circulating inside a ring waveguide

can be much higher than that in the bus waveguide due to the resonance effect. This

results in enhanced nonlinear effects and lowers the required switching power by up to

the fourth order of the cavity finesse [57]. Moreover, the use of a critically-coupled

resonator allows higher switching contrast and therefore better device performance [9].

In chapter 5, we have demonstrated all-optical switching in GaAs-AlGaAs based

microring devices. The nonlinear effects observed in those devices when operated at the
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1.55µm wavelength are caused by free carriers generated through two-photon absorp-

tion (TPA). TPA can be enhanced if the energy of the pumping photons is closer to the

band-gap energy of the material. Therefore, quaternary GaInAsP materials are attractive

because they can be designed to have energy band-gaps close to 1550 nm, which boosts

nonlinear optical phenomena at the communication window. In this chapter, we demon-

strate and characterize the performance of InP and GaAs based microring resonators as

all-optical logic gates. We characterize both materials in terms of switching energy and

speed [58,59].

6.1 Theory

For a pump pulse which is much longer than the cavity or photon lifetime, a quasi-

steady state analysis can be used to solve for the interaction between the pump and probe

electric fields circulating inside the micro-racetrack. When the pump beam circulating

inside the resonator is partially absorbed, free carriers are generated by TPA according

to

dNc(t)
dt

=
α2

2h̄ω
I2
p−

Nc

τc
, (6.1)

whereNc is the free carrier density,α2 is the TPA coefficient,ω is the pump beam

frequency,Ip is the pump beam intensity, andτc is the free carrier life time. The amount

of free carriers generated inside the resonator is quadratically proportional to the pump

intensity inside the ring, which is proportional to the resonator field enhancement (FE)

squared. In addition, the phase change needed for switching is reduced by the resonator
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finesse which is proportional to FE2. The input optical energy needed for switching is

thus reduced by the sixth power of the resonator field enhancement factor or FE6. On the

other hand, thermal nonlinearity is only proportional to the intensity inside the resonator.

Moreover, the resonator bandwidth is inversely proportional to FE2. Therefore, one can

design the device to operate with a dramatically low switching power while at high

speed data streams.

Since the guiding layer of the InP and GaAs devices are designed to have bandgap

energies at 1380 nm and 800 nm respectively, the 1550 nm pump pulses are partially

absorbed through TPA inside the resonator and free carriers are generated. This results

in a temporal decrease in the refractive index of the resonator waveguide and thus a blue

shift in its resonance wavelengths. When a probe beam is initially tuned to resonance, it

is highly attenuated at the output or ‘0’. If ‘A’ and ‘B’ are the input data streams, then

when either ‘A’ or ‘B’ is ‘1’, the amount of phase shift acquired by the resonator is not

enough to switch the probe out of resonance. However when both signals are ‘1’s, the

amount of generated carriers is 4 times higher because of the quadratic dependence of

the TPA. Moreover, the nonlinear transmission of the resonator enhances the switching

and brings the probe beam out of resonance to ‘1’ or high transmission. This in return

functions as an AND logic gate. If the probe beam is initially out of resonance, then the

device can be operated as a NAND logic gate.
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Figure 6.1: Scanning Electron Microscope (SEM) picture of the InP racetrack resonator.

6.2 Experiment and Results

6.2.1 InP Devices

6.2.1.1 Device Description

We first tested the InP devices. The device used in the experiment, a laterally coupled

ring, is shown in Fig.6.1. It consists of a racetrack resonator that has a 10µm radius

and a 3µm straight coupling section. The waveguide core is made of GaInAsP and has

a cross section area of 0.5×0.5µm2. Fig 6.2 shows the measured spectral response at

the throughput port of the race-track resonator for S-polarized input light. The linear
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Figure 6.2: Measured (solid line) and fitted (dashed line) spectral response at the

throughput port of the racetrack resonator.

parameters of the resonator are extracted by fitting the throughput spectral response.

A unique solution for the round trip loss and the coupling coefficient can be found if

both the resonance band width and its extinction can be measured precisely. As can be

seen in Fig.6.2, the long wavelength resonance has a deeper extinction as it is closer to

the critical coupling point. The extinction depth varies from one resonance to another

because the coupling coefficient is wavelength dependent. For the resonance at 1550 nm,
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Figure 6.3: Experimental setup for the photonic logic AND gate using the micro-

racetrack resonator. PG: Pattern generator, PC: Polarization controller, BPF: Band-pass

filter.

the extinction is 20 dB, the round-trip power loss is 40%, and the coupling coefficient

is 46%. The ring resonator has a 3-dB bandwidth of 1.8 nm, a free spectral range of

10 nm, a finesse of 6, and an estimated FE of 1.5.

