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ABSTRACT

Dual-wavelength laser sources have various existing and potential
applications in wavelength division multiplexing, differential techniques in
spectroscopy for chemical sensing, multiple-wavelength interferontetahertz-
wave generation, microelectromechanical systems, and microflathan-chip
systems. In the drive for ever smaller and increasingly mobile electtenices,
dual-wavelength coherent light output from a single semiconductor laser diode
would enable further advances and deployment of these technologies. The output
of conventional laser diodes is however limited to a single wavelength band with
a few subsequent lasing modes depending on the device design. This thesis
investigates a novel semiconductor laser device design with a single cavity
waveguide capable of dual-wavelength laser output with large spegiaaagen.

The novel dual-wavelength semiconductor laser diode uses two shorter-
and longer-wavelength active regions that have separate electron and hiele quas
Fermi energy levels and carrier distributions. The shorter-waveleate a
region is based on electrical injection as in conventional laser diodes, and the
longer-wavelength active region is then pumped optically by the internehbpti
field of the shorter-wavelength laser mode, resulting in stable dual-watreleng
laser emission at two different wavelengths quite far apart.

Different designs of the device are studied using a theoretical model
developed in this work to describe the internal optical pumping scheme. The
carrier transport and separation of the quasi-Fermi distributions are therechodel
using a software package that solves Poisson's equation and the continuity



equations to simulate semiconductor devices. Three different designs\ane gro
using molecular beam epitaxy, and broad-area-contact laser diodescagspd
using conventional methods. The modeling and experimental results of the first
generation design indicate that the optical confinement factor of the longer-
wavelength active region is a critical element in realizing dual-lwagéh laser
output. The modeling predicts lower laser thresholds for the second and third
generation designs; however, the experimental results of the second and third
generation devices confirm challenges related to the epitaxial growth of t

structures in eventually demonstrating dual-wavelength laser output.



DEDICATION

To Amy for her constant love, support, and motivation in this journey.
Without her | never would have accomplished that which | have, nor would | be
the person that | am today.

To our girls, Hailey and Kiersten. Their gentle smiles always remind me
what is most important in life and the joy there is in simplicity. I'm dudt® the
many sacrifices Amy and our girls have made to allow me to pursue nsy goal

Finally, to my Father who has given me so much and been so loving and

patient in extending His tender mercies to me.



ACKNOWLEDGMENTS

I would like to thank Dr. Yong-Hang Zhang for his support and guidance
in conducting this doctoral research and for his motivation in the educational
process. | express my gratitude to the committee members, Dr. NongpabDiT
Cun-Zheng Ning, and Dr. Ronald Roedel. | am grateful to those who provided
mentoring in my first years as a graduate researcher, and | thank Sgui-Qin
(Fisher) Yu and Stephen Sweeney for their instruction and advice in those years. |
would also like to thank Songnan Wu and Elizabeth Steenbergen for their
friendships and the many conversations we enjoyed during these years of graduate
school, and my associations with the following have helped make the experience
overall an enjoyable one: Ding Ding, Kevin O’Brien, Shane Johnson, Robin
Scott, Hank Dettlaff, Michael DiNezza, Jingjing Li, and Jin Fan.

I would like to thank Shi Liu for his assistance in conducting the last set of
photoluminescence measurements, and | thank Kalyan Nunna, Fisher, and
Dongsheng Fan for the epitaxial growth and processing of the later generati
designs of the unique dual-wavelength semiconductor laser diode. | acknowledge
the financial support of the National Science Foundation and Arizona Board of
Regents in conducting this research. | am also deeply grateful tamv/dind
Terry Wilhoit for their financial support through the ARCS Foundation.

Finally, | thank my parents for their love and support and for teaching me

to value education and hard work.



TABLE OF CONTENTS

Page
LIST OF TABLES. ... ..ottt e emmmmme e viii
LIST OF FIGURES ... ..ot s e e e e e e e e e e e aaa st smmmmme s e e X
CHAPTER
1 INTRODUCTION....cotttiiiiiiieiee e e e s e e e e e e e e e e e eeeeeaaannnnnnns 1.
l. Creative Advancements of Laser Diodes .......ccoceeeiiiiiienennne 1

Il. Dual-Wavelength Semiconductor Laser Diodes Using Internal
OptiCal PUMPING ...eeiiiiiiiiiiiiiie et 8
2 PREVIOUS RESEARCH ON DUAL-WAVELENGTH LASER
DIODES ... oot e e e e e e e e eaaae 14
l. Engineering the Resonant Cavity............occeeeeeeeeeeeeiciiiieeneeenns 15
[l. Multi-Wavelength Laser Diode Arrays..........coueeeeeeseceeeennn. 17
l1l. Asymmetric Multiple Quantum Well Lasers............cccuveee... 21
IV. Optically-Pumped Dual-Wavelength Lasers...................... 26
3 INTERNAL OPTICAL PUMPING THEORY. ...t 32

|. Rate Equations, Photon Density, and Laser Threshold....... 32

Il. Internal Optical Pumping Theory ...........ceeoiiiiiieeeeennee. 37
lll. Results of Internal Optical Pumping Model ........................ 42
IV. Multiple-Quantum-Well Master Laser Active Regian......... 50
V. Cavity Length Variation .............cccueiormiieiieiiieeee e, 63
VI SUMMATY ..ot 66



CHAPTER Page

4 DEVICE MODELING METHODS.......cccctiteiieeiiiee e siee e enieee s 68
l. Calculation of Cavity Optical Modes ..........comiiiieeeeeeeennnnne. 68
Il. Adjustments for Free-Carrier and Barrier Absorptian.......... 74

l1l. Modeling Sub-Threshold Carrier Dynamics.......ccccceeuvvveeee.. 77

IV, SUMMAIY ..o 90
5 EXPERIMENTAL METHODS ......oooviiiiiiiivmmmm e 91
I Epitaxy GroWEh .......cceveiiiiiee e 91
[l. DEVICE PrOCESSING ...cceiiiieiieieee ettt a e e e snbaeeeae e 94
[1l. DEVICE TESHNG ...vveeeeeiiiiiiiiee e eeee e e et 99
6 FIRST GENERATION DEVICE DESIGN.........ccveeiiiiiiviieiiiinns 107
I 7= T | TR SOPPPRRRROY 4 K
[l. Experimental RESUILS ...........c.eveveiiiiieeeiee e 114
[1l. Modeling RESUILS .......coooeiiiiiiiieee e 120
IV. Summary of First Generation Design ........ccccceuvveeeeeenns 125

7 SECOND AND THIRD GENERATION DEVICE DESIGNS....127

l. Modeling and Design of the Second Generation Design...127

Il. Modeling and Design of the Third Generation Design...... 134
l1l. Novel Dual-Wavelength Laser Design Summary ............ 140
V. Experimental RESUIS..........ccoooiiiiiieenieeiieeee 143

V. Summary of Second and Third Generation Designs........ 153

8  CONCLUSION ...oiiiiiiitee e al5

REFERENCES ... ..o e



Table

3.1.

3.2.

3.3.

3.4.

4.1.

4.2.

4.3.

4.4,

5.1.

6.1.

6.2.

6.3.

7.1.

7.2.

7.3.

LIST OF TABLES

Page
Logarithmic Gain-Current Density Parameters............ccccceeeennn. 43
Assumed Modal Losses of Master and Slave Lasers............... 45

Optimum Optical Confinement and Thresholdk 8ihgle Quantum
Well Master Laser Active Region..............ooceeeeeeeeeeeeiiiviieene e 49
Optimum Optical Confinement and Threshold$/foltiple-Quantum
-Well Master Laser Active Region ...........coocueeeeeeiiiiiieeneeeeniiee 60

Refractive Indices in Modeling Optical Modes abbBWavelength

LaSEr DESIGNS .....uviiiieeiiiieiieee e e e et e e e e e e snnreeeeeeeennnnees 37
Recombination Parameters in Modeling DWLD @resi............... 81
Carrier Drift Mobility in Modeling DWLD Designs..............c....... 82
Band Parameters in Modeling DWLD DeSigNS.cce...ccoovvvveeeeennn. 89

Quantized Energy Levels and Transition WavelerngtAstive

Region Quantum Wells in DWLD ..........c..ooommeeeeeeeeeeeniiiieeeens 94
Control Laser Diode Epitaxial Layers/Design............ccccueeeeeennn. 109
First Generation DWLD Epitaxial Layers/Design..................... 111

Parameters and Results of Internal Opticaldig Model Applied to

First Generation DWLD DeSign ........cceeeiiiiiemmresiiieeeeeessiieeeenn 125
Second Generation DWLD Epitaxial Layers/Design............... 130
Third Generation DWLD Epitaxial Layers/Design................... 137

Parameters and Results of the Internal Qtigaping Model
Applied to the Different DWLD DeSIigNS ........cocecceeeeiiivieeenennnns 142

vii



Table

7.4,

7.5.

Page
GaAs MQW PL Sample Epitaxial Layers/Design.................... 145
InGaAs SQW PL Sample Epitaxial Layers/Design................. 146

viii



Figure

1.1.

1.2.

2.1.

3.1.

3.2.

3.3.

3.4.

3.5.

LIST OF FIGURES

Page
Conceptual band diagram of a conventional mulgpéstum-well
laser diode with asymmetric quantum wells sharing comguasi-
FermileVelS... ... 12
Conceptual diagram of the novel dual-wavelergttrldesign with
decoupled quasi-Fermi levels and internal optical pumping.... 12
Diagram illustrating the design and optical pugof the novel
internal-optically-pumped dual-wavelength laser diode............ 28
Modal gain of the slave laser versus applied matraurrent for
different slave optical confinement factors ... .ccceveeeeeeeeeenenn.. 46
Calculated threshold current densities of aesi@glAs QW master
laser versus optical confinement of the slave actigenme............ 47
Calculated threshold current densities of the $éeer versus optical
confinement of the slave [aSer ...........oooeeeeeceeiiiiiiiie e, a7
Optimum slave laser optical confinement versoBreament factor of
master laser active region. The master laser activenrega single
GaAs quantum Well ... 50
The increase in modal gain of the master G&@¥%V laser active
region with added QW. Each quantum well is 10 nm wide 8#th

optical confinement per well ... 52



Figure

3.6.

3.7.

3.8.

3.9.

3.10.

3.11.

5.1.

Page
Threshold current density of the master MQ\&f lasrsus the slave
optical confinement for increasing number of wells in the MQW
o oAV = To (o] o PR 57
Threshold current density of the slave laset f8f 5, and 7 quantum
wells in the master MQW laser active region. The mimmia the
threshold current corresponds to the optimum optical cemiamt of
tNE SIAVE ... 58
(a) Optimum threshold current densities oftlaster and slave
regions. (b) Optimum slave confinement versus numbe#sf Q
included in the master active regido= 1000pM .......cceeeevveeeennee. 61
The thresholds of the master and slave laseagunction of the
optical confinement of the slave and the cavity length............. 64
The optimum optical confinement of the slaserat which the
threshold of the slave laser is minimized as a funcifdhe cavity
[ENGLN ... 65
Deviation of the master and slave lasers frenoptimum thresholds
where the slave optical confinement is optimized. Téeesoptical
confinement is held constant at 0.69% which is the aptiroptical
confinement for a cavity length of 10Q8..............ccccvvvvveenennnee. 66
Process flow diagram showing the criticgdsia fabrication of the

dual-wavelength laser diodes .................commmmmecvvevinrireeeeeeneeee.. 98



Figure

5.2.

5.3.

5.4.

5.5.

5.6.

5.7.

6.1.

Page
Photograph of the equipment and setup bu#istdaser diodes at
Arizona State UNIVEISILY .......ocuvviiiieieiiceeeee e esiiieee e 100
Microscope view of the BeCu probe tip contadtiegp-contact of the
diode and the optical fiber butt-coupled to the face¢heflaser diode.
The laser bar sits on a polished Cu heatsink thasalses as the n-
TEIMINAL ... 102
Photograph of the laser diode testing setuputtacoupling fiber
configuration. The micrometer stage on the left passtithe fiber
next to the facet of laser diode. The stage-on-stagenadgon the
left positions the current probe tip on device whilevaithy
alignment of the device with the optics........eeeeeeriiiiinene.. 102
Three of the different configurations of itmerchangeable laser diode
testing station designed and assembled for testing thelDW.. 103
High-resolution spectrum of a conventional InGaéantum well
laser diode just above laser threshold measured bysembked
LCSS Lo Y= (U] o PRSP 510
High-resolution spectrum of a conventional InGagéantum well
laser diode just below laser threshold showing amplifiedtspeous
EMISSION MOUES .....coiiiiiiieiiie e 105
Control design of a laser diode with asynmimguantum wells
showing the active and doped regions and the calculatedlaptcle

PIOTIE oo 108



Figure

6.2.

6.3.

6.4.

6.5.

6.6.

6.7.

6.8.

6.9.

Page
First generation design of the dual-wavelengtr ldesign with its
active and doped regions and optical mode profile................. 110
Conventional or control laser diode desigh agtymmetric quantum
wells that share quasi-Fermi levels and distributicesylting in
larger carrier populations in the longer wavelength well........ 113
The concept of the novel internal-opticplynped dual-wavelength
laser diode with separate quasi-Fermi levels and distitsifor the
two active regions and reliance on the internal ojppgeping ... 113
Electroluminesence spectra of the controt ldisele showing single-
wavelength behavior as expected at the longer wavelength...115
Electroluminesence spectra of the first geloerdual-wavelength
laser diode where the longer wavelength quantum well reaches
threSNOId fIrSt ....cooi i 611
Electroluminesence spectra of a short-cavaydieneration dual-
wavelength laser diode at extremely high injection showinlgi-
wavelength laser OUIPUL ...........cooeiiiiiieee e, 118
Electroluminesence spectra of a short-cavaydieneration dual-
wavelength laser diode at extremely high injection showirai-
wavelength laser OUIPUL ...........cooviiiiiiree e, 118
Power vs. current density of a short-cavity fjesteration dual-
wavelength laser diode at extremely high injection showirai-

wavelength laser OUIPUL ...........cooiiiiiiieee e, 119



Figure

6.10.

6.11.

6.12.

7.1

7.2.

7.3.

7.4,

Page
Calculated band diagram of the first generakimh-wavelength laser
design with an applied voltage bias of 1.45V ... eeccccnnnnn. 121
Calculated quasi-Fermi level separation iratiige regions as a

function of applied bias for the first generation duakelength laser

Calculated quasi-Fermi level separation iratiige regions as a

function of applied bias for the first generation duakelength laser

Second generation design of the dual-wavelergghath its doped
and active regions where the slave active region is posdtioutside
the core of the waveguide to optimize the optical camfiient..... 129
Calculated band diagram of the second geoedtial-wavelength
laser design at an applied voltage bias of 1.45 v.................... 132
Calculated current injection efficiency vs.legapcurrent density for
the master and slave laser active regions in the seconct@me
dual-wavelength laser design. The theoretical threslaslsisming
100% injection efficiency for the master active regaoa listed,
whereas the vertical threshold lines are correctedhénon-unity
EffICIENCY .. 132
Calculated quasi-Fermi level separation irattiee regions as a
function of applied bias for the second generation daalelength

F= ] g0 [T T | o R RRT 33



Figure

7.5.

7.6.

7.7.

7.8.

7.9.

7.10.

7.11.

Page
Third generation design of the dual-wavelengtr lagh its doped
and active regions and where the second order transvedseisn
01111140 1SR 136
Calculated band diagram of the third generahi@l-wavelength laser
design with an applied voltage bias of .45V ... eeeeccnnnnn. 139
Calculated quasi-Fermi level separation irattiee regions as a

function of applied bias for the third generation dual-iervgth laser

Calculated current injection efficiency vs.legapcurrent density for
the master and slave laser active regions in the thirdajere
design. The theoretical thresholds, assuming 100% iofecti
efficiency for the master active region are listed, wieetiea vertical
threshold lines are corrected for the non-100% efficiency..... 140
Photoluminescence of test samples grown &AUE evaluate optical
Material QUAlILY .........oooeiiiiiiiiiie e 146
Electroluminesence spectra of a second genedaibwvavelength
laser diode showing master laser output but no emifsionslave
active regiondn = 700 A/CNT) ....ovoveieieceeeeeeeeee e 148
Electroluminesence spectra of a third generdtiahwavelength
laser diode showing master laser output but no emifsionslave

active regiondn = 660 A/CNT) .....ooovieieceeeeeeeeeeee e, 148

Xiv



Figure Page
7.12. Low-temperature photoluminescence of seconda@aredual-
wavelength sample..........oooi 151
7.13. Low-temperature photoluminescence of third géoardual-
wavelength sample..........ooii 152
7.14. Low-temperature photoluminescence of third géorerdual-

wavelength sample with focused and defocused excitatian... 152

XV



1 Introduction

Over the last half of a century advancements have been made in the
design, performance, and manufacturing of semiconductor laser diodes such that
they are nearly ubiquitous today in a host of applications. The impact of laser
diodes has been revolutionary both economically and socially with applications
ranging from telecommunications, the internet, media storage, securitypgsens
biology, to medicine. The history and development of the laser diode is marked
with many creative ideas and engineering of semiconductor physics tomeerc
then current limitations, and many of these advancements relate eithr to:
reducing the laser threshold current density; 2) achieving laser output at new
wavelengths with new materials; or 3) improving the modulation bandwidth,
characteristic temperature, spectral width, or other parameters key to
communication applications.

The inherent nature of carrier scattering and the band structures in
conventional semiconductor laser diodes results in laser output which is generally
considered as being at a single wavelength with subsequent spectral modes
depending on the type of laser diode. In this work a novel semiconductor laser
diode design is investigated to enable simultaneous laser output at two
wavelengths that have a large spectral separation by using two asynacigve
regions and a creative internal optical pumping scheme. To begin, a brief review

of some of the most creative ideas and advancements in laser diode device



technology is given, and then a high-level introduction of the novel dual-
wavelength laser diode is presented along with its potential applications.
I. CREATIVE ADVANCEMENTS OF LASER DIODES

Multiple individuals and research groups were involved in the early
development and invention of the first semiconductor laser diodes. As to whom
the true inventor of the laser diode is, there is still today some debate, and an
excellent review of the different parties and their contributions is provided by
Dupuis [1]. Dupuis notes John von Neumann as the first to suggest using carrier
injection in a semiconduct@rn junction to upset carrier equilibrium to achieve
stimulated emission and create an amplifier of incident radiation. His ideas we
originally part of an unpublished manuscript written in 1953, a year before
Charles Townes, James Gordon, and Herbert Zeiger demonstrated the first mase
at Columbia University in 1954 [2]. (Although von Neumann’s manuscript was
later historically included in a 1987 issue of IEEE Journal of Quantum Electronics
reviewing the invention of the semiconductor laser [3].)

Among the other contributors Dupuis notes are Bernard and Duraffourg as
the first to publish a paper using quasi-Fermi levels to describe the requirements
for carrier population inversion inside a semiconduptarjunction in 1961 [4],
and Nikolai G. Basov in the Soviet Union for suggesting the use of heavily-
degenerate-njunctions to establish the necessary population inversion of
carriers and using the change in the index of refraction due to the heavy doping as
a waveguide [5]. Dupuis provides a detailed review of the many groups working
independently at that time who were proposing similar ideas for psing
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junctions to realize semiconductor lasers, but he carefully notes that none of the
groups had the complete theory correct [1].

Experimentally, the first semiconductor laser diodes were demonstrated in
1962 by four groups working independently. Robert N. Efadll. at General
Electric R&D Labs are widely acknowledged as the first to experimgntal
demonstrate a semiconductor laser diode in 1962, although at liquid nitrogen
temperatures and under high pulsed current [6]. On the same day the results were
published in Physical Review Letters, another paper by Marshall I. iNetlzh
at IBM appeared in Applied Physics Letters also announcing experimental
evidence of laser emission from a semiconductor diode, however their manuscript
was received 10 days after Hall's paper [7]. The devices of both groups were
infrared GaA9-n homojunctions, and only a few weeks later, Nick Holonyak,
who was also at General Electric, was the first to report visible lasssiem
using GaAsPx junctions [8]. The fourth group to demonstrate a semiconductor
laser diode was T. M. Quist al at Lincoln Laboratory, and their paper was
received only one month after Hall's first [9].

These first laser diodes were @h homojunction devices and operated
only at cryogenic temperatures or under high pulsed currents. In 1963, Herbert
Kroemer and Zhores Alferov independently proposed double heterostructure lase
diodes to improve carrier confinement and reduce the laser thresholds [10], [11].
In heterojunctions, the injected carriers are confined by the heterobaane
larger carrier densities not possible in homojunctions are realized. Kroebeer
that with wider-gap layers on the sides of the “radiative semiconductor layer,”

3



guasi-Fermi level separations greater than the radiative active regiomgyéa are
possible. In 1970 Alferov’s group in the former Soviet Union was the first to
demonstrate continuous-wave (CW), operation of a laser diode at room
temperature by using a double heterostructure design, and shortly aftehiHayas
and Panish in the United States also reported CW operation [12], [13]. In 2000,
Kroemer and Alferov shared the Noble Prize in physics for their creatypegal

of double heterostructures.

In 1973 while working on some simple calculations of slab optical
waveguides for integrated optics, Charles H. Henry at Bell Labagatori
recognized a correlation between the confinement of light in a slab wavegdide a
the confinement of electrons in the potential well created by a thin heterosgruct
or quantum well [14]. He proposed there should be discrete modes or levels in a
guantum well (QW), and the absorption edge should contain a series of discrete
steps. At that time the thinnest heterostructure layers that could be groggn usi
liquid phase epitaxy were near 200 nm, but A. Y. Cho, also at Bell Labs, was
developing molecular beam epitaxy (MBE), into a reliable and alternagteoch
for growing semiconductor heterostructures with near atomic monolayer
precision. Using a thin MBE-grown GaAs/AlGaAs heterostructure, Dingle,
Wiegmann, and Henry in 1974 reported the first absorption spectra that clearly
showed a distinct series of steps indicative of quantum confinement in the
heterostructure [15]. They quickly filed a patent application in 1975 claiming both
reduced thresholds in laser diodes with quantum well active regions and the
ability to tune the laser wavelength by adjusting the well thickness, and the

4



earliest quantum well laser diodes were reported in the late 1970s by Dupuis and
Dapkus of Rockwell International in collaboration with Holonyak at the

University of lllinois using metal organic chemical vapor deposition (MOEVD
[16]-[19].