6.2.1.2 Experimental Setup

In Fig 6.3, we plot a schematic diagram for the experimental setup used to demonstrate

the logic gate operation. The device is pumped by two counter-propagating data streams
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in analogy with [60]. A pump beam source, consisting of a continuous-wave (CW)

external-cavity laser diode tuned to the resonator resonant wavelengths at 1550 nm, is

externally modulated by a pattern generator. The pump pulses are RZ data generated at

0.5 GHz with 500 ps pulse duration. They are split by a 50/50 coupler into two counter-

propagating data streams channels, ‘A’ and ‘B’. Each channel is separately amplified by

two EDFAs, filtered with a band-pass filter, and injected into one port of the device using

a conically-tipped fiber. The pump pulse energy is 18 pJ at the input of the device. A

variable optical delay line is used to adjust the arrival of one data channel with respect

to the other at the resonator. The probe beam, a CW signal tuned to the resonator

resonance at 1560 nm, is amplified separately and coupled with one of the data channel

using a 50/50 coupler. The probe power is 10 mW at the device input. The output probe

is collected using a fiber circulator, band-pass filtered at the probe beam wavelength,

optically-amplified, and fed to a 40 GHz detector and a 50 GHz oscilloscope. The

circulator is used to pass the input pump data to the device while passing the output

probe signal to the receiver.

6.2.1.3 Results

In Fig 6.4, we plot the time traces of the inputs and output data patterns illustrating

AND gate operation. The probe beam is initially tuned to resonance and hence suffers

low transmission or ‘0’. We have adjusted the intensity and wavelength of the pump

beams, ‘A’ and ‘B’, such that each one can not switch the probe beam out of resonance

by itself. When both ‘A’ and ‘B’ are ‘1’s, the intensity is 4 times higher and is enough
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Figure 6.4: Time traces showing the AND logic gate operation using the InP microres-

onator. (a)‘A’ and (b)‘B’ are the two input pumps tuned to the resonance at 1550 nm and

(c)‘F=A.B’ is the output probe signal tuned to the next higher resonance at 1560 nm.
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to switch the probe out of resonance to the ON or ‘1’ logic state. The estimated pump

intensity required to switch the probe beam out of resonance is 0.2 GW/cm2, when the

pump beam is tuned to the max slope of the resonator where the switching sensitivity is

maximum [56].

6.2.1.4 Device Speed

We investigated the speed of the device using a mode-locked laser at 5.6 GHz and ex-

ternally modulated at 140 MHz. The pump pulse had a pulse width of 35 ps and energy

of 20 pJ. The actual input energy at the device was considerably less, as discussed later.

In Fig. 6.5, we show the device on-off and off-on switching windows, when the probe

beam was initially blue tuned out and to the 1550 nm device resonance, respectively. We

measured a switching window of 100 ps, limited by the carrier life-time, and a 13 dB

switching contrast, limited by the noise floor of the receiver. From measured data and

simulation model, we estimate a 0.9 nm temporal tuning of the microring resonator for

that amount of pulse energy.

6.2.2 GaAs Devices

6.2.2.1 Device Description

We also investigated the performance of similar GaAs devices [9]. The device we tested

has the same configuration as the one shown in Fig.6.1. It has a resonance at 1548 nm

with an extinction of 19.5 dB, a round-trip power loss of 20%, a coupling coefficient of

25%, a 3-dB bandwidth of 0.78 nm, a free spectral range of 11 nm, a finesse of 14, and
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Figure 6.5: Transient response of the InP micro-racetrack resonator when (a) the probe

beam is initially blue tuned to the 1550 nm resonance, and (b) the probe beam is initially

tuned to resonance.
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an estimated FE of 2.2.

6.2.2.2 Setup and Results

We used an experimental setup similar to the one shown in Fig.6.3. To obtain high speed

data, a gain-switched laser diode at 8.4 GHz and externally modulated at 140 MHz, is

used for the data source. The pump pulses have energy of 80 pJ per pulse at the input

waveguide of the device. Again, the actual pulse energy coupled to the device is hard to

measure. The pump data are tuned to the device resonance at 1548 nm while the probe

beam is tuned to the resonance at 1559 nm. The probe beam has a power of 10 mW

at the input waveguide. In Fig.6.6(a) and (b), we plot the time traces for the inputs

‘A’ and ‘B’ and in Fig. 6.6(c) we plot the output probe ‘F’ when the probe beam was

initially tuned to resonance. It shows that the output is only ‘1’ when both ‘A’ and ‘B’

are ‘1’s, demonstrating AND gate operation. In Fig.6.6(d), we plot the output ‘F’ when

the probe beam was initially 0.4 nm blue tuned to resonance. Initially, the probe beam is

highly transmitted or ‘1’. When both ‘A’ and ‘B’ are ‘1’s, the generated carriers shift the

resonance wavelength enough to bring the probe beam in resonance and thus suffers low

transmission or ‘0’. This shows a NAND gate operation. In both cases, the output ‘F’

can be seen to follow the inputs instantaneously. The switching window of the device is

35 ps limited by the carrier lifetime and the detection system bandwidth. This implies

that all-optical logic operation using our GaAs microring resonator is feasible up to

30 Gb/s.
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Figure 6.6: Time traces showing logic operation using the GaAs microresonator: (a)

and (b) are the inputs ‘A’ and ‘B’ tuned to the resonance at 1548 nm; (c) output ‘F’

when the probe is initially in resonance at 1559 nm; and (d) output ‘F’ when the probe

is initially blue tuned out of resonance at 1558.6 nm.
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6.3 Discussion

6.3.1 Nonlinear Loss

The total propagation loss inside the microring resonator is given by

α = α0 +α2Ir. (6.2)

We have previously measured the TPA coefficient,α2, for both GaAs and InP straight

waveguides using the single-beam transmittance technique. We estimate a value ofα2

to be 18 and 43 cm/GW for GaAs and InP, respectively. Based on these values, the con-

tribution of the nonlinear loss term given byα2Ir can be neglected and the assumption

of constant round trip loss inside the resonator is valid for the amount of pump intensity

that we used for the logic gate experiment.

6.3.2 Device Speed

When free carriers are injected into an intrinsic waveguide, both electrons and holes start

to diffuse with different thermal velocities. The motion of electrons creates a charge

imbalance and results in an internal electric field,E, that drags the holes along with it.

The total flux of the charged electrons and holes is thus composed of a drift component

and a diffusion component. This can be expressed as

Je = −µeneE−De
δne

δx
,

Jh = −µhnhE−Dh
δnh

δx
, (6.3)
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whereµe andµh are the electron and hole mobilities,ne andnh are the electron and

holes densities in cm−3, andx is the direction of motion. The electron and hole diffusion

constants,De andDh, are given by the Einstein relationship,D = (KT/q)µ, where KT=

25 meV at room temperature, andq is the electron charge. The charge neutrality holds,

so thatne = nh = n. Now with the assumption that the imbalances in the fluxes are very

small, we can extract the internal electric field to be

E =
Dh−De

n(µe+µh)
δn
δx

. (6.4)

By substituting from Eq.6.4 into Eq.6.3, we obtain

J = Je = Jh =−µeDh +µhDe

µe+µh

δn
δx

. (6.5)

We thus end up with an expression in which the flux of the charged carriers is simply

proportional to the negative gradient of the carrier concentration. Eq.6.5 is a simple

diffusion equation with a new ambipolar diffusion constant given by

Da =
µeDh +µhDe

µe+µh

=
2DeDh

De+Dh
. (6.6)

The ambipolar mobility is thus given by

µa =
q

KT
Da. (6.7)

Assuming diffusion to the waveguide side walls is the dominant recombination process,

the ambipolar carrier lifetime is approximately given by

τa =
L2

Da
, (6.8)
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whereL is the diffusion length and approximately equals to half the waveguide width.

We measured the carrier lifetime of the materials by pumping a straight waveguide

section and probed the induced absorption at a different wavelength. The carrier lifetime

is 50 ps and 120 ps for GaAs and InP 0.5µm wide waveguides, respectively. Since the

waveguides guiding layers are intrinsic, ambipolar diffusion is expected. From Eqs.6.8

and 6.7, we estimate the ambipolar mobility of GaAs as 500 cm2/Vs and of InP as

210 cm2/Vs. Using published hole and electron diffusion constants and mobilities [61],

we calculated the ambipolar mobility for GaAs and InP to be 738 and 290 cm2/Vs, re-

spectively, not far from measured values. Faster response can be achieved by shortening

the carrier lifetime through one of several methods. By DC biasing the microresonator

waveguide, a static electric field normal to the epitaxial layer is induced which rapidly

sweeps the free carriers out of the waveguide core [62]. In a second method, doping the

guiding layer with p-type carriers will result in a reduced n-type minority carrier life-

time, which is much shorter than the ambipolar lifetime [63]. Engineering the bandgap

through tensile strain can also enhance the hole mobility and thus shorten the carrier

lifetime.

In Table6.1, we summarized the published GaAs and InP holes and electrons mobil-

ities, diffusion constants, and the measured ambipolar mobility. It is worth mentioning

that in general the device speed is limited by the cavity or photon lifetime,τph, as well

as the carrier lifetime,τc, according to

1
τ

=
1

τph
+

1
τc

. (6.9)
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Table 6.1: Electrons, holes, and ambipolar properties of GaAs and InP intrinsic materi-

als.

GaAs InP (Unit)

Electron mobility,µe 8500 4600 cm2/Vs

Hole mobility,µh 400 150 cm2/Vs

Electron diffusion constant,De 220 120 cm2/s

Hole diffusion constant,Dh 10 3.9 cm2/s

Ambipolar diffusion constant,Da 19.1 7.5 cm2/s

Ambipolar mobility,µa 738 290 cm2/Vs

Measured Ambipolar mobility,µa 500 210 cm2/Vs

If the nonlinear process involved is instantaneous, as it is the case for the nonlinear Kerr

effect, the speed of the device is ultimately limited by the photon lifetime of the cavity.

On the other hand, when a slow nonlinear process is involved, such as carriers generated

with a lifetime much longer than the photon lifetime, then the speed of the device is

limited by the carrier lifetime.
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6.3.3 Nonlinear Refraction

We now calculate the numer of free carriers generated according to Eq.6.1and compare

it with the estimated value from

∆n =−σr∆N, (6.10)

whereσr is the refractive volume of the material and is around 10−20 cm3 for both

GaAs and InP [64, 65]. The refractive index change is estimated by measuring the

shift in the microresonator resonance wavelength and is estimated to be approximately

∆n = −10−3. The free carrier density calculated by Eq.6.1 is one order of magnitude

higher than the estimated value using Eq.6.10. We believe this discrepancy is due to the

difficulty in estimating the actual input power at the coupling section of the microring

because of coupling losses and tapering waveguide losses. For the pump intensity used

in the experiment, the TPA refractive index change is at least one order of magnitude

higher than the Kerr index change because of the quadratic dependence of TPA refrac-

tion versus the linear dependence of the Kerr effect refraction. Therefore, the nonlinear

Kerr refractive index change has been neglected.