Demonstration of MBE-grown quantum well laser diodes was not realized
until later due to the low quality and very short nonradiative lifetimes of the
AlGaAs layers. Absorption of carbon and oxygen while growing AlGaAs leads to
defects and nonradiative recombination centers, and early improvements of MBE
sought to eliminate hydrocarbon and water vapor sources. These improvements
included Ti sublimation and liquid-nitrogen-cooled shrouds to significantly
reduce residual carbon-containing gases [20]. W. T. Tsang, who was also at Bell
Labs, added an interlock chamber to keep the growth chamber under ultrahigh
vacuum, and with other improvements reported MBE-grown double
heterostructure lasers with current thresholds as low as similar deroeas lgy
other methods [21]. Tsang also improved the material quality of AlGaAsslayer
by increasing the growth temperature of AlIGaAs, observing a four times
reduction in laser threshold when the AlGaAs growth temperature was irttrease
from ~ 500 °C to over 620 °C [22], [23]. Further, Tsang optimized the barrier
heights, barrier widths, and quantum well thicknesses in a multiple-quantum-well
GaAs/AkGa.xAs structure to reach threshold current densities as low as 250
Alcm? [24]. Finally, Tsang noted continued reductions in the thresholds of laser
diodes using a graded-index waveguide separate-confinement heterostructure
(GRINSCH) due to increases of the optical confinement factor of the active

5



region with Schubert later noting improved carrier injection into the activerregi
of laser diodes using graded-index heterostructures [25], [26].

The development of quantum well active regions resulted in lower
threshold current densities, higher differential gains, and larger obastct
temperatures for laser diodes. Many of these improvements are results of-the one
dimensional quantum confinement and change in the electronic density af states
Arakawa and Sakaki at the University of Tokyo, proposed continued advances
with additional quantum confinement in the other dimensions and were the first to
propose quantum dot lasers in 1982 [27]. However, it was not until the
development of the Stranski-Krastanow method that the epitaxial growth of
guantum dot layers was realized and the first quantum dot lasers were
demonstrated. Some of the first quantum dot lasers were reported in 1994 by
Bimberg’s group at Technical University Berlin working together with
Ledentsov’s group at St. Peterburg’s loffe Institute [28]. The devices had low
thresholds and large characteristic temperatures at low temperatuaeydmrh
temperatures the performance was worse than quantum well devices, and it wasn't
until 1996 that room-temperature CW operation was realized by a group at the
University of Michigan [29]. Finally in 1999, Lester’s group at the University of
New Mexico was the first to report quantum dot lasers with thresholds lower than
quantum well lasers [30]. By positioning the dots within a quantum well (“dots-
in-a-well or DWELL"), Lesteret al.reported thresholds of 26 A/énihe lowest

of any semiconductor laser diode to that point.



In addition to the creative advancements using heterostructures and
nanostructures to improve the threshold and performance of laser diodes, creative
research has extended the range of wavelengths at which laser diotes ca
made. Despite the availability of compound semiconductor alloys with direct
band gaps with corresponding wavelengths from ~ 200 nm to pasf [Aser
diodes have not been realized at all these wavelengths due to problems related to
efficiencies, doping, and adequate lattice-matched substrates. The\(&eEXs
material system is well developed with-870 nm. Laser diodes at this
wavelength are often used for short-distance communication and local-area
networks, whereas for long distance optical fiber transmission in
telecommunications, lasers at u® and 1.5um are used due to the minimum
dispersion and minimum absorption loss of optical fibers at these wavelengths.
The main material system at these wavelengths is the quaterpBalfs,P:.
y/INP [31]. For laser emission at even longer wavelengths, the quantum cascade
laser, developed at Bell Labs by Federico Capasso relies on intersubband
transitions rather than direct interband transitions to enable laser output admid a
far infrared wavelengths (2-40m), [32]. The unique design of quantum cascade
lasers has led to the realization of laser diodes with wavelengths even longer tha
the smallest IlI-V band gap for applications in chemical sensing and izrahe
generation.

At the visible wavelengths, light-emitting diodes have been developed for
nearly all the visible colors; however, laser diodes have not been achieved at all

these wavelengths. For red laser diodes, the quaternary semicondugsay.(Al
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x)0.5lNo 5P lattice-matched to GaAs covers the longer visible wavelengths in
addition to the near infrared, and DVD players and red laser pointers use

Ing sGay 5P active regions to emit at 650 nm. At the other end of the visible
spectrum, S. Nakamura at Nichia Chemical in Japan and later at the Univiersity o
California, Santa Barbara, was the pioneer leader in the development of blue laser
diodes using GaN-based semiconductors. In 1996, his group was the first to
report a room-temperature CW blue laser diode at 408.3 nm with a device that

consisted of three nGa gN quantum wells each 4 nm wide separated by 8 nm

INg.0sGay 9N barriers [33].

[I. DUAL-WAVELENGTH SEMICONDUCTOR LASER DIODES
USING INTERNAL OPTICAL PUMPING

A small area of the continued research and development associated with
laser diodes relates to creative approaches to achieve multi-waveleggth la
output for certain applications such as wavelength division multiplexing,
differential techniques in spectroscopy and sensing, multiple-wavklengt
interferometry, and THz generation. Initially the largest drivingddar research
on dual-wavelength laser diode sources was for use in optical communications
and wavelength division multiplexing. With different modulated wavelength
sources, multiple channels can propagate simultaneously within a single fiber
optic cable with little crosstalk, and wavelength division multiplexing can é@ us
to increase the capacity of an existing fiber network without the need to lay

additional fiber. In this application, ideally the spectral separation betthee



laser modes should be minimal to match the losses and dispersion of the different
channels.

Another application for dual-wavelength laser sources is chemical and ga
sensing using differential spectroscopy techniques. In this approach, a medium i
probed using two different laser wavelengths, one at a resonant absorption
wavelengthi,ps and the other a reference wavelength that is an off-resonant
wavelengthi.er. The intensity of the transmitted or backscattered light at the
absorbed wavelengthy,sis compared to that of the unabsorbed waveleagth
With this differential technique, linear and absolute measurements can be made
that are independent of other environmental factors [34]. The method has been
implemented in a range of applications from remote sensing of traceigdses
atmosphere and differential absorption lidar [34], [35], to fiber optic based
sensors for measuring pH, pressure, temperature, and other bio-parantbiers wi
the human body [36], [37]. Another application for dual-wavelength lasers is
multi-wavelength interferometry since the degree of ambiguity in dptata-
length and surface profile measurements can be decreased with techniques
involving multiple wavelengths [38]. Dual-wavelength laser output can also be
used in the generation of THz radiation through wave-mixing for its uses
spectroscopy, biomedical imaging, DNA analysis, communication sysheahs,
security imaging [39].

Often for these applications, the needed multi-wavelength laser signal is
achieved by combining the output of multiple laser sources through various

optical elements. There is a continued demand however in today’s fast-paced
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climate for miniaturization and increased mobility of electronic devicaal-D
wavelength laser output from a single diode device would enable such advances
in the applications noted here, and with increased mobility and reduction in costs,
it is easy to envision the emergence of new applications. Future ideas include
integrating a dual-wavelength laser diode in small-footprint devices where tw
laser wavelengths within the same optical beam would be highly advantageous,
such as in microelectromechanical systems and/or lab-on-chip microfluidic
systems.

The challenge in realizing dual-wavelength output from a single laser
diode is that carrier scattering and quasi thermal equilibration within tire act
junction region limit laser output to what is generally considered single-
wavelength with possible subsequent spectral modes depending on the laser
design. In a diode junction region with asymmetric quantum wells of different
effective band gaps or transition energies, the carrier dynamics and thermal
equilibration result in a single electron/hole quasi-Fermi level andldistin that
extends across the junction active region as illustrated in Fig. 1.1. Thisisgatte
and broadening prevents sustaining simultaneous stable laser output from both
guantum wells if the two wavelengths are very different. With applied current to
the laser diode, carriers are injected and band filling occurs startimg lainest
energy quantum well, and the spontaneous emission and gain spectra increase
with continued injection of carriers into the active region. At laser threshold the
carrier concentration, gain, and quasi-Fermi levels theoretically becoetediue
to the high recombination rate of the stimulated emission, and this pinning of the
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carrier concentration prevents any further increase of the gain to acseve |
threshold at shorter wavelengths.

To enable dual-wavelength laser output at wavelengths with large spectral
separation from a singfei-n junction device and waveguide, a creative laser
diode design with dual active region is introduced that decouples the quasi-Fermi
levels/distributions of the two regions and uses a novel internal optical pumping
scheme. This novel internal-optically-pumped dual-wavelength laser design is
illustrated in Fig. 1.2. The first laser active region, termed the madige
region, consists of a larger band gap material placed within the junction of the
diode as in conventional laser diode devices, and the second laser active region,
termed the slave active region, consists of a smaller band gap materdl plac
outside the-n junction but still within the guided optical field of the cavity
waveguide. The placement of the two active regions prevents quasi thermal
equilibration or decouples the quasi-Fermi levels between the two regions. The
master active region is driven by the applied current as in conventional laser
diodes, and a portion of the shorter-wavelength laser emission from this master
laser then optically pumps the longer-wavelength slave region to its laser
threshold, resulting in simultaneous laser output at two wavelengths with large
spectral separation. The master and slave regions are considerete sepiaa
regions based on the decoupled quasi-Fermi levels and the different methods for

carrier injection.
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Fig. 1.1. Conceptual band diagram of a conventional multiple-quantum-well laser
diode with asymmetric quantum wells sharing common quasi-Fermi levels.
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Fig. 1.2. Conceptual diagram of the novel dual-wavelength laser design with
decoupled quasi-Fermi levels and internal optical pumping.
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The research presented here covers detailed theoretical modeling to
specific device designs and efforts to demonstrate the novel dual-wavelength lase
diode experimentally. First, an overview of previous multi-wavelength thede
research by other groups is given in chapter two. A theoretical model is developed
in chapter three of the internal optical pumping scheme, and the key parameters in
optimizing the device performance are identified. Chapter four discusses other
modeling methods used in developing and predicting the performance of actual
device designs, and chapter five covers the experimental methods related to
epitaxy growth, device processing, and device testing. The modeling and
experimental results of three generations of dual-wavelength laser dexgesde

are then presented in chapters six and seven.
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2 Previous Research on Dual-Wavelength Laser Diodes

Conventional semiconductor laser diodes are nearly single-wavelength
devices or at least devices with a single wavelength band supporting a few
subsequent spectral modes. Applications for laser diodes consisting of two
wavelength bands far apart in the optical spectrum were noted in the previous
chapter. The difficulty of achieving such a device with conventional laser diode
designs was also pointed out as carrier scattering and quasi thermal dguilibra
result in carriers preferentially populating the lower energy activerrey longer
wavelength band. It is then difficult to populate a second shorter wavelength
active region and produce the desired dual-wavelength output.

This chapter reviews previous research by other groups in developing
dual-wavelength laser diodes, which is categorized into four groups. The first
group includes approaches to engineer the resonant cavity of a semiconductor
laser to selective support laser output from two non-subsequent longitudinal
modes (or lateral modes in vertical cavity device), with the same gain medium
The spectral difference of these devices is not very large as the modes are
supported by the same gain medium or the same wavelength band. Hence there
are also mode-competition and stability issues with these devices. The second
area of research is efforts to produce two laser diodes with different wasleng
monolithically on the same chip in close proximity. Some of the early literatur
labels these devices as dual-wavelength lasers wherein they arenaadilithic

arrays of individual devices. The third category relates to the research and
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development of asymmetric multiple-quantum-well (AMQW), laser diodes where
multiple quantum wells with different dimensions or material band gaps are
located within a diode junction and the carrier dynamics are modulated by unique
heterostructure designs. There are however limitations to the design and
performance of these devices. Finally the fourth group relates to research on
optically-pumped dual-wavelength devices, and their relation to the internal
optical pumping scheme and the novel dual-wavelength laser diode introduced

will be covered.

|. ENGINEERING THE RESONANT CAVITY

Different research groups have sought to modify the resonant cavity of
semiconductor lasers to enable dual-wavelength laser operation. Independently,
two groups in Taiwan and Germany developed two-color lasers using a special
external cavity design [40], [39]. The designs use a laser-diode atragmwi
antireflection coating on the front facet and then use an external diffraction
grating at grazing incidence for wavelength selection and output coupling. The
first-order reflection of the grating is focused on an end mirror that has a V-
shaped double slit placed immediately in front of it to select two cavity resonant
wavelengths. Horizontal translation of the slit leads to tandem tuning of the two
wavelengths, and vertical translation controls the spectral differenke ofddes.
The spectral separation of the two modes is limited by the gain bandwidth of the
semiconductor active region, and the largest separation demonstrated was 17 nm

[41]. Concerning competition of the two laser modes, it was noted from the far-
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field pattern that the two laser modes were initially using differamt gggions of

the laser diode array, and when a single laser diode was used, stable simultaneous
dual-wavelength output due to strong mode competition was difficult to achieve
[41].

A few groups have sought to realize dual-wavelength laser diodes without
an external cavity by altering the distributed Bragg reflector (DBR)EBR laser
diodes. licet al.first demonstrated DBR laser diodes with output at two
wavelengths 10.6 nm apart by using periodic-phase-shifting gratings falrinat
electron-beam lithography, ion implantation, and a two-step epitaxial growth [42]
Another group at the University of lllinois, Urbana, used two separate uniform
gratings instead of periodically modulated gratings to realize duatterayth
DBR lasers [43]. Using an dndGa 7:As quantum well active region, they
demonstrated dual-wavelength laser operation with 16.9 nm wavelength
separation, and in a later design, the group realized tunable wavelengthi@eparat
by depositing separate metal contacts on the DBR sections and applyimg twrre
realize tuning of the DBR by thermal effects [44].

A few other approaches have been taken to engineer the resonant cavity of
a semiconductor laser to support dual-wavelength laser modes. Common through
the different works however are stability problems in supporting the two modes as
most of the devices only demonstrate dual-wavelength output over certain
temperature and current ranges. The wavelength separation is also limited as t
lasers are still really single wavelength band devices relying on theeaaive
region.
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. MULTI-WAVELENGTH LASER DIODE ARRAYS

To realize dual-wavelength laser diodes with larger spectral separations
and stable outputs, most of the early research on dual-wavelength lasessteelat
laser diode arrays rather than individual devices. These arrays consist of
individual addressable laser diodes monolithically on the same chip, but while
spatially close, they emit at different wavelengths. Many of the methadsalize
such arrays involve special processing steps and/or epitaxial regrowth. In one
creative approach, a group at Mitsubishi developed a dual-wavelength laser diode
array by changing the internal optical losses of subsequent diodes in anyarray b
varying the waveguide lateral width [45]. By processing a narrow wasedgser
next to a wide one and optimizing the cavity length, the laser thresholds of the
two devices can be made such that laser emission from the wider device
corresponds to the lowest quantized state transitienl(, while the narrower
device corresponds to the second transition 2). The group demonstrated dual-
wavelength operation of the side-by-side monolithic devices at ~810 nm and ~830
nm while using the same active region material and quantum well width.

Sakaiet al. at the Nagoya Institute of Technology in Japan, developed
dual-wavelength laser diode arrays with outputs at ph2nd 1.3um with two
similar designs [46], [47]. In the first design, @mp-i-n structure is grown by
epitaxy, where the first-grown intrinsic region is the smaller band gapoi.3
region, and the second is the u active region. A mesa is etched with the etch

depth extending into theregion, and separate contacts are then deposited on and
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off the mesa. In this design each active region has sepatatgacts but shared a
commonp-contact, and with the proper bias, the two lasers reach threshold [46].
The authors note resistance problems due to the comreaion design and
modify the design by growing instead faui-n-i-n structure [47]. The same etch is
performed as before, but then zinc is diffused to form the pmpegions. The
active regions then have sepanasontacts and a commarcontact. The

emission from the two devices is not very close as the spatial separation of the
two laser spots are 50m and 8Qum respectively in the two designs.

Multiple groups have sought to extend the range of the wavelength
separation of monolithic laser diode arrays by first etching and then doing
selective-area epitaxial regrowth to form different compositionaleotgions
with small spatial separation. A group at NTT in Japan used liquid phase epitaxy
(LPE), regrowth to integrate 1.26n and 1.55um devices in a buried
heterostructure design [48]. The near-field laser spot separation was f80
their device. Bouadmet al. used liquid phase epitaxy regrowth to realize a laser
diode array structure emitting at 850 nm and 885 nm with GaAs and
AloosGay g5AS active regions respectively, and the spatial mode separation of their
device was 2mm [49]. Most of the early regrowth approaches used either metal
organic chemical vapor deposition (MOCVD), or LPE due to the availalsi¢u
etching and growth inhibition on dielectric masks. A group at Bell Labs however
developed close integration of GaAs angl (& sAs lasers with molecular beam

epitaxy (MBE), regrowth [50]. In their devices, undercut of the etch masiutar
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cleaning, and the growth of a thick cladding buffer layer enabled devices with
thresholds comparable to respective single-growth laser diodes.

Development of dual wavelength laser diodes was of interest to a group at
Xerox in the 1990s. One of their first approaches involved epitaxial regrowth,
however only the uppercladding region was regrown rather than an active
region [51]. In the initial growth, two different quantum well active regioes ar
grown over the entire wafer with the shorter-wavelength region grown ffirst o
closest to the substrate. Using a patterned etch, the longer-wavelength act
region is then selectively removed where the shorter-wavelength ldisiee wi
processed. After the etchingpaladding region is regrown on top of all the
devices. In the longer-wavelength devices, the carriers naturally pofhdate t
lowest band gap quantum well first and laser emission occurs at the longer
wavelength. Then in the shorter-wavelength devices, the longer-wavelengéh acti
region no longer exists, so the emission is at the shorter wavelength. The spatial
separation of the two monolithic laser diodes reported by the Xerox group is 15 —
20 um.

In another creative approach developed by the same group, localized
intermixing to raise the band gap of the lower active quantum well is used rather
than etching to enable laser output at the shorter wavelength[52]. The barrier
layers next to the lower band gap quantum well are doped with Si af&x1?)
and when annealed intermixing occurs. The authors note in intermixing a SiN
surface layer is needed to prevent loss of As since an As-poor condition inhibits

intermixing. Thus by patterning a SilNyer, the lower quantum well can
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alternately either be intermixed or left intact, enabling a monolithic dual-
wavelength laser diode array. Whereas the technique worked for infrared
AlGaAs/GaAs dual-wavelength devices, the authors noted the high annealing
temperature and long annealing time resulted in defect generation in phosphorous
based compounds, and the technique could not be used for the fabrication of
red/IR dual-wavelength devices. For dual-wavelength laser devices at these
wavelengths, the Xerox group had to rely on selective etching and regrowth [53].
With the laser diode arrays, the laser modes of the two devices still have
significant spatial separation that limits the overall coupling effayento an
optical fiber. Osowsket al. used ay-junction coupler to combine the output of
two monolithically integrated laser elements into a single waveguide tipliog
into a fiber [54]. The group used a selective-area MOCVD process witlke@nsili
dioxide mask to both inhibit and enhance the epitaxial growth rate. By varying the
stripe width of openings in the oxide mask, the growth rate can be selectively
controlled, and quantum wells of different thickness are grown on a single
substrate. Their device then consists of two parallel active region chanthels
different transition wavelengths that then couple into the trunk of-finection
coupler. With this configuration and the integration of electroabsorption
modulators, the device can be operated with laser output at either one of the
wavelengths or at both wavelengths simultaneously from the same spatial
location. The device design is complex, and it requires three separate epitaxial

growth steps with intermediate processing steps. The spectral separatien of t
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two laser modes is also limited since only the quantum well thicknesses and not

the composition is varied.

. ASYMMETRIC MULTIPLE QUANTUM WELL LASERS

Asymmetric multiple-quantum-well (AMQW), devices are of high interest
for realizing dual-wavelength output from a single laser diode. In this design
guantum wells of varying thickness and/or composition are located within a single
active region within the core of a single optical waveguide, and the individual
wells have different transition energies and associated wavelengths.uQuant
wells of varying thickness are referred to as dimensionally asymireatidc
devices of varying composition are compositionally asymmetric [55].

In AMQW devices it is critical that the carrier dynamics areratl by
unique heterostructure designs when compared to the design of a conventional
multiple-quantum-well laser (MQW). In conventional lasers, the barriehtseig
and thicknesses between the wells are usually optimized to obtain the lowest
possible threshold current [24]. The timescale of carrier transport betineen t
wells is much shorter than the energy relaxation processes which resultsiin qua
thermal equilibration of the carriers between the wells. The quasi-Feratslare
then approximately flat and constant across the different wells and singlie Ferm
distributions exist for electrons and holes throughout the junction active region.
Carriers then populate the lowest energy states first as described eadi the

MQW gain medium is considered a homogeneously broadened gain medium,
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from which it is difficult to sustain stable laser output at two wavelengths
simultaneously.

Disruption of the carrier transport and quasi thermal equilibration between
the asymmetric wells is achieved by employing high and/or thick barrisvede
the wells. This leads to separate quasi-Fermi levels or Fermi distribafions
carriers for each individual well and enables a degree of control over the carri
densities in the individual asymmetric wells and more equal emission and gain
from the different wells. Broader gain spectrums can then be achieved in AMQW
devices, and they are of high interest for broad wavelength tuning of external
cavity semiconductor lasers and for broad-band superluminescent diodes [56].
Due to the disruption of carrier quasi thermal equilibration, the gain medium of an
AMQW device approaches inhomogeneous broadening, and dual-wavelength
laser emission is possible in contrast to conventional homogeneously broadened
guantum well laser diodes.

Sotomitsu Ikeda and Akira Shimizu in Japan were the first to report dual-
wavelength laser emission from an AMQW device and provided some of the first
theory and modeling of the unique behavior of these devices [57], [58]. In their
work, Ikeda and Shimizu use two compositionally and dimensionally asymmetric
guantum wells with the barrier between them larger and thicker than in
conventional MQW structures. The larger shorter-wavelength well is located
nearest th@-doped region of thp-i-n junction, and the width of the well is wider
than the mean-free path of the energy relaxation processes of holes. Ingeted
from thep-region are then captured in the shorter-wavelength well and must be
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thermally activated to transfer over the barrier and into the longer-evagtal

well. By making the barrier high and/or thick, Ikeda and Shimizu suggest the rate
of hole transport from the shorter- to the longer-wavelength well can be slowed to
the same order as the overall recombination rate, disrupting the quasi thermal
equilibration. In their theory they assume an adequate supply of electrons is
injected into both wells with injection into the shorter-wavelength well neg-the
side of the junction achieved by a combination of: 1) making the conduction band
edge of the separate confinement layer omikiele higher than the edge of the
barrier layer; 2) making the longer-wavelength well narrower than the fresan-
path of the energy relaxation processes of electrons; and 3) doping the barrier
layern®. The transport of holes over the barrier is then the determining factor in
the final behavior of the AMQW laser [58].