6.3.4 Switching Energy

Finally, based on Eq.6.10and the fact that the switching energy of the device scales

down by(FE)6, we predict sub-pico joule switching energy is required to operate the

logic gate at 100 GHz assuming a carrier lifetime of 10 ps and a microring resonator

that has a moderate FE of 4.
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6.4 Multiple-Microring based Photonic Logic Functions: NOR Gate

For a complete set of functionally complete logic gates, at least two different logic

gate functions are required. So far we have only employed one microring resonator

to demonstrate either AND or NAND logic gates. In this section, we will employ two

cascaded symmetric microring resonators to demonstrate a NOR logic gate.

6.4.1 Device Description

An optical micrograph of the device is shown in Fig.6.7. It consists of two 9µm-

radius microring resonators vertically coupled to a throughput straight bus waveguide.

Each ring has a drop port separated by 250µm from the throughput port. These extra

input and output ports eliminate the need for any external fiber splitter or circulator as

was the case for the single microring logic gate. The 250µm separation between the

drop port and the throughput port is chosen to match the pitch distance of a conically

tipped fiber array used to couple light in and out of the device. The throughput and

drop waveguides are tapered from 2.5 µm at the cleaved facets to 0.8 µm at the coupling

section to the resonators. The 2.5 µm wide facets help to tolerate any possible submicron

errors in the 250µm fiber-to-fiber fixed pitch distance of the fiber array and therefore a

reasonable coupling efficiency is obtained. The 0.8 µm width at the coupling sections

of the microrings maintains a single mode behavior of the bus waveguide. The device

was fabricated using the GaAs wafer shown earlier in Fig.4.4. A SEM picture for the

microring resonators level is shown in Fig.6.8.
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Figure 6.7: Optical micrograph picture of the NOR logic gate. The two microring res-

onators are symmetric and of radii 9µm. The etched features appear in orange while the

waveguides and the top of the trenches appear in cyan. The subset shows a magnified

picture of the microring resonators underneath the bus waveguides.
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Figure 6.8: SEM picture of the microring level of the NOR logic gate showing the two

microring resonators. The picture was taken after the microring level feature etch and

before chip-flip bonding to the new carrier.
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6.4.2 Linear Characteristics of the Device

The throughput and both drop ports spectrums are shown in Fig.6.9. The resonance

wavelengths of both microrings were designed to coincide with each other. Due to pro-

cessing imperfections, there is a 0.2 nm shift around the 1557 nm resonance wavelength.

In addition, the throughput extinctions do not exceed 10 dB. The resonators have a 3-dB

bandwidth of 0.22 and 0.3 nm, a finesse of 47 and 35, a quality factor of 7077 and 5189,

and a FSR of 10.42 nm. Assuming symmetric coupling for each resonator, we estimate

a coupling coefficient of 5.3% and a round trip loss of 2.3% for the first microring res-

onator, and a coupling coefficient of 7.2% and a round trip loss of 2.9% for the second

microring resonator. The estimated FE factor is 3.6 and 3.1, respectively. Since the

pump data wavelengths are chosen to be the same for both microrings and there is a

0.2 nm wavelength mismatch between the two microring resonances due to fabrication

errors, high switching energy requirement is expected to compensate for that mismatch.

6.4.3 Experimental Setup and Logic Operation

A schematic diagram for the experimental setup is shown in Fig.6.10. A CW probe

beam, ‘C’, is coupled to the input port of the throughput bus waveguide. Its wavelength

is blue tuned to the resonance wavelength at 1557 nm and therefore initially highly

transmitted, or ‘F=1’. The two input pump data, ‘A’ and ‘B’, are tuned to the microrings

resonances at 1546 nm. When either ‘A’ or ‘B’ is ‘1’, the correspondent microring is

blue detuned by the induced free carriers by TPA and therefore the probe beam becomes
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Figure 6.9: Normalized spectrum for the: (a) throughput port, (b) drop port of the first

microring resonator, and (c) drop port of the second microring resonator.
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A

λc F

Figure 6.10: Schematic diagram for the experimental setup used to demonstrate a NOR

logic function. ‘A’ and ‘B’ are the input data while ‘C’ is the CW probe beam. ‘F’ is the

output probe spectrally filtered aroundλc.

temporarily in resonance, or ‘F=0’. When both ‘A’ and ‘B’ are ‘1’s, both microring are

blue detuned and again the probe beam becomes in resonance and highly attenuated at

the output of the throughput waveguide, or ‘F=0’. Writing the Boolean truth table for

this function, we obtain ‘F=A ·B = A +B’ which represents a NOR logic gate.

In Fig. 6.11 we plot the time traces for the input data streams, ‘A’ and ‘B’, and the

output probe, ‘F’, after being spectrally filtered aroundλc. As can been seen, the output

is ‘0’ whenever either ‘A’, ‘B’, or both is ‘1’. The output is ‘1’ only if both ‘A’ and

‘B’ is ‘0’. The switching contrast is only 6 dB due to the fact that the resonators are not

critically coupled. The switching energy is estimated to be 20 pJ per pulse at the input of

the waveguide. This switching energy is higher than expected from device and material
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Figure 6.11: Time traces for the input pump data streams (a)‘A’, (b)‘B’ at 1546 nm, and

(c) the output probe signal at 1557 nm.
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parameters [58], and the actual energy at the rings maybe considerably lower. We also

believe that the 0.2 nm mismatch between the two microring resonators contributed to

that high amount of switching energy. This is mainly due to the fact that the input

data wavelengths, ‘A’ and ‘B’, are the same while the two microrings have a slightly

different resonance wavelengths and therefore a substantial amount of pump energy was

not coupled to the resonators. The switching speed of the device is limited by the time

carriers diffuse to the waveguide side walls [66]. The device speed can be enhanced

by DC biasing the microresonators waveguides to sweep out the generated free carrier

more rapidly.

6.5 Fabrication Limitations

We also designed another photonic NOR logic gate using two symmetric microrings but

cascaded in a different configuration. An optical microscope picture of the fabricated

device is shown in Fig.6.12. The device works as follows. A probe beam, ‘C’, is coupled

to the middle waveguide of the device. If the probe beam is tuned to the resonance

wavelength of both symmetric microrings, then it is dropped by the first microring, then

dropped by the second microring, and then directed to the middle output waveguide as

the output ‘F’. The transmissions of both microrings are controlled by the pump data

beams, ‘A’ and ‘B’, which are tuned to a different resonance of the microrings and fed

to the device through the top and bottom waveguides. The pump beam ‘A’ controls the

transmission of the upper microring while the pump beam ‘B’ controls the transmission
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250 µm

Figure 6.12: Optical microscope picture of two symmetric microrings NOR logic gate

in the drop configuration. The red arrows show the path of the probe beam from input

to output. The blue arrows show where the pump data, ‘A’ and ‘B’, are coupled to the

device.
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of the lower microring. Therefore, whenever ‘A’ and ‘B’ are ‘0’s, the probe beam is

dropped at the output through both microrings and the output is high, or ‘F=1’. If

either ‘A’, ‘B’, or both is ‘1’, either microring or both are detuned from the probe beam

wavelength and does not drop it temporarily. At this point, the path of the probe beam

to the output is cut and the output goes low, or ‘F=0’. This function as a NOR logic

gate. The main advantage of this configuration is that the pump beams, ‘A’ and ‘B’, are

circulated to different output waveguides away from the output ‘F’ and therefore there

is no need to spectrally filter the output probe signal.

In Fig.6.13, we plot the throughput spectrum of the device or the S-waveguide where

the input light was fed at the lower left waveguide facet while the output is measured

at the upper right waveguide facet. The S-waveguide is the throughput waveguide for

both microrings (Fig.6.12). As can be seen in Fig.6.13, due to fabrication errors, a

0.5 nm resonance shift is obtained between the two microrings and therefore the device

can not be used. This resonance wavelengths mismatch can be explained as a difference

in the effective refractive indices of both microrings in the order of 10−3, or a difference

between their circumferences equal to 20 nm, or a combination of both. We believe that

this mismatch is due to the non uniformity of the photo lithography. A promising way

to overcome any mismatch due to fabrication errors is to actively tune the individual

microrings either by integrated electrodes or embedded micro heaters.
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Figure 6.13: Normalized measured throughput power at the output of the S-waveguide

of the device. The device is not anti-reflection (AR) coated.

6.6 Conclusion

In summary, we have demonstrated all-optical AND and NAND logic gates using InP

and GaAs micro-racetrack resonators. The pump pulses were used to temporarily alter

the refractive index of the resonator through free carriers generated by nonlinear absorp-

tion, which switches the probe beam out of, or into, resonance only when both inputs

were ‘1’s. Furthermore, we have proposed and demonstrated an all-optical NOR logic
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gate using two cascaded and symmetric GaAs-AlGaAs microring resonators. The per-

formance of these devices can be enhanced by controlling the coupling coefficients of

the individual microresonators. Moreover, micro-heaters can be used to control the in-

dividual microresonators resonance wavelengths and therefore tolerate any fabrication

errors. The switching speed is limited by carrier lifetime and we expect much faster re-

sponse with DC biasing the microresonator. We predict sub picojoule switching energy

for a microresonator that has a moderate field enhancement factor of 4 and a switching

window of 10 ps (100 Gb/s).
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CHAPTER 7

FREE CARRIER INJECTION IN

SEMICONDUCTORM ICRO-RING RESONATORS

When a semiconductor is exposed to light with photon energy above the absorption edge,

each absorbed photon creates an electron-hole pair. A moderate density of these injected

carriers or excess particles significantly alters the optical properties of the semiconduc-

tor. This mechanism is always referred to as aResonantoptical nonlinearity, because

the photon radiation is close to the bandgap energy of the material. In the late 1970s, it

was shown that this effect was large enough to induce optical bistability in semiconduc-

tor etalons [67, 68]. In this regard, direct-bandgap semiconductors, such as GaAs, are

more attractive because they have an abrupt absorption edge that is easily modified with

optical excitation [69].