Experimentally, Ikeda and Shimizu reported dual-wavelength laser
emission from an AMQW device with an 8 nm GaAs quantum well and a shorter-
wavelength Ad osGay.92As well that is 16 nm wide. The barrier between the wells
is a 15 nm AJ sGa 7As barrier [57]. For devices with cavity lengths greater than
300um, simultaneous dual-wavelength laser output was observed at 831 nm and
818 nm with the longer wavelength reaching threshold first. In their devices, the
barrier height is not too high so that sufficient carriers are still irjante the
longer-wavelength well and it reaches threshold first. However, since the two
asymmetric wells have separate quasi-Fermi distributions, the caanisitydand

gain in the shorter-wavelength well keep increasing with continued increase in the
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applied current. Eventually threshold is reached at the shorter wavelength, and
simultaneous laser output from the two quantum wells is observed.

To date, dual-wavelength laser output from AMQW laser diodes has been
limited only to certain ranges of current and cavity lengths [57], [59].
Experimentally in AMQW lasers, as the current to the device is increased above
the thresholds of both laser wavelengths, the output power of the longer-
wavelength laser starts to decrease while the output power of the shorter
wavelength continues to increase. Eventually, the longer wavelength zesisgs
entirely and a complete switch of the laser output from the longer wavelength to
the shorter wavelength is observed.

One explanation for the wavelength switching in AMQW lasers suggested
by Wanget al.is changing threshold conditions with increasing current lead to the
output reduction and eventual cessation of the longer-wavelength laser [59]. By
measuring the electroluminescence from the bottom side of devices, they
monitored the spontaneous emission from the active regions as a function of
current and noticed increases in the spontaneous emission spectra of both regions
even beyond the laser thresholds, indicating incomplete pinning of the carrier
concentrations. Despite the reduction in the longer-wavelength laser output, the
spectrum from both laser active regions continues increasing as the @urrent
increased. This suggests the gain is not reduced but rather continues to increase
for both active regions. Wargg al.therefore suggest the laser threshold
conditions are not constant but continue to increase due to thermal effects and
increased internal optical loss. Operating an AMQW laser diode continuous-
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wave, the measured thresholds were approximately 80 mA, 150 mA, and 180 mA
for the longer wavelength, shorter wavelength, and cessation of the longer
wavelength respectively, but under pulsed operation, the same thresholds were 70
mA, 260 mA, and 330 mA [59]. If the threshold conditions are increasing due to
thermal effects in the continuous-wave scenario, the carrier concentrations
spontaneous emission, and gain will continue to increase rather than pin. The
authors note the increase in gain is larger at the shorter wavelength thamgtre |
wavelength with further injection, and eventually only the shorter-wavdiengt

gain is able to match the increasing threshold requirements. In comparison, under
pulsed-operation the threshold conditions do not change as rapidly due to fewer
thermal effects and the laser switching phenomenon instead occurs at higher
currents.

These experimental results indicate the dual-wavelength output is sensitive
to the internal losses and dependent on the gain spectrum at threshold. The cavity
length and mirror loss are then variables in enabling dual-wavelength laser output.
Multiple groups have observed that for short-cavity-length AMQW lasers, lase
output occurs only at the shorter wavelength and never at the longer wavelengths
[57], [60]. This is due to the higher loss which prevents laser output from the
longer-wavelength quantum well. With continued injection and band filling, the
modal gain eventually becomes large enough at the shorter wavelength, and only
the shorter-wavelength laser reaches threshold. For long-cavity-lendgvAM
lasers, threshold is reached with a much smaller material gain due to éne low
loss, and only laser output from the longer-wavelength laser is observed.
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Therefore to realize dual-wavelength laser emission from an AMQW devece, t
gain spectrum near the thresholds needs to be broad and flat with nearly equal
gain at both the shorter and longer wavelengths [60]. From band filling such a
gain spectrum is realized only near a specific cavity length dependerd otinén
losses, and Hamp and Cassidy define this cavity length as the transition cavity
length (TCL), [55]. The other modulator is the mirror loss, and for higher output
power from an AMQW device, Jiargg al. showed that facet coatings can be used
to increase the TCL and still ensure the needed level of loss and threshold

conditions [60].

IV. OPTICALLY-PUMPED DUAL-WAVELENGTH LASERS

In the previous section it was noted AMQW lasers can demonstrate dual-
wavelength laser output; however, the two-color output is only observed for
certain ranges of current and is dependent on the internal losses, mirror loss, and
cavity length. Also in the AMQW laser diode designs, carrier injection of both the
longer- and shorter-wavelength quantum wells is achieved directly through the
i-n junction and the applied current. The novel internal-optically-pumped dual-
wavelength laser diode design proposed here is unique wherein the asymmetric
wells and barrier are designed so current injection into the longer-wavelength
guantum well is blocked entirely and an innovative internal optical pumping
scheme generates carriers within the longer-wavelength quantum wedl. Dua
wavelength laser output using this unique approach should not be constrained to a

narrow range of total loss, cavity length, or applied current.
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The shorter-wavelength active region, labeled the master active region, i
placed within the-n junction of the diode and carriers are injected with applied
current as in typical laser diodes. Then the longer-wavelength active,region
termed the slave active region, is placed outside of the junction but still within the
guided optical field of the cavity waveguide as illustrated in Fig. 2.1. Corttrary
previous AMQW devices, by positioning longer-wavelength slave quantum well
outside the junction, very few minority carriers are generated in the sla
guantum well directly due to the applied current. Instead as current is applied to
the device, the shorter-wavelength master laser should reach threshathctifiest
novel dual-wavelength laser design, again contrary to previous AMQW devices.
This master laser then internally optically pumps the longer-wavelength slave
qguantum well until it reaches threshold as well and simultaneous dual-wathelengt
laser output is achieved. The asymmetric wells in the previous AMQW devices
are considered as a single active region within the junction. However, in the novel
internal-optically-pumped design, the asymmetric master and slave quaetism w
are considered separate active regions due to the unconventional placement of the
slave active region outside the junction and the two different methods of carrier
injection.

The unique approach of using the internal optical field of the shorter-
wavelength master laser to optically pump the second slave laser, in theory should
enable continued dual-wavelength laser output with continued current injection
far beyond the thresholds of both lasers contrary to the previous AMQW dual-
wavelength lasers. Continued increase in the output powers of both lasers can be
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realized since continued injection of the master laser will also resulbmystr

optical pumping of the slave laser. With the internal optical pumping scheme,
dual-wavelength functionality should therefore not be limited to a narrow dnge
cavity lengths or threshold conditions. One other difference compared to the
previous AMQW devices is much larger spectral difference in the wavelengths of

the two lasers can be achieved due to the nature of the optical pumping.
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Fig. 2.1. Diagram illustrating the design and optical pumping of the novel
internal-optically-pumped dual-wavelength laser diode.

The internal optical pumping scheme arises from a similar idea developed
in vertical cavity surface-emitting lasers (VCSEL), although not exgltmein-
plane laser diodes. In 1998, Jayarareial.reported a device consisting of an
850 nm VCSEL vertically wafer-fused to a 1300 nm VCSEL [61]. A conventional

p-i-n junction provides carrier injection for the 850 nm VCSEL, and the mirrors
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and active region of the 1300 nm VCSEL are undoped. The 850 nm VCSEL is
then used to optically pump the 1300 nm VCSEL. The design overcame many of
the technical challenges of VCSELs at that wavelength, and in their paper
Jayaramaret al.claimed these VCSELSs to be the first 1300 nm VCSELSs to meet
the required performance for commercial telecommunication.

Carlinet al.refer to this cascaded optical pumping scheme in VCSELSs as
“hybrid electrical optical pumping,” and they reported dual wavelengén las
output at 927 nm and 955 nm from two vertically stacked InGaAs VCSELs [62].
They address issues related to mode competition and coupling of the two cavities
that arise when the wavelength separation of the two VCSELSs is much blaser t
the 850 nm and 1300 nm reported by Jayaraghah [61]. Whereas the dual-
wavelength laser beams of the VCSELSs from these two research groups are
coaxial, the two different active regions are within separate cavitidgha
cascaded dual-cavity VCSELs are referred to as BiVCSELSs in thegliter{62],
[63]. To the best of our knowledge, no one has studied the case where the two
active regions are within the same cavity or where the optical pumpingschem
incorporated in an in-plane laser structure as it is proposed here with the novel
dual-wavelength laser diode design.

The design of the novel dual-wavelength laser diode design is also similar
in some aspects to the optically-pumped dual-wavelength lasers studiet by R
Kaspi’'s group [64]-[66]. The main difference of the two different device dssig
is whereas the novel design uses the hybrid approach of electrical injection and
internal optical pumping, the devices of Kaspi's group use only optical pumping
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from an external source to generate carriers in two separate actogsregthin

a single waveguide. The wavelength range of the devices is in the nmelihfra
using type-ll InGaSb/InAs quantum well active regions, and the two different
active regions with different target wavelengths are placed withirathe s
waveguide core comprised of GaSbh. An AlGaAsSb barrier layer that is
transparent to the optical pumping source is used to separate the two active
regions and partition the waveguide. This barrier layer prevents scattering and
redistribution of the carriers from the shorter-wavelength active regitre to t
longer-wavelength region. With this design and at liquid nitrogen tempesature
they observed laser output as far apart as p#h.@nd ~5.4um. To demonstrate
the importance of the barrier layer, they grew the same structure witieout t
barrier layer, which when tested produced laser output only neanrésince

the carriers were able to scatter and redistribute to the loweryequeagtum

wells.

One interesting aspect Kaspi’s group noticed was the impact of the modal
overlap of the shorter-wavelength mode with longer-wavelength active region
[66]. They noticed the relative intensity of the two lasers depends on the modal
overlap of the shorter-wavelength waveguide mode with the longer-wavelength
active region. The group carefully designed a set of samples so the absorption
layers and carrier generation were equal across the set, and the modal wasrl
varied by increasing the thickness of the transparent barrier layerelnetfaestwo
active regions. From the measurements, they noticed when the overlap is large,

lasing only occurs at the longer wavelength, but as the overlap is reduced, laser
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output is observed from both wavelengths with the larger intensity at the longer
wavelength. At even lower modal overlap, they observed a switch in the relative
intensities with the shorter-wavelength laser producing the higher output:Kaspi
group cites re-absorption of the shorter-wavelength photons in the longer-
wavelength active region as an additional modal loss that influences the threshold
and intensity of the shorter-wavelength laser.

The critical design elements are the same for the novel dual-watreleng
laser diode and the optically-pumped midinfrared devices by Kaspi’'s group. First
a barrier or means of disrupting scattering and quasi thermal equilibration of
carriers from the shorter-wavelength active region to the longer-araytél
region is necessary. Second, the modal overlap of the absorbing longer-
wavelength active region requires careful consideration in the design process
the next chapter, a model is developed of the internal optical pumping scheme of
the novel dual-wavelength laser diode, and the impact of the modal overlap or

optical confinement is investigated.
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3 Internal Optical Pumping Theory

To better understand the internal optical pumping of the slave active
region by the master laser in the novel dual-wavelength laser diode design, a
model is developed starting from the standard rate equations for conventional
laser diodes. The equations are modified to include absorption of the slave region
and pumping by the master laser, and logarithmic gain-current densiiyrelat
for the quantum well (QW), active regions are included to model the material
gain. Complete inhibition of quasi thermal equilibration and decoupling of the
guasi-Fermi levels between the two active regions are assumed. To study the
internal optical pumping, it is also assumed that zero carriers are injemtethe
junction into the slave region so the slave region relies completely on the internal
optical pumping for carrier generation. In the next chapter it will be shioaget
are valid assumptions for the studied designs. From the modeling in this chapter,
the influence of the optical confinement of the slave active region on the laser

thresholds and the device performance is illustrated.

l. RATE EQUATIONS, PHOTON DENSITY, AND LASER THRESHOLD
From the continuity equations, the rate equation for the carrier
concentration inside the active region of a laser diode is

on 9 J
—=DV°n+np—-R(N-R,S. 3.1
p " qd (M -R, (3.1)

The first term on the right-hand side accounts for carrier diffusion which occurs

mainly in the lateral direction in double-heterostructure devices due to the
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confinement in the transverse or growth direction provided by the heterostructure
barriers. For index-guided structures such as ridge lasers, the ¢atere

diffusion effect is also often assumed to be negligible [67], and it assumed such
herein. The second term in (3.1) is the injection of carriers due to the applied

current and th@-njunction into the active region of thicknedswherez, is the

injection efficiency. The third terR(n) accounts for both nonradiative and
spontaneous radiative recombination

R(n) = An+Bn*+Cn® (3.2)
whereA, B, andC are the respective coefficients of Shockley-Read-Hall (SRH),
spontaneous, and Auger recombination. The final term in (3.1) accounts for
carrier recombination due to stimulated emission wigeiie the photon density

of the laser mode, and the stimulated emission coefficient is

R, =Vv,9(n) =n£g(n) (3.3)

g

wherev, andn, are the group velocity and group refractive ineegg(n) is the

local or material gain. At steady-state and assgmero diffusion, the rate

equation simplifies to

Uiéz An+ B’ +Cn’+v,g(n)S. (3.4)

In semiconductor quantum well lasers, only a sinadition of the guided
optical field, defined as the confinement factaertaps the quantum well active

region. The confinement factdr is written as
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d/2 2
_ j_d JuCx )| dxdy
f;|u(x, y)[ dxdy

(3.5)

whereu(x,y) is the optical field. The normalized magnitudeae of the optical
field serves as a probability density for photarsde the cavity, and the photon
density inside the active region is then

_ I'-(total#of photons)
V

a

S

(3.6)
whereV, is the volume of the active region. Rearrangirggtdrms leads to
\Y/
S~Fal = S.V, = total#of photons (3.7)
whereV, is an effective cavity volume
V=2, (3.8)

The photon densit$ of the active region is then the photon densitgulghout
the effective cavity volume.

Equation (3.4) is the rate equation at steade$tatcarriers in the active
region of a laser diode, assuming negligible difnsThe rate equation for the

photon densitys of a laser mode is

a5 _ [Fvgg(n) _i)sﬁ /R, (3.9)
dt Ton

where the first term on the right-hand side acce@mt the gain or generation of
photons in a mode due to stimulated emission, la@decond term is the loss of

photons represented by a photon lifetime. The phbfetime
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1

S 3.10
o Vg(am+ai) ( )
depends on the mirror loss
= —In[ 1 (3.11)
2L | RR,

representing the transmission of photons at the facets ightradties R and
R,, and cavity length_ . The intrinsic lossy, includes losses due to reabsorption

of photons (bulk and free-carrier) and scattering otqi®out of the cavity. The
final term in (3.9) accounts for photons from spontanemuission wheres is

the fraction of the total spontaneous emission which cougieshe mode. This
is negligible compared to the generation of photons due talstea emission
and is generally ignored at threshold.

To sustain a laser mode, the modal gain must equal théosaif one
round-trip through the resonator cavity. From (3.9)4Bthe threshold gain of a

laser diode is then

1 1
thh = am+ai = zlh(ﬁ}‘i‘ai . (312)

Since the recombination rate of stimulated emission is significgrabter than
the other recombination mechanisms, the carrier concentiattbe active region

pins at its threshold level, , and the material gain and quasi-Fermi levels which

are both dependent on the carrier concentration alsd\iiin.a negligible photon

density below threshold, the threshold current density is the
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m%= An, +Bry, +Cry; (3.13)
and above threshold the rate equation is
J
n, @ = An, + Brfh + Crﬁ +Vy OinS (3.14)

due to pinning of the carrier concentration at thresholdtr&eting (3.13) from
(3.14) and rearranging terms, the photon density of e taode above

threshold is then

774
=—"1—(J-7J,). (3.15)
qdvggth "

Different methods for calculating the material gain spectrxist,eand
these models range in complexity based on the differemqgrhenon included
[67], [68]. Whereas the models become increasinglyrateas strain, valence-
band intermixing, quantum effects, wave-function overlag, laroadening effects
are considered, the complexity of these models also ireasd the closest
match between calculated and real gain spectrums is @fizee when many-
body effects are considered. The laser mode of adas#e corresponds to the
cavity mode that closest overlaps the peak of the gain gpeeammd knowledge of
the peak gain is sufficient and simplifies the modeling if speptoperties are
not needed. For modeling the internal-optically-pumped daaklength laser
diode, a simple logarithmic gain-current density relation eanded.

For bulk double-heterostructure lasers, the peak gains/etsrent
density is considered a linear relationship. However, Mgkt al. suggested a

logarithmic peak gain-current density relation is more aptgfor quantum
36



well lasers based on their simulations of GaAs quantum vé&llslh one form

the peak gaing is

gz%@{%i}@] (3.16)

where g,and J,, are the gain and current density at the point on the eureee

the ratiog/J is maximum. Whereas another form of the logarithmic fit is

g=gom(mJJ (3.17)
Iy

where the current density is normalized by the transpam@mnegnt density [70].
The current normalization factors of the current in the twm$care related by
J,=1J, e (3.18)

and the gain coefficieng, is the same for both equations.

[I. INTERNAL OPTICAL PUMPING THEORY

In building a model of the internal-optically-pumped dual-langth
laser diode, the analytical equations reviewed in the predection are modified
for the master and slave laser active regions with suds@iptsM and S
added to many of the parameters. To describe the ihtgrtieal pumping, a
critical relationship is derived in the following analysis witha fgeneral
assumptions. The mirror and intrinsic losses of both théemasd slave lasers
are assumed to be nearly equal in the analysis. Alsodktenand slave regions

are both considered as single quantum wells initially for sinypliand in a later
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section the model is adjusted to account for multiple quantelts in the master
active region.
For the master laser active region, the photon rate equsoljusted to

include an additional absorption loss by the slave regiomvhereTy is the

confinement of the slave region determined by the overléipeainaster laser

optical mode.

dd_atﬂz(rmvggm (nM)_i_FSVgaSJSVI +ﬂRsl\g (3.19)
T

ph
The master laser threshold gain is then

[y0n =a,+a, +Tsag (3.20)
and from the logarithmic gain-current density relation, thestmold current

density is

M M
'Jt'r\:l :JLegxh/go — ‘]t'(/l ex{am—i_ai +FSaSJ' (321)

77iM n, Y goM

The photon density of the master laser mode is then

M

i M
=—0 _—(J,-3). 3.22
S = g O o) (3:22)

To model the internal optical pumping of the slayehe guided optical
field of the master laser, the carrier generataia mside the slave region due to
the photon density of the master laser is derigalting from the photon rate
equation of the master laser (3.19), the changigeiphoton density due to

absorption by the slave region is
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dd—S{V' = -Tgv,asS, cm2.s™ (3.23)

and the rate of total number of photons lost isithe
d .
AL (d—at" =TV, asS, j [s] (3.24)

where V" is the cavity volume of the master laser modep8&iicle

conservation, this rate of photon loss must edwealdte of the total number of
carriers generated in the slave region, whichas tiivided by the actual volume

of the slave region to get the generation rateupérvolume in the slave region

VM
G, = \; [v,asSy . [cm™.s™] (3.25)

S

From the definition for the cavity volume
vV =M (3.26)

and assuming the width and cavity length of theterand slave regions are

eqgual, the generation rate becomes

_Vu

6 Vu e dy T
VS 1—‘M

VgaSSM :d_l—‘_vgaSSM . (327)
S M

This is the carrier generation rate due to inteopaical pumping by the master
laser rather than electrical injection of carri@te the slave laser active region.
From this generation rate an effective internalegbipumping current density is

defined

opt
Jg&&

=G 3.28
qd s (3.28)
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which then allows use of the logarithmic gain-catréensity relation to predict
the gain of the slave. Substituting (3.27), thisagh-pumping current density

becomes
J :&quvgaSSM (3.29)
1—‘M

For the slave laser, a separate photon rate equatd threshold gain

condition exist and are identical to a conventidasgr diode.

d 1

%:[rgsvggs(ns)—rj%+ﬂ&5p (3.30)
ph

I&gs =a,+a (3.31)

Since the wavelengths and thus optical modes amithement factors of the

master and slave lasers differ slighfys is used here to distinguish the
confinement factor for the modal gain of the sliaser fromI'g the confinement

for the modal absorption loss to the master ldeghe analysis in this chapter
they will be considered as equal, but in predictimgperformance of actual
designs in later chapters they will be treatedegptal. From the threshold gain,
an optical-pumping current density threshold and@&ageneration rate threshold

are found using the logarithmic gain-current dgnsatation

Jgg; = ergtﬁ/g? = ‘]tf ex{c;n;:_ Zi j (3.32)
S 0
RN a.,+a
Gg =——exg ——— (3.33)
qu 1—‘SS gO
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and from the threshold carrier generation ratbyestold photon density of the

master laser mode is found using the relationsh{3.27)

:Gtshﬁr_w' 1 )
dy, Ts V&

S-S (3.34)

This is the photon density of the master laser egéd optically pump the slave
region and generate enough carriers to reachsis tareshold. From this photon

density and from (3.22), a second threshold cufssiaund

qu Vg gt'zI
M

Ui

S _ qth-S
Jin=Su -

Lol (3.35)

that is the applied current necessary for the méaster to produce the photon
density required to optically pump the slave redmits threshold and realize
laser output at the master and slave wavelengtigtsineously. Combing (3.20)
and (3.33)-(3.35) this threshold of the slave ld®momes the sum of two

exponential terms

o, +a, +Isa a,ta
Jtﬁ:(m i SS)'JSGX{ m |j+

FsasﬂiM rés gc? (3.36)
J L{am +a, +Teag j
v X M
n, v 9

where the second exponential increases with tHeabgonfinement of the slave
active region. This second term is the threshotdeci of the master laser, and as
expected the modal absorption loss and threshotdase with greater overlap of
the optical mode with the slave region. In thetfiessm on the right-hand side of
(3.36), the exponential term decreases with gregitical confinement of the
slave region, representing a reduction in matgaat of the slave laser region
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and optical pumping by the master laser needeeachrthreshold. Additionally
an inverse relation of the optical confinementdadif the slave region reduces
this term even further. From these increasing awledsing terms with slave

optical confinement, an optimum optical confinemkator then exists at which

the slave laser threshold is minimized.

lll. RESULTS OF INTERNAL OPTICAL PUMPING MODEL

In the initial modeling, a simple implementatiditize previous equations
is made to better understand the device physicsdamtify the critical design
considerations of the novel internal-optically-pwedpmlual-wavelength laser. The
calculations are done using self-generated cot#®AMLAB, and assumptions
about the active material and cavity losses amud&ed next. For the remainder
of this chapter, the reasonable assumption is riedehe optical confinement
factor of the slave for both the master and slagerl modes are equal.

For the logarithmic gain-current density relatigain parameters are
chosen from the literature that best match the wuanvell widths and materials
of the actual samples to be grown. The master &Edere region consists of
multiple 10 nm wide GaAs quantum wells, and theeslaser active region is a
single 10 nm wide krnGa 76As quantum well slave region. The closest matching
gain-current density data found were for a 10 nrAs$Gguantum well and a 7 nm
Ino 2sGay 75As quantum well, and the gain coefficients anddpamency current

densities are listed in Table III.I [70].
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TABLE Il1.1
LOGARITHMIC GAIN-CURRENT DENSITY PARAMETERS

QW width —d Gain coeff. —g, Transp. Current

Composition - density —J,
(nm) (Cm 1) (Alcmz) !

GaAs 10 1200 90

INo 25G . 75AS” 7 1396 48

values from [70], [71]
Pvalues from [70], [72]

For the master region GaAs quantum wells, the asitipn and well
width are exactly the same as those in the sarafde grown. However for the
slave region, the In composition in the publishathds 25% instead of 24%, and
the well width is 7 nm instead of 10 nm. Sincediféerence in composition is
small, the difference in key parameters such a&ct¥ie mass, matrix element,
and index of refraction should be minimal, and iteasonable to expect only a

small difference in the gain coefficiegf . The small variation in the width of the

guantum wells results in changes to the quantinedgy levels and
corresponding shifts in the gain spectrum and laseelength. It also results in a
smaller density of states (per unit volume) forwhder well and a smaller
transparency carrier concentration. In terms ofenurdensity however, the
smaller concentration is partially compensatedigylarger volume, and therefore
the change in transparency current density betweseetwo wells is minimal.
Coldren and Corzine showed fop baGay spAs/GaAs quantum wells with widths
between 5-10 nm, there is little change in thegpanency current density of the

guantum well [68]. The values in Table Ill.I areishconsidered sufficient for
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modeling the gain of the GaAs quantum wells inrtlaster laser active region
and the gain of the 10 nm wide, laGa 76As quantum well of the slave laser
active region. Initially, both the master and slacéve regions are assumed to be
single quantum wells, and in the next section thdehwill be adjusted to

account for multiple quantum wells within the mastetive region.

The threshold gains of the master and slave |laserdetermined by
summing the different losses listed in Table lIMhe mirror and intrinsic losses
are assumed the same for both the master andlak®reactive regions. The
mirror loss is calculated for a cavity length oD0Qum with facet reflectivities of
30%. For the intrinsic loss, a moderate value oértd is chosen which includes
free-carrier absorption. In determining the absormpbf the slave material at the
master laser wavelength, the bulk absorption isehoUsing the bulk rather than
a quantum well absorption is justified since theibes of the 192G Ga 76AS
guantum well are GaAs as required by the growthtaagumping energy of
master laser is slightly larger than the GaAs batvand gap. At this point for
generality, absorption in the GaAs barrier layaraglected; however, it will be
considered later. The absorption coefficient isitletermined from published

n—x tables using

() = 5 () (3.37)

M
The material or local absorption of the slave quantvell is 24,768 ciwhich

leads to a modal loss of 247.7 Cifithe confinement factor is only 1%. Since its
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active region is the lowest band gap in the stragtine slave laser has no other

inter-band absorption losses to consider.

TABLE IIL1I
ASSUMED MODAL LOSSES OF MASTER AND SLAVE LASERS
, . Slave abs. —
Mirror loss —«,,  Intrinsic loss —,
Laser B e I'sas
(cn?) ( (o™
Master 12.03 10 247.7
Slave 12.02 10 -
4L =1000um, R =R, =03
"I =1%

From these assumptions for the material gain andyclosses, the modal
gain of the slave active region as a function efdpplied current is calculated for
different optical confinements of the slave, ang riissults are plotted in Fig. 3.1.
Increasing the optical confinement of the slaveltesn higher modal gains for
the slave as expected, but the applied currenttgeatsvhich the slave region
reaches transparency also increases due to thergneadal absorption loss to the
master region and the resulting increase in thestiold current density of the
master laser. In Fig. 3.1 the slave laser thresisabdt achieved at a reasonable
current for an optical confinement factor of 0.2Pfae threshold is reduced when
the factor is increased to 0.4% and 0.6% due tanttreased modal gain;
however, the threshold is lowest for the factod @6 since the transparency

current density is lower.
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Fig. 3.1. Modal gain of the slave laser versusiadgerminal current for different
slave optical confinement factors.

To better visualize the impact of the slave opcamfinement factor, the
two terms of the slave laser threshold in (3.36)aalculated versus the optical
confinement factor of the slave in Fig. 3.2. Theegihold of the master laser or the
second term in (3.36) is plotted for different neastptical confinements, and the
exponential increase in the threshold with incrdadave optical confinement is

seen. The first term or the optical pumping tern@Bii36) is labeled,” and is the
decaying curve in Fig. 3.2. The optical pumpingref is independent of the

optical confinement or modal gain of the masted @raphically the threshold of
the slave is then the sum of the decaying curveoardf the master laser
threshold curves. The threshold current densithefslave laser is calculated and
shown versus the slave optical confinement in Fig.for the same master optical

confinements used in Fig. 3.2.
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Fig. 3.2. Calculated threshold current densitiea single GaAs QW master laser
versus optical confinement of the slave activeargi
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Fig. 3.3. Calculated threshold current densitiethefslave laser versus optical
confinement of the slave laser.
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At zero optical confinement of the slave lasevactegion in Fig. 3.3, the
threshold current densities of the master laset 28eA/cnf and 226 A/crhfor
6% and 2% master optical confinement respectivetiyaae reasonable thresholds
for conventional GaAs quantum well lasers. Thiexpected since it is assumed
there is no current injection into the slave regids noted, at small optical
confinements the threshold of the slave laserig l&ge due to the small modal
gain. Increasing the slave confinement factor redube threshold of the slave
laser; however, the resulting increase in modabidt®n loss to the master laser
leads to greater thresholds for the master lagkthars eventually the slave laser
as well. The slaver laser thresholds are thus neidhat the optimum slave
optical confinements in Fig. 3.3. This minimum gdaser threshold and the
corresponding optimum optical slave confinementdiamust be found
numerically since differentiating (3.36) to find analytical expression results in
needing to solve a transcendental equation. Themaopt optical slave
confinements and the thresholds of the master land &asers at this confinement

from the modeling are listed in Table IlLIII.
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TABLE I11.111
OPTIMUM OPTICAL CONFINEMENT AND THRESHOLDS WITH SISLE
QUANTUM WELL MASTER LASER ACTIVE REGION

Master laser
threshold

Master laser Optimum slave

Minimum slave

opt|cal laser threshold Iase_r optical at optimum slave
confinement 2 confinement :
(%) (A/cm") (%) conflneryent
(Alcm)
2 13,796 0.35 7931
3 5473 0.43 3112
4 3207 0.49 1823
5 2242 0.55 1274
6 1728 0.61 979.5

Increasing the optical confinement factor of thester laser active region
leads to reduced thresholds of the novel interpékally-pumped dual-
wavelength laser diodes due to the increased ngaaialof the master active
region. The larger modal gain results in lower maltgain required for
threshold, and from the logarithmic gain-curremdtien, small reductions in the
material gain can result in large reductions inttireshold current. An interesting
trend is seen in the data in Table IIl.1Il where tptimum optical confinement of
the slave laser increases with increased opticdlr@ment of the master laser.
The modal absorption loss is then larger for theterdaser, but the thresholds of
both the master and slave lasers at the optimwe slanfinement are still
lowered. Both thresholds are lowered since thesems® in the modal gain of the
slave laser is less than the increase in modalptiso loss to the master. This is
seen in Fig. 3.4 where the optimum slave opticafinement is calculated versus
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the optical confinement factor of the master amditicrease in optimum slave
confinement is sub-linear. The threshold currehtb® novel internal-optically-
pumped laser diodes can thus be reduced by: Iyhotg the optical

confinement factor of the slave laser active regind 2) increasing the optical

confinement and modal gain of the master lasevecéigion.

0.9

)
m=1
0.8 !

0.7} !
0.6 !
05F ! ]
0.4f-l,’l
0.3 ',
02f ]
0.1k ;
12 s 4 5 6 7 8 9
Master laser optical confinement (%)

Optimum slave laser optical confinement (%)

Fig. 3.4. Optimum slave laser optical confinemesrsus confinement factor of
master laser active region. The master laser actyien is a single GaAs

guantum well.
V. MULTIPLE-QUANTUM-WELL MASTER LASER ACTIVE REGION
In the modeling in the previous section, the nrds&er active region
consisted of a single GaAs quantum well only, dreddptical confinement of the
master laser was increased to achieve higher ngadlad that resulted in reduced
thresholds for both master and slave lasers. Iiiyeilne optical confinement of a

guantum well active region can only be increasedl ¢ertain degree depending
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on the waveguide design and the core and claddatgrial compositions. A
simpler approach to increase the modal gain ofracgaductor laser is to use
multiple quantum wells in the active region rattiean a single well. The theory
and modeling of the novel internal-optically-pumpkal-wavelength laser
diodes developed in the previous section is matiitieinclude a multi-quantum-
well (MQW) active region for the master laser.

Mcllroy et al. suggested the optical confinement factor is gearl
proportional to the number of wells if: the totatige region width is less than
100 nm, and a separate confinement heterostrustused [69]. Thus the total
confinement can be considered as

Vo oV

r=nNrW=V—a=nNV (3.38)

wheren,, is the number of quantum wellg,, is the confinement of an
individual well, anadv,, is the volume of the well. It is assumed each turan

well in the structure is exactly the same. If thiection into the wells is uniform,
the total current is

3=w gy (3.39)

1
where J,, is the current injected into each well ampdis the injection efficiency

of the terminal current into the entire active ocegiFrom the logarithmic gain-

current relation, the total modal gain for a maliantum-well structure is

tr tr

J J
nvvrwgw:n\/vrwgoln(m\]wj:r\/vrwgoln(nzl\] J (3.40)
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In Fig. 3.5 the modal gain curves are shown fdiedght GaAs multi-quantum-
well active regions with increasing number of wel®mparing the curves in Fig.
3.5 and inspection of (3.40) shows the gain predury a MQW structure is
simply the gain-current relation of a single weittwboth the horizontal current

axis and the vertical gain axis scaled by a faejpr

L L L
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Fig. 3.5. The increase in modal gain of the maSeehs MQW laser active region
with added QW. Each quantum well is 10 nm wide \8f#h optical confinement
per well.

If the total cavity loss is low, increasing thenmher of quantum wells may
not result in lower current thresholds. For examplFig. 3.5, if the cavity loss is
less than 30 cih the current threshold is lowest for one quantush im the
active region, whereas if the loss is 60-130'cthe optimum number of quantum

wells is three. To determine the optimum numberelfs for a laser diode,

Mcllroy et al.derived the following equation [69].
52



SN FIE
(e (e <) ot

They also show that for a fixed number of quantuatisyan optimum cavity

length can also be found for minimizing the totadrent threshold.

Lop: = ! In( 1] (3.42)
n, 19 (RR

They are careful to point out the two optimizaticasnot be repeated iteratively
since this would result in an infinitely short dgwvith an infinite number of
wells. By extending the model of the novel interoptically-pumped dual-
wavelength laser diodes to include a MQW activeéarefpr the master laser, an
optimum number of quantum wells can also be detexthfor the novel dual-
wavelength laser.

The rate equation for a MQW active region remaimshanged if uniform
injection is assumed for the wells. It is howewaportant to distinguish between
the total current injection and the total volumeledf active region versus the
injection and volume of the individual quantum welFor a MQW active region

the rate equation is

Ui:—d=f7i$r"vN—Jc‘j’v= An+Bn*+Cn®+v,g(n)S (3.43)
W

whered is the total active layer thickness adg is the thickness of an

individual quantum well. The thicknesses of altlod wells in the MQW active
region are assumed equal. It can be shown thainen the term for the

stimulated recombination remains the material oallgain of only one of the
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wells. From the pinning of the carrier density gadch at threshold, the photon

density is

S=— " (3-3,) (3.44)
qudWVg gth

In modifying the internal optical pumping modelinclude a MQW

master laser active region, the threshold gaincamant density of the master

laser are
77'M J M
Nyl gt'\rfI =ny, Ly g(')vl In(nlW—Jt'C'j =a,+a +Isaq (3.45)
tr
and
-+ T
3y :%Jy expy Zn ;N‘; ;MSO‘SJ (3.46)
i W J0

respectively, fom,, quantum wells. For a photon dens8ly produced by the

master active region, the carrier generation irsthee active region is
M

V,
G, = VLFSvgaSSM : [cm~.s™] (3.47)

S

From (3.38), for a multi-quantum-well active regidime cavity volume is

<

vM = Jw (3.48)

c m
and by substitution, the generation rate in theesia then

Go=wlsy,s (3.49)

S_VSI—‘W ’

54



Since the cavity length and lateral width are t@a for both the master and
slave laser active regions, the ratio of the volsisesimply the ratio of the
quantum well widths

- d—W£VgaSSM (3.50)

> ds Ty
whered,, is the width of only one of the quantum wellshe tmaster region.

As noted earlier, an effective current generatian be defined from
(3.50) so the logarithmic gain-current relation baused to predict the gain in
the slave active region. From the modal lossesthteshold gain and threshold
optical current density of the slave are found, @redthreshold generation rate in

the slave laser active region is then

S
Gl = exp(am kil J (3.51)
qu 1—‘SgO

The photon density which sufficiently pumps thevsléo achieve this generation

rate is the threshold photon density

I
Sw°=G¢ dsly 1 (3.52)
dy s Vyas
and the threshold current density for the slaverles
d, V.o
33 =i AW Yeln  gw (3.53)

Ur
As noted earlier, this threshold is the appliedenirto the diode needed so the
master laser pumps the slave laser to its threshold
Substitution of (3.51) and (3.52) into (3.53) Iead the following

expression for the current threshold of the slageil.
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Comparing to expression (3.36) for a single quaniweth master laser active
region, the first term or optical pumping term icchanged and decays with
increasing optical confinement of the slave lasbe second term is still the
threshold current of the master laser, and the diffigrence compared to (3.36) is
the adjustment for multiple quantum wells in thesteaactive region. If the
number of wells is one, (3.54) simply reduces t8¢Bas expected.

As in the previous section, the optical confinetradrthe slave laser active
region is varied in the modeling to illustrateirtgpact on the current thresholds of
both the master and slave lasers. Rather tharaisiagethe optical confinement of
the quantum wells in the master laser active reglmconfinement is held
constant in the modeling at 3% per quantum wetl, the number of quantum
wells in the master MQW laser active region is thmemeased. In Fig. 3.6 the two
terms on the right-hand side of (3.54) are caledlatersus the optical
confinement factor of the slave laser. The firstnt@r internal optical pumping

term, labeled; , is the decaying curve in Fig. 3.6 and is indepanof the

number of quantum wells in the master laser actgeon. As before the

threshold of the slave is graphically the sum efdhcurve with the one of the

increasing curves depending on the number of wellse master active region.
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Fig. 3.6. Threshold current density of the mast@WIlaser versus the slave
optical confinement for increasing number of wellshe MQW active region.
From Fig. 3.6, a significant reduction in the 8ireld of the slave laser is
expected when the number of wells in the master M&@We region is increased
from a single quantum well. This is evident in g where the calculated
threshold curves of the slave laser are plottedugethe optical confinement of
the slave laser active region for increasing nusbérvells in the master MQW
laser active region. As in the single quantum watle, a minimum in the
threshold current of the slave is observed at amaojn optical confinement of
the slave laser due to the combined effects ofntreasing modal gain of the
slave laser and the increasing modal absorptianttothe master laser with

increased optical confinement of the slave region.
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Fig. 3.7. Threshold current density of the slawetdor 1, 3, 5, and 7 quantum
wells in the master MQW laser active region. Thaimum in the threshold
current corresponds to the optimum optical confieetnof the slave.

Some interesting observations are made from thétsain Fig. 3.7 that
are the basis of important design considerationghionovel internal-optically-
pumped dual-wavelength laser diode. As expectethtieshold of the slave laser
first decreases sharply from that of a single rmagiantum well with the addition
of one or two wells in the master laser activeaagirhe decrease in threshold is
less for further additional quantum wells, andidigcreases in the threshold are
predicted by the modeling for each additional eelyond five wells in the active
region of the master laser. This increase in tlolelsivith further addition of
guantum wells is just as in conventional MQW lasargl an optimum number of
guantum wells exists for the master laser actigeorein the novel dual-

wavelength device.
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In Table 1.1V, the minimum thresholds of thegé laser and the
corresponding optimum optical confinement of tterslare listed for increasing
number of master quantum wells. The master lasesltlolds are also listed for
this optimum optical confinement of the slave lesawhich the slave laser
threshold is lowest. The data is plotted in Fi§, &nd in addition to an optimum
number of master quantum wells at which the thrigsbbthe slave laser is the
lowest, an optimum number of wells also exists laichv the master laser
threshold is minimum. For the slave laser, theropth number of master
quantum wells is five, and the threshold curremisity is 1848 A/crh However
for the master laser, the optimum number of weli®ur, and the master
threshold is 1308 A/cfnlf the number of wells is increased to five totafethe
optimum number for the slave laser, the threshbtil@master laser increases
only to 1322 A/crfi, and thus five quantum wells in the master lastivaregion

is considered ideal for the novel dual-wavelengihick.
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TABLE IIl.IV
OPTIMUM OPTICAL CONFINEMENT AND THRESHOLDS FOR
MULTI-QUANTUM-WELL MASTER LASER ACTIVE REGION

Master laser
threshold
at optimum slave
confinement

Optimum slave
laser optical
confinement

(%)

Number of wells  Minimum slave
in master MQW  laser threshold
laser active region (Alcm?)

(Alem?)
1 5473 0.43 3112
2 2605 0.55 1605
3 2073 0.62 1360
4 1901 0.66 1308
5 1848 0.69 1322
6 1849 0.72 1362
7 1877 0.74 1419
8 1922 0.75 1485
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The second observation from Fig. 3.6 and Figtlsat is useful in
considering the design of the novel internal-opiygpumped dual-wavelength
laser is the change in thresholds of the masteskwve lasers with the optical
confinement of the slave for the different numbkewells in the master MQW
active region. In Fig. 3.7, on the left-hand sidéhe graph, the slave laser
threshold increases sharply with reducing opticalfintement of the slave
regardless of the number of wells in the master M&@iwe region. The internal
optical pumping term which is independent of thenbar of wells is the
dominant term on this side of the curve in the éiqudor the slave laser
threshold, and the slave threshold increases shawgl to the reduction in the
modal gain of the slave laser. On the right-hadd sif the graph, the thresholds
of both the master and slave lasers increase; rewthe rate of increase with
optical confinement of the slave decreases withtiatél quantum wells in the
master laser active region. This behavior resnltanger tolerance of variations in
the optical confinement factor of the slave witlliidnal quantum wells in the
master active region and is valuable in the aataaign and growth of the novel
internal-optically-pumped dual-wavelength lasermd@io

An increase in the modal gain of the master byatidition of active
guantum wells helps to offset the absorption log®duced by the slave laser
active region and results in a lower thresholchefmaster laser. The data in
Table 111.1V also confirms an increase in the optimoptical confinement of the
slave with additional quantum wells in the masasel active region and a
resulting decrease in the slave laser thresholceréds this increase results in a
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higher modal absorption loss to the master, thestiold of the master laser is still
reduced as the increase in the modal gain is gréwete the increase in the modal

absorption loss.

V. CAVITY LENGTH VARIATION

Finally, the impact of the cavity length in thevebinternal-optically-
pumped dual-wavelength laser diode is investightedarying it in the modeling.
As in conventional laser diodes, the thresholdhiefmaster and slave lasers are
both reduced for longer cavity lengths due to #auced mirror loss. However,
additional effects are observed in the predictetbpmance of the dual-
wavelength laser and the threshold current of ldneedaser. In considering the
optimum optical confinement and threshold of ttevsllaser (3.54), variation of
the cavity length results in a greater change @frtkernal optical pumping term
than in the master threshold since the mirror i®ssuch less than the modal
absorption loss of the slave in determining theterabreshold. This is seen in
Fig. 3.9 where the thresholds of the master anats&sers are calculated versus
the optical confinement of the slave for a 500 cavity and a 100Am cavity. A

significant reduction in the internal optical pumgiterm¢ is observed when the

cavity length is increased which results in a fertreduction of the minimum and

optimum slave laser threshold.
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Fig. 3.9. The thresholds of the master and slaser$aas a function of the optical
confinement of the slave and the cavity length.

The reduction in the internal optical pumping tefimwith cavity length
not only results in a reduction of the minimum sldaser threshold but also
results in a reduction of the corresponding optinmptical confinement of the
slave as observed in Fig. 3.9. From the modelmgpptimum optical
confinement of the slave laser is calculated asation of the cavity length, and
the result is shown in Fig. 3.10. Since the optimaptical confinement of the
slave laser varies with cavity length, the thegsdtoptimum thresholds of the
master and slave lasers are therefore also depeoléme cavity length.

If the cavity length is predetermined, the dualslangth laser can be
designed and grown with the optimum slave opticalfioement for the lowest
slave threshold. However, if the cavity lengthasied and the optical

confinement of the slave is held constant, thestiokls of the master and slave
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lasers will deviate from the theoretical optimumesholds. In the modeling, the
thresholds of the master and slave lasers arelatddwersus cavity length for a
constant slave optical confinement of 0.69% whgcthe optimum confinement
for a cavity length of 1000m. These thresholds are then compared to the
optimum thresholds where the optimum slave optioafinement is used in the
calculations at each cavity length. The resultsrafég. 3.11 and reveal the
cavity length can be reduced to 606 and increased to 143ifm for a constant
slave optical confinement of 0.69% before eitherttireshold of the master or

slave laser is greater than 10% of the optimunstiolels.
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Fig. 3.10. The optimum optical confinement of tteve laser at which the
threshold of the slave laser is minimized as atfonof the cavity length.
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where the slave optical confinement is optimiz&te slave optical confinement
is held constant at 0.69% which is the optimumagpttonfinement for a cavity
length of 100Qum.
VI. SUMMARY

In this chapter the theory and a correspondingahofdthe internal optical
pumping scheme for the dual-wavelength laser diadebeen developed, and the
modeling reveals optimization of the optical corfiment of the slave laser active
region is critical to lowering the threshold of thlave laser and enabling dual-
wavelength output. In addition, the thresholdsheftivo lasers can be further
reduced by increasing the optical confinement efrttaster laser active region
and increasing the cavity length. The modeling fgtscn optimum number of 5
guantum wells in the master laser active regioh &% optical confinement per

well, and the optimum optical confinement of thavsl is then 0.69% for a cavity

length of 100Qum. These results will serve as useful guidelinedeisigning
66



specific device structures to implement the inteopdical pumping scheme and

experimentally realize the novel dual-wavelenggetadiodes.
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4 Device Modeling Methods

To develop real laser diodes with dual-wavelergthavior using the
internal optical pumping scheme, it is criticaldiesign devices that have
decoupled active regions in terms of the quasi-Fdrstributions and second
have optimized optical confinement factors as waaahstrated in chapter three.
In order to better understand the different dediesigns it is important to be able
to model and predict their performance, and methoasodel the different
aspects of the device are outlined in this chapterappropriate level of detail is
incorporated in the models to make the resultsedigive as possible to the
actual device performance, and yet, some genesahgsions and simplifications
are made to keep the modeling simple and efficieingt, the method of
calculating the optical mode profiles and opticaifmnement factors of the laser
structures is presented. A few adjustments tortteznal optical pumping model
are required to include effects such as free-gaabsorption and to better match
the model to actual device designs, and these aenagions are covered second.
Third, the methods for modeling the carrier tramspad quasi-Fermi

distributions in the device structures are intraum this chapter.