One way to use the microring resonator as an all-optical switch was discussed and

demonstrated in chapter 5 through TPA. The switching speed was limited by the photon

lifetime as well as the carrier recombination lifetime. A more efficient technique is free

carrier injection induced by Single-Photon Absorption (SPA). In other words, by op-

tically pumping the microring semiconductor material with photon radiation above its
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bandgap, one can control the refractive index of the microring resonator. In this man-

ner, millimeter-wave propagation in a semiconductor waveguide had been controlled by

an optical signal [70, 71]. This technique offers some advantages in comparison with

what has been previously demonstrated using TPA: (1) the pump beam does not need

to be tuned to one of the microring resonance wavelengths; (2) the switching speed is

no longer limited by the cavity charging time since the pump beam does not resonate

in the microring, allowing ultrafast switching to take place; (3) the absorption mecha-

nism is much more efficient and (4) with proper pump beam spot size and wavelength,

switching power can be much smaller. In [72], tuning of a micro-disk resonator fil-

ter was demonstrated by carrier injection through an electrical current. However, such

technique suffers from the parasitic capacitance effects associated with the contacts,

therefore limiting the switching speed and the capability of the device.

In this chapter, we demonstrate lightwave switching in laterally coupled GaAs-

AlGaAs microring resonators by free carrier injection. The ring waveguide is optically

pumped just above its bandgap energy, which results in a temporal tuning of the mi-

croring resonant wavelengths by the refractive index change due to the induced free

carriers [66]. Both the transmission and the phase functions of the resonator are investi-

gated and used to demonstrate all-optical switching. Dr. W. Cao, Y. Kim and J. Li have

helped me through this experiment and in the simulation model.
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7.1 Transmission Switching

First we consider and examine the use of the transmission-transfer function of the Add/Drop

Micro-Racetrack resonator for all-optical switching purposes.

7.1.1 Theory

The electric field circulating inside the micro-racetrack resonator shown in Fig.7.1(a)

can be written as:

Er(t) =− jκ1Ei + r1r2a ejφEr(t− τ), (7.1)

whereEi is the input Continues Wave (CW) probe beam,r1 andr2 are the field trans-

mission coefficients at the input and output waveguides, respectively,a is the round trip

field transmission,κ1 is the field coupling coefficient between the input waveguide and

the racetrack waveguide such thatκ2
1 + r2

1 = 1, andτ andφ are the round trip time and

phase of the resonator, respectively.

The round trip phase,φ, defined by Eq.1.3 is proportional ton, the refractive index

of the ring waveguide, which in return is a function of the carrier density injected in the

ring waveguide. The dynamic behavior of the circulating electric field can be simulated

by numerically solving Eq.7.1after substituting from Eq.1.3.

7.1.2 Device Characteristics

The first device used in the experiment is shown in Fig.7.1(b) [45].It consists of a

5 µm radius racetrack resonator laterally coupled to two straight waveguide buses with
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Figure 7.1: (a) Schematic diagram for a racetrack resonator coupled to two straight

waveguides and (b) Scanning Electron Microscope picture of the device used in the

experiment.
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Figure 7.2: Measured (solid lines) and fitted (dotted lines) spectral response at the

throughput and drop ports of the microring resonator around 1543.4 nm.

a straight coupling section of 10µm.

Fig. 7.2 shows the measured spectral response of the micro-resonator at both the

throughput and drop ports at resonance mode at 1543.4 nm with the input light S polar-

ized. The resonator linear parameters are extracted by fitting both the throughput and

drop port spectral responses with the assumption of symmetrical couplings at the input

and output waveguides, i.e.,κ1 = κ2. The round trip power loss is 24% and the coupling
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coefficient is 11%. The ring has a 3 dB bandwidth of 1.3 nm, an intrinsic quality factors

of 1200, a free spectral range of 18 nm, and a finesse of 14.

7.1.3 Experiment

All-optical switching is accomplished using the pump-probe scheme, in which a high-

intensity pump pulse is used to control the transmission of a CW probe beam tuned

to one of the micro-racetrack resonances. By sweeping the probe beam wavelength

across the microring resonance and detecting the time variation of the dropped signal,

the resonance wavelength shift of the microring and hence its refractive index change

can be measured. The experimental setup is as follows. The pump beam is a train of

model-locked Ti:Sapphire pulses at 800 nm. The pulse width is typically 100 fs with

1 kHz repetition rate. The average power of the beam is attenuated to less than 1µW at

the device surface. A lens system is used to focus the beam to approximately a 25µm

spot size to pump the microring from top. The probe beam is provided by an external

cavity semiconductor laser diode which is tunable around 1550 nm. The laser diode is

tuned to the micro-racetrack resonance wavelength at 1543.4 nm with an average power

of a few mW. The probe beam is fed into the input port of the resonator using a conically

tipped fiber. The output of the drop port is also collected with another conically tipped

fiber, optically amplified, fed to a 40 GHz detector and monitored by a 50 GHz scope.