I. CALCULATION OF CAVITY OPTICAL MODES
Different methods exist for calculating the opticeodes and confinement
factors of laser diodes. These methods includeyacall, various finite-
difference, and transfer matrix methods among ettecalculate the optical
modes of a waveguide. Here a finite-difference apgh as outlined by Coldren
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and Corzine is chosen to form a matrix eigenvatjiagon from the wave
equation for the electric field of a supported ogttimode [68]. For the novel
internal-optically-pumped dual-wavelength laseustures, a graded-index
separate-confinement-heterostructure (GRINSCHhasen as a starting point
for the designs, and a significant advantage tditite-difference method is the
ability to solve for the field in regions with gredl refractive index whereas the
transfer matrix method cannot solve the profiléhese regions due to the inherit
dependence on discrete boundaries.

The finite-difference method for calculating th@ioal modes is outlined
starting from Maxwell’'s equations and derivatiortloé wave equation.
Maxwell's equations for a dielectric medium thalimear, nondispersive,

homogeneous, isotropic, and source-free are asnsi|

V><H:gE 4.1)
ot
oH
VXxE=—u——om 4.2
s (4.2)
V.E=0 (4.3)
V.-H=0. (4.4)

Applying the curl operatiotV x to 4.2

Vx(VxE):—nyi?H (4.5)
using the identity
Vx(VxE)=V(V-E)-V’E (4.6)

and substituting 4.3 leads to
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VZE:,Lt%(Vx H). 4.7)

The wave equation for the electric field of a prggeng electromagnetic wave is

then found using 4.1

0%E

V2E = ue )
H ot?

(4.8)

As a coordinate systenz, is chosen as the longitudinal or propagating timac

X the growth or transverse direction, apdas the lateral direction, and for

transverse electric or TE polarized waves, thetrteiield takes the form
E(X,Y,zt) = YEU (X y)e' (4.9)

whereU (X, y) is the transverse field profile and is normalized
f’ U (%, y)|” dxdy=1. (4.10)

By substituting 4.9 into the wave equation 4.8 tawdioring out common terms,
the Helmholtz equation is found which is an eigénmeaquation for the field
profile.

VU (X, Y) + [0 ue — fJU(X,y) =0 (4.11)

VAU (x,y) +kZ[n* -=nZ JU(x,y) =0 (4.12)
The field profile for the mode of a waveguide canchlculated from the
Helmholtz equation where the refractive index tearies spatially with the
geometry of the waveguideg(Xx, y) .

For broad-area lasers, the overall confinemenibfas determined largely

by the confinement in the transverse or growthatiioa, so a 1-D case is assumed
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to simplify the modeling wherb (x) is the profile of the electric field of the
optical mode in the transverse direction. To cataithe profile, the finite
difference method outlined by Coldren and Corzj68] is used with a second-

order Taylor series expansion, so

2 2
U (x+ Ax) =U (x) + ax 3000 (@97 dU () (4.13)
dx 2 dx
2 2
U (x—ax) = U (x) - ax 3000 (%7 dU(X) (4.14)
dx 2 dx
d?U(x) U (x+Ax)—2U(X)+U (x— AX) (4.15)
dx? (AX)? ' '
The space in the transverse direction is discretize
Xx=IAX where i=012...1+1 (4.16)
and the second order differential becomes
dU(x) U.,+2U,+U (4.17)

dx® (AX)?
The finite-difference discrete form of the Helmlza#tquation for the field profile
is then

U.

i+1

+2U, +U,

(AX)? + kg (N —ng )U; =0. (4.18)

Next, by defining the term
AX? = KZAX? (4.19)
and rearranging the terms, the Helmholtz equabonhie field profile can now be

written as a matrix eigenvalue equation
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U, 2 5 U, 5
it -n®>U. +—* —n2U. 4.20
AX? (sz j PAx2 e ( )

where the refractive indew, can vary spatially with each discrete element to
calculate the profile of the field of a guided gptimode. In order to solve for the
field profile, boundary conditions must be specifi@ simple choice is to make
the computational window large enough, so thabtihendary is far enough away
from the guiding layer of the waveguide so theffiisl effectively zero at the
boundary so

U,=U,,=0. (4.21)

With these boundary conditions, the matrix eigengaquation then takes the

form
i} , . o o
[nf—szj AX? 0 Vi Vi
A>1<2 (ng_;(zj A>1<2 0 V2 V2
=nZ (4.22)
0 0 M M
0 0 Klz (nf—KZZJ U, U,

where the eigenvalug’, is the square of the effective index of the trangg!

optical mode, and the eigenvectdris the field profile. These values can be
solved quickly and with relative ease by employngjt-in matrix-solving
functions found in most numerical software package as MATLAB.

For the TE modes of a laser diode cavity, it carsown that the optical

confinement factor is [67]
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2
E, (x,y)| dxdy

r= I J‘active

T  dxdy (4.23)
.Lc J:DO‘Ey(X' y)‘ dxdy

In the 1-D case, substituting 4.9 and factoringtbetcommon terms, the optical

confinement factor becomes

U ()| dx U’
_ .[a(iive| ( )|2 ~ Zaicti:/e| '2| . (4.24)
[umfaxc 2o

Thus the optical confinement factor can be compbtesumming the squares of

the individual elements of the field profile copesding spatially to the active
region and dividing this by the sum of the squareall of the elements. The
refractive indexes of the different materials usethe dual-wavelength
heterostructures are listed in Table IV.l. Fordgnaded regions, linear
interpolation of the refractive indexes is usethie modeling.

TABLE V.1

REFRACTIVE INDICES IN MODELING OPTICAL MODES
OF DUAL-WAVELENGTH LASER DESIGNS

Material n (4=850 nm) n £=1020 nm)
INo.24G& 76AS 3.68302 3.61904
GaAs 3.6442 3.4995
Al Gay gAs 3.4634 3.3979
Al sGay /As 3.3889 3.3390
Alo Ga sAs 3.1377 3.0944
Al 75Gay 25AS 3.1262 3.0795
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. ADJUSTMENTS FOR FREE-CARRIER AND BARRIER ABS®GHION
In the novel internal-optically-pumped dual-wavejth laser diode design

the slave laser active region is placed withinghasi-neutral doped region and
not within the intrinsic region of the-i-n junction, and free-carrier absorption
and its impact on the threshold of the dual laaegsmportant considerations. In
considering different detailed designs implementhginternal optical pumping
scheme, the free-carrier absorption is evaluatetbbyparing the optical field
profile with the doping profile. Casey and Paniskerthe free-carrier absorption

near the GaAs band edge at room temperature is

a,. ~3x10"°n+7x10%p  [cm'] (4.25)

wheren and p are the electron and hole concentrations res¢tiv3]. For the

device structures examined here, this relatiowisicered to also be a reasonable
approximation for free-carrier absorption in the@dy ,As layers. It is also
assumed the electron or hole concentration in adloggion of the device is

equal to the doping concentration.

The free-carrier absorption loss introduced byjped region depends on
the optical mode and the overlap of the mode wigregion or the confinement
factor. The optical mode of the overall structiwealculated using the matrix
eigenvalue method outlined previously. The contrdyuof a region within the
heterostructure laser device to the total freei@aabsorption loss can be
calculated from the doping level and optical coerfirent factor of that specified
region. The total free-carrier absorption loshentsimply the sum of the

contributions from the differemt andp regions
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o =) T, -3x107%-n, + 3T, - 7x107° - (4.26)
k I

where each region has a different doping or cacoeecentration. It will be shown
that for the different designs considered herehtgkest total free-carrier
absorption loss of any of the devices is 4.7 cmhich is insignificant compared
to the modal absorption loss introduced with theitaeh of the slave laser active
region.

Material growth issues arise in growing InGaAs cliseon ALGa AS,
and InGaAs quantum wells are grown with GaAs baftagers. In the novel
internal-optically-pumped dual-wavelength laseustures, the AlGa .As layers
are transparent to the 850 nm light generated éyrhster laser GaAs MQW.
However, the GaAs barrier layers of the Jii5& 76As slave laser quantum well
are not transparent and introduce an additionairgkisn into the equations and
model of the novel dual-wavelength device. In dep®lg the model and the
theory in the chapter three, this detail was omjtbeit the model is adjusted to
include it in evaluating specific structures andwgh designs.

The additional absorption of the barrier layerdsath the total modal
absorption loss the slave laser active region dhices to the master laser, so the
total loss is

Ias+Te,. (4.27)
The assumption is made that the photo-generate@rsain the barriers layers
scatter to the slave quantum well, and from theahabsorption loss the carrier

generation rate inside the slave laser quantumisvell
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VM
Gg = VLVg (Fsas+L,)Sy (4.28)

S
whereV" is the master laser cavity volume afglis the photon density.
Assuming the carriers in the barrier scatter tocis@ntum well, the volum¥ is

the volume of the InGaAs quantum well only and deatsinclude the volume of

the GaAs barrier layers. The barrier absorptioaifely increases the
absorption coefficient of the slave quantum welvgs andV, in 4.28 are

unchanged with or without the barrier layers. Ftbmratio of the optical

confinement factor of the barrier layers to thathaf slave quantum well

Xl (4.29)
1—‘S
an effective slave absorption coefficiamt cdn be defined
as'=as+ Xa, . (4.30)

With this definition, the modal absorption losglie master laser and the carrier
generation within the slave laser active regionpdiiyto
T (4.31)
VM
Gs = vagrsa{s'sw (4.32)
which resemble the equations of the model withautier absorption. The model
developed previously can then easily be adjustéactade absorption in the

barrier layers of the slave laser quantum welldyssituting in the effective

absorptionag for the actual slave absorption coefficient. For the dual-
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wavelength structures developed in this chapteratisorption in the GaAs
barrier layers af = 850 nm is 9,048 cthcompared to 24,768 c¢hat the same

wavelength in the krGay 76As slave quantum well.

[ll. MODELING SUB-THRESHOLD CARRIER DYNAMICS

In the internal-optically-pumped dual-wavelengikdr diode design, it is
critical that the master and slave laser activeoregare electrically decoupled so
the quasi-Fermi levels/distributions are distirwtéach region. Further, the
internal optical pumping model developed in thevmes chapter assumes
negligible injection of carriers into the slaveiaetregion due to current leakage
from the junction, meaning the current injectiohcgéncy for the slave laser
active region should be near zero. To validateabgimption and better
understand the decoupling of the quasi-Fermi lelvetereen the two active
regions, the carrier transport and electrical bairaf various implementations of
the novel dual-wavelength device are modeled uapplied biases and currents
below the laser thresholds. The devices are siediasing Silvaco’s ATLAS
device simulation software. ATLAS is described ghgsically-based device
simulator in that a set of differential equatiomsided from Maxwell’s equations
is applied to a discrete two or three dimensionial gepresentative of the
physical device structure to simulate its behayooyiding valuable insight and
visualization of the theoretical equations [74].

To better understand the functionality and requitgluced by Silvaco’s

ATLAS, the physical equations and models usedeanstmulations of the novel
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dual-wavelength designs are described here bri€fg.software relies on solving

Poisson’s equation which relates the electric fieldo the charge density

v.g- Y2 (4.33)
&

where the charge density is made up of free elestamd holes and ionized
donors and acceptors. The electrostatic potegtiehn then be found from the
electric field using

V¢ =-E. (4.34)
The continuity equations equate the time rate ahgle of the carrier

concentratiom or p to the generation ratg,, recombination ratd? , and current

density J
on 1
—=G,-R +=V.J 4.35
5~ o Ry g’ (4.35)
op 1
E:GD—RD—EV'JP. (436)

The current density equations consist of drift difflision components
J,=qu,nE+qgD,Vn (4.37)
J,=0qu,pE-qD,Vp (4.38)

where 4, , and D, ; are the mobility and diffusion parameters respetfi The

current density equations can be inserted int@timtinuity equations, and the
continuity equations and Poisson’s equation them fa set of three equations

with three unknowns: the electron concentratigrhole concentratiorp , and
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electrostatic potentiap. The ATLAS simulator solves discrete forms of #hes
equations and up to six coupled equations maynked to be solved [74].
Boundary conditions are required to solve Poissequation and the
continuity equations, and it is assumed on theaserbf an ideal ohmic contact
that space-charge neutrality is met and the elstettic potential is equal to the

applied voltage plus a reference potengial

$ = P +Vappiiea- (4.39)
Additionally the carrier concentrations at the @mttare equal to their equilibrium
values

n=n, (4.40)

p=1p, (4.41)
and the quasi-Fermi potentials satisfy

91 = Po = Vappiea (4.42)
with the quasi-Fermi potentials related to the g&asmi levelsF, and F, by

@, = 1 Fop- (4.43)
q

np

To evaluate the generation and recombination témrtige continuity
equations, Shockley-Read-Hall (SRH), radiative, Ander mechanisms are
considered in ATLAS. The simplest form describirigtsused by ATLAS and in

simulations of the novel dual-wavelength structuses

79



R-G,=R,-G, =
2
ikl . (444)

rn[m . eXL{E‘k_TE‘j}{ o poa{ 5 E H

In the simulations of the dual-wavelength lasericksy; it is assumed the trap

energy levels are equal to the intrinsic energgllelZ, = E,, which simplifies the
expression further. The SRH lifetimes and 7, can be specified in ATLAS for

specific semiconductor materials, and the values urs simulating the dual-

wavelength designs are listed in Table IV.II. Undigyh injection where

np>>n’ and assuming ~ p, it can be shown that the SRH recombination

reduces to the familiar form

— An. (4.45)

n
RSRH =

- T, +7,
For optical generation/radiative recombinationted to band rate is

R,-G,=R, -G, =B(np- n*) (4.46)
and for Auger processes the rates are

R -G, =C, (n°p-nn?) (4.47)

R, -G, =C,(np’ - pn?) (4.48)
whereB andC, , are the respective radiative and Auger coeffisichbese
values can also be specified in ATLAS for a givestenial, and the values used
in simulating the novel dual-wavelength structuaeslisted in Table IV.II. The

values were collected from the built-in tables iLAS [74], loffe’s [75],

Properties of AlGaAs [76], Adachi [77], and Cold{é&g].
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TABLE IV.I
RECOMBINATION PARAMETERS IN MODELING DWLD DESIGNS

|if§$rl;]|e ”fselt?ge Radiative Auger Auger
Material ; - coeffé -B coeﬁ;. Cn Coefg' (o
§ P cm’/s cm’/s cm/s

INg 24Ga 76AS  2.5x10° 3x10° 7x10%t 1x10°%° 7x10%°
GaAs (QW) 2.5x10 3x10° 8x10"! 1x10%° 1x10%°
GaAs (bulk)  2.5x10 3x10° 7.2x10"°  1x10%* 1x10%°
Al Ga sAs 4x10° 2x10° 1.5x10°  7x10*  6.1x10*
AlosGa 7As 1.5x10° 1x10° 1.5x10°  5x10% 1x10%
Al sGa sAs 3x10° 1x10° 1.5x101°  5x10%° 1x10°%
Al -Ga As 3x108 1x10° 1.5x101°  5x10%° 1x10%
Alo7GapAs  3x10° 1x10° 1.5x101°  5x10%° 1x10%

In calculating the current density, the carrietbifibes listed in Table
V.11l for the different materials were used in thienulations. Additionally, in a
high electric field, the drift velocity begins tatsrate. ATLAS accounts for this
by reducing the effective mobility since the duiélocity is the product of the
mobility and the electric field component paratkekthe current flow. A parallel
electric field dependent mobility model in ATLASjaslts the mobility and
provides a smooth transition from low to high elecfield behavior. The model
uses the following equations relating the mob#ithd the electric field component

parallel to the current flovi,
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Hp (E||) =Hno

ﬂp(E”) = Hpo

1

satn

1

Po
1+ HooEy
Vsat,p |

|

1+ (,Uno E||
\Y)

(4.49)

(4.50)

In the simulationss, = Zand g, =1, and for all compositions of g&a . xAs,

including GaAs, the saturation velocity,, is 7.7x16 cm/s for both electrons and

holes.

TABLE IV.1II

CARRIER DRIFT MOBILITY IN MODELING DWLD DESIGNS, [A] and [75]

Material

Electron mobility —u,

Hole mobility —p,

(cnP/V-s) (cnP/V-s)
INo.24G& 76AS 7086 300
GaAs 8000 400
Al Gay sAs 4000 206
Al Gay 7As 2300 146
AlosGay sAs 145 70
Al GaysAs 204 54
Al 75Gay 25AS 204 54

To model heterojunctions, ATLAS is equipped witkiulator referred

to as BLAZE which accounts for position dependearidstructures by
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modifying the current density equations slightl¢][/Poisson’s equation remains
the same as for a homogeneous structure excegidlleetric constant is position
dependent. The continuity equations also remairsainee, but the current
equations are altered and take the form

‘]n = _/unnv¢n (451)

J,=-u,pvé, (4.52)
To determine the quasi-Fermi potentials, the conda@nd valence band edges

in BLAZE are determined from the electrostatic pigd by
E.=-al¢—4)—-x (4.53)
E, =—-a(¢—4))—x - E, (4.54)
where the electron affinity and the band gag, are position dependent based

on the heterostructure. In the BLAZE simulator, laed offsets of a
heterojunction can be specified, and the electfanity of the material is then
modified by the simulator to produce the specifiidets in the position-
dependent structure. For the AlIGaAs/GaAs/InGaAstjons in the novel dual-
wavelength structures, the following band offse¢gsenselected for all
heterojunctions within the structure:

AE, = 065- AE, (4.55)

AE, = 035 AE,. (4.56)

The quasi-Fermi levels and potentials can be Gked from the band

edges and the carrier concentrations using FernaieBitatistics with the electron

and hole density-of-state functiopg(E and p, (E ):
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n= [; f (E)p,(E)dE (4.57)

p=[" f,(E)p,(E)E (4.58)
1
f (E)= {E_ = j (4.59)
1+ex n
kT
f (E)= L (4.60)

1+ ex;{ Fo - Ej

KT
A detailed description of how ATLAS handles Fermidg statistics is
considered unnecessary here since the goal ofwengehese basic equations is
to conceptually understand the physics considerdide software to better
interpret the calculated results. However, furthetiails regarding the
computation of the quasi-Fermi levels using thenidirac statistics are
available in the ATLAS user’s manual and involveeessions relying on the
effective density of state values and the Fernaigrdl of order 1/2 [74]. These
expressions ultimately relate the quasi-Fermi gaénto the carrier
concentrations and are inserted into the curremsideequations (4.51) and
(4.52) and into the continuity equations.

The continuity equations and Poisson’s equatiersatved by ATLAS
applying the different recombination, mobility, aneterojunction models just
outlined, and up to six coupled equations may nedxt solved for the carrier
concentrations and electrostatic potential. ATLASS three basic solution

techniques for solving these equations [74]. Thst fnethod is the Gummel
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method that solves for each unknown while keepegather variables constant
and repeating the process until a stable solut@aached. The second method is
the Newton method which solves the overall systemm&nowns together, and
finally the Block method solves some equationsyfabupled and others
decoupled. The default method is the Newton metaod,it is the method used to
solve the novel dual-wavelength laser structuresolving the equations,

ATLAS uses an initial guess of the variables fromvpus solutions and iterates
to a converged solution at the new bias conditiand,small steps in the bias
conditions converge easier in simulating a dekag.the initial solution, the

initial guesses are made from the doping profitel e structure is solved for the
zero bias or thermal equilibrium case.

To run ATLAS an input file is created which is theun in the ATLAS
interface. In the first portion of the input filee device structure is specified
which includes specifying the mesh size and depdéfining regions and
electrodes, and setting the doping levels of tHimee regions. Next the materials
of each region are selected and material parameifézsent than the default
values can be set. The physical models to be applithe simulation are then
noted, and the numerical method can be set to bile @ther two types if the
default Newton method is not desired. Finally speatiions for the solution files
are made which include the bias conditions. Thetifife is then ran in ATLAS,
and for each bias point, a structure file is geteeravhich contains the solved
variables at each node of the mesh. Parametersasuttie band gap, band edges,
carrier concentrations, electrostatic potentiacelc field, current, quasi-Fermi
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levels, recombination ratestc.can be viewed for the different nodes of the mesh,
and the values are extracted to generate figusasthe band diagrams shown
in later chapters. Additionally log files can beesified which record these
parameters at specific locations within the dewssh as a function of the bias
conditions. Besides current versus voltage cumi®r curves such as
recombination rate versus voltage or current cagdmerated for given points
within the device. For example the quasi-Fermi leweé the different active
regions are plotted as a function of the applied bi

Additional parameters can be found using the tegutiata from the
ATLAS simulations, and an important parameter ialeating the dual-
wavelength structures is the injection efficientyhe different active regions or
the fraction of the terminal current that generatasiers within an active region.
The injection efficiency is easily found using tleeombination rates within the

active regions and with the following definition

77i _ qdactive(RSRH,active +JRrad,active + IQAuger,active) . (461)

total
The injection efficiency of the different activegiens can then be evaluated as a
function of the applied bias or current.

A brief explanation of the band gaps and effecthasses used in the
ATLAS simulations is given as slight adjustmentsewamade to these values to
best represent the behavior of the quantum weileotgions while preserving
the relative simplicity of the modeling. Variousaquium models are available in

ATLAS, but these models are complex and limitetheir scope and
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documentation [74]. In these models detailed oaton procedures are
required to determine proper values for sever#heimodels’ parameters to
obtain useful simulation results. In simulating titeevel dual-wavelength laser
diodes, the most desired effect is a change idémsity of states and the Fermi-
Dirac statistics to reflect the quantum naturenefwells in the active regions.
However to the best of our knowledge a simple methfaachieving this without
the additional complexity and limitations of theadable quantum models is not
available. To preserve the simplicity of the moaglithe quantum well active
regions are thus considered as bulk materialsaiAIiLAS simulations in
determining the density of states.

A few modifications are made however so theseoreggmore closely
resemble the effects of the quantum wells. Thectffe band gap value of the
GaAs quantum well remains that of a bulk GaAs, thvedband gap of the
Ing.24G&.76AS quantum well is set to the value of strainekbog »/Gay 76As on
GaAs. These values are listed in Table IV.IV. Rerfthe values for the effective
masses are set to those used in parabolic bandswddpiantum wells described
in the literature and determined by the Luttingargoneters [67] and [68]. In the
limit of a wide quantum well, the density of statggroaches that of a bulk
semiconductor, so this is considered as the b@so=ination to realizing the
effects of the quantum well without relying on flad complex quantum models.

In parabolic models of the bands, the electroaatife mass in a quantum
well remains that of the bulk semiconductor, bet iole effective masses of the
guantum well active regions are calculated usiregLilttinger parameters of the
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material. For an unstrained quantum well, the leffiective masses in the
perpendicular and in-plane directions are equalaaadalculated using the

following relationships [67] and [78]:

1
m,, = (4.62)
71—27,
1
my, = ) (4.63)
" n+27,

For a strained quantum well the perpendicular @ffeanasses are unchanged
from 4.62 and 4.63, but the in-plane effective masse equal to

1

= (4.64)
V1172

Mhn

1
e

m, = (4.65)

For IniGa.»xAs, the Luttinger parameters can be found by line@rpolating

those of InAs and GaAs. The Luttinger parameteafgutated effective masses,
and the band gaps used for the active region®eiATLAS simulations are listed
in Table IV.IV. In contrast, for the bulk GaAs regs the default values in
ATLAS were used, and these values are also listdlae table for comparison.
For the quantum well active regions, the in-plaeavy hole effective masses are
used to determine the density of states sincedberteracy of the heavy and light
hole bands is split inside the quantum well. Ferttilk GaAs and AGa .xAs
regions the hole density of states effective ma$sund from both the heavy and

light
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hole masses according to
m, = (M, + M%) (4.66)

which is based on a three-dimensional densityaiést

TABLE IV.IV
BAND PARAMETERS IN MODELING DWLD DESIGNS [74], [75][78]

GaAs N 24Gay 7 GaAs

Parameter oW (ﬁrsag\e/\é) bulk
Band gap Eg (eV) 1.42 1.1742 1.42
Effective masses me  0.063 0.0574 0.067
Mhn 0.37 0.07 0.49
mn,  0.091 0.158 0.16
Luttinger parameters Y1 6.85 9.93 -
Y2 2.1 3.60 -

To complete this summary of the models and parammeised in the
Silvaco ATLAS simulations the material parametensAl,Ga .As are noted.
For the graded AGa .,As regions within the dual-wavelength structureshiand
gap, effective masses, and dielectric constangra@ed as follows and are default

in ATLAS [74]:

E, = 159+1.155x+ 037x* (4.67)

E,; =1.911+0.005x + 0.245¢’ (4.68)
=0.067+0.083 0< x< 045

Me < X< (4.69)
= 085- 014x x> 045

m,, = 0.087+ 0.063x (4.70)
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m,, = 062+ 014x (4.71)

£=1318-29x. (4.72)
The mobility and recombination parameters are naded in these regions, and
instead the parameters of the intermediate compnsit= 0.5 are used for the

layers which are graded from x = 0.2-0.3 to x =Q.75.

IV. SUMMARY

With the modeling adjustments and methods coveréki$ chapter,
different dual-wavelength device designs implenrenthe internal optical
pumping scheme can be modeled and evaluated pribetactual epitaxial
growth. The balance of the low-level details witle general assumptions and
simplifications was carefully monitored to allowetinodels to be as predictive as
possible while maintaining simplicity and efficignio the calculations and
device development. Three different dual-wavelemigtsigns are modeled in
chapters six and seven using these modeling metbaxddculate the optical
modes and confinement factors, to apply the inteyp@cal pumping model, and

to evaluate the quasi-Fermi distributions and eaxiynamics.
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5 Experimental Methods

To experimentally demonstrate dual-wavelength laperation from the
novel design, three generation of designs areestiudithe next chapters, and this
chapter covers the experimental techniques ustbiitating and testing actual
devices based the on the internal optical pumpesigth. The epitaxial growth of
the layers is done using molecular beam epitaxyEMBtandard broad-contact-
area ridge-waveguide laser diodes are processettf® grown wafers using
conventional semiconductor processing techniquaselLbars are then cleaved at
various cavity lengths, and to test the laser aeyia new testing station is
designed and built with the flexibility to compledevariety of standard laser
diode measurements. This chapter covers each s Hreas, epitaxy growth,

device processing, and device testing, in brieditlet

I. EPITAXY GROWTH

Epitaxial growth of the laser diode structurestdes mono-layer growth
of the dual-wavelength structures studied. Thée §eneration of dual-wavelength
laser diodes are grown at Arizona State Unive(®i§U), using a VG V80H
solid source MBE machine. The machine at ASU isb&gpof growing on 2” and
3” substrates, and the machine is equipped withAGdn, As, Sb, P, Be, Si, and
Te sources. The second and third generation desighe dual-wavelength laser
diode are grown at the University of California,sLAngeles (UCLA). The MBE
machine at UCLA is equipped with In, Ga, and Alusfbn cells for the group I
elements and As and Sb valved cracker cells fogtbep V elements. The
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available dopant sources are Be, Si, and Te. Tlohimas at both universities are
equipped with reflection high energy electron @iffion systems for in-situ
monitoring of the growth.

The complete details of the device structure ategiven at this point but
some specifics regarding the growths of the actggons and cladding materials
are mentioned. The dual-wavelength laser structane$ased on a graded index
separate confinement heterostructure (GRINSCH)gdessing the
GaAs/InGaAs/AlGaAs material system. In all the dasi a thickh-doped GaAs
buffer layer is grown first on a 3" GaAsdoped (1 ~ 1x13® cm®), substrate.
Following the buffer layer, the-doped region of the diode is grown which
includes a high-Al-composition AlGaAs cladding laydth linear grades in the
Al composition as the structure growth transititnasn the GaAs buffer layer to
the cladding and from the cladding to the coréhefwaveguide structure. The
core of the waveguide is undoped in the regiorhefrhaster active region, and
after the growth of the core, a claddimgloped region symmetric to the other
cladding layers is grown. A highly dopedé+ GaAs contact layer is the final
epitaxial layer in all of the samples grown.

The growth temperature of thedoped GaAs buffer layer in all samples is
580 °C, but the growth temperature of the AlGaAslding layers is different
between the first generation samples grown at A&dJthe later generation
designs grown at UCLA. For the first generationigiesthe Ab 7:Ga 25AS
cladding layers were grown at 670 °C using Sb stafd. In the second and third
generation designs, theAGa sAs cladding layers are grown at 580 °C without
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Sb surfactant. The change is based both on thetaegdw the lower-
temperature InGaAs slave active layer within theeguide cladding in the later
generation designs and UCLA’s inexperience in uSih@s a surfactant in
AlGaAs growth.

The active regions of the master and slave laser®ted in chapter three
are a GaAs multiple-quantum-well (MQW), region @amdinGaAs single
guantum well respectively. In all of the desigig guantum well widths of the
master active region are 10 nm. The compositiach@fvell barriers is
Al Ga sAs, and the barrier widths are 10 nm in the fiestign and 3 nm in the
second and third designs of the dual-wavelengtr lagh the reduction expected
to result in slightly lower thresholds. The cal¢athenergy levels of the GaAs
MQW are listed in Table V.1, and the transition whangth at 300 K is 851 nm.
The growth conditions of the GaAs MQW are the sasithe AlGaAs cladding
layers for the different designs, 670 °C with Sfattant for the first generation
and 580 °C without surfactant for the later designs

The slave laser active layer in the first generatiesign and in the
modeling of all the designs is a 10 nmg diGa 76As quantum well. The
composition and well width in the grown second #nc generation designs
were adjusted to §3Ga gAs and 8 nm to improve the growth quality with
UCLA’s MBE. The energy levels and target wavelesgththese two quantum
wells are listed in Table V.I. The last-minute chain the slave laser active layer
should not result in a large deviation from thedpreed modeling results with the
wavelength difference being the most drastic. Tiosvth temperature of the
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InGaAs quantum wells is between 500-510 °C foofthree designs of the dual-
wavelength laser diode. A complete list of allloé epitaxial layers in the designs
is found in the next chapters with their specifioadaling and experimental
results.

TABLE V.1

QUANTIZED ENERGY LEVELS AND TRANSITION WAVELENGTHSOF
ACTIVE REGION QUANTUM WELLS IN DWLD

Slave laser
Slave laser .
Master laser . active layer
Parameter ) active layer nd rd
active layer st : 27 & 3" gen.
1> gen. design desi
esigns
Well material GaAs INg 24Gay 76AS INg s:Gay sAS
Well width 10 nm 10 nm 8 nm
Barrier Al Gay gAS GaAs GaAs
Eg (eV) 1.4240 1.1776 1.2179
Eeo (eV) 0.1038 0.1017 -
Ee1 (eV) 0.0273 0.0286 0.0338
Enn1 (eV) -0.0053 -0.0059 -0.0083
Enno (eV) -0.0211 -0.0233 -0.0326
Eni (eV) -0.0201 -0.0102 -0.0116
Transition energy
eV 1.4566 1.2121 1.2600
(Eg+ Ee1+ |Enndl ) (eV)
A (nm) 851 nm 1023 nm 984 nm

. DEVICE PROCESSING
Broad-contact-area ridge-waveguide laser diodes vedricated from the
grown material using standard processing technidgues first generation designs

were fabricated at ASU in the Center for Solid &&lectronics Research, and the
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second and third generation designs were fabrictéte University of Arkansas.
The process flows of the two different process ramesmostly the same with the
only significant difference being wet etching iredeof dry etching of the mesa
that forms the ridge-waveguide.

The most important steps of the fabrication ofdhal-wavelength
semiconductor laser diodes are illustrated in Fity, and more detail is provided
in the text that follows. The first step in the figation is the photolithography
step to define the pattern for etching the meseftiens thep-contact area and
the ridge-waveguide. The mesa widths range fromr8Q@o 150um, and AZ4620
and AZ3312 positive photoresists are used in tisé generation’s and later
generations’ device fabrication respectively. Titetence between the two
resists is the thickness of the resists, but gitierwide feature size of the mesas
and the relative etch depth, the difference isauant. Following the developer
step, the samples and resist are hard baked at 100 °C.

The second critical step in the fabrication predeshe etch-step of the
mesa. This etch is necessary to remove the highpedp++ contact layer in the
non-device regions and confine the current flowhedevice region. This etch
can either be done using an inductively coupledrpladry etch with Blgand
Cl, or using a 1:8:40, ¥0,:H,0,:H,0O wet etch with an etch rate of ~0.9-1.0
um/s. Fabrication of the first generation devicesduhe dry etch method,
whereas the later generation designs used thetaet®he method of etching is

not critical since the ratio of the etch depthrisai compared to the mesa widths.
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Following cleaning and removal of the first laydotoresist, a second
lithography step forms the pattern for the top hedatacts of the laser diodes.
Instead of positive photoresist, AZ5214 image rsa&kresist is used in this step.
The same photomask from the first lithography ssegsed again in this step, but
the mask and features are shifted one period s8Gpen stripe width is over the
50 um mesa, etc. After the photoresist layer is dewvadognd baked, an Au/Ti
metal stack is deposited on the samples using e+bestal evaporation. Just
prior to putting the samples in the e-beam evaporahy native oxide is removed
using a brief 10 second 1:20, WPH:H,O wet etch. The Au and Ti target metal
layer thicknesses are 2000-300@nd 2004 respectively, and the samples are
afterwards immersed in acetone to remove the pbsisirand lift-off the metal.
The result is the neatly patterned metal contact®p of the mesas as seen in
Fig. 5.1.

At this point the processing on the top-side orsége of the wafers is
nearly complete, and the next step is thinnindhefliack-side GaAs substrate.
Thinner samples will produce cleaner cleaves agddriquality mirror facets
when laser bars are cleaved from the finished sssnpphe samples are lapped
using mechanical abrasion from a starting thickieés360um to a final target
thickness of ~10@m. The samples are mounted on a rotatable chuckelddn
position against a large grooved plate that istirgavhile slurry of micrometer-
sized AbOs particles is fed to the plate.

The samples are cleaned thoroughly after the hgpjaind the next step is

a blanket Au/Ni/AuGe metal deposition covering biaek-side of the wafers to
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form then-contact of the devices. Any native oxide is rentbgeor to loading
the samples in the evaporator using again the NBQOH:H,O wet etch. The
target layer thicknesses are slightly differentssn the samples fabricated at
ASU and the University of Arkansas, but the diffexe is expected to have little
impact on the end performance of the devices. ota target thickness of thre
contact metal stack is 3656and 4250 for the different processing runs.

The final step before cleaving the samples ingerdars is rapid thermal
annealing (RTA), of the samples. The RTA step h&p® better ohmic contacts
to the device and the rapid temperature ramp aod dbration of the anneal
portion are necessary to limit diffusion of the dots within the device. The
temperature ramp is ~30 seconds to 400 °C, andtiigesamples are annealed at
400 °C for another 30 seconds.

Finally, individual laser bars are cleaved frora famples using a
cleaving station designed and assembled at ASUsTt®n consists of a
vacuum chuck mounted on rotational and translatistages. Above the chuck is
a diamond-tipped scribe on a lever that is in adiposition. Using the stages and
the scribe, small marks to define the cleave plaaeshe scribed into the edge of
a sample at selected intervals. The resolutiomefal the micrometer-driven
translational stages is on the order of a singl@oni enabling great accuracy in
cleaving laser bars with specific cavity lengthBeTndividual laser diodes on a

laser bar are then ready for testing.
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Fig. 5.1. Process flow diagram showing the critataps in fabrication of the

dual-wavelength laser diodes.

98




[ll. DEVICE TESTING

To test the dual-wavelength laser diodes, a ngyemxental setup was
designed and built to perform standard spectrumpameer vs. current (L-1),
measurements. The setup was assembled in the fégia-$&ab of the ASU MBE
Optoelectronics Group, and Fig. 5.2 is a photoguaghe setup showing all the
major components which include a probe station withicroscope and television
monitor to probe individual devices, a pulsed cott®urce, an oscilloscope to
monitor the current waveform, a thermal-electrioleo with a feedback system
for controlling the temperature of the heatsinkjagand fibers to collect and
direct the light output, an optical spectrum anatyand an optical multimeter for
power and wavelength measurements. The testing s&ts designed to allow
flexibility in rearranging the components to dofeiént types of measurements.
The different setup configurations and the comptsehthe system with their

relevant specifications are outlined here.
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Fig. 5.2. Photograph of the equipment and setulp touiest laser diodes at
Arizona State University.

To probe the individual devices on a cleaved laseythe laser bar is
placed on a Cu heatsink which is temperature cledrasing a thermal electric
cooler and an ILX Temperature Controller. The he&talso functions as the
negative terminal since it contacts the back-siééahand cathode of the diode.
The top-side anode of the diode is contacted usithgee-axis micrometer stage
to position a probe tip on the metal contact asign 5.3. Initially W-probe tips
were selected, but were replaced with BeCu-prgizetti lower the contact
resistance with the Au contacts of the devices.drbbe tips are shortened and
soldered to a ceramic blade with a metal microditngleading to a SMA coaxial
connector at the opposite end. The stage and pimbes shown in the
photograph of Fig. 5.4. A short coaxial cable catsi¢he blade to a PCB board
provided by ILX with an impedance-matching cirdaitmatch the 50 ohm

impedance cable ribbon from the current pulse dtivéhe laser diode device.
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The design seeks to achieve impedance matchingitatam the bandwidth and
current waveform from the current source to the f@iching board to the
probed device. One output from the matching boasabkes monitoring of the
waveform using an oscilloscope. The current sousesl is an ILX LDP-3840
precision pulsed current source with an output easfg?0-3000 mA and 1 mA
resolution. The source can produce current pulséhwifrom 0.1us to 10us with
0.1 us resolution, and the range of pulse repetitioerirgls (PRI), is 0.001 ms to
6.5 ms.

The assembly of the heatsink and 3-axis stageth&lBeCu probe is
mounted to translational and rotational stages(ge€ig. 5.4), for alignment of
the probed laser diode with an optics system tlecband direct the emission
from the facet of the device to the optical testipoent. The optics system is
built on a series of three-axis stages directlyna with the probe assembly. On
these stages different optical configurations camadsembled relatively quick
based on the desired measurement, allowing mutples of measurements to be
conducted within a relative short time for a singtebed device. Three of the

possible configurations are shown in the diagrarigf 5.5.
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Optical fiber

Fig. 5.3. Microscope view of the BeCu probe tiptemting the p-contact of the
diode and the optical fiber butt-coupled to theetauf the laser diode. The laser
bar sits on a polished Cu heatsink that also s&sdise n-terminal.

Fig. 5.4. Photograph of the laser diode testingpset a butt-coupling fiber
configuration. The micrometer stage on the leftifpmss the fiber next to the
facet of laser diode. The stage-on-stage assemidlyeoleft positions the current
probe tip on device while allowing alignment of thevice with the optics.
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High spectral resolution configuration

L-bracket, FC fiber optic _Glan-Thompson L-bracket, 1" optic holders
cable holder (high extinction ratio) (filters, lenses, etc.)

polarizer /

FC fiber to OSA \

\

3-dimensional High NA microscope Probed laser diode on
micrometer block stages objective lenses TE-cooled copper heat sink

LI configuration

Detector Focusing lens Optional filter

/

Butt-coupling fiber configuration

Fiber to OSA

RO

Interchangeable base plates with alignment pins

Fig. 5.5. Three of the different configurationsloé interchangeable laser diode
testing station designed and assembled for tegtim@®WLD.
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Spectrum measurements of the edge emission fremprdbed device can
be done in two ways. The first method is a buttptiog method where an optical
fiber is positioned using the micrometer contrdisme of the three-axis stages
until it is nearly adjoining the laser diode at fheet edge as seen in Fig. 5.3 and
Fig. 5.5. The opposite end of the fiber is coneéd¢b an Ando optical spectrum
analyzer, and nearly all of the spectrum measure&weported in this study are
performed using this technique because of its eakgnment with good
collection efficiency. Another configuration of tsetup is to first collimate the
laser light with a large numerical aperture lemgl then the beam can pass
through any desired optical components before faguasnd coupling the beam
into the fiber using another lens. This is the @unftion used in the high spectral
resolution configuration shown in Fig. 5.5. In teetup the beam passes through a
Glan-Thompson polarizer with a high extinction dméént to separate the
polarized amplified spontaneous emission and laetes from the spontaneous
emission. The high resolution spectrum of a convaat InGaAs quantum well
laser diode shown in Fig. 5.6 and Fig. 5.7 areectéld using this configuration

and were done as part of qualifying the test setup.
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Fig. 5.6. High-resolution spectrum of a conventidn&aAs quantum well laser
diode just above laser threshold measured by gendsded testing setup.
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Fig. 5.7. High-resolution spectrum of a conventidn&aAs quantum well laser
diode just below laser threshold showing amplipdntaneous emission modes.
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Power versus current measurements are done usithgdaOMM-6810B
Optical Multimeter with either a OMH-6722B Silicétower/WaveHead or
OMH-6727B InGaAs Power/WaveHead to measure theubypwer and
wavelength of the laser emission. Both detectasadype of integrating sphere,
and the input power range of both detectors isrfMQo 1 W. The silicon-
detector power/wavelength meter has a specifieceleagth range 400 nm to
1100 nm, and InGaAs-detector range is 950 nm t®@ hé®. The detector can be
placed immediately in front of the laser diode ffmaximum power coupling. To
generate L-1 curves of the master and slave laddbe dual-wavelength laser
diode, a high numerical aperture lens is used lor@te the laser emission, and
then a 900 nm short or long pass filters is usesklect only the 850 nm or 1020
nm laser wavelengths before a final lens focused#am back into the detector

as in the L-1 configuration in Fig. 5.5.
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6 First Generation Device Design

A first generation design of the dual-wavelengtbel diode structure was
developed and grown using the MBE machine at Aaz8tate University prior to
the full development of the internal optical pungptheory discussed in chapter
three. The goal of the design was to decouple tiasieFermi levels and carrier
distributions between the master and slave acig®ns and implement the
internal optical pumping scheme; however, duelimaed window of time to do
the epitaxial growth, the first generation desigul Io be designed quickly as a
gross reality check without a extensive modelingrterstanding of the internal
optical pumping theory. In this chapter, the exmemtal results of the first
generation devices are presented along with arysieaf the design using the

modeling methods covered in chapter four.

|. DESIGN

To study the first generation design, two différstnuctures were
designed for comparative study. One design, reldoeas the “control” design,
consists of two sets of asymmetric wells both waitte intrinsic region of thp-i-
n junction and the core of the heterostructure waitkg The design is illustrated
in Fig. 6.1, which also shows the profile of thécatated optical mode of the
inherent waveguide. The first set of quantum wislisiree 10 nm GaAs wells
with 10 nm Ab.Ga gAs barriers, and the second set is a single 10 nm
Ing.24G&.76AS quantum well with GaAs buffer barriers. The dréint layers with
their thickness, composition, and applicable dopiaig listed in Table VI.I.
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Control design

Calculated
optical mode

p-doping n-doping

Cross section depth (10-nm minor bar)

Fig. 6.1. Control design of a laser diode with asetric quantum wells showing
the active and doped regions and the calculatadabphode profile.
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TABLE VL.

CONTROL LASER DIODE EPITAXIAL LAYERS / DESIGN

Layer Dopant
Description Material thickness concentration
(nm) (cm)

p++ contact GaAs 100 551 Olcgatrgii(i 4
Cladding i{figi;gosﬁea)ﬂﬁs 500 Be — 1x1
Cladding Ab.7§Ga 25AS 1200 Be — 1x1§
Cladding i{fgg;ﬁiﬁealﬁs 150

Alo:Gay.7As 25

Alo Gap sAs 10
Active QW GaAs 10

Alo Gap sAs 10
Active QW GaAs 10

Alo Gap sAs 10
Active QW GaAs 10

Alo Gap sAs 10

Alo:Gay7As 50

GaAs 5
Active QW Iny.24Gay 76AS 10

GaAs 5

Alg:Gay7As 115
Cladding erig;gfa”“ 0 150
Cladding Ab 75Gay 25AS 1200 Si — 1x1%
Cladding erigi,mﬁ WASIO - ggp BT FEGS L
Buffer GaAs 400 Si - 5x16
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The other design is the first generation dual-wenvgth laser design and
utilizes the same sets of quantum wells as theadional design. However, the
center-to-center pitch of the active regions iseased from 95 nm in the control
design to 170 nm in the first generation dual-wearngth design. Additionally, the
silicon n-type doping is extended into the core of the waiskg 105 nm beyond
the slave Ip24Ga 76As quantum well so it is within thedoped region of the
junction. The first generation design is shownig &2 with its calculated optical

mode, and the details of the epitaxial layers iated in Table V.II.