Since the bandgap wavelength of GaAs is around 800 nm, the pump pulse is almost

fully absorbed in the microring waveguide and high density of free carriers are gener-

ated. These carriers decrease the refractive index of the microring waveguide and cause
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a temporarily blue shift of the microring resonance wavelength. When the free carriers

diffuse to the waveguide walls and recombine, the effect diminishes. If a probe beam

is tuned to one of these microring resonant wavelengths, the output probe signal will

be modulated. The depth of modulation depends on the magnitude of the resonance-

wavelength shift. In addition, the steeper the resonator profile, or in other words, the

higher the cavity finesse, the larger the modulation of the output signal for a given wave-

length shift.

Fig.7.3(a)shows a 3-dimensional plot of the measured time variation of the dropped

probe signal versus its wavelength. When the probe beam is initially tuned to the shorter

wavelength side of the microring resonant wavelength, the carrier-induced blue shift in

the resonance brings the probe beam into resonance and is temporarily dropped at the

output, thus it experiences a rapid increase in transmission. When the probe beam is

initially tuned to the resonant wavelength, the carrier-induced index change shifts the

resonance away from the probe beam, resulting in a rapid attenuation of the dropped

signal. Simulation results shown in Fig.7.3(b)are in good agreement with measured

data. By measuring the switching contrast of the dropped beam at the different probe

wavelengths, one can deduce the amount of resonance wavelength shift. Our simu-

lation model yields a maximum refractive index change of 2.6× 10−3 that leads to a

resonance wavelength shift of 1.2 nm. The switching contrast is approximately 7 dB.

Higher switching contrast can be obtained by injecting more carriers or by using a crit-

ically coupled resonator [9]. A rise time of 10 ps is measured for the dropped probe

beam and is limited by the detection system. A switching window of 20 ps is obtained
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Figure 7.3: (a) Measured and (b) simulated modulation of the dropped signal for differ-

ent input probe beam wavelength (The DC level has been removed in both (a) and (b)

for clarity).
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and shown in the inset of Fig.7.3(a).

7.1.4 Discussion

When free carriers are injected into a semiconductor waveguide, its refractive index has

the following expression [70]:

η,k =
1
2

{
±

(
εL

ω2
p

ω2 +ν2

)

+

(εL−
ω2

p

ω2 +ν2

)2

+

(
ν
ω

ω2
p

ω2 +ν2

)2
1/2


1/2

, (7.2)

in which η and k, the real and imaginary parts of the complex refractive index, are

obtained by selecting the ‘+’ or ‘-’ sign of the leading term of the right hand side of

Eq. 7.2, respectively. Eq.7.2 shows that the refractive index depends on the dielectric

constant of the materialεL, the plasma frequencyωp, the collision frequency of the

carriersν, and the frequency of the propagating probe beamω. The plasma frequency

is given by:

ω2
p =

Npe2

ε0m∗
(7.3)

whereNp is the free carrier density,e is the free electron charge,ε is the free space

permittivity, andm∗ is the effective mass of the carrier.

The effective pump energy that hits the microring is 20 pJ/pulse and this corre-

sponds to 8×107 photons/pulse. Since the absorption coefficient of GaAs at 800 nm is

104 cm−1, a carrier density of 2.5×1018 cm−3 is expected.

In Fig. 7.4(a)we plot Eq.7.2 and in Fig.7.4(b)we plot the real part of the refrac-
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Figure 7.4: (a) Real (solid) and imaginary (dotted) parts of the refractive index and (b)

real part of the refractive index change versus carrier density for the microring GaAs

waveguide at the probe wavelength.
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tive index change versus the injected free carrier density at a probe beam wavelength

of 1543.4 nm. For a carrier density of 2.5× 1018cm−3, a refractive index change of

3×10−3 is estimated which is consistent with the value obtained from the experiment.

Fig. 7.4(a)shows that the change in the imaginary part of the refractive index at that

value of carrier density is in the order of 10−5. Thus, the additional loss due to the free

carriers can be neglected and the assumption of a constant round trip loss inside the

resonator is valid.

7.2 Phase Switching

So far we have only discussed the use of the transmission-transfer function of the mi-

croring resonator for switching. However, an examination of its phase-transfer function

reveals a similar nonlinear enhancement, as we discussed earlier in Sec.1.3. This phase

enhancement can be observed by introducing the microring resonator into one arm of

a Mach-Zehnder interferometer (MZI). Although, a MZI requires aπ phase shift for

switching, Fig.1.4 showed that such amount of phase shift is drastically reduced by

introducing the resonator on one arm of the MZI. It is worth mentioning here that the

propagation loss of the microring has to be minimum for high interference visibility

between the two arms of the MZI and hence efficient switching.

Fig. 7.5(a)shows a SEM picture of a MZI loaded with a microring resonator. The

spectral response of the device is shown in Fig.7.5(b). The asymmetry of the transmis-

sion around the resonance is due to the unintentional phase imbalance between the two
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Figure 7.5: (a) A Scanning Electron Microscope picture of the MZI loaded with a mi-

croring resonator device and (b) measured (solid line) and fitted (dashed line) spectral

response of the device around its resonance wavelength at 1556 nm.
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arms of the MZI. The phase error is due to the electron beam lithography since each arm

of the MZI is written separately. From the spectrum of the device, the resonator has an

intrinsic quality factor of 2060 and an estimated finesse of 18.