RARA) RAAAY RAAAY LA LAY RAAA RAAA LA LAAL) RAAA R RALA) AL LAAA] AL LAAM) LAAh RN
1* Generation
design
Calculated
optical mode
~p-doping n-doping
Master Slave
GaAs MQW InGaAs QW
PERRY RYATY FERTLAYITE AUTIATITY IYTT1 AUUTIARTT] FYTRAAATTY FRUTE AAUTE AUTTY FAARY AYTTE FRATI AN

Cross section depth (10-nm minor bar)

Fig. 6.2. First generation design of the dual-wength laser design with its
active and doped regions and optical mode profile.
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TABLE VLI
FIRST GENERATION DWLD EPITAXIAL LAYERS / DESIGN

Layer Dopant
Description Material thickness concentration
(nm) (cm®)

p++ contact GaAs 100 251 Olg;trc?(iii. 4
Cladding ffjig‘;fj&f;‘ﬁa’-g“’*s o 500 Be — 1x1
Cladding Ab.75Ga 25AS 1200 Be — 1x1%§
Cladding (Aslrffégfw':‘?ﬁa’ﬁs © 150

AlgsGay7As 25

Al .Gay gAs 10
Master QW GaAs 10

AlgGaygAs 10
Master QW GaAs 10

Alg GaygAs 10
Master QW GaAs 10

Alg GaygAs 10

AlgGay7As 25

Al sGay 7As 100 Si — 5x1Y

GaAs 5 Si — 5x1
Slave QW 1B.24G 3 76AS 10 Si—5x18

GaAs 5 Si — 5x10

Al sGay 7As 40 Si—5x1Y
Cladding Ab75Ga 25AS 1200 Si — 1x1%§
Cladding ffjig;ﬁjfa’ﬁs 200 fl[oﬁrgd\gfw
Buffer GaAs 400 Si — 5x16
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In the control design, the two sets of asymmejfaantum wells are
expected to share common quasi-Fermi levels amgecdistributions due to
carrier scattering and thermal equilibration betvtee wells as illustrated in Fig.
6.3 (reproduced from earlier). In this structurewcmlarger carrier densities
should exist within the longer wavelength $6Ga 76As quantum well which in
turn would result in the threshold gain being remthefore the GaAs quantum
well transitions and laser emission would occuelgoat 1020 nm.

Different behavior was predicted from the firshgeation design of the
dual-wavelength laser as it was expected the extens$ the doping and the
larger spatial separation between the wells wauleffiect position the longer
wavelength slave quantum well outside the juncéind produce the necessary
decoupling of the quasi-Fermi distributions. Theide was then expected to
function according to the theory presented in #miexr chapters and illustrated in
Fig. 6.4 where the master GaAs multiple-quantum-iasker would reach
threshold first at 850 nm and optically-pump thg:lBa) 76As quantum well to its
laser threshold. Simultaneous laser emission an@and 1020 nm was the

predicted experimental result.
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p-region | intrinsic region| n-region

Conventional MQW laser diode band diagram

Fig. 6.3. Conventional or control laser diode desigth asymmetric quantum
wells that share quasi-Fermi levels and distrimgjoesulting in larger carrier
populations in the longer wavelength well.

Slave optical
confinement

Master
T laser QW T
S
F L
p
Slave
laser QW

intrinsic

p-region region

n-region

Novel internal-optically-pumped DWLD band diagram

Fig. 6.4. The concept of the novel internal-opticpumped dual-wavelength
laser diode with separate quasi-Fermi levels asttibutions for the two active
regions and reliance on the internal optical pummpin
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II. EXPERIMENTAL RESULTS

The control and first generation dual-wavelengtbighs were grown
using MBE, and broad area contact laser devices p@rcessed according to the
methods discussed in chapter five. Individual deviwere probed, and spectra
measurements and power-current (L-1) curves wergsared at the cleaved facets
of the device according to the methods discusseigieall of the control and
first generation devices tested and reported have BOum contact widths.

In observing the spectra of the control laser ckyjithe predicted
behavior of single-wavelength laser output is aoméid, and Fig. 6.5 shows the
spectra of a 43(dm long device at increasing currents above thresfAdie laser
threshold of the 1020 nmdnGay 76As quantum well is much larger than the best
single quantum well lasers due to poorer injecéfiitiency of the terminal
current in generating carriers inside the quantueth. Whis is due to the addition
of the multiple GaAs quantum wells as well as nptiroized doping of the
graded cladding layers and the short cavity ofdinvce. The device exhibits
single-wavelength behavior as no emission is olesefrom the 850 nm GaAs
guantum wells until over five times the currengegirold of the 1020 nm quantum
well. With large injection, minimal spontaneous ssnbn is observed at 850 nm;
however, it is rather insignificant in comparisorthe stimulated emission from
the Iny 24Ga 76As quantum well, and the overall results are vadyaative of

shared quasi-Fermi levels and distributions fortéine active regions.
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Fig. 6.5. Electroluminesence spectra of the comdisdr diode showing single-
wavelength behavior as expected at the longer wagéh.

Much different behavior was observed from thet fijsneration dual-
wavelength design devices, although not the behavealicted in the early
design stage. The spectra of a first generatiotwlagelength device at different
levels of current injection are shown in Fig. @récontrast to the conventional
devices, greater emission is observed from the Gafis-quantum well active
region. However, the emission of the longer wavgtler1020 nm Ip24Ga 76AS
guantum well is still stronger, and the slave lasaches threshold first contrary
to the predicted performance. The threshold foldhger wavelength slave laser
is even larger than the control design since thigeacegion is no longer in the

intrinsic junction region of the diode.
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Fig. 6.6. Electroluminesence spectra of the fiestegation dual-wavelength laser
diode where the longer wavelength quantum welllrea¢hreshold first.

Even though the master shorter wavelength actigen does not reach
threshold first to optically pump the longer wavejth slave region in the first
generation design, at extremely high injection lgveulti-wavelength laser
emission is still observed with the on-set of lasmission from the master GaAs
guantum wells as the terminal current is increasdte multi-wavelength output
shown in Fig. 6.7 and Fig. 6.8 is only observedhort cavity devices and at high
injection levels. Interestingly at such high injeatand a certain cavity length,
laser output is observed from multiple transitianhin the Iy 24Ga 76AS
guantum well due to thermal effects. Time-resolwezhsurements are necessary
to determine if the transitions are lasing simwd@usly or if they are pulsating
such that the spectrum analyzer cannot resoleeiporally. However, one

possibility is the high injection introduces thetraiects which increase the
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threshold condition and introduce an incompletapig of the quasi-Fermi levels
and carrier distributions in thedGa 76As quantum well. Eventually the gain
would be large enough to support laser output #t thee e1-hhl transition and
the e2-hh2 transition which are 1023 nm and 948espectively at 300 K. The
laser peaks are then red-shifted in Fig. 6.7 agdbH. due to the thermal effects
at the high injection-levels. If the cavity lengshmade shorter so that the mirror
loss and threshold are higher, laser emission thamn »,/Ga 76As quantum well
is only observed from the higher energy e2-hh2siteom due to band-filling and
satisfying the increased gain threshold conditidimsconfirm the multi-
wavlength laser output, L-I measurements were @dong 20Qum cavity device
using 900 nm short- and long-pass filters, andctirges shown in Fig. 6.9
indicate laser output from the two active regioosdnly at extremely high

thresholds.
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Fig. 6.7. Electroluminesence spectra of a shoritgdivst generation dual-
wavelength laser diode at extremely high injecBbowing multi-wavelength
laser output.
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Fig. 6.8. Electroluminesence spectra of a shoritgdivst generation dual-
wavelength laser diode at extremely high injecBbowing dual-wavelength laser
output.
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Fig. 6.9. Power vs. current density of a short4yafiist generation dual-
wavelength laser diode at extremely high injecBbowing dual-wavelength laser
output.

Despite the multi-wavelength laser output fromfitet generation design,
the design is not considered a successful dualHeagth design due to the
extremely high-thresholds, the need for short-gadtvices, and that the slave
laser reached threshold first. Given the slaver lessched threshold first, it is
assumed very little of the carrier generation mshave 1g2/Ga 76AS quantum
well is due to optical pumping from the master Gafantum wells. The course
of the research at this point transitioned to dewielg the internal optical
pumping theory in chapter three, and developingogemodels to better
understand and trouble-shoot the first generatesigth, the results of which will

be covered next.
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[ll. MODELING RESULTS

In order to better understand the surprising erpartal results and
performance of the first generation dual-wavelengser design, predictive
modeling of the design is performed using the $ibvsoftware and the
parameters outlined in chapter four. The first gatien design was modeled to
understand the carrier dynamics within the devidelaser-threshold and without
any internal optical pumping. From the modeling, talculated band diagram of
the device under a voltage bias of 1.45 V is showiig. 6.10. The voltage bias
was chosen to match the quasi-Fermi level separatcessary to reach
transparency in the master active region. The loigagram shows the quasi-
Fermi level separation in the master multi-quantuell region and the slave
single quantum well region are not equal, suppgttine design’s original
specification to decouple the quasi-Fermi levetsuiiderstand the degree to
which the master and slave active regions aretessbiaom each other
electronically, the quasi-Fermi level separatioth® regions as a function of the
terminal voltage bias is calculated and plotteBig 6.11. According to these
results, the slave region reaches the necessasy-Eeani level separation
indicative of transparency at a lower voltage bies) the master region. These
results suggest a decent portion of the terminaikatiis still generating carriers
in the slave active region quantum well since tloeleh does not include optical
pumping, a valid simplification of the model sirtbe master laser still has not

met laser threshold conditions.
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Fig. 6.10. Calculated band diagram of the firstegation dual-wavelength laser
design with an applied voltage bias of 1.45 V.
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Fig. 6.11. Calculated quasi-Fermi level separaiticime active regions as a
function of applied bias for the first generatiaraiwavelength laser design.
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Since the modeling suggests a portion of the atirsegenerating carriers
in the slave active region, intermediate resultthefSilvaco modeling are used to
determine the exact portion of the current gointhtoslave region compared to
the portion going to the master active region. Amtre different computed
parameters of the modeling are the SRH, radiasind,Auger recombination rates
in the quantum well active regions. The sum of ¢hr@des or the total
recombination rate in a quantum well leads to thewunt of current generating
carriers and recombining within the quantum weblas shown in chapter four.
With this active region current, the injection ef@ncy; or portion of the
terminal current that generates carriers in thew@acegion can be determined.

The sub-threshold injection efficiencies of thesteaand slave laser
active regions in the first generation design, uheteed by the model, are plotted
as a function of the terminal current density ig.F.12. Initially at a few
hundred A/crf, approximately 85% of the current is recombiningtie master
active region, and only about 5% is leaking inte skave region. However, as the
current density is increased to 2000 Afcthe injection efficiency or amount of
current leaking to the slave region increases # a0d the master region drops
to near 60%. Since the master region consistsregéthuantum wells and the
slave only one, the portion of the current reconmgnn each of the wells is
nearly equal. The current leakage into the slatigeacegion becomes quite

significant beyond a few hundred A/&m
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Fig. 6.12. Calculated current injection efficienwsy applied current density for
the master and slave laser active regions in teedgeneration dual-wavelength
laser design.

Good quantum well laser diodes have thresholceatidensities in the
low hundreds of A/cth From the modeling, at this current level mosthef
current is recombining in the master region witly@asmall amout leaking to the
slave, so other losses must be preventing the nmastr from reaching threshold
in the first generation design. After developingl applying the internal optical
pumping model from chapter three, it was identitieat the modal absorption
loss introduced by the slave active region is &ge in the first generation design
and prevents the master laser from reaching thigsho

From the calculated optical mode, the optical cm@rhent factors of the
first generation design were determined and thed usthe internal optical

pumping model. With this design the optical confiremt factor of the slave
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guantum well with its GaAs buffer layers is 4.8 Whjch leads to a modal
absorption loss contribution to the master lasesthold equation of 814 ¢
Even under the ideal assumption of 100% injectifiniency to the master active
region, the threshold current density of the mdstssr according the logarithmic
gain-current relation would be a hypothetical 5@@cn?. Table V.11l lists some
of the key parameters and results of the interpatal pumping model when
applied to the first generation dual-wavelengtletatode design.

Combining the results from the Silvaco modeling #re internal optical
pumping model, the current understanding of thet §eneration design is the
master laser will never reach threshold first armtipce the internal optical field
to pump the slave laser active region because tdaahabsorption loss of the
slave region is too large. Instead at a large emaugrent injection, the inefficient
current leakage generates enough carriers in @ve sictive region to reach laser
threshold, and with short cavity devices and exéigrhigh injection levels, dual-

wavelength laser output is observed but not duetésnal optical pumping.
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TABLE VLI
PARAMETERS AND RESULTS OF INTERNAL OPTICAL PUMPING
MODEL APPLIED TO FIRST GENERATION DWLD DESIGN

Component Parameter 1 Gg:éigr\]NLD
GaAs MQW Current injection eff. —#; 1.0
master gain Number of wells -, 3
Optical conf. Ty, avq. (%) 3.09
INnGaAs slave Optical conf. d's (%) 241
absorption Modal absorption in QW (ct 596.9
Optical conf. I (%) 2.40
polsen
Total abs. loss (ct) 814.1
Cavity losses Free carrier abs. (Ch 0.86
(850 nm) Assumed intrinsic loss (ch) 10
Mirror loss (cn) 12.04
Master laser threshold (A/én 500,120
InGaAs slave gain Current injection eff. —#; 0.0
Optical conf. 1's (%) 2.36
Cavity losses Free carrier abs. (Ch 0.99
(1020 nm) Assumed intrinsic loss (ch) 10
Mirror loss (cn) 12.04
Slave laser threshold (A/&n 500,220

IV. SUMMARY OF FIRST GENERATION DESIGN
The first generation design despite being desigmied to a complete
development of the models was valuable as the empetal results helped direct

development of the models outlined in chapter féte design confirmed the
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possibility of decoupling the quasi-Fermi levelslatistributions of the master
and slave laser active regions but that furtherawpments in the design are
needed to limit the current leakage to the slagere In addition, the results
validated the critical conclusion from chapter htkeat the optical confinement
factor of the slave active region and its bufferels needs to be optimized to
balance the modal absorption loss presented tméster laser with the modal
gain needed by the slave laser. Based on thesevabeas and using the
developed models, additional new generations ofwaselength laser diode

designs are explored in the next chapter.
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7 Second and Third Generation Device Designs

The first generation dual-wavelength laser didd/{ D), design did not
produce the desired dual-wavelength laser outputaestonable thresholds, and
whereas multi-wavelength laser output was obselveds due to thermal effects
at high injection rather than the sought interr@laal pumping. It was
determined from the modeling that the device’sqrenince was due to carrier
leakage into the slave active region and large inafgizorption loss to the master
laser due to the slave. Hence, second and thirergion designs are developed
that aim to lower the current leakage into theeslastive region and optimize the

optical confinement factor of the slave active oegi

. MODELING AND DESIGN OF THE SECOND GENERATIONESIGN
Heterostructures in conventional semiconductaerldgodes confine
carriers to the active region of the device andeby limit the current leakage. In

the first generation dual-wavelength design agx®@k 7As barrier layer is
positioned between the master GaAs multi-quantuthagéve region and the
slave I 2/Ga 76As single quantum well active region to decoupkdhasi-Fermi
distributions. It was noted previously that the mloth reveals for a current
density of a few hundred A/cGrapproximately 5% of the terminal current leaks
into the slave active region, and that by 2000 A/dire current injection into the
slave quantum well is nearly equal the injectiadio imny one of the master
guantum wells. One possibility to reduce the curleakage overall into the slave
region is to use a larger Al composition to inceetige band gap and the
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heterobarrier. Reducing the carrier leakage istoeg not considered difficult in
implementing the dual-wavelength laser concept,thacthallenge thus shifts to
optimizing the optical confinement factors of thaster and slave laser modes.

From the internal optical pumping theory, the cgtconfinement factor
of the slave laser must be optimized. To review,if too large, the modal
absorption loss the slave active region introdycesents the master laser from
reaching threshold, and if it is too small, thesel&@aser will not have enough
modal gain to reach its threshold. For the actiatemals selected in this study, it
was shown in chapter three that a multiple-quanieth-master region consisting
of five quantum wells and a slave optical confinabfactor of 0.69% result in
the lowest thresholds for the master and slavedase

The optical confinement factors for different dwalvelength designs are
determined by calculating the optical modes ofaddht GRINSCH waveguides
using the calculation methods in chapter four. Aheomposition, spatial
dimensions, and location of the slave active regi@varied in the different
designs to determine a design that meets theiardefined by the internal optical
pumping model. Ideally the core of the waveguideuth be thin to maintain
adequate optical confinement of the master acégeon. Therefore, from the
modeling, it is determined that to reach an opticaifinement factor near 0.69%,
the slave active region needs to be positioneddritee waveguide core but still
within the tail of the guided optical mode. A sedaeneration design of the dual-
wavelength laser is developed with the requiredmemof wells and optical
confinement factors, and the design is shown in Figwith the calculated
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optical mode. The specific composition, thickness] doping of the different

epitaxial layers of the second generation desigristied in Table VII.I.

2" Generation
design

Optical mode

p-doping  n-doping
1 I

Master Slave
GaAs MQW InGaAs QW

Cross section depth (10-nm minor bar)

Fig. 7.1. Second generation design of the dual-leagth laser with its doped
and active regions where the slave active regi@osstioned outside the core of
the waveguide to optimize the optical confinement.
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TABLE VI

SECOND GENERATION DWLD EPITAXIAL LAYERS / DESIGN

Layer Dopant
Description Material thickness concentration
(hm) (cm®)

p++ contact GaAs 125 ?:3‘1 Olcgatrg%i(i "
Cladding ﬁ{f%egf 3?‘216‘%9’*3 to 200 Be — 2x15
Cladding AbGayAs 1500 Be — 2x1
Cladding i{fﬁgf?ﬁiﬁa}-ﬁs o 150 Be — 1x1¥
Active QW GaAs 10

Alo Gap gAs 3
Active QW GaAs 10

Alo Gap gAs 3
Active QW GaAs 10

Alo Gap gAs 3
Active QW GaAs 10

Alo Gap gAs 3
Active QW GaAs 10
Cladding ilr(??dGegf 3%36‘%-7“ 0 150 Si— 1x18
Cladding AbGayAs 30 Si—2x16

GaAs 10 Si—2x18
Active QW Iny..Gay sAS 8 Si—2x18

GaAs 10 Si—2x18
Cladding AbGayAs 1500 Si — 2x14§
Cladding f{fggf gﬁ‘iﬁa}-ﬁs 0 200 Si— 2x18
Buffer GaAs 400 Si—2x1h
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The sub-threshold carrier dynamics of the secamigation dual-
wavelength laser design are modeled in Silvacolairto the first design, and the
band diagram of the device under a voltage bids4%5 V is plotted in Fig. 7.2.
One inherent advantage to placing the slave aotigi®n outside the core of the
GRINSCH waveguide is the much larger heterobatiiar prevents holes from
leaking from the master active region into the sleagion and reduces the current
leakage. The calculated current injection efficieiscplotted in Fig. 7.3, and
indeed the injection efficiency is near zero fag #tave laser active region and
approximately 95% for the master beyond a ternsnalent density of 2000
Alcm?. Further, the quasi-Fermi level separation intée active regions as a
function of the applied bias is shown in Fig. &Add in contrast to the first
generation design, the master active region reacamesparency at an applied bias
0.5V less than the slave active region would wtmmsidering only electrical

injection of carriers.
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Fig. 7.2. Calculated band diagram of the secon@mgion dual-wavelength laser
design at an applied voltage bias of 1.45 V.
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Fig. 7.3. Calculated current injection efficiencs, applied current density for the
master and slave laser active regions in the segendration dual-wavelength
laser design. The theoretical thresholds assunfgolinjection efficiency for
the master active region are listed, whereas thtecakthreshold lines are
corrected for the non-unity efficiency.
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Fig. 7.4. Calculated quasi-Fermi level separatiothe active regions as a

function of applied bias for the second generatioal-wavelength laser design.
The theoretical thresholds of the master and dksears of the second
generation dual-wavelength laser diode designareikated using the internal
optical pumping model and the calculated opticalfic@ment factors. One of the
assumptions used in the model is that 100% ofdhmibal current recombines
within the master active region, and whereasribisa good assumption for the
first generation design, based on the sub-thresh@dtion efficiencies shown in
Fig. 7.3, it is a decent assumption for the seamrteration design. The
assumption is especially true in the aspect thgligible current leakage flows
into the slave active region. With these assumptitre calculated thresholds of
the second generation design are 1539 Aamad 1806 A/crhfor the master and

slave lasers respectively. The vertical lines o Fi3 representing the thresholds
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of the master and slave laser are adjusted upwadcdount for the predicted 95%
injection efficiency rather than the ideal 100%iligk of the parameters and results
of the internal optical pumping model applied te #econd generation design are
listed in Table VILIII which compares the resulifsall the different dual-

wavelength designs studied.

. MODELING AND DESIGN OF THE THIRD GENERATION ESIGN

In the first and second generation dual-waveledgigns, the one-
dimensional optical mode of the master and slasertain the transverse or
growth dimension is the first order mode. Thishis mode profile calculated and
displayed in the figures of the different desigmsstfar. The optical confinement
factor of the slave active region is slightly drifat for the master and slave lasers
since the modes are not exactly the same dueferatites in the wavelength and
indices of refraction. The general profile of theffirst order modes is the same
in the first and second generation designs, andvéweguide is engineered in the
second design to optimize the optical confinemaatdrs to lower the modal
absorption loss to the master laser while maintgieinough modal gain for the
slave.

The performance and design of the dual-wavelelagér diode can be
improved further by creatively broadening the waudg and using the second
order optical mode as the sustaining mode of énediser. This is the concept
used in the design of the third generation dualelength laser shown in Fig. 7.5.

With the second order optical mode, the opticafioe@ment factor is larger for
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the slave active region than it is for the firsdl@rmode, enabling larger modal
gain. The master laser still lases in the firseomiode, and the optical
confinement factor for the master laser with tlavslactive region can then be
made small to reduce the modal absorption loss.edew it still must be large
enough to optically pump the slave region. By ushmegfirst and second order
modes for the master and slave lasers respectivédytherefore possible to have
a both larger and smaller optical confinement fisctor the slave active region.
The details of the layers of the third generatienign are listed in Table VILII,
and from the calculated optical modes, the slavdimement factor in
determining the master laser threshold or the mablsbrption loss is 0.17%
(0.68% for the second generation DWLD). For theeslaser, the optical
confinement is 2.66% (0.96% for the second germrddWLD), and a larger
modal gain is then obtained. The results of therétecal internal optical
pumping model suggest a possible 50% reductiondrhresholds of the master
and slave lasers compared to the second genedssign, and the results of the
internal pumping model for the third generationigesre listed in Table VILIII

with the results of the other designs.
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Fig 7.5. Third generation design of the dual-wangtk laser with its doped and
active regions and where the second order trarsweosle is utilized.
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TABLE VILII

THIRD GENERATION DWLD EPITAXIAL LAYERS / DESIGN

Layer Dopant
Description Material thickness concentration
(hm) (cm®)

p++ contact GaAs 125 ?Sl Olgtr:%ici m
Cladding ﬁ{fgggﬁ‘;ﬁa@s to 200 Be — 2x1
Cladding AbGayAs 1500 Be — 2x1
Cladding 2{5?(;:;82?6&)'36\5 to 150 Be — 1x1H

AloGay sAs 115 Be — 1x1Y
Active QW GaAs 10

AloGay gAs 3
Active QW GaAs 10

AloGay gAs 3
Active QW GaAs 10

AloGay gAs 3
Active QW GaAs 10

AloGay gAs 3
Active QW GaAs 10

AloGay sAs 115 Si— 1x18
Cladding er;lGeg;;AizGaMs to 150 Si— 1x18
Cladding AbGayAs 30 Si—2x16

AloGay sAs 20 Si— 1x1¥

GaAs 10 Si—2x18
Active QW INy 2Gap gAS 8 Si—2x18

GaAs 10 Si—2x18

Alo Gy gAs 20 Si—1x1¥
Cladding flrsfggfsﬁiﬁa’%s to 150 Si— 1x18
Cladding AbGa sAs 1500 Si — 2x1%}
Cladding i{ffé;igﬁiﬁalﬁs 0 200 Si— 2x18
Buffer GaAs 400 Si—2x1d
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The third generation design is modeled sub-thieshdSilvaco just as the
other designs to understand the current injectfdheactive regions, and the
results are similar to those of the second germeratesign. The band diagram of
the design with an applied voltage bias of 1.45¥hown in Fig. 7.6, and the
qguasi-Fermi separation within the active regiongivs applied bias is plotted in
Fig. 7.7. As in the second generation design, tasten active region reaches
transparency at a voltage bias lower than the datiee region, and the plot of
the injection efficiencies in Fig. 7.8 indicatesestially zero current leakage into
the slave active region, validating the assumptieed in the internal optical
pumping model. The injection efficiency of the neaidaser decreases faster than
the second generation design with increased cudtento the more complicated
heterostructure of the third generation design. elew hypothetically assuming
100% injection efficiency for the master laser, thieesholds of the master and
slave lasers are 704 A/émand 817 A/crhaccording to the internal optical
pumping model. The vertical lines representingléiser thresholds in Fig. 7.8 are
adjusted upwards to account for the lower injecéftiitiency predicted by the

Silvaco results.
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Fig. 7.6. Calculated band diagram of the third gaten dual-wavelength laser
design with an applied voltage bias of 1.45 V.
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Fig. 7.8. Calculated current injection efficiencs, @pplied current density for the
master and slave laser active regions in the tjerteration design. The
theoretical thresholds, assuming 100% injectioitieficy for the master active
region are listed, whereas the vertical threshalkeklare corrected for the non-
100% efficiency.

[ll. NOVEL DUAL-WAVELENGTH LASER DESIGN SUMMARY

The results of the internal optical pumping mddelthe three different

dual-wavelength laser designs are listed in TablldIMalong with the results of a
conventional single-wavelength multiple-quantumaser diode for
comparison. The assumption of 100% injection edficly for the master laser and
negligible current injection into the slave actregion is a fair assumption for the
second and third generation designs, and the thicsshsted for these designs are
somewhat realistic. Although the actual experimietht@sholds will be different

due to variations in growth, processing, and mak@arameters, the thresholds

are predicted to be of the same order. For thedeseration design, a significant
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current leakage is present, but hypotheticallipéfrée was zero current leakage, the
results of the internal optical pumping model irdecthresholds not even possible
in a real device. The table therefore illustratesdevelopment moving from each
generation of designs in implementing the inteopical pumping model and

reducing the laser thresholds.
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TABLE VILIII

PARAMETERS AND RESULTS OF THE INTERNAL OPTICAL PUMRG
MODEL APPLIED TO THE DIFFERENT DWLD DESIGNS

2nd

Conv. 1%Gen. Gen. 3 Gen.
Component Parameter MQW DWI._D DWLD DWI._D
laser  design design design
GaAs Injection efficiency —; 1.0 1.0 1.0 1.0
mgq\]{\é' Number of wells 5 3 5 5
Optical conf. 1w, avg. (%) 4 3.09 4.25 3.54
InGaAs Optical conf. d°s (%) - 2.41 0.68 0.17
abzlc?r\ﬁion Modal S&f‘g;‘r’;‘f)’ " 5969 1684 4211
Optical conf. 47 (%) - 2.40 1.34 0.34
- G';"XS%'{J\?EZ?EE%’” . 2171 1212 30.76
Total abs. loss (cth - 814.1  289.7 7287
Cavity Free carrier abs. (ch) - 0.86 3.99 1.58
(SIEESr?rSn ) Assumﬁ)dS ;n&t(rzlr?ﬁls)lc 10 10 10 10
Mirror loss (cn) 12.04  12.04  12.04 12.04
Master laser threshold (A/én 493.3 500,120 1539  703.5
InGaAs Injection efficiency —; - 0.0 0.0 0.0
slave gain Optical conf. 47s (%) - 2.36 0.96 2.66
Cavity Free carrier abs. (Ch) - 0.99 4.70 3.20
(1:;)2503?]; ) AssumﬁjdS ;n&t(rzlr?ﬁls)lc ] 10 10 10
Mirror loss (cn) - 12.04 12.04 12.04
Slave laser threshold (A/én - 500,220 1806  816.7
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IV. EXPERIMENTAL RESULTS

After designing and modeling the second and thewxeration dual-
wavelength laser designs, collaboration was sotogitow the designs using
molecular beam epitaxy (MBE). Unfortunately, the EIBiachine at Arizona
State University (ASU), which was used to growfih& generation design, was
down for extensive repairs and upgrades when thésedesigns were ready for
growth. Quotes from foundry growth services wertawmied from IQE,
EpiWorks, LandMark Optoelectronics, and Sumika &tdc Materials, but
funding limitations prevented using these servi€adgreach was made to groups
at various national labs including National Indtof Standards and Technology,
National Research Council Canada, and Sandia Nati@bs for collaboration,
and while willing parties were available, their rhaes were also down for
repairs or occupied with high priority projects.téfover nine months of
searching, the MBE group at the University of Gahia, Los Angeles (UCLA),
agreed to collaborate on the epitaxial growth efgbcond and third generation
dual-wavelength laser designs. It was then andédvemonths before the growth
of the designs took place.

To determine the quality of the material graattJCLA, two
photoluminescence (PL), structures were grown imateky before the growth of
the second and third generation designs. The egifayers of the PL samples
are listed in Table VII.IV and Table VIV, and tike. samples were returned to
ASU to do the PL measurements. An Ar-laser sefL&trin was used to optically
pump the samples, and the baseline power was 35Th@kesults of the two
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samples compared to a reference sample grown atd&8idnstrated good PL
signals, and the spectra are shown in Fig. 7.9.1iGaAs single quantum well
980 nm PL sample grown at UCLA had a similar desigthe reference sample
from ASU although with different target wavelengthed the spectra indicate the
growth of the InGaAs at UCLA is as near of quadit/previous growths at ASU.
The GaAs multiple-quantum-well PL sample consi$tive quantum wells

similar to the second and third generation designd,the pumping intensity was
therefore increased to three-times and five-tihes36 mW baseline used for the
single quantum well samples to obtain the spedtthgol in Fig. 7.9. Based on the
good PL and the optical quality of material growtJ&LA, the growth quality of
the second and third generation dual-waveleng#r ldssigns is considered
limited only by the design of the devices and hetgrowth capabilities of the

MBE machine.
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TABLE VIIL.IV
GAAS MQW PL SAMPLE EPITAXIAL LAYERS / DESIGN

Layer Dopant
Description Material thickness concentration
(nm) (cm)

Cap GaAs 30 -
Cladding AbssGay 35AS 30 -

Al sGay 7AS 25 -

AloGay gAs 10 -
Active QW GaAs 10

AloGay gAs 3 -
Active QW GaAs 10

AloGay gAs 3 -
Active QW GaAs 10

AloGay gAs 3 -
Active QW GaAs 10

AloGay gAs 3 -
Active QW GaAs 10

AloGay gAs 10 -

Al sGay 7AS 25 -
Cladding Ab Gy 35AS 30 -
Buffer GaAs 400 -
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TABLE VIV
INGAAS SQW PL SAMPLE EPITAXIAL LAYERS / DESIGN

Layer Dopant
Description Material thickness concentration
(nm) (cm)
Cap GaAs 30 -
Al sGay 7AS 50 -
GaAs 50 -
Active QW I 2Gay gAs 8 -
GaAs 50 -
Al sGay 7AS 50 -
Buffer GaAs 250 -
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Fig. 7.9. Photoluminescence of test samples grawiCa.A to evaluate optical
material quality.

The second and third generation dual-wavelengtr ldesigns were

grown at UCLA immediately after the PL samples. ©hange was made in the
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design of the slave active region at this poinettuce the strain in the epitaxial
growth. The composition of the quantum well wasngeal to 13 .Ga gAs, and
the thickness was reduced to 8 nm. The changesdsboly slightly change the
experimental behavior of the designs with one efrttore significant changes
being the predicted wavelength moving to 980 nmmfa@®20 nm. After the PL
measurements, samples of the grown epitaxial wafg@menting the two
designs were sent to collaborators at the Uniweddiirkansas for device
processing, and the steps of the processing arelfiouchapter five. The
processed laser diodes were then returned to ABteégtng.

The results of the second and third generatiotrwasgelength designs are
disappointing as laser output is only observed ftloenmaster GaAs multiple-
guantum-well laser for both designs. The measypedts of the second and
third designs at one times, three times, and fimed current threshold are shown
in Fig. 7.10 and Fig. 7.11 respectively. Examiniing spectra on a log-scale, there
is no indication of any luminescence, stimulategmontaneous, from the InGaAs

slave quantum well near 980 nm at even five timgection to the master laser.
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Fig. 7.10. Electroluminesence spectra of a secenérgtion dual-wavelength
laser diode showing master laser output but nossamidrom slave active region
(Jn = 700 Alcnf).
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Fig. 7.11. Electroluminesence spectra of a thingegation dual-wavelength laser
diode showing master laser output but no emissiom &lave active regiordf =
660 Alcnf).
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The absence of any emission from the InGaAs daaatum well active
region suggests possible issues with the mateuglity;, and there are a couple
possibilities for the shift in the material qualdgf/the PL samples to the second
and third generation designs. The first possibistyelated to the designs
themselves and the introduction of growth interiag in the MBE growth of the
dual-wavelength designs to satisfy thermal requenets) By positioning the slave
active region outside the waveguide core and irhigle Al cladding, sharp
changes in the growth temperature are necessagyowing good quality
AlGaAs with MBE, growth temperatures above 580 € reecessary to lower the
incorporation of non-radiative defects in the lasyend the number of defects
continues to be reduced as the temperature isasedeg23], although the use of a
surfactant becomes important above 620 °C [79]. él@n, the best growth
temperature for InGaAs is much lower in the ran@@-510 °C to prevent In
evaporation from the layers. With the close progyrbioth spatially and
temporally in the growth of the high Al claddingdaimGaAs slave active region,
interruptions in the growth are introduced prioatal after the GaAs barrier
layers to accommodate the temperature ramps. Tih@sguptions can lead to
defects in the layers which then serve as non-iadisecombination centers.

The second possibility for poor quality of the B&% slave active region
is calibration issues related to the choice of sabss used in the growth. Most of
UCLA'’s growth experience is with two inch subststand two inch substrates
were used for the PL samples. However, to growdtted-wavelength structures,
three inch doped-substrates provided by ASU weed.U3ue to the change in
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substrate size, the possibility exists that thevjndemperature of the InGaAs
guantum well was actually much higher than theligeawth temperature and In
evaporation occurred during the growth. Relateghsther possibility where the
longer duration of the growth at higher growth temgtures due to the addition of
the master laser leads to degradation of the InGayes.

To investigate the actual root cause, low tempegaPL measurements
are done on the second and third generation dgstgmn wafers. At low
cryogenic temperatures, non-radiative recombinadioato defects is suppressed
and the luminescence due to radiative recombinaticreases. If the growth
quality of the slave InGaAs quantum well is good #me poor device
performance is due to defects from the growth ropgrons, than a PL signal is
still expected from the InGaAs quantum well at immperature. However, if
guality issues exist with the grown InGaAs matelittle or no PL signal is
expected even at low temperature.

The PL spectra of the second and third generatiahwavelength laser
samples at 10 K are plotted in Fig. 7.12 and Fi§3.7A strong PL signal is
observed from the master GaAs multiple-quantum-vegjion as expected with
the peak wavelength blue-shifted due to the lowpmrature. PL is observed from
the InGaAs slave active region for both designs e intensity is quite low
compared to the GaAs active region. Even moreastarg is the broad spectrum
width of the InGaAs PL, indicative of poor matemgiality. One possibility for
the broad spectra is evaporation of In duringgfeevth, altering the composition
and forming non-uniform InGaAs islands. The nonfermities result in various
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band gaps, and at low temperatures non-homogeiheoadening results in an
overall broad spectrum. One method to verify thitireduce the pumping
intensity and thus the carrier density inside tttéva region, and observe the
spectrum width. This can be done by moving the teasfocuses the pumping
excitation on the sample and adjusting the spet@izthe sample while
maintaining the same laser excitation power. In Fi@j4, two PL spectra of the
third generation design are shown with the focuseng focused and defocused.
The broad width of the InGaAs spectra does not @hasuggesting a non-

homogenous broadening of the active region.
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Fig. 7.12. Low-temperature photoluminescence obségeneration dual-
wavelength sample.
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Fig. 7.13. Low-temperature photoluminescence atitgeneration dual-
wavelength sample.

T T T T T T T T T T T T T
3" Generation design
T=10K

Ar-laser excitation
515 nm, 30 mW

focused

defocused

Photoluminescence spectral power (arb. units)

" 1 " " " " " " 1 " " " 1 "
800 900 1000 1100
Wavelength (nm)

Fig. 7.14. Low-temperature photoluminescence atitheneration dual-
wavelength sample with focused and defocused éixuita
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Based on the low temperature PL results, the prperimental results of
the second and third generation designs is dugetpdor material quality of the
InGaAs slave active region. At room-temperaturey-raaliative recombination
due to defects dominates and no luminescence e\adzt Whereas the
experimental results were disappointing, the resldtnot argue against the actual
device designs, and rather challenges in the agtoalth and implementation of
the designs is appearing more challenging thahtfimght. In the future,
different approaches exist for improving the grogtiality. One idea is to
experiment with different temperature ramps neargitowth of the InGaAs slave
active region to eliminate the need for growthiiniptions. The risk with this
approach is the introduction of defects duringghmwth of the high Al layers.
Further investigation is needed in determining \waethe temperature ramp or
the growth interruptions will introduce more detetitan the other. Finally
another idea is to use metal organic chemical vepposition instead of MBE,
since this method of epitaxial growth does not hligesame thermal constraints
for growing the various layers as does MBE andiilregen-purged chamber

reduces the defect risks associated with growd#rriaptions.

V. SUMMARY OF SECOND AND THIRD GENERATION DESIGNS
Second and third generation designs of the dusklgagth laser diode

were developed to optimize the optical confineniaators of the slave active
region based on the internal optical pumping theony the results of the first

generation design. In addition, the later desigrek $0 nearly eliminate current
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leakage into the slave region so it is entirelyateent on the internal optical
pumping for carrier generation. Both these aimsaammplished by positioning
the slave active region in the cladding rather ti@ncore of the waveguide,
which introduces new challenges in growing the glesfrom a thermal
perspective with MBE. Real laser diode devices grow UCLA with the second
and third generation designs do not show any reamperature luminescence
associated with the InGaAs slave active region,lamdemperature PL revealed
problems with the material quality. If challengeishwthe epitaxial growth can be
overcome, dual-wavelength laser output is stildpred from devices based on

the two designs.
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8 Conclusion

Dual-wavelength laser sources either have existpgiications in, or are
being investigated for use in wavelength divisiantiplexing, differential
techniques in spectroscopy for gas and chemicairsgmultiple-wavelength
interferometry, THz generation, and different uisesnicroelectromechanical
systems and lab-on-chip microfluidic systems. mdhve for ever smaller and
increasing mobile electronic devices, dual-wavdletaser output from a single
semiconductor laser diode would be an enablingfdot these technologies.
Tremendous advancements have been made in theed®sgn of
semiconductor lasers, and the history of thesecde\and the creative milestones
in their development were noted earlier. The ougfuwonventional laser diodes
is however limited to a single wavelength band vaidissibly a few subsequent
lasing modes depending on the device design.

The novel dual-wavelength internal-optically-purdpa&ser diodes
proposed here enable laser output at two waveldragitls with large spectral
separation from a single diode and waveguide stracihe shorter-wavelength
master active region is positioned within the jumtiof a conventional diode, and
carriers are injected with applied electrical cotras in typical laser diodes. The
longer-wavelength slave active region is positiooetside the junction and core
of the waveguide but still within the guided optioaode. The internal optical
field of the master laser mode then optically putiygsslave laser to its threshold,

and simultaneous laser output at the two wavelangtproduced. The design in
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theory enables dual-wavelength laser output foticoad increase in applied
current and is not limited to a certain currenigeor cavity length.

It was shown the critical aspects of the novel-avavelength design are
first a method for decoupling the quasi-Fermi dlsttions of the two regions or
preventing the redistribution of the carriers frima larger band gap active region
to the smaller band gap active region, and seampttnization of the optical
confinement factor of the slave active region. iftternal optical pumping model
developed in chapter three reveals an optimum genfent factor that results in
the lowest current threshold for the slave laseérl@lances the modal absorption
loss added to the master laser and the modal gaitenl by the slave laser. Using
material parameters for the GaAs and InGaAs quamtalis selected for actual
device designs, the internal optical pumping maudicates a set of 5 GaAs
guantum wells and a single InGaAs quantum well rgdlult in the lowest
thresholds when the cavity length is 1Q00. The optimum optical confinement
factor with these parameters for the slave lastireis ~0.7%.

A first generation design of the dual-wavelengtbel diode was designed
and grown prior to development of the modeling hading a full understanding
of the critical aspects of the design. Broad-cartaea laser diodes were
fabricated, and a new experimental setup was dedignd assembled to test the
laser diodes. The observed electroluminescencérapevealed laser output only
from the longer-wavelength slave laser at reasenalnirent; however, at
extremely large current injection, multi-wavelentgber output was observed

with the onset of lasing from the master GaAs mldtquantum-well active
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region. Modeling of the device post the experimier@sults revealed the optical
confinement factor of the slave laser (~2.4% at850 nm), was too large and
introduced too large of a modal absorption lossnable lasing by the master
laser at low current. Modeling of the device suesiiold using Silvaco showed a
degree of current leakage into the slave activeneguch that the slave active
region reaches transparency before the masteeaetiyon, and the slave laser
reaches threshold first. Then thermal effects dube high current levels lead to
increased carrier injection in the master lasevactgion and multi-wavelength
lasing at extremely high-injection. Even thoughlduavelength lasing is
observed, the first generation design does not dstraie the predicted behavior
of the internal optical pumping model.

New designs of the dual-wavelength laser diodeewlesigned using the
models to optimize the optical confinement factomd reduce the current
leakage. To obtain the right optical confinemegtdain the second generation
design, the slave active region is positioned detsif the waveguide core, which
also increases the heterobarrier separating theeaegions. The subthreshold
modeling, using Silvaco, predicts negligible carleakage into the slave active
region with the increased heterobarrier, therelbgihg the slave to rely on the
internal optical pumping for carrier generationeThird generation design of the
dual-wavelength laser diode uses a novel conceyiling the second order
optical mode in the transverse direction to achiesth a small and large optical
confinement factor of the slave active region itedaining the thresholds of the

master and slave lasers respectively. The master lses the first order mode
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which has a small slave optical confinement faata low modal absorption loss,
and the slave laser uses the second order modé Wwasca larger optical
confinement factor and larger modal gain. By uswg transverse optical modes,
the internal optical pumping model, in theory, segjg a 50% reduction in the
dual-laser thresholds compared to those calcufatettie second generation
design.

Experimental demonstration of the second and tprekration dual-
wavelength designs was delayed due to the schederedation and upgrade of
the molecular beam epitaxy (MBE), machine at Arez&tate University.

Multiple external groups were approached, and tiB&ENroup at the University
of California, Los Angeles agreed to help in thé#aqal growth of the second
and third generation designs. Preliminary photoheacence results indicated
good quality in growing the required active regicasd samples with the second
and third generation designs were grown. The emypaarial results of processed
broad-area-contact laser diodes were disappoiasngp luminescence,
stimulated or spontaneous, from the slave actigmnewas observed at room
temperature. Low temperature photoluminescence uneants of actual grown
samples revealed poor material quality for the IA&slave quantum well layer.
The possible reasons for the poor growth qualisitiser problems with the
temperature calibration in going from 2” to 3” strages or problems with the
temperature ramps and growth interruptions in ttexméng from the higher-
temperature AlGaAs growth of the cladding layergth lower-temperature
growth needed for the InGaAs active layer.
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The experimental results of the second and thesigsh do not disprove
the ideas of the second and third generation desifjthe dual-wavelength laser,
and the challenge becomes one of epitaxial groradksibilities for improving the
growth include adjustments to the temperature ramgvoid the growth
interruptions or using metal organic chemical vageposition, which does not
have the same growth temperature constraints as &tBES nitrogen purged to
prevent defect formation. At the current time, peots related to funding and
resources prevent aggressive advancement in detaghe best growth
conditions for the designs and experimental demnatish of the dual-wavelength
laser diodes. It is hoped in the future the se@mdlthird generation dual-
wavelength laser diodes will be demonstrated erpartally since stable dual-
wavelength laser output from a single semiconduesser diode would lead to

new devices and advances in the applications ricgesin.
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