We used the same experimental setup mentioned earlier to pump the device from the

top. In Fig.7.6, we plot the off-on switching behavior of the device, when the probe

beam was initially tuned to the microring resonance at 1556 nm. A switching window

of 24 ps is obtained, allowing 40 GHz data processing. An effective energy of 4 pJ/pulse

is used to switch the device, which is approximately one order of magnitude lower than

the energy required to switch the transmission-function of the microring resonator [73].

7.3 Carrier Lifetime

The speed of these devices is mainly limited by the carrier lifetime of the guiding mate-

rial since the pump beam does not circulate inside the resonator. To measure the carrier

lifetime independently, we optically pumped a tapered straight waveguide at different

width sections. We ramped the pump beam energy so that enough carriers were injected

into the waveguide and absorption was observed in a transmitted probe beam. By de-

tecting the intensity variation of the probe beam, we could measure the recovery time

of the transmitted signal and hence the carrier lifetime. In a tightly confined waveguide,

diffusion to the waveguide walls dominates, where fast surface recombination occurs.

In Fig.7.7(a), we plot the normalized transmitted probe beam intensity when the waveg-

uide was pumped at different cross sections. In Fig.7.7(b), we plot the carrier lifetime
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Figure 7.6: The Off-On switching behavior of the MZI loaded ring device when the

probe beam is initially tuned to the microring resonance at 1556 nm.

versus its diffusion length which is approximately half the waveguide width. As can be

seen, the carrier lifetime varies quadratically with the diffusion length as expected due to

the diffusion processes. Since the guiding layer is made of intrinsic bulk material, am-

bipolar diffusion takes action where both electrons and holes contribute to the diffusion

process. Using the Einstein relation, we fitted the carrier lifetime curve and extracted the

ambipolar diffusion constant to be 19.2 cm2/s. The ambipolar diffusion constant calcu-

lated from published values of electrons and holes mobilities and diffusion constants of
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Figure 7.7: (a) Normalized transmitted probe intensity when the tapered straight waveg-

uide was optically pumped at its width of (i) 2.0 µm, (ii) 1.5 µm, (iii) 0.8 µm, and (iv)

0.5 µm. (b) Measured and quadratic fit of the carrier lifetime of the GaAs waveguide

versus the carrier diffusion length.
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GaAs [61] is found to be 19.4 cm2/s, which is very close to the measured value. Faster

response time can be obtained by DC biasing the microresonator waveguide, where a

static electric field normal to the epitaxial layer is induced and rapidly sweeps the free

carriers out of the waveguide core [62].

7.4 Conclusion

In this chapter, we have demonstrated all-optical switching by free carrier injection in-

duced by SPA in laterally coupled GaAs-AlGaAs microring resonators. Simulation re-

sults have been shown to be in good agreement with measured data. We investigated

both the transmission and phase functions of the resonator using two different device

configurations. These devices have great potential for switching, routing, multiplexing

and demultiplexing, and reshaping. Optical pumping can be accomplished by integrated

VCSELs underneath the microrings or by an array of laser diodes mounted on top of the

microrings. The switching speed is limited by the carrier lifetime and can be enhanced

by DC biasing the microring waveguide to sweep out carriers.
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CHAPTER 8

CONCLUSIONS

In the preceding chapters of this dissertation, our studies of the nonlinear response and

applications of semiconductor microring resonators were presented. In this work, we

found that the carrier lifetime is the current limitation for the device speed. The best

switching window obtained is 20 ps for the laterally coupled GaAs microring resonator

when pumped from top. The InP devices have a switching window of 100 ps due to their

low electron and hole mobilities compared to the GaAs mobilities. For pumping through

the device, the ultimate switching limit is the cavity charging time or the photon lifetime.

Switching energy varies around 20 pJ in most cases. Although the instantaneous Kerr

effect is the nonlinear process we looked for, Two-Photon Absorption is the dominant

nonlinear process involved in these devices when operating at the 1550 nm wavelength.

The free carriers generated by TPA changes the refractive index of the microring waveg-

uide and have been used to demonstrate switching, routing, demultiplexing and photonic

logic gates. Furthermore, injection of free carrier by Single-Photon Absorption (SPA)

was demonstrated and shown to be advantageous in some applications.

The performance of these devices can be enhanced by a better choice of the guid-

ing material with higher nonlinearity and shorter carrier lifetime. Employing an active
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section inside the resonator is a promising solution to enhance the nonlinearity of the

resonator and control its round trip loss and hence its bandwidth and resonance extinc-

tion. The gain provided by the active section can allow better switching contrast as well

as higher signal to noise ratio at the output of the device. Once such gain is feasible,

more microrings can be involved and cascaded to realize more complex functions and

devices. Coupling losses are also to be considered. Moreover, the fabrication of local

micro heaters imbedded with the resonator will give another degree of freedom in terms

of thermal stability and tenability.

In conclusion, nonlinear optical microring resonators are good candidates for all-

optical signal processing and computing. We showed that, while they are simple to

process and design, they have shown great potential in optical switching, pulse reshap-

ing, time division demultiplexing, spatial pulse routing, and photonic logic gates. On a

planar integrated photonic circuit, passive and active microring resonators are soon to

be the basic building blocks for the linear and nonlinear components.
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